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Abstract. The present study aimed to identify the key genes 
influenced by fixation stability in early fracture hematoma 
and to elucidate their roles in fracture healing. The GSE53256 
gene expression profile, including six fracture hematoma 
tissues, was downloaded from the Gene Expression Omnibus 
database. The differentially expressed genes (DEGs) in the 
fracture hematoma tissues from old rats with rigid fixation 
compared with semi‑rigid fixation were identified using the 
limma package. Furthermore, Gene Ontology (GO) enrich-
ment analysis for DEGs was performed using BiNGO, and 
a protein‑protein interaction (PPI) network was constructed 
based on the Search Tool for the Retrieval of Interacting 
Genes database. A total of 265 DEGs (158 upregulated and 
107 downregulated) in the fracture hematoma tissues were 
screened out. Additionally, the overrepresented GO terms 
were mainly associated with the extracellular region, positive 
regulation of locomotion and response to external stimulus. 
Transforming growth factor, β 1 (Tgfβ1), chemokine  
(C‑X‑C motif) ligand 12 (Cxcl12), matrix metallopeptidase 
9 (mmp9) and serpin peptidase inhibitor, clade E, member 
1 (serpine1) had higher degrees and were hub nodes in the 
PPI network. In conclusion, fixation stability may influence 
the fracture healing process, and important DEGs, including 
Cxcl12, mmp9, Tgfβ1 and serpine1, may be important in this 
process.

Introduction

Bone regeneration is a cascade of complex biological events 
of bone induction and translation, and is required to optimize 
skeletal repair and restore skeletal function (1,2). It has been 
shown to be involved in numerous conditions, including skel-
etal reconstruction of large bone defects created by trauma, 
orthopedic surgery and osteotomy (3). The most common 
form of bone regeneration is fracture healing in the clinical 
setting (4). Thus, understanding the mechanism of fracture 
healing and accelerating the overall regeneration process 
will help to improve the healing outcome and alleviate the 
pain felt be patients to some extent.

Fracture consolidation can be influenced by mechanical 
factors, and mechanical stability is confirmed to be a 
key factor for determining the healing outcome of bone 
regeneration (5,6). It has also been demonstrated that the 
optimal fixation rigidity, which is neither too stiff nor too 
gentle, is associated with the fastest growth of the bone (7). 
Ranganathan  et  al  (8) also reported that an appropriate 
fixation stability was necessary to promote timely fracture 
healing. In addition, the early fracture hematoma has been 
shown to have potency and potential in fracture healing 
and has become a subject of attention (9). An in vitro study 
has indicated that fracture hematoma contains multilineage 
mesenchymal progenitor cells able to differentiate into a 
chondrogenic or osteogenic cell type and thus is important 
in bone healing (10). Furthermore, fracture hematoma has 
been shown to contain growth factor vascular endothelial 
growth factor, which is crucial in angiogenesis and fracture 
healing (11,12). Sarahrudi et al (13) demonstrated that frac-
ture hematoma had significantly higher concentrations of 
transforming growth factor, β 1 (Tgfβ1) than the peripheral 
serum of patients. Therefore, the early fracture hematoma 
may be important in the early healing period and may deter-
mine the healing outcome. Furthermore, gene expression in 
the early fracture hematoma is also reported to be influenced 
by fixation stability (14). However, it so far remains incom-
pletely understood what molecules are involved in the early 
fracture hematoma associated with fixation stability, as well 
as their roles during fracture healing.
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In a previous study, GSE53256 microarray data was 
utilized to analyze the interactive effects of age and mechanical 
stability on bone defect healing using an early transcriptional 
analysis (14). In the present study, the GSE53256 microarray 
data was downloaded and a bioinformatics approach was 
applied in order to identify the differentially expressed genes 
(DEGs) in fracture hematoma tissues from old rats with 
rigid fixation in comparison with fracture hematoma tissues 
from old rats with semi‑rigid fixation. In addition, functional 
enrichment analysis and protein‑protein interaction (PPI) 
network analysis were performed. The aim was to identify 
the potential key genes influenced by fixation stability in 
early fracture hematoma, as well as to elucidate their roles in 
the process of fracture healing.

Materials and methods

Af f ymet r i x  microarray da ta.  The gene expres-
sion profile of GSE53256 deposited by Ode  et  al  (14) 
was obtained from the Gene Expression Omnibus 
(http://www.ncbi.nlm.nih.gov/geo/) database; the profile 
was performed on the platform of GPL1335 [Rat 230_2] 
Affymetrix Rat Genome 230 2.0 Array (Affymetrix, Santa 
Clara, CA, USA). A total of 12 fracture hematoma tissues 
from four groups of Sprague‑Dawley rats with a 1.5‑mm oste-
otomy gap in the femora with varying age (12 vs. 52 weeks) 
and fixator stiffness (rigid vs. semi‑rigid fixation; n=3 per 
group) were used for the development of this microarray 
data. However, in this study, only the expression data from 
the six fracture hematoma tissues of the old (52‑week‑old) 
rats after 3 days of an osteotomy and with rigid or semi‑rigid 
fixation were used for the analysis.

Data preprocessing and DEG screening. The raw expression 
data were first background corrected and quantile normal-
ized by the robust multiarray average  (15) method with 
application of the Affy package in R/Bioconductor. Next, 
the DEGs in fracture hematoma tissues from old rats with 
rigid fixation compared with fracture hematoma tissues 
from old rats with semi‑rigid fixation were identified using 
limma (16) package in R/Bioconductor (http://www.biocon-
ductor.org/packages/release/bioc/html/limma.html), where a 
fold‑change ≥1.5 and P<0.05 were defined as the cutoff value. 
Additionally, hierarchical clustering analysis of the DEGs 
was performed and visualized using the pheatmap package 
in R (17).

Functional enrichment analysis. Gene Ontology (GO; 
http://www.geneontology.org) (18) is widely applied for the 
biological unification of large‑scale gene lists, which are mainly 
classified into three categories, namely biological process (BP), 
molecular function and cellular component. In the present study, 
GO‑BP enrichment analysis for DEGs was performed using the 
BiNGO (http://www.psb.ugent.be/cbd/papers/BiNGO/) (19) 
plugin and was then visualized using Cytoscape software (20). 
In order to reduce false positives, multiple testing correction 
was performed using the Beniamini‑Hochberg method (21), 
and the P‑value was then adjusted as the false discovery rate 
(FDR). Finally, significant enrichment threshold of GO‑BP 
terms was set as FDR<0.05.

PPI network construction. The Search Tool for the Retrieval 
of Interacting Genes (STRING; http://string‑db.org/)  (22) 
database collects experimental and predicted information 
associated with the interactions of protein pairs in a given 
cell context via calculating the combined score of PPIs. The 
higher the combined score, the more reliable the PPIs are. 
In the present study, PPIs with a combined score >0.4 were 
considered to be significant. Thus, the DEGs were mapped 
into PPIs and a PPI network was then constructed based on 
the information of the STRING database.

Results

DEG analysis. Following data processing, the data was 
normalized for subsequent analysis. A total of 265 DEGs 
were obtained using the limma package in fracture hematoma 
tissues from old rats with rigid fixation compared with frac-
ture hematoma tissues from old rats with semi‑rigid fixation, 
and included 158 upregulated and 107 downregulated genes. 
For example, chemokine (C‑X‑C motif) ligand 12 (Cxcl12), 
chemokine (C‑C motif) ligand 9 (Ccl9) and matrix metal-
lopeptidase 9 (mmp9) were upregulated, while Tgfβ1, serpin 
peptidase inhibitor, clade E (nexin, plasminogen activator 
inhibitor type 1), member 1 (serpine1) and angiotensin II 
receptor, type 1a (Agtr1a) were downregulated. The heat map 
plot of DEGs derived from hierarchical clustering analysis is 
shown in Fig. 1.

GO enrichment analysis. In order to understand the function 
of these DEGs, GO enrichment analysis was performed for 
DEGs. Table I displays the top 20 most significant GO‑BPs, 
and the most overrepresented GO terms of these DEGs were 
found to be associated with the extracellular region, positive 
regulation of locomotion, response to external stimulus, posi-
tive regulation of cell migration and response to wounding.

PPI network analysis. Based on the information of the 
STRING database, the PPI network of DEGs was constructed 
with 153 nodes and 302 edges (Fig. 2). Additionally, the node 
degree distribution displayed that this PPI network was a 
scale‑free network (Fig. 3). The biggest characteristic of the 
scale‑free network was that a small number of nodes had 
higher degrees while the majority of the nodes had lower 
degrees, indicating that nodes with higher degrees may be 
important in network connectivity. Therefore, the nodes 
Tgfβ1 (degree, 20), Cxcl12 (degree, 19), Ccl9 (degree, 18), 
mmp9 (degree, 17), kinase insert domain receptor (degree, 
15), platelet derived growth factor receptor, β polypeptide 
(degree, 14), serpine1 (degree, 14), cadherin 2 (degree, 13), 
peroxisome proliferator‑activated receptor γ (degree, 13) and 
Agtr1a (degree, 12) were hub proteins in the PPI network 
(Table II).

Discussion

The early phase of bone healing is likely to be sensitive to 
the conditions of mechanical loading  (23). In the present 
study, a bioinformatics approach was used to identify key 
genes influenced in fixation stability from fracture hematoma 
tissues harvested 3 days post‑osteotomy. Upregulated genes, 
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including Cxcl12 and mmp9, and downregulated genes, such 
as Tgfβ1 and serpine1, were identified as hub nodes and 
appeared to be important in the process of fracture healing 
associated with fixation stability.

The fracture healing process may be divided into three 
stages: Acute inflammation, repair and remodeling (24). In 
the present study, upregulated genes, including Cxcl12 and 
mmp9, were key inflammatory cytokines and may be involved 
in the initial inflammatory response as the first step of fracture 
healing. The chemokine Cxcl12 has been identified to regu-
late the inflammatory response associated with the healing 
process (25). Furthermore, it is an important contributor to 
bone marrow MSC homing and localization within the bone 
marrow (26). Grassi et al  (27) also indicated that Cxcl12 
was involved in a number of inflammatory pathologies and 
was crucial in the regulation of osteoclast differentiation 
and function. In addition, mmp9 has been confirmed to have 
effects on skeletal cell differentiation during fracture healing 
via regulation of the inflammatory response and the inflam-
matory cell distribution (28). Furthermore, Beamer et al (12) 
demonstrated that mmp9 was implicated in the regulation of 
chondrogenic and osteogenic cell differentiation during the 
early stages of bone repair. Notably, Wang et al (29) indicated 
that the mechanical environment affected the inflammatory 
response and influenced skeletal cell differentiation during 
bone repair via the regulation of mmp9. Therefore, the results 
of the present study imply that fixation stability may induce 
an inflammatory response during fracture healing via the 
regulation of Cxcl12 and mmp9.

Tgfβ1 was identified as a hub node in the PPI network 
with the highest degree. It is a member of the transforming 
growth factor‑β family and functions as a regulatory protein 
involved in bone remodeling during the fracture healing 
process (13). Furthermore, Tgfβ1 is thought to induce the 
migration of bone mesenchymal stem cells and to regulate 
the coordination of bone resorption and subsequent bone 
formation (30). Additionally, it has also been found to be 
involved in fracture healing through regulation of the activa-
tion and differentiation of osteoblasts and osteoclasts (31). 
Tgfβ1 induces the production of extracellular bone matrix 
proteins, including alkaline phosphatase, collagen, osteo-
nectin, osteopontin and proteoglycans  (32,33), and can 
regulate different cell types implicated in bone turnover and 
fracture healing (34). Therefore, Tgfβ1 may be important 
in the regulation of bone remodeling during the fracture 
healing process. However, in the present study, Tgfβ1 was 
downregulated in fracture hematoma tissues from old rats 
with rigid fixation compared with fracture hematoma tissues 
from old rats with semi‑rigid fixation, implying that rigid 
fixation may influence bone remodeling during the fracture 
healing process by the downregulation of Tgfβ1.

Furthermore, serpine1 was identified as another down-
regulated hub node. Serpine1 [also known as plasminogen 
activator inhibitor‑1 (PAI‑1)], as a component of the fibri-
nolytic system, is the principal inhibitor of plasminogen 
activators (35). It has been shown to have various functions, 
including regulation of extracellular matrix (ECM) degrada-
tion and cell migration (36). Tamura et al (37) confirmed that 
PAI‑1 suppressed the mRNA expression levels of runt‑related 
transcription factor 2 and type I collagen in primary 

Figure 1. Heatmap plot of differentially expressed genes across old samples. 
The labels on the abscissa axis below the plot represent samples, and the 
markings above the plot represent the clustering of samples. The markings 
on the longitudinal axis represent the clustering of differentially expressed 
genes. Red represents high expression and green represents low expression.

Table I. Top 20 most significant pathways.

		  Corrected
GO‑ID	 Description	 P‑value

44421	 Extracellular region part	 2.49x10‑12

40017	 Positive regulation of locomotion	 5.06x10‑9

9605	 Response to external stimulus	 5.06x10‑10

30335	 Positive regulation of cell migration	 1.02x10‑9

9611	 Response to wounding	 1.04x10‑9

5576	 Extracellular region	 1.53x10‑9

51272	 Positive regulation of cellular	 1.80x10‑9

	 component movement
42221	 Response to chemical stimulus	 1.85x10‑9

32879	 Regulation of localization	 3.69x10‑9

5615	 Extracellular space	 6.92x10‑9

6954	 Inflammatory response	 1.25x10‑8

32502	 Developmental process	 2.14x10‑8

30334	 Regulation of cell migration	 2.27x10‑8

42330	 Taxis	 2.27x10‑8

6935	 Chemotaxis	 2.27x10‑8

7275	 Multicellular organismal development	 2.40x10‑8

31012	 Extracellular matrix	 3.70x10‑8

40011	 Locomotion	 4.00x10‑8

48731	 System development	 5.95x10‑8

8009	 Chemokine activity	 7.92x10‑8
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Table II. Genes with degree ≥10.

Gene	 Name	 Log FC	 Degree

Tgfβ1	 Transforming growth factor, β 1	 ‑1.567666199	 20
Cxcl12	 Chemokine (C‑X‑C motif) ligand 12	 0.8016909	 19
Ccl9	 Chemokine (C‑C motif) ligand 9	 0.588012021	 18
Mmp9	 Matrix metallopeptidase 9	 1.752023742	 17
Kdr	 Kinase insert domain receptor	 0.846463992	 15
Pdgfrb	 Platelet derived growth factor receptor, β polypeptide	 0.906423663	 14
Serpine1	 Serpin peptidase inhibitor, clade E (nexin, plasminogen	 ‑1.17741059	 14
	 activator inhibitor type 1), member 1
Cdh2	 Cadherin 2	 0.691787895	 13
Pparg	 Peroxisome proliferator‑activated receptor γ	 0.78658078	 13
Agtr1a	 Angiotensin II receptor, type 1a	 ‑0.7331974	 12
Ednra	 Endothelin receptor type A	 0.637602954	 11
Ccl20	 Chemokine (C‑C motif) ligand 20	 0.807308765	 10
Itgam	 Integrin, α M	 ‑1.252174861	 10
Nt5e	 5' nucleotidase, ecto	 ‑0.831568237	 10

FC, fold change.

Figure 2. Protein‑protein interaction network of differentially expressed genes. Node size reflects node degree where a larger size reflects a larger degree. Node 
color reflects fold‑change values of the gene; red nodes are upregulated and green nodes are downregulated genes. The grey lines represent the interaction 
between genes.
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osteoblasts from mouse calvaria, suggesting that PAI‑1 
may suppress osteoblast differentiation during the bone 
repair process. In addition, serpine1 has been reported to be 
important in the regulation of fracture callus size, cartilage 
formation and resorption during bone fracture repair (38). 
Mao et al (24) also demonstrated that PAI‑1 may be involved 
in ECM remodeling and thus be crucial in the bone repair 
process in patients with diabetes. It may thus be speculated 
that serpine1 is important in bone fracture repair. In addition, 
Mao et al (24) also demonstrated that PAI‑1 deficiency atten-
uated diabetic impaired bone repair in patients with diabetes. 
In the present study, serpine1 was downregulated in fracture 
hematoma tissues with rigid fixation when compared with 
those with semi‑rigid fixation, indicating that suppression of 
serpine1 may promote bone repair following treatment using 
rigid fixation.

In conclusion, the observations of the present study indi-
cate that fixation stability may influence the fracture healing 
process, and that important DEGs in fracture hematoma, 
including Cxcl12, mmp9, Tgfβ1 and serpine1 may be impor-
tant in this process. The present observations shed new light 
on the molecular mechanism of fracture healing and have 
implications for future research. However, the small sample 
size and lack of experimental validation were limitations in 
the present study. To further validate the results, it would be 
prudent to perform the same analysis on a group of young 
rats and compare the two gene sets for common DEGs upon 
fixation rigidity in young and old rats.
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