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ABSTRACT
Immune cell infiltration into adipose tissue (AT) is a key factor in type 2 diabetes (T2DM). However, 
research on the impact of fat distribution on immune cells and immune responses in women is 
still lacking. This study used enrichment, protein–protein interaction network, immune cell 
infiltration, and correlation analysis to compare the similarities and differences between the 
transcriptome data of visceral AT (VAT) and subcutprotein-proteinaneous AT (SAT) obtained 
from the omprehensive database of gene expression in women with non-T2DM and T2DM. 
DEGs with the same biological function in two types of ATs often exhibited different expression 
trends. SharedVAT-specific and SAT-specific hub genes were mainly associated with transcription 
factors, monocyte-macrophage markers, and chemokines, respectively. Immune cells affected by 
both AT types included monocytes, granulocytes, T and B lymphocytes, and NK cells. VAT affected 
more immune cells, mainly myeloid cells. Shared hub genes in VAT correlated positively with M1 
macrophages, suggesting pro-inflammatory effects, while those in SAT correlated negatively with 
M1 macrophages and lymphocytes, suggesting anti-inflammatory effects. This study provides a 
theoretical basis for further understanding the correlation between AT and T2DM in women.
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Introduction

Adipose tissue (AT) functions as an endocrine organ 
that regulates various physiological processes and is 
associated with dysfunction, metabolic homoeostasis 
disruption, insulin resistance, and type 2 diabetes mel-
litus (T2DM) in obese individuals [1]. AT can be cate-
gorized into brown AT (BAT) and whiteAT (WAT) 
based on morphology [2]. WAT constitutes the largest 
proportion of AT in the body and plays a significant 
role in the development of cardiovascular disease and 
its complications. Furthermore, WAT can be divided 
into two categories based on anatomical location: visc-
eral AT (VAT) and subcutaneous AT (SAT) [3]. 
Previous studies ha demonstrated significant differ-
ences between these two types of AT in terms of 
cellular and signalling molecule composition, physiolo-
gical metabolism, clinical manifestations, and disease 
prognosis [4]. VAT, often referred to as metabolically 
unhealthy fat, primarily resides in the mesentery and 
omentum, with its venous blood being directly 

discharged into the liver via the portal vein. Research 
indicates that VAT possesses a greater number of blood 
vessels, an abundant blood supply, stronger neural 
innervation, and a higher concentration of glucocorti-
coid and androgen receptors compared to SAT, render-
ing it more sensitive to catecholamine-induced lipolysis 
and adrenaline stimulation [5–7]. Elevated levels of 
cytokines such as tumour necrosis factor alpha (TNF- 
α), interleukin (IL) -6 , IL-8, and monocyte chemotactic 
protein-1 (MCP-1), alongside adipokines like matrix 
metalloproteinase-1 (MMP-1) and plasminogen activa-
tor inhibitor-1 (PAI-1), as well as prostaglandin com-
pounds such as T-box transcription factor 2 (TBX2) 
and prostaglandin E2 (PGE2), which are expressed at 
higher levels in VAT, can contribute to systemic 
inflammation, insulin resistance, metabolic syndrome, 
and other diseases [8,9]. In contrast, SAT is primarily 
deposited in the hip region, posterior abdominal wall, 
and anterior abdominal wall [10]. SAT is drained 
through systemic veins and can store excess free fatty 
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acids (FFAs) and glycerol in the form of triglycerides 
(TGGs) 10 within adipocytes, thereby forming a neutral 
metabolic pool [11]. The correlation between SAT and 
leptin is stronger , while estrogen has a significant effect 
on the accumulation of SAT [12]. Estrogen deficiency 
results in an increase in VAT in postmenopausal 
women [13]. SATis regarded as a metabolically healthy 
fat, exhibiting a weak association with metabolic dis-
eases, and may even play a protective role [14,15].

AT contains a substantial number of immune cells, 
including macrophages, natural killer cells, B lymphocytes, 
and T lymphocytes, whose condition directly influences 
overall health [16]. The abnormal proliferation of AT can 
lead to alterations in the immune cell spectrum, resulting in 
a chronic low-grade inflammatory state that may trigger 
systemic inflammation, insulin resistance, and metabolic 
diseases [17]. Research indicates that the types of immune 
cells present in VAT and SAT differ. Although CD4 and 
CD8 T cell infiltration occurs in both VAT and SAT, the 
proportion of pro-inflammatory T helper cells (Th) −1, 
Th17, and CD8 T cells is higher in VAT compared to 
SAT [18]. Notably, significant gender differences exist in 
the number of immune cells within AT, including regula-
tory T cells (Treg) [19]. AT exhibits gender specificity 
concerning obesity-related low-grade inflammatory states. 
A study demonstrated that, in women, SAT volume corre-
lates with the number of monocytes and neutrophils, and 
the association between certain circulating inflammatory 
markers, such as IL-6, IL-18BP, TRAILR2, LOX1, and 
CEACAM8, is stronger than in men [20]. However, there 
remains a lack of research on the impact of fat distribution 
on immune cells and immune responses specifically in 
women.

This study aimed to analyze the transcriptome data 
of VAT and SAT from women with and without 
T2DM, obtained from the Gene Expression Omnibus 
(GEO) database. Bioinformatic analysis was used to 
examine changes in the spectrum of immune- 
infiltrating cells and the correlation between key genes 
and immune cells, with the aim of comparing the 
differences and similarities in their impact on the 
pathogenesis of T2DM. From an immunological per-
spective, this study provides valuable insights into the 
relationship between AT and T2DM.

Results

Analysis of shared differentially expressed genes 
between SAT and VAT

The transcriptome data of VAT (dataset GSE29231) 
and SAT (dataset GSE29226) in women with and 

without T2DM were analyzed. The results revealed 
that 796 differentially expressed genes (DEGs) were 
identified in the VAT of women with T2DM, com-
prising 690 upregulated and 106 downregulated 
genes. The SAT of women with T2DM contained 
328 DEGs, including 110 upregulated and 218 down-
regulated genes. Further analysis using the Venn 
method identified 55 shared DEGs between the AT 
types, 741 VAT-specific DEGs, and 273 SAT-specific 
DEGs (Figure 1). Detailed tables are provided in 
Supplementary File S1.

GO enrichment and KEGG pathway analysis of 
DEGs

GO enrichment analysis of DEGs with consistent 
expression trends in the shared DEGs between VAT 
and SAT revealed associations with response to metal 
ions, regulation of transcriptions, response to hor-
mones, circadian rhythm, and regulation of inflam-
matory response (Figure 2a). Conversely, DEGs 
showing distinct expression trends in the shared 
DEGs were found to be implicated in regulating 
body fluid levels, inhibiting cellular catabolic pro-
cesses, and intracellular signal transduction 
(Figure 2b). Additionally, the upregulated VAT- 
specific DEGs were associated with biological pro-
cesses such as ECM reconstruction processes and 
transcription (Figure 2c). Conversely, the downregu-
lated VAT-specific DEGs were enriched in regulating 
of metabolic process (Figure 2d). In SAT, the upre-
gulated SAT-specific DEGs were linked to inflamma-
tion and immune-related biological processes 
(Figure 2e). Finally, the downregulated SAT-specific 
DEGs were related to ECM reconstruction processes 
and response to hormones (Figure 2f).

KEGG pathway analysis revealed that the signal 
pathways enriched with shared DEGs in VAT and 
SAT primarily included the IL-17 signaling pathway, 
Toll-like receptor signaling pathway, parathyroid 
hormone synthesis, secretion and action, chemokine 
signalling pathway (Figure 3a). Additionally, the 
signaling pathways enriched with VAT-specific 
DEGs were mainly associated with MAPK signaling 
pathway, PI3K-Akt signaling pathway, IL-17 signal-
ing pathway, oestrogen signaling pathway 
(Figure 3b). In contrast, the signaling pathways 
enriched with SAT-specific DEGs mainly involved 
cytokine-cytokine receptor interaction, Toll-like 
receptor signaling pathway, cell adhesion molecules, 
and viral protein interaction with cytokine and cyto-
kine receptors in diabetic complications (Figure 3c).
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Protein–protein interaction network and hub genes 
analysis of DEGs

Analysis of the protein–protein interaction network 
and hub genes revealed that the top 10 shared hub 
genes in VAT and SAT included composition-related 
activation protein-1 (FOS, FOSB, JUN, JUNB, and 
ATF3), early growth response factors (EGR1 and 
EGR2), ZFP36, NFKBIZ, and BTG2 (Figure 4a). The 
top 10 VAT-specific hub genes included macrophage- 
related genes (CD68 and CD163), integrin-related genes 
(ITGAM and ITGAX), cytokines and chemokines (IL-6, 
CXCR4, and CCR1), SELL, VAM1, and the downregu-
lated gene GZMB (Figure 4b). The top 10 SAT-specific 
hub genes were associated with cytokines and chemo-
kines (IL1B, CXCL10, CCL4L2, CCL3L1, CCL3, and 
CXCL2), as well as CD34, FCGR2A, SOCS3, and 
NLRP3, with CXCL10 being a crucial gene among the 
downregulated genes (Figure 4c).

Immune cell infiltration and correlation with 
immune cells analysis

The analysis of the infiltration of 22 types of 
immune cells reveals that the proportion of macro-
phages M0, monocytes, and neutrophils in VAT of 
women with T2DM was significantly higher than 
that in women without T2DM. Conversely, the pro-
portion of mast cells resting natural killer (NK) cells 
activated, and T cells gamma-delta is significantly 
lower in women with T2DM compared to those 
without T2DM(p < 0.05) (Figure 5a, b). 
Additionally, in the SAT of women with T2DM, 
the proportion of B cells memory and mast cells 
activated was significantly higher than that in 
women without T2DM, while the proportion of 
macrophages M0, macrophages M1, and T cells 
gamma-delta was significantly lower (p < 0.05) 
(Figure 5c, d).

Figure 1. To analyze the DEGs in SAT or VAT gene expression profiles of women with T2DM. (a) The volcanic plot illustrates the 
distribution of DEGs derived from comparing the gene expression profiles of VAT in women with T2DM (n = 12) versus those without 
T2DM (n = 12) (GSE 29231). (b) The volcanic plot illustrates the distribution of DEGs derived from comparing the gene expression 
profiles of women SAT in women with T2DM (n = 12) versus those without T2DM (n = 12) (GSE 29226). (c) The histogram presents 
the distribution and quantity of DEGs in VAT and SAT, with red indicating upregulated genes and blue indicating downregulated 
genes; (d) In the Venn diagram, the red circles represent DEGs specific to VAT, the blue rectangles represent DEGs specific to SAT, the 
overlapping areas indicate shared DEGs (n = 55), while the non-overlapping sections denote VAT-specific DEGs (n = 741) and SAT- 
specific DEGs (n = 273), respectively.
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The correlation between shared hub genes and 22 
types of immune cells suggested that VAT was primar-
ily positively correlated with monocytes, macrophages 
M1, and mast cell activated, while strongly negatively 
correlated with macrophages M2 and mast cells rest-
ing. In SAT, there was a strong positive correlation 
with monocytes, mast cells activated, and neutrophils, 
and a strong negative correlation with macrophages 
M1, mast cells resting, B cells naive, and T cells CD4 
memory resting. The VAT-specific hub genes 

increased the correlation between B cells naive, T 
cells CD4 memory resting, and NK cells activated, 
although the correlation was mainly negative. 
Simultaneously, the correlation between mast cells 
and macrophages was reduced. IL-6 and GZMB 
showed opposite correlations with other genes, and 
the SAT-specific hub genes exhibited a strongly corre-
lated immune cell spectrum consistent with the shared 
hub genes, whereas CD34 and CXCL10 exhibited 
opposite correlations with other genes (Figure 6).

Figure 2. Perform GO enrichment analysis of shared DEGs, VATspecific DEGs, and SAT-specific DEGs in women VAT and SAT gene 
expression profiles using metascape. Five GO enrichment results were displayed in each term for biological processes (BP), cellular 
components (CC), and molecular functions (MF) (if enough), with p < 0.01. (a) GO enrichment results of shared DEGs with the same 
expression trends in VAT and SAT(n = 37). (b) GO enrichment results of shared DEGs with the different expression trends 
(upregulated in one type and downregulated in the other at type) in VAT and SAT (n = 18). (c, d) GO enrichment analysis of 
DEGs with VAT-specific DEGs upregulation (n = 642) or downregulation (n = 99). (e, f) GO enrichment analysis of DEGs with SAT- 
specific DEGs upregulation (n = 78) or downregulation (n = 195).
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Discussion

T2DM is characterized as a chronic immune-mediated 
inflammatory ailment. Immune cells, along with their 
secreted cytokines and chemokines within AT, signifi-
cantly contribute to the development of T2DM. 
Notably, SAT and VAT exert distinct functions in the 
pathogenesis of T2DM. Compared with SAT, VAT is 
more cellular and vascular, containing more inflamma-
tory factors and immune cells, and has a stronger resis-
tance to insulin [4,7,17,21]. Conversely, SAT exhibits 
a stronger absorption of circulating free fatty acids and 
triglycerides. This study compared the biological func-
tions, signaling pathways, key genes, immune- 
infiltrating cell spectra, and correlation between co- 
expressed genes and DEGs in VAT and SAT of 
women with T2DM. This study provides a theoretical 
basis for further understanding the correlation between 
AT and T2DM.

This study analyzed the distribution of DEGs in two 
datasets and found that the VAT of women with T2DM 

showed a higher number of upregulated DEGs than 
SAT. Cluster analysis of biological functions revealed 
that the upregulated genes in VAT were primarily 
linked to ECM remodeling and alterations in tissue 
structure, especially concerning the morphology and 
function of blood vessels and muscles. The ECM serves 
as a highly dynamic structural framework that is essen-
tial for regulating cellular behavior during metabolic 
homeostasis and the progression of obesity [22]. 
Increased ECM synthesis creates a physical barrier for 
glucose transport and reduces insulin delivery and sig-
nal transduction in blood vessels, ultimately resulting in 
insulin resistance [23]. Abnormal accumulation of 
ECM components and their regulators in AT is also 
a characteristic feature of T2DM [24]. The biological 
function of downregulated DEG clusters was mainly 
related to fatty acid metabolism. Lipids play various 
roles as signaling molecules, metabolic substrates, and 
cell membranes [25]. Abnormal lipid metabolism is not 
only a significant clinical manifestation of T2DM but 
also a crucial factor in its onset and progression [26]. 

Figure 3. Perform KEGG enrichment analysis of shared DEGs, VAT-specific DEGs, and SAT-specific DEGs in women VAT and SAT gene 
expression profiles usingMetascape. Each term displays 10 enriched KEGG pathways, with p < 0.01 as the selection criterion. (a) KEGG analysis 
of shared DEGs(n = 55). (b) KEGG analysis of VAT-specific DEGs (n = 741). (c) KEGG analysis of SAT-specific DEGs (n = 273).

Figure 4. Use STRING to analyze the shared DEGs, VAT-specific DEGs, and SAT-specific DEGs in the women VAT and SAT gene 
expression profiles, and visualize them using Cytoscape, displaying the top 10 hub genes in each term. (a)The top 10 hub genes in 
shared DEGs. (b) The top 10 hub genes in VAT-specific DEGs. (c) The top 10 hub genes in SAT-specific DEGs.
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Figure 5. Immunoinfiltration analysis of DEGs in 22 immune cell subtypes in women VAT and SAT using CIBERSORTx. (a, b) block 
diagram and cumulative histogram show the difference in immune cell infiltration in VAT between diabetes patients (n = 12) and 
non-diabetes patients (n = 12). (c, d) block diagram and cumulative histogram show the difference in immune cell infiltration in SAT 
between diabetes patients (n = 12) and non-diabetes patients (n = 12). *p < 0.05 **p < 0.01.

Figure 6. Correlation matrix of infiltration degree of 22 immune cells and hub DEGs in women VAT and SAT using Sangerbox. Red 
represents a positive correlation, blue represents a negative correlation, and darker colors represent a stronger correlation. (a) Select 
the top 10 hub genes in shared DEGs and the top 10 hub genes in VAT-specific DEGs to generate a heatmap of their correlation with 
the degree of immune cell infiltration. (b) Select the top 10 hub genes in shared DEGs and the top 10 hub genes in SAT-specific 
DEGs to generate a heatmap of their correlation with the degree of immune cell infiltration.
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Notably, the number of downregulated DEGs in SAT 
was relatively higher than upregulated DEGs. 
Moreover, the main enriched biological functions 
were related to ECM reconstruction, consistent with 
the enrichment of upregulated DEGs in VAT. These 
findings suggested that ECM plays a significant role in 
the regulation of T2DM by VAT and SAT. 
Furthermore, the upregulated DEGs in SAT were 
mainly associated with immune cell- and factor- 
related functions, highlighting the presence of chronic 
low-grade inflammation and changes in immune func-
tion in the SAT of patients with T2DM.

Venn analysis of DEGs in the two datasets revealed 
that 55 shared DEGs were expressed in VAT and SAT. 
These genes primarily function in adipocyte expansion, 
immune cell accumulation, angiogenesis, and other 
processes related to AT reconstruction. The top 
10 hub genes among the 55 shared DEGs are primarily 
transcription factors, including activator protein-1 (AP- 
1), nuclear transcription factor (NF-κB), and early 
growth response factor. Transcription factors play cru-
cial roles in various diseases such as cancer, autoim-
mune/inflammatory diseases, diabetes, and 
cardiovascular diseases [27]. The activation of NF-κB, 
AP-1, and EGR can drive the M1 activation state of 
macrophages, leading to the expression of numerous 
pro-inflammatory target genes and promoting insulin 
resistance or T2DM. Activation of these transcription 
factors is closely associated with the of the IL-17 signal-
ing pathway [28–30]. Ding et al. discovered that AP-1 
family genes (FOS, FOSB, ATF3, JUN, and JUNB) are 
key genes in the WGCNA purple module and are key 
components in activating mast and Tfh cells in samples 
of abdominal aortic aneurysm-type perivascular AT, 
non-dilated perivascular AT, subcutaneous abdominal 
AT, and omental visceral AT. This study further 
demonstrated the significant role of the AP-1 family 
in regulating AT inflammation [31].

The top 10 VAT-specific hub genes were mainly 
associated with monocyte–macrophage surface mar-
kers, including CD68, ITGAX (CD11c), CD163, and 
ITGAM (CD11b). The expression of CD antigen genes 
serves as an indicator of inflammation in VAT [32–34]. 
Additionally, these genes have been implicated in cell 
adhesion and the promotion of tissue fibrosis. Previous 
studies have indicated that the chronic inflammatory 
state in AT may contribute to the excessive synthesis of 
ECM components and subsequent deposition of fibro-
tic stroma, which is a characteristic feature of AT in 
individuals with insulin resistance [35–38]. 
Importantly, members of the ITGA family (ITGAX 
and ITGA5) promote adipocyte fibrosis and angiogen-
esis by activating the PI3k/Akt signaling pathway 

[39,40]. The PI3k/Akt pathway is one of the main path-
ways involved in insulin transmission, with functions 
including the regulation of cell growth, apoptosis, and 
glucose and lipid metabolism. However, this pathway 
was not identified among the signaling pathways 
enriched in SAT. The top 10 SAT-specific hub genes 
primarily consisted of chemokine-related genes, includ-
ing CXCL10, CCL4L2, CCL3L1, CCL3, and CXCL2. 
NLRP3 plays a key role in this process. The interaction 
between these genes occurs through the TLR/NF-κB 
signaling pathway [41–43], aligning with the findings 
of previous KEGG enrichment analysis of DEGs in 
SAT. Notably, certain substances, such as free fatty 
acids, saturated fatty acids, and lipopolysaccharides, 
can be recognized by TLRs through pathogen- 
associated molecular patterns and danger-associated 
molecular patterns [44]. This recognition activates the 
monocyte/macrophage NF-κB pathway, leading to the 
transcription of the NLRP3 gene and pro-IL-1β [45]. 
IL-1β, in turn, triggers the production of various cyto-
kines and chemokines, causing the infiltration of 
macrophages and other immune cells [46]. IL-6 and 
IL-1β are recognized as the most significant pro- 
inflammatory factors secreted by adipocytes and 
macrophages, with elevated IL-6 levels closely linked 
to the onset of type 2 diabetes mellitus (T2DM) [47]. 
This study highlights IL-6 as a key central gene in VAT, 
while IL-1β has been identified as a crucial hub gene in 
SAT. Research conducted by Wen and Wang on WAT 
in lean and obese individuals revealed that important 
hub genes include IL-6 and IL-1β [48]. In a study 
focusing on healthy overweight and obese subjects, it 
was found that IL-6 expression, secreted by Th1 and 
pro-inflammatory macrophages, was significantly 
higher in VAT than in SAT [18]. However, one study 
indicated that IL-6 is associated with VAT and deep 
SAT (dSAT) volume in male obese patients, while IL-6 
levels correlate with SAT, SAT hip, and superficial SAT 
(sSAT) volume in female obese patients [20]. The dis-
crepancies in these research findings can be attributed 
to factors such as the progression of metabolic diseases 
(including obesity, insulin resistance, or T2DM), gen-
der, using insulin, and the sampling location within the 
study population. Nonetheless, these findings under-
score the critical roles of these two central genes in 
different AT depots.

AT contains a large number of immune cells, and 
the activity of these cells is related to the regulation of 
adipocytes and systemic metabolic functions [49]. In 
this study, immune infiltration analysis was conducted 
to examine the types and distribution patterns of dif-
ferent immune cells in the sample based on the differ-
ential expression of marker genes. From the analysis 
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results, it is evident that the differences in immune 
cells between the two types of AT are mainly asso-
ciated with bone marrow-derived immune cells such 
as monocytes, macrophages, granulocytes (neutrophils 
and mast cells), as well as lymphoid-derived immune 
cells such as T cells (gamma-delta T cells), B cells, and 
NK cells. VAT affects the activity of a greater number 
of immune cells than SAT, and the immune infiltra-
tion state is primarily upregulated by myeloid immune 
cells, including M0 macrophages, monocytes, and 
neutrophils. An increased level of cellular infiltration 
indicates a higher degree of inflammation and activa-
tion of the innate immune response. Studies have 
demonstrated that the expansion of AT in obese 
mice and humans can increase the infiltration of mye-
loid immune cells [16,50], which may be a crucial 
mechanism in the development of obesity. According 
to the results of this study, this infiltration state 
appears more frequently in VAT, which is also evi-
dence that VAT acts as a ‘bad fat’. Compared with 
VAT, SAT had a more pronounced effect on memory 
B cell activity [51]. B cells are acquired immune cells 
capable of producing specific antibodies, presenting 
antigens, producing cytokines, and participating in 
the regulation of AT inflammation and insulin resis-
tance [52]. However, the impact of B1 and B2 cell 
subtypes in B cells on the development of T2DM 
differs. B1 cells, found in mouse VAT, have been 
shown to exacerbate inflammation, insulin resistance, 
and systemic glucose intolerance, while the introduc-
tion of B2 cells into VAT has been found to promote 
metabolic dysfunction [53]. Further research is 
required to understand the role of B cell subtypes in 
SAT. In the present study, the T2DM population 
exhibited changes in the balance between the two 
types of mast cells in both AT types. This included 
a decrease in resting mast cell infiltration and an 
increase in activated mast cell infiltration. Although 
statistical significance was not observed in one AT 
type, potentially owing to variations in data consis-
tency across groups, the trend still indicates 
a reduction in resting mast cells within AT likely due 
to their activation. Previous studies have demonstrated 
that activated mast cells contribute to the development 
of T2DM through their effects on ECM remodeling 
(such as blood vessels and fibrosis) and the promotion 
of inflammatory cell recruitment and proliferation 
[54]. In line with the observed decrease in mast cell 
infiltration, the degree of infiltration of gamma-delta 
T cells in the AT of patients with T2DM also 
decreased. Taylor et al. demonstrated that hyperglyce-
mia leads to impaired T cell proliferation in the skin 
of mouse models of obesity and metabolic diseases 

[55]. Additionally, a long-term ketogenic diet in mice 
can lead to obesity, impaired metabolic health, and 
depleted fat-resident gamma-delta T cells [56], which 
may be responsible for the above results.

This study examined the relationship between 
shared hub genes found in VAT and SAT and 22 
types of immune-infiltrating cells. The findings 
revealed that most of these genes exhibited a positive 
correlation with M1 macrophages and a negative cor-
relation with M2 macrophages in VAT. However, in 
SAT, the correlation was negative for M1 macrophages 
and lymphocytes, specifically resting B cells and naive 
CD4 memory cells, and displayed a weak correlation 
with M2 macrophages. Notably, M1 macrophages are 
proinflammatory, whereas M2 macrophages are anti- 
inflammatory [57]. Inflammatory activation by M1- 
polarized macrophages plays a crucial role in the devel-
opment of T2DM [58]. B cells can serve as antigen- 
presenting cells and induce various inflammatory cells 
to produce cytokines and chemokines, which act as 
CD4+ T cell co-stimulators [22]. These results confirm 
that VAT-specific hub genes mainly induce inflamma-
tion, whereas SAT-specific hub genes mainly improve 
inflammation, indicating that the same genes have dif-
ferent interaction mechanisms in different AT types. 
Whether the difference between the above genes and 
immune cell infiltration can explain the induction of 
T2DM in VAT and its protective role in SAT requires 
further research. Nonetheless, the results of this study 
offer promising target genes and immune cells for sub-
sequent research endeavors.

By conducting a bioinformatics analysis of VAT 
and SAT in women patients with T2DM, this study 
revealed the differences and commonalities between 
them in terms of biological functions, signaling path-
ways, key genes, and immune cell infiltration. 
Although the sample size of this study is limited and 
lacks experimental verification, these findings still 
provide a theoretical basis for further exploring the 
changes of key genes and immune cell infiltration in 
different AT women’s compartments and their corre-
lation with the occurrence and progress of type 2 
diabetes.

Methods

Selection and information introduction of GEO 
datasets

For the analysis, the GSE29226 and GSE29231 datasets 
were chosen from the NCBI GEO database (https:// 
www.ncbi.nlm.nih.gov/geo/). The selected dataset was 
the expression profiling array (GPL6947) of the 
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Illumina platform, the non-normalized data was 
obtained using GenomeStudio data analysis software 
(Illumina). The data was then normalized by using 
average normalization. The GSE29226 dataset com-
prised samples from women’s SAT, whereas the 
GSE29231 dataset consisted of samples from women’s 
VAT. The two data sets are composed of 48 samples, 
including 12 VAT samples and 12 SAT samples from 3 
non-diabetes women, 12 VAT samples and 12 SAT 
samples from 3 diabetes women, with an average age 
of 57.1 years (range 37 to 58 years). Diabetes patients 
were treated with sulfonylureas or insulin, no one has 
ever used pioglitazone, and all received insulin treat-
ment before surgery. Biopsy samples are obtained from 
tissues exposed and wasted during the surgical process. 
There was a significant difference in glycosylated 
hemoglobin (%HbA1c) levels between non-diabetes 
patients and diabetes patients (p < 0.05), and there was 
no significant difference in BMI (p > 0.05).

DEG screening and data analysis

GEO2R online analysis software (https://www.ncbi. 
nlm.nih.gov/geo/geo2r/) was used to conduct differen-
tial expression analysis of the samples from both data-
sets and to process the data accordingly. DEGs were 
identified based on the criteria of adjusted p-value 
<0.05 and |logFC| ≥ 1. Venn analysis was performed 
using the online software Jvenn (https://jvenn.toulouse. 
inrae.fr/app/example.html) to identify co-expressed 
genes and DEGs, which were further analyzed.

GO enrichment and KEGG pathway analysis of 
DEGs

Metascape online analysis software (https://metascape. 
org/gp/index.html) was used to conduct GO enrichment 
analysis of biological processes, cellular components, and 
molecular functions, as well as KEGG pathway analysis, 
of DEGs. The critical criteria for selection included 
a p-value <0.01, a minimum overlap > 3, and 
a minimum enrichment > 1.5. Five GO enrichment 
results were displayed in each term for biological pro-
cesses (BP), cellular components (CC), and molecular 
functions (MF) (if enough) . For KEGG pathway analysis, 
the top10 pathways were selected for display.

Protein–protein interaction network and hub gene 
analysis

The STRING online analysis website (https://cn. 
string-db.org/) was used to analyze the protein–pro-
tein interaction network of the DEGs. Subsequently, 

the Cytohubba plug-in from Cytoscape 3.7.2 was 
used to select and visualize the hub genes. Three 
sets of data were chosen for enrichment analysis: 
genes of shared DEGs between the two ATs, VAT- 
specific DEGs, and SAT-specific DEGs. The top 
10 hub genes from each dataset were selected for 
display analysis.

Immune cell infiltration and correlation with 
immune cells analysis

Obtained the expression matrix, used Sangerbox 3.0 
(http://www.sangerbox.com/login.html) to obtain gene 
names, removed rows with NA values greater than 
50%, and used the impute.knn function of the 
R software package imputes to complete missing 
values. The CIBERSORTx (https://cibersortx.stanford. 
edu/) algorithm was utilized to analyze and visualize 
the infiltration of 22 immune cell subtypes. Box plots 
and correlation analyses were drawn using the 
Sangerbox 3.0. Data were processed using JMP version 
10.0. As the measurement data did not follow a normal 
distribution, the Wilcoxon nonparametric test was 
employed for data comparison. Statistical significance 
was set at p < 0.05.
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