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Abstract

Although several studies have reported a link between chronic atrophic gastritis (CAG) and atherosclerosis, the underl@
mechanisms have not been elucidated. The present study aimed to investigate the molecular mechanisms common to both
diseases from a bioinformatics perspective. Gene expression profiles were obtained from the Gene Expression Omnibus database.
Data on atherosclerosis and CAG were downloaded from the GSE28829 and GSE60662 datasets, respectively. We identified
the differentially expressed genes co-expressed in CAG and atherosclerosis before subsequent analyses. We constructed and
identified the hub genes and performed functional annotation. Finally, the transcription factor (TF)-target genes regulatory network
was constructed. In addition, we validated core genes and certain TFs. We identified 116 common differentially expressed genes
after analyzing the 2 datasets (GSE60662 and GSE28829). Functional analysis highlighted the significant contribution of immune
responses and the positive regulation of tumor necrosis factor production and T cells. In addition, phagosomes, leukocyte
transendothelial migration, and cell adhesion molecules strongly correlated with both diseases. Furthermore, 16 essential hub
genes were selected with cytoHubba, including PTPRC, TYROBP, ITGB2, LCP2, ITGAM, FCGR3A, CSF1R, IRF8, C1QB, TLR2,
ILT0RA, ITGAX, CYBB, LAPTM5, CD53, CCL4, and LY86. Finally, we searched for key gene-related TFs, especially SPI1. Our
findings reveal a shared pathogenesis between CAG and atherosclerosis. Such joint pathways and hub genes provide new
insights for further studies.

Abbreviations: AA = advanced atherosclerotic, BP = biological processes, CAG = chronic atrophic gastritis, CC = cellular
components, DEGs = differentially expressed genes, MF = molecular functions, PPI = protein—protein interaction, TF = transcription
factor.
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conditions include overlapping inflammatory environmen-
tal factors, including IL1B,1M12 ILIRN,1%# PTGS2,151l
IL1A,78 MUCT,21  [L10,2224  S100A8,2526  and
GSTM1.#7281 In addition, multiple signaling pathways are
involved in both diseases. For example, Nrf2-ARE signaling
is involved in alleviating inflammation-related pathogenesis,
such as gastritis and atherosclerosis.”?’! Free radical stress leads
to tissue damage and disease progression in atherosclerosis
and gastritis.’>3!l However, these results were mainly from
serological or pathological studies and failed to reveal genomic
relationship between CAG and atherosclerosis.

1. Introduction

Chronic inflaimmation is a hallmark of several conditions,
such as rheumatoid arthritis, chronic atrophic gastritis (CAG),
inflammatory bowel disease, atherosclerosis, and cancer.!'*!
Among these conditions, CAG is highly prevalent as a chronic
inflammation of the gastric mucosa, including gastric mucosal
atrophy and glandular cytopenia.! Similarly, atherosclerosis is
associated with chronic inflammation of the arteries with lipid
accumulation and plaque formation.>¢ Studies have reported
that atrophic gastritis is associated with atherosclerosis regard-

less of Helicobacter pylori status.-1%
Atrophic gastritis can cause hyperhomocysteinemia,
an independent risk factor for atherosclerosis.®! The 2
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Bioinformatics analysis can provide new insights into the
pathogenesis of diseases by identifying potential pivotal mol-
ecules and information pathways. The present study explored
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CAG complicated by atherosclerosis using a bioinformatics
approach to provide new clues about the combined mechanisms
of the 2 diseases at the genetic level.

2. Materials and methods

2.1. Data source

Microarray materials were collected from the Gene Expression
Omnibus database of the NCBI (http://www.ncbi.nlm.nih.gov/
geo/). GSE60662 and GSE28829 were used as the training data-
sets,and GSE60427 and GSE100927 were used as the validation
datasets. In detail, we selected 7 CAG and 4 adjacent normal
tissue samples from the GSE60662 dataset. For atherosclerosis,
12 control samples and 14 samples of advanced atherosclerotic
(AA) plaques were selected from the GSE28829 dataset.

2.2. Identification of differentially expressed genes (DEGs)

Differential gene expression analysis was performed with the
R package limma (version 3.44.1). We obtained the expression
profile dataset, performed multiple linear regression analy-
sis using the ImFit function, calculated the statistics using the
eBays function, calculated the logarithm of differential expres-
sion by empirical Bayes methods, and eventually obtained the
significance of differences for each gene. FDR < 0.05 and fold
change > 2 were used as thresholds. The results of DEG in the
GSE60662 and GSE28829 datasets are shown in the heat map.
Finally, the DEGs from both datasets were intersected with a
Venn diagram using the online tool Jvenn (http://jvenn.toulouse.
inra.fr/app/index.html).

2.3. Enrichment analyses of the DEGs

Functional enrichment analysis of DEGs with the same expres-
sion trends in both datasets was done using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID).
DAVID is an online database that helps to integrate and visu-
alize biological functions and protein lists’®?! and can be used
for gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis. GO is a database established
by the Gene Ontology Consortium to comprehensively ana-
lyze the attribution of genes and gene products in organisms,
including molecular functions (MF), biological processes (BP),
and cellular components (CC). KEGG is a database resource for
understanding the high-level functions and utility of biological
systems from genomic and molecular-level information. It com-
prises molecular building blocks of genomic and chemical infor-
mation that are combined with molecular wiring diagrams of
interactions, reactions, and relational networks. FDR < 0.05 for
enrichment analysis was considered significant, and the results
have been demonstrated using the GOplot package.

2.4. Protein-protein interaction (PPI) module analysis

The core functional modules of the differential genes were
analyzed using the molecular complex assay (MCODE) plugin
in Cytoscape.’3 The selection criteria were set to k-core =2,
degree cutoff = 2, max depth = 100, and node score cutoff = 0.2.
The obtained functional module-related genes were subjected
to functional enrichment analysis using Metascape (http://
metascape.org/gp/index.html#/main/step1). Metascape is a web
tool that enables gene enrichment analysis, protein interaction
network analysis, and many other actions. The site integrates
more than 40 gene function annotation databases and provides
diverse visualizations through which gene function can be easily
explored and analyzed. The results of our study are presented
through the enrichment network. We performed GO and KEGG
analysis using Metascape.
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2.5. Selection and analysis of hub genes

Hub genes were selected using cytoHubba in Cytoscape. The
top 20 genes were obtained based on the built-in algorithms of
MCC, DMNC, Degree, and EPC. The intersection of these 4
groups of genes was considered the hub genes. Subsequently, the
co-expression networks of hub genes were constructed based on
GeneMANIA, a Cytoscape plugin, to analyze gene list functions
and identify internal associations.¥ GeneMANIA results for
hub genes were visualized using Cytoscape and chord diagram.

2.6. Validation of hub gene expression in other datasets

The GSE60427 and GSE100927 datasets were used to verify the
expression of the identified hub genes. Ten CAG and 8 normal
samples were obtained from the GSE60427 dataset. Additionally,
69 AA plaques and 35 control samples were obtained from the
GSE100927 dataset. The comparison between the health and
disease groups was performed using the ¢ test, and the results
are presented on a violin plot. P value <.05 was considered
significant.

2.7. Prediction and verification of TFs

ChEA3 transcription factor (TF) enrichment analysis provides
a platform (http://maayanlab.cloud/chea3/) to predict common
TFs in multiple genes and identify potential TFs that may cor-
relate with the list of regulatory genes. TFs are prioritized based
on the overlap between the user-entered gene set and the TF
target annotation set stored within the ChEA3 database. Finally,
we validated the expression level of the core TFs in the dataset
using a ¢ test. P value < .05 was considered significant.

2.8. Ethics statement

This study was conducted using public database data, so ethical
and consent permission is unnecessary.

3. Results
3.1. Identification of DEGs

After standardizing the microarray results, we identified a total
of 819 DEGs in the GSE60662 datasets (Fig. 1A) and 413 DEGs
in the GSE28829 datasets (Fig. 1B), respectively. Each dataset’s
heat maps of DEGs were created using the R software package
Pheatmap V1.0.12. A Venn diagram of both datasets showed
120 overlapping DEGs (Fig. 1C). Finally, we identified 116
DEGs after excluding genes with opposite expression trends.

3.2. Analysis of DEGs

Enrichment analysis of the 116 DEGs was performed using
the DAVID online analysis tool. In terms of BP, the DEGs
were responsible for 71 terms and were significantly enriched
in immune responses (FDR = 1.93E-12), positive regulation of
tumor necrosis factor production (FDR = 1.30E-11), positive
regulation of T-cell proliferation (FDR = 6.38E-10) and activa-
tion (FDR = 6.27E-08), inflammatory responses (FDR = 3.74E-
11), and positive regulation of the ERK1 and ERK2 cascade
(FDR = 6.27E-08) (Fig. 2A). The analysis of the KEGG pathway
revealed that the DEGs were highly enriched in 43 terms, such
as phagosomes (FDR = 1.47E-10), leukocyte transendothe-
lial migration (FDR = 8.92E-07), and cell adhesion molecules
(FDR = 1.70E-06) (Fig. 2B). In addition, fluid shear stress and
atherosclerosis, lipopolysaccharide-mediated signaling path-
ways, and several interleukins were involved in the BP. Similarly,
immune cells, such as phagocytes, neutrophils, B cells, and T
cells, were involved in the BP.
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3.3. Construction and enrichment analysis of the PPI
Module

Four tightly linked gene modules, comprising 49 common DEGs
and 377 interaction pairs, were obtained using the MCODE
plugin in Cytoscape (Fig. 3A). Functional enrichment analysis
of the 49 common DEGs was performed using the Metascape
online tool. GO analysis revealed that 49 common DEGs were
associated with leukocyte activation, inflammatory responses,
phagocytosis, cellular responses to cytokine stimulation and
positive regulation of cytokine production (Fig. 3B). The KEGG
pathway analysis revealed that 49 common DEGs were mainly
involved in leukocyte transendothelial migration, the NF-kappa
B signaling pathway, lipid and atherosclerosis, the Toll-like recep-
tor signaling pathway, TNF signaling pathway, and viral protein

www.md-journal.com

interactions with cytokines and cytokine receptors (Fig. 3C).
In addition, VCAM1, NCF2, RAC2, MMP9, and ICAM1 were
associated with fluid shear stress and atherosclerosis.

3.4. Selection and analysis of hub genes

We identified the top 20 DEGs based on the 4 algorithms
of cytoHubba (MCC, MNC, DMNC, Degree, and EPC)
(Fig. 4A-D). Based on the intersection of the Venn diagrams
of the 4 groups of genes, we detected 16 common hub genes,
including PTPRC, TYROBP, ITGB2, LCP2, ITGAM,
FCGR3A, CSFIR, IRFS, C10B, TLR2, IL10RA, ITGAX,
CYBB, LAPTMS, CD53, CCL4, and LY86 (Fig. 4E). We
identified the expression network and associated features
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Figure 1. Heat map diagram and Venn diagram. (A) The heat map of GSE60662. (B) The heat map of GSE28829. Upregulated genes are marked in red;
downregulated genes are marked in blue. (C) The 2 datasets showed downregulated DEGs (-) and upregulated DEGs (+).
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of hub genes based on the Cytoscape plugin GeneMANIA.
Sixteen hub genes showed a comprehensive PPI net-
work with 0.33% physical interactions, 10.96% co-
localization, 4.55% prediction, 83.37% co-expression, and
0.78% pathways (Fig. 4F). Gene enrichment analysis was
performed on the obtained results. The hub genes were
extensively associated with leukocyte migration, immune
effector processes, and leukocyte and T-cell activation
(Fig. 4G).

3.5. Validation of the expression of hub genes

We confirmed the accuracy of the expression levels of hub
genes using 2 additional validation datasets (GSE60427 and
GSE100927). Violin plot results revealed that 16 hub genes
were significantly upregulated in the CAG group (Fig. ).
Similarly, the expression of hub genes was higher in ath-
erosclerotic plaques, as seen in the GSE100927 dataset
(Fig. 6).

3.6. Prediction and verification of TFs

Based on the ChEA3 database, we identified the TFs associated
with the 16 hub genes. The regulatory relationship between the
top 10 TFs (TFEC, SPI1, SP110, AKNA, MTF1, ELF4, TBX21,
HLX, BATF, and SNAI3) and hub genes is shown in Figure 7.
In Figure 8A, the TF co-regulatory networks reveal that SPI1
is at the core of the TF regulatory system and is critical to the
overall regulatory network. In addition, SPI1 is associated with
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all 16 central genes, such as HCK, ITGB2, ITGAM, and ITGAX.
Further validation revealed that the core TF SPI1 was highly
expressed in all 4 of the selected datasets of disease samples
(Fig. 8B-E).

4. Discussion

The association between atherosclerosis and various diseases
has been extensively demonstrated in numerous previous
studies. Furthermore, through bioinformatics analysis, novel
candidate genes have been identified as potential biomarkers
or therapeutic targets, offering a new avenue for investigat-
ing the correlation between CAG and atherosclerosis. The
common pathophysiological mechanisms between CAG and
atherosclerosis continue to attract strong research interest.
Previous studies have reported that atrophic gastritis might
contribute to atherosclerosis in different ways, such as pulse
wave velocity,®’ ghrelin,*® and homocysteine.’” CAG can
cause an increase in pulse wave velocity, which is an early
preclinical marker of atherosclerosis.l*®! Ghrelin is a peptide
hormone that has a protective effect against atherosclero-
sis.3? It inhibits proinflammatory responses and nuclear
factor-kappaB activation in human endothelial cells.[*!
However, atrophic gastritis can lead to a decrease in its syn-
thesis and secretion.*! In addition, there is a positive correla-
tion between elevated serum homocysteine levels and gastric
atrophy scores.l*”! Elevated homocysteine levels can alter
endothelial integrity and tone via endothelial injury, VSMC
proliferation, increasing the levels of ROS and inducing cal-
cification by bone-related markers, such as OPN and OPG,
ultimately leading to atherosclerosis.*** These findings
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Figure 2. Enrichment analysis of DEGs. (A) The enrichment analysis results of GO. (B) The enrichment analysis results of KEGG pathway. The size of the circle
represents the number of genes involved. Adjusted P value < .05 was considered significant.
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have deepened our understanding of the correlation between Based on our analysis, we identified the links between CAG
the 2 conditions. To explore further at the genetic level, we  and atherosclerosis. The shared common DEGs and intrinsic
investigated CAG and atherosclerosis comorbidity hypothesis ~ mechanisms. In the present study, we detected 116 overlap-
by integrating data from public databases to identify com-  ping DEGs (all upregulated), including 49 modular genes
mon mechanisms of atrophic gastritis and atherosclerosis at  and 16 hub genes. Functional enrichment analysis revealed
genetic level for the first time. significant enrichment in leukocytes, such as phagocytes,

neutrophils, B cells, and T cells in CAG and atherosclerosis.
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M positive regulation of cytokine production
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[T positive regulation of immune response
Mresponse to interferon-gamma
regulation of defense response
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Figure 3. Significant gene module and enrichment analysis of the modular genes. (A) Four significant gene clustering modules. (B) GO enrichment analysis of
the modular genes. (C) KEGG enrichment analysis of the modular genes. The size of the circle represents the number of genes involved.
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(E) The Venn diagram showed that 4 algorithms have screened out 16 overlapping hub genes. (F) Hub genes and their co-expression network via GeneMANIA.

(G) Enrichment analysis via GeneMANIA.

This was consistent with previous studies. The previous
bioinformatics analyses have demonstrated the significant
involvement of MI macrophages in various diseases associ-
ated with atherosclerosis.*”! Our results have shown there
was a large influx of immune cells into the gastric mucosa,
including macrophages and lymphocytes in CAG caused by
H. pylori. M1 macrophages can release high levels of proin-
flammatory cytokines and inhibit acid secretion, leading to
atrophic gastritis and parietal cell atrophy.***! They also
play an important role in atherosclerosis. Proinflammatory
leukocytes preferentially adhere to the activated endothelial
monolayer overlying the early atherosclerotic plaques.’"
Mononuclear phagocytes residing in the intima eventu-
ally accumulate cholesteryl esters and form foam cells, the
hallmark of atherosclerotic lesions.’” CD4 T cells cause

gastritis through a Thl-mediated immune response and
can induce autoreactive inflammation against parietal cells,
leading to atrophic gastritis and metaplasia.*?I T cells pro-
mote atherosclerosis by producing cytokines such as IFN-
v, IL-2, and IL-17.1%3 Mast cells, B lymphocytes, and their
associated cytokines, such as IL-6 and IFN-y may aggravate
the development of atherosclerosis.®3 These studies support
the results of our bioinformatics analysis and suggest a non-
negligible role of migration and differentiation of immune
cells in these 2 conditions.

In addition, GeneMANIA analysis of 16 hub genes sug-
gested an important role for protein tyrosine kinase activity. In
H. pylori-associated atrophic gastritis, gastric epithelial cells
undergo phosphorylation, which is accompanied by tyrosine
protein activity.’* Tyrosine protein phosphorylation activates
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extracellular signal-regulated kinase 1/2 (ERK1/2).5 ERK1/2
affects atherosclerotic progression and reduces atheroscle-
rotic plaque stability.’®! The role of protein tyrosine kinase
is broad and its role in these 2 conditions deserves further
investigation.

In TF analysis, SPI1 is at the core of the TF regulatory
network. SPI1 acts as a key regulator of immune system
signaling communication. It is involved in the differentia-
tion of macrophages, B cells, and NK cells, but also regu-
lates gene expression in early T-cell development.57-581 The
expression of SPI1 was significantly increased after a high-
fat diet.’”’ Inhibition of SPI1-forming complexes leads to
a reduction in atherosclerotic lesions, but the exact mech-
anism is unknown./®" A study on atherosclerosis and peri-
odontitis revealed that SPI1 plays a pivotal role in both
diseases.[!l These findings suggest that SP1, as a crucial TF,
exerts a significant influence on chronic inflammatory con-
ditions and warrants further investigation. In our research,
SPI1 is associated with several hub genes, such as HCK,
ITGB2, and CYBB.HCK is a member of the Src family of
tyrosine kinases that plays an important role in immune cell
survival, proliferation, migration, and phagocytosis. The
Src-like kinase p61HcK is required for the construction of
comets, like F-actin structures in lysosomes and at the tip of
tyrosine-phosphorylated CagA, and it has been reported to
inhibit SKF activation, which triggers proinflammatory and
antiapoptotic responses in the gastric epithelium that are

chronically detrimental to the human host.!®?l Additionally,
the role of HCK in the development of atherosclerosis can-
not be ignored. A deficiency of hematopoietic function in
HCK can reduce the occurrence of atherosclerosis.[®*l A
bioinformatics analysis showed that HCK expression was
elevated in AA plaques, which could distinguish between
patients with CAD and healthy individuals.!*¥ HCK may
be a key point of protein tyrosine kinase activity in both
diseases, and the exact mechanism of action deserves exper-
imental exploration. ITGB2, also known as leukocyte-
specific CD18, is involved in cell adhesion as well as cell
surface-mediated signaling and plays an important role in
immune responses.!®’) In atrophic gastritis caused by H.
pylori, the expression of adhesion molecules (CD11b/CD18)
is increased, and the transendothelial migration leads to
capillary blockage and gastric injury.!®>¢”' ITGB2 also plays
a role in cell recruitment during atherosclerosis. ITGB2
encodes leukocyte surface adhesion molecules that directly
promote leukocyte transendothelial migration and disrupt
endothelial barrier function, a key step in atherogenesis.!®®!
ITGB2 may play a regulatory role in both diseases by regu-
lating the proliferation and differentiation of immune cells.
Functional analysis of CAG and atherosclerosis revealed a
high enrichment of reactive oxygen pathways, which may
be mediated through CYBB. CYBB (NADPH oxidase 2,
NOX2) is expressed in several diseases and is a key compo-
nent of membrane-bound oxidases in superoxide-producing
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phagocytes and a good marker of infiltrating inflammatory
cells.[¢*70] The gastric mucosa initiates an inflammatory
response through the activation of NOX2, a step that occurs
in atrophic gastritis.”®”! In the process of atherosclerosis,
micro-oxidized low-density lipoprotein stimulates the pro-
duction of ROS in macrophages by activating NOX2, which
promotes the occurrence of atherosclerosis and the progres-
sion of atherosclerotic lesions.[

Previous studies have reported an association between
atrophic gastritis and atherosclerosis, bioinformatics
approaches have been considered to individually study the
pathogenesis of both diseases. However, no bioinformat-
ics approach has been used to explore the common pivotal
genes and pathogenesis of the 2 diseases. To the best of our
knowledge, the present study has explored a bioinformat-
ics approach for the first time to identify the DEGs, piv-
otal genes, and TFs shared by the 2 diseases. However, our
study has some limitations, and further experiments are
needed to validate our results and provide more reliable
conclusions.

5. Conclusion

Many studies have previously explored the hub genes in CAG
and atherosclerosis. Studies have also explored the correla-
tion and possible pathogenesis of the 2 diseases. However, few
studies have explored the common molecular mechanisms of

atrophic gastritis complicated by atherosclerosis using bioin-
formatics approaches. We explored and identified for the first
time common DEGs, hub genes, and TFs between CAG and
atherosclerosis, which will help to elucidate the mechanisms
of the 2 diseases and provide potential directions for further
study.
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Figure 8. TF co-regulatory networks and the expression level of SPI1. (A) TF co-regulatory networks. (B-E) The expression level of SPI1 in GSE60427,
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cant. *P < .05; P < .001; ***P < .0001.
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