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D-mannose, a plant-derived monosaccharide used as a dietary supplement, has shown potential 
in alleviating obesity symptoms and improving bone loss in mice. Obesity, a known risk factor for 
osteoporosis (OP), suggests shared molecular pathways between these conditions. This study 
explores the molecular mechanisms of obesity-induced OP and the potential therapeutic role of 
mannose supplementation. Using in-silico analysis, GEO2R was applied to dataset GSE110796 to 
identify differentially expressed genes (DEGs) under high-fat diet-induced obesity and mannose 
supplementation. Enrichment analysis via Enrichr and ClueGO revealed significant molecular pathways 
altered by high-fat diets and reversed by mannose. Similarly, pathways for OP were identified using 
the GEO dataset GSE56815 and DisGeNET-associated genes. Forty-four overlapping pathways were 
identified between obesity and OP, with key immune and inflammatory pathways modulated by 
mannose. Notably, genes upregulated in osteoclast differentiation during obesity were downregulated 
with mannose. These findings suggest that mannose modulates shared pathways in obesity and OP, 
offering a cost-effective therapeutic approach. This study enhances understanding of obesity-induced 
OP and provides a foundation for innovative medical interventions.
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Abbreviations
OP	� Osteoporosis
PMOP	� Post-menopausal OP
MIF	� Macrophage migration inhibitory factor
ECM	� Extracellular matrix
MSigDB	� Molecular signatures database
BMD	� Bone mineral density
GO	� Gene ontology
IL	� Interleukin
KEGG	� Kyoto Encyclopedia of genes and genomes
PPI	� Protein-protein interaction

One in three women worldwide suffers from osteoporosis (OP), a debilitating metabolic disorder characterised 
by fragile bones prone to sudden fractures, leading to significant morbidity and mortality1. The primary 
symptom of OP is often a fracture, although chronic pain, particularly back pain, may precede it. This condition 
predominantly affects postmenopausal women and the ageing population2,3. Premature ovarian failure, which 
reduces estrogen levels, can lead to the early onset of OP4. Peak bone mass attained during early life plays a 
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critical role in determining the risk of OP in older age. In 2018, an estimated 10 million people in the U.S. were 
affected by OP5. Among elderly women in India, deteriorating bone density often results in a stooped posture 
and increased susceptibility to hip fractures6,7. Various risk factors, including age, lifestyle, diet, vitamin D status, 
and drug use, contribute to OP. A study in Japan also highlighted Helicobacter pylori infection as a potential 
risk factor8.

The prevalence of obesity continues to rise globally, affecting both the elderly and an increasing number of 
young individuals. Obesity is characterised by excess body fat, which predisposes individuals to cardiometabolic 
diseases9. Obesity has doubled in prevalence among adults and children in recent years. In Kerala, India, a 2016 
study reported a 17.25% prevalence of OP, further linking metabolic disorders to lifestyle changes10. The obesity 
rate among adolescents has increased threefold. Some consider obesity a disease rather than just a condition11.

Adipose tissue plays a crucial role in linking obesity and OP, as its accumulation increases in both 
conditions12–14. Expanding adipose tissue triggers inflammatory responses, recruits immune cells to the site, and 
further amplifies the production of inflammatory factors15. In OP, bone marrow adipose tissue (MAT) increases, 
acting as an endocrine organ and contributing to elevated levels of cytokines and adipokines16. Inflamm-ageing 
is closely linked to OP17,18. The adipose tissue factor can also connect OP to diabetes19. Interestingly, increasing 
body fat mass is inversely associated with bone mass, positioning adipose tissue as a critical link between obesity 
and OP20,21.

D-mannose, a natural monosaccharide derived from the breakdown of plant polysaccharides, offers various 
health benefits and is used as a dietary supplement22,23. Obesity and certain inflammatory diseases, which are the 
result of disordered metabolism, are connected to the imbalances in the microbiota of the gut24. Mannose can 
positively influence the gut microbiome, which in turn alters metabolism to alleviate several adverse metabolic 
conditions. Studies in mice show that, anti-inflammatory effects of an altered gut microbiome via mannose 
supplementation can reduce bone loss25. Long-term mannose supplementation has shown no adverse effects 
in mice and has been reported to improve bone architecture26. Dipsacus asper polysaccharide, which contains 
mannose, has demonstrated anti-osteoporotic effects in ovariectomised rat models27.

Animal models, particularly mice and rats, are widely used to investigate metabolic diseases such as diabetes, 
obesity and cardiovascular disorders28. They serve to test the efficacy of various treatments and to investigate the 
genetic, environmental, physiologic and molecular factors underlying the development of various disorders29,30.

To date, no transcriptomic studies in humans have been conducted under the experimental conditions of 
mannose supplementation in the context of a high-fat diet. This lack of data makes it challenging to elucidate 
the molecular pathways involved in humans under such conditions. Consequently, the GEO dataset GSE110796, 
which includes microarray data from mouse models, was selected to explore the molecular mechanisms 
underlying high-fat diets and mannose supplementation.

In obesity as well as in OP, mannose is visibly altering the gut microbiota, which in turn alters the metabolism 
of the body25,31. Obesity and OP, both metabolic disorders, are intricately linked32. Yet the molecular genetic 
connection between them remains obscure. Although obesity is inversely related to bone mass, this study 
investigates whether this inverse relationship leads to OP through metabolic shifts in the body. These shifts may 
result from altered regulation of molecular pathways influenced by obesity.

This study utilised various computational tools, including GEO2R, STRING, the Cytoscape plugin ClueGO, 
Enrichr and a multiple-list comparator, to identify molecular pathways influenced by high-fat diets in mice 
(Fig. 1.). The analysis also examined how mannose supplementation might mitigate obesity induced by a high-
fat diet. Additionally, the study explored the molecular mechanisms linking obesity and OP, identifying common 
disrupted pathways that could contribute to their coexistence. Finally, the potential of mannose supplementation 
in alleviating OP was investigated. Understanding the molecular mechanisms of mannose action could pave the 
way for developing more effective and affordable treatment strategies for OP.

Methodology
Identification of molecular pathways deregulated in obesity using the GEO dataset 
GSE110796
To identify molecular pathways deregulated during a high-fat diet in mice, the GEO dataset GSE110796 was 
selected from Gene Expression Omnibus. According to the study associated with this dataset, obesity was 
induced in mice through a high-fat diet, and mannose supplementation prevented weight gain31. Pathways 
enriched during mannose supplementation during HFD were identified using the same dataset.

GEO dataset GSE110796 for obesity
GEO2R analysis was performed on the dataset GSE110796 to identify differentially expressed genes in the 
epididymal fat tissue. The dataset GSE110796, retrieved from the NCBI-GEO database, comprises gene 
expression profiles from Mus musculus (house mouse) subjected to various dietary interventions—normal 
diet, high-fat diet and high-fat diet supplemented with mannose for 16 weeks. In the study associated with the 
dataset, total RNA was extracted from epididymal fat tissue using the Qiagen RNeasy Lipid Tissue mini kit. 
Biotin-labelled cDNA was hybridised to MouseWG-6 expression bead chips, and scanning was performed using 
an Illumina BeadArray Reader. Processed data were analysed using GenomeStudio software.

Differential gene expression analysis using GEO2R
Expression data from the GSE110796 dataset (platform GPL6887) were analysed using GEO2R33 to identify 
DEGs in mice fed an HFD or HFD with mannose supplementation. DEGs were filtered based on fold change and 
a p-value threshold of ≤ 0.05, separately identifying upregulated and downregulated genes.
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Pathway enrichment analysis of GSE110796
Identified DEGs were subjected to pathway enrichment analysis using Enrichr34–36 and ClueGO37. Enrichr 
provided KEGG pathway annotations by converting gene lists into Entrez IDs, while ClueGO in Cytoscape38 
enabled visualisation of molecular interaction networks and assigned DEGs to specific pathways.

Construction of PPI network using Cytoscape
A protein–protein interaction (PPI) network was constructed using DEGs inserted into the Cytoscape STRING 
app39. Pathway enrichment analysis was performed on this network using ClueGO, and the identified pathways, 
along with assigned genes, were exported for further analysis.

Multiple testing correction was applied using the Benjamini–Hochberg false discovery rate (FDR) method 
in GEO2R to control for potential false positives arising from multiple comparisons. Similarly, for pathway 

Fig. 1.  Computational identification of shared molecular pathways in obesity and OP, highlighting the 
influence of mannose supplementation.
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enrichment analysis using ClueGO, p-values were corrected using the Bonferroni step-down method to ensure 
statistical rigour.

MCODE enrichment analysis for highly interconnected pathways
MCODE analysis was performed on the GO network created in Cytoscape to identify clusters of highly 
interconnected pathways. These clusters represent key functional areas in the pathway enrichment network.

Assessing the effectiveness of mannose supplementation in obesity
Data from GEO2R and pathway enrichment analyses were combined to evaluate the impact of mannose 
supplementation on alleviating obesity. Shared pathways between HFD and mannose supplementation were 
analysed, and the expression trends of associated genes (upregulated or downregulated) were manually marked. 
Pathways common to obesity and mannose supplementation were listed, and their expression trends were 
evaluated.

Identification of molecular pathways in OP using the GEO Dataset GSE56815
For the identification of molecular pathways deregulated during the development of OP, another GEO dataset, 
which provides expression profiles from postmenopausal women with OP, was selected from Gene Expression 
Omnibus.

GEO dataset GSE56815 for post-menopausal osteoporosis (PMOP):
To investigate deregulated pathways in OP, the GEO dataset GSE56815 was selected. This dataset contains 
microarray data from monocytes of Caucasian females with high and low bone mineral density (BMD). 
DEGs were identified via GEO2R analysis and subjected to enrichment analysis using Enrichr and ClueGO in 
Cytoscape. The resulting KEGG pathways were compiled for further analysis.

Pathway enrichment analysis of osteoporosis-associated genes from DisGeNET
Genes associated with OP were downloaded from the DisGeNET database, a comprehensive resource of gene-
disease associations. These genes were analysed for pathway enrichment using Enrichr and Cytoscape to identify 
key pathways linked to OP.

Overlap analysis of pathways to uncover crosstalk between obesity and osteoporosis
To identify shared pathways between obesity and OP, an overlap analysis was performed. KEGG pathways 
enriched in obesity and OP were pooled and compared using molbiotools.com ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​m​o​l​b​i​o​t​o​o​l​s​.​c​o​m​
/​l​i​s​t​c​o​m​p​a​r​e​.​h​t​m​l​​​​​) and Venny 2.1. (https://bioinfogp.cnb.csic.es/tools/venny/) Venn diagrams were created to 
visualise overlapping and unique pathways. Literature mining was conducted to explore the role of overlapping 
pathways in the progression of both metabolic disorders.

Evaluating mannose supplementation for addressing osteoporosis
If overlapping pathways were identified between obesity and OP, and if genes in these pathways exhibited 
inverse expression patterns during mannose supplementation, this would suggest the potential of mannose 
supplementation in alleviating OP.

Correlation analysis between obesity- and osteoporosis-related gene sets from the 
molecular signatures database
Gene sets related to obesity and OP were obtained from the Molecular Signatures Database40 (MSigDB) 
(Supplementary File). Z-scores were calculated to quantify pathway activation, representing the relative activity 
of each gene set across individual samples41. Hierarchical clustering was performed using dChip software42 
to group gene sets and genes with similar activation profiles. This analysis facilitated the identification of co-
activated gene sets and their relationships across sample subsets. The activation patterns and clustering results 
were visualized using heatmaps. To examine the relationships between obesity- and OP-related gene sets, 
Pearson’s correlation analysis was conducted on the Z-scores. Correlation coefficients quantified the strength 
and direction of these associations, with statistical significance determined at a threshold of p < 0.05. The results 
were visualized as heatmaps generated in R version 4.2.1 (https://www.r-project.org/). Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were conducted to identify 
biologically enriched pathways and processes. Separate analyses were performed for obesity and OP gene sets 
using the clusterProfiler package in R. GO analysis categorized genes into three domains: biological processes 
(BP), molecular functions (MF), and cellular components (CC). KEGG analysis identified relevant metabolic 
and signaling pathways. Enrichment significance was determined using an adjusted p-value threshold of < 0.05. 
The enriched terms and pathways were subsequently compared to uncover shared mechanisms underlying the 
pathophysiology of obesity and OP.

Results
GEO2R analysis and differential gene expression under high-fat diet conditions and mannose 
supplementation in mice
GEO2R analysis of GEO dataset GSE110796 was performed using Gene Expression Omnibus. After filtering 
DEGs based on fold change and a p-value threshold of ≤ 0.05, significant differential expression was identified in 
357 genes from the expression profile of epididymal fat of HFD mice. Among these, 259 genes were upregulated, 
while 98 were downregulated. In obese mice (HFD) supplemented with mannose, 263 DEGs were identified, 

Scientific Reports |        2025 15:29384 4| https://doi.org/10.1038/s41598-025-07294-x

www.nature.com/scientificreports/

https://www.molbiotools.com/listcompare.html
https://www.molbiotools.com/listcompare.html
https://bioinfogp.cnb.csic.es/tools/venny/
https://www.r-project.org/
http://www.nature.com/scientificreports


with 68 genes upregulated and 195 downregulated. The volcano plot and mean-difference plot illustrating the 
differential expression data obtained from the GEO2R analysis is presented in Fig. 2.

Pathway enrichment analysis of DEGs from GSE110796—functional molecular pathways in 
obesity and mannose supplementation
Enrichment analysis of DEGs from the GEO dataset GSE110796 was conducted using the bioinformatics tools 
Enrichr and Cytoscape ClueGO, revealing a predominance of Inflammatory pathways among the enriched 
results. In the analysis of KEGG pathways for the HFD-induced obese phenotype using Enrichr, four pathways 
were significantly enriched (Fig.  3)—Fluid shear stress and atherosclerosis, IL-17 signaling pathway, Drug 
Metabolism and TNF signaling pathway. The pathway for osteoclast differentiation was also enriched with 
a p-value of 0.0035. For mannose-supplemented HFD mice, Enrichr identified eleven significantly enriched 
pathways (adjusted p-value ≤ 0.05), including Viral protein interaction with cytokine and cytokine receptor, 
Fluid shear stress and atherosclerosis, Cytokine-cytokine receptor interaction, Toll-like receptor signaling 
pathway, TNF signaling pathway, Rheumatoid arthritis, IL-17 signaling pathway, Chemokine signaling pathway, 

Fig. 2.  Volcano and mean-difference plots depicting the differential gene expression in epididymal fat tissue 
under high-fat diet conditions and following mannose supplementation. (A) Volcano plot of differential 
expression in High fat diet (HFD) Vs Normal diet (ND). (B) Mean-difference plot of differential expression 
in High-fat diet (HFD) Vs Normal diet (ND). (C) Volcano plot of differential expression in High-fat diet 
supplemented with mannose Vs High-fat diet. (D) Mean-difference plot of differential expression in High-fat 
diet supplemented with mannose Vs High-fat diet.
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Glutathione metabolism, Osteoclast differentiation and Lipid and atherosclerosis (Fig.  4). ClueGO analysis 
of the same DEGs identified nine significant pathways (p-value ≤ 0.05) in the HFD condition and eighteen in 
the mannose supplementation condition (Tables 1 and 2). KEGG pathway enrichment network for HFD and 
mannose supplementation from ClueGO analysis is shown in Fig. 5. The expression pattern of genes associated 
with the pathways enriched in high-fat diet obese phenotype and mannose supplementation is shown in Tables 1 
and 2. An inverse expression trend was observed for genes in overlapping pathways between the HFD and 
mannose supplementation groups. For instance, the FOS transcription factor, which was upregulated in obese 
mice, exhibited a reversed expression pattern under mannose supplementation.

Pathway-based clustering via MCODE enrichment analysis
Highly interconnected regions within the GO enrichment network were identified using MCODE. In obese 
mice following a high-fat diet (HFD) without mannose supplementation, a single pathway cluster was detected, 
with a score of 3, three nodes and three edges, using a node score cutoff of 0.2. This cluster included the 
pathways Alcoholism, Systemic lupus erythematosus and Neutrophil extracellular trap formation. In HFD 
mice supplemented with mannose, three distinct pathway clusters were retrieved (Fig. 6) using the same node 
score cutoff of 0.2. These clusters were associated with biodegradation, inflammation and immune response. 
Most of the genes assigned to cluster 1 were upregulated, whereas those in clusters 2 and 3 were predominantly 
downregulated.

Pathway enrichment analysis of the GEO dataset GSE56815 and DisGeNET genes for 
osteoporosis
To identify potential molecular pathways underlying the metabolic disorder OP, a GEO dataset of post-
menopausal OP and OP-associated genes from the DisGeNET database was utilised. Differentially expressed 
genes (DEGs) identified through GEO2R analysis of GSE56815 were subjected to pathway enrichment analysis 
using Enrichr and ClueGO. The pathways showing statistically significant p-values were consolidated for overlap 
analysis. Similarly, OP-associated genes retrieved from DisGeNET underwent pathway enrichment analysis 
using the same tools.

Key pathways enriched in these analyses included Growth hormone synthesis, secretion and action, 
Neurotrophin signaling pathway, MAPK signaling pathway, Osteoclast differentiation, Ras signaling pathway, 
Type II diabetes mellitus and Insulin signaling pathway. Kinase-mediated pathways such as MAPK signaling 
pathway, PI3K-Akt signaling pathway, AMPK signaling pathway and cGMP-PKG signaling pathway were 
prominently enriched. Immune system-related pathways identified included B cell receptor signaling pathway, 

Fig. 3.  KEGG pathway enrichment analysis of high-fat diet impact using Enrichr and ClueGO. (A) Significant 
molecular pathways enriched in high-fat diet (obese mice). (B) Bar graph showing KEGG pathways enriched 
in high-fat diet (obese mice) from analysis in Enrichr. Pathways are sorted by p-value ranking. (C) DEGs 
binned into pathways enriched in high-fat diet (upregulation and downregulation of genes shown. Green—
downregulated, Red—upregulated). (D) ClueGO results (HFD) —Specific Clusters. (E) ClueGO results (HFD) 
—Overview: Specific Cluster.
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C-type lectin receptor signaling pathway, Fc gamma R-mediated phagocytosis, Chemokine signaling pathway, 
T cell receptor signaling pathway, Fc epsilon RI signaling pathway, Leukocyte transendothelial migration, 
Rheumatoid arthritis, Toll-like receptor signaling pathway, Th17 cell differentiation, IL-17 signaling pathway, 
Th1 and Th2 cell differentiation, Hematopoietic cell lineage, RIG-I-like receptor signaling pathway, Natural 
killer cell mediated cytotoxicity and Complement and coagulation cascades. Notably, several immune signaling 
pathways, including Chemokine signaling pathway, Rheumatoid arthritis, Toll-like receptor signaling pathway, 
IL-17 signaling pathway and Complement and coagulation cascades, were also enriched in high-fat diet.

Furthermore, several immune system pathways, along with pathways such as Cytokine-cytokine receptor 
interaction, TNF signaling pathway, Fluid shear stress and atherosclerosis and Inflammatory mediator regulation 

Term

Term P value 
corrected with 
Bonferroni step 
down Associated genes found

Osteoclast differentiation 1.6 E-3 CTSK↑, CYBA↑, FCGR3↑, FCGR4↑, FOS↑, JUNB↑, LILRB4A↑, PIK3R1↓, SIRPB1A↑, TREM2↑, TYROBP↑

Fluid shear stress and atherosclerosis 2.3 E-4 ASS1↑, CCL2↑, CYBA↑, FOS↑, GPC1↑, GSTA3↓, GSTA4↓, GSTT1↓, GSTT3↓, HMOX1↑, MMP9↓, PIK3R1↓, THBD↓

Drug metabolism 1.9 E-2 CYP2E1↓, FMO1↓, GSTA3↓, GSTA4↓, GSTT1↓, GSTT3↓, MAOB↓

Viral protein interaction with cytokine 
and cytokine receptor 2.1 E-2 CCL19↑, CCL2↑, CCL6↑, CCL7↑, CCL8↑, CCL9↑, CXCL1↑, CXCL10↑

IL-17 signaling pathway 1.6 E-2 CCL2↑, CCL7↑, CXCL1↑, CXCL10↑, FOS↑, MMP3↑, MMP9↓, S100A8↑

Rheumatoid arthritis 1.2 E-2 ATP6V0A1↑, CCL2↑, CTSK↑, CXCL1↑, FOS↑, H2-DMB1↑, H2-DMB2↑, MMP3↑

Neutrophil extracellular trap formation 7.1 E-3 CYBA↑, FCGR4↑, H2AC10↑, H2AC12↑, H2AC13↑, H2AC15↑, H2AC22↑, H2AC7↑, H2BC12↑, H2BC14↑, H2BC7↑, 
H2BC9↑, PIK3R1↓

Alcoholism 2.4 E-2 GNGT2↑, H2AC10↑, H2AC12↑, H2AC13↑, H2AC15↑, H2AC22↑, H2AC7↑, H2BC12↑, H2BC14↑, H2BC7↑, 
H2BC9↑, MAOB↓

Systemic lupus erythematosus 6.3 E-6 C2↓, C7↓, FCGR4↑, H2-DMB1↑, H2-DMB2↑, H2AC10↑, H2AC12↑, H2AC13↑, H2AC15↑, H2AC22↑, H2AC7↑, 
H2BC12↑, H2BC14↑, H2BC7↑, H2BC9↑

Table 1.  ClueGO result table for KEGG pathways in HFD (obesity). ↑—upregulated, ↓—downregulated.

 

Fig. 4.  KEGG pathway enrichment analysis of high-fat diet supplemented with mannose using Enrichr. (A) 
Significant pathways enriched from the enrichment analysis of DEGs in high-fat diet supplemented with 
mannose. (B) Bar graph depicting KEGG pathways enriched using Enrichr for high-fat diet supplemented with 
mannose, with pathways ranked by p-value. (C) DEGs associated with pathways enriched in high-fat diet with 
mannose supplementation, highlighting upregulated and downregulated genes.
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of TRP channels play crucial roles in driving chronic inflammatory response in the body, a key feature in the 
pathophysiology of metabolic disorders.

Overlap analysis: key pathways linking obesity and osteoporosis
Overlap analysis of molecular pathways enriched for obesity and OP revealed shared elements between the two 
conditions. A Venn diagram constructed using Venny 2.1 identified 23 overlapping KEGG pathways between 
HFD and PMOP datasets (Fig. 6). This analysis utilised pathways enriched from DEGs in the GEO datasets 
GSE110796 and GSE56815. Additionally, pathways derived from enrichment analysis of OP-associated genes 
retrieved from DisGeNET revealed 44 molecular pathways common to high-fat diet-induced obesity and OP. 
Notably, the IL-17 signaling pathway, which plays a crucial role in chronic inflammation, was enriched in both 
conditions. Similarly, the osteoclast differentiation pathway, integral to bone remodeling and BMD, was found 
in both analyses. These findings highlight a significant overlap between pathways associated with obesity and 
those linked to OP. The primary functions of key overlapping pathways are summarised in Table 3. The roles and 
functions of molecular pathways may vary based on specific conditions such as cell or tissue type, disease state, 

Fig. 5.  KEGG pathway enrichment network for HFD and mannose supplementation (ClueGO analysis). 
(A) KEGG pathways enriched for HFD in ClueGO analysis. (B) KEGG pathways enriched for Mannose 
supplementation in HFD (Analysis in ClueGO).

 

Term

Term P value 
corrected with 
Bonferroni step 
down Associated genes found

Leishmaniasis 4.1 E-2 FCGR4↓, FOS↓, H2-DMB1↓, H2-DMB2↓, NCF4↓

NF-kappa B signaling pathway 1.9 E-3 BCL2A1B↓, BCL2A1D↓, CCL19↓, CCL21A↑, CXCL1↓, CXCL12↓, GADD45B↓, LBP↓

Osteoclast differentiation 2.2 E-4 CTSK↓, FCGR4↓, FOS↓, JUNB↓, LILRB4A↓, MAP2K7↑, NCF4↓, SIRPB1A↓, TREM2↓, TYROBP↓

Neutrophil extracellular trap formation 3.3 E-2 CLEC7A↓, FCGR4↓, H2AC10↓, H2AC12↓, H2AC13↓, H2AC15↓, H2AC22↓, H2AC7↓, NCF4↓

Systemic lupus erythematosus 3.6 E-3 FCGR4↓, H2-DMB1↓, H2-DMB2↓, H2AC10↓, H2AC12↓, H2AC13↓, H2AC15↓, H2AC22↓, H2AC7↓

Cytokine-cytokine receptor interaction 5.0 E-5 CCL19↓, CCL2↓, CCL21A↑, CCL5↓, CCL7↓, CCL8↓, CCL9↓, CCR5↓, CXCL1↓, CXCL10↓, 
CXCL12↓, GDF3↓, IL1RN↓, IL20RB↓, IL7R↓, TNFRSF21↓

Viral protein interaction with cytokine and cytokine 
receptor 1.3 E-7 CCL19↓, CCL2↓, CCL21A↑, CCL5↓, CCL7↓, CCL8↓, CCL9↓, CCR5↓, CXCL1↓, CXCL10↓, 

CXCL12↓, IL20RB↓

Chemokine signaling pathway 1.3 E-3 CCL19↓, CCL2↓, CCL21A↑, CCL5↓, CCL7↓, CCL8↓, CCL9↓, CCR5↓, CXCL1↓, CXCL10↓, CXCL12↓

Toll-like receptor signaling pathway 1.4 E-3 CCL5↓, CTSK↓, CXCL10↓, FOS↓, IRF5↓, LBP↓, MAP2K7↑, SPP1↓

IL-17 signaling pathway 4.5 E-3 CCL2↓, CCL7↓, CXCL1↓, CXCL10↓, FOS↓, MMP3↓, S100A8↓

TNF signaling pathway 3.1 E-3 CCL2↓, CCL5↓, CXCL1↓, CXCL10↓, FOS↓, JUNB↓, MAP2K7↑, MMP3↓

Rheumatoid arthritis 6.6 E-5 CCL2↓, CCL5↓, CTSK↓, CXCL1↓, CXCL12↓, FOS↓, H2-DMB1↓, H2-DMB2↓, MMP3↓

Lipid and atherosclerosis 4.0 E-2 CCL2↓, CCL5↓, CXCL1↓, FOS↓, HSPA2↑, LBP↓, MAP2K7↑, MMP3↓, NCF4↓

Glutathione metabolism 3.9 E-2 GPX3↑, GSTA3↑, GSTA4↑, GSTM5↑, GSTT1↑

Metabolism of xenobiotics by cytochrome P450 4.1 E-2 CYP2F2↑, GSTA3↑, GSTA4↑, GSTM5↑, GSTT1↑

Drug metabolism 4.6 E-3 CES1D↑, CES1F↑, GSTA3↑, GSTA4↑, GSTM5↑, GSTT1↑, TK1↓

Chemical carcinogenesis 4.2 E-2 CYP2C23↓, CYP2C70↓, GSTA3↑, GSTA4↑, GSTM5↑, GSTT1↑

Fluid shear stress and atherosclerosis 7.7 E-4 ASS1↓, CCL2↓, FOS↓, GSTA3↑, GSTA4↑, GSTM5↑, GSTT1↑, HMOX1↓, MAP2K7↑, THBD↑

Table 2.  ClueGO result table for KEGG pathways during HFD supplemented with mannose.  ↑—upregulated, 
↓—downregulated.
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external stimuli or metabolic status. Furthermore, genes involved in several immune, inflammatory and signaling 
pathways common to both conditions showed inverse expression patterns following mannose supplementation.

Correlation patterns between obesity- and osteoporosis-related gene sets from MSigDB
Gene set analysis revealed distinct activation patterns for obesity- and OP-related pathways across the cohort. 
Z-scores were computed to assess pathway activity, with 47.5% of the total samples exhibiting low BMD 
and 17.5% showing high BMD. Stratification by menopausal status highlighted that 20% of pre-menopausal 
individuals and 45% of post-menopausal individuals exhibited high expression of obesity- and OP-related gene 
sets, suggesting a stronger molecular interplay in post-menopausal individuals. Correlation analysis between 
the obesity-related NADLER_Obesity_Up gene set and the OP-related HP_Osteoporosis gene set showed 
a significant positive correlation. The heatmap (Fig.  7A) shows Z-scores across 80 samples, categorised by 
BMD status (low or high) and menopausal status (pre- or post-menopausal). Hierarchical clustering reveals 
co-activation patterns of gene sets. Heatmap showing the positive correlation between the HP_Osteoporosis 
gene set and the NADLER_Obesity_Up gene set, based on Z-score analysis, is shown in Fig. 7B. Among shared 
genes, macrophage migration inhibitory factor (MIF) was identified, indicating its role as a shared regulatory 
factor. Enrichment analysis identified key biological processes associated with each condition (Fig. 8). For OP, 
processes included ossification and bone remodeling, while for obesity, pathways related to adipogenesis and 
inflammatory regulation were enriched. Shared mechanisms, such as extracellular matrix (ECM) remodeling 
and chronic inflammation, were prominent, with the proteoglycans in the cancer pathway emerging as a 
common link. This pathway plays a role in ECM dynamics, inflammation and metabolic regulation, underlining 
its importance in the pathophysiology of both conditions.

Discussion
The computational analysis done in this study provides insights into the molecular crosstalk between metabolic 
disorders, obesity and OP. This study reveals that there is a substantial number of overlapping functional 
molecular pathways common to the pathophysiology of both conditions. Notably, inflammatory pathways, 
immune signaling pathways, pathways concerned with endothelial function and angiogenesis, and multiple 
pathways associated with cell cycle/cell survival were identified. These pathways appear to play an important 
role in the complex relationship between obesity and OP, with each condition potentially contributing to the 
development of the other. Furthermore, these functional pathways shed light on the underlying mechanisms of 
obesity-induced OP.

Inflammatory pathways were identified in two MCODE clusters, and most of the associated genes in these 
pathways were downregulated following mannose supplementation. Genes associated with the pathway, Fluid 
shear stress and atherosclerosis, exhibited inverse expression patterns in response to HFD and mannose 
supplementation. The DEGs that were upregulated in HFD were downregulated when HFD was supplemented 
with mannose. This indicates that mannose supplementation can modulate the activity of this pathway. This 
is reflected in the physiological improvements in the mice, specifically preventing weight gain and alleviating 
obesity.

Fig. 6.  Overlap analysis of KEGG molecular pathways enriched in high-fat diet (obesity) and post-menopausal 
osteoporosis. (A) Venn diagrams of overlap analyses between obesity (HFD) and osteoporosis. (B) MCODE 
analysis for high-fat diet supplemented with mannose. (C) Overlapping pathways in obesity (HFD) and post-
menopausal osteoporosis. (D) Overlapping pathways in obesity (HFD) and osteoporosis.
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The DEGs associated with the IL-17 signaling pathway were predominantly upregulated, except for MMP9, 
during HFD. A total of eight DEGs were mapped to this pathway, which appears to be downregulated with 
mannose supplementation. Several studies have shown that IL-17 expression is elevated in obese patients, and 
it contributes to the inflammation in adipose tissue through the upregulation of inflammatory cytokines43,44. 
Anti-IL-17 treatments have been found to inhibit inflammation and increase adipokine levels45. Additionally, 
pro-osteoclastogenic cytokine production is promoted by IL-17, which directly induces bone loss. Estrogen 
can act as a functional block to IL-17, leading to a reduction in bone loss, which is particularly relevant in 
the development of post-menopausal OP46. In this study, HFD was observed to upregulate genes in the IL-17 
signaling pathway suggesting that HFD-induced increase in IL-17 could contribute to both obesity and OP.

The DEGs in the TNF signaling pathway were primarily upregulated in obese mice, except for PIK3R1 
and MMP9. This pathway exhibited an overall trend of upregulation in response to HFD. However, mannose 
supplementation was found to reverse the expression of DEGs in this pathway, leading to its downregulation. 
In ClueGO analysis, the pathway was not significantly enriched in HFD alone but became prominent 
with downregulated DEGS during mannose supplementation. TNF-α has been shown to contribute to the 
development of OP through RANK-L-mediated osteoclastogenesis. TNF-α levels were found to be elevated in 

Molecular pathway Functions KEGG class

Fluid shear stress and atherosclerosis Endothelial dysfunction, leading to inflammatory states Cardiovascular disease

Osteoclast differentiation Bone resorption Development and regeneration

Cholesterol metabolism Cardiovascular disease Digestive system

Cholinergic synapse Neuroinflammation Nervous system

Chemokine signaling pathway Inflammatory immune response Immune system

Lysosome Endocytosis, phagocytosis, and autophagy Transport and catabolism

Relaxin signaling pathway Vasodilatory, anti-fibrotic and angiogenic effects Endocrine system

Lipid and atherosclerosis Inflammation, endothelial dysfunction Cardiovascular disease

AGE-RAGE signaling pathway in diabetic complications Inflammation, vascular dysfunction, angiogenesis Endocrine and metabolic disease

PI3K-Akt signaling pathway Angiogenesis Signal transduction

Renin secretion Blood pressure homeostasis Endocrine system

HIF-1 signaling pathway Angiogenesis Signal transduction

Tryptophan metabolism Glycolysis Amino acid metabolism

Type II diabetes mellitus Obesity is a causative factor Endocrine and metabolic disease

Growth hormone synthesis, secretion and action Cell growth and metabolism Endocrine system

Diabetic cardiomyopathy Reactive oxygen species (ROS) generation, contractile dysfunction, fibrosis Cardiovascular disease

Vascular smooth muscle contraction Vasoconstriction and vasodilation Circulatory system

Cytokine-cytokine receptor interaction Inflammatory host defences, cell growth, differentiation, cell death, 
angiogenesis, and development and repair processes Signaling molecules and interaction

ECM-receptor interaction Adhesion, migration, differentiation, proliferation, and apoptosis Signaling molecules and interaction

IL-17 signaling pathway Acute and chronic inflammatory responses Immune system

Rheumatoid arthritis Inflammation, osteoclast differentiation Immune disease

TNF signaling pathway Cell survival, inflammation Signal transduction

Viral protein interaction with Cytokine and cytokine 
receptor Immunity, inflammation Signaling molecules and interaction

Alcoholism Regulation of states of addiction, neuroadaptation (to food leading to obesity) Human Diseases

Carbohydrate digestion and absorption Glycolysis, energy production Digestive Systems

Complement and coagulation cascades Inflammation, vasodilation, phagocytosis, and cell lysis Immune system

Cysteine and methionine metabolism Production of cysteine from homocysteine, atherogenicity Amino acid metabolism

Drug metabolism Xenobiotic degradation Metabolism

Glutathione metabolism Xenobiotic degradation Metabolism

Metabolism of xenobiotics by cytochrome P450 Xenobiotic degradation Xenobiotics biodegradation and 
metabolism

Neutrophil extracellular trap formation Immune response Immune system

Renin-angiotensin system Vasodilation, vasoconstriction, aldosterone secretion, and inflammation Endocrine system

Rheumatoid arthritis Angiogenesis, inflammation, joint destruction, bone resorption, osteoclast 
differentiation

Steroid biosynthesis Formation of calcitriol, the active form of Vitamin D Lipid metabolism

Systemic lupus erythematosus Impaired endothelial function Immune disease

Toll-like receptor signaling pathway Production of pro-inflammatory cytokines, proinflammatory effects Immune system

Valine, leucine and isoleucine degradation Serum level of valine, leucine and isoleucine Amino acid metabolism

Table 3.  Functions of significant overlapping molecular pathways between obesity and OP (KEGG 
GenomeNet).
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postmenopausal women47. Postmenopausal women with obesity also show a higher risk of OP48, suggesting a 
link between obesity and OP in this population through these pathways. Additionally, it is found that TNF-α 
increases the expression of sclerostin, which decreases bone mass in HFD-induced obese mice49.

The DEGs in the inflammatory signaling pathway, Viral protein interaction with cytokine and cytokine 
receptor, were downregulated with mannose supplementation but upregulated with HFD. Enrichment of this 

Fig. 8.  (A & B) GO and (C & D) KEGG pathways enriched under correlation analyses of obesity- and 
osteoporosis-related gene sets from MSigDB. Bar plots showing significantly enriched Gene Ontology (GO) 
terms for Biological Processes (BP) alongside Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

 

Fig. 7.  Heatmaps from correlation analysis between obesity- and osteoporosis-related gene sets from MSigDB. 
(A) Heatmap of pathway activation Z-scores for obesity- and osteoporosis-related gene sets. (B) Heatmap 
showing the positive correlation between the HP_Osteoporosis gene set and the NADLER_Obesity_Up gene 
set, based on Z-score analysis.
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molecular pathway is attributed to the presence of chemokines, interleukins and TNF family members, whose 
levels and activity are altered in both obesity and OP50–53. Chronic low-grade inflammatory environment resulting 
from viral infections contributes to obesity, while the distinct chemokine profile established in obese individuals 
increases the susceptibility to viral infections54,55. White adipose tissue, a source of inflammatory interleukins, 
drives inflammation in obesity and is linked to conditions such as diabetes, hypertension and OP56–58. Studies 
have shown that pro-inflammatory cytokines accelerate bone loss in menopause59 and inflammation profoundly 
impacts bone turnover52,60,61. If mannose supplementation can downregulate this pathway, it may help stabilise 
the body’s inflammatory state, offering a protective effect against obesity and related metabolic disorders. 
Additionally, this pathway is enriched in gene set enrichment analysis of genes associated with OP.

Mannose supplementation also downregulates DEGs in several other inflammatory pathways, including 
cytokine-cytokine receptor interaction pathway, toll-like receptor signaling pathway, rheumatoid arthritis 
and chemokine signaling pathway. Inflammatory pathways that trigger an inflammatory response in the 
hypothalamus can lead to leptin resistance, a condition linked to obesity62, and leptin resistance is also 
associated with reduced bone density63. The toll-like receptor pathway plays a key role in initiating obesity-
induced inflammatory responses via various cytokines64, many of which, as previously noted, contribute to bone 
loss and the development of OP. This connection highlights the link between obesity and OP, especially in post-
menopausal and elderly populations. Bone marrow adipose tissue function is crucial in bone remodeling65,66. As 
the body shifts from a lean to an obese state due to a high-fat diet, obesity-associated inflammation is established 
through the production of inflammatory factors such as TNF-α, IL-6, IL-1β and MCP-1, which promote 
adipocyte generation. This process also involves CC Chemokine receptors CCR2 and CCR567,68. Chemokines 
play a significant role in the pathogenesis of bone density reduction and OP. For instance, the chemokine CCL11 
binds with high affinity to CCR3, which is overexpressed during osteoclast differentiation, thereby promoting 
bone resorption69,70. Based on enrichment analysis, mannose supplementation can downregulate genes within 
inflammatory pathways linked to the development of obesity and OP, and alter the expression of these pathways. 
Thus, mannose may serve as a promising therapeutic agent for the treatment of obesity, OP and associated 
conditions.

DEGs in the pathways Drug metabolism and Glutathione metabolism were upregulated with mannose 
supplementation. The KEGG Drug metabolism pathway is involved in the biodegradation of xenobiotics. Drug 
metabolism, which primarily occurs in the liver, directly affects the plasma concentrations of various drugs and 
depends on the presence and activity of liver enzymes, particularly cytochrome P450 and monoamine oxidase71. 
The activity of different Cytochrome P450 enzymes varies differently in the obese condition72. DEGs in the Drug 
metabolism pathway were downregulated in HFD-fed mice.

The KEGG pathway of osteoclast differentiation showed upregulated DEGs in HFD conditions and 
downregulated DEGs with mannose supplementation. This finding suggests that diet-induced obesity can 
disrupt bone remodeling, potentially leading to OP, while mannose supplementation may help address 
underlying factors associated with OP. Osteoclast differentiation is influenced by various cytokines, including 
follicle-stimulating hormone73, several microRNAs—miRNA-133a74, miRNA-483-5p16, miRNA-338-3p27, 
activated macrophages75, estrogen deficiency76 and many other factors. Additionally, DEGs associated with the 
inflammatory pathway, lipid and atherosclerosis, were downregulated during mannose supplementation, except 
HSPA2 and MAP2K7.

The pathways within the first MCODE cluster (Fig. 6) are primarily involved in the metabolism of drugs 
and xenobiotics, with most genes in these pathways upregulated by mannose supplementation. Pathways in 
the second and third MCODE clusters, identified as common to both obesity and OP through commonality 
analysis, are primarily immune pathways that contribute to the development of both conditions. Genes enriched 
in these pathways were generally downregulated with mannose supplementation. Many pathways involved in 
the pathophysiology of obesity and OP play functional roles in inflammation, immunity, endothelial dysfunction 
and angiogenesis77 (Table 3).

The study identified significant enrichment of infectious pathways and cancer pathways (Table 3), likely 
due to various interconnected biological processes. Low-grade chronic inflammation is a common feature of 
metabolic diseases78,79, which can increase the susceptibility to infectious diseases80. This chronic inflammatory 
state is also associated with various infectious diseases (81–83 and cancers84–86, which may explain the enrichment 
of infectious and cancer pathways in the analysis. These findings suggest that metabolic disorders heighten 
vulnerability to frequent infections and may predispose the body to cancer. Many immune system pathways are 
dysregulated in both obesity and OP. This shows that these metabolic disorders can lead to impaired immune 
function and vice versa. Altered immune responses in obesity, such as macrophage polarisation87 and T-cell 
dysfunction88 can increase the susceptibility to infectious diseases89 and elevate cancer risk90,91. Additionally, 
many of the dysregulated pathways detected in high-fat diet-induced obesity are also associated with impaired 
bone remodeling, as indicated by previous in-silico studies77. Oxidative stress, a common feature of metabolic 
disorders, can further contribute to cancer initiation and progression over time92. Infections, in turn, may 
increase susceptibility to various metabolic disorders93–95. Chronic inflammation, oxidative stress and persistent 
viral infections contribute to immunosenescence, accelerating ageing96 and raising the incidence of age-
related metabolic disorders, including OP. Metabolic reprogramming observed during various infections and 
cancer97,98 can further alter immune responses. Moreover, obesity and other metabolic disorders can disrupt 
the gut microbiome, which plays an important role in immunity99. Changes in the gut microbiome can increase 
susceptibility to infections and cancer100,101.

Uncontrolled eating, a behaviour common among obese individuals, is comparable to the uncontrollable 
intake of ethanol102 and may explain the enrichment of the pathway Alcoholism. This molecular pathway was 
found to be a shared element in the study. Carbohydrate craving, a characteristic seen in some forms of obesity, is 
linked to brain neurotransmitter serotonin and serum tryptophan levels103. The enrichment of the carbohydrate 
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digestion and absorption pathway as a shared element suggests that a diet high in carbohydrates may gradually 
contribute to the development of obesity-induced OP. In obesity, adipose tissue secretes complement proteins 
that influence lipid and glucose metabolism and promote low-grade chronic inflammation in the body104. 
Additionally, cysteine and methionine metabolism is closely associated with BMD and osteoclast activation105. 
Elevated plasma homocysteine levels are linked to atherogenesis106 and subsequently to endothelial dysfunction. 
Since OP can develop secondary to endothelial dysfunction, this association is significant. Homocysteine is 
metabolised to cysteine, which is then incorporated into structural proteins and collagen105.

Further, serum levels of amino acid metabolites of valine, leucine and isoleucine (branched-chain amino 
acids—BCAAs) have been found to have an inverse relationship with OP107. Biological processes such as the 
formation of immune complexes, the membrane attack complex, leukocyte trans endothelial migration, tissue 
injury and damage, that are integral to the disease pathway, Systemic lupus erythematosus, may contribute to 
endothelial dysfunction as well108.

The correlation analysis using gene sets from the Molecular Signatures Database (MSigDB) highlights a 
significant prevalence of obesity- and OP-related gene activation in post-menopausal individuals, suggesting 
that hormonal changes during menopause amplify the molecular interplay between the two conditions. The 
higher proportion of individuals with low BMD showing elevated gene expression underscores the potential 
role of these pathways in bone health deterioration. A notable positive correlation between the HP_Osteoporosis 
and NADLER_Obesity_Up gene sets, with Macrophage Migration Inhibitory Factor (MIF) as a shared factor, 
indicates a crucial molecular link. MIF, known to regulate inflammation and metabolism, may play a dual role 
in both diseases, reflecting how chronic low-grade inflammation, characteristic of obesity, contributes to bone 
resorption in OP.

Enrichment analyses reveal distinct yet interconnected biological processes driving OP and obesity. For OP, 
processes such as ossification, bone development and extracellular matrix (ECM) organisation109 underscore the 
importance of bone formation, remodeling and structural integrity in disease pathology. Hormonal regulation, 
particularly influenced by post-menopausal changes, significantly impacts bone health110, as evidenced by 
enriched terms like sex differentiation, gonad development and endocrine system development.

Conversely, obesity-related processes such as fat cell differentiation and regulation of lipid localisation111 
emphasize the role of adipose tissue dysfunction in obesity’s pathophysiology. Enriched pathways associated with 
inflammatory response regulation and chemokine production highlight the chronic low-grade inflammation 
characteristic of obesity111,112. Additionally, processes like cilium organisation point to the involvement of 
primary cilia as signaling hubs in metabolic pathways113,114.

Shared mechanisms, including chronic inflammation, ECM remodeling, and hormonal dysregulation, 
provide insights into the molecular link between obesity and OP. The ECM serves as a scaffold for bone and 
adipose tissues, with proteoglycans mediating structural integrity and signal transduction115,116. In obesity, ECM 
remodeling is associated with adipogenesis and inflammation116, while in OP, disruptions in ECM composition 
contribute to reduced BMD117. The shared role of proteoglycans in these processes highlights their potential as 
therapeutic targets.

The findings underscore proteoglycans and MIF as potential molecular bridges linking obesity and OP. Their 
involvement in adipogenesis, inflammation and bone degradation underscores the need for targeted therapeutic 
strategies. Osteoglycin, a proteoglycan primarily found in bone matrix, plays a critical role in linking bone health 
to energy metabolism by coordinating bone remodeling with changes in body fat levels and energy balance118. 
Research indicates that obesity can alter osteoglycin levels in mice. A negative association between bone mass 
and decreased level of circulating osteoglycin was reported in obese mice fed a high-fat diet119. The role of 
osteoglycin in bone health is not yet fully understood, with existing studies presenting conflicting evidence 
regarding its influence120. Beyond bone, osteoglycin is expressed in various tissues, including muscle and adipose 
tissue118, underscoring its multifaceted role in metabolic and skeletal regulation.

Exploring the role of primary cilia in metabolic signaling and their contribution to the molecular interplay 
between these conditions could also yield valuable insights. Future research should focus on the detailed 
molecular underpinnings of these shared pathways, enabling the development of dual-targeted interventions 
to mitigate the impact of obesity-induced OP. In this in-silico analysis, we identified several pathways that link 
obesity and OP, reinforcing that obesity-related mechanisms may also contribute to OP risk. These findings 
suggest that strategies aimed at alleviating obesity, such as mannose supplementation, could potentially benefit 
OP management as well.

While cross-species analyses are commonly used to explore shared biological mechanisms, it is important to 
recognise that mice and humans have differences in gene expression, metabolism and bone biology. While our 
study provides valuable insights into the molecular interplay between obesity and osteoporosis, it is important 
to recognise the inherent limitations of cross-species comparisons. Transcriptomic data for obesity and mannose 
supplementation were derived from murine models (GSE110796), while osteoporosis-related gene expression 
profiles were sourced from human samples (GSE56815). Therefore, findings from mouse models need to be 
interpreted carefully when applied to human osteoporosis. Species-specific differences in gene expression and 
metabolic regulation can influence translational interpretation. Focusing on pathways conserved across species 
can help reduce the potential discrepancies. To address this, our analysis prioritised conserved inflammatory 
and metabolic pathways, such as IL-17 signaling, TNF signaling, osteoclast differentiation, and chemokine 
signaling121–123, which are well-established to be functionally conserved across mice and humans. Furthermore, 
studies have shown that critical metabolic signaling pathways, such as the insulin/IGF-I pathway, are evolutionarily 
conserved from yeast to humans, supporting the validity of cross-species inferences in metabolic and ageing-
related research123. Importantly, conserved features of inflammatory and matrix remodeling pathways, such 
as the expression of matrix metalloproteinases and the SASP factor CXCL-1, have been demonstrated in 
both human and murine cells under physiological conditions, further supporting the validity of cross-species 
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pathway analyses in metabolic and inflammatory research124. The focus on pathway-level, rather than single-
gene correlations, minimises the impact of interspecies variation and enhances the biological relevance of the 
findings. Thus, despite the differences between species, our pathway-level approach strengthens the translational 
value of the findings. Nevertheless, we recognise that clinical studies and human validation models will be 
necessary to confirm the therapeutic potential of mannose supplementation in obesity-induced osteoporosis. 
While our study highlights the promising effects of mannose based on preclinical data, it is important to note 
that these findings have not yet been confirmed in human studies. Clinical evidence supporting the therapeutic 
utility of mannose exists in other contexts, such as urinary tract infections, where a pilot study demonstrated its 
potential to reduce UTI recurrence in women through anti-adhesive and immunomodulatory effects125. Dietary 
mannose supplementation is used in cases such as phosphomannomutase 2 deficiency126. Clinical trials will be 
crucial to understand whether mannose can offer similar benefits in people with obesity-related bone loss. To 
date, no clinical trials have examined the role of mannose in obesity or osteoporosis, highlighting a valuable 
opportunity for future human studies to validate its therapeutic potential.

While our analysis suggests that mannose may exert part of its effects through modulation of the gut 
microbiome, direct microbiome profiling or integration of metagenomic datasets was not performed in this 
study. The observed effects were inferred from host transcriptomic responses and existing literature. Future 
studies involving microbiome sequencing and functional validation will be critical to elucidate the precise 
gut microbiome changes underlying mannose-mediated protection against obesity-induced osteoporosis. 
D-mannose, the monosaccharide naturally present in fruits such as cranberries, grapes and apples22, is generally 
regarded as safe and is commonly used as a dietary supplement, especially in urinary tract infections in 
women127. However, occasional reports of gastrointestinal discomfort128, particularly at high doses or in sensitive 
individuals, highlights the need for careful consideration of dosage in future translational research focused on 
metabolic and bone health. Long-term supplementation of D-mannose has been explored in preclinical models 
with generally favourable outcomes. A five-month study in mice administering 20% D-mannose via drinking 
water reported no adverse effects on body weight, organ function, metabolism, or reproductive parameters, 
suggesting good tolerance even at high doses26. The study observed elevated blood and milk mannose levels 
without accompanying toxicity. However, more recent evidence indicates that chronic high-dose D-mannose 
intake may lead to behavioural changes, such as anxiety-like symptoms and memory impairments, potentially 
via hippocampal signaling pathways129. These findings emphasise the importance of carefully optimising 
mannose dosage and duration in future translational studies and clinical applications.

Conclusion
This study highlights significant pathways through which obesity and OP are interconnected, revealing potential 
shared mechanisms and therapeutic targets. Our study found a predominance of inflammatory pathways in 
the etiology of both obesity and OP, with the two conditions sharing 44 overlapping molecular pathways. 
The pathway, osteoclast differentiation, a key process in bone remodeling, was significantly enriched in both 
conditions. These findings reinforce the hypothesis that obesity and OP are interlinked through shared molecular 
mechanisms. Mannose supplementation in obese mice was observed to alter the expression of multiple genes 
involved in pathways associated with both conditions, particularly those related to inflammation. Additionally, 
genes involved in xenobiotic metabolism were upregulated with mannose supplementation. The study identified 
enrichment in infectious and cancer pathways, likely driven by low-grade chronic inflammation, a common 
feature of metabolic diseases. The pathways enriched in the study suggest that immune system dysregulation 
may play a role in both obesity and OP. This suggests that mannose could be a potential therapeutic strategy 
for alleviating both obesity and OP, especially in cases of obesity-induced OP. Mannose may also influence the 
gut microbiome, which plays a critical role in overall metabolism. However, further investigation is needed 
to determine whether the observed gene expression changes are directly mediated by mannose or indirectly 
through microbiome modulation. Together, these findings suggest that obesity-related mechanisms contribute 
to OP risk and underscore the importance of targeting shared pathways to alleviate both conditions. The 
study’s findings indicate that therapeutic strategies for obesity, such as mannose supplementation, may offer 
potential benefits for managing OP as well, providing a promising avenue for future research and intervention. 
Correlation patterns between obesity- and OP-related gene sets from MSigDB highlight potential molecular 
targets, including MIF and ECM-related pathways, for therapeutic intervention in obesity-induced OP.
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Data is provided within the manuscript or supplementary information files.

Received: 28 December 2024; Accepted: 13 June 2025

References
	 1.	 Sozen, T., Ozisik, L. & Calik Basaran, N. An overview and management of osteoporosis. Eur. J. Rheumatol. 4, 46–56 (2017).
	 2.	 Catalano, A. et al. Pain in osteoporosis: From pathophysiology to therapeutic approach. Drugs Aging 34, 755–765 (2017).
	 3.	 Watts, N. B. Postmenopausal osteoporosis: A clinical review. J. Women’s Health 27, 1093–1096 (2018).
	 4.	 Akkawi, I. & Zmerly, H. Osteoporosis: Current concepts. Joints 06, 122–127 (2018).
	 5.	 Tu, K. N. et al. Osteoporosis: A review of treatment options. P T 43, 92–104 (2018).
	 6.	 Gupta, A. et al. Serum albumin levels predict which patients are at increased risk for complications following surgical management 

of acute osteoporotic vertebral compression fractures. Spine J. 19, 1796–1802 (2019).
	 7.	 Mithal, A., Bansal, B., Kyer, C. & Ebeling, P. The Asia-pacific regional audit-epidemiology, costs, and burden of osteoporosis in 

India 2013: A report of international osteoporosis foundation. Indian J. Endocr. Metab. 18, 449 (2014).

Scientific Reports |        2025 15:29384 14| https://doi.org/10.1038/s41598-025-07294-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	 8.	 Asaoka, D. et al. Risk factors for osteoporosis in Japan: is it associated with Helicobacter pylori? TCRM 381 (2015) ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​2​1​4​7​/​T​C​R​M​.​S​8​0​6​4​7​​​​​.​​​

	 9.	 Chooi, Y. C., Ding, C. & Magkos, F. The epidemiology of obesity. Metabolism 92, 6–10 (2019).
	 10.	 Vaasanthi, P., Radha, S. & Nambisan, B. Prevalence and determinants of osteoporosis in women aged 40–60 years. Int. J. Reprod. 

Contracept. Obstet. Gynecol. 5, 4434–4440. https://doi.org/10.18203/2320-1770.ijrcog20164359 (2016).
	 11.	 Upadhyay, J., Farr, O., Perakakis, N., Ghaly, W. & Mantzoros, C. Obesity as a disease. Med. Clin. North Am. 102, 13–33 (2018).
	 12.	 Longo, M. et al. Adipose tissue dysfunction as determinant of obesity-associated metabolic complications. IJMS 20, 2358 (2019).
	 13.	 Justesen, J. et al. No title found. Biogerontology 2, 165–171 (2001).
	 14.	 Verma, S. Adipocytic proportion of bone marrow is inversely related to bone formation in osteoporosis. J. Clin. Pathol. 55, 

693–698 (2002).
	 15.	 Russo, L. & Lumeng, C. N. Properties and functions of adipose tissue macrophages in obesity. Immunology 155, 407–417 (2018).
	 16.	 Li, J., Chen, X., Lu, L. & Yu, X. The relationship between bone marrow adipose tissue and bone metabolism in postmenopausal 

osteoporosis. Cytokine Growth Factor Rev. 52, 88–98 (2020).
	 17.	 Pietschmann, P., Mechtcheriakova, D., Meshcheryakova, A., Föger-Samwald, U. & Ellinger, I. Immunology of osteoporosis: A 

mini-review. Gerontology 62, 128–137 (2016).
	 18.	 Al-Daghri, N. M. et al. Inflammation as a contributing factor among postmenopausal Saudi women with osteoporosis. Med. 

Baltimore 96, e5780 (2017).
	 19.	 De Paula, F. J. A., Horowitz, M. C. & Rosen, C. J. Novel insights into the relationship between diabetes and osteoporosis. Diabetes 

Metabol. Res. 26, 622–630 (2010).
	 20.	 Zhao, L.-J. et al. Relationship of obesity with osteoporosis. J. Clin. Endocrinol. Metab. 92, 1640–1646 (2007).
	 21.	 Zhao, L. et al. Correlation of obesity and osteoporosis: Effect of fat mass on the determination of osteoporosis. J. Bone Mineral Res. 

23, 17–29 (2008).
	 22.	 Hu, X. et al. d -Mannose: properties, production, and applications: An overview. Comp. Rev. Food Sci. Food Safe 15, 773–785 

(2016).
	 23.	 Ladevèze, S. et al. Role of glycoside phosphorylases in mannose foraging by human gut bacteria. J. Biol. Chem. 288, 32370–32383 

(2013).
	 24.	 Ottman, N., Smidt, H., De Vos, W. M. & Belzer, C. The function of our microbiota: Who is out there and what do they do?. Front. 

Cell. Inf. Microbio. 2, 104 (2012).
	 25.	 Liu, L. et al. Two novel pleiotropic loci associated with osteoporosis and abdominal obesity. Hum. Genet. 139, 1023–1035 (2020).
	 26.	 Davis, J. A. & Freeze, H. H. Studies of mannose metabolism and effects of long-term mannose ingestion in the mouse. Biochimica 

et Biophysica Acta (BBA) - General Subjects 1528, 116–126 (2001).
	 27.	 Sun, X. et al. Protective effects of Dipsacus asper polysaccharide on osteoporosis in vivo by regulating RANKL/RANK/OPG/

VEGF and PI3K/Akt/eNOS pathway. Int. J. Biol. Macromol. 129, 579–587 (2019).
	 28.	 Panchal, S. K. & Brown, L. Rodent models for metabolic syndrome research. Biomed. Res. Int. 2011, 351982 (2011).
	 29.	 King, A. J. The use of animal models in diabetes research. Br. J. Pharmacol. 166, 877–894 (2012).
	 30.	 Lutz, T. A. & Woods, S. C. Overview of animal models of obesity. CP Pharmacol. 58, 5–61 (2012).
	 31.	 Sharma, V. et al. Mannose alters gut microbiome, prevents diet-induced obesity, and improves host metabolism. Cell Rep. 24, 

3087–3098 (2018).
	 32.	 Rosen, C. J. & Bouxsein, M. L. Mechanisms of disease: Is osteoporosis the obesity of bone?. Nat. Rev. Rheumatol. 2, 35–43 (2006).
	 33.	 Davis, S. & Meltzer, P. S. GEOquery: A bridge between the Gene Expression Omnibus (GEO) and BioConductor. Bioinformatics 

23, 1846–1847 (2007).
	 34.	 Chen, E. Y. et al. Enrichr: Interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinf. 14, 1–14 (2013).
	 35.	 Kuleshov, M. V. et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 44, 

W90–W97 (2016).
	 36.	 Xie, Z. et al. Gene set knowledge discovery with Enrichr. Curr. Protocols 1, e90 (2021).
	 37.	 Bindea, G. et al. ClueGO: A Cytoscape plug-in to decipher functionally grouped gene ontology and pathway annotation networks. 

Bioinformatics 25, 1091–1093 (2009).
	 38.	 Shannon, P. et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 

13, 2498–2504 (2003).
	 39.	 Szklarczyk, D. et al. STRING v11: Protein–protein association networks with increased coverage, supporting functional discovery 

in genome-wide experimental datasets. Nucleic Acids Res. 47, D607–D613 (2019).
	 40.	 Liberzon, A. et al. The molecular signatures database hallmark gene set collection. Cell Syst. 1, 417–425 (2015).
	 41.	 Cheadle, C., Vawter, M. P., Freed, W. J. & Becker, K. G. Analysis of microarray data using Z score transformation. J. Mol. Diagn. 

5, 73–81 (2003).
	 42.	 Li, C. & Wong, W. H. Model-based analysis of oligonucleotide arrays: Expression index computation and outlier detection. Proc. 

Natl. Acad. Sci. USA 98, 31–36 (2001).
	 43.	 Abdel-Moneim, A., Bakery, H. H. & Allam, G. The potential pathogenic role of IL-17/Th17 cells in both type 1 and type 2 diabetes 

mellitus. Biomed. Pharmacother. 101, 287–292 (2018).
	 44.	 Zepp, J., Wu, L. & Li, X. IL-17 receptor signaling and T helper 17-mediated autoimmune demyelinating disease. Trends Immunol. 

32, 232–239 (2011).
	 45.	 Liang, L. et al. Effect of the anti-IL-17 antibody on allergic inflammation in an obesity-related asthma model. Korean J. Intern. 

Med. 33, 1210–1223 (2018).
	 46.	 Tyagi, A. M. et al. Estrogen deficiency induces the differentiation of IL-17 secreting Th17 Cells: A new candidate in the 

pathogenesis of osteoporosis. PLoS ONE 7, e44552 (2012).
	 47.	 Zha, L. et al. TNF-α contributes to postmenopausal osteoporosis by synergistically promoting RANKL-induced osteoclast 

formation. Biomed. Pharmacother. 102, 369–374 (2018).
	 48.	 Premaor, M. O., Pilbrow, L., Tonkin, C., Parker, R. A. & Compston, J. Obesity and fractures in postmenopausal women. J. Bone 

Mineral Res. 25, 292–297 (2010).
	 49.	 Baek, K. et al. TNF-α upregulates Sclerostin expression in obese mice fed a high-fat diet. J. Cell. Physiol. 229, 640–650 (2014).
	 50.	 Xue, W. et al. The chemokine system and its role in obesity. J. Cell. Physiol. 234, 3336–3346 (2019).
	 51.	 Schmidt, F. M. et al. Inflammatory cytokines in general and central obesity and modulating effects of physical activity. PLoS ONE 

10, e0121971 (2015).
	 52.	 McLean, R. R. Proinflammatory cytokines and osteoporosis. Curr. Osteoporos. Rep. 7, 134–139 (2009).
	 53.	 Gilchrist, A. Chemokines and Bone. In Bone regulators and osteoporosis therapy (ed. Stern, P. H.) vol. 262 231–258 (Springer 

International Publishing, Cham, 2020).
	 54.	 Sohrab, S. S., Kamal, M. A., Atkinson, R. L., Alawi, M. M. & Azhar, E. I. Viral infection and obesity: Current status and future 

prospective. CDM 18, 798–807 (2017).
	 55.	 Tian, Y., Jennings, J., Gong, Y. & Sang, Y. Viral infections and interferons in the development of obesity. Biomolecules 9, 726 

(2019).
	 56.	 Fain, J. N. Release of interleukins and other inflammatory cytokines by human adipose tissue is enhanced in obesity and primarily 

due to the Nonfat cells. In Vitamins & Hormones vol. 74 443–477 (Elsevier, 2006).

Scientific Reports |        2025 15:29384 15| https://doi.org/10.1038/s41598-025-07294-x

www.nature.com/scientificreports/

https://doi.org/10.2147/TCRM.S80647
https://doi.org/10.2147/TCRM.S80647
https://doi.org/10.18203/2320-1770.ijrcog20164359
http://www.nature.com/scientificreports


	 57.	 Calabro, P., Chang, D. W., Willerson, J. T. & Yeh, E. T. H. Release of C-reactive protein in response to inflammatory cytokines by 
human adipocytes: Linking obesity to vascular inflammation. J. Am. Coll. Cardiol. 46, 1112–1113 (2005).

	 58.	 Vick, M. M. et al. Relationships among inflammatory cytokines, obesity, and insulin sensitivity in the horse1,2. J. Anim. Sci. 85, 
1144–1155 (2007).

	 59.	 Mundy, G. R. Osteoporosis and Inflammation. Nutr. Rev. 65, S147–S151 (2008).
	 60.	 Weitzmann, M. N. The Role of Inflammatory Cytokines, the RANKL/OPG Axis, and the Immunoskeletal Interface in 

Physiological Bone Turnover and Osteoporosis. Scientifica 2013, 1–29 (2013).
	 61.	 Brincat, S. D., Borg, M., Camilleri, G. & Calleja-Agius, J. The role of cytokines in postmenopausal osteoporosis. Minerva Ginecol. 

66, 391–407 (2014).
	 62.	 De Git, K. C. G. & Adan, R. A. H. Leptin resistance in diet-induced obesity: the role of hypothalamic inflammation. Obes. Rev. 16, 

207–224 (2015).
	 63.	 Henneicke, H. et al. Skeletal glucocorticoid signalling determines leptin resistance and obesity in aging mice. Mol. Metabol. 42, 

101098 (2020).
	 64.	 Rogero, M. & Calder, P. Obesity, inflammation, toll-like receptor 4 and fatty acids. Nutrients 10, 432 (2018).
	 65.	 Tencerova, M., Ferencakova, M. & Kassem, M. Bone marrow adipose tissue: Role in bone remodeling and energy metabolism. 

Best Pract. Res. Clin. Endocrinol. Metab. 35, 101545 (2021).
	 66.	 Kawai, M., De Paula, F. J. A. & Rosen, C. J. New insights into osteoporosis: The bone–fat connection. J. Intern. Med. 272, 317–329 

(2012).
	 67.	 Xu, L., Kitade, H., Ni, Y. & Ota, T. Roles of chemokines and chemokine receptors in obesity-associated insulin resistance and 

nonalcoholic fatty liver disease. Biomolecules 5, 1563–1579 (2015).
	 68.	 Ni, Y. et al. Adipose tissue macrophage phenotypes and characteristics: The key to insulin resistance in obesity and metabolic 

disorders. Obesity 28, 225–234 (2020).
	 69.	 Kindstedt, E. et al. CCL11, a novel mediator of inflammatory bone resorption. Sci. Rep. 7, 5334 (2017).
	 70.	 Ahmadi, H. et al. Involvement of eotaxins (CCL11, CCL24, CCL26) in pathogenesis of osteopenia and osteoporosis. Iran J. Public 

Health 49, 1769–1775 (2020).
	 71.	 Markey, S. P. Pathways of Drug Metabolism. In Principles of clinical pharmacology 143–162 (Elsevier, 2007). ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​

1​6​/​B​9​7​8​-​0​1​2​3​6​9​4​1​7​-​1​/​5​0​0​5​1​-​1​​​​​.​​​
	 72.	 Zarezadeh, M. et al. The effect of obesity, macronutrients, fasting and nutritional status on drug-metabolizing cytochrome P450s: 

A systematic review of current evidence on human studies. Eur. J. Nutr. 60, 2905–2921 (2021).
	 73.	 Wang, J. et al. Follicle-stimulating hormone increases the risk of postmenopausal osteoporosis by stimulating osteoclast 

differentiation. PLoS ONE 10, e0134986 (2015).
	 74.	 Li, Z., Zhang, W. & Huang, Y. MiRNA-133a is involved in the regulation of postmenopausal osteoporosis through promoting 

osteoclast differentiation. Acta Biochim. Biophys. Sin. 50(3), 273–280 (2018).
	 75.	 Yang, D.-H. & Yang, M.-Y. The role of macrophage in the pathogenesis of osteoporosis. IJMS 20, 2093 (2019).
	 76.	 Miyamoto, T. Mechanism underlying post-menopausal osteoporosis: HIF1α is required for osteoclast activation by estrogen 

deficiency. Keio J. Med. 64, 44–47 (2015).
	 77.	 James, R. et al. In-silico analysis predicts disruption of normal angiogenesis as a causative factor in osteoporosis pathogenesis. 

BMC Genom Data 25, 85 (2024).
	 78.	 Pietzner, M. et al. Comprehensive metabolic profiling of chronic low-grade inflammation among generally healthy individuals. 

BMC Med. 15, 210 (2017).
	 79.	 León-Pedroza, J. I. et al. Low-grade systemic inflammation and the development of metabolic diseases: From the molecular 

evidence to the clinical practice. Cirugía y Cirujanos (English Edition) 83, 543–551 (2015).
	 80.	 Kaspersen, K. A. et al. Low-grade inflammation is associated with susceptibility to infection in healthy men: Results from the 

danish blood donor study (DBDS). PLoS ONE 11, e0164220 (2016).
	 81.	 Shmagel, K. et al. Systemic inflammation and liver damage in HIV /hepatitis C virus coinfection. HIV Med. 17, 581–589 (2016).
	 82.	 Laval, K., Vernejoul, J. B., Van Cleemput, J., Koyuncu, O. O. & Enquist, L. W. Virulent pseudorabies virus infection induces a 

specific and lethal systemic inflammatory response in mice. J. Virol. 92, e01614-e1618 (2018).
	 83.	 Bhattacharyya, S. Inflammation during virus infection: Swings and roundabouts. In Dynamics of immune activation in viral 

diseases (ed. Bramhachari, P. V.) 43–59 (Springer Singapore, Singapore, 2020). https://doi.org/10.1007/978-981-15-1045-8_3.
	 84.	 Moore, M. M., Chua, W., Charles, K. A. & Clarke, S. J. Inflammation and cancer: Causes and consequences. Clin. Pharmacol. Ther. 

87, 504–508 (2010).
	 85.	 Beyaert, R. et al. Cancer risk in immune-mediated inflammatory diseases (IMID). Mol. Cancer 12, 98 (2013).
	 86.	 Ekedahl, H. et al. Low-grade inflammation in survivors of childhood cancer and testicular cancer and its association with 

hypogonadism and metabolic risk factors. BMC Cancer 22, 157 (2022).
	 87.	 Lumeng, C. N., Bodzin, J. L. & Saltiel, A. R. Obesity induces a phenotypic switch in adipose tissue macrophage polarization. J. 

Clin. Invest. 117, 175–184 (2007).
	 88.	 Kulkarni, A. & Bowers, L. W. The role of immune dysfunction in obesity-associated cancer risk, progression, and metastasis. Cell. 

Mol. Life Sci. 78, 3423–3442 (2021).
	 89.	 Rebeles, J. et al. Obesity-induced changes in T-cell metabolism are associated with impaired memory T-cell response to influenza 

and are not reversed with weight loss. J. Infect. Dis. 219, 1652–1661 (2019).
	 90.	 Piening, A. et al. Obesity-related T cell dysfunction impairs immunosurveillance and increases cancer risk. Nat. Commun. 15, 

2835 (2024).
	 91.	 Aguilar, E. G. & Murphy, W. J. Obesity induced T cell dysfunction and implications for cancer immunotherapy. Curr. Opin. 

Immunol. 51, 181–186 (2018).
	 92.	 Reuter, S., Gupta, S. C., Chaturvedi, M. M. & Aggarwal, B. B. Oxidative stress, inflammation, and cancer: How are they linked?. 

Free Radical. Biol. Med. 49, 1603–1616 (2010).
	 93.	 Shih, H.-M. et al. Analysis of patients with helicobacter pylori infection and the subsequent risk of developing osteoporosis after 

eradication therapy: A nationwide population-based cohort study. PLoS ONE 11, e0162645 (2016).
	 94.	 Casado, J. L. et al. Prevalence of causes of secondary osteoporosis and contribution to lower bone mineral density in HIV-infected 

patients. Osteoporos. Int. 25, 1071–1079 (2014).
	 95.	 Voss, J. D. & Dhurandhar, N. V. Viral infections and obesity. Curr. Obes. Rep. 6, 28–37 (2017).
	 96.	 Bauer, M. E. & Fuente, M. D. L. The role of oxidative and inflammatory stress and persistent viral infections in immunosenescence. 

Mech. Ageing Dev. 158, 27–37 (2016).
	 97.	 Pant, A., Dsouza, L. & Yang, Z. Alteration in cellular signaling and metabolic reprogramming during viral infection. MBio 12, 

e00635-e721 (2021).
	 98.	 Faubert, B., Solmonson, A. & DeBerardinis, R. J. Metabolic reprogramming and cancer progression. Science 368, eaaw5473 

(2020).
	 99.	 Van Den Elsen, L. W., Poyntz, H. C., Weyrich, L. S., Young, W. & Forbes-Blom, E. E. Embracing the gut microbiota: The new 

frontier for inflammatory and infectious diseases. Clin. Trans. Imm. 6, e125 (2017).
	100.	 González, R. & Elena, S. F. The interplay between the host microbiome and pathogenic viral infections. MBio 12, e02496-e2521 

(2021).
	101.	 Rebersek, M. Gut microbiome and its role in colorectal cancer. BMC Cancer 21, 1325 (2021).

Scientific Reports |        2025 15:29384 16| https://doi.org/10.1038/s41598-025-07294-x

www.nature.com/scientificreports/

https://doi.org/10.1016/B978-012369417-1/50051-1
https://doi.org/10.1016/B978-012369417-1/50051-1
https://doi.org/10.1007/978-981-15-1045-8_3
http://www.nature.com/scientificreports


	102.	 Thiele, T. E. et al. Alcoholism and obesity: Overlapping neuropeptide pathways?. Neuropeptides 37, 321–337 (2003).
	103.	 Wurtman, R. J. & Wurtman, J. J. Carbohydrate craving, obesity and brain serotonin. Appetite 7, 99–103 (1986).
	104.	 Vlaicu, S. I. et al. The role of complement system in adipose tissue-related inflammation. Immunol. Res. 64, 653–664 (2016).
	105.	 Baines, M. et al. The association between cysteine, bone turnover, and low bone mass. Calcif. Tissue Int. 81, 450–454 (2007).
	106.	 Majors, A., Ehrhart, L. A. & Pezacka, E. H. Homocysteine as a risk factor for vascular disease: Enhanced collagen production and 

accumulation by smooth muscle cells. ATVB 17, 2074–2081 (1997).
	107.	 Panahi, N. et al. Association of amino acid metabolites with osteoporosis, a metabolomic approach: Bushehr elderly health 

program. Metabolomics 18, 63 (2022).
	108.	 Mak, A. et al. Endothelial dysfunction in systemic lupus erythematosus—A case-control study and an updated meta-analysis and 

meta-regression. Sci Rep 7, 7320 (2017).
	109.	 Buckwalter, J. A., Glimcher, M. J., Cooper, R. R. & Recker, R. Bone biology. I: Structure, blood supply, cells, matrix, and 

mineralization. Instr. Course Lect. 45, 371–386 (1996).
	110.	 Cheng, C.-H., Chen, L.-R. & Chen, K.-H. Osteoporosis due to hormone imbalance: An overview of the effects of Estrogen 

deficiency and glucocorticoid overuse on bone turnover. IJMS 23, 1376 (2022).
	111.	 Kojta, I., Chacińska, M. & Błachnio-Zabielska, A. Obesity, bioactive lipids, and adipose tissue inflammation in insulin resistance. 

Nutrients 12, 1305 (2020).
	112.	 Dahik, V. D., Frisdal, E. & Le Goff, W. Rewiring of lipid metabolism in adipose tissue macrophages in obesity: Impact on insulin 

resistance and type 2 diabetes. Int. J. Mol. Sci. 21, 5505 (2020).
	113.	 Vaisse, C., Reiter, J. F. & Berbari, N. F. Cilia and obesity. Cold Spring Harb. Perspect. Biol. 9, a028217 (2017).
	114.	 Li, X. et al. Role of primary cilia in skeletal disorders. Stem Cells Int. 2022, 6063423 (2022).
	115.	 Chen, Z. et al. Progress in biomaterials inspired by the extracellular matrix. Giant 19, 100323 (2024).
	116.	 Chen, H. et al. Adipose extracellular matrix deposition is an indicator of obesity and metabolic disorders. J. Nutr. Biochem. 111, 

109159 (2023).
	117.	 Alcorta-Sevillano, N., Macías, I., Infante, A. & Rodríguez, C. I. Deciphering the relevance of bone ECM signaling. Cells 9, 2630 

(2020).
	118.	 Lee, N. J. et al. Osteoglycin, a novel coordinator of bone and glucose homeostasis. Mol. Metab. 13, 30–44 (2018).
	119.	 Leong, I. Osteoglycin—Linking bone and energy homeostasis. Nat. Rev. Endocrinol. 14, 379–379 (2018).
	120.	 Starup-Linde, J., Viggers, R. & Handberg, A. Osteoglycin and bone—A systematic review. Curr. Osteoporos. Rep. 17, 250–255 

(2019).
	121.	 McGeachy, M. J., Cua, D. J. & Gaffen, S. L. The IL-17 family of cytokines in health and disease. Immunity 50, 892–906 (2019).
	122.	 Lim, E. et al. Transcriptome analyses of mouse and human mammary cell subpopulations reveal multiple conserved genes and 

pathways. Breast Cancer Res. 12, 1–14 (2010).
	123.	 Barbieri, M., Bonafè, M., Franceschi, C. & Paolisso, G. Insulin/IGF-I-signaling pathway: An evolutionarily conserved mechanism 

of longevity from yeast to humans. Am. J. Physiol. –Endocrinol. Metabol. 285, E1064–E1071 (2003).
	124.	 Coppé, J.-P. et al. A human-like senescence-associated secretory phenotype is conserved in mouse cells dependent on physiological 

oxygen. PLoS ONE 5, e9188 (2010).
	125.	 Kranjčec, B., Papeš, D. & Altarac, S. d-mannose powder for prophylaxis of recurrent urinary tract infections in women: a 

randomized clinical trial. World J. Urol. 32, 79–84 (2014).
	126.	 Taday, R., Grüneberg, M., DuChesne, I., Reunert, J. & Marquardt, T. Dietary mannose supplementation in phosphomannomutase 

2 deficiency (PMM2-CDG). Orphanet. J. Rare Dis. 15, 1–18 (2020).
	127.	 Cooper, T. E. et al. D-mannose for preventing and treating urinary tract infections. Cochrane Database Syst. Rev. 2022, (2022).
	128.	 Alton, G., Kjaergaard, S., Etchison, J. R., Skovby, F. & Freeze, H. H. Oral ingestion of mannose elevates blood mannose levels: A 

first step toward a potential therapy for carbohydrate-deficient glycoprotein syndrome type I. Biochem. Mol. Med. 60, 127–133 
(1997).

	129.	 Xu, K. et al. Chronic d-ribose and d-mannose overload induce depressive/anxiety-like behavior and spatial memory impairment 
in mice. Transl. Psychiatry 11, 90 (2021).

Acknowledgements
We are grateful to Principal, Dr. Usha A.A and Dr. Rita Latha D’cotho (Principal, Retd.) St. Joseph’s College for 
Women, Alappuzha, Kerala, India, for providing all assistance and inspiration for the work. Thanks, are also due 
to Director, Dean and faculty of the Department of Zoology, Avinashilingam Institute for Home Science and 
Higher Education for Women, Coimbatore, Tamil Nadu, India for the encouragement and support.

Author contributions
RJ & SKS designed the research framework and defined the objectives of the study. VK contributed to the de-
velopment of the study’s conceptual framework of the study. RJ & FP collected and curated the genomic data 
used in the study. RJ & APE performed the statistical analysis and interpretation of the genomic data. KNS, VS, 
FP & VK assisted in analysing the data and interpreting the results. APE and VK refined the methodology and 
ensured its alignment with the study objectives. SKS supervised the overall research project and guided the team. 
SKS ensured the availability of tools and software required for data analysis. RJ, VK & APE created visual rep-
resentations of the data and results. RJ, VK & APE designed the figures and tables for the manuscript. RJ wrote 
the original draft. VK, VS, APE & FP contributed sections to the draft and provided critical input. All the authors 
reviewed and edited the manuscript for clarity and scientific rigor.

Funding
The authors did not receive any financial support for the submitted work.

Declarations

Competing interest
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​0​7​2​9​4​-​x​​​​​.​​

Scientific Reports |        2025 15:29384 17| https://doi.org/10.1038/s41598-025-07294-x

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-07294-x
https://doi.org/10.1038/s41598-025-07294-x
http://www.nature.com/scientificreports


Correspondence and requests for materials should be addressed to R.J., T.V.V.K. or K.S.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        2025 15:29384 18| https://doi.org/10.1038/s41598-025-07294-x

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Exploring molecular links between obesity and osteoporosis: insights from in-silico analysis and mannose supplementation
	﻿Methodology
	﻿Identification of molecular pathways deregulated in obesity using the GEO dataset GSE110796
	﻿GEO dataset GSE110796 for obesity
	﻿Differential gene expression analysis using GEO2R
	﻿Pathway enrichment analysis of GSE110796
	﻿Construction of PPI network using Cytoscape
	﻿MCODE enrichment analysis for highly interconnected pathways
	﻿Assessing the effectiveness of mannose supplementation in obesity
	﻿Identification of molecular pathways in OP using the GEO Dataset GSE56815
	﻿GEO dataset GSE56815 for post-menopausal osteoporosis (PMOP):
	﻿Pathway enrichment analysis of osteoporosis-associated genes from DisGeNET
	﻿Overlap analysis of pathways to uncover crosstalk between obesity and osteoporosis
	﻿Evaluating mannose supplementation for addressing osteoporosis
	﻿Correlation analysis between obesity- and osteoporosis-related gene sets from the molecular signatures database

	﻿Results
	﻿GEO2R analysis and differential gene expression under high-fat diet conditions and mannose supplementation in mice
	﻿Pathway enrichment analysis of DEGs from GSE110796—functional molecular pathways in obesity and mannose supplementation
	﻿Pathway-based clustering via MCODE enrichment analysis
	﻿Pathway enrichment analysis of the GEO dataset GSE56815 and DisGeNET genes for osteoporosis
	﻿Overlap analysis: key pathways linking obesity and osteoporosis
	﻿Correlation patterns between obesity- and osteoporosis-related gene sets from MSigDB

	﻿Discussion
	﻿Conclusion
	﻿References


