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ABSTRACT

Obesity and metabolic dysfunction-associated fatty liver disease (MAFLD) are increasingly recognized as risk
factors for skeletal fragility, yet the mechanisms linking these conditions to impaired bone health remain poorly
defined. The liver is central to vitamin D homeostasis through 25-hydroxylation, while skeletal responsiveness
relies on vitamin D receptor (VDR) signaling. Disruption of either process may compromise bone remodeling. In
this study, we investigated the long-term effects of Western diet (WD) feeding on hepatic vitamin D metabolism
and bone integrity in a mouse model. Male C57BL/6N mice were fed a standard diet (SD) or WD for 48 weeks.
WD-fed mice developed obesity, hepatic injury, and trabecular bone deterioration characterized by reduced bone
mineral density and increased trabecular separation. Although trabecular architecture was compromised, three-
point bending revealed no significant impairment in cortical bone mechanical properties. Histological analyses
showed increased bone marrow adiposity and macrophage/monocyte lineage cells. Bone gene expression profiling
indicated enhanced osteoclastogenic signaling. Hepatic transcriptomics demonstrated marked downregulation of
key 25-hydroxylases (Cyp2ri, Cyp27al) and vitamin D-binding protein, accompanied by reduced circulating
25-hydroxyvitamin D. Bone tissue also exhibited decreased VDR protein abundance. Together, these findings
suggest that long-term WD-induced obesity and hepatic dysfunction impair hepatic vitamin D metabolism and
diminish skeletal vitamin D responsiveness, contributing to bone fragility. Targeting the liver—bone axis and re-
storing vitamin D homeostasis may provide therapeutic potential for obesity-related bone loss.
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Figure 1: Graphical abstract

INTRODUCTION

Obesity has emerged as a global crisis, with projections indicating that more than 1 billion
individuals will be living with the condition by 2030 (Bathina and Armamento-Villareal, 2023).
As a complex metabolic disorder, obesity is intricately associated with a wide range of comor-
bidities, including type 2 diabetes, metabolic dysfunction-associated fatty liver disease
(MAFLD), lower circulating 25-hydroxyvitamin D (25(OH)D), and disrupted bone homeosta-
sis (Kawai et al., 2021). Paradoxically, despite higher body weight and increased mechanical
loading, obese individuals are at greater risk for fractures (Compston et al., 2011; Prieto-Al-
hambra et al., 2012; Gkastaris et al., 2020), suggesting that factors beyond body weight influ-
ence skeletal integrity. Clinical and experimental evidence increasingly points to a complex
interplay between MAFLD, obesity, and bone fragility (Zhao et al., 2023; Gao et al., 2024).
However, the mechanisms underlying the elevated fracture risk associated with obesity remain
unknown.

Vitamin D, a steroid hormone synthesized in the skin via UVB-induced conversion or ob-
tained from dietary sources, plays a crucial role in regulating calcium-phosphate homeostasis
and maintaining skeletal integrity (Akter etal., 2022). The liver plays a central role in vitamin D
metabolism by catalyzing the first hydroxylation step, converting vitamin D into 25(OH)D
(Wintermeyer et al., 2016), the major circulating form and substrate for renal 1a-hydroxylation
to generate the active metabolite 1,25-dihydroxyvitamin D (1,25(OH).D). This active form reg-
ulates calcium-phosphate homeostasis and bone remodeling (Wintermeyer et al., 2016; Ehnert
et al., 2019). Clinically, 25(OH)D is the most commonly used biomarker of vitamin D status.
However, renal lo-hydroxylation is tightly regulated by phosphate, parathyroid hormone
(PTH), and fibroblast growth factor-23 (FGF23), and therefore does not necessarily correlate
with 25(OH)D across physiological or disease states (Jacquillet and Unwin, 2019; Latic and
Erben, 2021). Therefore, inferences about functional vitamin D sufficiency from 25(OH)D
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alone must be made with caution (Serdar et al., 2024). Nevertheless, lower 25(OH)D levels are
frequently observed in obesity, with a substantial proportion of individuals falling below 30
ng/mL (Via, 2012; Turer et al., 2013). Observational studies suggest that every 10 ng/mL in-
crease in serum 25(OH)D concentration is associated with a 7 % reduction in the risk of any
fracture and a 20 % reduction in the risk of hip fracture (Yao et al., 2019). Several mechanisms
have been proposed to explain this consistent reduction in circulating 25(OH)D, including the
sequestration of vitamin D by excess body fat, reduced sun exposure, chronic inflammation,
and gut microbiota dysbiosis (Bennour et al., 2022). However, the evidence remains limited
and inconclusive.

Beyond vitamin D metabolism, MAFLD-related hepatic dysfunction may influence bone
health through additional mechanisms, including chronic inflammation, altered lipid handling,
and impaired bile acid synthesis, which contributes to dietary vitamin D absorption. These pro-
cesses, combined with systemic metabolic stress, may disrupt bone remodeling and favor re-
sorption. Despite these associations, the mechanistic link between long-term WD-induced he-
patic injury and bone remodeling remains poorly understood. Most preclinical studies employ
short-term dietary interventions, which fail to capture chronic metabolic adaptations relevant
to human disease. To address these gaps, we established a 48-week high-fat, high-carbohydrate
WD model that induces obesity and MAFLD-like hepatic injury. The WD model has been com-
prehensively characterized in a previous study by Ghallab et al. (2021), who identified a se-
quence of pathological events during MAFLD progression in the same cohort of mice, closely
mirroring the progression of human disease. Building on this established dataset not only en-
sures translational relevance but also adheres to the principles of the 3Rs by reducing the need
for additional animal cohorts.

In this study, we investigated the hepatic vitamin D 25-hydroxylases, vitamin D-binding
protein (DBP) expression, circulating concentrations of 25(OH)D, skeletal VDR abundance
and associated bone alterations. Our objective is to elucidate how hepatic dysfunction contrib-
utes to disordered vitamin D metabolism and skeletal fragility in individuals with obesity and
MAFLD, thereby highlighting potential therapeutic targets for the clinical management of obe-
sity-related osteoporosis.

MATERIALS AND METHODS

Animals

24 male, 8 weeks old C57BL/6N mice were obtained from Janvier Labs, Le Genest-Saint-
Isle, France. Mice were randomly assigned to either the SD or WD group using a random num-
ber generator. 12 were fed a SD (Ssniff R/M-H, 10 mm Standard diet (Ssniff, Soest, Germany)),
12 were fed a high-carbohydrate, high-fat and high-cholesterol WD (Research diets, Inc.,
#D16022301, New Brunswick, NJ, USA) (Ghallab et al., 2021). Table 1 summarizes the nutri-
ent composition per 100 g as provided by the manufacturer. The mice were housed individually
with free access to food and water, 25 °C temperature, and under 12 h light/dark cycles. They
were weighed weekly and sacrificed at week 48. The femora and tibiae were harvested, soft
tissue was removed, the bones were weighed and measured, and were individually frozen in
Eppendorf tubes at -80 °C. All experiments were approved by the local governmental animal
welfare committee (LANUV, North Rhine-Westphalia, Germany; application number: 81-
02.04.2020.A304).
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Table 1: Nutrient composition of the standard diet and Western diet per 100 g

Nutrient Standard Diet (SD Western Diet (WD
Energy [kcal] 322 450
Total Protein [g] 19 22
Ala 0.82 0.56
Arg 1.19 0.65
Asn 0 0.77
Asp 1.79 0.56
Cys 0.35 0.47
GIn 0 1.89
Glu 4.1 2.29
Gly 0.88 0.33
His 0.48 0.5
aminoAcidstel ols L2
Lys 1 1.44
Met 0.33 0.56
Phe 0.88 0.92
Pro 1.29 1.94
Ser 0.99 1.1
Thr 0.71 0.79
Trp 0.25 0.23
Tyr 0.61 1
Val 0.90 1.02
Total 3.3 20
Content Crude Fat 3.3 Soybean Oil 2.77
Fat [g] Peimex-Z, Non-Trans Fat
14.9
Lard 2.21
Saturated C14, Myristic 0.01 C12, Lauric 0.06
C16, Palmitic 0.45 C14, Myristic 0.19
C18, Stearic 0.09 C16, Palmitic 7.01
C20, Arachidic 0.01 C17 0.01

C18, Stearic 1.4
C20, Arachidic 0.07
C22, Behenic 0.01

Monounsatu- C16:1, Palmitoleic, 0.01 C16:1 Palmitoleic, 0.03
Fatty Acids [g] rated C18:1, Oleic 0.62 C18:1, Oleic 7.01
C20:1, Eicosenoic 0.02
Polyunsaturated C18:2, Linoleic 1.76 C18:2, Linoleic 3.46
C18:3, Linolenic 0.23 C18:3, Linolenic 0.28

C20:2, Eicosadienoic 0.02
C20:4, Arachidonic 0.01
Trans fats - C18:1, Elaidic 0.06
C18:2, Trans 0.03
C18:3, Trans 0.01

Total 41.3 45
Content Starch 35.9 Maltodextrin 10 11.1
Carbohydrate [g] Sugar 54 Fructose 22.1
Sucrose 10.6
Ca 1000 670
P 700 330
K 920 660
Mineral [mg] S 0 37
Mg 220 55
Na 240 111
Cl 0 177
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Cu 1.5 0.664
I 0.21 0.022
Fe 18.9 4.98
Mn 6.8 6.53
Se 0.03 0.018
Zn 9.1 3.21
Cr 0 0.221
F 0 0.1
Mo 0 0.177
Vit A 450 132.74
Vit B1 1.8 0.664
Vit B2 2.2 0.664
Vit B6 2.1 0.774
Vit B12 0.01 0.011
Vit D3 2.75 2.77
Vitamins [mg] Vit E 11 3.71
Menadione 0.7 0.055
Biotin 0.051 0.022
Folic Acid 0.7 0.221
Niacin 115 3.318
Panthenic Acid 4 1.77
Choline 137 88.4
Cholesterol [g] 0 1.99

Plasma biochemical and metabolite analysis

Alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phospha-
tase (ALP) were quantified in freshly collected heparinized cardiac blood using a Piccolo
Xpress Chemistry Analyzer (Abaxis/Hitado) together with the Piccolo General Chemistry 13
Panel Kit (Hitado, AB-114-400-0029). Plasma concentration of 25(OH)D was determined us-
ing commercial ELISA kit (Immunodiagnostic Systems, AC-57SF1) following the manufac-
turers’ instructions. Absorbance was recorded at 450 nm using an Omega plate reader, and

analyte concentrations were calculated based on standard curves generated from known
25(OH)D standards.

uCT analysis

The right femora were stored in Eppendorf tubes and scanned using a Skyscan (1172,
Bruker, Billerica, MA USA) at a spatial resolution of 9 um. A standardized scanning setup was
used: tube voltage: 50 kV, exposure time: 1150 ms, current: 500 pA, rotation steps: 0.30 °,
filter: 0.5 mm aluminum. Images were reconstructed using nRecon (Bruker, Billerica, MA,
US). For analysis, CTAnalyser (Bruker, Billerica, MA, USA) was used. For calibration of gray
values phantom rods (calcium hydroxyapatite (CaHA)) with known bone mineral density val-
ues (0.250 g and 0.750 g (CaHA/cm?)) were used. The distal femoral growth plate was identi-
fied as reference. The region of interest (ROI) for cancellous bone analysis was starting 0.45
mm (50 slices) proximal to the reference and extending 0.54 mm (60 slices). The ROIs were
contoured manually and interpolated between each transversal slide. The tissue volume (TV,
(um?)), bone volume (BV, (um?)), the bone volume fraction of the tissue volume (BV/TV), the
trabecular number (Tb. N (1/um)), the trabecular separation (Tb. Sp (um)) and the trabecular
thickness (Tb. Th (um)) from trabecular ROIs were determined individually.
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Biomechanical analysis

The right tibiae were brought to room temperature. Biomechanical testing was performed
by a three-point bending device (Zwick/Roell Z2.5, ZwickRoell GmbH & Co. KG, Ulm, Ger-
many). For standardized measuring conditions, all tibiae were placed on the ventral side down-
wards with a 10 mm distance between the supports. The measurement was carried out with a
constant speed of 0.15 mm/s, orthogonal to the axis of the tibiae. Loading was automatically
stopped when the bones got fractured.

Histomorphometry

Following uCT scanning, the right femora were subjected to histological analysis. The
bones were initially fixed in IHC zinc fixative (BD Pharmingen, San Diego, CA) for 24 h.
Subsequently, they were decalcified in 13 % EDTA solution for two weeks and then embedded
in paraffin. Longitudinal sections, 5 um thick, were cut from the bones for further staining. For
immunohistochemical staining, sections were incubated for 1 h with a monoclonal rabbit anti-
mouse antibody against perilipin (1:200; Cell Signaling Technology, Danvers, MA, USA) and
a rabbit anti-CD163 (1:300; Abcam, Cambridge, UK) as the primary antibody. After washing,
the primary antibody was detected using A goat anti-rabbit peroxidase-labelled secondary an-
tibody (1:100; Jackson ImmunoResearch Laboratories, West Grove, PA, USA).

Images were acquired using an EVOS® Digital Inverted Microscope at 40x magnification.
Four to eight fields from the proximal femur were randomly selected and analyzed using
QuPath (Version 0.5.1). Background correction was applied using the “estimate stain vectors”
function. Positive cells were defined as nuclei surrounded by specific immunoreactive staining
and detected using the “Positive Cell Detection” tool. For nuclear size quantification, images
were imported into ImageJ (NIH, Bethesda, MD, USA). Eight nuclei per section were randomly
selected and manually segmented using the Wand tool. Nuclear cross-sectional area was meas-
ured, and mean values were calculated for each group. This approach was chosen because cy-
toplasmic boundaries are indistinct in bone marrow tissue, making the nuclear area a reliable
surrogate for cell size.

RNA isolation and RT-PCR analysis

The left femora and tibiae were frosted with liquid nitrogen in a pre-cooled mortar and
crushed into small pieces. The pieces were transferred into a tube and covered with 500 pL of
self-made Trifast (0.8 M guanidine thiocyanate, 0.4 M ammonium thiocyanate, 0.1 M sodium
acetate solution, 5 % glycerol, 38 % phenol). After overnight freezing at -80°C, 100 uL of chlo-
roform (per 500 pL of self-made Trifast) were added, thoroughly mixed and incubated for 5
min. After centrifugation at 14,000 x g for 10 min, the upper clear phase was mixed with 100 %
ethanol to a final ethanol concentration of 40 %. The RNA isolation was continued with the
All-In-One DNA/RNA/Protein Miniprep Kit (Bio Basic Inc., Canada) and carried out accord-
ing to the manufacturer’s instructions. During the isolation genomic DNA was digested with
DNAse I (EN0521, Thermo Fisher, USA). RNA was quantified with the LVIS Plate on an
Omega Plate Reader (BMG Labtech). RNA was transcribed into cDNA with the First Strand
cDNA Synthesis Kit (Thermo Fisher) according to the manufacturer’s instructions. RT-PCR
was performed using 2x Red Taq Master Mix (Biozym, Oldendorf, Germany). Primer pairs
were designed from NCBI GenBank sequences using Primer-BLAST, and optimized amplifi-
cation conditions for each gene target are summarized in Supplementary information (Supple-
mentary Table 1). Each biological sample was analyzed in technical duplicate, and the mean
normalized gray value was used for statistical analysis. This semi-quantitative approach al-
lowed for relative comparison of gene expression levels between experimental groups.

295



EXCLI Journal 2026,25:290-309 — ISSN 1611-2156
Received: November 03, 2025, accepted: January 14, 2026, published: January 23, 2026

Western blot

The right tibiae were crushed into small pieces with liquid nitrogen in a pre-cooled mortar.
The pieces were then transferred into microcentrifuge tubes and resuspended in 300 uL of ice-
cold RIPA lysis buffer (10 mM TRIS, 100 mM NacCl, 0.5 % Tergitol NP40, 0.5 % deoxycholic
acid, 10 mM EDTA, protease and phosphatase inhibitors, pH = 7.6). Samples were incubated
on ice for 30 minutes to ensure complete lysis, followed by centrifugation at 13,000 x g for 10
minutes at 4 °C to remove insoluble debris. Protein concentrations in the supernatant were
measured using the Lowry assay. Equal amounts of protein (40 pg per lane) were loaded on
10 % SDS-PAGE gels and electro-transferred onto nitrocellulose membranes using a standard
wet-transfer system. Membranes were stained with Ponceau S to verify transfer efficiency and
subsequently blocked in 5 % bovine serum albumin (BSA) dissolved in TBS-T for 1 hour at
room temperature. Primary antibody incubation was performed overnight at 4 °C using anti-
bodies against VDR (1:500, Santa Cruz Biotechnology, #13133) and HPRT (1:500, Santa Cruz
Biotechnology, #376938), the latter serving as the loading control. After washing with TBS-T,
membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibod-
ies anti-mouse 1gG Kappa BP (1:5000, Santa Cruz Biotechnology, #516102) for 2 hours. Pro-
tein bands were visualized using an enhanced chemiluminescence (ECL) detection system and
imaged with the INTAS Chemocam (INTAS, Gottingen, Germany).

RNA-Seq analysis and bioinformatics

Liver tissues were collected from SD and WD-fed mice (N = 5 per group). Sample prepa-
ration and RNA-Seq analysis were performed as previously described (Ghallab et al., 2021).
Differential gene expression analysis was conducted using the DESeq?2 package (v1.46.0) in R
(v4.4.2). Genes with an absolute log2 fold change (Jlog2FC|) = 2 and a false discovery rate
(FDR)-adjusted p-value < 0.001 were considered DEGs. For functional enrichment analysis,
DEGs were analyzed using the GO and KEGG databases through the g:Profiler (Kolberg et al.,
2023). Additionally, the Gene Set Enrichment Analysis (GSEA) was performed using the soft-
ware (v4.4.0), with defined vitamin D metabolism gene set (Cyp2rl, Cyp27al, Cyp24al, Gc,
Lrp2, Dher7, Rxra, Vdr, Cyp27b1) (Subramanian et al., 2005).

Statistics

Statistical analyses were performed using GraphPad Prism (GraphPad Software 9.0.0, La
Jolla, CA, USA). Outliers were identified and removed using the ROUT method (Q =1 %).
Data are presented as box-and-whisker plots. Group comparisons were conducted using the
Mann—Whitney U test. P<0.05 was considered statistically significant. Post-hoc power analyses
were conducted for each experiment, and the exact sample sizes for all analyses are provided
in Supplementary information (Supplementary Table 2).

RESULTS

Long-term WD feeding led to significant weight gain and liver damage compared to SD
controls. Bone structure, particularly trabecular microarchitecture, worsened, but three-point
bending tests suggested no significant impairment in cortical bone mechanical properties. Mo-
lecular studies revealed increased osteoclast activity without notable changes in osteoblast
markers. Histological analyses further demonstrated an expansion of bone marrow adipose tis-
sue and an increased abundance of CD163-positive macrophage lineage cells in WD-fed mice.
Liver analysis showed downregulation of vitamin D 25-hydroxylases and related pathways,
which was accompanied by reduced circulating 25-hydroxyvitamin D levels. Additionally,
bone tissue demonstrated reduced VDR protein levels.
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Long-term WD feeding induces obesity and hepatic injury

Prolonged WD feeding led to a significant increase in body weight starting from week 3
compared to the SD control group (Figure 2A). At week 48, WD-fed mice exhibited a signifi-
cantly elevated liver-to-body weight ratio (Figure 2B), accompanied by a trend toward in-
creased random blood glucose levels (Figure 2C), suggestive of hepatic dysfunction. Biochem-
ical assays confirmed hepatic injury, as evidenced by markedly increased plasma levels of ala-
nine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase
(ALP) in WD-fed mice (Figure 2D-F).
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Figure 2: WD induces obesity and hepatic injury. (A) Changes in body weight of mice over the ex-
perimental period. (B) Liver-to-body weight ratio at week 48. (C) Random blood glucose levels were
measured at week 48. (D-F) Plasma activities of alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and alkaline phosphatase (ALP) between groups at week 48. Data are presented as box-
and-whisker plots. Statistical analysis was performed using the Mann—Whitney U test. *** p < 0.001,
****p <0.0001 as compared to SD group. SD = standard diet, WD = Westem diet

WD impairs trabecular microarchitecture and reduces bone mineral density

To evaluate the impact of obesity and hepatic injury on bone structure, we performed pCT
on the distal femur. Representative uCT and 3D reconstructed images (Figure 3A-B) showed
significantly damaged microarchitecture of the femur. Quantitative analysis revealed signifi-
cant reductions in bone mineral density (BMD), tissue volume (TV), bone volume (BV), and

the BV/TV ratio, along with a lower trabecular number and increased trabecular separation in
the WD group (Figure 3C).
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Figure 3: Obesity impairs trabecular bone microarchitecture in the distal femur. (A-B) Repre-
sentative yCT and 3D reconstructed images of the distal femur from SD- and WD-fed mice. (C) Quan-
titative analysis of bone parameters, including bone mineral density, tissue volume, bone volume, bone
volume to tissue volume ratio, trabecular number, trabecular separation, and trabecular thickness. All
analyses were performed after 48 weeks of feeding. Data are presented as box-and-whisker plots. Sta-
tistical analysis was performed using the Mann—Whitney U test. * p < 0.05, ** p < 0.01, ** p < 0.001,
**** p <0.0001 as compared to SD group. SD = standard diet, WD = Westemn diet.

WD had no impact on bone mechanical properties
A three-point bending test was performed to further assess alterations in cortical bone me-

chanical properties (Figure 4). A trend towards increased bending stiffness in WD-fed mice
was shown, but no statistical significance was reached (Figure 4A). Consistently, the yield
load—defined as the force required to initiate permanent deformation—was comparable be-
tween groups (Figure 4B). Likewise, the ultimate load, representing the maximum force sus-
tained before fracture, showed no significant intergroup variation (Figure 4C). In addition, the
work-to-fracture, an indicator of bone toughness reflecting the total energy absorbed before
fracture, also remained unchanged between the two groups (Figure 4D).
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Figure 4: Effects of obesity on tibia mechanical properties assessed by three-point bending test.
(A) Bending stiffness (N/mm), (B) yield load (N), (C) ultimate load (N), and (D) work to fracture (N-mm)
were quantified to evaluate cortical bone strength and resistance to failure. The analyses were per-
formed at week 48 after the onset of the diet feeding. Data are shown as box-and-whisker plots; Statis-
tical analysis was performed using the Mann—Whitney U test. SD = standard diet, WD = Westem diet

WD enhances osteoclastogenesis without affecting osteoblast markers

To explore cellular changes associated with bone loss, we analyzed the expression of bone
remodeling-related markers in femoral tissue. Consistent with the trabecular bone parameters
observed in WD-fed mice, RT-PCR analysis showed that the expression of Csf/ (M-CSF) and
Tnfrsfl1a (RANK) was significantly increased in the WD group (Figure 5A-B). Acp5 (TRAP)
expression exhibited a modest increasing trend; however, this difference did not reach statistical
significance (Figure 5C). In contrast, the expression levels of osteoblast-related genes remained
comparable between SD- and WD-fed mice (Figure SE-F).
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Figure 5: Expression of bone remodeling markers in femoral tissue of SD and WD mice. Differen-
tial expression of osteoclast and osteoblast marker genes between groups at Week 48. (A) Colony-
stimulating factor 1 (Csf1), (B) Receptor activator of nuclear factor kB ( Tnfrsf11a), (C) Tartrate-resistant
acid phosphatase (Acp5), and (D) Cathepsin K (Ctsk). Expression levels of osteoblast-related genes
are shown in (E) Osteoprotegerin (Tnfrsf11b) and (F) Osteocalcin (Bglap). Data are shown as box-and-
whisker plots; Statistical analysis was performed using the Mann—Whitney U test. * p < 0.05 as com-
pared to SD group. SD = standard diet, WD = Western diet.
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WD alters the bone marrow microenvironment

Histological analysis revealed that WD feeding markedly altered the bone marrow micro-
environment. Perilipin immunostaining demonstrated a clear increase in marrow adipocytes in
WD-fed mice compared with SD controls, with adipocytes appearing more abundant and clus-
tered in WD samples (Figure 6A). Quantitative analyses confirmed significant elevations in
perilipin-positive adipocytes in the WD group (Figure 6B). CD163 immunohistochemistry also
showed an increase in CD163-positive macrophages in WD-fed mice, indicating enhanced
monocyte/macrophage lineage presence within the marrow (Figure 6C). Quantitative analyses
confirmed significant elevations in CD163-positive macrophages in the WD group (Figure 6D).
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Figure 6: Histological assessment of bone composition. (A) Representative image of perilipin-pos-
itive adipocytes (arrowheads) from SD and WD mice at week 48. Scale bars: 20 ym. The average nu-
clear area was 14.67 um?in SD mice and 14.22 ym? in WD mice. (B) Quantitative analysis of perilipin-
positive adipocytes from the two groups. (C) Representative image of CD163-positive macrophage (ar-
rowheads) from SD and WD mice at week 48. (D) Quantitative analysis of CD163-positive macrophages
from the two groups. Scale bars: 20 um. The average nuclear area was 14.43 ym?in SD mice and 14.50
pum? in WD mice. Data are shown as box-and-whisker plots. Statistical analysis was performed using
the Mann—-Whitney U test. * p < 0.05, ** p < 0.01 as compared to SD group. SD = standard diet, WD =
Western diet.

Liver dysfunction impairs vitamin D biosynthesis, transport and absorption

Given that obesity alters the complex interplay between the liver and bone, we next inves-
tigated whether liver dysfunction in WD-fed mice contributes to the observed skeletal pheno-
type. RNA sequencing was performed on liver samples from both groups. Differential gene
expression analysis was conducted using the DESeq2 package. A total of 864 differentially
expressed genes (DEGs) (Supplementary information, Supplementary Table 3) were identified
between the WD and SD groups.

To explore the potential biological functions of these DEGs between obese and control
mice, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analyses were conducted. In the biological process (BP) category of GO analysis, the
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downregulated genes in obese mice were significantly enriched in lipid metabolic processes,
cholesterol biosynthetic processes, and sterol biosynthetic processes (Figure 7A). Consistently,
KEGG pathway analysis revealed significant enrichment in cholesterol and steroid hormone
biosynthesis pathways (Figure 7B), suggesting suppressed hepatic lipid metabolism in obesity.

In contrast, the upregulated genes were primarily enriched in immune-related pathways,
including immune system processes, chemokine signaling, and osteoclast differentiation (Sup-
plementary information, Supplementary Figure 1A and 1B).

To test the hypothesis that the observed downregulation of cholesterol and steroid hormone
biosynthesis genes may imply compromised hepatic vitamin D metabolism, GSEA with a de-
fined vitamin D metabolism gene set (Cyp2r1, Cyp27al, Cyp24al, Ge, Lrp2, Dhcr7, Rxra, Vdr,
Cyp27b1) was performed. GSEA results revealed that this gene set was significantly enriched
at the top of the ranked gene list (NES = 1.43, FDR < 0.05), suggesting a coordinated down-
regulation of vitamin D metabolic genes in the WD group (Figure 7C).

Further hepatic transcriptome profiling identified significant downregulation of key
vitamin D metabolic enzymes, including Cyp2r1, Cyp27al, and Gc (vitamin D-binding protein,
DBP), in the WD group (Figure 7D). In addition, expression of Cyp7al, the rate-limiting en-
zyme in the bile acid biosynthetic pathway in the liver, was also significantly decreased.
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Figure 7: WD impairs hepatic cholesterol and vitamin D metabolism in obese mice. (A) GO en-
richment analysis of differentially downregulated genes was performed based on three categories: bio-
logical process (BP), molecular function (MF), and cellular component (CC). (B) Pathway enrichment
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analysis was performed using differentially downregulated genes based on the KEGG database. (C)
GSEA was performed using a predefined vitamin D metabolism—-related gene set. (D) Hepatic expres-
sion of key enzymes involved in vitamin D biosynthesis, transport and absorption, including Cyp27a1,
Cyp2r1, Gcand Cyp7a1. Analysis was performed at week 48. Data are shown as box-and-whisker plots;
Statistical analysis was performed using the Mann—Whitney U test. * p <0.05, ** p <0.01. SD = standard
diet, WD = Western diet.

Impaired hepatic vitamin D metabolism disrupts systemic vitamin D availability and skele-
tal VDR signaling

To validate that hepatic metabolic dysfunction compromises vitamin D biosynthesis and
transport, circulating 25(OH)D levels were quantified. As expected, plasma 25(OH)D concen-
trations were significantly decreased in the WD group compared with the SD controls (Figure
8A), consistent with the transcriptional suppression of hepatic vitamin D metabolic enzymes
observed in WD-fed mice.

To further determine whether reduced systemic vitamin D availability affects skeletal vita-
min D signaling, Vdr gene expression and protein levels were assessed. RT-PCR analysis re-
vealed a significant upregulation of Vdr mRNA expression in the WD group compared to the
SD group (Figure 8B). However, Western blot analysis demonstrated a pronounced reduction
in VDR protein abundance in bone from obese mice (Figure 8C).
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Figure 8: WD decreases the circulating 25(OH)D levels and suppresses vitamin D signaling in
bones. (A) Plasma concentrations of circulating 25(OH)D. (B) Quantification of bone Vdr transcript
levels normalized to Actb. (C) Representative Western blot images and quantification of VDR protein
levels normalized to HPRT protein. Analysis was performed at week 48 after onset of the diet. Data are
shown as box-and-whisker plots; Statistical analysis was performed using the Mann-Whitney U test. *
p <0.05, **p <0.01, ** p <0.001. SD = standard diet, WD = Westem diet
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DISCUSSION

Obesity has emerged as a global health crisis and is paradoxically associated with an in-
creased risk of bone fractures. Despite the higher mechanical loading typically expected to pro-
mote bone formation, clinical and experimental studies have consistently reported compro-
mised bone quality in obese individuals, particularly in non-weight-bearing bones such as the
upper limbs (Prieto-Alhambra et al., 2012; Dimitri, 2019). In this study, we utilized a long-term
WD model to investigate the structural, biomechanical, and molecular alterations underlying
skeletal fragility in obesity, with particular focus on the liver-vitamin D-bone axis.

The WD employed in this study contained elevated saturated fats (primarily from lard),
cholesterol, refined carbohydrates (fructose and sucrose), and a high cholesterol content, along-
side a moderately reduced choline level. While choline is essential for phosphatidylcholine
synthesis and very-low-density lipoprotein export from hepatocytes (Sherriff et al., 2016), the
magnitude of reduction in this model is modest. In contrast, the 2 % cholesterol content repre-
sents a substantial dietary intervention, specifically designed to overcome the low intestinal
cholesterol absorption in rodents and induce hepatic lipid accumulation (Eng and Estall, 2021).
This combination of dietary cholesterol and simple sugars is known to synergistically promote
steatohepatitis, systemic inflammation, and metabolic dysfunction (Liang et al., 2018; Stephen-
son et al., 2018; Parisse et al., 2025).

This distinction between diet composition effects and obesity per se is crucial for interpret-
ing our findings. The bone deterioration observed likely reflects the convergent influence of
both dietary components (high fat, cholesterol, refined sugars) and obesity-related factors (ad-
ipokines, systemic inflammation, insulin resistance). Recent studies support this multi-factorial
model, demonstrating that different high-fat diet compositions can produce distinct metabolic
and phenotypic outcomes even when caloric content is controlled (Janoschek et al., 2023; Li et
al., 2024).

Long-term WD feeding led to significant deterioration of trabecular bone microarchitecture
with reduced trabecular number and volume, increased trabecular separation, and decreased
BMD. These structural impairments are hallmark features of osteoporosis (Chen and Kubo,
2014). These pCT measurements reflect changes in the distal femur trabecular compartment,
which is highly sensitive to metabolic disturbances. In contrast, three-point bending assessed
cortical bone at the tibial diaphysis and showed no significant mechanical impairment. This
divergence likely reflects the differing responsiveness of trabecular and cortical bone, as well
as the potential protective influence of increased mechanical loading in obesity. Clinically, sim-
ilar patterns are observed, with obesity often preserving cortical strength at weight-bearing sites
despite compromised trabecular quality (Farr and Dimitri, 2017). These findings highlight that
trabecular deficits emerge earlier, whereas cortical mechanical changes may be delayed or site
dependent, emphasizing the need to evaluate both bone quantity and quality in obesity-related
skeletal fragility.

At the cellular level, the increased expression of Csfl (M-CSF) and Tnfrsflla (RANK)
observed in femoral tissue of WD-fed mice suggests a shift toward a microenvironment that
may favor osteoclast differentiation and activity. Although Acp5 (TRAP) expression showed
only a non-significant upward trend, the combined changes in osteoclast-associated markers
are consistent with the observed reduction in trabecular bone parameters. Notably, the expres-
sion of osteoblast-related genes was not altered, indicating that trabecular bone loss under long-
term WD feeding may be primarily associated with changes in osteoclast-related pathways ra-
ther than impaired osteoblast gene expression. This imbalance was accompanied by significant
expansion of bone marrow adipocytes, as evidenced by increased perilipin-positive adipocytes.
The expansion of bone marrow adipose tissue (BMAT) represents more than simple space com-
petition with osteoblasts. Bone marrow adipocytes actively suppress osteoblastogenesis
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through paracrine mechanisms, including NF-kB-mediated inhibition of BMP signaling
(Abdallah, 2017). Additionally, BMAT serves as a source of inflammatory mediators that fur-
ther promote osteoclastic bone resorption (Muruganandan et al., 2020). The elevated CD163
staining observed in WD-fed mice supports the notion of enhanced osteoclastogenic potential,
as CD163* cells represent monocyte—macrophage lineage populations that include osteoclast
precursors (Gomez-Brouchet et al., 2021; Bai et al., 2024; Qian et al., 2024). An increase in
this precursor pool is likely to promote osteoclast formation and accelerate bone resorption in
WD mice. This heightened resorptive activity is also consistent with the reduced bone mineral
content detected by pCT analysis.

Emerging evidence has highlighted the liver-bone axis in regulating skeletal homeostasis,
with reports suggesting that up to 75 % of patients with chronic liver disease exhibit severe
osteoporosis (Ehnert et al., 2019). The hepatic transcriptomic analysis indicated impaired he-
patic vitamin D metabolic pathways in WD-fed mice. The hepatic suppression of vitamin D
metabolism likely reflects the inflammatory and metabolic stress characteristic of MAFLD
(Badmus et al., 2022, Portincasa et al., 2024). Chronic inflammation is known to impair CYP
enzymes activity, thereby disrupting vitamin D biotransformation. The suppression of Cyp2r]
and Cyp27al represents a critical bottleneck in vitamin D bioactivation, potentially linking liver
metabolic impairment to bone loss (Roizen et al., 2018). Several mechanisms have been pro-
posed to explain the lower vitamin D levels observed in obese individuals, such as sequestration
of vitamin D within expanded adipose tissue, reduced cutaneous synthesis due to decreased
sunlight exposure, and impaired intestinal absorption (Bennour et al., 2022). However, direct
evidence linking hepatic metabolic impairment to vitamin D deficiency has remained limited.
Vitamin D 25 - hydroxylation has been considered a constitutive, unregulated step until re-
cently (Roizen et al., 2019; Elkhwanky et al., 2020). Recent human studies following gastric
bypass surgery have shown that weight loss increases CYP2R1 expression in subcutaneous ad-
ipose tissue, suggesting recovery from obesity-induced suppression (Elkhwanky et al., 2020).
Our results align with emerging evidence that hepatic vitamin D hydroxylases are dynamically
regulated and may be key drivers of systemic vitamin D deficiency in metabolic disease (Zhu
et al., 2021). Additionally, the expression of DBP, the main transporter of 25(OH)D in circula-
tion, was significantly reduced in WD-fed mice. Since DBP is synthesized predominantly in
the liver and is essential for vitamin D transport and bioavailability, its downregulation may
exacerbate systemic vitamin D insufficiency (Safadi et al., 1999; Bouillon et al., 2019). Clinical
studies have reported that low serum DBP levels correlate with reduced BMD (Martinez-Agui-
lar et al., 2019), further implicating impaired hepatic vitamin D metabolism in skeletal fragility.

Dietary vitamin D (contributing 10-20 % of total in humans and nearly 100 % in UVB-
deprived laboratory mice) requires bile acid-mediated micellar solubilization for intestinal ab-
sorption (Deepika et al., 2025; Ghallab et al., 2025; Sahithi et al., 2025). Notably, Cyp27al, is
not only an ancillary vitamin D 25-hydroxylase but also a key enzyme initiating the alternative
(acidic) pathway of bile acid synthesis (Chiang and Ferrell, 2020). High-fat diets and MAFLD
are frequently associated with activation of the intestinal FXR-FGF15/19 axis, which markedly
suppresses hepatic Cyp7al and can also attenuate Cyp27al expression (Wei etal., 2024). These
changes disrupt bile acid synthesis and shift the bile acid pool toward a more hydrophobic pro-
file, a compositional pattern known to reduce micellar solubilization capacity and thereby im-
pair the intestinal absorption of vitamin D (Ferslew et al., 2015; Clifford et al., 2021). The
marked downregulation of hepatic Cyp27al and Cyp7al observed in WD-fed mice therefore
raises the possibility that impaired bile acid homeostasis may further exacerbate systemic vita-
min D insufficiency by reducing the efficiency of dietary vitamin D uptake. Circulating
25(0OH)D levels were significantly reduced in WD-fed mice, supporting the presence of vitamin
D deficiency. Hepatic vitamin D deficiency lowers circulating 25(OH)D, thereby restricting
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substrate availability for renal lo-hydroxylase and ultimately diminishing systemic
1,25(OH):D production.

The paradoxical reduction in VDR protein despite elevated Vdr mRNA indicates an im-
portant post-transcriptional regulatory mechanism. VDR protein stability is highly dependent
on ligand binding, as the receptor undergoes conformational changes upon binding
1,25(OH):D, thereby protecting it from proteasomal degradation (Zenata and Vrzal,2017). This
deficiency promotes VDR degradation and may explain the reduced bone VDR protein ob-
served.

VDR serves as the sole nuclear receptor for 1,25 (OH).D (Pike et al., 2017). Upon ligand
binding, VDR forms a heterodimer with retinoid X receptor alpha and regulates target gene
transcription by binding to vitamin D response elements (van Driel and van Leeuwen, 2017).
This pathway influences both osteoblast differentiation and osteoclast activity. Reduced VDR
levels may therefore disrupt this balance and contribute to increased bone resorption. Increased
expression of osteoclastogenic genes in WD mice is consistent with this and supports the find-
ing that reduced VDR causes exacerbated bone loss with enhanced osteoclastic activity
(Starczak et al., 2018, 2021; Gasperini et al., 2023).

Genetic and clinical evidence further support a causal role for impaired VDR signaling in
the skeletal abnormalities observed in our WD-fed mice. Global VDR-knockout mice develop
hypocalcemia, secondary hyperparathyroidism, disorganized growth plates, and severe osteo-
malacia, defects that are largely corrected by calcium/phosphate rescue diets and therefore
demonstrate the essential role of VDR signaling in bone mineralization (Yoshizawa etal., 1997;
Bikle, 2012). Consistent with these findings, VDR loss-of-function mutations in humans,
termed Vitamin D-Dependent Rickets type-1I (VDDR-II), present with severe rickets/osteoma-
lacia and elevated 1,25(OH).D despite normal ligand supply, underscoring the indispensability
of VDR protein for skeletal responsiveness to vitamin D (Malloy et al., 2014). Together, these
genetic data support our conclusion that reduced VDR abundance can uncouple bone remodel-
ing and contribute to skeletal fragility. In contrast, clinical trials using vitamin D analogs, such
as calcitriol, alfacalcidol, and eldecalcitol, have demonstrated beneficial effects on BMD and
fracture prevention (Tilyard et al., 1992; Matsumoto et al., 2011; Harada et al., 2012).

Several limitations should be acknowledged. First, our model does not allow for the sepa-
ration of obesity and hepatic injury as independent variables. Future studies using targeted mod-
els (e.g., diet-induced obesity without liver injury, or liver-specific knockouts) are needed to
dissect their individual contributions. Second, our study did not directly measure renal 1a-hy-
droxylase activity, despite the well-established role of the kidney in converting 25(OH)D to its
active form (Deluca, 2014). It is therefore possible that compensatory upregulation of renal 1a.-
hydroxylation may occur in response to hepatic insufficiency. However, emerging evidence
suggests that obesity and MAFLD are frequently associated with elevated PTH levels, which
may reflect secondary hyperparathyroidism. Elevated PTH can stimulate renal 1a-hydroxylase,
increasing 1,25(OH),D production, but it can also promote bone resorption and impair cortical
bone integrity. Thus, the observed skeletal deterioration may result not only from reduced he-
patic 25-hydroxylation but also from compensatory endocrine changes that disrupt bone remod-
eling.

In summary, our study demonstrates that long-term WD feeding induces obesity and hepatic
dysfunction, which together impair vitamin D metabolism and bone homeostasis. The resulting
downregulation of hepatic vitamin D activation and bone VDR protein levels promotes osteo-
clastogenesis and skeletal fragility. These findings highlight the importance of the liver—bone
axis and suggest that restoring vitamin D signaling— either through dietary modification or
pharmacological intervention —may represent a promising strategy to prevent bone loss in
obesity and MAFLD.
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