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Original Research Article

Analysis of Shared Mechanisms and Chinese  
Herbal Medicines Between Osteoporosis and  
Type 2 Diabetes

Huawen Yang1, Fanwei Luo2  and Zhongyu Xiong3

Abstract

Background: Osteoporosis (OP) and type 2 diabetes (T2D) are commonly encountered metabolic disorders in clinical practice, 
but the comorbidity mechanism has not been clarified. This study explored the underlying mechanisms for utilizing bioinformatics 
methods. Furthermore, it predicted traditional Chinese medicines (TCMs) with preventive and therapeutic effects.
Materials and Methods: GSE35958 and GSE43950 were retrieved and downloaded from the GEO database, and differential 
expression analysis was performed to identify differentially expressed genes (DEGs) with similar expression patterns in OP 
and T2D. Then, the common DEGs were uploaded to the STRING database to construct a protein interaction network. 
Enrichment analysis of the screened genes was conducted using R language packages. Relevant TCMs were searched and 
screened based on gene targets using the Encyclopedia of traditional Chinese medicine (ETCM) database. Molecular docking 
of active ingredients of the TCMs and related gene targets was performed using AutoDock Vina software.
Results: By analyzing the gene expression microarrays, GSE35958 and GSE43950, 34 genes with the same expression 
pattern shared by OP and T2D were identified. Among these genes, 32 were upregulated and two were downregulated. 
Protein interaction network analysis revealed that tumor necrosis factor, vascular endothelial growth factor A, and CD44 
might play key roles in the co-pathogenesis of T2D and OP. TCMs, including Wolfberry (枸杞), Ginseng (人参), and Yam 
(山药), were screened based on key genes. Molecular docking results demonstrated binding activity between all active 
ingredients and the related gene targets.
Conclusion: This study explored the potential molecular co-pathogenesis of OP and T2D through bioinformatic analysis 
and preliminarily predicted traditional herbal medicines that may have preventive and therapeutic effects.
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Introduction

Osteoporosis (OP) and type 2 diabetes (T2D) are commonly 
encountered metabolic disorders in clinical practice. While 
many literatures and guidelines have primarily focused on 
discussing T2D and OP as independent diseases, emerging 
research suggests a significant connection between the two 
conditions (Paschou et al., 2017). A recent study indicated 
that 37.8% of Chinese diabetic patients suffered from OP (Si 
et al., 2020). T2D increases the risk of fragility fractures 
among patients, leading some studies to consider increased 
bone fragility as one of the chronic complications of diabetes 
(Li et al., 2019; Losada-Grande et al., 2017). Several factors, 
including hyperglycemia, oxidative stress, alterations in 
relevant cytokines and hormone levels, and the use of 
antidiabetic medications, have been implicated in the 
development of OP in individuals with T2D (Ali et al., 2022; 
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Mo et al., 2022). However, the precise molecular mechanisms 
underlying this association remain unclear. Consistent with 
current research findings, Traditional Chinese Medicine (TCM) 
also acknowledges the interconnected etiology and 
pathophysiology of these two diseases. Guided by the principle 
of treating different diseases with the same therapeutic 
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approach, there is an overlap in the medications used to manage 
both T2D and OP in TCM (He et al., 2021). Additionally, 
recent studies have reported the efficacy of combined TCM 
treatment for T2D-related OP (Yang et al., 2022).

To further elucidate the interplay between these two 
conditions at a molecular level, this study aims to explore and 
integrate genetic data related to T2D and OP through 
bioinformatics analysis. Building upon the identified common 
differentially expressed genes (DEGs) in both diseases, we 
intend to utilize these genes as targets for screening potentially 
therapeutic Chinese herbal medicines, providing a theoretical 
foundation for subsequent clinical applications and 
experimental investigations. The research flowchart of this 
study is shown in Figure 1.

Materials and Methods

Acquisition of DEGs

Expression microarray datasets GSE35958 and GSE43950 
were downloaded from the publicly available GEO database 
(https://www.ncbi.nlm.nih.gov/geo/). GSE35958 contains 
mRNA sequencing data from primary osteoporotic fracture 
patients (n = 4) and age-matched non-osteoporotic patients 
undergoing total hip replacement (n = 5), with the platform 
being GPL570. GSE43950 includes mRNA sequencing data 
from nine patients with T2D and five age-matched healthy 
individuals, with the platform being GPL10379. GEO2R, an 
interactive web tool, was used to screen out DEGs between 
the experimental group and the control group. Log|FC|≥1 and 
the adjusted p-value < 0.05 were considered to indicate 
statistical significance. To show the differential expression of 
DEGs, the plot and heatmap packages in the R studio were 
applied to draw the volcano map.

Selection of Key Targets and PPI Network 
Construction

The intersected DEGs from both OP and T2D were obtained, 
and using expression patterns as a screening criterion, the 
common DEGs with similar expression patterns for both 
diseases were identified as key targets. The protein–protein 

interaction (PPI) network was analyzed using the String 
database (https://string-db.org). The key targets were uploaded 
into the STRING database (http://string-db.org), with the 
species set to human and excluding orphan genes, to obtain a 
PPI network. The results were imported into the Cytoscape 
software and the CytoHubba plugin was used to calculate the 
degree values and visualize the network. Cytoscape (version 
3.7.2) is open-source software that creates and surveys the 
molecular interaction network (Shannon et al., 2003).

Enrichment Analysis

The “clusterProfiler” and “Pathview” packages in R were 
used to perform the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) and Gene Ontology (GO) enrichment 
analysis on the key targets. A significance threshold of p < 
0.01 was applied, and the results were sorted in ascending 
order based on the p-values. The “ggplot2” package was used 
to visualize the results.

Screening of TCMs

The Encyclopedia of traditional Chinese medicine (ETCM) 
database (http://www.tcmip.cn/ETCM/) was searched for 
TCMs related to the key targets. The ETCM not only integrates 
active chemical ingredients and candidate target genes but also 
provides a systematic analysis of the target genes. Moreover, 
the target genes obtained from the ETCM were predicted using 
MedChem Studio (version 3.0), and only those genes with high 
structural similarity (Tanimoto score >0.8) to active components 
were selected (Xu et al., 2019).

Molecular Docking

The three-dimensional (3D) structure files of the key targets 
were searched and downloaded from the UniProt database 
(https://www.uniprot.org/). Active compounds related to the 
predicted herbs were screened based on drug-likeness (DL) 
>0.18 criteria, and the 3D structures of the active compounds 
were obtained from the PubChem database. The AutoDock 
Vina software was used to perform molecular docking 
between the compounds and proteins, and the binding activity 
between the active compounds and targets was evaluated 
based on the docking results. Finally, PyMOL software was 
used for visualization processing.

Results

Identification of Key Targets and PPI Network 
Construction

Analysis of the GSE35958 and GSE43950 datasets yielded 
2768 DEGs in OP and 281 DEGs in T2D, respectively 
(Figure 2A and B). The intersection of these gene sets was 
further filtered based on expression patterns, resulting in Figure 1. A Flow Chat of this Study.
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34 common DEGs that were deemed key targets in both 
diseases. Among them, 32 genes showed upregulated 
expression, while DAZAP1 and EIF5B exhibited 
downregulated expression (Figure 2C and D).

To explore the PPIs, the identified key targets were 
uploaded to the STRING database, and non-interacting genes 
were excluded from the analysis. A PPI network was 
constructed, revealing upregulated expression of PDE4B, 
NAMPT, VEGFA, IL1R1, PLAUR, ICAM1, TIMP2, CD44, 
TNF, and BCL6, while EIF5B showed downregulated 
expression. Further analysis using the CytoHubba plugin in 
Cytoscape software calculated the degree values and indicated 
that TNF, VEGFA, and CD44 exhibited the highest degree 
values, suggesting their crucial roles in the shared pathogenesis 
of T2D and OP (Figure 2E).

Enrichment Analysis Results

A bar chart was generated to illustrate the top 10 significantly 
enriched pathways from the KEGG analysis. These pathways 
included fluid shear stress and atherosclerosis, rheumatoid 
arthritis, AGE-RAGE signaling pathway in diabetic 
complications, NF-kappa B signaling pathway, and MAPK 
signaling pathway, and so on (Figure 3A). Furthermore, GO 
enrichment analysis was performed to identify the enriched 
biological processes (BP), molecular functions (MF), and 
cellular components (CC) of the key genes. The top 10 
enriched categories based on their p-values were visualized 
using a bar plot. The results showed that the GO BP associated 
with the key genes primarily involved the regulation of cell–
cell adhesion, interferon-gamma production, regulation of 

interferon-gamma production, regulation of leukocyte cell–
cell adhesion, and leukocyte adhesion (Figure 3B). In terms 
of GO MF, the key genes were mainly associated with 
platelet-derived growth factor receptor binding, protease 
binding, oxidoreductase activity, and cytokine activity 
(Figure 3C). Additionally, the key genes were found to be 
involved in GO CC such as endoplasmic reticulum exit site, 
secretory granule membrane, specific granule, focal adhesion, 
and extracellular matrix (Figure 3D).

Screening of TCMs

The ETCM database was searched for TCMs related to the 
key genes. Table 1 shows the TCMs that are associated with 
three or more target genes. We selected the top three herbs, 
namely, Wolfberry, Ginseng, and Yam for further analysis. 
Wolfberry and Chinese Yam are known for their nourishing 
and tonifying effects on the kidney yin. They are commonly 
used in the formulation of YouGui pill for the treatment of OP 
and T2DM (Wang et al., 2023). Ginseng is known for its 
ability to tonify the primordial qi, invigorate the spleen, 
nourish the lungs, and generate body fluids. It is often used as 
a component of Buzhong Yiqi Tang for the treatment of certain 
diseases (Hua et al., 2023). These medicinal herbs are associated 
with the most key disease targets. The key targets associated 
with Wolfberry include PDE4B, RAB7A, TNF, OGDH, 
VEGFA, RARA, and SAR1B. The key gene targets associated 
with Ginseng include PDE4B, RAB7A, TNF, OGDH, SAR1B, 
and ALDH3B1. The key gene targets associated with Chinese 
yam include PDE4B, TNF, OGDH, and VEGFA.

In total, this study identified eight key disease-related genes 
associated with these three medicinal herbs: PDE4B, RAB7A, 

Figure 2. Analysis of DEGs in T2D and OP. (A) Volcano Map 
of T2D, (B) Volcano Map of OP, (C) Venn Diagram of Common 
DEGs Between OP and T2D, (D) Heat Maps of Common DEGs 
Between OP and T2D, and (E) PPI Network of Common DEGs 
Shared by OP and T2D.

Note: Red represents upregulated and green represents downregulated.

Abbreviations: DEGs, differentially expressed genes; T2D, type 2 
diabetes; OP, Osteoporosis; PPI, protein–protein interaction.

Figure 3. Go and KEGG Pathway Enrichment Analysis of 
Common DEGs. (A) KEGG Analysis, (B) GO Analysis of BP, 
(C) GO Analysis of MF, and (D) GO analysis of CC.

Abbreviations: BP, biological processes; MF, molecular functions; CC, 
cellular components; KEGG, kyoto encyclopedia of genes and genomes; 
DEGs, differentially expressed genes; GO, gene ontology.



Yang et al.	 619

TNF, OGDH, VEGFA, RARA, SAR1B, and ALDH3B1. Table 
2 presents the protein functional annotation information of 
these 8 genes, obtained from the Uniprot database. They are 
primarily involved in processes such as bone metabolism, 
immune response, lipid metabolism, and oxidative stress.

Network of TCM – Disease Target

The gene targets associated with Wolfberry, Ginseng, and 
Yam from the ETCM database were obtained, and the 
interactions between them and DEGs for both OP and T2D 
were obtained. In addition to the key gene targets, Wolfberry 
was found to be associated with 70 DEGs related to OP and 
nine DEGs related to T2D; Ginseng was found to be associated 
with 100 DEGs related to OP and 12 DEGs related toT2D; 
Chinese Yam was found to be associated with 76 DEGs 
related to OP and 10 DEGs related to T2D (Figures 4 and 5).

Molecular Docking

To further validate the molecular mechanisms of Wolfberry, 
Ginseng, and Chinese Yam in the treatment of OP and T2D, 
we searched for the active ingredients related to the key target 
genes in the three drugs from the ETCM database. We used a 
drug-like index (DL) >0.18 as a criterion for screening and 
then downloaded the 3D structures of the active ingredients 
from the PubChem database as ligands. We downloaded the 

3D structures of the key target genes from the UniProt 
database as receptors. AutoDock Vina software was used for 
molecular docking to preliminarily verify the binding activity 
between the ingredients and the core target.

The study indicates that the lower the binding energy 
between the small-molecule ligand and the protein receptor, 
the better the affinity and stability between them. A binding 
energy less than −4.25 kcal·mol−1 indicates a certain binding 
activity; less than −5.0 kcal·mol−1 indicates good binding 
activity; less than −7.0 kcal·mol−1 indicates strong 
binding activity (Table 3).

The results show that the lowest binding energies between the 
16 active ingredients and their corresponding protein receptors 
are all less than −4.25 kcal·mol−1. Among them, the active 
ingredients with the lowest binding energies to the protein 
receptors are: Withanolide A with TNF (−9.5 kcal·mol−1), 
adenosine triphosphate (ATP) with SAR1B (−7.4 kcal·mol−1), 
β-ionone with RARA (−8.0 kcal·mol−1), ATP with RAB7A  
(−7.6 kcal·mol−1), ATP with PDE4B (−8.3 kcal·mol−1), ATP 
with OGDH (−8.6 kcal·mol−1), and ATP with ALDH3B1  
(−7.1 kcal·mol−1) (Figure 6).

Table 1. Key Targets Related Drugs.

Drugs Targets

Wolfberry PDE4B,RAB7A,TNF,OGDH,VEGFA,RARA,SA
R1B

Ginseng PDE4B,RAB7A,TNF,OGDH,SAR1B,ALDH3B1

Yam PDE4B,TNF,OGDH,VEGFA

Broad Bean PDE4B,RAB7A,OGDH,SAR1B

Pinellia Ternata PDE4B,RAB7A,TNF,SAR1B

Table 2. Function of Key Targets.

Gene Function

PDE4B Positively regulate the production of IL-2.

RAB7A Participate in bone resorption and lipid metabolism 
processes.

TNF Regulate osteoclast differentiation and inflamma-
tory response.

OGDH Participate in the process of 2-ketoglutarate me-
tabolism.

VEGFA Participate in angiogenesis and hypoxia response.

RARA Regulate chondrocyte differentiation and IFN-γ 
production.

SAR1B Regulate lipid homeostasis.

ALDH3B1 Participate in cellular lipid metabolism.

Figure 4. Venn Diagram of Traditional Chinese Medicine Targets 
and DEGs of Two Diseases.

Abbreviation: DEGs, differentially expressed genes.

Figure 5. The Network Diagram of Traditional Chinese Medicine 
and Gene Targets. The Green Octagon Represents Drugs; the 
Red Diamond Represents Shared Key Gene Targets for Diseases; 
the Red Ellipse Represents Upregulated Gene Targets for OP; the 
Blue Ellipse Represents Downregulated Gene Targets for OP; the 
Red Square Represents Upregulated Gene Targets for T2D; the 
Blue Square Represents Downregulated Gene Targets for T2D.

Abbreviations: T2D, type 2 diabetes; OP, osteoporosis.
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Discussion

T2D and OP, two prevalent conditions among the elderly, 
have garnered significant attention due to their intertwined 
nature (Cavati et al., 2023). While extensive research has 
shed light on the connection between T2D and OP, the precise 
molecular mechanisms behind this association remain 
somewhat elusive, presenting considerable challenges in terms 
of prevention, diagnosis, and treatment strategies for individuals 
affected by both ailments (Liu et al., 2023). In this study, 
through the construction of a PPI network based on shared 
DEGs in both T2D and OP, pivotal positions within the network 
were identified for TNF, VEGFA, and CD44. TNF possesses 
the capability to elicit diverse intracellular signaling pathways, 
encompassing cell survival, apoptosis, inflammation, and 
immune response (Horiuchi et al., 2010). Notably, elevated 
levels of TNF-α in serum have been observed among 
individuals with T2D (Aly et al., 2020). Remarkably, TNF-α 
heightens insulin resistance by repressing the expression of 
GLUT4, a glucose transporter (Olson, 2012), and instigating 
serine phosphorylation of IRS-1, an insulin receptor substrate 
(Lu et al., 2020). Additionally, TNF-α has been shown to 
activate the NF-κB and PI3K/Akt signaling pathways, 

synergistically promoting the RANKL-induced formation of 
osteoclasts (Zha et al., 2018). VEGFA, a pivotal growth factor 
implicated in angiogenesis, exerts proproliferative and anti-
apoptotic effects on endothelial cells (Guzmán et al., 2023). 
Intriguingly, research conducted by Brissova et al. (2014) 
demonstrates that exposure to doxycycline triggers VEGFA 
production in mouse islets, consequently reducing the 
number of β-cells as VEGFA levels surge. Furthermore, in 
vitro experiments have unveiled the involvement of VEGF 
in augmenting the bone resorption activity of mature 
osteoclasts (Nakagawa et al., 2000). CD44, a crucial 
component serving as a receptor for hyaluronic acid, 
manifests its biological significance through mediating cell 
aggregation, angiogenesis, endothelial cell proliferation, 
immune cell migration, and activation (Ponta et al., 2003). 
Interestingly, Ponta’s investigation reveals that CD44 
knockout mice subjected to a high-fat diet do not exhibit the 
diminished uptake of glucose in muscle tissues observed in 
their wild-type counterparts (Hasib et al., 2019). Likewise, 
in vitro studies highlight the inhibitory impact of CD44 
deficiency on osteoclast activity and functionality via the 
NF-κB/NFATc1 pathway (Li et al., 2015). Consequently, the 
upregulation of TNF, VEGFA, and CD44 emerges as a 

Table 3. A List of the Selected Compounds and Their Targets.

Source Compound Molecular Formula CAS Number Target Docking Scores(kcal·mol−1)

Wolfberry Withanolide A C28H38O6 32911-62-9 TNF −9.5

Ginseng Ginsenoside Rh2 C36H62O8 78214-33-2 TNF −9.2

Ginseng Ginsenoside Rh4 C36H60O8 174721-08-5 TNF −9.1

Ginseng Ginsenoside F1 C36H62O9 53963-43-2 TNF −8.4

Ginseng Ginsenoside Rh3 C36H60O7 105558-26-7 TNF −8

Wolfberry\Ginseng Lauryl glucoside C18H36O6 59122-55-3 TNF −7.8

Ginseng ATP C10H16N5O13P3 56-65-5 SAR1B −7.4

Wolfberry 2'-CMP C9H14N3O8P 85-94-9 SAR1B −6.3

Wolfberry uridine 3'-(dihydrogen phosphate) C18H26N4O18P2 84-53-7 SAR1B −6

Wolfberry 3'-CMP C9H14N3O8P 84-52-6 SAR1B −5.8

Wolfberry β-Ionone C13H20O 14901-07-6 RARA −8

Ginseng ATP C10H16N5O13P3 56-65-5 RAB7A −7.6

Wolfberry uridine 3'-(dihydrogen phosphate) C18H26N4O18P2 84-53-7 RAB7A −6.7

Wolfberry 3'-CMP C9H14N3O8P 84-52-6 RAB7A −6.6

Wolfberry 2'-CMP C9H14N3O8P 85-94-9 RAB7A −6.1

Ginseng ATP C10H16N5O13P3 56-65-5 PDE4B −8.3

Wolfberry\Ginseng Riboflavin C17H20N4O6 83-88-5 PDE4B −7.8

Ginseng\Yam Adenosine C10H13N5O4 58-61-7 PDE4B −7.4

Wolfberry uridine 3'-(dihydrogen phosphate) C18H26N4O18P2 84-53-7 PDE4B −7.3

Wolfberry 3'-CMP C9H14N3O8P 84-52-6 PDE4B −4.8

Wolfberry 2'-CMP C9H14N3O8P 85-94-9 PDE4B −4.6

Ginseng ATP C10H16N5O13P3 56-65-5 OGDH −8.6

Ginseng\Yam Palmitic acid C16H32O2 1957/10/3 OGDH −5

Ginseng ATP C10H16N5O13P3 56-65-5 ALDH3B1 −7.1
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significant player in the shared pathogenesis of T2D and OP, 
furnishing novel targets and directions for prevention and 
therapeutic intervention.

Through GO enrichment analysis of 34 key genes, it was 
found that they were mainly involved in immune response and 
oxidative stress. The KEGG analysis results mainly implicated 
fluid shear stress and signaling pathways such as AGE-RAGE 
in atherosclerosis, diabetic complications, and the NF-kappa B 
pathway. Studies have shown a close relationship between the 
immune system, diabetes, and OP (Bossi et al., 2015; Srivastava 
et al., 2018). Oxidative stress plays an important role in the 
development of diabetes, its complications, and potentially 
induces OP. Research has shown that diabetes can lead to the 
generation of reactive oxygen species (ROS) and inhibition of 
antioxidant defense systems through various pathways such as 
glucose oxidation, advanced glycation end products (AGEs), 
and hexosamine pathways (Roumeliotis et al., 2021). ROS, in 
turn, can mediate bone loss through the regulation of signaling 
pathways such as Wnt/β-catenin, NF-κB/TNF/IL-6 (Iyer et al., 
2013). An et al. have shown that the activation of ROS/MAPKs/
NFκB/NLRP3 is one of the main causes of OP in diabetic 
patients (An et al., 2019). Previous studies have indicated that 
the immune system and oxidative stress play important roles in 
the common pathogenesis of these two diseases. However, the 
molecular mechanisms involved are complex, and further 
research is needed for clarification. Atherosclerosis is 
commonly regarded as a complication of diabetes, as abnormal 
lipid metabolism, hyperglycemic state, and AGEs among other 
factors, can promote its development (Poznyak et al., 2020). 
Furthermore, the concept of the “bone–vascular axis” has been 
proposed, suggesting a bidirectional flow of cells, endocrine 
signals, and metabolism between the vascular and skeletal 
systems. Metabolic abnormalities such as diabetes and 
hyperlipidemia may disrupt the balance of the bone–vascular 
axis, leading to the occurrence of both skeletal and vascular 
diseases (De Maré et al., 2019).

Molecular docking results showed that 15 active 
compounds exhibited binding activities with the related target 
proteins. Among them, withanolide A (from Wolfberry), ATP 
(from Ginseng), and β-ionone (from Wolfberry) exhibited the 
lowest binding affinities with seven related target proteins. 
Khedgikar’s study found that withanolide A induced 
osteoblast differentiation by inhibiting Smurf2 expression 
and RunX2 protein degradation through the proteasomal 
mechanism (Khedgikar et al., 2013). Withanolide A also has 
anti-inflammatory and anti-diabetic effects (Tripathi et al., 
2018). ATP is an important signaling molecule for maintaining 
the dynamic balance of the bone matrix (Dong et al., 2020). 
However, research has shown impaired insulin-stimulated 
ATP synthesis in the skeletal muscle of T2D patients (Petersen 
et al., 2005), so its role in diabetic OP needs further studies. 
Although some studies have investigated the roles of certain 
active compounds in the treatment of these two diseases, their 
underlying molecular mechanisms remain unclear. The 
findings of this study may provide clues for further research 
into the molecular mechanisms of these three herbs and their 
active compounds in the treatment of T2D and OP.

Conclusion

In conclusion, bioinformatics analysis was employed to explore 
the potential common mechanisms between T2D and OP. 
Additionally, we have identified several TCMs, including 
Ginseng, Wolfberry, and Yam, as potential candidates based on 
the obtained key targets. Molecular docking results have 
demonstrated strong binding affinities between active 
components within these medications and key targets. However, 
this study lacks further in vitro and in vivo experiments for 
validation. Subsequent cell or animal experiments can be 
conducted to verify the collective therapeutic effects of these 
active components on both T2D and OP.

Figure 6. Molecular Models of Bioactive Ingredients and Positive Drug Binding to Gene Targets. This Figure Represents the Minimum 
Binding Energy Results of Molecular Docking of SAR1B, ALDH3B1, RAB7A, OGDH, PDE4B, TNF, and RARA.
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Summary

Explored the potential comorbidity mechanism between T2D 
and OP.

TCMs including Ginseng, Wolfberry, and Yam were 
identified as potential candidates for diabetic OP.

Abbreviations

DEGs: Differentially expressed genes; OP: Osteoporosis; 
T2D: Type 2 diabetes; TCM: Traditional Chinese medicine; 
PPI: Protein-protein interaction; DL: Drug-likeness; KEGG: 
Kyoto encyclopedia of genes and genomes; BP: Biological 
processes; MF: Molecular functions; CC: Cellular 
components; AGEs: Advanced glycation end products; ROS: 
Reactive oxygen species.

Acknowledgments

The authors would like to thank all the supporting staff in the 
Department of Pharmacy of Chengdu University of Traditional 
Chinese Medicine, and the Pharmaceutical Department of The 
First Affiliated Hospital of Chongqing Medical University for 
their technical assistance in this research project.

Author’s Contributions

Huawen Yang and Fanwei Luo worked on the investigation, 
methodology, writing (original draft), resources, and software. 
Zhongyu Xiong reviewed and edited the manuscript. The 
author(s) read and approved the final manuscript

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest concerning the 
research, authorship, and/or publication of this article.

Funding

The author received no financial support for the research, authorship 
and/or publication of this article.

Statement of Ethical approval and Informed 
Consent

Not applicable.

ORCID iD

Fanwei Luo   https://orcid.org/0009-0001-1437-1174

References

Ali, D., Tencerova, M., Figeac, F., Kassem, M., & Jafari, A. (2022). 
The pathophysiology of osteoporosis in obesity and type 2 
diabetes in aging women and men: The mechanisms and roles of 

increased bone marrow adiposity. Frontiers in Endocrinology, 
13, 981487. https://doi.org/10.3389/fendo.2022.981487

Aly,  R. H., Ahmed, A. E., Hozayen, W. G., Rabea, A. M., Ali, T. 
M., El Askary, A., & Ahmed, O. M. (2020). Patterns of toll-like 
receptor expressions and inflammatory cytokine levels and their 
implications in the progress of insulin resistance and diabetic 
nephropathy in type 2 diabetic patients. Frontiers in Physiology, 
11, 609223. https://doi.org/10.3389/fphys.2020.609223

An, Y., Zhang, H., Wang, C., Jiao, F., Xu, H., Wang, X., Luan, W., 
Ma, F., Ni, L., Tang, X., Liu, M., Guo, W., & Yu, L. (2019). 
Activation of ROS/MAPKs/NF-kappaB/NLRP3 and inhibition 
of efferocytosis in osteoclast-mediated diabetic osteoporosis. 
FASEB Journal, 33(11), 12515–12527. https://doi.org/10.1096/
fj.201802805rr

Bossi, F., Bernardi, S., Zauli, G., Secchiero, P., & Fabris, B. (2015). 
TRAIL modulates the immune system and protects against the 
development of diabetes. Journal of Immunology Research, 
2015, 680749. https://doi.org/10.1155/2015/680749

Brissova, M., Aamodt, K., Brahmachary, P., Prasad, N., Hong, J.-Y., 
Dai, C., Mellati, M., Shostak, A., Poffenberger, G., Aramandla, 
R., Levy, S. E., & Powers, A. C. (2014). Islet microenviron-
ment, modulated by vascular endothelial growth factor-A sig-
naling, promotes beta cell regeneration. Cell Metabolism, 19(3), 
498–511. https://doi.org/10.1016/j.cmet.2014.02.001

Cavati, G., Pirrotta, F., Merlotti, D., Ceccarelli, E., Calabrese, 
M., Gennari, L., & Mingiano, C. (2023). Role of advanced 
glycation end-products and oxidative stress in type-2-diabe-
tes-induced bone fragility and implications on fracture risk 
stratification. Antioxidants, 12(4), 928. https://doi.org/10.3390/
antiox12040928

De Maré, A., Maudsley, S., Azmi, A., Hendrickx, J. O., Opdebeeck, 
B., Neven, E., D’Haese, P. C., & Verhulst, A. (2019). Sclerostin 
as regulatory molecule in vascular media calcification and the 
bone-vascular axis. Toxins, 11(7), 428. https://doi.org/10.3390/
toxins11070428

Dong, Y., Chen, Y., Zhang, L., Tian, Z., & Dong, S. (2020). P2X7 
receptor acts as an efficient drug target in regulating bone 
metabolism system. Biomedicine and Pharmacotherapy, 125, 
110010. https://doi.org/10.1016/j.biopha.2020.110010

Guzmán, A., Hernández-Coronado, C. G., Gutiérrez, C. G., & 
Rosales-Torres, A. M. (2023). The vascular endothelial growth 
factor (VEGF) system as a key regulator of ovarian follicle angio-
genesis and growth. Molecular Reproduction and Development, 
90(4), 201–217. https://doi.org/10.1002/mrd.23683

Hasib, A., Hennayake, C. K., Bracy, D. P., Bugler-Lamb, A. R., 
Lantier, L., Khan, F., Ashford, M. L. J., McCrimmon, R. J., 
Wasserman, D. H., & Kang, L. (2019). CD44 contributes to 
hyaluronan-mediated insulin resistance in skeletal muscle of 
high-fat-fed C57BL/6 mice. American Journal of Physiology-
Endocrinology and Metabolism, 317(6), E973–E983. https://
doi.org/10.1152/ajpendo.00215.2019

He, Q., Yang, J., Zhang, G., Chen, D., Zhang, M., Pan, Z., Wang, 
Z., Su, L., Zeng, J., Wang, B., Wang, H., & Chen, P. (2021). 
Sanhuang Jiangtang tablet protects type 2 diabetes osteoporosis 
via AKT-GSK3beta-NFATc1 signaling pathway by integrating 
bioinformatics analysis and experimental validation. Journal 
of Ethnopharmacology, 273, 113946. https://doi.org/10.1016/j.
jep.2021.113946

Horiuchi, T., Mitoma, H., Harashima, S.-i, Tsukamoto, H., & 
Shimoda, T. (2010). Transmembrane TNF-alpha: Structure, 



Yang et al.	 623

function and interaction with anti-TNF agents. Rheumatology, 
49(7), 1215–1228. https://doi.org/10.1093/rheumatology/keq031

Hua, Z., Dai, S., Li, S., Wang, J., Peng, H., Rong, Y., Yu, H., & Liu, 
M. (2023). Deciphering the protective effect of Buzhong Yiqi 
Decoction on osteoporotic fracture through network pharmacology 
and experimental validation. Journal of Orthopaedic Surgery and 
Research, 18(1), 86. https://doi.org/10.1186/s13018-023-03545-7

Iyer, S., Ambrogini, E., Bartell, S. M., Han, L., Roberson, P. K., de 
Cabo, R., Jilka, R. L., Weinstein, R. S., O’Brien, C. A., Manolagas, 
S. C., & Almeida, M. (2013). FOXOs attenuate bone formation 
by suppressing Wnt signaling. Journal of Clinical Investigation, 
123(8), 3409–3419. https://doi.org/10.1172/JCI68049

Khedgikar, V., Kushwaha, P., Gautam, J., Verma, A., Changkija, B., 
Kumar, A., Sharma, S., Nagar, G. K., Singh, D., Trivedi, P. K., 
Sangwan, N. S., Mishra, P. R., & Trivedi, R. (2013). Withaferin 
A: A proteasomal inhibitor promotes healing after injury and 
exerts anabolic effect on osteoporotic bone. Cell Death and 
Disease, 4(8), e778. https://doi.org/10.1038/cddis.2013.294

Li, G., Prior, J. C., Leslie, W. D., Thabane, L., Papaioannou, A., 
Josse, R. G., Kaiser, S. M., Kovacs, C. S., Anastassiades, T., 
Towheed, T., Davison, K. S., Levine, M., Goltzman, D., Adachi, 
J. D., & Group., CaMos Research (2019). Frailty and risk of 
fractures in patients with Type 2 diabetes. Diabetes Care, 42(4), 
507–513. https://doi.org/10.2337/dc18-1965

Li, Y., Zhong, G., Sun, W., Zhao, C., Zhang, P., Song, J., Zhao, 
D., Jin, X., Li, Q., Ling, S., & Li, Y. (2015). CD44 deficiency 
inhibits unloading-induced cortical bone loss through down-
regulation of osteoclast activity. Scientific Reports, 5, 16124. 
https://doi.org/10.1038/srep16124

Liu, J., Liu, Z., Lu, M., & Zhang, Y. (2023). The combination of 
linagliptin and metformin rescues bone loss in type 2 diabetic 
osteoporosis. Journal of Drug Targeting, 31(6), 646–654. 
https://doi.org/10.1080/1061186X.2023.2216894

Losada-Grande, E., Hawley, S., Soldevila, B., Martinez-Laguna, 
D., Nogues, X., Diez-Perez, A., Puig-Domingo, M., Mauricio, 
D., & Prieto-Alhambra, D. (2017). Insulin use and excess frac-
ture risk in patients with type 2 diabetes: A propensity-matched 
cohort analysis. Scientific Reports, 7(1), 3781. https://doi.
org/10.1038/s41598-017-03748-z

Lu, Z., Li, Y., & Song, J. (2020). Characterization and treatment 
of inflammation and insulin resistance in obese adipose tissue. 
Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy, 
13, 3449–3460. https://doi.org/10.2147/DMSO.S271509

Mo, L., Wang, Z., Huang, H., Li, J., Ma, C., Zhang, J., Huang, F., 
He, W., Liu, Y., & Zhou, C. (2022). Integrated analysis of cru-
cial genes and miRNAs associated with osteoporotic fracture 
of Type 2 diabetes. BioMed Research International, 2022, 
3921570. https://doi.org/10.1155/2022/3921570

Nakagawa, M., Kaneda, T., Arakawa, T., Morita, S., Sato, T., Yomada, 
T., Hanada, K., Kumegawa, M., & Hakeda, Y. (2000). Vascular 
endothelial growth factor (VEGF) directly enhances osteoclastic 
bone resorption and survival of mature osteoclasts. FEBS Letters, 
473(2), 161–164. https://doi.org/10.1016/s0014-5793(00)01520-9

Olson, A. L. (2012). Regulation of GLUT4 and insulin-dependent 
glucose flux. ISRN Molecular Biology, 2012, 856987. https://
doi.org/10.5402/2012/856987

Paschou, S. A., Dede, A. D., Anagnostis, P. G., Vryonidou, A., 
Morganstein, D., & Goulis, D. G. (2017). Type 2 diabetes 
and osteoporosis: A guide to optimal management. Journal of 
Clinical Endocrinology and Metabolism, 102(10), 3621–3634. 
https://doi.org/10.1210/jc.2017-00042

Petersen, K. F., Dufour, S., & Shulman, G. I. (2005). Decreased insulin-
stimulated ATP synthesis and phosphate transport in muscle of insu-
lin-resistant offspring of type 2 diabetic parents. PLOS Medicine, 
2(9), e233. https://doi.org/10.1371/journal.pmed.0020233

Ponta, H., Sherman, L., & Herrlich, P. A. (2003). CD44: From adhesion 
molecules to signalling regulators. Nature Reviews Molecular Cell 
Biology, 4(1), 33–45. https://doi.org/10.1038/nrm1004

Poznyak, A., Grechko, A. V., Poggio, P., Myasoedova, V. A., Alfieri, 
V., & Orekhov, A. N. (2020). The diabetes mellitus-athero-
sclerosis connection: The role of lipid and glucose metabolism 
and chronic inflammation. International Journal of Molecular 
Sciences, 21(5), 1835. https://doi.org/10.3390/ijms21051835

Roumeliotis, A., Roumeliotis, S., Tsetsos, F., Georgitsi, M., Georgianos, 
P. I., Stamou, A., Vasilakou, A., Kotsa, K., Tsekmekidou, X., 
Paschou, P., Panagoutsos, S., & Liakopoulos, V. (2021). Oxidative 
stress genes in diabetes mellitus Type 2: Association with diabetic 
kidney disease. Oxidative Medicine and Cellular Longevity, 2021, 
2531062. https://doi.org/10.1155/2021/2531062

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., 
Ramage, D., Amin, N., Schwikowski, B., & Ideker, T. (2003). 
Cytoscape: A software environment for integrated models of 
biomolecular interaction networks. Genome Research, 13(11), 
2498–2504. https://doi.org/10.1101/gr.1239303

Si, Y., Wang, C., Guo, Y., Yin, H., & Ma, Y. (2020). Prevalence 
of osteoporosis in patients with type 2 diabetes mellitus in the 
Chinese mainland: A protocol of systematic review and meta-
analysis. Medicine, 99(16), e19762. https://doi.org/10.1097/
MD.0000000000019762

Srivastava, R. K., Dar, H. Y., & Mishra, P. K. (2018). Immunoporosis: 
Immunology of osteoporosis-role of T cells. Frontiers in 
Immunology, 9, 657. https://doi.org/10.3389/fimmu.2018.00657

Tripathi, N., Shrivastava, D., Ahmad Mir, B., Kumar, S., Govil, 
S., Vahedi, M., & Bisen, P. S. (2018). Metabolomic and bio-
technological approaches to determine therapeutic potential of 
Withania somnifera (L.) Dunal: A review. Phytomedicine, 50, 
127–136. https://doi.org/10.1016/j.phymed.2017.08.020

Wang, Y., Zhang, M., Ruan, Z., & Wu, R. (2023). The interaction 
of Yougui pill and its disassembled prescriptions with lipo-
some mimetic biomembrane. Journal of Thermal Analysis and 
Calorimetry, 148(13), 6257–6266. https://doi.org/10.1007/
s10973-023-12101-8

Xu, H. Y., Zhang, Y. Q., Liu, Z. M., Chen, T., Lv, C. Y., Tang, S. 
H., Zhang, X. B., Zhang, W., Li, Z. Y., Zhou, R. R., Yang, H. 
J., Wang, X. J., & Huang, L. Q. (2019). ETCM: An encyclopae-
dia of traditional Chinese medicine. Nucleic Acids Research, 
47(D1), D976–D982. https://doi.org/10.1093/nar/gky987

Yang, J., He, Q., Wang, Y., Pan, Z., Zhang, G., Liang, J., Su, L., Wang, 
A., Zeng, C., Luo, H., Liu, L., Li, J., Rao, Q., Wang, B., Wang, 
H., & Chen, P. (2022). Gegen Qinlian Decoction ameliorates type 
2 diabetes osteoporosis via IGFBP3/MAPK/NFATc1 signaling 
pathway based on cytokine antibody array. Phytomedicine, 94, 
153810. https://doi.org/10.1016/j.phymed.2021.153810

Zha, L., He, L., Liang, Y., Qin, H., Yu, B., Chang, L., & Xue, L. 
(2018). TNF-alpha contributes to postmenopausal osteoporo-
sis by synergistically promoting RANKL-induced osteoclast 
formation. Biomedicine and Pharmacotherapy, 102, 369–374. 
https://doi.org/10.1016/j.biopha.2018.03.080


