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Purpose: This study aims to identify differentially expressed genes (DEGs) in macrophages 
exposed to ultra-high-molecular-weight polyethylene (UHMWPE) or vitamin E-blended 
UHMWPE (VE-UHMWPE) particles, thereby providing potential targets for the treatment 
of inflammatory osteolysis.
Methods: The GSE104589 dataset of genome expression in macrophages exposed to 
UHMWPE and VE-UHMWPE was downloaded from the Gene Expression Omnibus 
database to identify DEGs. Functional enrichment analysis was performed using 
DAVID, and the corresponding protein–protein interaction (PPI) network was constructed 
from the STRING database. Important modules were selected using the molecular com-
plex detection algorithm, and hub genes were identified in cytoHubba. MicroRNAs 
targeting these DEGs were obtained from the TarBase, miRTarBase, and miRecords 
databases, while transcription factors (TFs) targeting DEGs were predicted from the 
ENCODE database. Finally, the top five DEGs were validated by quantitative real-time 
polymerase chain reaction (qRT-PCR).
Results: A total of 112 DEGs (44 upregulated and 68 downregulated DEGs) were 
screened. Immune and inflammatory responses were significantly related in gene ontology 
analysis, and 18 signaling pathways were enriched according to Kyoto Encyclopedia of 
Genes and Genomes pathway analysis. The PPI network involving 85 nodes and 266 
protein pairs indicated that IL1β, CXCL1, ICAM1, CCL5 and CCL4 showed higher 
degrees. qRT-PCR analysis of the top five DEGs revealed a decreasing trend in the VE- 
UHMWPE group compared with the UHMWPE group. Key microRNAs (hsa-miR-144, 
hsa-miR-21, and hsa-miR-221) and TFs (RELA and NFKB1) were predicted to be corre-
lated with the pathogenesis of inflammatory osteolysis through microRNA-TF regulatory 
network analysis.
Conclusion: The present study helps shed light on the molecular mechanisms underlying 
the changes in the wear-induced inflammatory process after blending vitamin E with 
UHMWPE. Hub genes including IL1β, CXCL1, ICAM1, CCL5, and CCL4, key 
microRNAs (hsa-miR-144, hsa-miR-21, and hsa-miR-221) and TFs (RELA and NFKB1) 
may serve as prognostic and therapeutic targets of inflammatory osteolysis.
Keywords: inflammatory osteolysis, aseptic loosening, bioinformatics analysis, VE- 
UHMWPE, macrophages
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Introduction
While total joint arthroplasty (TJA) is still the gold stan-
dard for the treatment of pain and dysfunction in patients 
with end-stage arthritis and femoral head necrosis,1,2 

determining the long-term behavior of implants remains 
challenging in the scientific community and healthcare 
service systems due to polyethylene wear, with resultant 
osteolysis and/or aseptic loosening.3 Revision surgery is 
more difficult and costly than primary TJAs because of 
poorer prognosis and higher risk of failure and 
complications.2–5 Inflammatory osteolysis initiates when 
macrophages recognize wear debris derived from the poly-
ethylene (PE) liners of TJAs and release a series of cyto-
kines and chemokines that promote the recruitment of 
other inflammatory cells, leading to the formation of 
inflamed granulomas.4 Despite advances achieved in phar-
macological therapies for inflammation in other skeletal 
diseases, there are no agents that specifically target peri-
prosthetic inflammatory osteolysis.

A better understanding of the molecular and cellular 
mechanisms of inflammatory osteolysis in TJA and the 
development of specific therapies are urgently needed to 
prevent implant loosening. Attempts such as the introduction 
of ultra-high-molecular-weight polyethylene (UHMWPE) 
and cross-linking of UHMWPE using gamma irradiation 
(HXLPE) have been made to improve the wear resistance 
of implant bearing materials (acetabular components in total 
hip arthroplasties and tibial inserts in total knee arthroplas-
ties) and have revealed superior durability in mid-term and 
long-term follow-up.4 However, the cross-linking process of 
polyethylene generates free radicals, reducing long-term oxi-
dative stability and enhancing material embrittlement of 
HXLPE.1,6 To address this issue, the new generation of 
HXLPE is stabilized with vitamin E (alpha-tocopherol), 
a natural lipid-soluble antioxidative substance exerting potent 
anti-inflammatory properties on cells.7 The infusion of vita-
min E into UHMWPE could donate hydrogen atoms to free 
radicals in polyethylene, decrease the production of reactive 
oxygen species (ROS) and tumor necrosis factor α (TNF-α), 
and interrupt the chemical reaction cascade between the 
macromolecules and oxygen.8 Currently, there are two meth-
ods of integrating vitamin E into UHMWPE.2 The first is to 
blend vitamin E with UHMWPE resin powder: after conso-
lidation, the blend can be irradiated for cross-linking.5 

However, the presence of vitamin E could reduce the cross- 
linking efficiency of UHMWPE and a concentration of vita-
min E above 0.3% wt (mass fraction) in the irradiated surface 

would significantly impair wear characteristics.9,10 

The second is doping the polyethylene polymers after radia-
tion cross-linking in vitamin E, by which a maximum con-
centration of approximately 0.7 wt% can be reached on 
account of the saturation upper limit of the HXLPE.2,5 

Bichara and colleagues revealed that fabricated wear particles 
derived from VE-UHMWPE triggered lesser cellular 
responses and osteolytic potentials than conventional 
UHMWPE in in vivo experiments,11 and a series of rando-
mized controlled trials demonstrated lower wear rates in 
HXLPE/VitE cups than in HXLPE or UHMWPE cups in 
mid- or long-term follow-ups.1,5,7,12 However, some investi-
gators obtained negative results for these two materials.12–14 

Until now, whether the addition of vitamin E exerts 
a protective effect on the bearing materials of arthroplasties 
remained to be confirmed.

Given that macrophages are the first immune cells 
encountering wear particles, we attempted to analyze 
the genomic mechanisms of human macrophages after 
exposure to VE-UHMWPE and conventional UHMWPE 
particles. Notably, Terkawi and his colleagues originally 
submitted the GSE104589 dataset to the Gene Expression 
Omnibus (GEO) database. They screened correlated gene 
expression in human macrophages exposed to VE- 
UHMWPE and UHMWPE particles, demonstrating the 
involvement of IL-27 in the macrophage response to VE- 
UHMWPE particles and its regulatory role in 
osteolysis.15 However, they only investigated the function 
of one transcriptome gene (IL-27),15 and there were still 
multiple genes that could play vital roles in these pro-
cesses. Therefore, to identify the differentially expressed 
genes (DEGs) and correlated pathways in macrophages 
after exposure to VE-UHMWPE and UHMWPE, and 
provide a more comprehensive view of the genetic 
mechanisms in inflammatory osteolysis, in the present 
study these microarray data were retrieved from the 
GEO database and reanalyzed by using various bioinfor-
matics technologies and in vitro experiments. 
Furthermore, the present study constructed 
a transcription factor (TF)-DEG network and 
a microRNA (miRNA)-DEG network. The associations 
between the TFs and their targets were predicted by using 
the Encyclopedia of DNA Elements (ENCODE), while 
the regulatory associations between miRNAs and their 
targets were extracted from the TarBase, miRTarBase 
and miRecords databases. The integration of these two 
networks was then performed to establish a TF- 
microRNA coregulatory network from which key 
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microRNAs and TFs can be identified. Our analysis pro-
vided insight into genomics at the cellular level and 
explored the potential mechanism of inflammatory 
osteolysis.

Materials and Methods
High-Throughput Gene Expression Data
The high-throughput gene expression profile was down-
loaded from the GEO database (https://www.ncbi.nlm.nih. 
gov/geo/), under the accession number GSE104589. The 
GSE104589 dataset, based on GPL16791 (a platform for 
Illumina HiSeq 2500, Homo sapiens) contained 9 samples, 
including 3 samples from macrophages exposed to VE- 
UHMWPE particles, and 3 samples from macrophages 
exposed to UHMWPE and 3 control samples from macro-
phages cultured alone, which were all selected for deep 
analysis in this study.

Data Preprocessing and Identification of 
DEGs
Based on the annotation information in the platform, the 
probe sets were transformed into the corresponding gene 
symbol. The mean value of multiple probe sets was calcu-
lated if they corresponded to the same gene symbol. The 
data were normalized using quantile normalization with 
Illumina16 in R software (Version 3.6.2) and DEGs were 
identified using the limma package (Version 3.42.2) in 
R software. Individual p-values were calculated and con-
verted to adjusted p-values (adj. p. val) for comparisons by 
false discovery rate correction of the Benjamini and 
Hochberg test. The cutoff point of adj. p. val < 0.05 and 
|log2fold change (FC)| >2 were used to select the DEGs. 
Then, the heatmap and volcano plot of the DEGs were 
generated using the ggplot2 package in R software.

Functional and Pathway Enrichment 
Analyses of DEGs
The up- and downregulated DEGs were uploaded to an 
online biological information database, the Database for 
Annotation, Visualization, and Integrated Discovery 
(DAVID) version 6.8 Beta (https://david-d.ncifcrf.gov/), 
17,18 for further analysis, including gene ontology (GO) 
and Kyoto Encyclopedia of Gene and Genome (KEGG) 
pathways, which were visualized in the R ggplot2 pack-
age. The significance criterion was set at p-val < 0.05.

Protein-protein Interaction Network 
Construction and Module Analysis
The PPI network of DEGs was predicted using the multi-
ple protein online tool in the STRING database,19 a search 
tool for the Retrieval of Interacting Genes database (ver-
sion 11.0, http://string-db.org) and visualized in Cytoscape 
software (Version 3.6.2).20,21 The most significant modules 
in the PPI network were identified and visualized using 
Molecular Complex Detection (MCODE), which is a tool 
in Cytoscape to select densely connected areas in the 
acquired network. The selection criteria were as follows: 
MCODE scores >5, node score cutoff = 0.2, degree cutoff 
= 2, max depth = 100 and k-score = 2. The biological 
process analysis of the top 20 genes was performed and 
visualized using the Biological Networks Gene Ontology 
tool (BiNGO) (version 3.0.3) plugin in Cytoscape.22

Hub Gene Selection
The hub genes (top 10) in the PPI network were identified 
by Maximal Clique Centrality (MCC), Degree, and 
Maximum Neighborhood Component (MNC) from the 
cytoHubba plugin in Cytoscape.

TF-DEG Network and miRNA-DEG 
Network Construction
The targeted TFs of DEGs were predicted using the 
ENCODE database in NetworkAnalyst (https://www.net 
workanalyst.ca/faces/home.xhtml), a visual analytics plat-
form for comprehensive gene expression profiling and 
meta-analysis. Meanwhile, the microRNA-DEG pairs 
were identified using the TarBase, miRTarBase and 
miRecords databases. The generated pairs of TF-DEG 
and miRNA-DEG were retained for further analysis.

TF-miRNA Integrated Network 
Construction
The integrated network of TF-miRNA was constructed 
according to the TF-DEG and miRNA-DEG networks. 
The coregulated DEGs targeted by miRNAs and TFs 
were first selected, and subsequent miRNAs and TFs 
were extracted. Eventually, the integrated regulatory net-
work was constructed and visualized in Cytoscape soft-
ware (Version 3.6.2).
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Preparation of Polyethylene Particles and 
Macrophage Culture
The materials were prepared from a single batch of med-
ical-grade GUR 1050 resin (Ticona, Bayport, TX, USA). 
The VE-UHMWPE and UHMWPE particles were first 
fabricated using the method presented by Oral.23 The 
human monocyte cell line THP-1 (ATCC; American 
Type Culture Collection, USA) was seeded in a 6-well 
plate at a density of 5×105 cells/well and cultured with 
RPMI-1640 medium (BSigma Aldrich, St. Louis, MO, 
USA) supplemented with 10% inactivated fetal bovine 
serum, 100 U/mL penicillin, 100 μg/mL streptomycin, 
and 2 mM L-glutamine. Cells were incubated in 
a humidified atmosphere with 5% CO2 environment at 
37°C. The cells were differentiated into macrophages by 
using 125 ng/well phorbol 12-myristate 13-acetate (PMA) 
(Sigma Aldrich, St. Louis, MO, USA) for 48 h. Then the 
cells were cultured with free-endotoxin VE-UHMWPE or 
UHMWPE particles at a ratio of 1:4000 μm3 for 24 
h using an inverted cell culture technique that allows 
particles to directly interact with macrophages. Control 
macrophages were cultured alone.

Quantitative Real-Time Reverse 
Transcription Polymerase Chain Reaction 
(qRT–PCR)
Purified 0.5 mg DNA-free RNA samples were reverse 
transcribed using a One Step PrimeScript® miRNA 
cDNA Synthesis Kit (Takara, Japan, D350A), and the 
amplification reaction was conducted using a SYBR® 

Premix Ex TaqTM II kit (Takara, Japan, DRR820A). 
Gene expression of each target was calculated using the 
ΔΔCT method after normalization to the expression of 
GAPDH housekeeping genes.

ELISA
Secreted IL-1β, IL-1, IL6 and TNF-α levels in the super-
natant of macrophages in different groups were detected 
using quantitative ELISA kits (R&D Systems Inc. MN, 
USA) according to each manufacturer’s instruction.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 
Software, version 7.0 (GraphPad Software Inc., USA). 
One-way analysis of variance (ANOVA) followed by 
Tukey’s multiple-comparison procedure was used to com-
pare the gene expression and levels of inflammatory 

factors. The results are presented as the means ± standard 
errors (SEM), and a p-value < 0.05 was considered statis-
tically significant.

Results
Data Normalization
Data normalization and cross-comparability were evalu-
ated via the box plot visualization of the gene expression 
of all samples and principal component analysis (PCA) for 
confirming biological variability between different sam-
ples. Figure 1 demonstrates that the black lines were 
almost in the same position after data normalization, indi-
cating an excellent degree of standardization, which can 
ensure the accuracy of subsequent data processing. 
Figure 2A shows that all samples involving UHMWPE, 
VE-UHMWPE, and no particles were grouped separately, 
indicating globally distinct expression profiles.

Identification of DEGs
The high-throughput sequencing data from the 
GSE104589 dataset were analyzed to select DEGs accord-
ing to the predefined criteria. In total, 112 DEGs were 
detected between the VE-UHMWPE group and the 
UHMWPE group, including 44 upregulated and 68 down-
regulated DEGs. In addition, a volcano plot and a heatmap 
of all DEGs were generated using the R ggplot2 package 
(Figure 2B and C). Meanwhile, 376 DEGs were identified 
between the UHMWPE group and the control group, 
including 182 upregulated and 194 downregulated DEGs, 
and the top 50 genes are listed in Supplementary Table 1.

GO Function and KEGG Enrichment 
Analysis of DEGs
GO enrichment analysis of 112 DEGs between the VE- 
UHMWPE group and the UHMWPE group was performed 
to identify the most relevant biological processes (BPs), 
molecular functions (MFs), and cellular components 
(CCs). The top ten enriched terms in BP, CC, and MF are 
presented in Figure 3A–C. Additionally, based on KEGG 
pathway analysis, the DEGs were significantly enriched in 
18 signaling pathways, such as the chemokine signaling 
pathway, cytokine–cytokine receptor interaction, rheuma-
toid arthritis, herpes simplex infection and influenza A, 
measles, and legionellosis (Figure 3D). The top 20 terms 
associated with 112 DEGs, enriched in BP, CC and MF are 
presented in Table 1. GO enrichment analysis and related 
pathways of 376 DEGs between the UHMWPE group and 
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the control group are presented in Supplementary Figure 1 
and Supplementary Table 2. Based on KEGG pathway 
analysis, the DEGs were significantly enriched in 30 signal-
ing pathways, such as the Toll-like receptor signaling and 
phagosome pathways.

PPI Network Construction and Module 
Analysis
The interactions between the proteins expressed from 
DEGs, which consisted of 85 nodes and 266 edges 

(Figure 4A), were constructed from the STRING database 
and visualized using Cytoscape. In addition, 5 of the top 
genes with relatively high connectivity degrees (≥20) were 
IL1β (degree = 23), CXCL1 (degree = 22), ICAM1 
(degree = 21), CCL5 (degree = 20), and CCL4 (degree = 
20). Four significant modules (Figure 4B) were obtained 
by module analysis in the PPI network using MCODE 
from Cytoscape based on the aforementioned criteria. 
The crucial nodes with a high MCODE score in these 
four modules were IL1RN, C3AR1, C5AR1, ICAM1, 
HCAR2, IDO1, CCL5, CXCL9, CXCL1, CCL20, 

Figure 1 The distribution of expression of all samples before and after normalization.
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Figure 2 (A) The distribution of expression of samples involving principal component analysis (PCA) for confirming biological variability between different samples; (B) 112 
DEGs are shown in the volcano plot, containing 44 upregulated genes in red and 68 downregulated genes in green; (C) the heatmap shows the 112 most significant DEGs. 
Red indicates relatively high expression, and blue indicates relatively low expression. DEGs were identified by the criteria of|log2fold change (FC)|> 2 and adj. p. val < 0.05. 
Abbreviation: DEGs, differentially expressed genes.
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STAT1, CCL4, CCL3, CXCL5, PTGS2, IL1B, and CCL1. 
The biological process analysis of the top 20 genes was 
performed and visualized using BiNGO in Cytoscape, 
which is shown in Figure 5.

Hub Gene Selection
Hub genes were selected by CytoHubba. The top 10 hub 
genes, which were selected based on the 3 most commonly 
used classification methods in cytoHubba, are presented in 
Table 2. By overlapping the first 13 genes, 7 central genes 
(IL1β, CXCL1, CCL5, CCL4, CCL20, CXCL9 and 
C3AR1) were consequently identified as presented in 
Figure 6A. After being marked on selected modules, we 
observed that the hub genes were downregulated and 
gathered in module 1 (Figure 6B).

Construction of the TF-DEG Network 
Analysis
According to TF binding site data and genetic coordinate 
position information provided in ENCODE, a potential regu-
latory network between DEGs and TFs was constructed to 
analyze the functional roles of selected DEGs. A total of 73 
associations between 22 TFs and 13 DEGs were predicted. As 

shown, KLF16 regulated 5 DEGs (eg, C5AR1 and CCL20), 
TFDP1 regulated 5 DEGs (eg, IL2RA and THBS1), and NFIC 
regulated 4 DEGs (eg, CCL3 and CCL44) (Figure 7).

Construction of miRNA-DEG Network 
Analysis
The microRNA-DEG pairs were identified through net-
work analysis of 20 DEGs using the TarBase, 
miRTarBase and miRecords databases. Ultimately, a total 
of 64 associations between 25 microRNAs and only 18 
DEGs were identified, and then the network was visua-
lized in Cytoscape (Figure 8). THBS1 regulated 8 inter-
acting microRNAs, hsa-let-7b-5p, hsa-let-7f-5p, hsa-mir 
-17-5p, hsa-mir-1-3p, hsa-mir-155-5p, hsa-mir-410-3p, 
hsa-mir-4302 and hsa-mir-2467-3p. A hub microRNA, 
hsa-mir-335-5p, was predicted to interact with five 
DEGs, including PTGS2, ICAMI1, CCL20, C5AR1 and 
CXCL9.

TF-miRNA Interaction Network
The TF-microRNA interaction network was constructed 
through network analysis of 20 DEGs in Cytoscape 
(Figure 9), which included 16 DEGs, 28 TFs, and 13 

Figure 3 GO including biological process (A), cellular components (B) and molecular function (C) analysis, and KEGG (D) enrichment analysis of the DEGs between the 
VE-UHMWPE group and the UHMWPE group. 
Abbreviations: DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Table 1 Top 20 Biological Processes of DEGs

Term Description Genes Gene 
Counts

P-value

GO:0005515 Protein binding PTGS2, RRAD, QARS, ANKRD1, SDC4, SLC1A5, SEMA7A, TGFBI, INSIG1, 

SLC2A1, USP12, FAM129A, DPP4, PTPRJ, ICAM1, NRIP3, EGR2, BST2, 

SOCS3, NPC1, SERPINF1, RPS14, PFDN5, TUBA4A, PEBP1, G0S2, 
TMSB4X, PPP1R15B, PPP1R15A, ARL4C, EMP1, CCL3, FGR, CXCL9, IFI30, 

RSAD2, FKBP1A, HSPA1A, HSPA1B, CCL5, CCL4, CCL7, TSC22D1, 

CCL20, METTL1, TAP1, NUMB, THBS1, GPNMB, PHLDA1, MAFB, IL1RN, 
DPYSL2, SPARC, STAT1, SLAMF1, PSMB8, SH3BP5, RASSF3, DUSP5, ATF4, 

NUP62, STAB1, ITGA5, UCP2, HOPX, CKS2, RAP1B, MERTK

69 0.003967971

GO:0005886 Plasma membrane C3AR1, FGR, IFI30, RRAD, SDC4, GPC4, RGS10, SLC1A5, CLEC4E, 

SEMA7A, NUMB, SLC2A1, TGFBI, FAM129A, GPNMB, HCAR2, DPP4, 

ATP8B4, PTPRJ, ICAM1, C5AR1, IL2RA, BST2, SLCO4A1, IL1RN, SLAMF7, 
SPARC, ANKRD13A, RASSF3, ITGA5, STAB1, SERPINB2, RAP1B, MERTK, 

ARL4C, IL3RA, EMP1, GRASP

38 0.004446979

GO:0070062 Extracellular exosome FGR, FKBP1A, SDC4, GPC4, SLC1A5, TGFBI, SLC2A1, IL1B, FAM129A, 

THBS1, DPP4, PTPRJ, ICAM1, BST2, IL1RN, MYO1D, DPYSL2, SLAMF1, 
CPVL, FUCA1, PSMB8, QPCT, NPC1, SERPINF1, RPS14, SLC37A2, PEBP1, 

TUBA4A, FABP4, RAP1B, CP, VSIG4, CTSF

33 1.62E-04

GO:0005615 Extracellular space CCL1, CXCL1, ICAM1, CCL3, CXCL5, ARSG, CRTAP, IL1RN, CXCL9, 

SPARC, CCL5, CCL4, CCL7, GPC4, CCL22, SERPINF1, CCL20, SEMA7A, 

TGFBI, SERPINB2, IL1B, CP, MERTK, THBS1, CTSF

25 1.06E-06

GO:0005576 Extracellular region CCL1, CXCL1, CCL3, CXCL5, OLFML2B, F13A1, CXCL9, IFI30, IL4I1, 

SPARC, CCL5, CCL4, CCL7, NPC1, CCL22, SERPINF1, CCL20, TGFBI, 
SERPINB2, TUBA4A, IL1B, TMSB4X, CP, THBS1

24 6.67E-05

GO:0006954 Inflammatory response CCL1, CXCL1, C3AR1, CCL3, IL2RA, C5AR1, CXCL5, PTGS2, CXCL9, 
CCL5, CCL4, CD180, CCL7, CCL22, CCL20, STAB1, SEMA7A, IL1B, 

THBS1

19 2.87E-11

GO:0007165 Signal transduction CCL1, CXCL1, C5AR1, CXCL5, CXCL9, RRAD, SPARC, DPYSL2, SDC4, 

CCL4, SLAMF1, CCL7, SH3BP5, RASSF3, NPC1, CCL22, CCL20, IL1B, 

GRASP

19 3.70E-04

GO:0005887 Integral component of 

plasma membrane

PTPRJ, ICAM1, C3AR1, C5AR1, BST2, SLCO4A1, SDC4, CD180, GPC4, 

SLC1A5, NPC1, STAB1, SLC2A1, TAP1, TM4SF1, MERTK, GPNMB

17 0.0098955

GO:0006955 Immune response CXCL1, CCL3, IL2RA, C5AR1, CXCL5, IL1RN, CXCL9, CCL5, CCL4, 

CCL22, CCL20, SEMA7A, IL1B, THBS1

14 2.75E-06

GO:0005739 Mitochondrion PDK4, RSAD2, QARS, HSPA1A, HSPA1B, SPARC, DPYSL2, SH3BP5, 

CYP27B1, SDS, RPS14, TAP1, G0S2, PPP1R15A

14 0.05425545

GO:0070374 Positive regulation of 

ERK1 and ERK2 
cascade

CCL1, ICAM1, CCL22, CCL3, C5AR1, CCL20, SEMA7A, RAP1B, CCL5, 

GPNMB, SLAMF1, CCL4, CCL7

13 1.18E-09

GO:0007267 Cell-cell signaling CCL22, CCL3, CXCL5, BST2, CCL20, STAB1, CXCL9, IL1B, CCL5, MERTK, 
CCL4, CCL7

12 6.58E-07

GO:0007186 G-protein coupled 
receptor signaling 

pathway

CXCL1, CCL1, C3AR1, CCL22, CCL3, CXCL5, CCL20, CXCL9, CCL5, 
HCAR2, CCL4, CCL7

12 0.028053381

(Continued)
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microRNAs, with 70 associations between the TFs and 
DEGs and 19 associations between the miRNAs and 
DEGs. We separately analyzed the degree of 16 DEGs 
in the TF-DEG network and the microRNA-DEG 

network (Table 3). We found that RELA and NFKB1 
regulated six interacting DEGs. Simultaneously, hsa- 
miR-144, hsa-miR-21, and hsa-miR-221 regulated three 
interacting DEGs.

Table 1 (Continued). 

Term Description Genes Gene 
Counts

P-value

GO:0071356 Cellular response to 

tumor necrosis factor

CCL1, ICAM1, CCL22, CCL3, CCL20, FABP4, ANKRD1, THBS1, CCL5, 

CCL4, CCL7

11 1.99E-09

GO:0006935 Chemotaxis CXCL1, CCL1, C3AR1, CCL22, CCL3, C5AR1, CXCL5, CCL20, CXCL9, 

CCL5, CCL7

11 5.48E-09

GO:0043547 Positive regulation of 

GTPase activity

CCL1, ICAM1, RGS10, CCL22, CCL3, IL2RA, CCL20, CCL5, CCL4, CCL7, 

IL3RA

11 0.00324408

GO:0070098 Chemokine-mediated 

signaling pathway

CXCL1, CCL1, CCL22, CCL3, CXCL5, CCL20, CXCL9, CCL5, CCL4, 

CCL7

10 6.60E-10

GO:0008283 Cell proliferation CXCL1, GPC4, IL2RA, BST2, SERPINF1, TGFBI, INSIG1, CKS2, RAP1B, 

EMP1

10 5.52E-04

GO:0009986 Cell surface PTPRJ, ICAM1, C5AR1, BST2, ITGA5, SPARC, THBS1, SDC4, SLAMF1, 

DPP4

10 0.005226755

GO:0008009 Chemokine activity CXCL1, CCL1, CCL22, CCL3, CXCL5, CCL20, CXCL9, CCL5, CCL4, 

CCL7

10 1.50E-11

Abbreviation: DEGs, differentially expressed genes.

Figure 4 Protein–protein interaction (PPI) network analysis. (A) The PPI network of DEGs visualized in Cytoscape. Red indicates upregulated genes, and green indicates the 
downregulated genes. (B) Four significant modules in the PPI network.
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Assessment of Polyethylene Particles, 
qRT-PCR and ELISA
As visualized with a transmission electron microscope, 
VE-UHMWPE particles were engulfed by macrophages 
(Figure 10A and B). To further validate the transcriptional 
RNA-seq data, the expression of 5 hub genes (IL1β, 
CXCL1, ICAM1, CCL5, and CCL4) with high 

connectivity degrees (≥20) was examined by qRT-PCR 
(Figure 10C). Notably, the results of the gene expression 
examined by qRT-PCR and high-throughput sequencing 
were highly correlated. Moreover, ELISA revealed 
a significant increase in the levels of inflammatory factors 
including IL-1β, IL-2, IL-6 and TNF-α in the supernatant 
of the UHMWPE group in comparison with the control 
groups, while the levels of these inflammatory factors 
were decreased in the VE-UHMWPE group in comparison 
with the UHMWPE groups (Figure 10D).

Discussion
Bearing in mind that wear particles continuously 
released from the surfaces of implant-bearing materials 
could result in local infiltration and activation of 
inflammatory cells, an ideal approach to minimize peri-
prosthetic osteolysis at the site of implantation should 
be emphasized to avoid an inflammatory response. As 
the major source of inflammatory mediators associated 
with impaired bone metabolism and increased activity 
of resorptive osteoclasts, macrophages can colonize the 
site of implantation and initiate an inflammatory 
cascade.24 Several studies have focused on the 

Figure 5 The biological process analysis of the top 20 DEGs was constructed using BiNGO. The color depth of nodes refers to the corrected p-value of ontologies. The size 
of nodes refers to the numbers of genes that are involved in the ontologies. P < 0.01 was considered statistically significant.

Table 2 List of the Top 10 Hub Genes Selected by MCC, MNC 
and Degree Methods in cytoHubba

MCC MNC Degree

IL1B IL1B IL1B
CXCL1 CXCL1 CXCL1

CCL20 ICAM1 ICAM1

CCL4 CCL5 CCL5
CXCL5 CCL4 CCL4

CXCL9 STAT1 STAT1

CCL5 CCL20 C3AR1
C3AR1 CXCL9 CCL20

HCAR2 CXCL5 CXCL9

C5AR1 C3AR1 PTGS2

Abbreviations: MCC, maximal clique centrality; MNC, maximum neighborhood 
component.
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characterization of the immune response of macro-
phages to implant particles in order to understand the 
molecular mechanisms of inflammatory osteolysis.25–27 

Terkawi revealed that the differentiated gene profile of 
macrophages stimulated by conventional UHMWPE 
particles mainly involves common gene expression sig-
natures for inflammation and rheumatoid arthritis.15 By 
using informatics analysis of the gene profile of macro-
phages stimulated by UHMWPE and VE-UHMWPE 
particles, it was revealed that VE-UHMWPE triggered 
reduced biological activity and inflammatory responses 
in comparison with UHMWPE. A total of 112 DEGs 
were identified between the two groups, which may aid 
in advancing our knowledge on regulatory factors with 
respect to aseptic loosening of orthopedic implants.

Integrated analysis of differential gene expression 
indicated that the top 10 DEGs (IL1β, CXCL1, CCL20, 
CCL4, CXCL5, CXCL9, CCL5, C3AR1, HCAR2 and 
C5AR1) in the PPI network were the hub genes affect-
ing the inflammatory response of macrophages to VE- 
UHMWPE, all showing a decreasing trend compared to 
the UHMWPE group. We found that most of these 
DEGs were chemokines (IL1β, CXCL1, CCL20, 
CCL4, CXCL5, CXCL9 and CCL5) and three 
(C3AR1, HCAR2 and C5AR1) were inflammation- 

related receptors. These findings agreed with the fact 
that proinflammatory mediators including SPP1, CCL2, 
CCL3, CCL5 and CCL4 were highly expressed in 
macrophages cultured with UHMWPE in comparison 
with the blank control.15 Importantly, large numbers of 
DEGs identified between the UHMWPE group and the 
VE-UHMWPE group also serve regulatory roles in 
osteoclastogenesis and bone resorption.15,28 Some 
inflammatory diseases are associated with increased 
bone resorption and fracture rates because inflamma-
tory cytokines produced by innate and adaptive 
immune cells could not only facilitate inflammation 
but also activate bone degeneration and inhibit bone 
formation.29 The degree of inflammation is related to 
the extent of local and systemic bone loss.30 For 
instance, chemokines including CCL3, CCL4, CCL5, 
CXCL9, CCL5 and CCL20 are involved in the remo-
deling of bone tissue through mediating the develop-
ment and function of osteoblasts and 
osteoclasts.15,24,31,32 CXCL1 could contribute to osteo-
lysis and facilitate metastasis of prostate cancer and 
osteosarcoma,33,34 while several published results con-
firmed the role of IL1β inducing bone resorption and 
osteoporosis.29 C5AR1 signaling in osteoblasts plays 
a detrimental role in bone regeneration by interacting 

Figure 6 Identification of the hub genes. (A) Hub genes were identified by the overlap of the three methods in CytoHubba; (B) the selected hub genes were all included in 
the most significant module.
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with TLR2 and stimulating CXCL10.28 The expression 
of HCAR2 in peripheral blood mononuclear cells was 
significantly lower in nonunion patients than in those 
with healed long bone fractures, thus acting as 
a valuable biomarker for nonunion diagnosis.35 Tian 
and his colleagues demonstrated that C3AR1 might 
participate in the osteocyte apoptosis induced by mye-
loma cells.36 The expression of the top 5 hub genes 
(IL1β, CXCL1, ICAM1, CCL5, and CCL4) with con-
nectivity degrees ≥20 showed a consistent trend by 
qRT-PCR assay and high-throughput sequencing. 
Moreover, ELISA revealed that UHMWPE particles 
stimulated a significant increase in the levels of IL- 
1β, IL-2, IL-6 and TNF-α, which was consistent with 

a study by Terkawi et al4 and diffusion of vitamin E to 
UHMWPE could reduce the secretion of these inflam-
matory factors.

We then used a variety of bioinformatics analysis 
methods to analyze these DEGs to obtain 
a comprehensive understanding of these genes. As 
a result, GO terms of 112 DEGs for biological process 
categories included positive regulation of the signal 
transduction process, inflammatory response and 
immune response. Furthermore, the KEGG pathway 
enrichment analysis revealed that these DEGs were 
predominantly associated with the chemokine signaling 
pathway and cytokine–cytokine receptor interactions. 
The DEGs in the chemokine signaling pathway were 

Figure 7 The network of TF-DEG was obtained from the ENCODE database. 
Abbreviations ENCODE, Encyclopedia of DNA Elements; TF, transcription factor; DEG, differentially expressed gene.
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CXCL1, CCL1, CCL3, CXCL5, FGR, CXCL9, STAT1, 
CCL5, CCL4, CCL7, CCL22, CCL20 and RAP1B, 
while the DEGs in the cytokine–cytokine receptor 
interaction pathway were CCL1, CXCL1, CCL3, 
IL2RA, CXCL5, CXCL9, CCL5, CCL4, CCL7, 
CCL22, CCL20, IL1B and IL3RA. Nineteen DEGs 
were involved in the inflammatory response and four-
teen were related to the immune response. Our bioin-
formatics analysis demonstrated the involvement of the 
rheumatoid arthritis pathway and measles pathway of 
DEGs in the response of macrophages to VE- 
UHMWPE and UHMWPE particles. Of significance, 
the cytokine–cytokine receptor interaction pathway, 
which was reported to be the most significantly 
enriched in patients with rheumatoid arthritis and 

measles, was the major pathway involved in the 
response of macrophages to UHMWPE particles.37 

Many genes that were downregulated in macrophages 
encountering VE-UHMWPE particles in comparison 
with the UHMWPE group such as IL-1α, IL-27, 
CCL3, CCL20, SOCS3 and CCL5 were abundantly 
expressed in rheumatoid synovial tissues and played 
substantial roles in the pathogenesis of rheumatoid 
arthritis.38,39 There is overwhelming evidence that 
macrophages serve a prominent role in the pathogen-
esis of rheumatoid arthritis.38 They are the most abun-
dant cell type in the rheumatoid synovium and can 
release an array of inflammatory cytokines resulting 
in the recruitment of other inflammatory cells, T-cell 
polarization, fibroblast activation and osteoclast 

Figure 8 The network of DEG-miRNA was obtained from the tarbase, miRTarBase, and miRecords databases. 
Abbreviations: DEG, differentially expressed gene; miRNA, microRNA.
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differentiation.40 Analogously, the exposure of macro-
phages to UHMWPE particles may lead to a sustained 
local inflammatory response associated with chronic 
synovitis, joint pain, swelling and bone loss. These 
results presented an important implication that VE- 
UHMWPE particles initiated fewer rheumatoid arthri-
tis-like immune responses around the implant than 
UHMWPE particles, hindering the development of 
inflammatory osteolysis.

TFs and microRNAs have been demonstrated to be 
important regulatory factors in the development of inflam-
matory osteolysis.41,42 Thus, we constructed a TF- 
microRNA interaction regulatory network to show the 
potential interactions among TFs, DEGs, and microRNAs 
under wear debris-induced inflammatory conditions. As 
shown in the network, RELA was connected to 6 target 

genes (SOCS3, PTGS2, ICAM1, CXCL1, CCL5, CCL20) 
for TF nodes; NFKB1 was also connected to 6 target genes 
(SOCS3, PTGS2, ICAM1, CXCL1, CCL5, IL1RN). These 
results suggested their importance in the development of 
inflammatory osteolysis. RELA, also known as p65, is 
a REL-associated protein involved in NF-kappaB (NF- 
κB) heterodimer formation, nuclear translocation, and 
activation.43 The phosphorylation and acetylation of 
RELA are pivotal post-translational modifications required 
for NF-κB activation.43 NFKB1 is a 105 kD protein that is 
considered a REL-specific transcription inhibitor. After 
being processed by the 26S proteasome, NFKB1 can pro-
duce a 50 kD protein acting as the DNA binding subunit of 
the NF-κB protein complex.44 NF-κB is an essential tran-
scription factor complex involved in multiple cellular 
processes.45 As shown in the GO terms, the target genes 

Figure 9 Integrative regulatory network of TF-DEG-miRNA. 
Abbreviations: TF, transcription factor; DEG, differentially expressed gene; miRNA, microRNA.
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of RELA and NFKB1 were enriched predominantly with 
respect to terms such as protein binding, inflammatory 
response, immune response, chemotaxis, chemokine- 
mediating signaling pathway, chemokine activity, etc. 
Thus, RELA and NFKB1 may be new drug targets for 
regulating inflammatory osteolysis in orthopedic implants. 
Additionally, the most connected microRNA node 

identified was hsa-mir-335-5p, which targeted five DEGs 
(PTGS2, ICAMI1, CCL20, C5AR1, and CXCL9). A series 
of studies have demonstrated that an increased level of 
miR-335-5p could facilitate bone formation, which may 
also be related to the decreased potential of 
osteoclastogenesis.46,47 Meanwhile, microRNA-21 could 
act as a functional factor in the pathogenesis of particle- 
induced osteolysis.48 Although there is no direct evidence 
to prove the role of hsa-miR-144 and hsa-miR-221 in the 
pathogenesis of inflammatory osteolysis until now, the 
target genes of these microRNAs such as ICAM1 and 
CCL20 are considered candidate genetic markers asso-
ciated with the inflammatory process.

The current study provided several advances in the 
field. At present, a systematic bioinformatics analysis on 
the different performances of VE-UHMWPE and 
UHMWPE in the pathological process of osteolysis is 
still lacking. We performed a rigorous informatics analysis 
based on multiple databases and tools and provided results 
on this topic as comprehensively as possible, proposing 
multiple key genes, transcription factors, and miRNAs that 
may play important roles in the process of reduction of 
inflammatory osteolysis by VE-UHMWPE. These findings 
could provide research directions and molecular targets for 
further basic and clinical trials. However, it should be 
admitted that the current investigation is only fundamental 
research. Although multiple hub genes, key miRNAs and 
TFs were selected, the detailed functions of these mole-
cules in inflammatory osteolysis should be further identi-
fied by in vivo and in vitro studies. Currently, whether the 
addition of vitamin E to UHMWPE could decrease the 
incidence of aseptic loosening of orthopedic implants has 
not been verified by randomized controlled trials. Analyses 
of protein expression and changes in osteoclastogenesis in 
the VE-UHMWPE and UHMWPE groups are warranted 
to further explore the roles of these materials in the patho-
genesis of inflammatory osteolysis of orthopedic implants.

Conclusion
Combined with various informatics analyses and in vitro 
experiments, IL1β, CXCL1, ICAM1, CCL5, and CCL4 
may serve as prognostic and therapeutic targets of inflamma-
tory osteolysis in orthopedic devices. Additionally, the TF- 
microRNA interaction regulatory network revealed that key 
microRNAs (hsa-miR-144, hsa-miR-21, and hsa-miR-221) 
and TFs (RELA and NFKB1) were important regulators at 
the transcriptional level in this process. Further experiments 
are required to probe the functions of these genes in the 

Table 3 Co-DEGs Regulated by TF and miRNAs

TF DEGS Gene Counts

RELA Socs3, Ptgs2, Icam1, Cxcl1, 
Ccl5, Ccl20

5

NFKB1 Socs3, Ptgs2, Icam1, Cxcl1, 

Ccl5, Il1rn

5

SP1 Ptgs2, Icam1, Cxcl1, Ccl20 4

REL Ptgs2, Icam1, Cxcl1, Ccl5 4

JUN Ptgs2, Icam1, Cxcl1, Ccl5 4
TP53 Ptgs2, Icam1, Thbs1 3

SPI1 Icam1, Ccl5, Il1rn 3
5915 Ptgs2, Icam1, Il1rn 3

NFKB2 Ptgs2, Icam1, Ccl5 3

CTCF Ptgs2, Thbs1, Ccl20 3
CREB1 Ptgs2, Icam1, Ccl5 3

CEBPB Ptgs2, Icam1, Ccl5 3

STAT1 Socs3, Icam1 2
USF1 Ptgs2, Thbs1 2

STAT5A Socs3, Il1rn 2

SRF Ptgs2, Thbs1 2
MYC Icam1, Ccl20 2

FOS Ptgs2, Ccl5 2

EGR1 Ccl5, Thbs1 2
CEBPD Ptgs2, Ccl5 2

CEBPA Ptgs2, Ccl5 2

ATF1 Ptgs2, Ccl5 2
STAT3 Socs3 1

TFAP2A Ptgs2 1

STAT2 Socs3 1
STAT5B Socs3 1

IRF5 Ccl5 1

miRNA DEGS Gene counts

hsa-miR-144 Ptgs2, Thbs1, Ccl20 3
hsa-miR-21 Icam1, Thbs1, Ccl20 3

hsa-miR-221 Socs3, Icam1, Thbs1 3

hsa-let-7b Ptgs2, Thbs1 2
hsa-miR-17 Icam1, Thbs1 2

hsa-miR-98 Ccl5, Thbs1 2

hsa-let-7a Thbs1 1
hsa-miR-203 Socs3 1

hsa-miR-30e Socs3 1

hsa-miR-590-5p Ccl20 1

Abbreviations: DEGs, differentially expressed genes; miRNAs, microRNAs.
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pathogenesis of inflammatory osteolysis of orthopedic 
implants.
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Figure 10 Macrophage intervention, qRT-PCR and ELISA. (A) Macrophage-engulfed VE-UHMWPE particles observed under a transmission electron microscope (3000× 
magnification); (B) macrophage-engulfed VE-UHMWPE particles observed under transmission electron microscope (15,000× magnification); (C) comparison of the top five 
hub genes with high connectivity degree by qRT-PCR and (D) comparison of inflammatory factors in supernatant by ELISA. *p-value < 0.05, **p-value < 0.01 and ***p-value < 
0.001.
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