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ABSTRACT 31 

Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) is highly prevalent with 32 

major risk of progression to Metabolic Dysfunction-Associated Steatohepatitis (MASH) and 33 

Hepatocellular Carcinoma (HCC). Recently, osteoporosis and bone fracture have emerged as 34 

sexually-dimorphic comorbidities of MASLD yet the mechanisms of this bone loss are unknown. 35 

Herein, we address these knowledge gaps using DIAMOND mice which develop MASLD, 36 

MASH, and HCC via Western diet exposure. We examined the skeletal phenotype of male 37 

DIAMOND mice after 16, 36, and 48 weeks of exposure to Western or control diet. At 16 weeks, 38 

male DIAMOND mice with MASLD lose trabecular bone but retain mechanical bone integrity. At 39 

48 weeks, males lose cortical bone and mechanical integrity, indicating severe skeletal 40 

weakening. Female DIAMOND mice were protected from cortical and trabecular MASLD-41 

associated bone loss and skeletal fragility at all timepoints. Using NicheNet, a publicly available 42 

database of hepatic mRNA expression in DIAMOND mice, and a PTH-induced model of bone 43 

loss, we suggest Ctgf, Rarres2, Anxa2, Fgf21, and Mmp13 are liver-secreted ligands inducing 44 

bone resorption. This study is the first preclinical investigation of bone loss in MASLD, and the 45 

first to suggest the role of Ctgf, Rarrest2, Anxa2, Fgf21, and Mmp13 as drivers of this pathology.  46 

  47 
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INTRODUCTION 48 

 Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) affects ~30% of the 49 

global population and associates with increased osteoporosis and fractures. MASLD has no 50 

cure and its incidence is rapidly increasing. In ~25% of persons with MASLD, the disease 51 

progresses to MASH (metabolic dysfunction-associated steatohepatitis), cirrhosis, chronic liver 52 

failure, and hepatocellular carcinoma, each of which associate with osteoporosis, fracture, and 53 

post-fracture mortality.[1]  54 

 Osteoporosis and fracture risk are necessary considerations in MASLD management, as 55 

people with MASLD are more likely to develop osteoporosis and more likely to experience 56 

fracture.[2], [3], [4] Further, Mendelian randomization studies identify a causal link between 57 

genetically-predicted MASLD, osteoporosis, and fracture.[5], [6] MASLD-associated fractures 58 

likely drive increased morbidity, mortality, and substantial healthcare expenditure. Effective 59 

management strategies for skeletal fragility in MASLD are urgently needed; however, the 60 

mechanisms driving this pathology remain poorly understood. As a result, therapeutic 61 

approaches are likely to remain suboptimal and lack precision until the underlying causes are 62 

elucidated. Identifying potential management strategies for bone loss in MASLD is critical to 63 

avert such undesirable outcomes.  64 

 The liver contributes to skeletal integrity through myriad well-defined mechanisms. These 65 

include, but are not limited to, its role in energy and biomolecule metabolism, vitamin D3 25-66 

hydroxylation, insulin-like growth factor-1 (IGF-1) synthesis, and sex hormone binding globulin 67 

(SHBG) synthesis.[7] In MASLD, these processes become disrupted, leading to impaired 68 

skeletal health. Moreover, MASLD associates with elevated levels of circulating inflammatory 69 

cytokine levels, including TNF, IL-6, IL-17, IFNγ, RANKL, all of which associate with or cause 70 

bone loss.[8], [9], [10] However, the exact roles of these processes in MASLD-related bone loss 71 

are yet undescribed, with one notable exception: Denosumab, an OPG-Fc mimetic that inhibits 72 

RANKL binding to RANK, improves both hepatic and skeletal phenotypes in MASLD.[11] This 73 
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suggests bidirectional liver-bone crosstalk via the RANK-RANKL-OPG axis. However, 74 

denosumab indications are limited to pre-existing osteoporosis and cancerous bone lesions, it is 75 

impractically expensive as a prevention strategy, its effectiveness declines with long-term use, 76 

and rebound bone resorption after discontinuation may render it ineffective in this setting.[12] 77 

Novel prevention strategies are needed, and a suitable preclinical model is required to advance 78 

mechanistic understanding of liver-bone interactions in MASLD to this end. 79 

Pre-clinical elaboration of skeletal consequences of MASLD/MASH is hampered by the lack 80 

of an animal model that mirrors the disease presentation and polygenic risk factors in humans. 81 

The DIAMOND (Diet-Induced Animal Model of Non-alcoholic fatty liver Disease) mouse 82 

develops liver disease solely due to high-carbohydrate, high-fat “Western” diet consumption, 83 

avoiding confounding variables of other models including micronutrient/amino acid modified 84 

diets and single gene polymorphisms.[13] DIAMOND mice rank highly among preclinical 85 

MASLD models in their transcriptomic and histologic signature relative to the human disease 86 

state.[14] The DIAMOND mouse is an isogenic cross between C57BL/6J and 129S1/SvImJ 87 

strains. Like humans, DIAMOND mice develop hallmarks of MASLD phenotype such as obesity, 88 

insulin resistance, hypertriglyceridemia, and hypercholesterolemia on a Western diet. These 89 

mice also develop hepatic steatosis after Western diet exposure of 4-8 weeks (MASLD-like) and 90 

steatohepatitis at 16-24 weeks (MASH-like). Cirrhosis and hepatocellular carcinoma (HCC) 91 

arise spontaneously by 48 weeks (Fig. 1).[13] DIAMOND mice are useful for the study of 92 

tissues other than liver:  Nucera et al. have demonstrated their utility in the study of extrahepatic 93 

consequences of MASLD.[15] Thus, we seek to leverage DIAMOND mice to close the liver-94 

bone knowledge gap in MASLD.  95 

Clinically, MASLD affects females and males at similar rates, but bone and liver phenotypes 96 

differ by sex.[16], [17] Sex hormone levels at least partly explain these differences. Estrogens 97 

inhibit the resorption of bone by osteoclasts.[18] In the liver, estrogen influences hepatic fat 98 

deposition with evident sexual dimorphism and is implicated as protective against MASLD 99 
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progression.[17] Physiologic—and elevated—levels of estrogen, therefore, are considered 100 

protective against both bone loss and MASLD. In this study, we describe the skeletal phenotype 101 

of female and male DIAMOND mice. DIAMOND mice recapitulate the timeline, circumstances, 102 

and clinical features of MASLD development in humans. Thus, we hypothesize DIAMOND mice 103 

develop sexually-dimorphic skeletal fragility alongside MASLD driven by liver-induced 104 

upregulation of pro-resorptive pathways in bone. In this work we describe the skeletal 105 

phenotype of DIAMOND mice with MASLD and identify probable molecular pathways from 106 

publicly available bone and liver RNAseq data representing treatable targets to offset the impact 107 

of this pathology. Our results suggest that changes in Ctgf (Ccn2), Fgf21, Anxa2, and Mmp13 108 

expression are involved in skeletal dysfunction associated with MASLD, which should be 109 

evaluated mechanistically in future studies. 110 

 111 

METHODS 112 

Experimental Animals: All animal care and use were overseen and approved by the 113 

Virginia Commonwealth University IACUC. Cadaveric specimens from DIAMOND mice, a well-114 

established preclinical model of MASLD, (an isogenic cross between C57BL/6J and 115 

129S1/SvImJ mice) were obtained from previous studies but this is the first report of skeletal 116 

effects in the DIAMOND model.[13] For our study, DIAMOND mice were randomized to a high-117 

fat Western Diet (Teklad 88137, 42% calories from fat) and high-fructose-glucose Sugar Water 118 

(23.1 g/dL d-fructose, 18.9 g/dL d-glucose) (WD/SW) or a standard Chow Diet (Teklad 7012, 119 

17% calories from fat) with Normal Water (CD/NW) at 8 weeks of age. Mice were humanely 120 

euthanized after 16, 36, or 48 weeks of diet exposure according to VCU protocol. Due to design 121 

of the original source studies, female DIAMOND mice were only available at 48 weeks. 122 

Hindlimbs from the carcasses were stored at -80°C after tissue isolation. As the tissues were 123 

not fixed or snap-frozen in the original design, our analysis is limited to morphologic and 124 
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mechanical properties of hindlimb skeleton. The tibiae were isolated and used for micro-125 

computed tomography and mechanical testing.  126 

Micro Computed Tomography: Tibiae from DIAMOND mice were embedded in 1% 127 

agarose and imaged on a Bruker SkyScan 1276 desktop micro-computed tomography scanner. 128 

The scanning parameters were 730 ms exposure time, 60 kVp voltage, 200 µA generator 129 

current, 0.5 mm aluminum filter, with an isotropic voxel resolution of 10 µm. Datasets were 130 

reconstructed in NRecon (Bruker) with parameters set to 20% beam hardening, σ=2 smoothing, 131 

and 100 ring artifact reduction. The bones were aligned along the mechanical testing support 132 

sites using DataViewer (Bruker). Cortical bone in the diaphysis and trabecular bone in the 133 

epiphysis were analyzed in CtAn (Bruker) as previously described.[19], [20] Briefly, a 180 µm 134 

segment of cortical bone was selected at the midpoint between the proximal epiphyseal plate 135 

and the distal tibiofibular junction, corresponding to the point of greatest curvature. This region 136 

was automatically segmented and thresholded at a value of 140 (8-bit pixel intensity), near the 137 

predicted site of breaking in 3-point bending. A 400 µm long epiphyseal bone region was 138 

selected immediately proximal to the epiphyseal plate. Trabecular bone in the images was 139 

manually contoured, and thresholded to a value of 120 (8-bit pixel intensity). 140 

Bone mechanical properties evaluation: Tibiae from DIAMOND mice were loaded to 141 

failure by breaking in 3-point bending using a Bose ElectroForce 3200 (TA Instruments, New 142 

Castle, DE). Data were captured via a 100 lbf load cell at 10 Hz with a loading rate of 1 mm/min. 143 

Tibiae were placed on supports with a span of 10 mm, loading the anteromedial surface in 144 

tension. Load was applied at the midpoint of the support span, coinciding with the point of 145 

maximal curvature of the bone. Load, deformation, stress, strain, toughness, and work were 146 

measured directly or inferred using micro-CT data, as previously described.[19], [21], [22] 147 

Ligand-target gene pair prediction: Ligand-target interactions in MASLD skeletal fragility 148 

were predicted in NicheNet using two publicly available datasets.[23] This approach has been 149 

used to evaluate crosstalk between the nervous and skeletal systems, but our work is the first to 150 
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apply it to the liver and skeleton.[24] The first dataset, GSE67678, contains hepatic tissue of 151 

male DIAMOND mice fed a high-fat diet and high-fructose-glucose solution (n=5) or control diet 152 

(n=5) for 8 weeks; this dataset was defined as the ligand donor for ligand-target interactions. 153 

Because no sequencing data for skeletal tissue gene expression in DIAMOND mice exists, a 154 

model of continuous PTH administration in osteoblasts was selected as a highly catabolic state 155 

of skeletal metabolism. The target dataset, from Li et al. (Supp Table 4 and 5), identified genes 156 

in cortical bone which were regulated by continuous PTH(1-34) (cPTH) in rats.[25] 3-month old 157 

female Sprague-Dawley rats received 4 μg/100 g/day PTH(1-34) via implantable osmotic pump. 158 

DEGs were defined as those with a fold change (log2FC) ≥ 1 and adjusted p-value < 0.05. 159 

Ligand-receptor interactions were predicted using NicheNet based on downstream effectors 160 

altered in response to continuous PTH. Predicted ligand-target interactions in MASLD skeletal 161 

fragility were generated using NicheNet.[23] Hepatic ligands were identified by filtering 162 

differentially expressed genes (DEGs) in mice fed WD/SW compared to those fed CD/NW, 163 

which were integrated to modeled ligand-gene target pairs. Similarly, skeletal receptors and 164 

affected genes included only those predicted to be regulated by the identified hepatic ligands by 165 

the NicheNet prior knowledge model. Regulatory potential, interaction potential, and ligand 166 

activity were ranked by area under the precision recall curve (AUPR). 167 

Statistical Analysis: Equal variances and normality were assessed using the Bartlett and 168 

Shapiro-Wilk tests, respectively. Due to normality and equal variances, inter-group differences 169 

were assessed via two-way ANOVA. Post-hoc analyses were conducted using Tukey’s method. 170 

Multiple comparisons were controlled via the Bonferroni method. Ligand-target gene 171 

assessments were conducted using NicheNet as described above.[23] Sample numbers were 172 

determined by sample availability. Among males, 5 mice were available per group at 16 weeks 173 

of diet exposure, 10 mice per group at 36 weeks, and 10 mice per group at 48 weeks. Among 174 

females, 5 mice per group were available at 48 weeks. Ideally, 8-12 mice would be employed 175 
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per group for a study of this nature. Applicable exclusion criteria were the presence of a pre-176 

existing fracture (pre- or post-mortem). 177 

 178 

RESULTS 179 

Male DIAMOND mice with MASLD develop skeletal fragility and lose bone in a time- 180 

and bone compartment-dependent manner: Compared to CD/NW controls, male DIAMOND 181 

mice on WD/SW lost bone, evident in trabeculae at 16 weeks (Figure 2A, Table 1) and cortices 182 

at 48 weeks (Figure 2C, Table 1). Trabecular bone volume fraction, trabecular number, and 183 

trabecular spacing exhibit their most severe deleterious effects at 16 weeks of WD/SW 184 

exposure compared to CD/NW (Figure 2B, Table 1). Trabecular thickness remains largely 185 

unaltered by exposure to WD/SW (Figure 2B, Table 1). The trabecular bone phenotype among 186 

male DIAMOND mice on WD/SW and CD/NW is similar at 36- and 48-weeks of diet exposure. 187 

Within the mid-diaphysis of the tibia, cortical thickness decreased markedly after 48 weeks 188 

of WD/SW exposure compared to CD/NW in male DIAMOND mice (Figure 2D, Table 1). This is 189 

reflected in significant increases in cortical perimeter and moment of inertia (Figure 2D, Table 190 

1). Bone area fraction is largely conserved (Figure 2D, Table 1). In summary, after 48 weeks of 191 

diet exposure, cortical bone in WD/SW mice thinned and increased in diameter, likely reducing 192 

fracture resistance.  193 

Yield stress, ultimate stress, Young’s modulus, and total toughness decrease among male 194 

DIAMOND mice with MASLD compared to those without in diet- and exposure time-dependent 195 

manners (Figure 3A, 3B, Table 1). At 16 weeks, their mechanical properties are similar, but 196 

mice with MASLD progressively develop fragility during diet exposure. In summary, WD/SW 197 

exposure in the male MASLD DIAMOND mouse model associate with early, deleterious 198 

trabecular changes that are minimally observable at late disease stages, and a pronounced 199 

decline in cortical bone parameters and mechanical integrity at late disease stages. 200 
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Bone loss in DIAMOND mice with MASLD is sexually dimorphic: Inclusion of female 201 

DIAMOND mice with MASLD at 48 weeks, showed sex-based differences in the bone 202 

phenotype, with females partially protected in epiphyseal and diaphyseal bone properties 203 

compared to males. While males with MASLD demonstrated losses in bone area fraction, 204 

cortical thickness, and ultimate stress before failure, compared to same-sex CD/NW controls, 205 

females maintained their skeletal geometry and mechanical integrity in all these indices. 206 

Females had greater epiphyseal bone volume fraction and trabecular number, and had lower 207 

trabecular spacing, than males while on WD/SW. (Figure 4A, 4B, Table 2). Female DIAMOND 208 

mice gained bone area fraction and cortical thickness while on WD/SW, whereas males 209 

experienced losses. (Figure 4C, 4D, Table 2) Further, male DIAMOND mice with MASLD 210 

experienced increases in cortical perimeter and moment of inertia while females did not (Figure 211 

4D, Table 2).  212 

The sexually-dimorphic impact of MASLD on skeletal microarchitecture extended to 213 

mechanical properties of tibiae. Female DIAMOND mice given WD/SW do not exhibit losses in 214 

yield stress, ultimate stress, or Young’s Modulus compared to same-sex controls as seen in 215 

male DIAMOND mice, which exhibit an increase in total toughness after 48 weeks of WD/SW 216 

exposure vs CD/NW (Figure 5B, Table 2). Marked cortical thinning was observed in males on 217 

WD/SW, but not in males on CD/NW or females on either diet (Figure 4A, Table 2). In 218 

summary, these data suggest female DIAMOND mice are protected from the deleterious 219 

skeletal changes observed among males when consuming WD/SW vs CD/NW for at least 48 220 

weeks. 221 

In silico analysis of liver-bone crosstalk reveals probable molecular pathways driving 222 

bone loss in MASLD: Considering the shared pathways by which MASLD and bone loss arise, 223 

it is highly probable skeletal fragility in MASLD is driven by liver-bone crosstalk. Our approach 224 

used NicheNet to describe hepatoskeletal crosstalk in MASLD (Figure 6A) NicheNet differential 225 

regulation analysis on publicly available hepatic RNASeq data from DIAMOND mice (Figure 226 
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6B)[13] versus bone cell receptor activity prediction based on cPTH-induced changes in 227 

bone[25] identified multiple hepatic ligands (encoded by genes Ccn2, Rarres2, Anxa2, Apoc1, 228 

Apoe, among others) with prioritized impact on bone gene expression (Ccnd1, Postn, Aebp1, 229 

among others). DIAMOND mice fed WD/SW vs CD/NW show a dramatically different liver 230 

transcriptomic expression profile, clustering neatly via UMAP dimension reduction (Figure 6A). 231 

Among these hepatic genes, we select meaningfully and significantly upregulated genes with a 232 

secreted isoform (Figure 6B). The top 25 of these, ranked by ligand potential, are shown in 233 

Figure 6D, where Ccn2, Rarres, Anxa2, Apoc1, and Apoe having the highest probability of 234 

possessing ligand activity on receptors in bone. Figure 6E shows interaction potential, derived 235 

from the NicheNet prior learning model[23], between secreted hepatic ligands in Figure 6D and 236 

expressed cognate receptors in bone, showing biological plausibility these ligands affect 237 

downstream effector pathways in bone. Finally, the regulatory potential of the identified set of 238 

hepatic ligands on the top 18 downstream effector genes in bone is shown in Figure 6C. Among 239 

these, hepatocyte-secreted Ccn2 is predicted to induce upregulation of Ccnd1 in bone is the 240 

interaction with the greatest regulatory potential. Notably, Fgf21 from hepatocytes is expected to 241 

induce upregulation of numerous genes in bone, including Ccnd1, Postn, Alpl, and Lox.  The 242 

comprehensive integration of ligand activity, regulatory potential, and receptor expression 243 

profiles enhances our understanding of the molecular mechanisms driving gene expression 244 

changes in response to a skeletally-catabolic stimulus to hepatic dysfunction. 245 

 246 

DISCUSSION 247 

The DIAMOND mouse is a well-established preclinical model of MASLD. DIAMOND mice 248 

develop MASLD, MASH, cirrhosis, and HCC on a high-fat, high-carbohydrate diet alone, a result 249 

of a polygenic inheritance pattern. These features in addition to changes in histologic disease 250 

severity, serum metabolic profile, and inflammatory serum milieu–make the DIAMOND mouse 251 

an appropriate preclinical candidate for the study of extrahepatic effects of MASLD, as 252 
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demonstrated in hypothalamic metabolism. In this work, we are the first to observe and report, 253 

sex- and duration of diet-dependent changes in skeletal fragility among DIAMOND mice with 254 

MASLD. 255 

Among male DIAMOND mice, MASLD drives myriad changes in the appendicular skeleton. 256 

In its early stages, MASLD is associated with reductions in trabecular bone parameters. 257 

However, as diet exposure time lengthens, trabecular bone differences between mice with 258 

MASLD are much smaller compared to those without MASLD. Beyond 16 weeks of diet 259 

exposure, mice with MASLD lose minimal trabecular bone beyond what is already lost, 260 

suggesting rapid trabecular bone loss between weeks 0 and 16 which then stabilizes. 261 

Meanwhile, mice without MASLD eventually mirror the trabecular bone phenotype of mice with 262 

MASLD as—what are presumably age-related—changes accumulate. By 48 weeks, trabecular 263 

bone of mice with and without MASLD are nearly identical. Indeed, trabecular bone volume 264 

fraction in the tibia of C57BL6 mice is expected to peak at or before 2 months of age, and 265 

monotonically decrease throughout their remaining lifespan.[26] The same pattern of growth 266 

and resorption is presumably present in DIAMOND mice; however, the expected date of peak 267 

trabecular bone mass is unknown due to its mixed C57BL/6J and 129S1/SvIm background. By 268 

16 weeks, DIAMOND mice will have developed MASLD and may experience early MASH. The 269 

same inflammatory state driving hepatic disease development likely causes trabecular bone 270 

resorption in the skeleton. Trabecular bone in male DIAMOND mice on WD/SW experiences 271 

deleterious changes in early diet exposure yet remains stable from weeks 16 to 48. 272 

In the cortical bone compartment, differences between male mice fed CD/NW and WD/SW 273 

are not apparent until 48 weeks of diet exposure suggesting slower accumulation of deleterious 274 

changes. This is reflected in losses in mechanical integrity measured in 3-point bending, in 275 

which most variance is explained by cortical bone morphology and tissue properties, especially 276 

cortical thickness. Additionally, unlike most structural indices, mechanical properties do not 277 
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exhibit monotonic decline during the study period. The ultimate stress and Young’s modulus rise 278 

from 16 to 36 weeks, then fall from 36 to 48 weeks. This is consistent with age-related changes 279 

to cortical bone, as mice commonly reach peak cortical thickness and mechanical integrity at 6 280 

months of age or later. In our study, the 16-week timepoint occurs at 24 weeks of age, as mice 281 

are randomized to their assigned diet at 8 weeks of age. C57BL/6 mice—a founder strain of the 282 

DIAMOND mouse—typically reach peak cortical thickness at 6 months of age.[26] There are no 283 

data regarding 129S1/SvIm mice—the other DIAMOND founder strain—or DIAMOND mice 284 

describing the age at which they achieve peak skeletal integrity. Our data suggest peak skeletal 285 

integrity occurs in DIAMOND mice sometime between 16 and 48 weeks of diet exposure (or 24 286 

and 56 weeks of age), likely around 36 weeks of diet exposure (44 weeks of age). Interestingly, 287 

the only timepoint with a substantial difference in ultimate load between the CD/NW and 288 

WD/SW groups occurred at 36 weeks. The greatest change in ultimate load was observed at 36 289 

weeks, while cortical bone area fraction, cortical thickness, and ultimate stress are most 290 

affected at 48 weeks. It should be noted that hepatocellular carcinoma remains a confounder, 291 

as DIAMOND mice will frequently develop spontaneous hepatocellular carcinoma by 48 weeks 292 

of age and should be considered in future analyses.  293 

Female DIAMOND mice appear protected against MASLD-associated skeletal fragility at 48 294 

weeks of WD/SW exposure vs CD/NW. The presence of increased estrogens in female 295 

compared to male mice[27] is likely to be protective against MASLD-associated bone loss 296 

because estrogen is, independently, protective against the progression of both MASLD and 297 

bone loss.[16], [17] Whether this phenotype is observed in trabecular bone could not be 298 

assessed as female DIAMOND mice at 16 weeks of diet exposure were not available for 299 

analysis. Further, RNASeq data for female DIAMOND mice is also unavailable. As such, our 300 

analysis of potential hepatic ligand and affected skeletal genes could only be conducted in 301 

males. The mechanisms by which female DIAMOND mice are protected against bone cannot be 302 
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addressed in this work, but are the subject of ongoing studies. Female DIAMOND mice are less 303 

affected by both MASLD and its associated bone loss when exposed to identical conditions as 304 

males. Their histologic disease, degree of hepatomegaly, tumor burden, and skeletal fragility 305 

are less severe than those of male DIAMOND mice. There is, therefore, a correlative 306 

association between sex, MASLD severity, and skeletal fragility. Although not directly measured 307 

here, sex differences in eating habits, hyperglycemia, insulin sensitivity, and hormonal signaling 308 

of DIAMOND mice remain unknown, as well as differences in the serum proteome, hepatic and 309 

skeletal transcriptome. Each of these components likely plays a role in the development of both 310 

MASLD and skeletal fragility and may be responsible for its sexual dimorphism. These 311 

components must be addressed in future studies to elaborate the mechanism of protection from 312 

MASLD and bone loss among female DIAMOND mice.  313 

As this study was conducted a posteriori, important confounding metrics of metabolism and 314 

skeletal health were not measured as covariates. Prospective studies in this area would benefit 315 

by measuring total caloric intake and expenditure during the study period and total activity level. 316 

While DIAMOND mice do not exhibit hyperglycemia or insulin resistance at 16 or 36 weeks of 317 

diet exposure, they exhibit both at 48 weeks.[13] As such, they should be assessed in future 318 

studies of bone loss in MASLD.  319 

 Male DIAMOND mice exposed to WD/SW after 48 weeks demonstrated a catabolic 320 

skeletal phenotype, as evidenced by decreased bone microarchitecture and strength. To infer 321 

potential mechanisms for increased skeletal fragility, NicheNet analysis was performed on 322 

publicly available RNAseq liver data in male DIAMOND mice[13] and a separate bone gene 323 

set[25] undergoing a catabolic state induced by cPTH treatment. Among the 25 highest 324 

regulatory potential ligands identified in our analysis, Ctgf (Ccn2), Rarres2, Anxa2, Fgf21, and 325 

Mmp13 have biological plausibility to modulate bone metabolism under cPTH treatment and 326 

may be mechanistic drivers of MASLD driven skeletal fragility. For example, Ctgf (Ccn2) has 327 
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variable effects on bone the impact of which is dictated by developmental stage and interactions 328 

with other competing or cooperating local signals. Ctgf is a regulator of normal skeletal 329 

morphology during development.[28] However, when overexpressed in the adult skeleton, Ctgf 330 

induces bone loss.[29] The role of hepatic-derived Ctgf on skeleton function is heretofore 331 

unconsidered; our data suggest increased hepatic Ctgf expression in livers characterized by 332 

MASLD, drives excessive bone turnover and net loss. Rarres2, which encodes the adipokine 333 

chemerin, is associated with bone loss in both humans and mice.[30], [31], [32] Chemerin is 334 

highly expressed in hepatocytes, and its serum levels are increased in persons with MASLD[33] 335 

and MASH.[34] Chemerin has been shown to induce osteoclastogenesis and inhibit 336 

osteoblastogenesis in vitro.[30] Chemerin is, therefore, a probable link between MASLD, MASH, 337 

and bone loss in humans and mice. Anxa2 expression, which encodes Annexin A2, is 338 

associated with fragility fracture and the development of osteoporosis in humans.[35], [36] 339 

Decreased osteoblast formation and increased membrane-bound RANKL synthesis are 340 

proposed as mechanisms for this effect.[36], [37] Our data suggest hepatic Anxa2 is a potential 341 

mediator of MASLD-associated bone loss, via its induction of Atrn (encodes attractin) and 342 

Cdh11 (encodes cadherin 11) in osteoblasts. Fgf21 is a regulator of glucose and lipid 343 

metabolism, driving increased insulin sensitivity and decreased serum glucose and 344 

triglycerides.[38], [39] Systemic administration of Fgf-21 also corrects obesity in diet-induced 345 

and ob/ob mice.[40] As such, Fgf21 has been proposed as a promising drug for metabolic 346 

diseases, which would include MASLD. However, Fgf21 overexpression drives substantial bone 347 

loss in mice and its withdrawal promotes a high bone-mass phenotype.[41] Thus, Fgf21 348 

overexpression—and purported ligand activity—, make it a probable candidate driving bone loss 349 

in male DIAMOND mice with MASLD. Lastly, Mmp13 encodes for a matrix metalloprotease, 350 

highly expressed in osteoblasts and critical for collagen reorganization during bone 351 

mineralization. It is a drug development target in osteoarthritis therapy, where it has been 352 

identified as a mediator of bone destruction around the articular surfaces.[42] Further, its 353 
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expression in breast cancer bone metastases drives osteolysis and osteoclastogenesis.[43] 354 

Deletion of Mmp13 in mesenchymal cells increases bone mass and may attenuate bone loss 355 

associated with estrogen withdrawal.[44] While the role of hepatic expression of Mmp13 in 356 

skeletal fragility has not been elaborated, we propose its ligand activity increases bone loss by 357 

inducing osteoclast-mediated bone resorption, which could be explored in future conditional 358 

genetic studies targeting Mmp13 in the liver of DIAMOND mice.  359 

Bone RNASeq data is not yet available from DIAMOND mice. As such, we selected a highly-360 

catabolic cPTH regime as our target dataset for NicheNet affected gene predictions.[25] This 361 

approach has several shortcomings. First, the skeletal mechanisms of bone loss in the target 362 

dataset may be distinct from those in MASLD. Second, the identity of the target cells contained 363 

within the population is not characterized, and is likely a mixture of osteocytes, osteoblasts, 364 

osteoclasts, bone lining cells, bone marrow stromal cells, vascular endothelial cells, and 365 

hematogenous cell populations. Third, cPTH is substantially more rapidly catabolic than the 366 

effects of MASLD-associated bone loss. Therefore, identification of the involvement of Ctgf 367 

(Ccn2), Rarres2, Anxa2, Fgf21, and Mmp13 in MASLD associated bone loss requires further 368 

validation in bone RNAseq data from MASLD mice. Nonetheless, the engagement of Ctgf 369 

(Ccn2), Rarres2, Anxa2, Fgf21, and Mmp13 in our current study, which are heavily implicated in 370 

bone metabolism, validates our approach using NicheNet in further specific datasets to our 371 

bone phenotype in MASLD.  372 

Skeletal fragility in MASLD is an emerging complication of a highly prevalent, incurable 373 

metabolic disorder. Given MASLD affects roughly one quarter of the global population, the 374 

implications of increased rates of fracture, hospitalization, and early mortality are immense. 375 

Additionally, these are likely to drastically accelerate healthcare spending given an aging, 376 

increasingly overweight/obese population. Identifying mechanisms driving this pathology is 377 

critical. We propose Ctgf (Ccn2), Rarres2, Anxa2, Fgf21, and Mmp13 encode novel, plausible 378 
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hepatic ligands driving bone loss in MASLD, based on computational NicheNet analysis from 379 

liver RNAseq data, as targets for future mechanistic study. 380 

CONCLUSION 381 

 Bone loss in MASLD is an important consideration in the management of this disease. In 382 

this study, we observed trabecular and cortical bone loss—at different time points—in 383 

DIAMOND mice. Thus, we propose DIAMOND mice to be an excellent candidate for the study 384 

of this combined hepato-skeletal pathology. The DIAMOND mouse mimics the hepatic 385 

phenotype of humans with MASLD and has already been used in the study of extrahepatic 386 

manifestations of the disease. We observe congruency between the sexual dimorphism in 387 

skeletal phenotype, marked by skeletal deterioration primarily in male DIAMOND mice on the 388 

diet for 48 weeks herein, and identified elsewhere in humans with MASLD. Further, we identify 389 

putative ligands of hepato-skeletal crosstalk, including Ctgf (Ccn2), Fgf21, Anxa2, and Mmp13. 390 

These ligands are associated with low bone mass in mice, osteoporosis, and fragility fracture. 391 

and therefore strong putative mediators of bone loss in MASLD, which should be studied in 392 

future preclinical models of MASLD before evaluation as therapeutic targets. 393 

  394 
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FIGURES 536 
 537 

 538 
Figure 1: Reported skeletal and hepatic phenotypes of DIAMOND mice on chow diet & normal water versus Western diet & sugar 539 
water at 16, 36, and 48 weeks.  540 
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 541 
Figure 2: Bone morphometry of Male DIAMOND mice at 16, 36, and 48 weeks of CD/NW or WD/SW exposure. (A) 542 
2D projections of epiphyseal trabecular bone. (B) Proximal epiphyseal trabecular bone volume/tissue volume 543 
(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular spacing (Tb.Sp). (C) 3D projections 544 
of the tibial mid-diaphysis. (D) Mid-diaphyseal cortical bone area/tissue area (B.Ar/T.Ar), perimeter, cortical thickness 545 
(Ct.Th), and moment of inertia in the x-direction (MOI(x)). (* p < 0.05, ** p < 0.01, ***, p < 0.001, **** p < 0.0001) 546 
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 547 

Figure 3: Bone mechanical properties of male DIAMOND mice at 16, 36, and 48 weeks of CD/NW or WD/SW 548 
exposure. (A) Representative 3-point bending traces from DIAMOND mice tibias. (B) Tibial yield stress, ultimate 549 
stress, young’s modulus, and total toughness derived from 3-point bending. (MOI(x)). (* p < 0.05, ** p < 0.01, ***, p < 550 
0.001, **** p < 0.0001) 551 

  552 
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 553 

Figure 4: Sexual dimorphism of bone morphology among female and male DIAMOND mice after 48 weeks of 554 
CD/NW or WD/SW exposure from micro-CT. (A) 2D projections of epiphyseal trabecular bone. (B) Proximal 555 
epiphyseal trabecular bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), 556 
and trabecular spacing (Tb.Sp). (C) 3D projections of the tibial mid-diaphysis. (D) Mid-diaphyseal cortical bone 557 
area/tissue area (B.Ar/T.Ar), perimeter, cortical thickness (Ct.Th), and moment of inertia in the x-direction (MOI(x)). (* 558 
p < 0.05, ** p < 0.01, ***, p < 0.001, **** p < 0.0001)  559 
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 561 
 562 
Figure 5: Sexual dimorphism of bone mechanical properties among female and male DIAMOND mice after 48 weeks 563 
of CD/NW or WD/SW exposure. (A) Representative 3-point bending traces from DIAMOND mice tibias. (B) Tibial 564 
yield stress, ultimate stress, young’s modulus, and total toughness derived from 3-point bending. (MOI(x)). (* p < 565 
0.05, ** p < 0.01, ***, p < 0.001, **** p < 0.0001) 566 
 567 

 568 
  569 
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 571 
Figure 6: NicheNet-predicted ligand-affected gene interactions between 8-week old DIAMOND mice with MASLD 572 
and osteoblasts from Sprague-Dawley rats receiving a highly-catabolic cPTH dosing regime. (A) clustering of hepatic 573 
gene expression by UMAP. (B) volcano plot showing hepatic differentially expressed genes (DEGs) among 574 
DIAMOND mice with MASLD vs healthy controls. Colored box indicates DEGs with log2(FC) > 1 and -log10(padj) > 2, 575 
indicating the DEGs from which ligands are selected. (C) regulatory potential of ligands (selected from the DEGs 576 
shown in B) from WD/SW mice, and the bone genes they are predicted to induce in a state of rapid bone catabolism. 577 
(D) Potential ligand activity of DEGs from DIAMOND mice with MASLD compared to healthy controls. (E) Hepatic 578 
ligands (from B) and their cognate receptors in bone cells, with heatmap intensity indicating the interaction potential 579 
of each ligand with its cognate receptor. 580 
  581 
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 582 

Bone Parameter Diet 

Exposure Time (Mean ± SD) ANOVA Effect (padj) 

16 weeks 36 weeks 48 weeks Interaction 
Exposure 

Time Diet 

Cortical 
Bone 

T.Ar (mm2) 
CD 1.030±0.087 1.150±0.107 1.037±0.154 

0.1101 0.3555 0.3327 
WD 1.063±0.045 1.094±0.094 1.185±0.228 

B.Ar (mm2) 
CD 0.700±0.064 0.754±0.082 0.715±0.084 

0.7192 0.4606 0.3434 
WD 0.698±0.067 0.707±0.062 0.696±0.056 

M.Ar (mm2) 
CD 0.330±0.048 0.396±0.380 0.366±0.053 

0.1847 0.0838 0.1182 
WD 0.366±0.053 0.387±0.075 0.489±0.207 

B.Ar/T.Ar 
CD 0.680±0.035 0.754±0.082 0.653±0.036 

0.8800 0.0003 0.0653 
WD 0.656±0.050 0.707±0.062 0.601±0.103 

M.Ar/T.Ar 
CD 0.320±0.035 0.345±0.022 0.347±0.036 

0.4892 0.1663 0.1002 
WD 0.344±0.050 0.352±0.048 0.399±0.103 

Perimeter (mm) 
CD 6.737±0.439 7.496±0.427 7.069±0.625 

<0.0001 0.0004 0.0003 
WD 7.174±0.671 7.369±0.529 9.020±0.892 

MOI(x) (mm4) 
CD 0.108±0.023 0.132±0.027 0.117±0.029 

0.0033 0.0303 0.0611 
WD 0.119±0.021 0.117±0.020 0.167±0.018 

Ct.Th (mm) 
CD 0.208±0.015 0.201±0.019 0.202±0.019 

0.0310 0.0255 0.0004 
WD 0.189±0.022 0.193±0.020 0.156±0.020 

Epiphyseal 
Bone 

BV/TV 
CD 42.331±4.856 35.679±8.819 39.741±5.381 

0.3743 0.3029 0.0083 
WD 31.212±8.648 32.056±7.513 35.537±4.866 

Tb.Th (mm) 
CD 0.080±0.004 0.079±0.012 0.084±0.006 

0.5490 0.0374 0.6333 
WD 0.081±0.007 0.073±0.010 0.084±0.009 

Tb.N (1/mm) 
CD 5.240±0.374 4.478±0.480 4.718±0.409 

0.1403 0.2611 0.0024 
WD 4.238±0.868 4.318±0.559 4.226±0.447 

Tb.Sp (mm) 
CD 0.136±0.005 0.153±0.016 0.153±0.014 

0.0096 0.9241 0.6550 
WD 0.163±0.013 0.141±0.017 0.145±0.021 

Mechanical 
Properties 

Yield Load (N) 
CD 11.381±1.986 11.846±1.569 11.173±1.850 

0.0140 0.1194 0.9100 
WD 12.512±0.825 9.522±1.854 12.168±1.227 

Yield Def. (mm) 
CD 0.313±0.077 0.237±0.036 0.239±0.029 

0.1478 0.0017 0.1767 
WD 0.259±0.024 0.211±0.022 0.261±0.044 

Young’s 
Modulus (GPa) 

CD 10.883±1.548 18.861±2.369 14.965±1.511 
0.0019 <0.0001 0.2751 

WD 13.932±2.532 18.348±2.490 9.879±1.182 

Ultimate Load 
(N) 

CD 12.372±2.154 13.550±1.948 11.860±2.768 
0.0184 0.2844 0.8257 

WD 14.517±1.088 11.369±1.824 12.340±1.277 

Ultimate Stress 
(MPa) 

CD 190.64±28.78 266.18±30.53 181.73±12.83 
0.0257 <0.0001 0.2452 

WD 221.33±32.89 243.50±35.12 136.67±14.37 

Ultimate Def. 
(mm) 

CD 0.352±0.054 0.314±0.067 0.271±0.033 
0.9818 0.0198 0.6865 

WD 0.341±0.027 0.304±0.059 0.269±0.048 

Stiffness 
(N/mm) 

CD 43.68±11.13 59.39±10.92 55.92±16.16 
0.0569 0.2022 0.7888 

WD 54.36±7.79 51.26±5.38 56.11±6.81 

Total Tough. 
(MPa) 

CD 5.407±2.013 8.112±3.863 5.070±0.789 
0.3138 0.0134 0.3499 

WD 6.618±1.529 6.674±2.757 2.609±1.682 

 583 
Table 1: Geometric and mechanical parameters from male DIAMOND mice fed CD/NW or WD/SW for 16, 36, or 48 584 
weeks beginning at 8 weeks of age. (Bold: p < 0.05, bold + italics: p < 0.01, bold + italics + underline: p < 0.001) 585 
  586 
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Bone Parameter Diet 

Sex (Mean ± SD) ANOVA Effect (padj) 

Female Male Interaction Sex Diet 

Cortical 
Bone 

T.Ar (mm2) 
CD 0.957±0.100 1.094±0.107 

0.0721 <0.0001 0.0416 
WD 0.969±0.063 1.280±0.155 

B.Ar (mm2) 
CD 0.614±0.049 0.715±0.084 

0.5823 0.0067 0.0965 
WD 0.679±0.033 0.748±0.081 

M.Ar (mm2) 
CD 0.343±0.082 0.380±0.051 

0.0106 0.0010 0.1867 
WD 0.290±0.037 0.532±0.158 

B.Ar/T.Ar 
CD 0.645±0.059 0.653±0.036 

0.0144 0.0292 0.8807 
WD 0.701±0.021 0.590±0.083 

M.Ar/T.Ar 
CD 0.355±0.059 0.347±0.036 

0.2857 0.4782 0.0867 
WD 0.299±0.021 0.334±0.045 

Perimeter (mm) 
CD 6.569±0.672 7.069±0.625 

0.0224 0.0004 0.0272 
WD 6.542±0.335 8.508±1.139 

MOI(x) (mm4) 
CD 0.087±0.020 0.117±0.029 

0.0895 <0.0001 0.0099 
WD 0.098±0.016 0.163±0.028 

Ct.Th (mm) 
CD 0.184±0.022 0.202±0.019 

0.0116 0.5410 0.9982 
WD 0.208±0.009 0.178±0.030 

Epiphyseal 
Bone 

BV/TV 
CD 43.577±4.836 39.741±5.381 

0.0010 <0.0001 0.3961 
WD 52.963±4.648 33.870±4.525 

Tb.Th (mm) 
CD 0.086±0.006 0.084±0.006 

0.1413 0.0234 0.2536 
WD 0.092±0.008 0.082±0.008 

Tb.N (1/mm) 
CD 5.051±0.499 4.718±0.409 

0.0018 <0.0001 0.7229 
WD 5.747±0.265 4.151±0.465 

Tb.Sp (mm) 
CD 0.146±0.021 0.153±0.014 

0.0079 0.0008 0.0027 
WD 0.101±0.011 0.149±0.018 

Mechanical 
Properties 

Yield Load (N) 
CD 8.624±1.505 11.173±1.713 

0.2388 0.1169 0.1231 
WD 11.146±1.967 11.530±2.468 

Yield Def. (mm) 
CD 0.256±0.032 0.239±0.027 

0.0088 0.0009 0.0714 
WD 0.331±0.047 0.223±0.028 

Young’s 
Modulus (GPa) 

CD 14.628±1.326 14.965±1.399 
0.0126 0.0339 0.0011 

WD 13.838±1.893 10.296±1.311 

Ultimate Load 
(N) 

CD 9.659±1.349 11.860±2.563 
0.8923 0.0556 0.0891 

WD 11.606±1.805 13.533±1.992 

Ultimate Stress 
(MPa) 

CD 191.46±9.94 181.73±11.88 
0.0081 0.0006 0.5828 

WD 210.47±17.76 154.08±26.59 

Ultimate Def. 
(mm) 

CD 0.304±0.026 0.271±0.031 
0.3283 0.0294 0.1371 

WD 0.365±0.097 0.284±0.039 

Stiffness 
(N/mm) 

CD 39.66±8.57 55.92±14.96 
0.9850 0.0119 0.3626 

WD 45.11±5.85 61.15±12.71 

Total Tough. 
(MPa) 

CD 3.202±1.142 5.070±0.731 
0.0108 0.2451 0.0079 

WD 5.903±0.827 5.138±1.360 

 587 
Table 2: Geometric and mechanical parameters from male and female DIAMOND mice fed CD/NW or WD/SW for 48 588 
weeks beginning at 8 weeks of age. (Bold: p < 0.05, bold + italics: p < 0.01, bold + italics + underline: p < 0.001) 589 
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