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Obesity can increase the risk of bone fragility, even when bone mass is intact. This fragility stems
from poor bone quality, potentially caused by deficiencies in bone matrix material properties.
However, cellular and molecular mechanisms leading to obesity-related bone fragility are not fully
understood. Using male mouse models of obesity, we discovered TGF- signaling plays a critical
role in mediating the effects of obesity on bone. High-carbohydrate and high-fat diets increase
TGF-p signaling in osteocytes, which impairs their mitochondrial function, increases cellular
senescence, and compromises perilacunar/canalicular remodeling and bone quality. By specifically
inhibiting TGF-p signaling in mouse osteocytes, some of the negative effects of high-fat and
high-carbohydrate diets on bones, including the lacunocanalicular network, perilacunar/canalicular
remodeling, senescence, and mechanical properties such as yield stress, were mitigated. DMP1-
Cre-mediated deletion of TGF-f receptor Il also blunted adverse effects of high-fat and high-
carbohydrate diets on energy balance and metabolism. These findings suggest osteocytes are key in
controlling bone quality in response to high-fat and high-carbohydrate diets. Calibrating osteocyte
function could mitigate bone fragility associated with metabolic diseases while reestablishing
energy balance.

Introduction

Although obesity and skeletal disease have continued to rise globally, poor skeletal health in obesity is
often overlooked. Obesity was long thought to have an anabolic effect on bones because of increased
weight-bearing (1, 2). Since people with obesity exhibit normal bone mineral density, they are not clinically
diagnosed as individuals at high risk for fractures (3). However, many studies recently have shown that,
despite having intact or high bone mineral density, people with obesity are prone to fractures (3). These
fractures are due to bone quality deficits, a term encompassing many bone mineral density—independent
features, including geometry, trabecular microarchitecture, and material properties (4—6). Although several
aspects of bone quality are perturbed by obesity, underlying cellular and molecular mechanisms by which
obesity compromises bone quality to cause fragility remain unclear.

Obesity develops from excess caloric intake relative to expenditure, from elevated fats, carbohy-
drates, or other nutrient sources (7—10). The most well-established mouse model for obesity induction
involves feeding a high-fat diet (HFD) (Research Diet D12492) (11, 12). As a control for HFD, a diet
low in fat-derived calories, i.e., low-fat diet (LFD) (Research Diet D12450J), is most widely used. This
diet contains high carbohydrates to replace fat and support the caloric burden needed for energy pro-
duction. Although the effects of this low-fat/high-carbohydrate diet on systemic metabolic regulation
are similar to the regular animal chow diet (RD) (13, 14), controlled studies comparing the effect of
a low-fat/high-carbohydrate diet and RD on bone quality are lacking. A recent study showed that
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high-carbohydrate diet affects bone remodeling and induces femoral and alveolar bone loss (15). A
high-carbohydrate diet could adversely affect bone stiffness (15). Thus, a more detailed assessment of
the effect of nutrient excess on bone is warranted.

Clinical and experimental studies place TGF- at the intersection of obesity and bone fragility. Circu-
lating TGF-p levels are markedly elevated in obese humans and murine models, including 0b/0b mice and
chronically HFD-fed mice (16-18). Elevated TGF-3/Smad 3 signaling is also associated with systemic insulin
resistance and hepatic steatosis (17). Systemic neutralization or inhibition of TGF-f in HFD-induced obese
mice ameliorates these phenotypes, suggesting TGF- signaling contributes to the progression of obesity
and obesity-related comorbidities (19-21). At the cellular level, TGF-B accelerates the acquisition of senes-
cence-associated features in various cell types, including fibroblasts, epithelial cells, and cancer cells (22-26).
Similarly, obesity and dyslipidemia can increase senescence markers, such as senescence-associated p-galacto-
sidase activity and p16, p19, p21, and p53 gene expression in many cell types, including cells of adipose tissue,
aorta, pancreas, liver, and endothelium (27-32). However, the contribution of TGF-f signaling to cellular
senescence in obesity or to the obesity-associated loss of bone material properties has yet to be ascertained.

TGF-p signaling controls bone quality (33—-37). Either excessive or insufficient TGF-f signaling can
exacerbate bone fragility, and several mouse models further demonstrate the requirement for homeostatic
levels of TGF- signaling in bone (33-37). Osteocytes, which constitute the majority of bone cells, were
shown to rely heavily on TGF-f signaling to maintain bone matrix material properties through perila-
cunar/canalicular remodeling (PLR), and repression of osteocytic TGF-f signaling suppressed PLR and
severely compromised bone quality (38, 39). In obesity, the extent to which loss of bone quality occurs
through a TGF-B- or osteocyte-dependent PLR mechanism remains undetermined.

We examined the impact of an HFD, a low-fat/high-carbohydrate diet, and an RD on TGF-f sig-
naling in osteocytes. Our studies highlight that high-fat and low-fat/high-carbohydrate diets compromise
bone quality. High-fat and high-carbohydrate diets increase PLR through osteocyte-intrinsic regulation of
enzymes implicated in PLR, compromise lacunocanalicular network integrity and mitochondrial function,
and induce cellular senescence. Using a mouse model targeted to delete TGF-p receptor II (TBRII) in late
osteoblasts and osteocytes, we also demonstrate that suppression of TGF-§ signaling moderates the effect
of nutrient excess on cellular senescence, PLR, and bone fragility. Additionally, mice lacking a functional
TPBRII in late osteoblasts and osteocytes developed a marked reduction in weight gain and enhanced glu-
cose tolerance and insulin sensitivity on high-fat and low-fat/high-carbohydrate diets. This study identifies
a role for osteocytic TGF-f} signaling in bone fragility and energy imbalance observed in obesity.

Results
High-fat and high-carbohydrate diets compromise bone quality. Most animal studies that mimic the polygenic
nature of human obesity use chronic HFD administration to induce obesity. Both RD and purified LFD
are common choices for a corresponding control diet that is isoenergetic and relatively low in fat content.
However, these control diets possess substantial nutritional differences that are often overlooked, espe-
cially in carbohydrate content and source (Table 1). Relative to RD, the recommended control LFD is
a high-carbohydrate diet (55% carbohydrates in chow vs. 70% in LFD) enriched in easily metabolizable
sources, such as sucrose (0.7% in chow vs. 7% in LFD). Furthermore, the content and source of fiber and
lipids differ substantially. Recognizing that these differences in nutrient sources may affect bone, we com-
pared the effects of HFD-induced obesity to RD and the purified low-fat/high-carbohydrate diet (HCD).
As shown in Figure 1, A-C, compared to RD, HCD and HFD had no marked effects on trabecular
bone volume fraction, number, and bone mineral density in wild-type male mice. A subtle yet substan-
tial increase in trabecular thickness was observed in the bones of HCD- and HFD-fed wild-type mice
(Table 2). Cortical bone volume fraction and bone mineral density were unaffected by diet, but a subtle
yet significant increase in cortical thickness was observed in HCD- and HFD-fed mouse bones com-
pared with RD (Figure 1, D-F, and Table 2). At the whole bone level, HFD-fed mouse bone showed
the anticipated decline in mechanical properties relative to RD, with an approximately 50% reduction
in femoral yield load, yield stress, and ultimate stress (Figure 1, G-I, and Table 3) (40-43). Stiffness,
fracture load, post-yield displacement, and elastic modulus were unchanged by HFD. Surprisingly,
HCD-fed mouse bone also demonstrated considerable declines in yield load, ultimate load, post-yield
displacement, yield stress, and ultimate stress relative to RD controls (Figure 1, G-I, and Table 3).
These findings are remarkable in that they not only recapitulate the detrimental effects of the HFD on
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Table 1. Composition of diets

Diet type RD (Picolab 5058) HCD/LFD (D12450}) HFD (D12492)
Energy provided by (kcal/g)
Protein, % 23 20 20
Carbohydrate, % 55 70 20
Fat, % 22 10 60
Total kcal/g 3,560 4,057 4,057
Ingredients
Protein, g% 21.8 19.2 26.2
Fat, g% 12 43 34.9
Lard, g% 0 20 245
Cholesterol, mg/kg 0 51.6 279.6
Saturated FA, % 2.7 24 19.2
Monosaturated FA, % 2.8 3.0 21.5
Polyunsaturated FA, % 4.9 4.7 19.2
Carbohydrates, g% 51.8 67.3 26.3
Sucrose, % 0.7 7 7
Starch/maltodextrin/dextrin 393 631.2 125

bone quality (4, 42) but also reveal the substantial adverse effects of the HCD on bone mechanical prop-
erties compared with the RD. Thus, careful consideration is needed to select the appropriate control diet
while studying skeletal manifestations of metabolic disease.

High-fat and high-carbohydrate diets increase osteocyte intrinsic TGF-f signaling. Serum TGF- levels are sys-
temically increased with obesity in humans and with HFD in mice (16, 19). We also detected increased
TGF-B1 ligand levels in the serum of HFD- and HCD-fed mice (Figure 2A). To evaluate the effect of
HFD or HCD on TGF- signaling in bone, we measured mRNA expression of a downstream target of the
TGF-P signaling pathway, Serpine 1, and of TPRII. Compared with RD, HCD increased Serpine I (4-fold)
and TPRII (>6-fold) mRNA in cortical bone (P < 0.01, Figure 2B and Supplemental Figure 5, A and I;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.175103DS1).
Bone from HFD-fed mice had unchanged 7RI mRNA levels but showed a trend toward increased Serpine
1 mRNA (4-fold, P < 0.1, Figure 2B). To assess osteocyte-intrinsic effects of nutrient excess on TGF-p
signaling, we exposed OCY454 osteocyte-like cells to high—fatty acid (HF) or high-glucose (HG) culture

Table 2. pCT of femurs from control male mice fed standard chow, high-carbohydrate diet, and high-fat

diet
Bone parameters Control
RD HCD HFD
Distal femur
Tb. BV/TV (%) 11.2780 +1.851 8.721+ 2.585 9.393 £ 1.805
Tb. N (1/mm) 2.657 £ 0.430 2.319+0.580 2424 + 0433
Tb. Th (mm) 0.0426 + 0.005 0.0373 £ 0.003* 0.0387 + 0.003*
Tb. Sp (mm) 0.342 + 0.062 0.421+0.127 0.393 +0.082
SMI 2.216 + 0.267 2.582 +0.375 2.351+0.395
Tb. vBMD (mg/cm?) 1,089.56 + 21.5 1,071.15 £ 17.5 1,076.5 +£18.2
Conn-Den 65.359 + 25.347 60.58 + 30.096 59.484 +30.172
Femoral midshaft
Ct. BA/TA (%) 25.925 + 0.02 27.212 + 0.509 26.56 +1.523
Ct. Th (mm) 0.184 + 0.002 0.213 + 0.002% 0.205 + 0.011*

Ct. vBMD (mg/cm?)

1,423.933 £ 8.366

1,444.505 + 7.782

1,419.699 + 22.018

AP < 0.05 significantly different from RD-fed control mice. Statistical difference calculated with 1-way ANOVA and
Newman-Keuls multiple post hoc correction. Tb., trabecular; BV/TV, bone volume/total volume; N, number; Th,
thickness; Sp, spacing; vBMD, volumetric bone mineral density; SMI, structure model index; Conn-Den, connectivity
density; Ct., cortical; BA/TA, bone area/total area.
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Figure 1. High-fat diet and its suggested con-
trol low-fat, high-carbohydrate diet impair
bone material properties without affecting
bone mineral density. uCT analysis on femurs
of 30-week-old control male mice on standard
chow diet (RD), low-fat/high-carbohydrate
diet (HCD), and high-fat diet (HFD) shows
changes in trabecular bone volume fraction
(Tb. BV/TV) (A), thickness (Tb. Th.) (B), and
volumetric bone mineral density (Tb. tBMD)
(C) and cortical bone area fraction (Ct. BA/

TA) (D), thickness (Ct. Th.) (E), and volumetric
bone mineral density (Ct.tBMD) (F) in response
to diets (N = 8-10). Flexural testing of femurs
from RD-, HCD-, and HFD-fed mice shows a
decline in bone material properties of yield
load (G), yield stress (H), and bending modulus
(1) (N = 8-10 mice/group). Data for A-l are
presented as mean + SD, and statistically
significant differences, *P < 0.05, were deter-
mined with 1-way ANOVA and Newman-Keuls
multiple post hoc test correction for the
indicated group comparisons. Note: data from
RD, HCD, and HFD control mice in Figure 1are
replicated in Figure 8.
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conditions for 72 hours to model chronic HFD and HCD feeding. Like TGF-B, HF and HG treatments
induced Serpine | mRNA levels (~5-fold). Furthermore, the TGF-f receptor I kinase inhibitor (SB431542)
mitigated both the HF- and HG-mediated induction of Serpine 1 (Figure 2C). HF increased Smad 3 phos-
phorylation (Figure 2, D and E), and HF and HG increased nuclear localization of phosphorylated Smad 3
(Figure 2, F and G). Together, these results verify the ability of elevated fatty acid and glucose to stimulate
osteocyte-intrinsic TGF-f signaling.

High-fat and high-carbohydrate conditions reduce mitochondrial function. Long-term HFD consumption sup-
presses expression of genes regulating mitochondrial biogenesis and activity in several tissues (44—48).
Similarly, excess dietary carbohydrates induce oxidative stress and compromise mitochondrial integrity
in muscle cells (49). To elucidate mechanisms responsible for the effects of HCD and HFD on bone, we
examined the osteocyte-intrinsic impact of HF and HG conditions on mitochondrial function in OCY454
osteocyte-like cells. Moreover, since TGF-f is a potent modulator of mitochondrial function (50), we exam-
ined the extent to which osteocytic TGF-§ signaling is required for these effects. For analysis of real-time
mitochondrial respiration in osteocytes, we utilized a Seahorse extracellular flux analyzer that measures
oxygen consumption rates (OCRs) before and after the addition of compounds that target complexes I and
III of the respiratory chain, antagonize the ATP synthase, or uncouple mitochondrial oxidative phosphor-
ylation (OXPHOS) to enable analysis of numerous mitochondrial parameters. Compared with osteocytes
incubated in control conditions, exposure to exogenous TGF-f ligand lowered OCR, substantially reducing
ATP production and maximal respiratory capacity (Figure 3, A, B, E, and F). Like TGF-$, HF and HG
suppressed mitochondrial OCR. While the combination of TGF-f and HF further suppressed OCR (Fig-
ure 3, A and B, and Supplemental Figure 1, A-F), the effect of combined TGF-p and HG on OCR did
not differ from either stimulus alone (Figure 3, E and F; Supplemental Figure 1, G-K; and Supplemental
Tables 3 and 4).
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Table 3. Flexural strength tests conducted on femurs from control male mice fed standard chow, high-
carbohydrate diet, and high-fat diet

Control mice
Flexural strength parameters

RD HCD HFD
Stiffness (N/mm) 117.698 +10.087 117.689 + 14.853 119.769 + 21.470
Yield load (N) 23.396 + 5.270 10.357 + 3.120* 9.198 + 1.8814
Post-yield displacement (mm) 0.510 + 0.2887 0.332 + 0.165* 0.702 + 0.418
Work to fracture (N-mm) 4.810 + 2.402 5.773 + 2.641 11.289 + 3.310*
Ultimate force (N) 20.02 + 2152 19.719 + 3.496 23.210 £ 4428
Fracture force (N) 16.658 + 4.800 17.300 + 4.879 16.337 + 8.481
Yield stiffness (N/mm) 105.928 +9.079 105.920 +13.368 107.792 £19.323
Elastic modulus (GPa) 7.586 + 1429 8.424 +1.709 6.742 +1.357
Yield stress (MPa) 126.677 + 38.740 87.795 + 25.547* 67.617 + 15.466*
Ultimate stress (MPa) 115.668 + 5.989 66.256 + 17.719* 52.685 + 29.271*

AP < 0.05 significantly different from RD-fed control mice, with difference calculated using 1-way ANOVA and Newman-
Keuls multiple post hoc correction.

Furthermore, TGF-f, HF, and HG increased cellular ROS (Figure 3, C, D, G, and H), and TGF-$
augmented HF-mediated, but not HG-mediated, increases in cellular ROS (Supplemental Tables 3 and
4). Along with reducing mitochondrial activity in osteocytes, HF, HG, and TGF-p caused mitochondrial
membrane depolarization (Figure 3, I and J). This suggests increased osteocyte exposure to free fatty acids,
glucose, or TGF-f leads to reduced mitochondrial activity and increased cellular ROS.

Since HF and HG regulate mitochondrial function, which is consistent with the effect of TGF-§3, we
tested the causal role of TGF-f signaling in HF and HG’s effect on osteocyte mitochondrial function using
the TPRI antagonist SB431542. In basal conditions, SB431542 did not affect the osteocyte mitochondrial
OCR parameters; however, SB431542 alleviated both HF- and HG-dependent repression of mitochondrial
function (Figure 3, K-N, and Supplemental Figure 3, A—H).

In contrast, TGF-f stimulates osteocytic extracellular acidification rates (ECAR), as reflected by the
increased glycolysis and glycolytic capacity, which differs from the glycolysis-suppressing effect of HF
and HG (Supplemental Figure 2, A-J, and Supplemental Tables 3 and 4). Inhibition of TGF-§ signal-
ing by SB431542 suppressed glycolytic function in osteocytes (Supplemental Figure 3, I-P). Surprisingly,
SB431542 could not alleviate the repression of cellular glycolysis mediated by HF and HG (Supplemental
Figure 3, I-P, and Supplemental Tables 3 and 4). Overall, these findings implicate a cell-intrinsic role for
TGF- signaling in the regulation of osteocyte mitochondrial function by both HF and HG, through mech-
anisms that appear to be distinct. Furthermore, the HF and HG effects on glycolysis are independent of
TGF-p signaling.

Accelerated osteocyte senescence is induced by high-carbohydrate and high-fat diets. Since deteriorated mito-
chondrial OXPHOS is involved in the early stages of cellular senescence (51), we examined if high-car-
bohydrate and high-fat conditions also increase osteocyte senescence. First, we investigated whether HF
and HG induced cellular senescence in differentiated OCY454 cells by examining senescence markers
Cdkn2a (p16™%), Tp53 (p53), p21<*, and yYH2A .X. Western blot showed considerable induction of senescent
marker protein levels by TGF-B, HF, and HG in cultured osteocytes (Figure 4, A—C). The increased pro-
tein levels of p16™“ and p53 (a trend) in osteocytes by HF and HG, respectively, were corroborated with
both HF and HG at the mRNA level. Additionally, the HF- and HG-induced expression of Cdkn2a (p16™)
and Tp53 (p53) was blocked by the TBRI inhibitor, SB431542 (Figure 4, D-G), which alone had no effect
(Supplemental Figure 4). Evidence of HF- and HG-induced senescence was strengthened by our detection
of nuclear expression of the DNA damage marker yH2A.X and p16™“ using immunofluorescence. Both
yYH2A X level and p16™-positive particles remarkably increased after HF and HG exposure (Figure 4, H-J).
These findings suggested that HF and HG exposure could induce classical senescence marker gene expres-
sion in osteocytes and that blocking TGF-f signaling could mitigate these effects.

To determine if HFD- and HCD-induced osteocyte senescence can be relieved by TGF-f inhibition in
vivo, we used immunohistochemistry to examine expression of senescence markers in bone sections from
TRRII°Y~ mice, which show marked reduction in TGF- signaling (Figure 5, A and B), and their control
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levels of TGF-B-responsive gene, Serpine 1, in cortical bones (B) (N = 7-11 mice/group) of 30-week-old mice fed a standard chow diet (RD), low-fat/high-car-
bohydrate diet (HCD), or high-fat diet (HFD) were determined. For A and B, *P < 0.05 different from the RD-fed mice, and data are presented as mean + SD.
Differentiated OCY454 cells were treated with high fatty acids (HF, palmitate 100 um, oleate 200 um, linoleate 200 um), high glucose (HG, 25 mM), TGF-B

(5 ng/mL), or TGF-B receptor | kinase inhibitor, SB431542 (10 uM), for 72 hours for real-time quantitative PCR (gRT-PCR) (C), immunoblotting (D and E), and
immunofluorescence (F and G). Changes in Serpine 1T mRNA (C) in the presence of HF, HG, and TGF-f3 (N = 8 biological replicates/group, compiled from 3
independent experiments, presented as mean + SD). Induction of phosphorylated Smad 3 (D and E) with HF, HG, and TGF-3 treatments was detected (N = 6
biological replicates/group, compiled from 3 independent experiments with N = 2 biological replicates/group/experiment, data are presented as mean + SD).
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Immunofluorescence for increased Smad 3 nuclear localization and activation (F and G) with HF and HG treatments (N = 3 biological replicates/condition,

3 regions of interest [ROIs]/mouse, and data are shown as mean + SD, and reproduced across 2 independent experiments). Scale bar is 50 um. *P < 0.05
different from the control (untreated group), and *P < 0.05 denotes the difference in the presence of SB431542 for each of the treatments: TGF-B, HF, or HG.
Statistical differences were determined with 1-way ANOVA and Newman-Keuls multiple post hoc correction (A-C, E, and F).

littermates. Both control and TBRII*¥~ mice on RD showed minimal expression of senescence markers
pl6, p21¢e/2f and p53. HCD- and HFD-fed control mice showed high levels of p16©4 and p21¢P/¥af (~5-
fold induction, Figure 5, C-E, and Supplemental Table 6), with no apparent changes in p53 (Figure 5, C
and F, and Supplemental Table 6). While osteocytic TGF-f inhibition did not mitigate the effects of HCD
on senescent markers, the HFD-fed TPRII**~ mice had considerably fewer p16™*- and p21</ ¥ positive
osteocytes than HFD-fed genotype controls (Figure 5, C-E, and Supplemental Table 6). This suggests that
HFD-mediated senescence in osteocytes relies in part on TGF- signaling. Together, these experiments
indicate that senescent osteocytes accumulate with high-fat and -carbohydrate diets in bone and that TGF-$
signaling is partially involved in this effect.

Ablation of osteocytic TGF-f signaling mitigates the induction in PLR caused by high-fat and high-carbohydrate
diets. We showed that osteocyte-intrinsic TGF-f signaling is required for PLR (38, 39). Therefore, we sought
to examine if HCD- and HFD-inducible TGF-f signaling in osteocytes stimulated PLR. Using OCY454
osteocyte-like cells that were differentiated for 3 days to mimic osteocytic gene expression (52), we exam-
ined the effects of exposure to high fatty acid or glucose for 72 hours on expression of genes implicated in
PLR (38, 39), including Mmp13, Mmp14, and cathepsin K (Ctsk). We found that HF increased the levels of
Mmp13, Mmp14, and Ctsk mRNA but that antagonism of TGF-f signaling (using TBRI inhibitor SB431542)
relieved this coordinated induction in PLR genes (Figure 6, A—E). Similarly, HG substantially increased
osteocytic Mmp14 and showed a trend of inducing Ctsk mRNA levels, while SB431542 mitigated HG-in-
duced expression of these genes (Figure 6, F-J). Together, these results suggested that both HF and HG can
increase mRNA levels of osteocytic genes required for PLR via a TGF-B—dependent mechanism.

To determine if osteocytic TGF-f signaling is required for the effects of HCD and HFD on bone, we
used previously characterized TBRII°~~ mice that have targeted ablation of osteocytic TBRII expression
(38, 39) (Figure 5, A and B). We examined the effects of HCD, HFD, or standard chow feeding on the
expression of genes implicated in PLR in the bones of control and TBRII°»~~ mice. We found that bones
from the control mice fed HCD exhibited increased Mmp13 (~2.5-fold) and Ctsk (~3.5-fold) mRINA levels.
Bone from HFD-fed control mice, on the other hand, only showed significant elevation in the mRNA levels
of Mmp14 while showing a trend toward increased Mmp13 and Ctsk levels (Figure 6, K-O).

In TRRII*~ mice fed RD, Mmp13, Mmpi4, and Ctsk mRNA levels were reduced relative to littermate
controls (Figure 6, K-M), which was in congruence with our previous findings (1, 2). Although both HCD
and HFD induced Mmp13 and Mmp14 in TPRII*>~~ mice, their mRNA levels were identical to those in the
RD-fed controls (Figure 6, K and L). On the other hand, effects of HCD and HFD on Ctsk mRNA were
abolished in TRRII*~~ mice (Figure 6M), indicating HCD and HFD need osteocytic TGF-p to increase
Ctsk in osteocytes. ATPases implicated in PLR activity, Atp6vigl and Atp6v0d2, were also induced by both
HCD and HFD in control and TBRII*~ bone (Figure 6, N-O). Interestingly, in TBRII°¥~ mice, the HCD
or HFD induction in Atp6vIgl and Atp6v0d2 restored the expression to a homeostatic range similar to that
observed in the RD-fed control mice. Not all genes implicated in PLR are affected by HCD and HFD. This
is evident from relatively stable expression of Mmp2 mRNA, which was only suppressed in response to
ablated TGF-B signaling in TRRII°*~ mice (Supplemental Figure 5, H and P).

Since deregulation of the osteocyte lacunocanalicular network (LCN) is also a hallmark of erratic PLR,
we evaluated whether the diets adversely affect the LCN via TGF-B—dependent mechanisms. Two-dimen-
sional histological analysis of the LCN with Ploton silver stain revealed that both HCD- and HFD-fed con-
trol mice exhibited dense canalicular networks, with differences attributed to augmented LCN area (~2-fold)
and increased number of canaliculi per osteocyte (Figure 7, A—C). In RD-fed TBRII**~ mice, LCN area and
canalicular number were reduced, as previously reported (Figure 7, A—C) (38, 39). HCD and HFD increased
the LCN area in TBRII°®~ bone such that their LCN phenotype resembled the RD-fed control mice (Figure
7, A—C), indicating a normalizing effect of TPRII ablation relative to diets. Canalicular number, however,
remained low in TRRII°*~ bone, and neither HCD nor HFD affected canalicular number (Figure 7, A—C).

Synchrotron radiation micro-computed tomography (SRuCT), which visualizes and quantifies osteo-
cyte lacunae and vascular canals in a 3-dimensional space, revealed changes in osteocyte lacunar features

JCl Insight 2024;9(16):e175103 https://doi.org/10.1172/jci.insight.175103 7
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Figure 3. Hyperglycemia and hyperlipidemia affect osteocyte intrinsic cellular metabolism. Undifferentiated 0CY454 cells were exposed to hyperlipid-
emia (HF, palmitate 100 um, oleate 200 um, linoleate-200 pum) or hyperglycemia (HG, glucose 25 mM) in the presence or absence of TGF-B (5 ng/mL) or
TGF-B receptor | kinase inhibitor, SB431542 (10 uM), for 24 hours. In response to HF, HG, and TGF-f treatment, changes in oxygen consumption rate (OCR)
parameters, namely, ATP production (A and E) and maximum respiration (B and F), were measured. Changes in intracellular ROS with HF (C and D) and HG (G
and H) treatment determined with DCFDA stain have been quantified as mean fluorescence intensity (MFI) (N = 3 technical replicates/condition). Changes
in mitochondrial membrane potential (I and J) with JC1 dye with TGF-B, HFG (palmitate, oleate, linoleate, glucose), or a combination of both treatments
were quantified as red-to-green fluorescence intensity ratios (R/G) from sum projections, then normalized to the control group (for I, scale bar is 5 um; for

), N = 3 technical replicates/condition). Changes in OCR parameters, namely, maximum respiration (K and M) and ATP production (L and N) in HF-, HG-, and
SB431542-treated OCY454 cells have been shown. (N = 5 technical replicates/condition.) For A-N, data are presented as mean + SD and were reproduced
across 3 independent experiments. *P < 0.05 different from the untreated group, #P < 0.05 different from the TGF-B-treated group, *P < 0.05 different from
HF- or HG-treated groups, and differences were calculated with 2-way ANOVA and Newman-Keuls multiple post hoc correction. Statistical interactions are

provided in Supplemental Tables 3 and 4.

with diet (Figure 7, D and E). Particularly, lacunar density was higher in bone from HCD- and HFD-fed
mice of both genotypes. Consistent with prior reports, no genotype-dependent differences in lacunar den-
sity were observed (38, 39). Peak lacunar volume was appreciably increased by HFD in control bone but
reduced by HFD in TBRII°®~ bone (Figure 7E). Further, we investigated the effect of diet and genotype
on the density and diameter of bone vascular canals. The density of vascular canals was unaffected by diet

or genotype (Supplemental Figure 5, Q and R). However, bone vascular canal diameter was increased by

JCl Insight 2024;9(16):e175103 https://doi.org/10.1172/jci.insight.175103
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Figure 4. Hyperglycemia and hyperlipidemia promote cellular senescence through TGF-f signaling in osteocytes. Differentiated OCY454 cells were treat-
ed with high fatty acids (HF, palmitate 100 pm, oleate 200 pum, linoleate 200 um), high glucose (HG, 25 mM), TGF-B (5 ng/mL), or TGF-p receptor | kinase
inhibitor, SB431542 (10 uM), for 72 hours. Immunoblotting shows induction in p16™“ and p53 in the presence of HF, HG, or TGF-P (A-C) (N = 2 biological
replicates/group, and data compiled from 3 independent experiments). Quantitative real-time PCR (gRT-PCR) shows increased mRNA levels of senes-
cence markers, Cdkn2a (D and F) and Tp53 (p53) (E and G) with HF and HG with or without SB431542 treatment. Immunofluorescence shows an increased
percentage of DAPI-positive osteocytes that also stained positive for p16™2 (H and I) and yH2AX (H and )) (N = 3 technical replicates/group repeated in 3
independent experiments). Scale bar is 50 um. Data for A-} are shown as mean + SD and *P < 0.05, **P < 0.01, ***P < 0.005; differences were calculated
with 1-way ANOVA and Newman-Keuls multiple post hoc correction. Statistical interactions are provided in Supplemental Table 5.

HFD in control mice (Figure 7, F and G). TBRII°®~~ mice on RD exhibited higher bone vascular canal
diameter compared with RD control mice. HCD did not impact bone vascular canal diameter or density
in either genotype (Figure 7, F and G, and Supplemental Figure 5, Q and R). Collectively, our results
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Figure 5. High-fat diet-induced osteocyte senescence is TGF-f dependent. Quantitative real-time PCR (qQRT-PCR) of cortical bone-derived RNA from
30-week-old control and TBRII®Y/- male mice fed a standard chow diet (RD), low-fat/high-carbohydrate diet (HCD), or high-fat diet (HFD) used for in vivo
assessment of TBRII and Serpine 1 expression in osteocytes (A and B) (N = 7-11 mice/group, mean + SD). Immunohistochemistry (IHC) for p16'™42, p21p/
»=f and p53 was conducted on femoral cortical bone sections. Representative images (C) of IHC and the percentage of DAPI-stained osteocytes that also
stained for p16™“2 (D, top), p21<*/** (E, middle), and p53 (F, bottom) were quantified and expressed as fold-change, relative to RD-fed control mice (N =
3 mice/group and 4 regions of interest [ROI]/mouse were collected, mean + SD, the scale bar is 50 um). *P < 0.05 different from RD-fed control mice, *P
< 0.05 different from HCD-fed control mice, *P < 0.05 different from HFD-fed control mice, ‘P < 0.05 different from RD-fed TBRII°Y~~ mice, as calculated
from the 2-way ANOVA and Newman-Keuls multiple post hoc correction. Statistical interactions are provided in Supplemental Table 6.
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examining hallmarks of PLR suggest that high-carbohydrate and high-fat diets increase osteocytic PLR,

altering expression of selective genes implicated in PLR and LCN architecture, and that some of these

effects depend on osteocytic TGF-f signaling.
Disrupting osteocytic TGF-f signaling limits HFD-dependent decline in bone yield stress. Since high-carbohy-

drate and high-fat diets increase osteocyte-intrinsic TGF-f signaling, and since both diets can affect bone
mass and quality, we investigated whether diet-induced bone fragility can be mitigated by inhibition of
osteocytic TGF-p signaling. The trabecular and cortical bone phenotype of TBRII*»~ mice on RD is con-
sistent with our prior studies (38, 39). Specifically, relative to RD genotype controls, TBRII°“~~ mice on RD
exhibited a high trabecular bone volume phenotype due to increased trabecular number (Figure 8, A-C,
and Table 4). Cortical bone volume was unaffected in TBRII°>~~ mice despite a subtle decrease in cortical
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Figure 6. High-carbohydrate and high-fat diet-induced osteocytic perilacunar/canalicular remodeling gene expression is partially TGF-f dependent.

Quantitative real-time PCR (qRT-PCR) shows differential regulation of genes implica

ted in PLR, Mmp13, Mmp14, Ctsk, Atp6v0d2, and Atpbvigl, when

differentiated OCY454 cells were subjected to hyperlipidemia (HF, A-E) or hyperglycemia (HG, F-J) in the presence or absence of SB431542 (10 uM) for 72
hours (N = 3 biological replicates/group, replicated in 3 independent experiments, *P < 0.05 different from untreated group, *P < 0.05 different from HF or
HG treatment). mRNA levels of Mmp13, Mmp14, Ctsk, Atp6v0d2, and Atpbvigl, in cortical bones of 30-week-old control and TBRII°Y-/- mice fed a standard

chow diet (RD), low-fat/high-carbohydrate diet (HCD), or high-fat diet (HFD) were qu
control mice, *P < 0.05 different from HCD-fed control mice, *P < 0.05 different from

differences were calculated with 1-way (A-J) and 2-way (K-0) ANOVA, with Newman-

(A-0). Statistical interactions are provided in Supplemental Table 6.
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antified (K-0), (N = 7-11 mice/group). *P < 0.05 different from RD-fed
HFD-fed control mice, *P < 0.05 different from RD-fed TBRII°Y/~ mice;
Keuls multiple post hoc corrections, and data shown as mean + SD
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Table 4. pCT of control and TBRII°~/- male mouse bones subjected to standard chow, high-carbohydrate diet, and high-fat diet

Bone parameters

Distal femur

Tb.BV/TV (%)

Tb. N (1/mm)

Tb. Th (mm)

Tb. Sp (mm)
SMI

Tb. vBMD (mg/cm?)

Conn-Den
Femoral midshaft
Ct. BA/TA (%)
Ct. Th (mm)

Ct. vBMD (mg/cm?)

2.657 +£0.430

2.216 + 0.267
1,097.743 + 14194 1,071152 £17.5 1,077.787 £18.018 |1,093.209 + 21.494* 1,133.648 +10.551° 1124.8 +12.4¢
65.359 + 25.347 60.58 +30.096 59.484 +30.172 144.799 £ 51.94* 173.741+ 64.426°  184.496 + 30.172°

25.925 +0.02
0.184 + 0.002
1423.933 £8.366  1,444.505+7782 1419.699 + 22.018 | 1,399.223 +10.749* 1,404.478 +19.920° 1,424.571+ 20.796

Control TRRIIY-/-
HCD HFD RD HCD HFD
11.2780 +1.851 8.721+2.585 9.393 +1.805 20.107 +3.938* 27.029 + 9.294° 24.358 + 0.003¢
2.319 £ 0.580 2424 + 0433 4.513 + 0.8174 5.128 £1.189® 5.141+ 0.084¢
0.0426 + 0.005 0.0373 £ 0.003* 0.0387 + 0.003* 0.0445 + 0.003 0.0517 + 0.009°° 0.0468 + 0.104
0.342 + 0.062 0.421+0.127 0.393 + 0.082 0.182 + 0.034* 0.153 + 0.054° 0150 + 0.107"
2.582 + 0.375 2.351+0.395 1.089 £ 0.3474 0.553 +0.872° 0.820 + 0.394¢

27.212 + 0.509 26.56 +1.523
0.213 + 0.002* 0.205 +0.0M*

25.825 + 0.805 31.037 + 3.1465° 31.670 + 2.351°P
0.1615 + 0.007% 0.205 + 0.025° 0.214 + 0.015°

Please note that data for control mice are replicated in Tables 2 and 4. P < 0.05 different from RD-fed control mice. 8P < 0.05 different from HCD-fed
control mice. °P < 0.05 different from HFD-fed control mice. °P < 0.05 different from RD-fed TPRII°Y~/~ mice; differences were calculated using 2-way
ANOVA and Newman-Keuls multiple post hoc correction. Tb., trabecular; BV/TV, bone volume/total volume; N, number; Th, thickness; Sp, spacing; vBMD,
volumetric bone mineral density; SMI, structure model index; Conn-Den, connectivity density; Ct., cortical; BA/TA, bone area/total area.

thickness (Figure 8, D and E, and Table 4). Cortical bone volumetric bone mineral density was reduced in
the TBRII*~~ mice on RD, relative to RD genotype controls.

Like the control mice, neither HCD nor HFD affected the trabecular bone volume of TBRII°®~~ mice,
and these mice continued to retain high trabecular bone volume. Surprisingly, the cortical bone volume that
remained unaltered by diets in the control mice was increased in the HCD- and HFD-fed TRRII*®~ mice.
This increased cortical bone volume was accompanied by increased cortical thickness, and similar to the
control mice, TBRII*¥~~ mice on HCD and HFD exhibited increased cortical thickness (Table 4 and Figure
8, D-F). Last, HCD- and HFD-fed TPRII°*~ mice showed reduced and intact cortical bone mineral den-
sity, respectively, relative to RD TPRII°®~~ mice.

Next, we directly examined the effects of diets and osteocytic TPRII ablation on bone mechanical
behavior in 3-point bending tests of femora. TBRII°®~~ mice on standard chow showed reduced elastic
modulus and yield stress. Stiffness, yield load, fracture force, and work to fracture did not differ between
the 7.5-month-old control and TRRII°*~~ mice on RD. Relative to RD, bone from control mice fed HCD
and HFD showed an approximately 50% reduction in yield load and yield stress (Figure 8, G and H). In
contrast, TBRII°*~~ mice fed HCD and HFD showed increased stiffness, elastic modulus, yield stress, and
ultimate stress relative to genotype controls (Table 5). This suggests that TBRII°®~~ mouse bones are resis-
tant to the HFD- or HCD-dependent decline in yield stress. Not all the effects of HCD and HFD on bone
mechanical properties are mitigated in TBRII°®~ mice. For example, the elastic modulus is elevated by
both diets in TBRII*¥~ bone (Figure 81). Nonetheless, osteocytic deficiency in TGF-B signaling attenuates
some of deleterious effects of high-carbohydrate and high-fat diets on bone.

Disrupting osteocytic TGF-f signaling blunts the effects of HFD on energy metabolism. Systemic inhibition of
TGF-B signaling in Smad 3—deficient mice or using an anti-TGF-f1 antibody has been reported to mitigate
adverse effects of obesity and diabetes on energy metabolism (19). However, contributing cellular mech-
anisms remain unclear. Given the ability of mice with reduced osteocytic TGF-p signaling to counteract
the impact of HFD on bone and the pivotal role of bone-derived factors in energy metabolism (53-55),
we hypothesized that reduced osteocytic TGF- signaling could ameliorate deleterious effects of HFD on
energy metabolism.

To test this hypothesis, we measured weight gain, glucose tolerance, and insulin sensitivity in male
and female RD-fed control and TRRII*¥~~ mice. Male control and TBRII*¥~~ mice on RD gained minimal
weight, with less than 2% increase in body weight over 16 weeks (Figure 9A), nor were genotypic differences
observed in glucose tolerance between the RD-fed male control and TBRII*¥~ mice (Figure 9B). However,
male TRRII°¥~ mice showed enhanced insulin sensitivity compared with the control littermates, even on
the regular chow diet (Figure 9C). Female TPRII°®~~ mice on RD were heavier and had higher basal blood
glucose levels than female controls (Supplemental Figure 7) but showed no genotype-dependent differences

JCl Insight 2024;9(16):e175103 https://doi.org/10.1172/jci.insight.175103 12
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Figure 7. High-carbohydrate and -fat diets alter osteocyte lacunar volume and canalicular network, and ablation of TGF-f signaling lessens these
dietary effects on osteocytes. Standard chow diet (RD), low-fat/high-carbohydrate diet (HCD), or high-fat diet (HFD) fed 30-week-old control and TBRII>
o/~ mouse femurs were used for assessment of the osteocyte lacunocanalicular network (LCN) in femoral cortical bone with Ploton silver stain. Quantified
LCN area (A), number of canaliculi (B), and representative images (C) have been shown (N = 5 mice/group with 4 ROI/mouse; data shown as mean + SEM;
scale bar = 20 pm). SRuCT was used to determine osteocyte lacunar density (D), volume (E), and vascular canal diameter (F and G) in tibial cortical bones
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of RD-, HCD-, or HFD-fed 30-week-old control and TRRII®-/~ mice (N = 4 mice/group; data are shown as mean + SD). *P < 0.05 different from RD-fed con-
trol mice, *P < 0.05 different from HCD-fed control mice, *P < 0.05 different from HFD-fed control mice, *P < 0.05 different from RD-fed TPRII®¥-/- mice, as
calculated from the 2-way ANOVA and Newman-Keuls multiple post hoc correction. Statistical interactions are provided in Supplemental Table 6.

in glucose or insulin tolerance. Though the current study focuses on male mice, the sexually dimorphic met-
abolic phenotype of TBRII°*~ mice motivates ongoing detailed analysis.

When fed HCD, male control mice gained weight, with a 15% increase in body weight over 16 weeks.
HCD-fed TBRII**~ mice gained less body weight, with only a 2% increase in body weight (Figure 9D).
Furthermore, TBRII°~~ mice on the HCD showed superior blood glucose clearance tested with glucose
and insulin tolerance tests (GTT and ITT) compared with control littermates (Figure 9, E and F). On
the HFD, TBRII°¥~ mice again gained considerably less body weight (46%) than control counterparts
(70%) (Figure 9G). HFD impaired glucose tolerance and insulin sensitivity in control mice, but HFD-fed
TPRRII*¥~ mice showed glucose intolerance while maintaining insulin sensitivity (Figure 9, H and I). This
suggests that DMP1-Cre-mediated ablation of TPRII mitigates HFD-induced insulin resistance.

We performed metabolic cage profiling to investigate why TPRII°~~ mice gained less weight on
HCD and HFD. On RD, no differences were observed in food intake, respiratory exchange ratio (RER),
energy expenditure, or activity levels between TBRII*~~ mice and control littermates (Figure 10, A-F,
and Supplemental Figure 6, A—-H). However, with HCD feeding, TBRII*¥~ mice showed higher volume
O, consumption, volume CO, production, and energy expenditure compared with control mice, mainly at
night (Figure 10, G-I, and Supplemental Figure 6, I-L). Cumulative food intake was unchanged in HCD-
fed TPRII*¥~~ mice, but their ambulatory movement (reflecting moving and exploring in the XY plane) was
drastically higher than in control mice (Figure 10, J-L, and Supplemental Figure 6L). This suggests that the
reduced weight gain in the TBRII°>~~ mice on HCD could arise from increased energy utilization and higher
physical activity levels.

On HFD, TPRII**~~ mice showed a trend toward slightly increased VO, consumption, increased VCO,
production, and higher energy expenditure compared with HFD-fed control littermates (Figure 10, M-O,
and Supplemental Figure 6, Q—U). Surprisingly, food intake was considerably reduced in HFD-fed TBRII
%/~ mice, and they continued to demonstrate increased physical activity (reflecting jumping and grooming
activities), especially at night (Figure 10, P-R, and Supplemental Figure 6, S and V-X). This indicates that
reduced weight gain in the TBRII°>~~ mice on HFD could arise from reduced food intake, increased energy

Table 5. Flexural strength test of control and TBRII*"- mouse femoral bones subjected to standard chow, high-carbohydrate diet, or

high-fat diet feeding

Flexural strength
parameters
Stiffness (N/mm)
Yield load (N)
Post-yield
displacement (mm)
Work to fracture
(N-mm)
Ultimate force (N)
Fracture force (N)
Yield stiffness (N/
mm)
Elastic modulus
(GPa)

Yield stress (Mpa)
Ultimate stress
(Mpa)

Control TBRIICY-/-
RD LFD HFD RD LFD HFD
117.698 +10.087 117.689 + 14.853 119.769 + 21.470 134.797 + 7.390*  142.503 + 23.688%  148.985 + 27.712¢
23.396 + 5.270 10.357 + 3.120* 9.198 +1.881% 27.293 + 4.128* 14.855 +4.908%°  12.884 + 3.915°
0.510 + 0.2887 0.332 £ 0.165* 0.702 £ 0.418 0.623 +0.231 0.269 + 0.156° 0.317 + 0.067%°
4.810 + 2.402 5.773 + 2.641 11.289 + 3.3104 5.621+ 1.657 6.688 +2.226 8.355 +2.913¢
20.02 £ 2.152 19.719 £ 3.496 23.210 £ 4.428 23.655 +3.022 26.888 + 6.451° 29.455 + 7105¢

16.658 + 4.800
105.928 +9.079

7.586 +1.429

126.677 + 38.740
115.668 + 5.989

17.300 + 4.879
105.920 +13.368

8.424 +1.709

87.795 + 25.547*
66.256 + 17.719*

16.337 + 8.481
107.792 £19.323

6.742 +1.357

67.617 + 15.466%
52.685 + 29.2714

18.635 + 5.412
121.317 £ 6.651

5.225 +1.038*

112.108 +18.660
97.689 +17.512

26.340 + 7.4058°
128.253 + 21.3198

8.8494 +1.671°

122.056 + 38.600°
99.948 + 36.2545°

28.781+ 6.813%°
134.086 + 24.945°¢

9.330 + 2.233P

106.881 + 27.545¢
121.914 + 32.765

Note that data for control mice are replicated in Tables 3 and 5. #P < 0.05 different from RD-fed control mice, 8P < 0.05 different from HCD-fed control
mice, °P < 0.05 different from HFD-fed control mice, °P < 0.05 different from fed RD-fed TBRII°¥~/- mice; difference calculated with 2-way ANOVA and

Newman-Keuls multiple post hoc correction.
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Figure 8. Disruption of TGF-p signaling in osteocytes prevents high-carbohydrate and high-fat diet-induced bone fragility. uCT analysis of femoral
bones from 30-week-old male control and TBRII°Y~/~ mice fed RD, HCD, or HFD shows changes in trabecular and cortical bone parameters. Representative
uCT images (A-D, scale bar 100 um) and analysis of trabecular and cortical bone parameters, namely, trabecular bone thickness (Tb.Th) (B), trabecular bone
mineral density (Tb. tBMD) (C), cortical thickness (Ct. Th) (E), and cortical bone mineral density (Ct. tBMD) (F) are shown (N = 8-10 mice/group). Flexural
strength tests of bones of control and TRRII°Y~ mice fed RD, HCD, or HFD reveal effects of diet on bone material properties, including yield load, yield
stress, and elastic modulus (G-1) (N = 8-10 mice/group). For A-l, data are shown as mean + SD; *P < 0.05 different from control mice fed RD, #P < 0.05 dif-
ferent from control mice fed LFD, *P < 0.05 different from control mice fed HFD, and P < 0.05 different from TBRII°-/- mice fed RD; statistical differences
were calculated using 2-way ANOVA and Newman-Keuls multiple post hoc corrections. Statistical interactions are provided in Supplemental Tables 7 and
8. Note: data on RD, HCD, and HFD control mice are replicated in Figure 1.

utilization, and higher physical activity levels. Interestingly, RER values indicated that glucose and carbo-
hydrates were the primary sources of energy for both control and TBRII°*®~~ mice on RD and HCD. How-
ever, on HFD, RER values decreased, indicating a fundamental change in fuel utilization to fatty acids.
Nonetheless, no noticeable differences in RER were observed between the genotypes on any diet. Together,
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these metabolic data demonstrate that DMP1-Cre—-mediated deletion of TPRII leads to improved insulin
sensitivity, which could attenuate some deleterious effects of HCD and HFD on metabolism by targeting
food intake and energy expenditure.

Discussion

Although clinical studies implicate obesity and type 2 diabetes (T2D) as drivers of human bone fragility, incom-
plete understanding of the causal mechanisms limits therapeutic intervention. Our work highlights the key role
of osteocytic TGF-p signaling in relaying the adverse effects of high-fat and high-carbohydrate diets on bone
mechanics. Particularly, we show that carbohydrate- and fat-enriched diets induce osteocyte-intrinsic TGF-f3
signaling to hyperactivate PLR, which maintains bone quality. Along with intensely haywire LCN and increased
canalicular density, elevated TGF- signaling induced by high fat and high carbohydrate disrupts mitochondrial
function and triggers senescence in osteocytes, all of which lead to poor bone quality. Ablating osteocytic TGF-
signaling moderates responses to high-fat and high-carbohydrate diets by mitigating their effects on PLR, senes-
cence, and functionally relevant mechanical properties such as yield stress. In addition to bone phenotype, mice
deficient in osteocytic TGF-f signaling had improved metabolism in response to high-fat and high-carbohydrate
diets, in part due to high energy expenditure, physical activity, and food intake. Taken together, our study sup-
ports the potential to therapeutically calibrate osteocyte function to restore impaired skeletal health and energy
balance in chronic metabolic diseases, at least in part through a TGF-$—dependent mechanism.

The pathophysiological mechanisms driving skeletal fragility in metabolic conditions of obesity and
T2D are complex. Several studies have used chronic administration of an HFD in rodents to model the
etiology of developing obesity and T2D in humans (11-13). In such studies, choosing the correct control
diet is instrumental as it can dramatically alter the findings of the study. While the choice of control diets
has always been controversial, it is evident that many studies have used RD and LFDs as control diets.
LFDs, although compositionally well matched to HFDs, have high amounts of carbohydrates and low fiber
compared with the RD (56). Thus, a typical LFD compensating for fat calories with carbohydrates is actu-
ally an HCD, which can have substantial effects of its own when compared with RD. In fact, a few studies
have reported stark phenotypic differences in mice fed RD versus LFD/HCD, including food consumption,
lumbar fat mass, vascular function, and coagulation activity (56—58). Regarding bone quality, a recent study
speculated that LFD/HCD may contain higher levels of advanced glycation end products and could be det-
rimental for bone material properties, based on the increased blood glucose levels approaching a prediabetic
range in LFD mice (59). We believe that our study, for the first time, provides evidence to support the notion
that LFD/HCD is detrimental to bone mechanics and causes fragility without altering bone mass. Thus,
low fat content alone should not be considered a control diet. Deeper understanding of control diet contents
(LFD/HCD vs. RD) is essential to delineate novel mechanisms induced by varying dietary components that
contribute to bone fragility.

TGF-B, a secreted cytokine that regulates bone ECM production and remodeling, is a well-known par-
ticipant in the pathophysiology of obesity and T2D (19-21). Serum levels of TGF- are elevated in patients
with obesity and T2D and in rodent models of obesity (16, 18, 19). Although bone is one of the largest
repositories of TGF-B, the impact of obesity on TGF-f signaling in bone was unknown. In the current
work using in vitro studies and dietary and genetic mouse models, we found osteocyte-intrinsic enhance-
ment in TGF-f signaling by excessive fat or carbohydrate. The increased cellular TGF-f signaling could
stem from increased cell surface presentation of TGF-§ receptors linked to insulin, glucose, and lipids. In
osteocytes, TGF-} signaling has been previously reported to cell-intrinsically stimulate regulators of PLR
(38, 39). Consistent with this finding, we observed upregulation of different panels of genes implicated in
PLR in response to high-carbohydrate (Mmp13, Ctsk, Atp6vigl, and Atp6v0d2) and high-fat (Mmp14 and
Atp6v(0d2) diet feeding. Although this coordinated induction of PLR genes was found to be TGF-f depen-
dent in vitro, our in vivo findings are less clear. In fact, our in vivo data hint at a partial dependency on
TGF-p and that TGF- ablation could serve to recalibrate the exacerbated PLR gene signature to the ranges
detected in RD-fed control mice. Similarly, the high-carbohydrate— and high-fat-induced expansion of the
LCN, which also serves as a hallmark of deregulated PLR, was found to be recalibrated to homeostatic
levels through osteocytic TBRII ablation (no significant difference was found in LCN area and canalicular
number between RD control mice versus HCD- and HFD-fed TPRII°®~ mouse bones, Figure 7, A and
B). Importantly, increased number of pores was apparent in the reconstructed pCT images of HCD- and
HFD-fed TPRII*>~~ mice. We speculate that the diets affect the geometry of the TBRII*¥~~ bones rather
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Figure 9. TBRII°¥~/- mice are resistant to high-carbohydrate and high-fat diet-induced deregulation of energy metabolism. Body weight of male control and
TBRII*Y-/- mice fed standard chow diet (RD, A), low-fat/high-carbohydrate diet (HCD, D), or high-fat diet (HFD, G) is shown. Intraperitoneal glucose (GTT) and
insulin tolerance tests (ITT) were performed at the end of diet in male control and TRRII°¥-/- mice fed RD (B and C), HCD (E and F), or HFD (H and I) (N = 6-11
mice/group; and data are shown as mean + SEM). Statistical significance assessed by 2-tailed Student’s t test, *P < 0.05 denotes a significant difference from
the control group on the same diet. Two-way ANOVA tests were performed for GTT and ITT, followed by Newman-Keuls multiple post hoc correction.

than the mass, and how this change in geometry contributes to the bone quality of obese TRRII*/~ bones
will be important to understand.

In this study, we aimed to examine osteocytic mechanisms by which HFD promotes bone fragility.
‘While mitochondrial dysfunction is a recognized driver of HFD-induced cell injury and cell death in oth-
er tissues (44, 46-48), the extent to which mitochondrial dysfunction drives HFD-induced bone fragility
remained untested. At the cellular level, TGF-f regulates the mitochondrial activity of endothelial cells,
hepatocytes, and T cells (50, 60, 61), but its role in HFD-induced mitochondrial dysfunction in osteocytes
has not been assessed to date. We find that HF and HG are sufficient to suppress osteocyte mitochondrial
function. Further, we implicate the TGF-} pathway in osteocytes as a mediator of HF- and HG-mediated
mitochondrial dysfunction. Therefore, blocking the TGF-f pathway mitigates some of the effects of nutri-
ent excess on mitochondrial oxidation, as well as PLR and bone quality.

Accompanying mitochondrial dysfunction, increased osteocytic senescence was also observed in both
LFD- and HFD-fed mouse bones, as gathered from the markedly elevated p16™“*, p21, and p53 protein
levels, which are known cell cycle arrest proteins induced by cellular stress. While an extensive characteri-
zation of cellular senescence is lacking in our study, several studies have established that metabolic distress
associated with obesity and T2D promotes cellular senescence in bone (62—64). Previous studies focusing on
characterizing HFD-induced obesity in postmenopausal women have shown that obesity, alone and in com-
bination with estrogen deficiency, greatly increases the burden of senescent cells in bone (65). Similarly, the
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Figure 10. TBRII°¥-/- mice exhibit metabolic protection against the effects of high-carbohydrate and high-fat diet by targeting energy expenditure,
activity, and food intake. Indirect calorimetry was used to measure oxygen consumption (V0,), carbon dioxide production (VCO,), energy expenditure (EE),
respiratory exchange ratio (RER), food intake, and activity (X-amb reflecting moving and exploring in the XY plane and Z-count reflecting jumping and
grooming) in male control and TRRII°Y-- mice fed standard chow diet (RD, A-F), low-fat/high-carbohydrate diet (HCD, G-L), or high-fat diet (HFD, M-R)
diet for 18 weeks (N = 6-8 mice/group; data are shown as mean + SEM). Statistical significance, *P < 0.05, was assessed by 2-tailed Student’s t test.
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HFD-driven senescence in bone has been corroborated in males and possibly contributes to obesity-impaired
fracture healing and bone fragility (64). Although one of the studies by Farr et al. did not detect increased
cellular senescence in HFD-fed mouse bones (63), it is possible that the use of LFD as a control diet is
responsible for this discrepancy. As evident from our studies, prolonged administration of the LFD/HCD
also increased the expression of senescent markers in bone.

The TGF-B pathway is a critical determinant of systemic energy balance, and previous research in
Smad 3 global knockout has demonstrated that the loss of TGF-§ signaling can protect against diet-in-
duced obesity and insulin resistance (20, 21). Similarly, the administration of a TGF-§ neutralizing anti-
body (ID11) improves glucose tolerance, insulin sensitivity, body weight gain, and energy balance in both
genetic and diet-induced obesity models (19). These metabolic improvements are attributed to increased
pancreatic islet  cell function and increased browning of white adipose tissue. Our study corroborates
these findings and demonstrates that the DMP1-Cre-mediated deletion of TBRII, which impairs osteocyte
TGF-p signaling, can also improve metabolic outcomes by establishing energy balance under metabolic
load due to excess dietary carbohydrate and fat. When fed an HCD or HFD, TBRII°®~~ mice exhibited a
lean phenotype, increased energy expenditure, high physical activity levels, and reduced food intake rela-
tive to genotype controls. The increased energy expenditure in TBRII*¥~~ mice might be due to changes
in adipogenesis, which is regulated by sclerostin (SOST), a direct target of TGF-p signaling (66). Reduced
SOST can decrease fat mass and increase insulin sensitivity (53). Although the reason for the increased
physical activity in TBRII°~~ mice remains unclear, note that our findings align with epidemiological
studies revealing a correlation between low serum TGF-f levels and increased physical activity (67, 68).
The differences in food intake in the TBRII*~~ mice imply that the improved metabolic phenotype involves
regulation of neuroendocrine cytokines that control appetite by signaling to the brain. One limitation of
the current study is that DMP1-Cre can recombine floxed alleles in cell types other than osteocytes (69-72).
In addition to thorough examination of skeletal and extraskeletal recombination of the floxed TPRII allele,
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future studies should identify osteokines communicating with fat, muscle, and brain that are regulated by
osteocytic TGF-p signaling. These could be targets for treating obesity-induced energy imbalance.

In conclusion, this work supports several key concepts. First, just as for osteoclasts or osteoblasts, calibra-
tion of osteocyte-mediated PLR is critical for bone homeostasis. Both high-fat and high-carbohydrate diets
perturb this balance in osteocytic PLR, which can substantially impair bone’s ability to resist fractures. High-
fat and high-carbohydrate diets associated with poor bone mechanics and fragility also stem from suppressed
osteocyte mitochondrial function and senescence. Calibrating TGF-f levels in osteocytes is important for
osteocyte health since TGF- regulates all 3 biological processes, PLR, mitochondrial function, and senes-
cence, in osteocytes. This connection between TGF-f signaling, osteocyte health, PLR, and bone quality
has been recently shown to hold true also in the context of aging (73). In addition to bone health, calibrating
TGF-B levels in osteocytes could serve to reduce the metabolic burden imposed by high fat and high carbohy-
drates, which could further protect against bone fragility. Last, while diets rich in saturated fats are believed
to be a major driving factor for obesity-associated skeletal etiologies, careful consideration must be given to
the dietary contents and components, especially regarding a carbohydrate-enriched diet that can be equally
deleterious for skeletal health.

Methods

Sex as a biological variable. We do consider sex as an important biological variable in this study. This study
mostly uses males, but some aspect of data has been collected in females that indicates the effects of osteo-
cytic TGF-B signaling on bone fragility and metabolism during obesity could be sexually dimorphic.

Mice. Osteocyte-specific TPRII-deficient mice and littermate controls were generated by breeding
TBRII-floxed (TBRIIYM) mice with 9.6 kb DMP1-Cre mice (38, 39). DMP1-Cre*~ TBRII"® (TPRII°>~/~
mice) and DMP1-Cre”~ TBRII™! littermates (control) mouse lines were obtained for the subsequent diet
studies. Male 12-week-old TPRII°®~ and control mice were fed a regular chow diet (Pico Lab Mouse
Diet 20, 22% kcal fat, N = 8-10, RD group), a high-fat diet (Research Diets D12492, 60% kcal fat, N =
8-12, HFD group), or the recommended control low-fat but carbohydrate-enriched diet (D12450J Research
Diets, 10% kcal fat, N = 8-12, HCD group) for 18 weeks. Male mice were used in this study because female
mice showed no genotype-dependent change in bone quality or osteocyte function in basal conditions (39).
Additional details for the mouse genotyping procedure are described in Supplemental Methods.

uCT. For skeletal phenotyping, femurs harvested from 30-week-old male TBRII°®~ and control mice
fed HFD, HCD, or RD were harvested and cleaned of the surrounding soft tissue, fixed in 10% neutral
buffered formalin for 48 hours, and stored in 70% ethanol for uCT. uCT procedure details are provided in
Supplemental Methods (38, 39, 73).

Flexural strength tests. Whole-bone mechanical properties were determined by 3-point bending of intact,
hydrated right femurs isolated from 30-week-old male TBRII°~~ and control mice (N = 7-11 mice) from
each diet group. Details of the procedure are described in Supplemental Methods (38, 39, 73).

SRuCT. SRuCT studies were used to assess the degree of bone mineralization and morphological
parameters of osteocyte lacunae and vasculature. The femoral mid-diaphysis of 30-week-old male mice
of both genotypes that were fed RD, HCD, and HFD were scanned with a 20 keV x-ray energy, a 300 ms
exposure time, and a 4x magnifying lens for a spatial resolution of 1.3 um (N = 4 bones/group) (74, 75).
Additional details of the SRUCT procedure are described in Supplemental Methods.

Cell culture. Undifferentiated OCY454 cells were seeded at 1 X 10° to 1.2 x 10° cells/well density in
6-well plates and allowed to become confluent in media consisting of tcMEM (Gibco; 12571-063), 1% Anti-
biotic-Antimycotic (Gibco; 15240062), and 10% heat-inactivated fetal bovine serum (Gibco; 10437-028) at
33°C before being differentiated at 37°C for 3 days (76). Differentiated OCY454 cells were serum-starved
for 1 hour and then treated for 72 hours with SB431542 (10 uM, Selleckchem), glucose (25 mM, Milli-
poreSigma) for HG treatment, or the BSA-conjugated fatty acids palmitate (100 pM, Cayman Chemicals),
oleate (200 uM, Cayman Chemicals), and linoleate (200 uM, MilliporeSigma) for HF treatment. Details of
cell culture are described in Supplemental Methods.

gRT-PCR. Total RNA was extracted and purified from cleaned humeri devoid of marrow and epiphyses
using the miRNeasy Mini Kit (QIAGEN) and subjected to cDNA synthesis and qRT-PCR (38, 39). mRNA
levels were deduced from absolute quantification of gene expression, and 18s ribosomal RNA was used as
an internal reference gene. Sequences of the primers have been provided in Supplemental Table 1. Details
of qRT-PCR procedures are described in Supplemental Methods.
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Immunoblotting analysis. Whole-cell lysates of OCY454 cells were collected in RIPA lysis buffer (50 mM
Tris pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, phosphatase inhibi-
tor, and protease inhibitor). Lysates were sonicated and centrifuged at 10,000g, 10 minutes, at 4°C. Then
25 ng of protein was loaded onto 10% SDS-PAGE. Protein was then transferred onto the nitrocellulose
blot, blocked, and incubated in the primary antibodies overnight for phospho—Smad 3 (1:2,000, ab52903),
pl6 (1:1,000, ab211542), p53 (1:1,000, ab227655), and B-actin (1:2,500, ab8226) and IRDye fluoro-
phore-conjugated secondary antibodies (1:15,000, LI-COR Biosciences). Bands’ intensity corresponding to
protein of interest were visualized, quantified, and normalized to B-actin protein. Fold-change in protein
relative to untreated control is presented as mean + SD. Our sample size was 5 biological replicates/group,
achieved by compiling 3 independent experiments.

Seahorse extracellular flux assay. Undifferentiated OCY454 cells were seeded into specialized XFe24 V7
microplates at 20,000 cells/well density, serum-starved, and then treated with TGF-$ (5 ng/mL, Pepro-
Tech), SB431542 (10 uM, Selleckchem), glucose (25 mM, MilliporeSigma), or the BSA-conjugated fatty
acids palmitate (100 uM, Cayman Chemicals), oleate (200 M, Cayman Chemicals), and linoleate (200
uM L9530-5ML, MilliporeSigma) for 24 hours. Mitochondrial and glycolytic stress tests were performed to
determine the OCR and ECAR, which were then normalized to the cell lysate protein in each well. Data
were obtained from 3 independent biological experiments, with 5-6 technical replicates in each experi-
ment. Details are described in Supplemental Methods.

Cellular ROS analysis. Intracellular ROS levels were measured using the DCFDA/H2DCFDA kit
(Abcam, ab113851) according to the manufacturer’s instructions. Cells were stained with 20 uM DCFDA
in 1X buffer for 30 minutes at 37°C, washed in 1x buffer, and analyzed by flow cytometry on the LSR
Fortessa instrument (BD Biosciences) using the FACSDiva software (BD) and FlowJo software to gener-
ate plots. In each experiment, 3 technical replicates were used, and reproducible data from 3 independent
experiments are reported.

Mitochondrial membrane potential analysis. Mitochondrial membrane potential was evaluated with the
potentiometric dye JC-1 (5,5',6,6"-tetrachloro-1,1’,3,3'-tetraethyl benzimidazole-carbocyanine iodide).
Cells were seeded on collagen-coated glass-bottom MatTek dishes (BICO), treated for 24 hours, and then
incubated with JC-1 (5 mg/mL) for 30 minutes prior to live cell imaging (5% CO,, 37 °C) conducted on
a ZEISS Airyscan microscope with a 63X/1.4 oil objective. Data were reproducible across 3 independent
biological experiments conducted by 2 individuals, with 3—4 images collected for each treatment in the
individual experiment. Additional details are in Supplemental Methods.

Histology, immunofluorescence, and immunohistochemistry. Femurs were decalcified in 10% EDTA for 28
days and processed for paraffin embedding. Seven micrometer—thick axial sections of femoral cortical bone
were used for immunohistochemistry and Ploton silver stain. Primary antibodies were anti-p16™4 antibody
(1:50, ab211542, Abcam), anti-p53 antibody (1:75, ab227655, Abcam), rabbit polyclonal anti-p21¢¥/¥af (1:50,
2947, Cell Signaling Technology), and anti-yH2A.X (1:50, ab11174, Abcam). Subsequently, sections were
incubated with a secondary antibody for 2 hours, and the signal was amplified with Alexa Fluor 594 tyramide
(Tyramide SuperBoost Kit, Invitrogen). The presence of autofluorescence or nonspecific reactivity was ruled
out by taking as reference a sample incubated with rabbit IgG primary antibody. Quantification of osteocyte
LCN and immunofluorescence were performed as previously described (38, 39), with 4 high-power fields/
mouse bone and N = 5 mice/group. Details of these procedures are described in Supplemental Methods.

GTT and ITT. GTT and ITT were administered after mice were fed an RD, HCD, or HFD for 18
weeks. Mice were fasted overnight for GTT and 4 hours for ITT, following which glucose (1.5 mg/kg of
body weight) or insulin (0.75 U/kg of body weight, Humulin, Lilly USA) was administered intraperitone-
ally, and blood glucose levels were measured at 0, 15, 30, 60, and 120 minutes after injection with an Accu-
Chek Aviva meter (Roche Diabetes Care, Inc.).

Indirect calorimetry. Energy expenditure was evaluated by indirect calorimetry and ambulation (activ-
ity) using the automated Comprehensive Lab Animal Monitoring System (Columbus Instruments) at the
University of California, San Francisco. Acclimation, measurement, and housing protocols were based on
previously published studies (77), and additional details are provided in Supplemental Methods.

ELISA. Active TGF-B1 levels in the serum were measured using the mouse TGF-$1 DuoSet ELISA
(DY1679-05) (R&D Systems, Bio-Techne), following the manufacturer’s protocol.

Statistics. The sample size was determined based on a power calculation that provides an 80% chance
of detecting a significant difference (P < 0.05). Technical replicates and biological replicates (V) used for
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all experiments are described in the figure legends. Where technical replicates are used, data are expressed
as mean = SEM. Otherwise, data are reported as mean * SD. Prism 5.0 (GraphPad Software, Inc.) was
used for statistical analysis. Student’s 2-tailed ¢ tests were used when determining the statistical differences
between the 2 groups; while comparing multiple groups, we used 1-way ANOVA followed by the New-
man-Keuls test for multiple comparisons. To analyze the effect of 2 variables and the interaction of those
variables, we used 2-way ANOVA followed by the Newman-Keuls test for multiple comparisons.

Study approval. Mice were housed in groups in a pathogen-free facility at 22°C with a 12-hour light/12-
hour dark cycle and fed their respective diets (irradiated) and water ad libitum. All studies were conducted
with the approval of the Institutional Animal Care and Use Committee of the University of California,
San Francisco.

Data availability. All data associated with this study are present in the paper or the supplemental infor-
mation, and raw data are included in the Supporting Data Values file.

Author contributions

NSD and TA conceived the studies, procured funding, planned the experiments, and provided project lead-
ership and supervision. NSD, ABT, SK, YO, CAS, JY, CSY, VK, CAL, MC, JLS, EM, and CA collected
and analyzed data. NSD and TA interpreted data and prepared the manuscript, which was edited and
approved by all authors.

Acknowledgments

This research was supported by NIH National Institute of Dental and Craniofacial Research grant
RO1 DE019284 (TA), NIH National Institute of Arthritis and Musculoskeletal and Skin Diseases P30
ARO075055 (TA), UCSF Orthopaedic Surgery NOVA grant (NSD), NIH National Institute of Diabetes
and Digestive and Kidney Diseases K01 DK129404 (NSD), Arkansas Biosciences Institute AWD55316
(NSD), NIH National Institute of General Medical Sciences 1P20GM 125503 (NSD), and National Sci-
ence Foundation Career Grant CMMI 2045363 (CA). The authors acknowledge using x-ray synchrotron
beamlines 8.3.2 at the Advanced Light Source at Lawrence Berkeley National Laboratory (supported by
the director of the US Department of Energy, DE-AC02-05CH11231) and the assistance provided by
Dilworth Y. Parkinson.

Address correspondence to: Neha S. Dole, University of Arkansas for Medical Sciences, Department of
Physiology and Cell Biology, 4301 W. Markham St., Biomed-2 Bldg. 210-2, Little Rock, Arkansas 72205-
7199, USA. Phone: 501.526.5647; Email: NSDole@uams.edu. Or to: Tamara Alliston, University of Cali-
fornia, San Francisco, Department of Orthopaedic Surgery, 35 Medical Center Way, Pod C, Box 0514, San
Francisco, California 94143, USA. Phone: 415.502.4945; Email: Tamara.alliston@ucsf.edu.

Shapses SA, Sukumar D. Bone metabolism in obesity and weight loss. Annu Rev Nutr. 2012;32:287-309.

Gonnelli S, et al. Obesity and fracture risk. Clin Cases Miner Bone Metab. 2014;11(1):9-14.

Hou J, et al. Obesity and bone health: a complex link. Front Cell Dev Biol. 2020;8:600181.

Tonova-Martin SS, et al. Changes in cortical bone response to high-fat diet from adolescence to adulthood in mice. Osteoporos Int.

2011;22(8):2283-2293.

Turcotte AF, et al. Association between obesity and risk of fracture, bone mineral density and bone quality in adults: a systemat-

ic review and meta-analysis. PLoS One. 2021;16(6):e0252487.

. Vigevano F, et al. In men with obesity, T2DM is associated with poor trabecular microarchitecture and bone strength and low

bone turnover. J Clin Endocrinol Metab. 2021;106(5):1362-1376.

Wells JCK. Obesity as malnutrition: the dimensions beyond energy balance. Eur J Clin Nutr. 2013;67(5):507-512.

8. Romieu I, et al. Energy balance and obesity: what are the main drivers? Cancer Causes Control. 2017;28(3):247-258.
9. Ludwig DS, Ebbeling CB. The carbohydrate-insulin model of obesity beyond “calories in, calories out”. JAMA Intern Med.

2018;178(8):1098-1103.

10. Hall KD, et al. The energy balance model of obesity: beyond calories in, calories out. Am J Clin Nutr. 2022;115(5):1243-1254.

11. Wang CY, Liao JK. A mouse model of diet-induced obesity and insulin resistance. Methods Mol Biol. 2012;821:421-433.

12. Suleiman JB, et al. A systematic review on different models of inducing obesity in animals: advantages and limitations. J Adv Vet
Anim Res. 2020;7(1):103-114.

13. Almeida-Suhett CP, et al. Control diet in a high-fat diet study in mice: regular chow and purified low-fat diet have similar effects
on phenotypic, metabolic, and behavioral outcomes. Nutr Neurosci. 2019;22(1):19-28.

14. Klatt KC, et al. Chowing down: diet considerations in rodent models of metabolic disease. Life Metab. 2023;2(3):10ad013.

15. Montalvany-Antonucci CC, et al. High-refined carbohydrate diet promotes detrimental effects on alveolar bone and femur

microarchitecture. Arch Oral Biol. 2018;86:101-107.

BN =

o o

~

JCl Insight 2024;9(16):e175103 https://doi.org/10.1172/jci.insight.175103 21



1

~

1

o

19.
20.

21.
22.

23.
24.
25.
26.
27.
28.

29.
30.

3

—_

34.

3

w

36.

37.
38.

39.

4

o

4

—

42.

4

w

44.

4

[

47.

48.
49.

50.

53.

54.
55.

JCl Insight 2024;9(16):e175103 https:

RESEARCH ARTICLE

. Samad F, et al. Elevated expression of transforming growth factor-beta in adipose tissue from obese mice. Mol Med.

1997;3(1):37-48.

. Sepulveda-Flores RN, et al. Obesity-related non-alcoholic steatohepatitis and TGF-betal serum levels in relation to morbid

obesity. Ann Hepatol. 2002;1(1):36-39.

. Barretto JR, et al. Heightened plasma levels of transforming growth factor beta (TGF-f) and increased degree of systemic

biochemical perturbation characterizes hepatic steatosis in overweight pediatric patients: a cross-sectional study. Nutrients.
2020;12(6):1650.

Yadav H, et al. Protection from obesity and diabetes by blockade of TGF-3/Smad3 signaling. Cell Metab. 2011;14(1):67-79.
Tan CK, et al. Smad3 deficiency in mice protects against insulin resistance and obesity induced by a high-fat diet. Diabetes.
2011;60(2):464-476.

Tan CK, et al. Getting ‘Smad’ about obesity and diabetes. Nutr Diabetes. 2012;2(3):€29.

Ueda S, et al. TGF-1 is involved in senescence-related pathways in glomerular endothelial cells via p16 translocation and p21
induction. Sci Rep. 2021;11(1):21643.

Senturk S, et al. Transforming growth factor-beta induces senescence in hepatocellular carcinoma cells and inhibits tumor
growth. Hepatology. 2010;52(3):966-974.

Minagawa S, et al. Accelerated epithelial cell senescence in IPF and the inhibitory role of SIRT6 in TGF-B-induced senescence
of human bronchial epithelial cells. Am J Physiol Lung Cell Mol Physiol. 2011;300(3):L391-L401.

Debacg-Chainiaux F, et al. Repeated exposure of human skin fibroblasts to UVB at subcytotoxic level triggers premature senes-
cence through the TGF-betal signaling pathway. J Cell Sci. 2005;118(4):743-758.

Tominaga K, Suzuki HI. TGF-p signaling in cellular senescence and aging-related pathology. Int J Mol Sci. 2019;20(20):5002.
Smith U, et al. Cellular senescence and its role in white adipose tissue. Int J Obes (Lond). 2021;45(5):934-943.

Palmer AK, et al. Targeting senescent cells alleviates obesity-induced metabolic dysfunction. Aging Cell. 2019;18(3):€12950.
Chaib S, et al. Obesity, senescence, and senolytics. Handb Exp Pharmacol. 2022;274:165-180.

Meijnikman AS, et al. Evaluating causality of cellular senescence in non-alcoholic fatty liver disease. JHEP Rep.
2021;3(4):100301.

. Bloom SI, et al. Mechanisms and consequences of endothelial cell senescence. Nat Rev Cardiol. 2023;20(1):38-51.
32.
33.

Katsuumi G, et al. Vascular senescence in cardiovascular and metabolic diseases. Front Cardiovasc Med. 2018;5:18.

Balooch G, et al. TGF-f regulates the mechanical properties and composition of bone matrix. Proc Natl Acad Sci U S A.
2005;102(52):18813-18818.

Mohammad KS, et al. Pharmacologic inhibition of the TGF-beta type I receptor kinase has anabolic and anti-catabolic effects
on bone. PLoS One. 2009;4(4):e5275.

.Edwards JR, et al. Inhibition of TGF-f signaling by 1D11 antibody treatment increases bone mass and quality in vivo. J Bone

Miner Res. 2010;25(11):2419-2426.

Tauer JT, et al. Effect of anti-TGF-p treatment in a mouse model of severe osteogenesis imperfecta. J Bone Miner Res.
2019;34(2):207-214.

Song IW, et al. Targeting TGF-f for treatment of osteogenesis imperfecta. J Clin Invest. 2022;132(7):e152571.

Dole NS, et al. Osteocyte-intrinsic TGF-f signaling regulates bone quality through perilacunar/canalicular remodeling. Cell Rep.
2017;21(9):2585-2596.

Dole NS, et al. TGF regulation of perilacunar/canalicular remodeling is sexually dimorphic. J Bone Miner Res.
2020;35(8):1549-1561.

. Scheller EL, et al. Changes in skeletal integrity and marrow adiposity during high-fat diet and after weight loss. Front Endocrinol

(Lausanne). 2016;7:102.

. Acevedo C, et al. Contributions of material properties and structure to increased bone fragility for a given bone mass in the

UCD-T2DM rat model of type 2 diabetes. J Bone Miner Res. 2018;33(6):1066-1075.
Silva MJ, et al. Effects of high-fat diet and body mass on bone morphology and mechanical properties in 1100 advanced inter-
cross mice. J Bone Miner Res. 2019;34(4):711-725.

. Stephen SJ, et al. Bone matrix quality in a developing high-fat diet mouse model is altered by RAGE deletion. Bone.

2022;162:116470.
Lionetti L, et al. High-lard and high-fish-oil diets differ in their effects on function and dynamic behaviour of rat hepatic mito-
chondria. PLoS One. 2014;9(3):€92753.

. Putti R, et al. Diet impact on mitochondrial bioenergetics and dynamics. Front Physiol. 2015;6:109.
46.

Miotto PM, et al. High-fat diet causes mitochondrial dysfunction as a result of impaired ADP sensitivity. Diabetes.
2018;67(11):2199-2205.

Chen D, et al. A high-fat diet impairs mitochondrial biogenesis, mitochondrial dynamics, and the respiratory chain complex in
rat myocardial tissues. J Cell Biochem. 2018;119(11):9602.

Sajic M, et al. High dietary fat consumption impairs axonal mitochondrial function in vivo. J Neurosci. 2021;41(19):4321-4334.
Liu J, et al. Dietary carbohydrates influence muscle texture of olive flounder Paralichthys olivaceus through impacting mito-
chondria function and metabolism of glycogen and protein. Sci Rep. 2020;10(1):21811.

Sun X, et al. TGF-B1 attenuates mitochondrial bioenergetics in pulmonary arterial endothelial cells via the disruption of carni-
tine homeostasis. Redox Biol. 2020;36:101593.

. Vasileiou PVS, et al. Mitochondrial homeostasis and cellular senescence. Cells. 2019;8(7):686.
52.

Lyons JS, et al. Microtubules tune mechanotransduction through NOX2 and TRPV4 to decrease sclerostin abundance in osteo-
cytes. Sci Signal. 2017;10(506):eaan5748.

Kim SP, et al. Sclerostin influences body composition by regulating catabolic and anabolic metabolism in adipocytes. Proc Natl
Acad Sci U S A. 2017;114(52):E11238-E11247.

Mosialou I, et al. MC4R-dependent suppression of appetite by bone-derived lipocalin 2. Nature. 2017;543(7645):385-390.

Lee NK, et al. Endocrine regulation of energy metabolism by the skeleton. Cell. 2007;130(3):456—469.

//doi.org/10.1172/jci.insight.175103 22



w

6

57.

5

o

59.

60.

6

—

6

IS}

6

@

64.

65.

6

(=)}

67.

68.
69.
70.

7

—

72.

73.
74.

75.

76.

71

RESEARCH ARTICLE

. Pellizzon MA, Ricci MR. The common use of improper control diets in diet-induced metabolic disease research confounds data

interpretation: the fiber factor. Nutr Metab (Lond). 2018;15(1):3.

Lang P, et al. Effects of different diets used in diet-induced obesity models on insulin resistance and vascular dysfunction in

C57BL/6 mice. Sci Rep. 2019;9(1):19556.

. Chassaing B, et al. Lack of soluble fiber drives diet-induced adiposity in mice. Am J Physiol Gastrointest Liver Physiol.

2015;309(7):G528-G541.

LLabre JE, et al. Induction and rescue of skeletal fragility in a high-fat diet mouse model of type 2 diabetes: an in vivo and in

vitro approach. Bone. 2022;156:116302.

Yang L, et al. Transforming growth factor beta signaling in hepatocytes participates in steatohepatitis through regulation of cell

death and lipid metabolism in mice. Hepatology. 2014;59(2):483-495.

. Dimeloe S, et al. Tumor-derived TGF-f inhibits mitochondrial respiration to suppress IFN-y production by human CD4* T
cells. Sci Signal. 2019;12(599):eaav3334.

. Burton DGA, Faragher RGA. Obesity and type-2 diabetes as inducers of premature cellular senescence and ageing. Biogerontology.
2018;19(6):447-459.

. Eckhardt BA, et al. Accelerated osteocyte senescence and skeletal fragility in mice with type 2 diabetes. JCI Insight.

2020;5(9):e135236.

Tencerova M, et al. Obesity-associated hypermetabolism and accelerated senescence of bone marrow stromal stem cells suggest

a potential mechanism for bone fragility. Cell Rep. 2019;27(7):2050-2062.

Ali D, et al. High-fat diet-induced obesity augments the deleterious effects of estrogen deficiency on bone: evidence from ova-

riectomized mice. Aging Cell. 2022;21(12):e13726.

. Nguyen J, et al. Load regulates bone formation and Sclerostin expression through a TGFB-dependent mechanism. PLoS One.

2013;8(1):e53813.

Silva VRR, et al. Chronic exercise reduces hypothalamic transforming growth factor-p1 in middle-aged obese mice. Aging (Alba-

ny NY). 2017;9(8):1926-1940.

Eka Widiastuti IA, et al. Exercise adaptations and TGF-B1 levels in recreational cyclists. Ann Med Surg (lond). 2021;70:102872.

Xiong J, et al. Matrix-embedded cells control osteoclast formation. Nat Med. 2011;17(10):1235-1241.

Xiong J, et al. Osteocytes, not osteoblasts or lining cells, are the main source of the RANKL required for osteoclast formation in

remodeling bone. PLoS One. 2015;10(9):e0138189.

. Kalajzic I, et al. In vitro and in vivo approaches to study osteocyte biology. Bone. 2013;54(2):296-306.

Lim J, et al. Unintended targeting of Dmp1-Cre reveals a critical role for Bmprla signaling in the gastrointestinal mesenchyme

of adult mice. Bone Res. 2017;5(1):16049.

Schurman CA, et al. Aging impairs the osteocytic regulation of collagen integrity and bone quality. Bone Res. 2024;12(1):13.

Giirsoy D, et al. TomoPy: a framework for the analysis of synchrotron tomographic data. J Synchrotron Radit. 2014;21(pt

5):1188-1193.

William Woolley, et al. Whole-bone toughness is linked to canal and osteocyte lacunae deficits in the ZDSD type 2 diabetic rat

model [preprint]. https://doi.org/10.1101/2023.03.07.531548. Posted on bioRxiv March 10, 2023.

Spatz JM, et al. The Wnt inhibitor sclerostin is up-regulated by mechanical unloading in osteocytes in vitro. J Biol Chem.

2015;290(27):16744-16758.

. Bachor TP, et al. Identification of AgRP cells in the murine hindbrain that drive feeding. Mol Metab. 2024;80:101886.

JCl Insight 2024;9(16):e175103 https://doi.org/10.1172/jci.insight.175103 23



