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Objectives: The current study aimed to investigate the pathogenesis of obesity-
induced impaired bone mass accrual and the impact of dietary intervention on
bone density in the mouse model of obesity.

Methods: Mice were fed with chow diet (CD) for 10 months, high-fat-diet (HFD)
for 10 months, or HFD for 6 months then transferred to chow diet for 4 months
(HFDt).

Results: Weight loss and decreased intrahepatic lipid accumulation were
observed in mice following dietary intervention. Additionally, HFD feeding
induced bone mass accrual, while diet intervention restrained trabecular bone
density. These changes were further reflected by increased osteogenesis and
decreased adipogenesis in HFDt mice compared to HFD mice. Furthermore, HFD
feeding decreased the activity of the Wingless-related integration site (Wnt)-f3-
Catenin signaling pathway, while the Wnt signaling was augmented by diet
intervention in the HFDt group.

Conclusions: Our findings suggest that a HFD inhibits bone formation and that
dietary intervention reverses this inhibition. Furthermore, the dietary intervention
was able to compensate for the suppressed increase in bone mass to a level
comparable to that in the CD group. Our study suggests that targeting the Wnt
signaling pathway may be a potential approach to treat obesity-induced impaired
bone mass accrual.
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1 Introduction

The global prevalence of obesity is estimated to reach 18% in
men and 21% in women by 2025, representing a substantial health
risk and economic burden (1). Obesity is commonly associated with
dysregulated glucose, energy and fat metabolism, which can lead to
an array of tissue-specific declines and dysfunctions (2, 3). Although
current treatments for obesity often include bone mineral density
decline as a side effect, this phenomenon is further exacerbated by
the development of osteoporosis (OP) (4). Characterized by
weakened bone microarchitecture and a decrease in bone density,
OP is the most common bone disease worldwide, affecting an
estimated 200 million people (5), and is a risk factor for various
secondary health issues and mortality (6). Both obesity and OP have
been found to have associations with nutrition, energy intake and
sedentary lifestyles (7, 8).

Increasing evidence has shown that obesity, particularly due to
excessive dietary fat intake, is associated with a heightened risk of
fracture through disruption of bone remodeling and accelerated
bone aging (9, 10). Studies have demonstrated a 33% body fat
threshold at which visceral fat may produce a range of molecules
with deleterious eftects on the bone microenvironment (11, 12).
Potential mechanisms underlying this phenomenon may include
oxidative stress (13), elevated production of inflammatory cytokines
(14), increased expression of peroxisome proliferator-activated
receptor gamma (PPARY) in bone marrow adipocytes (15), and
disruption of Wnt signaling (16). The Wnt pathway is a key
regulator of bone quantity and remodeling, largely due to its
promotion of osteoblast differentiation and indirect control of
osteoclastogenesis (17). The Wnt signaling pathway, comprising
key molecules (Wnt3a, Wnt5a), has been identified as playing a
pivotal role in bridging intrinsic processes associated with bone
remodeling and energy metabolism, thus providing a promising
avenue for the management of bone mass accrual (18).

Dietary interventions for weight loss are a well-established
technique for managing obesity, with lifestyle modifications, such
as dietary changes to decrease energy intake, being amongst the

Abbreviations: CD, chow diet; HFD, high-fat-diet; HFDt, high-fat diet-transfer;
Wnt, Wingless-related integration site; OP, osteoporosis; PPARY, peroxisome
proliferator-activated receptor gamma; Micro-CT, micro-computed tomography;
ELISA, enzyme linked immunosorbent assay; PINP, procollagen I N-terminal
propeptide; EDTA, ethylenediaminetetraacetic acid; OCN, osteocalcin; TRAP,
tartrate-resistant acid phosphatase; SDS-PAGE, SDS-polyacrylamide gel
electrophoresi; TBST, TBS-Tween 20; HRP, horseradish peroxidase; ECL,
enhanced chemilumescent; BM, bone marrow; BMSCs, bone marrow
mesenchymal stem cells; DMEM, Dulbecco’s modified Eagle’s medium; PFA,
paraformaldehyde; TG, total triglyceride; TC, total cholesterol; LDL-C, low
density liptein cholesterol cholesterol; HDL-C, high density liptein cholesterol
cholesterol; RBG, random blood glucose; FBG, fasting blood glucose; Ctsk,
cathepsin K; Collal, collagen type I A I; ALP, alkaline phosphatase; Runx2,
runt-related transcription factor 2; Adipoq, adiponectin; CD36, cluster of
differentiation 36; TGFp, transforming growth factor beta-1; Rorl/2, receptor
tyrosine kinase-like orphan receptor 1/2; GSK3, glycogen synthase kinase 3.
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most widely investigated approaches (19). Thus, it is pertinent to
ask whether the metabolic impairments in bone caused by a HFD
can be reversed through a shift to a normal diet. Recent studies have
exhibited a reversal of metabolic alterations, as well as a decrease in
body weight, improved glucose tolerance, and decreased adiposity
(20, 21), but little is known about the effects of changing diet on
bone density. Scheller et al. demonstrated in a descriptive study that
while a switch from a HFD to a CD could lead to weight loss, it
could not fully prevent reduced bone formation. To better
understand the effects of obesity-related reduced bone formation
and the impact of a long-term dietary intervention on bone density,
our study used mouse models of obesity and dietary restriction of fat
components to induce weight loss.

2 Methods
2.1 Experimental animals

C57BL/6 male mice (6 weeks old) were obtained from the
Laboratory Animal Center of Fudan University and housed in a
specific pathogen-free environment (temperature: 23 + 1°C; light-
dark cycle: 12/12 hrs). Autoclaved food and water were provided ad
libitum. Following a one-week acclimatization period, the animals
were randomly divided into three groups: chow diet (CD; n=10),
high-fat diet (HFD; n=12), and high-fat diet-transfer (HFDt; n=10).
The CD group was fed a standard chow diet (Research Diets,
D12450B, 10% cal% fat) for 10 months; the HED group was fed a
HFD (Research Diets, D12492, 60% cal% fat) for 10 months; and
the HFDt group was fed a HFD for 6 months and then transferred
to a chow diet for 4 months. HFDt group mice gradually increased
body weight in the first 6 months, and then rapidly decreased to the
same body weight as the CD group in the following 4 months. After
10 months of treatment, mice were fasted for 12 h and humanely
euthanized under general anesthesia. To enrich the data on the
relationship between male obesity and osteoporosis and reduce the
confounding factors in the results, we used male mice for the model.
All experimental protocols were approved by the Animal Care and
Use Committee of Zhongshan Hospital, Fudan University.

2.2 Analysis of bone microstructure by
micro-computed tomography

Following sacrifice, femurs were detached and fixed in 4%
paraformaldehyde for subsequent micro-CT scanning and
analysis. High-resolution imaging of the bone microstructure was
carried out using a Skyscan 1176 system [software=Version 1.1
(build 6), Bruker, Kontich, Belgium] with a resolution of 8.96
microns. Trabecular bone mass was assessed by contouring a
region 1.0 mm wide, positioned 500 microns from the proximal
end of the distal femoral growth plate, and a threshold of 66-255
permille was applied. For the femoral cortical bone, a 500-micron-
wide region was contoured starting 4.0 mm from the proximal end
of the distal femoral growth plate, with a threshold of 114-255

frontiersin.org


https://doi.org/10.3389/fendo.2023.1171781
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zheng et al.

permille. Three-dimensional reconstructions were created from the
two-dimensional images acquired from the contoured regions.

2.3 Enzyme linked immunosorbent assay

Measurement of serum PINP in mice was conducted using the
mouse procollagen I N-terminal propeptide (PINP) ELISA Kit
(MU30602, Bioswamp) in accordance with the manufacturer’s
instructions. Measurement of serum CTX-1 in mice was
conducted using the mouse type I collagen C-terminal peptide
(CTX-1) ELISA Kit (Jining Shiye, China) in accordance with the
manufacturer’s instructions

2.4 Histology and immunostaining

Femurs and tibias were fixed in 4% paraformaldehyde for 48 h
and incubated in 20% ethylenediaminetetraacetic acid (EDTA)
solution for decalcification. Embedding in paraffin, dehydration,
and cutting of 5 mm longitudinal sections were performed prior to
staining with H&E, osteocalcin (OCN), and tartrate-resistant acid
phosphatase (TRAP) (Sigma, Merck, Germany). After preparation
of paraffin sections of the femur, they were first stained with
hematoxylin staining solution, followed by eosin staining solution
after dehydration with alcohol, and then dehydrated and sealed.
The number of adipocytes per field of view was quantified using the
Image ] program. It is important to note that this method of fixing
femoral adipocytes resulted in the degradation of a portion of the
adipocytes and resulted in their inability to be identified.
Immunohistochemistry following the IHC paraffin protocol
(Abcam) with a OCN antibody (Proteintech, 23418-1-AP, 1:200)
was performed and the proportion of positive cells in each field was
quantified using the Image J program.

2.5 Quantitative RT-PCR analysis

Trizol reagent (Invitrogen) was used to extract total RNA from
tibia, and cDNA was subsequently synthesized using a PrimeScript
RT Reagent Kit (TaKaRa, Tokyo, Japan), following the
manufacturer’s instructions. Quantitative real-time PCR was
subsequently performed using SYBR Green Premix Ex Taq
(Takara, Japan) and Light Cycler 480 (Roche, Switzerland), with
the 27*4“* method used for data analysis and GAPDH as an internal
control for normalization. The sequences of oligonucleotides
employed for RT-PCR are listed in Table S1.

2.6 Western blot analysis

Western blotting was employed to assess protein expression
levels in bones. Equal protein concentrations were subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto PVDF membranes (Milipore, Darmstadt,
Germany). Subsequently, the membranes were blocked with 5%
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skim milk-PBS-Tween 20 for 1 h at room temperature and
incubated with specific antibodies to PPARy (1:1,000, P37231,
CST), Runx2 (1:1000, AF2593, Beyotime), Wnt5a (1:1000, AF8358,
Beyotime), Wnt3a (1:1000, AF8352, Beyotime), [-catenin (1:1000,
AF0066, Beyotime), GAPDH (1:1000, AB_2736879, Abclonal), and
B-Actin (1:1000, AB_2768234, Abclonal) overnight at 4°C. The blots
were then washed with TBS-Tween 20 (TBST) and incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies
(1:5000) for 1 h at room temperature. Lastly, the blots were washed
again and incubated with enhanced chemilumescent (ECL) substrates
(Bio-rad) for 1 min and the Image ] software was applied to analyze
the blots.

2.7 Bone marrow cellularity, isolation, and
culture of bone marrow mesenchymal
stem cells

Isolation of bone marrow stromal cells (BMSCs) was achieved
through flushing with Dulbecco’s modified Eagle’s medium (DMEM)
containing low glucose (Vitrocell, Brazil) supplemented with 10%
fetal calf serum (Vitrocell, Brazil), 100 IU/ml sodium penicillin G
(Sigma-Aldrich, USA), and 100 ug/ml streptomycin (Sigma-Aldrich,
USA) at 37°C in a 5% CO2-95% humidity atmosphere. BMSCs were
isolated based on their capacity to adhere to plastic surfaces in cell
cultures using the aforementioned low-glucose medium. Cells of
passages 3-10 were used for differentiation assays, which involved
seeding BMSCs in six-well plates and treating them with an
osteogenic medium composed of 50 pg/ml ascorbic acid, 5 mM [-
glycerophosphate, and 100 nM dexamethasone (all from Sigma).
After seven days of differentiation, the cells were washed with PBS,
fixed in 4% paraformaldehyde (PFA) for 2 min, and assayed with
ALP Staining Kit (Beyotime, C3206).

2.8 Serum and liver biochemical assays

Serum total triglyceride (TG), total cholesterol (TC), low
density liptein cholesterol cholesterol (LDL-C), and high density
liptein cholesterol cholesterol (HDL-C) levels were detected using
commercial kits (Jiancheng, China). Liver TG and TC levels were
detected using content assay kits (Applygen, China).

2.9 Statistical analysis

Statistical analyses were conducted using GraphPad 8.0. One-
way ANOVA was employed to assess the impacts of CD, HFDt, and
HED. Subsequent to the ANOVA, Tukey’s multiple comparison test
was utilized to further investigate the outcomes. When the
homogeneity of variance assumption is violated for a one-way
ANOVA, Welch’s ANOVA can be conducted instead, and
Games-Howell’s multiple comparisons test was utilized to further
investigate the outcomes.

We conducted a power analysis on the study model. Our effect
size was 0.40, alpha error was 0.05, total sample size was 30, the
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number of groups was 3, The analysis method was one-way
ANOVA, and the power obtained by G.power software was 0.44.

3 Results

3.1 Diet intervention reprograms whole
body metabolism in mice

To examine whether dietary intervention could reverse the
phenotype of long-term HFD induced OP in mice, we established
HFD, HFDt, and CD groups to assess phenotypes of tibia, femur,
and BMSCs (Figure 1A). In contrast to the HFD mice, the body
weight of HFDt mice was significantly reduced (P<0.0001) after the
4 months of dietary intervention, and there was no significant
difference (P>0.05) between the HFDt group and the CD group. At
the end of the 10th month, the mean body weight ( + standard
deviation) of the HFD mice was 57.92 + 2.99 g, and that of the HFDt
and CD groups was 36.13+ 3.48¢ and 36.91+ 1.62g, respectively
(Figure 1B). During the 4 months of diet intervention, caloric intake
was lower in the HFDt group than in the CD group (Figure S1A).
Liver weight (P<0.01), liver weight/body weight (P<0.05), eWAT
(P<0.001), and iWAT (P<0.01) showed that HFD mice had a
significantly greater tissue mass than HFDt and CD mice,
indicating a normalization of their mass due to weight loss in
HEDt mice. (Figures 1C-F). Serum TG levels were similar in all
groups. Further examination of the levels of serum TC, HDL-C, and

10.3389/fendo.2023.1171781

LDL-C revealed that the HFD group had higher levels than both the
CD and HEDt groups (Figures S1B-E). Analysis of liver TG levels in
mice exposed to a HFD demonstrated that TG levels were
significantly higher in the HFD group than in both the CD
(P<0.01) and HEDt (P<0.05) groups (Figure S1G). There were no
differences in random blood glucose (RBG) between all groups
(Figure S1H). Fasting blood glucose (FBG) levels were higher in
HEDt mice than in CD mice, but significantly lower than in HFD
mice (P<0.05), indicating that dietary intervention could improve
blood glucose in HFD mice (Figure S1I). Liver tissues from HFD
mice revealed an increased area of adipocytes and lipid droplets,
suggesting that long-term HFD caused severe fatty liver, while
dietary intervention ameliorated long-term HFD-induced fat
accumulation (Figures 1G, H). Collectively, these results suggest
that HFD feeding leads to obesity and metabolic disorders in mice,
with dietary intervention offering a solution.

3.2 Diet intervention improves bone
microarchitecture and promotes
bone formation

To further explore whether dietary intervention improved bone
microarchitecture in HFD mice, we performed micro-CT in three
groups of mice. Analysis of micro-CT scans in three groups of mice
indicated that femur microarchitecture was detrimentally impacted
by HFD, with loose trabeculae and disordered structure
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Diet intervention reprograms whole body metabolism in mice. (A) Experimental design: 6-week-old male C57BL/6 mice received a control diet (CD) (n = 10)
or high-fat diet (HFD) (n = 20) ad libitum for 6 months. At the end of this period, half of the HFD group was switched to a chow diet for 4 months, referred
to as the dietary intervention group (HFDt) (n = 10). (B) Body weight of mice after dietary intervention (n=10/group). (C-F) Liver weight, Liver weight/Body
weight, Epididymal white adipose tissue (eWAT) weight, inguinal white adipose tissue (\WAT) weight (n = 6/group). (G) Histopathological analysis of H&E and
oil red stained liver sections after CD, HFDt, or HFD treatment. (H) Quantification of H&E staining (left) and oil red staining (right) liver sections from the CD,
HFDt, or HFD treated mice. All data shown were obtained from male animals. Significance was determined using one-way ANOVA or Welch's ANOVA. *P <
0.05, **P < 0.01, ***P < 0.001, *P < 0.05, **P < 0.01, ***P < 0.001, P < 0.05, *P < 0.01, ***P < 0.001.

Frontiers in Endocrinology

04

frontiersin.org


https://doi.org/10.3389/fendo.2023.1171781
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

10.3389/fendo.2023.1171781

!

=&

BV/TV (%)
THN (mm)

BMD (em™2)

.0
CD HFDt HFD

o0
CD HFDt HFD

Zheng et al.
A B
CcD
HFDt
HFD
HFD
1
K
118 20
< .
s 118 gz £
MBS o] FE
HFDt 5‘ 112 N CAN D 15
"i" 110 . E‘ ok
i 5
<D 1rot 1IrD D
HFD
FIGURE 2

F G H &
*
0.50+ s ook
0.45+ .
z ® P
B E o040 & o
& o = s [7] 2
& [
= o 035 . g . T
= =1 ;
I ﬁﬂ VI’ 7
R o
€D HEDt HFD CD HFDt HFD cn HEDL fiFD
& oss
e 5 & om ¥ we e
=‘= . g%
=, 56 = 00
o . 5
= s 3 S oas

1Dt 1ro

Diet intervention improves bone microarchitecture and promotes bone formation. (A) Micro-CT 3D reconstruction of representative images of tibial
trabecular bone. (B) Sections of tibial trabecular bone from three groups. (C-H) Trabecular bone parameters at the distal femoral metaphysis, including
BMD, BV/TV, Tb.N, Tb.Th, Tb.Sp and BS/BV after CD HFD or HFDt treatment (n = 6). (I) Micro-CT 3D reconstruction of representative images of tibial
cortical bone. (J-M) Cortical bone parameters of the distal metaphysis of the femur were measured, including BMD, Conn.Dn, Ct.Po, Po.V (tot) after CD,
HFD or HFDt treatment (n = 6). BMD, (Bone Mineral Density); BV/TV, trabecular bone volume per tissue volume; Tb. N, trabecular number; Tb.Th,
trabecular thickness; Th.Sp, trabecular separation; BS/BV, trabecular surface area per bone volume; Conn.Dn, connectivity density; Po (tot), Ct.Po,
cortical porosity; Po.V (tot), total volume of pore space. Significance was determined using one-way ANOVA or Welch's ANOVA. *P < 0.05, **P < 0.01

(Figures 2A, B, I). In contrast, bone microarchitecture was
maintained in the diet intervention group, with regular and
closely arranged trabecular bone structure resembling that of the
control group. This demonstrated significant improvement of bone
microarchitecture in HFD mice post-dietary intervention.
Subsequent trabecular bone parameters analysis with three
software sets revealed that BMD (P<0.001), BV/TV (P<0.05),
Tb.N (P<0.05), Tb.Th (P<0.01) and BS/BV (P<0.001) were
significantly improved in the HFDt group compared to the HFD
group, with most indexes similar or even better than those in the
control group (P < 0.05). Our findings suggest that long-term HFD-
induced disruption of bone microarchitecture in mice is evident,
and can be effectively ameliorated by dietary intervention
(Figures 2C-H). In the analysis of cortical bone, no significant
difference was found between the HFDt group and CD group
(P>0.05) (Figures 2J-M). The results of cancellous and cortical
bone analysis further demonstrate that most parameters of the
HEDt mice tibia were fully restored following dietary intervention.

3.3 Dietary intervention promotes bone
formation by enhancing osteoblast activity

In the bone marrow microenvironment, the dynamic balance of
adipogenesis and osteogenesis, and the number of osteoblasts and
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osteoclasts all have a major impact on bone microarchitecture. The
femurs of three groups of mice were stained to identify
adipose, OCN and TRAP in order to evaluate the effect of the
dynamic balance of adipogenesis and osteogenesis on bone
microarchitecture. Results indicated that long-term HFD had
significantly increased number of adipocytes per field in the distal
femur, compared to CD (P<0.05) and HFDt (P<0.05) mice,
suggesting that dietary intervention ameliorated the accumulation
of adipocytes caused by long-term HFD (Figures 3A, D). We further
examined the osteoblast and osteoclast biomarkers OCN and TRAP
(Figures 3B, C). TRAP staining of femur revealed no difference
(P>0.05) in the number of osteoclasts between the three groups of
mice (Figure 3E). However, OCN exhibited significant variances
between the three groups. OCN content was significantly lower in
HFD mice than in CD (P<0.05) and HFDt (P<0.05) mice
(Figure 3F). Serum PINP levels in HFD mice were significantly
lower than in CD mice, whereas those in the HFDt group returned
to normal (Figure 3G). There was no significant difference in serum
CTX-1 levels between the three groups (P>0.05) (Figure 3H). These
results suggest that HFD feeding perturbs the equilibrium between
osteogenic and adipogenic differentiation in mouse bone marrow,
which leads to reduced bone formation. Dietary intervention,
however, appears to restore the balance of osteogenic and
adipogenic processes in mouse bone marrow, thus restoring its
osteogenic potential.
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Dietary intervention promotes bone formation by enhancing osteoblast activity. (A) Representative images of femoral bone sections stained with H &
E after CD, HFDt, or HFD treatment (Arrow indicates adipocytes). (B) Representative images of IHC staining for detecting the tartrate-resistant acid
phosphatase (TRAP) expression, which reflects the osteoclast activity (Arrow indicates osteoclast). (C) Representative images of IHC staining for
detecting the osteocalcin (OCN) expression, which reflects the osteoblast activity. (D) Analysis of adipocyte per field. (E) Analysis of trap-positive cell
number per bone surface. (F) Analysis of Ocn-positive cell number per bone surface; (G) Levels of serum marker of bone formation. (H) Levels of
serum marker of bone resorption. Significance was determined using one-way ANOVA or Welch's ANOVA. *P < 0.05.
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3.4 Dietary intervention restores
adipogenic and osteogenic balance in tibia
and BMSCs

Analysis of mRNA expression in the tibia of mice was
conducted to explore the metabolic mechanisms of dietary
intervention on bone homeostasis. Relative expression of
osteoclastic genes, TRAP and Cathepsin K (Ctsk), did not differ
between HFD and HFDt mice (P>0.05) (Figure 4A). Conversely,
relative expression of osteogenic genes, Collagen type I A I (Collal),
alkaline phosphatase (ALP), and Runt-related transcription factor 2
(Runx2), were decreased in BMCs of HFD mice (Figure 4B).
Moreover, relative expression of adipogenic genes, PPARy,
adiponectin (Adipog), and cluster of differentiation 36 (CD36),
were increased in BMSCs of HFD mice (Figure 4C). Notably,
relative expression of the inflammatory gene transforming growth
factor beta-1 (TGFp) was significantly increased in BMCs of HFDt
mice compared to CD (P<0.0001) and HFD (P<0.0001) mice
(Figure 4D). Further, the protein levels of Runx2 and PPARY in
the tibia of mice were examined. Runx2 protein expression was
significantly higher (P<0.05) in HFDt mice than in HFD mice, while
PPARY protein expression was higher in HFD mice than in the
other two groups (Figures 4H-]). The osteogenic and adipogenic
balance of tibia is regulated by BMSCs, we further analyzed the
mRNA expression in BMSCs. Results in mRNA expression in
BMSCs revealed that, following HFD exposure, the relative
expression of osteogenic genes (Collal and Runx2) was decreased
(Figure 4E), while the relative expression of adipogenic genes
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(CD36, PPARY) was increased (Figure 4F). Notably, the relative
expression of the inflammatory gene (TGFf) was significantly
increased in BMSCs of HFD mice compared to CD (P<0.01) and
HFD (P<0.05) mice (Figure 4G). These results indicate that HFD
disrupts the balance of osteogenic and adipogenic differentiation in
tibia and blunts bone formation, leading to bone loss. However,
following dietary intervention, the balance of osteogenic and
adipogenic differentiation in tibia was restored, which in turn
restored the osteogenic potential. Furthermore, the results of
BMSCs demonstrate the underlying mechanism by which dietary
intervention ameliorates HFD-induced bone loss: dietary
intervention could promote the differentiation of BMSCs toward
the osteogenic direction, and inhibit the adipogenic capacity
of BMSCs.

3.5 Dietary intervention improves local Wnt
signaling pathway

Previous studies have indicated that HFD leads to bone loss and
consumption may be associated with reduced activity of Wnt
signaling pathways (22). Subsequent to these findings, our
research evaluated the skeletal expression of both canonical and
noncanonical Wnt signaling pathways in different groups of mice.
mRNA and protein expression levels of Wnt5a, Wnt3a, B-catenin,
and nuclear effectors Tc¢f712 and Tcf7 of the Wnt signaling pathway,
as well as LRP6, were measured. Results showed that HFD feeding
decreased skeletal Wnt5a, Wnt3a, and B-catenin mRNA expression
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and protein expression, compared to the control group
(Figures 5A-]). However, in HFDt mice, Wnt signaling was
augmented by dietary intervention, as indicated by increased
expression of downstream signaling molecules.

4 Discussion

The global prevalence of obesity is on the rise, associated with a
variety of metabolic disorders and complications, among which OP is
particularly salient (23). Non-invasive dietary interventions may offer
potential for ameliorating the effects of obesity on health. Despite the
number of evidence demonstrating the deleterious effects of obesity
on bone health, very few studies have comprehensively explored the
implications of dietary interventions for obesity-induced OP (24, 25).
The present study revealed that 10 months of HFD consumption led
to increased body weight, liver weight, femoral trabecular bone loss,
and dyslipidemia in mice. Subsequent 4 months of switching from
HEFD to a regular diet caused a notable improvement in bone
microarchitecture and bone formation. The molecular mechanisms
of HFD-induced impaired bone mass accrual and its reversal by diet
intervention were further explored. It was observed that HFD caused
downregulation of osteogenic genes (Collal and Runx2) and
upregulation of adipogenesis genes (CD36 and PPARy) as well as
downregulation of genes and proteins in the Wnt/B-catenin signaling
pathway. Remarkably, diet intervention reversed these implications of
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HFD on bone, and restoration of local Wnt/B-catenin signaling may
explain the potential mechanism. The findings of this study
demonstrate the efficacy of diet intervention in regulating obesity-
induced osteoporosis and suggest that it may serve as a promising
non-invasive approach to ameliorating metabolic disorders
associated with obesity.

Evidence has suggested a link between obesity and OP (26), with
aged populations being particularly susceptible to the simultaneous
presence of both syndromes (27). Despite numerous attempts to
control obesity through pharmacological treatments, several initially
approved anti-obesity drugs have been withdrawn due to serious
adverse effects, including bone loss (28, 29). In light of this, it is
essential to determine the relationship and underlying mechanisms
between obesity and OP. This study assesses the impact of HFD on
bone formation in obesity mice, demonstrating a decrease in the
transcription factor Runx2, which plays a fundamental role in
osteogenesis. Moreover, HFD was found to have a suppressive
effect on Runx2 at the transcriptional level in tibia and BMSCs, as
well as at the protein level in mice tibia. Furthermore, HFD increased
the expression of PPARY; a marker of adipogenesis, suggesting a role
of HFD in impairing bone formation and enhancing bone marrow
adipogenesis. These findings provide insight into the potential effects
of obesity on bone health, and the involvement of the Wnt signaling
pathway (30). It is worth noting that some indexes of the HFDt group
were higher than those of the CD group. The reason for this
phenotype is unknown, but we analyzed that HFDt may activate
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inflammatory path-related genes such as TGF-f, which can play a
synergistic role with Runx2 to promote bone mass increase (31).
Previous research has demonstrated that obesity can lead to
increased differentiation of BMSCs into adipocytes and reduced
differentiation of BMSCs into osteoblasts (32). This observation has
been attributed to the attenuation of the Wnt signaling pathway,
which is a crucial regulator of bone formation, affecting the formation
and function of osteoblasts, adipocytes, and osteoclasts (16, 33, 34).
The canonical Wnt pathway is activated by ligands such as Wnt1 and
Wnt3a and is mediated by B-catenin, which, upon activation, can
translocate to the nucleus to induce the expression of target genes (16,
33, 34). Wnt5a, a noncanonical Wnt ligand, has been observed to
activate both the canonical and noncanonical pathways. It does this
by binding to canonical Wnt and modulating Wnt-[3-catenin
signaling in osteoblasts and certain stromal cell lines, as well as
binding to receptor tyrosine kinase-like orphan receptor 1/2 (Ror1/2)
to stimulate cell migration and polarization (35). In the Wnt signaling
cascade, activated Wnt blocks glycogen synthase kinase 3 (GSK3)-
catalyzed phosphorylation of B-catenin (36), leading to the
subsequent translocation of unphosphorylated B-catenin into the
nucleus and up-regulation of Runx2 expression (37). In the current
study, we observed a downregulation of the canonical Wnt pathway
components Wnt3a, p-GSK, and 3-catenin in the skeleton of mice on
a HFD, with a subsequent restoration of the canonical Wnt/B-catenin
pathway following diet intervention (38). Wnt5a activates both the
canonical and non-canonical Wnt pathways and has been observed
to suppress adipogenesis, thereby promoting the differentiation of
BMSCs into osteoblast lineage cells (39, 40). Further, we observed
that Wnt5a suppressed transactivation of PPARY and induced the
expression of Runx2, leading to the promotion of osteogenesis (41).
Interestingly, we also observed decreased Wnt5a signaling in the
HFD group and a regained activity in the HFDt group. Our findings
are consistent with previous work that revealed an increase in bone
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marrow adiposity and adipogenesis genes, as well as decreased bone
density and osteogenesis genes, in HFD mice compared to HFDt and
CD mice.

So far, lifestyle changes are considered the mainstay of the
management of obesity. Dietary restriction has been shown to reduce
diet-induced obesity and diabetes (42), reduced adipose tissue
inflammation (43), intrahepatic lipid accumulation (44), and
improved behavioral impairments (20). To our knowledge, little is
known whether diet-induced weight loss may improve obesity-induced
impaired bone mass accrual. As expected, weight loss reduced bone
weight gain, liver weight, intrahepatic lipid accumulation,
hyperlipidemia, glucose tolerance, which corresponds with previous
studies. In support of this, our study showed that a 4-month dietary
intervention reversed the impairments of HFD-induced bone density.
These results provide further understanding of the relationship
between diet-induced weight loss and bone health. Scheller et al.
previously studied the effects of HFD and weight loss on male
C57BJ/L mice, with duration of 12, 16, or 20 weeks and a group of
mice fed HFD for 12 weeks and then on CD for 8 weeks to mimic
weight loss. Contrary to results in our study, no statistically significant
differences in femur trabecular morphology were found between the
weight loss group and HFD group. We designed a longer duration of
diet intervention, 16 weeks, and observed improved femur bone
microarchitecture in the HFDt group. This difference may be
attributed to the duration of weight loss, since Scheller’s study was
limited to 8 weeks of diet intervention. Although no statistically
significant changes were observed, a tendency of recovery was still
present in Scheller’s work.

In this study, we demonstrate a link between obesity and bone
formation, characterized by an increase in adipogenesis and a
decrease in osteogenesis. Furthermore, these changes in bone
architecture were reversed by dietary intervention, highlighting the
potential of weight loss as a therapeutic strategy. Additionally, our
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findings suggest that obesity-induced impaired bone mass accrual
may be due to the suppression of the Wnt signaling pathway, and that
dietary intervention may restore its activity. The results of this study
provide a basis for further exploration of the mechanisms that
underlie obesity-induced impared bone mass accrual, and future
research should focus on interventions that augment the Wnt
signaling pathway to prevent or ameliorate this condition.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found within the article/Supplementary Material.

Ethics statement

The animal study was reviewed and approved by Animal Care
Committee of Zhongshan Hospital, Fudan University.

Author contributions

YZ,]Y, XZ: Methodology, investigation, data analysis, writing—
original draft. HC, ZW: Data analysis, conceptualization. XL:
Funding acquisition. QW: Conceptualization, supervision. BZ:
Methodology, resources, supervision. All authors contributed to
the article and approved the submitted version.

References

1. Di Cesare M, Bentham ], Stevens GA, Zhou B, Danaei G, Lu Y, et al. Trends in
adult body-mass index in 200 countries from 1975 to 2014: a pooled analysis of 1698
population-based measurement studies with 19-2 million participants. Lancet (2016)
387(10026):1377-96. doi: 10.1016/S0140-6736(16)30054-X

2. Singla P, Bardoloi A, Parkash AA. Metabolic effects of obesity: a review. World J
Diabetes (2010) 1(3):76-88. doi: 10.4239/wjd.v1.i3.76

3. Longo M, Zatterale F, Naderi J, Parrillo L, Formisano P, Raciti GA, et al. Adipose
tissue dysfunction as determinant of obesity-associated metabolic complications. Int |
Mol Sci (2019) 20(9):2358. doi: 10.3390/ijms20092358

4. Klibanski A, Adams-Campbell L, Bassford T, Blair SN, Boden SD, Dickersin K,
et al. Osteoporosis prevention, diagnosis, and therapy. JAMA (2001) 285(6):785-95.
doi: 10.1001/jama.285.6.785

5. Qaseem A, Forciea MA, McLean RM, Denberg TD, Barry MJ, Cooke M, et al.
Treatment of low bone density or osteoporosis to prevent fractures in men and women:
a clinical practice guideline update from the American college of physicians. Ann Intern
Med (2017) 166(11):818-39. doi: 10.7326/M15-1361

6. Altkorn D, Cifu AS. Screening for osteoporosis. JAMA (2015) 313(14):1467-8.
doi: 10.1001/jama.2015.1064

7. llich JZ, Kelly OJ, Inglis JE, Panton LB, Duque G, Ormsbee MJ. Interrelationship
among muscle, fat, and bone: connecting the dots on cellular, hormonal, and whole
body levels. Ageing Res Rev (2014) 15:51-60. doi: 10.1016/j.arr.2014.02.007

8. Nufez NP, Carpenter CL, Perkins SN, Berrigan D, Jaque SV, Ingles SA, et al.
Extreme obesity reduces bone mineral density: complementary evidence from mice and
women. Obes (Silver Spring) (2007) 15(8):1980-7. doi: 10.1038/0by.2007.236

9. Bredella MA, Torriani M, Ghomi RH, Thomas BJ, Brick DJ, Gerweck AV, et al.
Determinants of bone mineral density in obese premenopausal women. Bone (2011) 48
(4):748-54. doi: 10.1016/j.bone.2010.12.011

10. Tu KN, Lie JD, Wan CKV, Cameron M, Austel AG, Nguyen JK, et al.
Osteoporosis: a review of treatment options. P T (2018) 43(2):92-104.

Frontiers in Endocrinology

10.3389/fendo.2023.1171781

Funding

This work was sponsored by the National Nature Science
Foundation of China (Nos. 31830041, 81820108008, 81772426).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2023.
1171781/full#supplementary-material

11. Rasouli N, Kern PA. Adipocytokines and the metabolic complications of obesity.
J Clin Endocrinol Metab (2008) 93(11 Suppl 1):564-73. doi: 10.1210/jc.2008-1613

12. Zhao L-], Jiang H, Papasian CJ, Maulik D, Drees B, Hamilton J, et al. Correlation
of obesity and osteoporosis: effect of fat mass on the determination of osteoporosis. J
Bone Miner Res (2008) 23(1):17-29. doi: 10.1359/jbmr.070813

13. Ambrogini E, Que X, Wang S, Yamaguchi F, Weinstein RS, Tsimikas S, et al.
Oxidation-specific epitopes restrain bone formation. Nat Commun (2018) 9(1):2193.
doi: 10.1038/541467-018-04047-5

14. LiY, LuL, Xie Y, Chen X, Tian L, Liang Y, et al. Interleukin-6 knockout inhibits
senescence of bone mesenchymal stem cells in high-fat diet-induced bone loss. Front
Endocrinol (Lausanne) (2020) 11:622950. doi: 10.3389/fend0.2020.622950

15. Walczak R, Tontonoz P. PPARadigms and PPARadoxes: expanding roles for
PPARY in the control of lipid metabolism. J Lipid Res (2002) 43(2):177-86.
doi: 10.1016/S0022-2275(20)30159-0

16. Yao Q, Yu C, Zhang X, Zhang K, Guo ], Song L. Wnt/B-catenin signaling in
osteoblasts regulates global energy metabolism. Bone (2017) 97:175-83. doi: 10.1016/
j.bone.2017.01.028

17. Marini F, Giusti F, Palmini G, Brandi ML. Role of wnt signaling and sclerostin in
bone and as therapeutic targets in skeletal disorders. Osteoporosis Int (2022) 34(2):213—
238. doi: 10.1007/s00198-022-06523-7

18. Zhu M, Fan Z. The role of the wnt signalling pathway in the energy metabolism
of bone remodelling. Cell Prolif (2022) 55(11):€13309. doi: 10.1111/cpr.13309

19. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM, Walker
EA, et al. Reduction in the incidence of type 2 diabetes with lifestyle intervention or
metformin. N Engl ] Med (2002) 346(6):393-403. doi: 10.1056/NEJMoa012512

20. Braga SP, Delanogare E, Machado AE, Prediger RD, Moreira ELG. Switching
from high-fat feeding (HFD) to regular diet improves metabolic and behavioral
impairments in middle-aged female mice. Behav Brain Res (2021) 398:112969.
doi: 10.1016/j.bbr.2020.112969

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1171781/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1171781/full#supplementary-material
https://doi.org/10.1016/S0140-6736(16)30054-X
https://doi.org/10.4239/wjd.v1.i3.76
https://doi.org/10.3390/ijms20092358
https://doi.org/10.1001/jama.285.6.785
https://doi.org/10.7326/M15-1361
https://doi.org/10.1001/jama.2015.1064
https://doi.org/10.1016/j.arr.2014.02.007
https://doi.org/10.1016/j.bone.2010.12.011
https://doi.org/10.1210/jc.2008-1613
https://doi.org/10.1359/jbmr.070813
https://doi.org/10.1038/s41467-018-04047-5
https://doi.org/10.3389/fendo.2020.622950
https://doi.org/10.1016/S0022-2275(20)30159-0
https://doi.org/10.1016/j.bone.2017.01.028
https://doi.org/10.1016/j.bone.2017.01.028
https://doi.org/10.1007/s00198-022-06523-7
https://doi.org/10.1111/cpr.13309
https://doi.org/10.1056/NEJMoa012512
https://doi.org/10.1016/j.bbr.2020.112969
https://doi.org/10.3389/fendo.2023.1171781
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zheng et al.

21. Hatzidis A, Hicks JA, Gelineau RR, Arruda NL, De Pina IM, O'Connell KE, et al.
Removal of a high-fat diet, but not voluntary exercise, reverses obesity and diabetic-like
symptoms in male C57BL/6] mice. Hormones (Athens Greece) (2017) 16(1):62-74.
doi: 10.14310/horm.2002.1720

22. Beier EE, Inzana JA, Sheu T-J, Shu L, Puzas JE, Mooney RA. Effects of combined
exposure to lead and high-fat diet on bone quality in juvenile Male mice. Environ
Health Perspect (2015) 123(10):935-43. doi: 10.1289/ehp.1408581

23. Pagnotti GM, Styner M, Uzer G, Patel VS, Wright LE, Ness KK, et al. Combating
osteoporosis and obesity with exercise: leveraging cell mechanosensitivity. Nat Rev
Endocrinol (2019) 15(6):339-55. doi: 10.1038/s41574-019-0170-1

24. Scheller EL, Khoury B, Moller KL, Wee NKY, Khandaker S, Kozloft KM, et al.
Changes in skeletal integrity and marrow adiposity during high-fat diet and after
weight loss. Front Endocrinol (Lausanne) (2016) 7:102. doi: 10.3389/fendo.2016.00102

25. LuL, Tang M, Li J, Xie Y, Li Y, Xie J, et al. Gut microbiota and serum metabolic
signatures of high-Fat-Induced bone loss in mice. Front Cell Infect Microbiol (2021)
11:788576. doi: 10.3389/fcimb.2021.788576

26. Leslie WD, Morin SN, Majumdar SR, Lix LM. Effects of obesity and diabetes on
rate of bone density loss. Osteoporosis Int (2018) 29(1):61-7. doi: 10.1007/s00198-017-
4223-9

27. Ormsbee MJ, Prado CM, Ilich JZ, Purcell S, Siervo M, Folsom A, et al.
Osteosarcopenic obesity: the role of bone, muscle, and fat on health. J cachexia
sarcopenia Muscle (2014) 5(3):183-92. doi: 10.1007/s13539-014-0146-x

28. Narayanaswami V, Dwoskin LP. Obesity: current and potential
pharmacotherapeutics and targets. Pharmacol Ther (2017) 170:116-47. doi: 10.1016/
j.pharmthera.2016.10.015

29. Pilitsi E, Farr OM, Polyzos SA, Perakakis N, Nolen-Doerr E, Papathanasiou AE,
et al. Pharmacotherapy of obesity: available medications and drugs under investigation.
Metabol: Clin Exp (2019) 92:170-92. doi: 10.1016/j.metabol.2018.10.010

30. Takada I, Kouzmenko AP, Kato S. Wnt and PPARgamma signaling in
osteoblastogenesis and adipogenesis. Nat Rev Rheumatol (2009) 5(8):442-7.
doi: 10.1038/nrrheum.2009.137

31. Tian Y, Mu H, Dong Z, Wang Y, Gao Y, Gao Y, et al. The synergistic effects of
TGF-B1 and RUNX2 on enamel mineralization through regulating ODAPH expression

during the maturation stage. ] Mol Histol (2022) 53(2):483-92. doi: 10.1007/s10735-
022-10060-2

32. Pierce JL, Begun DL, Westendorf JJ, McGee-Lawrence ME. Defining osteoblast
and adipocyte lineages in the bone marrow. Bone (2019) 118:2-7. doi: 10.1016/
j.bone.2018.05.019

Frontiers in Endocrinology

10

10.3389/fendo.2023.1171781

33. ChenJR, Lazarenko OP, Wu X, Tong Y, Blackburn ML, Shankar K, et al. Obesity
reduces bone density associated with activation of PPARy and suppression of wnt/B-
catenin in rapidly growing male rats. PloS One (2010) 5(10):e13704. doi: 10.1371/
journal.pone.0013704

34. LiY, Jin D, Xie W, Wen L, Chen W, Xu J, et al. PPAR-y and wnt regulate the
differentiation of MSCs into adipocytes and osteoblasts respectively. Curr Stem Cell Res
Ther (2018) 13(3):185-92. doi: 10.2174/1574888x12666171012141908

35. Baschant U, Rauner M, Balaian E, Weidner H, Roetto A, Platzbecker U, et al.
Wnt5a is a key target for the pro-osteogenic effects of iron chelation on osteoblast
progenitors. Haematologica (2016) 101(12):1499-507. doi: 10.3324/haematol.2016.144808

36. MacDonald BT, Tamai K, He X. Wnt/beta-catenin signaling: components,
mechanisms, and diseases. Dev Cell (2009) 17(1):9-26. doi: 10.1016/j.devcel.2009.06.016

37. Cselenyi CS, Jernigan KK, Tahinci E, Thorne CA, Lee LA, Lee E. LRP6
transduces a canonical wnt signal independently of axin degradation by inhibiting
GSK3's phosphorylation of beta-catenin. Proc Natl Acad Sci United States America
(2008) 105(23):8032-7. doi: 10.1073/pnas.0803025105

38. Okamoto M, Udagawa N, Uehara S, Maeda K, Yamashita T, Nakamichi Y, et al.
Noncanonical Wnt5a enhances wnt/B-catenin signaling during osteoblastogenesis. Sci
Rep (2014) 4:4493. doi: 10.1038/srep04493

39. Xu C, WangJ, Zhu T, Shen Y, Tang X, Fang L, et al. Cross-talking between PPAR
and WNT signaling and its regulation in mesenchymal stem cell differentiation. Curr Stem
Cell Res Ther (2016) 11(3):247-54. doi: 10.2174/1574888x10666150723145707

40. Bilkovski R, Schulte DM, Oberhauser F, Gomolka M, Udelhoven M, Hettich
MM, et al. Role of WNT-5a in the determination of human mesenchymal stem cells
into preadipocytes. ] Biol Chem (2010) 285(9):6170-8. doi: 10.1074/jbc.M109.054338

41. Maeda K, Kobayashi Y, Udagawa N, Uehara S, Ishihara A, Mizoguchi T, et al.
Wnt5a-Ror2 signaling between osteoblast-lineage cells and osteoclast precursors
enhances osteoclastogenesis. Nat Med (2012) 18(3):405-12. doi: 10.1038/nm.2653

42. Parekh PI, Petro AE, Tiller JM, Feinglos MN, Surwit RS. Reversal of diet-
induced obesity and diabetes in C57BL/6] mice. Metabol: Clin Exp (1998) 47(9):1089—
96. doi: 10.1016/50026-0495(98)90283-9

43. Olefsky J, Reaven GM, Farquhar JW. Effects of weight reduction on obesity.
studies of lipid and carbohydrate metabolism in normal and hyperlipoproteinemic
subjects. J Clin Invest (1974) 53(1):64-76. doi: 10.1172/jcil07560

44. Mendes IKS, Matsuura C, Aguila MB, Daleprane JB, Martins MA, Mury WV,
et al. Weight loss enhances hepatic antioxidant status in a NAFLD model induced by
high-fat diet. Appl physiol nutrition Metab = Physiologie appliquee Nutr metabolisme
(2018) 43(1):23-9. doi: 10.1139/apnm-2017-0317

frontiersin.org


https://doi.org/10.14310/horm.2002.1720
https://doi.org/10.1289/ehp.1408581
https://doi.org/10.1038/s41574-019-0170-1
https://doi.org/10.3389/fendo.2016.00102
https://doi.org/10.3389/fcimb.2021.788576
https://doi.org/10.1007/s00198-017-4223-9
https://doi.org/10.1007/s00198-017-4223-9
https://doi.org/10.1007/s13539-014-0146-x
https://doi.org/10.1016/j.pharmthera.2016.10.015
https://doi.org/10.1016/j.pharmthera.2016.10.015
https://doi.org/10.1016/j.metabol.2018.10.010
https://doi.org/10.1038/nrrheum.2009.137
https://doi.org/10.1007/s10735-022-10060-2
https://doi.org/10.1007/s10735-022-10060-2
https://doi.org/10.1016/j.bone.2018.05.019
https://doi.org/10.1016/j.bone.2018.05.019
https://doi.org/10.1371/journal.pone.0013704
https://doi.org/10.1371/journal.pone.0013704
https://doi.org/10.2174/1574888x12666171012141908
https://doi.org/10.3324/haematol.2016.144808
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1073/pnas.0803025105
https://doi.org/10.1038/srep04493
https://doi.org/10.2174/1574888x10666150723145707
https://doi.org/10.1074/jbc.M109.054338
https://doi.org/10.1038/nm.2653
https://doi.org/10.1016/s0026-0495(98)90283-9
https://doi.org/10.1172/jci107560
https://doi.org/10.1139/apnm-2017-0317
https://doi.org/10.3389/fendo.2023.1171781
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Dietary intervention reprograms bone marrow cellular signaling in obese mice
	1 Introduction
	2 Methods
	2.1 Experimental animals
	2.2 Analysis of bone microstructure by micro-computed tomography
	2.3 Enzyme linked immunosorbent assay
	2.4 Histology and immunostaining
	2.5 Quantitative RT-PCR analysis
	2.6 Western blot analysis
	2.7 Bone marrow cellularity, isolation, and culture of bone marrow mesenchymal stem cells
	2.8 Serum and liver biochemical assays
	2.9 Statistical analysis

	3 Results
	3.1 Diet intervention reprograms whole body metabolism in mice
	3.2 Diet intervention improves bone microarchitecture and promotes bone formation
	3.3 Dietary intervention promotes bone formation by enhancing osteoblast activity
	3.4 Dietary intervention restores adipogenic and osteogenic balance in tibia and BMSCs
	3.5 Dietary intervention improves local Wnt signaling pathway

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


