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Abstract

Background Osteoarthritis (OA) represents a prominent etiology of considerable pain and disability, and
conventional imaging methods lack sensitivity in diagnosing certain types of OA. Therefore, there is a need to identify
highly sensitive and efficient biomarkers for OA diagnosis. Zinc ions feature in the pathogenesis of OA. This work
aimed to investugate the role of zinc metabolism-related genes (ZMRGs) in OA and the diagnostic characteristics of
key genes.

Methods We obtained datasets GSE169077 and GSE55235 from the Gene Expression Omnibus (GEO) and obtained
ZMRGs from MSigDB. Differential expression analysis was conducted on the GSE169077 dataset using the limma

R package to identify differentially expressed genes (DEGs), and the intersection of DEGs and ZMRGs yielded zinc
metabolism differential expression-related genes (ZMRGs-DEGs). The clusterProfiler R package was employed for
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of ZMRGs-DEGs.
Potential small molecule drugs were predicted using the CMap database, and immune cell infiltration and function in
OA individuals were analyzed using the ssGSEA method. Protein-protein interaction (PPI) networks were constructed
to detect Hub genes among ZMRGs-DEGs. Hub gene expression levels were analyzed in the GSE169077 and
GSE55235 datasets, and their diagnostic characteristics were assessed using receiver operating characteristic (ROC)
curves. The gene-miRNA interaction network of Hub genes was explored using the gene-miRNA interaction network
website.

Results We identified 842 DEGs in the GSE169077 dataset, and their intersection with ZMRGs resulted in 46 ZMRGs-
DEGs. ZMRGs-DEGs were primarily enriched in functions such as collagen catabolic processes, extracellular matrix
organization, metallopeptidase activity, and pathways like the IL.-17 signaling pathway, Nitrogen metabolism, and
Relaxin signaling pathway. Ten potential small-molecule drugs were predicted using the CMap database. OA patients
exhibited distinct immune cell abundance and function compared to healthy individuals. We identified 4 Hub genes
(MMP2, MMP3, MMP9, MMP13) through the PPI network, which were highly expressed in OA and demonstrated good
diagnostic performance. Furthermore, two closely related miRNAs for each of the 4 Hub genes were identified.
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Conclusion 4 Hub genes were identified as potential diagnostic biomarkers and therapeutic targets for OA.

Keywords Zinc metabolism-related genes, Osteoarthritis, Diagnosis, Hub genes, Protein-protein interaction

Introduction

Osteoarthritis (OA) is a chronic degenerative joint dis-
order characterized by synovial inflammation, cartilage
degeneration, and reduced joint function [1]. Patients
typically manifest symptoms including swelling, pain,
and stiffness, which adversely affect their quality of life
[2]. In recent decades, the incidence of OA has been on
the rise due to aging populations and obesity [3]. Accord-
ing to recent research, by 2030, China is expected to have
approximately 400 million cases of OA [4]. Clinical imag-
ing findings often do not align with the symptoms expe-
rienced by patients [5]. Hence, a pressing need exists for
the development of exceptionally sensitive and efficient
biomarkers for the diagnosis of OA, as well as to facilitate
the exploration of OA pathogenesis in the context of per-
sonalized treatment.

The potential involvement of zinc ions in the patho-
genesis of OA has garnered increasing attention. Clini-
cal studies have demonstrated a notable elevation in
serum zinc levels in OA patients [6]. Research has also
unveiled a correlation between daily zinc intake and the
incidence of OA [7], and genetic predictions have linked
zinc cycling levels to OA development [8]. The connec-
tion between zinc ions and OA pathogenesis is widely
understood as zinc ions being essential structural com-
ponents of matrix-degrading enzymes, necessary for
their maturation and activation [9]. In human cell lines
and mouse models, zinc influx into chondrocytes upreg-
ulates zinc-activated transcription factor MTF1, induc-
ing the expression of matrix-degrading enzymes, leading
to cartilage destruction and OA development [9]. Cur-
rently, the use of zinc chelators targeting aggrecanases
has proven to be effective in OA treatment [10]. There-
fore, further analysis of zinc metabolism-related genes
(ZMRGs) associated with OA is warranted, as it holds
the promise of offering potential therapeutic targets.

This work garnered data from OA cases and healthy
controls from the Gene Expression Omnibus (GEO)
database, identified differentially expressed genes
(DEGs), and then intersected DEGs with ZMRGs to
obtain zinc metabolism differential expression-related
genes (ZMRGs-DEGs). The functions of ZMRGs-DEGs
were dissected using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses.
Potential small molecule drugs were predicted using the
CMap database, and the response to immunotherapy
and immune infiltration in OA patients was analyzed
using the ssGSEA method. Protein-protein interaction
(PPI) networks were built to identify Hub genes among
ZMRGs-DEGs. Subsequently, the expression of Hub

genes was analyzed in GSE169077 and GSE55235 data-
sets, and their diagnostic characteristics were assessed
using receiver operating characteristic (ROC) curves, to
provide further insights into the zinc metabolism mecha-
nism in OA and the diagnosis and treatment of OA.

Materials and methods

Data sources

OA datasets GSE169077 and GSE55235 were supplied
with the GEO database (https://www.ncbi.nlm.nih.gov/).
GSE169077 consists of 5 normal samples and 6 OA
samples, while GSE55235 contains 10 normal samples
and 10 OA samples. ZMRGs were from MSigDB [11],
resulting in 886 ZMRGs after removing duplicate genes
(Supplementary Table 1). A brief workflow for this study
is shown in Fig. 1.

Analysis of DEGs

DEGs were identified in the GSE169077 dataset by
using the limma R package, with selection criteria of
P-value<0.05 and |LogFC| > 1. The intersection of DEGs
and ZMRGs yielded ZMRGs-DEGs.

KEGG and GO enrichment analyses

Utilizing the clusterProfiler R package, we conducted GO
analysis on ZMRGs-DEGs, including categories such as
biological processes, molecular functions, and cellular
components. Additionally, we performed a KEGG path-
way enrichment analysis with a significance threshold of
P<0.05.

Prediction of potential small molecule drugs

The Connectivity Map (CMap) database (https://portals.
broadinstitute.org/cmap/) is an indispensable resource in
pharmacogenomics that links diseases to drugs, where
negative scores suggest potential benefits of a drug for
disease treatment [12]. We input the 30 upregulated
genes from ZMRGs-DEGs into the CMap database to
obtain information on potential drugs and select the top
10 drugs for presentation.

Analysis of immunotherapy response and immune
infiltration

Using the ssGSEA method, we assessed the levels of
immune-related cells and immune-related functions in
the disease group compared to the normal group. Addi-
tionally, the expression of immune checkpoint genes in
the normal and disease groups was evaluated.
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Fig. 1 A workflow of this study
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Identification of hub genes among ZMRGs-DEGs

A PPI network was constructed for ZMRGs-DEGs utiliz-
ing the STRING database (https://string-db.org/), with a
confidence score threshold>0.4. Based on PPI network
data obtained from the STRING database, the top 4 Hub
genes were selected using the cytoHubba plugin in Cyto-
scape, employing the MCC algorithm.

Validation of hub genes’ diagnostic capability

Expression data for Hub genes were extracted from the
GSE169077 and GSE55235 datasets and visualized using
the ggplot2 R package. The predictive capability of Hub
genes was assessed by generating ROC curves and calcu-
lating the area under the curve (AUC) using the pROC
R package on the GSE169077 dataset and subsequently
validated on the GSE55235 dataset.

Prediction of the gene-miRNA interaction network

An interaction network between genes, miRNAs, and
Hub genes was created using the website (http://mirwalk.
umm.uni-heidelberg.de/). Parameters used for this analy-
sis included specified organism: Homo sapiens (Human)
and collection ID type (Official gene symbols).

Results

Selection and functional enrichment of ZMRGs-DEGs

In the GSE169077 dataset, we identified a total of 842
DEGs based on the selection criteria of P-value<0.05
and |LogFC| > 1. Among them, 402 genes were down-
regulated, and 440 genes were upregulated (Fig. 2A). The
intersection of DEGs and ZMRGs yielded 46 ZMRGs-
DEGs (Fig. 2B).

To explore the functions of ZMRGs-DEGs, we con-
ducted GO and KEGG enrichment analyses using the
clusterProfiler R package. The GO outcomes revealed
that ZMRGs-DEGs were predominantly enriched in
functions related to collagen catabolic processes, extra-
cellular matrix organization, metallopeptidase activity,
and more (Fig. 2C). Additionally, the KEGG outcomes
indicated that ZMRGs-DEGs were primarily enriched
in metabolic pathways like the IL-17 signaling pathway,
Nitrogen metabolism, Relaxin signaling pathway, and
others (Fig. 2D).

Identification of potential small molecule drugs

We input the 30 upregulated ZMRGs-DEGs (Supple-
mentary Table 2) into the CMap database to obtain
information about potential drugs. As shown in Table 1,
we identified 10 small molecule compounds that might
be potential therapeutic drugs for OA, including pan-
toprazole, cholic-acid, AS-604,850, etomoxir, mupi-
rocin, naftopidil, PP-3, deferiprone, SR-95,639 A, and
KUC103898N.
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Prediction of immunotherapy response and immune
infiltration analysis

To explore the immunotherapy response and immune
infiltration in OA, we utilized ssGSEA to assess the dif-
ferences in immune-related cells and immune-related
functions between OA patients and normal individuals.
As the results revealed, in OA patients, the abundance
of DCs, Macrophages, Mast Cells, and Treg cells signifi-
cantly increased, while the abundance of Tth and Thl_
cells significantly decreased (Fig. 3A). Additionally, the
abundance of immune-related functions in OA patients
significantly decreased in APC_co_inhibition, Cytolytic_
activity, and MHC_class_I, while it significantly increased
in HLA, Parainflammation, and T _cell_co.inhibition,
T _cell_co.stimulation, Type_I_IFN_Response, and
Type_II_IFN_Response (Fig. 3A). We further assessed
the expression of immune checkpoint genes in OA. The
results showed that CD40LG was significantly upregu-
lated in OA patients, while LAG3, PDCD1, and ICOS
were significantly downregulated (Fig. 3B).

Identification of hub genes among ZMRGs-DEGs

We constructed a PPI network using the STRING data-
base with the 46 ZMRGs-DEGs, resulting in a network
with 46 nodes and 49 edges (Fig. 4A). Subsequently, we
calculated the Hub genes in the PPI network utilizing the
MCC algorithm through the cytoHubba plugin in Cyto-
scape, identifying MMP2, MMP3, MMP9, and MMP13
as the top 4 Hub genes (Fig. 4B).

Validation of hub gene diagnostic performance
Furthermore, we conducted a comprehensive examina-
tion of the expression of Hub genes in the GSE169077
and GSE55235 datasets. Within the GSE169077 dataset,
MMP9, MMP2, and MMP13 displayed notably elevated
expression levels. Conversely, within the GSE55235 data-
set, MMP9, MMP3, and MMP13 exhibited significantly
increased expression in OA patients (Fig. 5A-B). To probe
into the clinical significance of Hub genes in OA patients,
we used the pROC R package to generate ROC curves for
Hub genes in the GSE169077 dataset and calculated the
AUC:s to evaluate their predictive ability. The validation
was performed using the GSE55235 dataset. The results
indicated that the AUCs for MMP9, MMP2, MMP3, and
MMP13 in the GSE169077 dataset were 0.933, 1, 0.833,
and 1, respectively. In the validation dataset GSE55235,
the AUCs were 0.96, 0.61, 0.84, and 0.84, respectively
(Fig. 5C-D). In summary, Hub genes demonstrated good
diagnostic performance in OA patients.

Prediction of the gene-miRNA interaction network

MiRNAs play a significant role in regulating the expres-
sion levels and biological functions of protein-coding
genes. We further explored the interactions between
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Fig. 2 Acquisition of ZMRGs-DEGs and functional enrichment analysis based on the GEO database (A) DEGs between normal and OA samples in the

GSE169077 dataset were analyzed and plotted as a volcano plot (P value <0.05,

LogFC|> 1). (B) Intersection of DEGs and ZMRGs in the GSE169077 data-

set. (C-D) ZMRGs-DEGs were analyzed using the clusterProfiler R package for GO functional enrichment analysis and KEGG pathway enrichment analysis

miRNAs and Hub genes. Through the gene-miRNA
interaction network website, we created an interac-
tion network between genes, miRNAs, and Hub genes,
which demonstrated that hsa-miR-1229-3p and hsa-miR-
6727-3p were two closely related miRNAs among the 4
Hub genes (Fig. 6).

Discussion

OA stands as the most prevalent form of arthritis, affect-
ing numerous patients worldwide [13]. OA exacerbates
the burden on joints like the knee, accelerating cartilage
damage [14]. Timely diagnosis of OA is crucial for such
conditions, but current imaging-based diagnostics have
significant limitations, necessitating the development of
biomarkers for OA diagnosis. In addition, through the
development of diagnostic techniques such as imaging,
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Table 1 Top 10 small molecule compounds with the highest
negative correlation scores identified from the CMap database
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selected for exploration and analysis. 841 DEGs were
found between the OA samples and the healthy samples,

and 46 ZMRGS-DEGs were obtained by intersecting with

Name ID Description Score

pantoprazole BRD-A22380646 ATPase inhibitor -99.89

cholic-acid BRD-K43164539  Bile acid -99.79

AS-604,850 BRD-K63915849  PI3Kinhibitor Carnitine -99.79

etomoxir BRD-K77625572  Palmitoyltransferase inhibitor -99.51

mupirocin BRD-K15262564  Isoleucyl-tRNA synthetase -99.33
inhibitor

naftopidil BRD-A01787639  Adrenergic receptor -99.25
antagonist

PP-3 BRD-K16977723  EGFR inhibitor -99.19

deferiprone  BRD-K06878038 Chelating agent -99.12

SR-95,639 A BRD-K19309090  Acetylcholine receptor -99.09
agonist

KUC103898N  BRD-K34508425 -666 -99.08

ZMRGs. GO enrichment results suggested that these 46
ZMRGs-DEGs primarily participate in processes related
to collagen catabolic activity, extracellular matrix orga-
nization, and metallopeptidase activity. KEGG pathway
analysis indicated their involvement in metabolic path-
ways like the IL-17 signaling pathway, Nitrogen metabo-
lism, and the Relaxin signaling pathway. These findings
suggested the active role of these genes in inflammatory
processes. Therefore, we hypothesized that these genes
may be crucial for OA development.

Currently, drug therapy is crucial for the treatment of
OA, and the majority of patients require short-term or

long-term medication. We conducted a CMap analysis

synovitis is also considered to be a common disease
of OA [15]. Synovium and cartilage can also crosstalk
through synovial fluid and even share some inflamma-
tory signaling pathways [16, 17]. Therefore, two datasets
GSE169077 and GSE55235 in the GEO database were

to identify potential therapeutic drugs. CMap analysis
identified ten small molecules, including pantoprazole,
cholic-acid, etomoxir, and others, as candidate drugs,
which can be explored for their respective targets. Panto-
prazole is a proton pump inhibitor drug, and research has
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Fig. 3 Immune infiltration levels and expression levels of immune checkpoint genes in OA patients and normal patients analyzed by ssGSEA. (A) ssGSEA
analysis of immune cells and immune-related functions in OA patients and normal patients. (B) Expression level of immune checkpoint genes in OA
patients and normal patients; * indicates P < 0.05; ** indicates P<0.01; *** indicates P <0.001
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Fig. 4 Identification of Hub genes among ZMRGs-DEGs. (A) PPl networks were constructed using the STRING database. (B) Identification of Hub genes
in the PPI network using the MCC algorithm of the cytoHubba plugin in Cytoscape
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validation set (D) and calculate AUC

found its potential for the treatment of OA [18]. Cholic-
acid belongs to bile acids, and studies have shown that
activation of the bile acid receptor GPBAR1 (TGR5) can
improve IL-1p-induced OA [19]. Etomoxir is a carnitine
palmitoyltransferase inhibitor, and research has indicated
that etomoxir can regulate mitochondrial dysfunction
and activate mitochondrial autophagy to alleviate oxi-
dative stress-induced OA [20]. While the connections

between the other seven small molecules and OA are not
clear, we speculate that their occurrence and progression
can be controlled by these small molecules in the devel-
opment of OA.

Recently, an increasing body of research has suggested
that immune cell infiltration features in the onset and
progression of OA [21, 22]. Studies have indicated that in
OA groups, there is a significant increase in DCs, iDCs,



You et al. BMC Musculoskeletal Disorders

(2024) 25:227

Page 8 of 10

Fig. 6 Creation of an interaction network between gene miRNAs and Hub genes using the gene-miRNA interaction network

macrophages, mast cells, APC co-inhibition, and CCR
expression. In contrast, B cells, NK cells, Th2 cells, TIL,
and T cells co-stimulation decrease significantly [23].
In our study, we found that in OA patients, there was a
notable increase in the abundance of DCs, macrophages,
mast cells, Treg cells, HLA, Parainflammation, T cell co-
inhibition, T cell co-stimulation, Type I IEN Response,
and Type II IFN Response. On the other hand, the levels
of Tth cells, Th1 cells, APC co-inhibition, Cytolytic activ-
ity, and MHC class I were significantly decreased in OA
patients. Furthermore, the data suggested that immune
checkpoint genes, including LAG3, PDCD1, and ICOS,
were significantly downregulated in OA patients.

We employed the cytoHubba program in Cytoscape
to examine the PPI results and identified the top 4 Hub
genes, namely MMP9, MMP2, MMP3, and MMP13.
These Hub genes exhibited high diagnostic efficiency in
both the GSE169077 and GSE55235 datasets. All 4 of
these Hub genes belong to the matrix metalloproteinase
(MMP) family, which plays a role in the turnover of the

extracellular matrix and the associated destruction of
joint cartilage in OA [24]. Elevated expression of MMP9
has been demonstrated to contribute to the advance-
ment of diabetes-induced OA in a rat model [25], and
it has been recognized as a potential biomarker for OA
in a study [26]. Studies have also demonstrated that the
knockout of MMP13 in mice results in less tibial cartilage
erosion compared to wild-type mice at 8 weeks post-sur-
gery [27]. On the contrary, mice with cartilage-specific
overexpression of constitutively active MMP13 have
exhibited the joint pathology observed in OA [28], and
targeting MMP13 has shown promise in OA therapy [29].
Research has further revealed that SOST can inhibit the
post-injury expression of MMP2 and MMP3 and improve
post-traumatic OA [30]. In summary, these 4 Hub genes
identified here were tightly concerned with the onset and
progression of OA and thus held promise as diagnostic
genes for OA. Similarly, previous studies have shown
that inflammatory factors produced by synovitis regulate
MMPs and play an important role in OA cartilage loss
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[31]. Therefore, to explore upstream genes targeting Hub
genes, the Gene-miRNA interaction network website
creates an interaction network between Gene miRNA
and Hub genes. Two miRNAs (hsa-miR-1229-3p and hsa-
miR-6727-3p) that were closely related to the four Hub
genes were found.

As reported, miRNA is associated with OA, and sev-
eral miRNAs have been linked to the pathogenesis of
the disease [32]. In this study, we established a miRNA-
target gene network and identified interactions between
miR-1229-3p and miR-6727-3p with the 4 Hub genes.
Currently, these two miRNAs have not been extensively
studied in the context of OA, but miR-1229-3p has been
found to serve as a prognostic factor promoting cell via-
bility, migration, and invasion in hepatocellular carci-
noma [33].The direct role of miR-6727-3p is associated
with the effect on type 2 diabetes beta cells [34]. Based on
our research findings, these miRNAs may participate in
the progression of OA. Nevertheless, their specific roles
in OA progression require further explorations.

This work has certain limitations. Firstly, the dataset
used here has a limited number of samples, which may
introduce bias to the results. Secondly, more in vivo and
in vitro research is needed to validate the diagnostic sig-
nificance of Hub genes. Thirdly, the biological functions
of Hub genes and immune microenvironment obtained
in this study that can guide OS diagnosis need to be fur-
ther studied. Lastly, a thorough understanding of the Hub
gene targets in OA is essential for discovering and devel-
oping appropriate treatment strategies.
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