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Background: The pathological damage mechanism of type 2 diabetes (T2D) and macroangiopathy is extremely complex, and T2D 
and arteriosclerosis obliterans have different biological behaviors and clinical features. To explore the mechanism of lower extremity 
arteriosclerosis occlusion (LEAOD) in T2D patients, we utilized RNA-seq to identify unique gene expression signatures of T2D and 
LEAOD through transcriptomic analysis.
Methods: We obtained blood samples and performed RNA sequencing from four patients with T2D, five of whom had LEAOD. 
Another six age- and gender-matched blood samples from healthy volunteers were used for control. By exploring the general and 
specific differential expression analysis after transcriptome sequencing, specific gene expression patterns of T2D and LEAOD were 
verified.
Results: Transcriptome analysis found differentially expressed genes in T2D, and T2D + LEAOD (vs normal) separately, of which 35/ 
486 (T2D/T2D + LEAOD) were up-regulated and 1290/2970 (T2D/T2D + LEAOD) were down-regulated. A strong overlap of 571 
genes across T2D, LEAOD, and coexisting conditions was mainly involved in extracellular exosomes and the transcription process. By 
exploring the sex difference gene expression features between T2D, T2D + LEAOD, and healthy controls, we noticed that sex 
chromosome-associated genes do not participate in the sexual dimorphism gene expression profiles of T2D and LEAOD. Protein– 
Protein Interaction Network analysis and drug target prediction provided the drug candidates to treat T2D and LEAOD.
Conclusion: This study provides some evidence at the transcript level to uncover the association of T2D with LEAOD. The screened 
hub genes and predicted target drugs may be therapeutic targets.
Keywords: type 2 diabetes mellitus, lower extremity arterial disease, gene expression profile, hub gene

Introduction
Diabetes mellitus is a disorder in which the pancreas cannot make enough insulin or respond normally to blood 
sugar (glucose), causing high blood sugar (hyperglycemia), and finally resulting in health problems, such as heart 
disease, nerve damage, and eye issues.1 Type 2 diabetes (T2D) is the most common type of diabetes, representing 
90% to 95% of all diabetes cases, and is characterized by elevated blood sugar caused by insulin secretion defect or 
insulin utilization disorder.2,3 It is estimated that the number of diabetic patients worldwide will rise to 454 million 
by 2030 and 548 million by 2045.4,5 T2D can cause a variety of complications, of which diabetic vascular disease is 
the most common. Diabetic vascular disease includes macrovascular disease and microvascular disease. Diabetic 
macrovascular disease refers to atherosclerosis of the aorta, coronary arteries, and peripheral arteries of the limbs. 
T2DM can cause microvascular and peripheral vascular lesions, leading to lower extremity atherosclerotic occlusive 
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disease (LEASOD), limb ischemia and intermittent claudication, and even lower extremity ulcer, gangrene, or 
amputation in severe cases.6 LEASOD is one of the most common peripheral arteriosclerosis occlusive diseases in 
current society, and it is an important part of systemic arteriosclerosis disease. Its pathological changes are a group 
of chronic ischemic diseases that cause arterial stenosis or occlusion, such as thickening of arterial intima, 
calcification, and secondary thrombosis.7,8 The incidence of LEASOD is increasing year by year, and 70–80% of 
patients have no clinical symptoms. Some early manifestations, such as fatigue after exercise and soreness of the 
lower limbs, are often mistaken by people as a presentation of old age and/or fatigue. Some patients are insensitive 
to pain due to neuropathy caused by diabetes, and most patients have intermittent claudication, resting pain, 
ischemic gangrene, and other symptoms when it is difficult to treat, thus, seriously affecting the physical and 
mental health and quality of life of patients.9,10 It is assumed that there is an intricate interplay between T2D and 
LEAOD. The genes involved in insulin resistance, dysregulation lipid metabolism, and coagulation processes may 
contribute to the biological responses of the arterial wall.11,12 However, the pathological mechanism of diabetic 
macroangiopathy is extremely complex, and the etiology and underlying mechanisms are still unclear. There are still 
limited molecular targets or biomarkers that could be applied in the clinical and improve the individual treatment of 
T2D and LEAOD.

Human peripheral blood mononuclear cells (PBMCs) undergo both cell-intrinsic and cell-compositional changes with 
disease. PBMCs expression atlas has been used to reflect pathological conditions in a variety of diseases.13–17 The available 
bioinformatics analysis tools and systems biology have provided an opportunity to better understand the complex biological 
processes of diseases and revealed some potential pathogenic targets for disease occurrence and development.18 Recent 
studies have also reported biomarkers for early disease occurrence, for the effective control of diabetic blood vessels.19–21

Apart from morphological differences, there are sex differences in the prevalence and incidence of T2D, and 
individuals with T2D also exhibit sex and gender differences in the burden of future cancer, dementia, and renal 
and cardiovascular diseases.22,23 Large-scale global observational studies have suggested a slightly higher pre-
valence of type 2 diabetes among men than women.24,25 In another Chinese population, the age-standardized 
prevalence of T2D was 16.1% in men compared with 14.9% in women.26 However, no sex differences were 
observed in the US population. The mechanisms that have been proposed to influence these sex differences in T2D 
and LEAOD are limited. They include epigenetic risk factors, insulin resistance, lifestyle, and span.

In recent years, with the development of medicine and bioinformatics, gene expression information has been 
providing large-scale research on the diagnosis and treatment targets of diabetic macroangiopathy. However, the 
available data through bioinformatics analysis and systems biology are far from clarifying T2D and LEAOD, or 
explanation of different therapy strategies for patients with T2D and (or) LEAOD. Thus, it is important to decipher 
the comprehensive molecular characteristics of T2D and LEAOD to improve the individualized management of patients. 
Therefore, to support a hypothesis of an intrinsic interplay between LEAOD and T2D patients, we compared the 
peripheral blood gene expression profiles through transcriptomic analysis to better understand the association of these 
disorders.

Materials and Methods
Ethical Statement
The authors are accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity 
of any part of the work are appropriately investigated and resolved. The study was conducted in accordance with the 
Declaration of Helsinki (Seventh revision (2013)). All patient samples were collected in adherence to local 
regulations and after obtaining institutional review board approved informed consent. The study was approved by 
the Ethics Committee of the Putuo Hospital Shanghai University of Traditional Chinese Medicine (No. PTEC- 
R-2021-13-1) and informed consent was obtained from all patients. The research complies with all relevant ethical 
principles.
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Patient
Study participants of the study were screened as patients who were admitted to our hospital for type 2 diabetes between May 2020 
and March 2021. We selected the population with lower extremity arteriosclerosis occlusion (LEAOD) diagnosed by color 
Doppler ultrasound as the research group (T2D + LEAOD group, n = 5). Patients without lower extremity arteriosclerosis and 
occlusion were selected as T2D group. The diagnosis of T2D was in accordance with World Health Organization criteria.27 The 
age and race-matched patients attending the outpatient department were recruited as control during the study period in our hospital 
(n = 6). The inclusion criteria were as follows: Patients met the diagnostic guidelines for T2DM and lower extremity arterio-
sclerosis obliterans; Patients had a medical history of T2DM with symptoms such as limb pain, intermittent claudication or 
ischemic ulcer, and gangrene in the lower limbs, and LEASOD was confirmed through color Doppler ultrasound, CT angiography, 
and other imageological tests to detect the corresponding artery stenosis or occlusion, and all patients should have complete 
clinical data.6 The exclusion criteria were included patients who had acute complications of T2DM, patients with hemorrhagic 
diseases or disorders of the coagulation system, patients with cerebrovascular diseases, patients with severe cardiopulmonary liver 
and kidney failure, patients with infectious or autoimmune diseases, fever or infection, current smokers, vaccination within 3 
months, history of prior organ transplantation, steroid use, estrogen replacement, AIDS, on chronic anti-inflammatory use, 
chemotherapy within the prior year, acquired Immune Deficiency Syndrome or immunocompromised, hemochromatosis, 
diagnosed with cancers, or neurodegenerative disease.6 The average age of these patients was 50.25 ± 6.16, with the majority 
being between 45 and 55 years old (age ranged from 41 to 59). Demographic data and medication of the study population are 
summarized in Table 1.

Sample Collection
Blood samples from patients were collected within 3–4 days of hospital admission. Briefly, the blood sample (5 mL) was 
obtained by venipuncture or from an existing line cleared of IV solution (venipuncture, arterial, or venous recorded) in 
6-mL K2 EDTA Vacutainer tubes. Peripheral blood mononuclear cells (PBMCs) were isolated from ethylene diamine 
tetraacetic acid (EDTA) anticoagulated whole blood using Ficoll-Hypaque gradients. Briefly, blood cells were removed 
by centrifugation (4°C, 800 × g for 10 min), and the platelet-poor plasma collected after another centrifugation (4°C, 
10,000 × g for 10 min) and stored at −80°C until all samples were ready for analysis. All assessments were performed 
blinded to the subject’s history. All assessments were performed blinded to the subject’s history of T2D and (or) LEAOD.

RNA Extraction
Total RNA from PBMCs was extracted from the tissue using TRIzol® Reagent according to the manufacturer’s instructions 
(Invitrogen, Carlsbad, CA, USA). Then, genomic DNA was removed using DNase I (TaKara). The quality and quantity of RNA 
were evaluated by 2100 Bioanalyser (Agilent) and quantified using the ND-2000 (Thermo Scientific, Wilmington, DE, USA). 
Isolation of messenger RNA (mRNA) was carried out using a TruSeq RNA library preparation kit (Illumina, San Diego, CA) 
according to the manufacturer’s instructions. Only high-quality RNA sample (OD260/280 = 1.8–2.2, OD260/230 ≥ 2.0, RIN ≥ 
6.5, 28S:18S ≥ 1.0, >1 μg) was used for sequencing library construction.

Table 1 General Information for Patients

Parameters T2D (n=4) T2D + LEAOD (n=5) Health (n=6) P value

Sex (male/female) 3/1 3/2 3/3 N/A
Age (years), mean ± SD 48.00±7.155 53.83±3.764 49.00±6.291 0.7334

BMI (kg/m2), mean ± SD 24.93±1.13 25.23±1.23 24.83±1.09 0.1817

Smoking (Yes/No) No No No N/A
Total-cholesterol (mmol/L), mean ± SD 5.29±0.72 5.32±0.81 4.05±0.64*# 0.020

LDL-cholesterol (mmol/L), mean ± SD 3.01±0.14 2.98±0.18 2.44±0.16*# 0.000

HbA1c (%), mean ± SD 10.68±1.338 10.63±2.089 5.49±1.512*# 0.000

Notes: Type 2 diabetes (T2D), lower extremity arteriosclerosis occlusion (LEAOD), Body Mass Index (BMI), HemoglobinA1c (HbA1c), low 
density lipoprotein (LDL). *P < 0.05 vs T2D; #P < 0.05 vs T2D + LEAOD.
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Library Construction and Illumina HiSeq Xten/Nova Seq 6000 Sequencing
RNA-seq transcriptome library was prepared following TruSeqTM RNA sample preparation kit from Illumina (San Diego, 
CA) using 1μg of total RNA. Shortly, messenger RNA was isolated according to polyA selection method by oligo(dT) beads 
and then fragmented by fragmentation buffer first. Second, double-stranded cDNA was synthesized using a SuperScript 
double-stranded cDNA synthesis kit (Invitrogen, CA) with random hexamer primers (Illumina). Then, the synthesized cDNA 
was subjected to end-repair, phosphorylation, and “A” base addition according to Illumina’s library construction protocol. 
Libraries were size selected for cDNA target fragments of 300 bp on 2% Low Range Ultra Agarose followed by PCR 
amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. After being quantified by TBS380, paired-end RNA- 
seq sequencing library was sequenced with the Illumina HiSeq Xten/NovaSeq 6000 sequencer (2 × 150 bp read length).

Read Mapping
The raw paired end reads were trimmed, and quality controlled by SeqPrep (https://github.com/jstjohn/SeqPrep) and 
Sickle (https://github.com/najoshi/sickle) with default parameters. Then clean reads were separately aligned to reference 
genome with orientation mode using HISAT2 software. The mapped reads of each sample were assembled by StringTie 
in a reference-based approach.

Differential Genetic Data Analysis
Based on the quantitative expression results, differential gene analysis between groups was performed to obtain 
differentially expressed genes between the groups. The DESeq2 workflow was used for differential expression analysis. 
The filtered raw counts were normalized using the DESeq method, and differentially expressed genes were determined by 
the screening threshold was: |log2FC| ≥ 2 and p-adjust < 0.05. Hierarchical clustering of differentially expressed genes 
was performed using the R/Bioconductor packages.

Enrichment Analysis
To search for unique biological processes, cellular components, and molecular functions, GO enrichment analysis was performed 
on significantly differential genes. GO enrichment analysis was performed using the clusterProfiler,28 and the enrichment results 
were then displayed using the ggplot2 package. Where a p-value < 0.05 was considered significant. In this part, we perform 
functional enrichment analysis on the genes in the differential gene/transcript set to obtain which functions or which metabolic 
pathways are mainly involved in the genes/transcripts in the gene set, including GO enrichment analysis.

Protein–Protein Interactions (PPIs) Network Construction
STRING Protein–Protein Interaction Networks Functional Enrichment Analysis (https://string-db.org/, v11.5) was 
employed to perform protein–protein interaction network model (PPI). Select “multiple proteins” and set the biological 
species to “Homo sapiens” to search. Set the score ≥ 0.9 to improve the credibility of the biological information and 
derive the PPI network graph through the processing of the above information.

Prediction of Drugs Targeting DEGs
TISIDB (http://cis.hku.hk/TISIDB/index. php) is an online website that focuses on the interactions between cancer and 
the immune system and contains multiple heterogeneous data types. In this study, TISIDB was employed to predict 
possible target drugs.

Statistical Analysis
Continuous variables in patient baseline data were presented as mean ± standard deviation. The significance of group 
comparisons was tested using paired or unpaired Student’s t-test (for two groups) or one-way ANOVA (for more than two 
groups). R v4.2.1 was used for statistical analysis, volcano and heatmap plots. P values of less than 0.05 were considered 
significant.
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Results
Comparison of Transcription Characteristics of the Two Groups of Patients
Transcriptome Characteristics Between T2D, T2D + LEAOD and Normal Group
Totally nine patients and six healthy controls were involved in this study, and the clinical characteristics are shown in 
Table 1. There were no significant differences in sex, average age, and body mass index (BMI) in the healthy control 
group, T2D group, and the T2D + LEAOD group. Compared with the healthy control group, both the T2D group and the 
T2D + LEAOD group had significantly higher levels of total cholesterol, low-density lipoprotein (LDL)-cholesterol, and 
hemoglobinA1c (HbA1c). Blood samples were collected from T2D, T2D + LEAOD and normal donors, then peripheral 
blood mononuclear cells (PBMCs) are separated via centrifugation, red blood cells are lysed and removed, and samples 
from different individuals are processed for RNA extraction and cell transcriptomes are sequenced using NovaSeq 6000 
sequencer, the raw data was trimmed and mapped to human genome, then differentially expressed genes are analysis with 
R and R packages, the results are displayed with different plot. The workflow for this study is summarized in Figure 1.

To characterize the pathologic response to T2D and (or) LEAOD patients, RNA-seq was performed on blood samples 
from nine patients (T2D = 4, T2D + LEAOD = 5) and six normal. We analyzed RNA-seq data from PBMCs of patients 
and healthy controls to profile the transcriptomic characteristics of T2D vs health and T2D + LEAOD vs health. With the 
threshold criteria of fold change > 2, p-value < 0.05, we conducted differentially expressed genes (DEGs) analysis of 
T2D vs normal, and T2D + LEAOD vs normal to determine whether any signature genes were enriched in specific 
groups. Overall, a total of 1325 differentially expressed genes (DEGs) were obtained in T2D vs normal, of which 35 were 
up-regulated and 1290 were down-regulated (Figure 2A). While in T2D + LEAOD vs normal, 3456 differentially 
expressed genes (DEGs) were identified, with 486 genes were up-regulated and 2970 genes were down-regulated 

Figure 1 The workflow of this study. The study strategy in this study was executed in a three-step manner. In the first step, PBMCs are isolated from the T2D, T2D + 
LEAOD, and healthy normal donors. Then followed by RNA extraction, purification, library construction and RNA sequencing with NovaSeq 6000 sequencer. After that, the 
data is subjected to read mapping and differential expression analysis. Gene set enrichment and Venn analyses were performed to identify the GO (Gene Ontology) terms 
were specifically enriched in different groups. Type 2 diabetes (T2D), lower extremity arteriosclerosis occlusion (LEAOD), peripheral blood mononuclear cells (PBMCs).
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(Figure 2B). To explore the common pathway or genes in T2D and (or) LEAOD vs normal, Venn diagram, was used to 
construct the Venn plot of the two groups of DEGs, among the up regulated DEGs in both T2D vs normal and T2D + 
LEAOD vs normal, only one gene was shared by these two comparation, DRICH1 gene is up regulated in both T2D and 
T2D + LEAOD compared to normal, which encode an Aspartate-Rich Protein 1 (Figure 2C). We also compare the down 
regulated DEGs, whereas 570 genes downregulated in T2D were also found to be down regulated in T2D + LEAOD. In 
addition, the top 10 significantly downregulated genes shared by T2D and LEAOD were WDR54, RHBDD2, PDK2, 
KDM7A, SPAG9, MPND, UQCRC1, ZNF200, LYPLA2, and APBA3, which indicate that these pathways are shared by 
T2D and (or) LEAOD compared to normal (Figure 2D).

Conserved and Differential Pathways in T2D and (or) LEAOD Patients
To explore the related functions and pathways of the differentially expressed genes in the two groups, we performed GO 
enrichment analysis on DEGs. Then, the biological processes of up- or down-regulated genes in T2D and (or) LEAOD 
compared with normal PBMC were enriched. Activated DEGs within T2D (vs normal) were significantly enriched in 
extracellular exosome, structure molecule activity, and external encapsulating structure targeting to membrane and 
response to external communication (Figure 3A, left panel). While the suppressed DEGs within T2D (vs normal) were 
significantly enriched with the transcription process, which included RNA polymerase II transcription regulatory region 
sequence-specific DNA binding, DNA-binding transcription factor activity, and cis-regulatory region sequence-specific 
DNA binding (Figure 3A, right panel). Within the comparison of T2D + LEAOD (vs normal), the activated DEGs were 

Figure 2 Transcriptomic characteristics between T2D and T2D + LEAOD. (A and B). The volcano plots showed the differentially expressed genes in PBMCs samples 
between T2D (n = 4) vs normal (n = 6) (left), T2D + LEAOD (n = 5) vs normal (right). Cutoff: Fold change >2, p < 0.05. (C and D). Venn diagrams exhibited the overlap up- 
(left) or down- (right) regulated differentially expressed protein numbers between T2D vs normal, T2D + LEAOD vs normal.
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Figure 3 Conserved and differential pathways in T2D and LEAOD patients. (A and B). Dot plot showing significantly enriched activated and suppressed GO pathways. The vertical items 
are the names of GO terms, and the length of horizontal graph represents the gene ratio. The depth of the color represents the adjusted p-value (adjusted P < 0.05). The area of circle in 
the graph means gene counts. (C and D). Gene set enrichment analysis (GSEA) based GO enrichment plots of representative gene sets significantly enriched hallmarks between T2D vs 
normal (left), T2D + LEAOD vs normal (right). (E and F). Enrichment map for GO pathways and overlap with DEG gene-sets. The map indicated the specifically enriched GO pathways in 
T2D vs normal, T2D + LEAOD vs normal. The size of circle represents the gene counts, the thickness of color represents significance. GO and GSEA analysis was performed by using 
R package clusterProfiler (version 4.6.2); R package DOSE (version 3.24.2); and R package org. Hs.eg.db (version 3.16.0). The analysis results were visualized by using R package 
Enrichplot (version 1.18.3). Type 2 diabetes (T2D), lower extremity arteriosclerosis occlusion (LEAOD), Gene Ontology (GO).
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enriched in extracellular organelle, extracellular membrane-bounded organelle, and extracellular vesicle (Figure 3B, left 
panel). The suppressed DEGs are enriched with a similar transcription pathway, such as RNA polymerase II transcription 
regulatory region sequence-specific DNA binding, DNA-binding transcription factor activity, and transcription regulatory 
region nucleic acid binding (Figure 3B, right panel).

Among all the enriched pathways, RNA polymerase II transcription regulatory region sequence-specific DNA binding 
was the most significant pathway enriched by GSEA analysis between in T2D vs normal (Figure 3C). However, for the 
T2D + LEAOD (vs normal), GSEA analysis showed that the significant enriched pathway is structural molecular activity 
(Figure 3D). Then, the integrated biological process networks were summarized with the overlap down- and up-DEGs in 
T2D and T2D + LEAOD (vs normal), we can see in Figure 3E, more than 200 genes involved extracellular exosomes and 
transcription process with in T2D (vs normal). Within T2D + LEAOD (vs normal), the most significant pathways are 
DNA binding, structure associated activity, and external matrix associated process (Figure 3F).

Characterizing the sexual dimorphism gene expression profiles of T2D and LEAOD
It’s reported T2D has often been found to be more common in men,29 but the prevalence is equal or higher among 

women in some populations, the sex difference risk factors for T2D is likely due to mixed effects, including insulin 
resistance, BMI “threshold” hormones regulating system, and life span.30,31 Moreover, the risk of cardiovascular disease 
is also elevated differently among men and women with T2D.31 Studies suggest that T2D confers 25–50% greater excess 
risk of incident cardiovascular disease (CVD) in women compared with men.32 These are the issues most often 
associated with T2D in female patients. However, little is known about which genes display a sexual pattern in T2D 
patients.

To investigate the gene expression characteristics of different genders, we also compared the differentially expressed 
mRNA of T2D, T2D + LEAOD and control groups (fold change > 2, p value < 0.05, Figure 4A). There were 12 up- 
regulated genes and 14 down-regulated proteins in female vs male in controls (Figure 4A), while 2 up-regulated genes 
and 47 down-regulated genes were identified in T2D (Figure 4B), compared to T2D, 6 up-regulated genes and 1 down- 
regulated gene were identified in T2D + LEAOD (Figure 4C).

We also tried to compare the overlapped genes among these three groups; however, only one gene was shared by 
health control and T2D + LEAOD, MYOM2 (Myomesin 2) gene is associated with Rheumatic Fever and Blood Protein 
Disease (Figure 4D). We did not find any overlapped down regulated genes among these three groups (Figure 4E), which 
indicates that the sexually different gene expression pattern is distinct in T2D and LEAOD diseases. Although there are 
conflicting data on the sex chromosomes and sex hormone effect on the sexual dimorphism,33,34 we did not observe X or 
Y chromosomes located in increased or decreased genes. Furthermore, we compared DEGs of health controls with T2D 
and LEAOD groups with heatmap (Figure 4F). We found that the most up-regulated sex different expression genes in 
T2D are CLC (Charcot-Leyden Crystal Galectin) and ISG15 (ISG15 Ubiquitin Like Modifier), which involve multi-
functional lysophospholipids and intracellular target protein ubiquitin modifications. While the down regulated sex 
different expression gene in T2D + LEAOD is KLRF1 (Killer Cell Lectin Like Receptor F1), an activating homodimeric 
C-type lectin-like receptor (CTLR), is expressed in nearly all natural killer (NK) cells and stimulates their cytotoxicity 
and cytokine release,35 its related pathways are Innate Immune System and Class I MHC mediated antigen processing 
and presentation.

Transcriptomic Difference Between T2D and T2D + LEAOD
To gain further insight into the functional role of the different gene expression features of T2D and T2D + LEAOD, in this 
part, we identified the differentially expressed genes between them (fold change > 2, p-value < 0.05, Figure 5A). We choose 
the top 20 up and down DEGs for a heatmap plot to get the differential gene distribution in T2D vs T2D + LEAOD 
(Figure 5B). We can find that the top 20 up and down DEGs also show a high variation within the individuals in each group. 
To further explore the common genes shared by these comparisons, the genes down-regulated in health control vs T2D vs T2D 
+ LEAOD are shown in Venn diagram (Figure 5C). We found 570 down regulated DEGs that were overlapped in T2D (vs 
normal) and T2D + LEAOD (vs normal), but only 12 down regulated DEGs were shared by T2D + LEAOD (vs normal) and 
T2D vs T2D + LEAOD (Figure 5C). In order to further uncover the molecular mechanism of these DEGs in T2D vs T2D + 
LEAOD, GO enrichment analyses were conducted for these disease related DEGs (Figure 5D). The result showed that 
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activated DEGs within T2D vs T2D + LEAOD were significantly enriched with RNA polymerase II transcription regulatory 
region sequence-specific DNA binding, DNA-binding transcription factor activity, and cis-regulatory region sequence-specific 
DNA binding (Figure 5D, left panel). While the suppressed DEGs within T2D vs T2D + LEAOD were significantly enriched 
with the structure molecule activity, external encapsulating structure, and extracellular matrix (Figure 5D, right panel).

Figure 4 Sexual dimorphism gene expression profiles of T2D and LEAOD. (A–C). The volcano plots showed the differentially expressed proteins in PBMCs samples 
between female vs male in Health (A), T2D (B), and T2D + LEAOD (C) separately. Cutoff: Fold change > 2, p < 0.05. (D–E). Venn diagrams exhibited the overlap up- and 
down- regulated differentially expressed gene numbers in female vs male of normal, T2D, and T2D + LEAOD. (F). Heatmap plot showed the top 20 up- and down- regulated 
differentially expressed genes (female vs male) according to log2 (counts). Type 2 diabetes (T2D), lower extremity arteriosclerosis occlusion (LEAOD), peripheral blood 
mononuclear cells (PBMCs).
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Protein–Protein Interaction Network (PPI) Analysis
To determine the relationship between differential genes and lower extremity arterial occlusion, we identified genes associated 
with lower extremity arterial occlusion by searching the GeneCards database. The interaction score was set to high test 
confidence (0.9). The PPI network of DEGs was visualized using Cytoscape software. According to the topological score, 
UBA52, RPS15, AHSP, UBB, HBB, PINK1, HBA1, and HBA2 ranked significant hub genes, as shown in Figure 6A.

Figure 5 Transcriptomic difference between T2D and T2D + LEAOD. (A)The volcano plots showed the differentially expressed proteins in PBMCs samples between T2D 
vs T2D + LEAOD. Cutoff: Fold change >2, p < 0.05. (B). Heatmap plot showed the top 20 up- and down- regulated differentially expressed genes according to log2 (counts). 
(C). Venn diagrams exhibited the overlap up- and down- regulated differentially expressed gene numbers in comparison of T2D (vs normal), T2D + LEAOD (vs normal), and 
T2D vs T2D + LEAOD. (D). Gene set enrichment analysis (GSEA) based GO-enrichment plots of representative gene sets significantly enriched hallmarks between T2D vs 
T2D + LEAOD. Type 2 diabetes (T2D), lower extremity arteriosclerosis occlusion (LEAOD), Gene Ontology (GO).
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Drug Target Prediction
To search for potential drugs that might interfere with the disease process of T2D + LEAOD, we used the TISIDB online tool to 
predict the drugs targeting top up and down regulated genes in both the T2D and T2D + LEAOD groups in Figure 1. Finally, 1 up 
regulated and top 10 down regulated genes including DRICH1, WDR54, RHBDD2, PDK2, KDM7A, SPAG9, MPND, 
UQCRC1, ZNF200, LYPLA2, and APBA3 were loaded into the TISIDB database, and the result is shown in Table 2.

Figure 6 Protein–Protein Interaction Network in T2D vs T2D + LEAOD. (A). Topology of the backbone network. The backbone network consisted of 18 nodes with 
a high BC value and 67 edges. Nodes marked with red are the 18 nodes DEGs in T2D vs T2D + LEAOD. Type 2 diabetes (T2D), lower extremity arteriosclerosis occlusion 
(LEAOD), differentially expressed genes (DEGs), Protein-Protein Interaction Network (PPI).

Table 2 The Top 10 Down Regulated Genes Shared by T2D and LEAOD

Gene 
name

TISIDB 
targets

PubChem 
CID

IUPAC Name

WDR54 None NA NA

RHBDD2 None NA NA
PDK2 3 6,102,761 4-[(2R,5S)-2,5-dimethyl-4-[(2R)-3,3,3-trifluoro-2-hydroxy-2-methylpropanoyl]piperazine- 

1-carbonyl]benzonitrile

6,102,762 (N-{4-[(Ethylanilino)sulfonyl]-2-methylphenyl}-3,3,3-trifluoro-2-hydroxy-2-methylpropanamide
6,102,763 N-(2-Aminoethyl)-2-{3-chloro-4-[(4-isopropylbenzyl)oxy]phenyl} acetamide

KDM7A None NA NA

SPAG9 None NA NA
MPND None NA NA

(Continued)
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Discussion
The incidence of lower extremity arteriosclerotic occlusive disease in patients with type 2 diabetes is 2–4 times that of 
the general population.36 Arteriosclerotic obliterans of the lower extremities usually occurs during the fifth decade of life, 
and the incidence increases exponentially after the age of 65 years. The occurrence of lower extremity arteriosclerotic 
occlusive disease involves many factors such as environment, metabolism, and genes. For decades, although research on 
lower extremity arteriosclerotic occlusive disease has gradually deepened, its pathogenesis has not been elucidated. The 
pathogenesis of lower extremity arteriosclerotic occlusive disease is complex, and multiple factors such as lipid 
metabolism disorder, chronic inflammation, abnormal proliferation of smooth muscle cells, oxidative stress, and 
hemodynamic changes are involved. Based on the results of our research analysis, the main differential genes include 
DRICH1, WDR54, RHBDD2, PDK2, KDM7A, SPAG9, MPND, UQCRC1, ZNF200, LYPLA2, and APBA3. The 
functions of these genes mainly include regulation of gene transcription, cell adhesion, and cell–cell communication.

The theoretical study of atherosclerosis has gone through many stages, including the classic lipid infiltration theory 
and the damage repair theory.37 In 1999, Ross and other scholars put forward an inflammatory immune theory of 
atherosclerosis, arguing that inflammation runs through the entire process of the occurrence and development of 
atherosclerosis. Since then, more and more research results have suggested that atherosclerosis is essentially an 
inflammatory reaction that occurs after blood vessel damage. Macrophages are the most important inflammatory cells 
in atherosclerotic disease and are the main source of inflammation-related cytokines in plaques.38 The inflammatory 
response is caused by inflammatory cells such as macrophages through the production and activation of chemokines such 
as interleukin (IL)-8 and monocyte chemoattractant protein-1.39

In this study, we used RNA-seq to identify unique peripheral blood gene expression signatures of T2D and T2D LEAOD 
coexisting condition patients. Previous studies have revealed an intrinsic interplay between T2D and LEAOD, while the 
detailed mechanism remains unclear. Toward this end, our study also compared the gene expression profiles of T2D and 
LEAOD. We found that the expression of DRICH1 was up-regulated in both T2D and T2D LEAOD patients within PBMCs. 
In addition, we also found that down-regulated genes in patients with type 2 diabetes mellitus are complicated with LEAOD. 
In addition to gene transcription-related mechanisms, our findings also found that cell–cell communication pathways were up- 
regulated in patients with T2D complicated LEAOD. The mechanism behind this association may be that there was 
a reciprocal regulation between gene expression regulation and external cell signal transduction mediated communication.

Sex differences in disease prevalence, manifestation, and response to treatment are rooted in the genetic differences 
between men and women.40 In the case of T2D and LEAOD, diversities in body anthropometry and patterns of storage of 
adipose tissue may impact differences between males and females, especially when sex hormones have a great impact on 
energy metabolism, body composition, vascular function, and inflammatory responses.41 In this study, total cholesterol, LDL- 

Table 2 (Continued). 

Gene 
name

TISIDB 
targets

PubChem 
CID

IUPAC Name

UQCRC1 9 4,462,283 2-Hexyloxy-6-Hydroxymethyl-Tetrahydro-Pyran-3,4,5-Triol
10,972,974 Myxothiazol

3,016,416 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole

6,537,969 Methyl (Z)-2-[2-[6-(2-cyanophenoxy)pyrimidin-4-yl]oxyphenyl]-3-methoxyprop-2-enoate
9,547,935 (5S)-3-anilino-5-(2,4-difluorophenyl)-5-methyl-1,3-oxazolidine-2,4-dione

213,032 Famoxadone

5,289,085 3-Methoxy-2-(2-styrylphenyl)propenic acid methyl ester
130,804 1-hydroxy-2-nonylquinolin-4-one

5,280,346 Ubiquinone-2

ZNF200 None NA NA
LYPLA2 None NA NA

APBA3 None NA NA

Note: Type 2 diabetes (T2D), lower extremity arteriosclerosis occlusion (LEAOD).

https://doi.org/10.2147/DMSO.S432698                                                                                                                                                                                                                               

DovePress                                                                                                                                

Diabetes, Metabolic Syndrome and Obesity 2024:17 1008

Zeng et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


cholesterol, and HbA1c levels were significantly elevated in patients with T2D and T2D + LEAOD, which is consistent with 
the reports above. In addition, there were evidence showing sex-specific genes and pathways cause sex differences in T2D.42 

However, our data did not find any sex chromosome associated gene.
In addition to the common signatures among T2D and T2D LEAOD patients, we also analyzed the gene sets PPI 

networks and target drugs with a database. Several possible therapeutics arose from this analysis to target T2D and 
LEAOD, including kinase inhibitors and gene-specific drugs. Therefore, this work provides a rationale for paying more 
attention to the deleterious effects of pathogenic gene activation and using these genes as effective treatment strategies 
for patients with T2D and LEAOD.

However, it should be mentioned that the present study has some limitations that should be kept in mind when interpreting 
the data. The number of samples for RNA-seq was relatively small; therefore, the conclusion from comparison was not ideal, 
so studies of large sample size need to be conducted to confirm the conclusion. We also have no chance to get information 
about circulating sex hormone levels (estrogen and testosterone) within these blood samples, which is another limitation of 
this study. Of note, the conclusion summarized from this study is just limited to the information and data currently; instead, the 
conclusion may change, even become controversial as more patients and data are collected in the future.

Conclusion
This study showed that the gene expression profile in patients with T2D and LEAOD. These diseases share both common 
and specific gene expression patterns compared to the control group. Note that gene transcription regulation and cell–cell 
communication processes coexist in these conditions. This study provides evidence at the transcript level to show the 
association of T2D, LEAOD, and coexisting conditions.
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