
Li et al. AMB Expr           (2020) 10:83  
https://doi.org/10.1186/s13568-020-01009-3

ORIGINAL ARTICLE

Identification of key genes and pathways 
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Abstract 

We noticed that syphilis patients seem to be more susceptible to diabetes and the lesions often involve the kidneys, 
but the pathogenesis is not yet completely understood. In this study, microarray analysis was performed to investi-
gate the dysregulated expressed genes (DEGs) in rabbit model of syphilis combined with diabetes. A total of 1045 
genes were identified to be significantly differentially expressed, among which 571 were up-regulated and 474 were 
down-regulated (≥ 2.0fold, p < 0.05). Using the database visualization and integration discovery for the Kyoto Ency-
clopedia of Gene and Genome (KEGG) pathway enrichment analysis. The downregulated DEGs were significantly 
enriched for biosynthesis of antibiotics, carbon metabolism and protein digestion, while the upregulated DEGs were 
mainly enriched for cancer and PI3K-Akt signaling pathway. Molecular Complex Detection (MCODE) plugins were 
used to visualize protein–protein interaction (PPI) network of DEGs and Screening for hub genes and gene modules. 
ALB, FN1, CASP3, MMP9, IL8, CTGF, STAT3, IGF1, VCAM-1 and HGF were filtrated as the hub genes according to the 
degree of connectivity from the PPI network. To the best of our knowledge, this study is the first to comprehensively 
identify the expression patterns of dysregulated genes in syphilis combined with diabetes, providing a basis for 
revealing the underlying pathogenesis of syphilis combined with diabetes and exploring the goals of therapeutic 
intervention.
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Introduction
Diabetes mellitus (DM) is a chronic metabolic disease 
characterized by either absolute and/or relative defi-
ciency of insulin production or action or both. Car-
diovascular and cerebrovascular diseases, renal failure, 
retinal and nerve damage are common complications of 
DM. After cardiovascular disease and cancer, DM has 

become the third non-communicable disease (Punthakee 
et al. 2018). Syphilis is a chronic, systemic sexually trans-
mitted disease caused by infection with Treponema pal-
lidum spp. pallidum (T. pallidum) that remains a public 
health problem, with an estimated 12 million new cases 
per year worldwide (Zhang et al. 2014; Luo et al. 2017). 
The clinical manifestations of syphilis are diverse, and 
advanced syphilis can lead to a wide range of syndromes. 
The inability to independently culture and genetically 
manipulates Treponema pallidum has hindered our 
understanding of the molecular mechanisms of the 
pathogenesis of syphilis.

Since syphilis can be cured by antibiotics, the issue of 
the association between syphilis and DM has rarely been 
discussed since the 1940s. Although some reports point 
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to the relationship between syphilis and DM, no defini-
tive conclusions have been given (Ortigosa et  al. 2016; 
Comassi et al. 2016; Li et al. 2015). However, recent stud-
ies have shown that the prevalence of DM is significantly 
higher in the individual with neurosyphilis than in the 
general population. 57.8% of patients with neurosyphi-
lis were diagnosed with DM at the same time, and 80% 
of patients were diagnosed with DM within 5 years after 
diagnosis of neurosyphilis (Yang et  al. 2014). Another 
recent retrospective study also reported that 0.8% of 
DM patients in Spain had syphilis-positive serological 
results (Esparza-Martin et  al. 2013). But the underly-
ing mechanism of this connection remains to be further 
studied. At present, with the widespread application and 
development of sequencing, bioinformatics analysis has 
great advantages in understanding the pathophysiol-
ogy of syphilis with diabetes on the basis of genetics. In 
order to understand the pathogenesis of syphilis com-
bined with DM involving the kidney, we performed gene 
microarray to analyze the expression profiles of genes in 
the syphilis combined with DM. KEGG and PPI network 
analysis were performed to predict potential signaling 

pathways and molecular mechanism of DEGs, provided 
new evidence to comprehend the potential mechanisms 
and found therapeutic targets. The workflow of the 
detailed analysis is illustrated in Fig. 1.

Materials and methods
Ethics statement
All animal protocols were approved by the Committee on 
the Ethics of Animal Experiments of University of South 
China (Hengyang, China) (permit no.2015-001) and were 
performed strictly with the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health.

Animal preparation and grouping
29 New Zealand male rabbits (2.00 ± 0.35  kg) were 
derived from the Experimental Animal Center of Uni-
versity of South China with negative T. pallidum parti-
cle agglutination tests (TPPA) and rapid plasma reagin 
test (RPR) and normal blood glucose. After 1  week of 
adaptive feeding, the animals were randomly assigned 
to two groups, normal control group (Group C, n = 3) 
and syphilis combined with DM group (Group H, n = 3). 

Fig. 1  Flowchart for the analysis process
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T.pallidum Nichols strain was provided by the Depart-
ment of Clinical Laboratory, Zhongshan Hospital, Xia-
men University.

Construction of animal models
After fasting for 12–16 h, 100 mg of alloxan per kg body 
weight was dissolved in 0.9% physiological saline to pre-
pare a 5% concentration solution, which was injected 
through the rabbit ear vein. Control animals received 
equal amount of physiological saline instead. When fast-
ing blood glucose of the rabbits were above 16.0 mmol/L 
for more than 1 week, 0.5 ml of 1∙107 T. pallidum Nich-
ols/mL bacterial suspension was injected into the tes-
tis on both sides of the rabbit for construct T.pallidum 
infection model and observe the changes of testicular 
morphology. Syphilis combined with DM rabbit model 
was considered successful constructed successfully when 
both the reactive RPR and TPPA tests were positive. The 
explicit method can be seen in the previous report (Liu 
et al. 2015).

Gene microarray
Total RNA was obtained from rabbit kidney tissue used 
TRIzol reagent (Invitrogen, USA). After quantifying and 
assessing RNA integrity, total RNA from each sample 
was amplified and transcribed into fluorescent cRNA. 
The labeled cRNA were hybridized to the microarray 
(4 × 44  K, Agilent Technologies) and the arrays were 
scanned with an Agilent Scanner (part number G2505C). 
The acquired array images were analyzed using Agilent 
feature extraction software (version 11.0.1.1).

KEGG pathway enrichment analysis
KEGG (http://www.genom​e.jp/kegg/) is a database of 
gene function analyses characterized by linking gene lists 
obtained from fully sequenced genomes with higher lev-
els of systemic function. In order to analyze the DEGs 
at the functional level, KEGG pathway analysis were 
performed with DAVID online tool (https​://david​.ncifc​
rf.gov/) (Yang et al. 2019a). p < 0.05 was considered statis-
tically significant.

PPI network construction and modular analysis
To identify the interactive relationships among the tar-
get genes, we mapped the target genes to the STRING 
database (V11.0; http://strin​g-db.org/), and only the 
interactions with a combined score > 0.4 were selected 
as significant (Chen et  al. 2018). Then, Cytoscape 
software (V3.7.1; http://cytos​cape.org/) was used 
for constructing PPI network (Shannon et  al. 2003). 
According the degree of importance, we screen some 
significant modules from the modules of PPI network 
in Cytoscape for further analysis with the plug-in 

MCODE (Yang et al. 2019b). The main role of MCODE 
is to cluster and build functional modules in large 
gene or protein networks and the criteria were set as 
follows: MCODE scores > 3 and number of nodes > 4 
(Liang et  al. 2016). GO analysis (http://www.geneo​
ntolo​gy.org/) was applied to elucidate genetic regula-
tory networks of three module according to the biologi-
cal process. KEGG pathway analysis were performed to 
explore the significant pathways. The top 10 hub genes 
were selected according to the MCC method using the 
plug-in CytoHubba.

RT‑qPCR
Total RNA was obtained from rabbit kidney tissue using 
TRIzol Reagent (Invitrogen, USA). Reverse transcrip-
tion and amplification were performed by Transcriptor 
First Strand cDNA Synthesis Kit and SYBR Green I Mas-
ter (Roche, Germany) according to the manufacturer’s 
instructions. And primers were designed using primer 
design software Primer 5.0 (Table 1). PCR amplification 
was carried out using real-time PCR amplification instru-
ment under the following conditions: 95  °C, 10  min; 40 
PCR cycles (95 °C, 10 s; 60 °C, 60 s; 95 °C, 15 s).

Table 1  Primer sequences used for  RT-qPCR polymerase 
chain reaction

Genes Primer (5′ → 3′)

ALB 5′-ACA​GAG​ACT​CAA​GTG​TGC​CAGT-3′

5′-GCA​AGG​TCC​GCC​CTG​TCA​TC-3′

FN1 5′-CAG​TGG​CAT​CGA​GAC​AGA​CAGTG-3′

5′-AGT​GGC​ATC​AAG​GGA​AGA​GGA​CTC​-3′

CASP3 5′-CAG​TGG​CAT​CGA​GAC​AGA​CAGTG-3′

5′-AGT​GGC​ATC​AAG​GGA​AGA​GGA​CTC​-3′

MMP9 5′-AAG​ACG​CAG​ACG​GTG​GAT​TC-3′

5′-ACT​CAC​ACG​CCA​GAA​GAA​GC-3′

IL8 5′-TGG​CTG​TGG​CTC​TCT​TGG​-3′

5′-ATT​TGG​GAT​GGA​AAG​GTG​TG-3′

CTGF 5′-CTT​CCC​GAG​GAG​GGT​CAA​AC-3′

5′-GTG​GTC​CTT​GGG​CTC​ATC​AC-3′

STAT3 5′-GTA​TAG​CCG​CTT​CCT​GCA​AGA​GTC​-3′

5′-CAT​CTG​CTG​CTT​CTC​CGT​CACC-3′

IGF1 5′-GCA​TCC​TGT​CCT​CCT​CGC​AT-3′

5′-GTC​TTG​GGC​ATG​TCG​GTG​TG-3′

VCAM-1 5′-TTC​CAG​CGA​GGG​TCT​ACC​AGTTC-3′

5′-CCT​TCA​CTT​GTC​ACC​TTC​CCA​CTC​-3′

HGF 5′-ATT​CCT​TGT​CAG​CGT​TGG​GAT​TCC​-3′

5′-GTG​GGC​ATC​ATC​GTC​GGG​ATTC-3′

β-actin 5′-CGT​CTT​CCC​CTC​CAT​CGT​G-3′

5′-GGA​TGC​CTC​TCT​TGC​TCT​GG-3′

http://www.genome.jp/kegg/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://string-db.org/
http://cytoscape.org/
http://www.geneontology.org/
http://www.geneontology.org/
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Statistical analysis
All data in this study were expressed as mean ± SEM, 
and the student’s t test were used to evaluate the statis-
tical differences. All experimental data were statistically 
analyzed using SPSS statistical software (V11.0). p < 0.05 
were examined statistically significant.

Results
Overall differential gene expression profiles
The gene expression levels of syphilis combined with 
DM compared to the normal rabbits was evaluated by 
microarray analysis. We identified 1045 DEGs altogether 
(Additional file  1), of which 571 and 474 were upregu-
lated and downregulated respectively in syphilis com-
bined with DM (fold change > 2.0, p < 0.05) (Fig. 2a). The 
variation of visualizing differential expression between 

the syphilis combined with DM and normal rabbits were 
shown with volcano plots (Fig. 2b). The top 30 most sig-
nificantly differentially expressed genes are shown in 
Additional file 2: Table S1.

KEGG pathway analysis
To further investigate the functional information of 
DEGs, we performed a KEGG pathway enrichment 
analysis. The enriched KEGG pathways for the up-regu-
lated target genes involved pathways in cancer, PI3K-Akt 
signaling pathway, focal adhesion, regulation of actin 
cytoskeleton, proteoglycans in cancer, cAMP signaling 
pathway, Epstein-Barr virus infection and calcium sign-
aling pathway (Fig.  3a). For the down-regulated func-
tional genes, the enriched KEGG pathways included 

Fig. 2  The heat map of the differentially expressed gene and the volcano plot of visualizing differential expression variation between syphilis 
combined with diabetes and controls. a The data are depicted as a data matrix, in which red represents high relative expression and green 
represents low relative expression. b The vertical lines correspond to 2.0-fold up and down, respectively, and the horizontal line represents a p-value 
of 0.05. Red point in the plot represents the DEGs with statistical significance
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biosynthesis of antibiotics, carbon metabolism, protein 
digestion and absorption, chemical carcinogenesis, bio-
synthesis of antibiotics, retinol metabolism, peroxisome 
and arachidonic acid metabolism (Fig. 3b).

Hub genes and pathways identification with PPI network 
and modular analysis
Based on STRING database, plug-ins MCODE was 
used to carry out module analysis in Cytoscape soft-
ware. We chose top 3 significant modules from the PPI 
network complex according to the degree of impor-
tance and further analyzed with the plug-in MCODE. 
PPI network of Module 1 consisted of 71 edges and 
15 nodes that was constructed by Cytoscape software 
(Fig.  4a). GO biological processes analysis results 
showed that the genes of Module 1 were significantly 
enriched in regulation of signal transduction, regula-
tion of signaling receptor activity, regulation of molecu-
lar function and regulation of cellular process (Fig. 4b). 
KEGG pathway analysis revealed that genes in module 
1 were primarily associated with Pathways in cancer, 
PI3K-Akt signaling pathway, MAPK signaling pathway, 
Malaria and AGE-RAGE signaling pathway in diabetic 
complications (Fig. 4c). GO biological processes analy-
sis showed that Module 2 consisted of 110 edges and 24 
nodes (Fig. 4d), which are mainly associated with cellu-
lar process, macromolecule metabolic process, nitrogen 
compound metabolic process and protein metabolic 

process (Fig.  4e), and that Module 3 consisted of 37 
nodes and 90 edges (Fig. 4g), which are mainly associ-
ated with metabolic process, oxidation–reduction pro-
cess, cellular process and microtubule-based process 
(Fig. 4h). KEGG pathway enrichment analysis indicated 
that the genes of Module 2 are mainly associated with 
Pathways in cancer, Prostate cancer, Kaposi’s sarcoma-
associated herpesvirus infection and AGE-RAGE sign-
aling pathway in diabetic complications (Fig.  4f ), and 
that the genes of Module 3 are mainly associated with 
Retinol metabolism, Steroid hormone biosynthesis, 
Metabolic pathways and Tight junction (Fig. 4i).

Validation of the top 10 hub genes
ALB, FN1, CASP3, MMP9, IL8, CTGF, STAT3, IGF1, 
VCAM-1 and HGF were identified as the top 10 potential 
hub genes according to the degree score generated by the 
cytohubba plug-in (Fig. 5a). Gene expression levels were 
verified using qRT-PCR and compared with Microarray 
data. The data showed that compared with the control 
group, the expression levels of CASP3, VCAM-1 and 
HGF were down-regulated in patients with syphilis and 
diabetes, while ALB, FN1, MMP9, IL8, CTGF, STAT3 
and IGF1 were up-regulated (Fig.  5b). The results are 
similar to the Microarray data suggesting that the Micro-
array data is reliable.

Fig. 3  KEGG pathway analysis of the DEGs in syphilis combined with diabetes. a For target genes of up-regulated gene. b For target genes of 
down-regulated gene
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Discussion
The previous reports indicate that comparatively 
uncomplicated DM or syphilis, there are significant 
differences in clinical symptoms, treatment plans 
and treatment effects for Syphilis combined with DM 
(Comassi et  al. 2016; Duarte et al. 2018). Additionally, 
research have identified that some DM patients can fol-
lowing or meanwhile infect syphilis and often involving 
kidney. The pathogenesis of syphilis combined with DM 
remain largely unknown. Analysis of the expression 
profiles of differential genes may provide new insights 
into our understanding of the etiology and pathophysi-
ology of syphilis combined with diabetes. Since micro-
array analysis can simultaneously provide expression 
profiles of thousands of genes in the human genome, it 

is widely used to predict potential targets and provides 
a basis for understanding the molecular mechanisms of 
DM with syphilis. This study is the first to comprehen-
sively identify the expression patterns of dysregulated 
genes in syphilis combined with DM and further our 
understanding differential genes which are associated 
with the pathogenesis of Syphilis combined with DM.

In this study, we identified 1045 DEGs using gene 
microarray analysis. Of these, 571 and 474 were found 
to be significantly up- and down-regulated in the syphi-
lis combined with DM rabbits compared with the con-
trols using bioinformatics analysis. KEGG pathway 
analysis indicated that several pathways with the high-
est enrichment scores are microRNAs in cancer, fatty 
acid degradation, peroxisome, proteoglycans in cancer 

Fig. 4  Module analysis of PPI network. a module 1; b module 2; g module 3; Purple represents high relative expression and blue represents low 
relative expression. GO enrichment analysis of module 1, module 2, and module 3 for b, e and h respectively. The ontology mainly covered the first 
few important biological processes; KEGG pathway analysis of module 1, module 2, and module 3 for c, f and i respectively



Page 7 of 10Li et al. AMB Expr           (2020) 10:83 	

and calcium signaling pathway. MicroRNAs are key 
regulators and core players in the regulation of gene 
expression during cell growth and development at the 
translational level (Paul et  al. 2018). MicroRNAs are 
involved in the pathogenesis of diabetes and diabetes-
related complications (kidney disease, cardiovascu-
lar disease, nerve damage, retinopathy) by affecting 
pancreatic β-cell function and/or insulin resistance 
(LaPierre and Stoffel 2017; Banerjee et al. 2017; Zhang 
et al. 2017).

A recent report demonstrated the up-regulation of 
miR-351 inhibits the PI3K/AKT pathway by reducing 
FLOT2 in gestational diabetic mice, thereby reducing 
insulin resistance and hepatic gluconeogenesis (Chen 
et  al. 2019). PI3K activation triggers phosphorylation of 
PIP2 to PIP3, which phosphorylates AKT through sev-
eral intermediate kinases to regulate insulin metabolism, 
resulting in increased glucose uptake and reduced gluco-
neogenesis. It has been proved that miR-145 (Wen et al. 
2014), miR-126 (Ryu et al. 2011) and miR-96 (Jeong et al. 
2013) cause impaired insulin signaling and insulin resist-
ance by targeting Insulin Receptor Substrates 1 and miR-
152 (Wang et  al. 2016), miR-20a-5p (Fang et  al. 2016) 
and miR-19a (Dou et al. 2015) regulates hepatic glycogen 
synthesis by targeting Phosphatase and Tensin Homolog. 
Several studies have observed microRNAs play cru-
cial roles in the pathogenesis of syphilis and DM (Sekar 
et al. 2016; Lu et al. 2017; Singh et al. 2001). It is worth 
noting that it has recently been found that the sera of 
patients with syphilis have significantly different expres-
sion of multiple microRNAs compared to the serum 
of non-syphilitic patients (Lu et  al. 2017). However, the 

mechanism of microRNA in the pathogenesis of syphilis 
needs further study.

We also constructed the PPI network with the DEGs 
to identify interactions, according the degree of impor-
tance, we chose 3 significant modules from the PPI net-
work complex for further analysis using MCODE. A 
total of 66 nodes and 271 edges were included in three 
modules, which KEGG pathway enrichment analy-
sis mainly consisted of pathways in cancer, Metabolic 
pathways,AGE-RAGE signaling pathway in diabetic 
complications,PI3K-Akt signaling pathway and MAPK 
signaling pathway. Interestingly, we found that AGE-
RAGE signaling pathway appeared twice in the KEGG 
pathway analysis of the three modules, accounting for 
9 hub genes. Advanced glycation end products (AGEs) 
are complex compounds produced by glycation and 
oxidation of reducing sugars with proteins or other 
compounds, primarily associated with inflammatory 
responses, kidney damage, and DM and its complica-
tions (Vlassara and Striker 2013; Bohlender et al. 2005). 
The receptors for advanced glycosylation end products 
(RAGE or AGER) are the main receptors of AGEs and 
are considered to be a pattern recognition receptor. As a 
signal transduction receptor, RAGE mediates the bind-
ing of AGEs and its ligands on the cell surface, triggering 
the activation of various intracellular signaling pathways 
involving NF-κB, NADPH oxidase, PI3K-AKT depend-
ent pathway and MAPK, and plays an important role in 
inflammatory response, vascular calcification, cell pro-
liferation and apoptosis (Frimat et  al. 2017; Ramasamy 
et al. 2015; Davis et al. 2016). The results of these signal 
transductions were reported to be a possible mechanism 

Fig. 5  The validation of top 10 hub genes. a The more forward ranking is represented by a redder color. b The heights of the columns in the chart 
represent FCs. p < 0.05 was considered to indicate a statistically significant difference
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for diabetic complications (Khangholi et al. 2016). Inevi-
tably, some limitations should be acknowledged in this 
study. Firstly, limited to long-term culture of Treponema 
pallidum and lack of effective molecular biology in the 
syphilis rabbit model, hub genes had no further verifying 
the potential function and associated pathways to more 
accurately reflect the pathophysiology of syphilis com-
bined with DM. Secondly, bioinformatical analysis tends 
to focus on DEGs, which omits some genes with insig-
nificant differential expression but important biological 
significance, and ignore some valuable information such 
as the biological characteristics of genes, the relationship 
between gene regulatory networks and gene functions.

We identified 10 central genes, including FN1, CASP3, 
MMP9 and IL8. The extracellular matrix (ECM) com-
ponent of the host is an ideal adhesion target for infec-
tion and colonization of many pathogenic bacteria. 
Fibronectin encoded by FN1 is an important ECM mol-
ecule involved in cell proliferation, adhesion and migra-
tion. Studies have shown that a variety of T. pallidum 
proteins can bind to fibronectin to mediate T. pallidum-
host interactions including Tp0136, Tp0155 and Tp0483 
(Brinkman et  al. 2008; Cameron 2003; Cameron et  al. 
2004). MMP degrades ECM proteins, leading to tissue 
remodeling and helping cells migrate. In addition, MMP9 
has been found to be involved in the pathogenesis of dia-
betes and diabetic complications, such as diabetic retin-
opathy (Mishra et  al. 2016). CASP3 participates in the 
activation cascade of caspases and is responsible for the 
execution of apoptosis. Studies have found that the outer 
membrane protein Tp92 of T. pallidum causes THP-1 
cell apoptosis through the RIPK1/caspase-8/caspase-3 
pathway (Luo et al. 2018). In high glucose environment, 
caspase-3 induced glomerular cell apoptosis is related to 
mesangial cell damage (Mishra et al. 2005). CASP3 may 
be a potential target for the treatment of diabetic co-
infection with syphilis, but the specific molecular mech-
anism of CASP3 in diabetic co-infection with syphilis 
needs to be further studied. The protein encoded by IL8 
is a member of the CXC chemokine family and is a major 
mediator of the inflammatory response. Elevated IL8 
levels are present in a variety of diabetic complications, 
including diabetic retinopathy and diabetes-tuberculosis 
(Aravindhan et al. 2018; Borilova Linhartova et al. 2018). 
Evidence suggests that T. pallidum infection induces 
IL-8 secretion in macrophages (Xu et al. 2019). In addi-
tion, the angiogenic response observed during secondary 
syphilis was induced by the syphilis antigen TpF1 by acti-
vating the IL-8 pathway (Pozzobon et al. 2016). Overall, 
IL8 plays an important role in syphilis and diabetes, but 
the mechanism of IL8 in diabetic co-infection with syphi-
lis is currently unknown and needs to be studied.

Overall, this study reveals the expression patterns of 
DEGs in syphilis combined with DM rabbit models by 
bioinformatical analysis, which provides new insights into 
the underlying mechanisms of the coexistence of syphilis 
and diabetes, and thus could lead to new hypotheses about 
the comorbidities of syphilis combined with DM. The 
DEGs are involved in several specific hub genes and sign-
aling pathways, which may become targets for therapeutic 
intervention.
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