"\' frontiers ‘ Frontiers in Cardiovascular Medicine

") Check for updates

OPEN ACCESS

EDITED BY
Jin Li,

Shanghai University, China

REVIEWED BY

Neng Dai,

Zhongshan Hospital, Fudan University, China
Meiyi Song,

Shanghai Tongji Hospital, Tongji University
School of Medicine, China

*CORRESPONDENCE

Shanyu Qin
ginshanyu@gxmu.edu.cn

Haixing Jiang
gxjianghx@163.com

'"These authors share first authorship

SPECIALTY SECTION
This article was submitted to General
Cardiovascular Medicine, a section of the
journal Frontiers in Cardiovascular Medicine

RECEIVED 11 January 2023
ACCEPTED 07 March 2023
PUBLISHED 30 March 2023

CITATION

Mo S, Wang Y, Yuan X, Wu W, Zhao H, Wei H,
Qin H, Jiang H and Qin S (2023) Identification
of common signature genes and pathways
underlying the pathogenesis association
between nonalcoholic fatty liver disease and
atherosclerosis.

Front. Cardiovasc. Med. 10:1142296.

doi: 10.3389/fcvm.2023.1142296

COPYRIGHT

© 2023 Mo, Wang, Yuan, Wu, Zhao, Wei, Qin,
Jiang and Qin. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Cardiovascular Medicine

Original Research
30 March 2023
10.3389/fcvm.2023.1142296

|dentification of common
signhature genes and pathways
underlying the pathogenesis
association between nonalcoholic
fatty liver disease and
atherosclerosis

Shuangyang Mo, Yingwei Wang”, Xin Yuan®, Wenhong Wu?,
Huaying Zhao’, Haixiao Wei’, Haiyan Qin®, Haixing Jiang'™

and Shanyu Qin*™*

'Gastroenterology Department, The First Affiliated Hospital of Guangxi Medical University, Nanning, China,
2Gastroenterology Department, Liuzhou Peoples’ Hospital Affiliated to Guangxi Medical University,

Liuzhou, China, *Cardiovascular Department, Liuzhou Peoples’ Hospital Affiliated to Guangxi Medical
University, Liuzhou, China

Background: Atherosclerosis (AS) is one of the leading causes of the cardio-
cerebral vascular incident. The constantly emerging evidence indicates a close
association between nonalcoholic fatty liver disease (NAFLD) and AS. However,
the exact molecular mechanisms underlying the correlation between these two
diseases remain unclear. This study proposed exploring the common signature
genes, pathways, and immune cells among AS and NAFLD.

Methods: The common differentially expressed genes (co-DEGs) with a consistent
trend were identified via bioinformatic analyses of the Gene Expression Omnibus
(GEO) datasets GSE28829 and GSE49541, respectively. Further, the Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were performed. We utilized machine learning algorithms
of lasso and random forest (RF) to identify the common signature genes. Then
the diagnostic nomogram models and receiver operator characteristic curve
(ROC) analyses were constructed and validated with external verification
datasets. The gene interaction network was established via the GeneMANIA
database. Additionally, gene set enrichment analysis (GSEA), gene set variation
analysis (GSVA), and immune infiltration analysis were performed to explore the
co-regulated pathways and immune cells.

Abbreviations

NAFLD, nonalcoholic fatty liver disease; AS, atherosclerosis; CVD, cardiovascular disease; MS, metabolic
syndrome; HCC, hepatocellular carcinoma; AMI, acute myocardial infarction; NASH, nonalcoholic
steatohepatitis; NLRs, NOD-like receptors; NF-KB, nuclear factor kappa B; NLRP3, NLRs protein 3; ROS,
reactive oxide species; GEO, Gene Expression Omnibus; DEGs, differently expressed genes; co-DEGs,
common differentially expressed genes; GO, Gene Ontology; BP, biological process; CC, cellular component;
MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes; FDR, false discovery rate;
DCA, decision curve analysis; CIC, clinical impact curve; ROC, receiver operating characteristic; ssGSEA,
single sample gene set enrichment analysis; GSVA, gene set variation analysis; CI, confidence interval; AUC,
area under the curve; RF, random forest; GSEA, gene set enrichment analysis; OR, odds ratio; TRPP2,
transient receptor potential polycystin-2; PI-PLC, phosphoinositide-specific phospholipases; DCs, dendritic
cells; TLR4, toll-like receptor 4; T2DM, type 2 diabetes mellitus; NAFL, nonalcoholic fatty liver.
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Results: A total of 11 co-DEGs were identified. GO and KEGG analyses revealed that co-
DEGs were mainly enriched in lipid catabolic process, calcium ion transport, and
regulation of cytokine. Moreover, three common signature genes (PLCXD3, CCL19, and
PKD2) were defined. Based on these genes, we constructed the efficiently predictable
diagnostic models for advanced AS and NAFLD with the nomograms, evaluated with the
ROC curves (AUC = 0.995 for advanced AS, 95% Cl 0.971-1.0; AUC = 0.973 for advanced
NAFLD, 95% Cl 0.938-0.998). In addition, the AUC of the verification datasets had a
similar trend. The NOD-like receptors (NLRs) signaling pathway might be the most crucial
co-regulated pathway, and activated CD4 T cells and central memory CD4 T cells were
significantly excessive infiltration in advanced NAFLD and AS.

Conclusion: We identified three common signature genes (PLCXD3, CCL19, and PKD?2), co-
regulated pathways, and shared immune features of NAFLD and AS, which might provide

novel insights into the molecular mechanism of NAFLD complicated with AS.

KEYWORDS

atherosclerosis, bioinformatics, machine learning, diagnosis model, immune infiltration, nonalcoholic

fatty liver disease

Introduction

Nonalcoholic fatty liver disease (NAFLD) and atherosclerosis
(AS) are both common chronic metabolic-related diseases
worldwide, characterized by oxidative stress, inflammation
damage, lipid peroxidation, and immune response (1-3).
Evidence indicates that NAFLD is an independent risk factor for
AS and cardiovascular disease (CVD) (1, 4). These two diseases
share similar clinical features, such as dyslipidemia, insulin
resistance, and abdominal obesity. CVD is the chief cause of
death among NAFLD patients (5), but the risk of NAFLD for
CVD is independent of metabolic syndrome (MS) (6). Chronic
liver conditions, including NAFLD, also can promote the
progression of hepatic cirrhosis and subsequently hepatocellular
carcinoma (HCC) (7). These emphasize the vital need for
efficacious treatment of AS in these NAFLD individuals.

AS is a remarkable chronic inflammatory disease of the artery
vessels, marked by intimal plaque formation (8). The advanced AS
plaques with thin or thick fibrous cap atheroma are more unstable
and harmful than the early ones (pathological intimal thickening
and intimal xanthoma) (9). The sudden rupture of advanced AS
plaques can result in acute myocardial infarction (AMI) or
stroke, leading to the worldwide cause of paralysis and death
(10). It is essential to prevent the progression from -early
harmless AS plaques to rupture-prone ones. The excessive
immune cell infiltration, such as lymphocytes, macrophages, mast
cells, and dendritic cells, is extraordinarily predominant in
advanced AS (11). Many microarray studies illustrate that
inflammatory-related genes are highly activated in the advanced
AS plaques (12). Additionally, various pro-inflammatory
cytokines and chemokines enhance inflammatory response within
AS plaques by inducing chemotaxis of immune cells, resulting in
the promotion of advanced AS (13).

The spectrum stages of NAFLD are from nonalcoholic fatty liver
(NAFL) to nonalcoholic steatohepatitis (NASH), advanced fibrosis,
and progressive cirrhosis. The outcomes of steatosis and
steatohepatitis are very different. The steatosis rarely progresses to
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liver fibrosis and is considered mild NAFLD (14). In contrast,
around 20% of NAFLD patients will progress to NASH, and
NASH can progress to cirrhosis in up to nearly 20% of patients
(15). It is reported that NASH also can significantly promote the
progression of HCC and lead to an increased risk for resultant
liver-related morbidity and mortality (16). Hence, NASH is part of
the spectrum of advanced NAFLD (14). Immune cells play an
independent risk factor and trigger the origination of
inflammatory-related cytokines and chemokines, leading to
hepatocyte inflammatory damage and a fibrogenic response in
NASH. Noteworthy, multitudinous harmful inflammatory sources,
including intrahepatic inflammation, circulating inflammatory
cells, excess chemokines, adipose tissue inflammation, and
unbalanced intestinal flora microenvironment, have been
confirmed as the probable inducement of advanced NAFLD (17).
Although NAFLD is defined as a critical risk factor and promotion
for advanced AS, the exact common molecule mechanisms and
pathways that trigger the progression of these two inflammatory
diseases to the advanced ones remain unclear. The NOD-like
receptors (NLRs) signaling pathway that includes intracellular NLRs
family members, related cytokines, caspases, and nuclear factor kappa
B (NF-KB) might be one of the most fundamental pathways (18).
Activating NLRs generally leads to the enhanced downstream NF-KB
signaling pathway and finally mediates cellular inflammatory
response and apoptosis. It reported that the NF-kB activation, which
is closely associated with atherogenesis, is also an essential regulator
of intrahepatic inflammation in advanced NAFLD (19). NLRs
protein 3 (NLRP3) inflammasome modulates the effector pro-
inflammatory cytokines such as IL-1B and IL-18 to promote the
origination of reactive oxide species (ROS), accelerating the
progression from NAFL to the advanced stage (20). Moreover,
NLRP3 inflaimmasome activation and IL-1J secretion enhance the
AS progression by driving vascular inflammatory response (21).
NAFLD and AS have remarkably similar features in many
aspects, complications, clinical prognosis, inflammatory response,
cytokines, immune infiltration, and signaling pathways.
Furthermore, it is necessary to identify the biomarkers involved

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1142296
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Mo et al.

in the progression of advanced NAFLD and AS due to the poor
clinical prognosis. Nowadays, along with the advance of high-
throughput sequencing and microarray technologies, exploring
the interaction transcription characteristic may provide a novel
insight into the common pathogenesis of advanced AS and
NAFLD. Bioinformatics has performed a vital role in life science
research, which was utilized to analyze the differentially
expressed genes and predict the potential therapeutic targets in a
particular disease. Therefore, in this research, we analyzed the
gene expression dataset, downloaded from the Gene Expression
Omnibus (GEO) database, with bioinformatic methods and
machine learning algorithms to identify the common signature
genes, pathways, and immune cells among advanced AS and
NAFLD. Meanwhile, the predictive diagnostic nomogram models
were established and evaluated for these two diseases.

Materials and methods
Data source of microarray

The mRNA expression profilings were downloaded from the
public database of GEO. Atherosclerosis and nonalcoholic fatty liver
disease were utilized as keywords to search for related gene
expression datasets. The inclusion criteria were set as the test
specimens included should be derived from humans, and these
independent expression profiles contain the largest sample size.
Four datasets (GSE28829, GSE49541, GSE43292, and GSE48452)
were enrolled in this study. We divided them into a training set
(GSE28829 and GSE49541) and a validation set (GSE43292 and
GSE48452) because both GSE28829 and GSE49541 come from the
mRNA
expression profiling in GSE28829, including 13 early (pathological

same sequencing platform. There was 29 samples’
intimal thickening and intimal xanthoma) and 16 advanced (thin or
thick fibrous cap atheroma) atherosclerotic plaque samples from the
Maastricht Pathology Tissue Collection (MPTC) (9, 22). In the
dataset of GSE49541, a total of 72 NAFLD samples were divided
into two groups based on the histologic severity of fibrosis: FO-1
(mild) and F3-4 (advanced) (14). Additional details are provided in
Table 1, and the procedure for this study is displayed in Figure 1.

Identification of co-DEGs

The differently expressed genes (DEGs) were identified from
normalized and preprocessed data via the GEO2R tool (23). The
screening threshold was stated at |log2 Fold Change (FC)| > 0.585
and P value<0.05, and these DEGs with the consistent

TABLE 1 Details of the GEO datasets.

10.3389/fcvm.2023.1142296

expression trends in GSE28829 and GSE49541 were picked up as
co-DEGs. The correlation coefficients of co-DEGs were calculated
based on Pearson’s correlation coefficient.

Enrichment analyses of GO and KEGG

Gene ontology (GO) enrichment [including biological process
(BP), cellular component (CC), and molecular function (MF)]
analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis were applied by utilizing the R
clusterProfiler package. The false discovery rate (FDR) was
calculated via the Benjamini-Hochberg adjustment. The cutoff
criterion was P-value <0.05. Finally, three packages (ggplot2,
circlize, and pathview) were utilized to visualize these enrichment
analyses’ significant results.

Machine learning of lasso and random
forest

Ulteriorly, two machine learning algorithms, containing lasso
regression and random forest (RF), were used to screen the
common signature genes from co-DEGs. Lasso regression and
the optimal parameter 4 were determined through 10-fold cross-
validation via the R glmnet package with “family = binomial,
measure = deviance” and with all other parameters arranged to
default (24). In the RF algorithm, which comes with a feature
selection function, the “Mean Decrease Gini” value could typify
the significance of a feature. Each input gene of co-DEGs was
ranked by order of importance in the classification using their
“Mean Decrease Gini” score, and the top 50% of co-DEGs were
identified as feature genes of the RF model. The particular co-
DEGs identified by both machine learning models consistently
were defined as the common signature genes.

Construction of diagnostic model and
evaluation of diagnostic efficiency

Using the R rms package, we constructed the diagnostic models
with nomograms based on the common signature genes. The
calibration curve was established to assess the calibration of the
nomogram models by mean absolute error and 1,000 bootstrap
samples using the R CalibrationCurves package. Decision curve
analysis (DCA) was performed to evaluate the value of net
benefits in the nomogram models at the different high-risk
thresholds. Finally, whether the nomogram models had favorable

DatgsetDisease platorm  Numberofsamples |

GSE28829 GPL570 Homo sapiens
GSE49541 NAFLD GPL570 Homo sapiens
GSE43292 AS GPL6244 Homo sapiens
GSE48452 NAFLD GPL11532 Homo sapiens

13 early atherosclerotic plaque samples 16 advanced atherosclerotic plaque samples
40 mild NAFLD samples 32 advanced NAFLD samples

32 control samples 32 atheroma plaque samples

14 NAFL samples 18 NASH samples

NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NAFL, nonalcoholic fatty liver; AS, atherosclerosis; GEO, Gene Expression Omnibus.
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FIGURE 1
Flowchart of the study.

predictive effects were evaluated by the clinical impact curve (CIC).
Then the receiver operating characteristic (ROC) curves and the
area under the curve (AUC) were applied to assess further the
diagnostic efficacy of the nomogram models in the training set
and validation set, respectively.

Construction of interaction network for
common signature genes

Subsequently, we established an interaction network of three
genes via GeneMANIA  (http://www.
genemania.org/), a reliable online tool for distinguishing internal

common signatur €

correlations in gene sets. The details of the outcomes of this
interaction network are displayed in Supplementary Material.

Gene set variation analysis and gene set
enrichment analysis

A nonparametric unsupervised gene set variation analysis (GSVA)
method was performed to demonstrate the differential enrichment

Frontiers in Cardiovascular Medicine

KEGG pathways in GSE28829 and GSE49541. This study utilized
the R GSVA package with the gene sets of c2.cp.kegg.symbols.gmt,
downloaded from the official site (https://www.gsea-msigdb.org/
gsea/msigdb/). The threshold standard for statistically significant
terms was set as adj. P-value <0.05 and [log2FC|>1. Following, we
focus on elucidating the potential roles of common signature genes
in the advanced AS and NAFLD. A single-gene gene set
enrichment analysis (GSEA) for each signature gene was performed
separately via the R clusterProfiler package. Firstly, all samples from
GSE28829 and GSE49541 were split into the low-expression and
high-expression groups according to the expression level of a
specific single signature gene. Then GSEA was played to estimate
the significantly different KEGG pathways within these two groups.

Immune infiltration analysis

Independent expression profiles GSE28829 and GSE49541 from
the same sequencing platform were utilized to further immune
infiltration analysis. The deconvolution algorithm of CIBERSORT
(25), which can assess the percentage of 22 infiltrating immune cell
subtypes, was used to calculate the immune infiltration of advanced

frontiersin.org
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Identification of DEGs. (A) The heatmap of GSE28829; (B) the heatmap of GSE49541; (C) the volcano plot of GSE28829; (D) the volcano plot of GSE49541
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AS plaques and advanced NAFLD tissues via the CIBERSORT R
script v1.03. Then the correlation between each subtype of immune
cells and each common signature gene was estimated with Pearson’s
correlation analysis and visualized. Furthermore, we obtained 28
immune-related cell gene sets and utilized the single sample gene
set enrichment analysis (ssGSEA) via the R GSVA package to
explore the different infiltration enrich scores of each immune cell
subtype in each sample (26, 27). The R limma package was applied
to analyze the different infiltration enrich scores between advanced
and early AS groups, as well as advanced and mild NAFLD groups.
Finally, the results of ssGSEA were visualized with the boxplots.
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Results

Identification of co-DEGs in GSE28829 and
GSE49541

After normalizing the micro-array results, DEGs (606 in
GSE28829 and 121 in GSE49451) were identified with P value <
0.05 and |log2FC| >0.585 as the screening threshold. Then the
of DEGs are displayed
Figures 2A-D. We applied the intersection of the Venn
diagrams and identified 11 co-DEGs (9 upregulated co-DEGs

volcano plots and heatmaps in
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FIGURE 3

(A) The Venn diagram of 9 upregulated co-DEGs; (B) the Venn diagram of 2 downregulated co-DEGs; (C) the correlation coefficient matrix of co-DEGs in
GSE28829; (D) the correlation coefficient matrix of co-DEGs in GSE49541; (E) the heatmap of co-DEGs in GSE28829; (F) the heatmap of co-DEGs in
GSE49541. *means P < 0.05; **means P<0.01; ***means P<0.001.

and 2 downregulated co-DEGs) with consistent expression trends ~ Fynction enrichment analyses of the
in GSE28829 and GSE49541 (Figures 3A,B and Supplementary co-DEGS

Material). Then the heatmaps and correlation coefficient

diagrams (Figures 3C-F) of these 11 co-DEGs show that it can The biology functions of co-DEGs were performed in GO and
easily identify patients with advanced AS or advanced NAFLD  ygGgG pathway analyses to gain more insights. In the GO
from early AS and mild NAFLD. category, these co-DEGs were clustered into three functional
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(A) The chord plot show GO BP enrichment significance items of co-DEGs; (B
of co-DEGs; (C) the KEGG pathway enrichment analysis of co-DEGs; (D) forest map of univariate logistic regression of co-DEGs in GSE28829; (E) forest

) the bubble chart show GO CC and GO MF enrichment significance items

groups: BP, CC, and MF. The co-DEGs were mainly located in the
reticalum and played a crucial role in extracellular matrix
structural constituent, calcium ion transport, positive regulation of
cytokine production, NIK/NF-KB signaling, positive regulation of
ERK1 and ERK2 cascade, and lipid catabolic process. In the MF
term, these co-DEGs participate in the regulation of extracellular
matrix structural constituents, cytokine activity, muscle alpha-
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actinin binding, and calcium-release channel activity (Figures 4A,
B and Supplementary Material). The enrichment analysis results
of KEGG pathways show that the co-DEGs mostly associate with
the ECM-receptor interaction, focal adhesion, and PI3K-Akt
signaling pathway (Figure 4C and Supplementary Material). In
summary, these outcomes powerfully demonstrate that cytokines,
signal transduction pathways via calcium channels, and lipid
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metabolism cooperatively took part in these two inflammatory
diseases.

Univariate logistic regression analysis of the
co-DEGs

The unvaried logistic regression analyses were utilized to reveal
the correlation between each co-DEGs and dependent variables
(advanced AS vs. early AS; advanced NAFLD vs. mild NAFLD).
Expectedly, the upregulated co-DEGs were the risk factors for
advanced AS and advanced NAFLD with the odds ratio (OR) > 1
simultaneously. On the contrary, the downregulated co-DEGs
were protective factors. The forest plots for risk factors based on
univariate analysis are shown in Figures 4D,E. These results
suggest that these co-DEGs may be involved in the common
pathogenesis of advanced AS and NAFLD.

Recognition of common signature genes via
machine learning algorithm

Additionally, we trained machine learning algorithms of lasso
regression and RF to screen the signature genes from co-DEGs.
The lasso regression is a machine learning algorithm involving a
linear relationship assumption and an L1 regularization penalty.
Firstly, the lasso regression with the minimum binomial deviance
was performed through 10-fold cross-validation. Then genes with
non-zero regression coefficients were selected for signature genes
of co-DEGs. As a result, there were 6 co-DEGs (CCL19, CHI3L1,
ZWINT, PLCXD3, LXN, and PKD2) were included in the
simplified lasso regularization model from GSE28829 (Figures 5A,
B). Meanwhile, PLCXD3, COL6A3, LUM, PKD2, RAMPI, and
CCLI19 were enrolled from GSE49541 (Figures 5C,D). Then the
importance of each co-DEGs was estimated by calculating the
“Mean Decrease Gini”, and the top 6 co-DEGs were enrolled from
the RF model in GSE28829 and GSE49541 (Figure 5E). Finally,
an intersection of the Venn diagram was performed, and
PLCXD3, CCL19, and PKD2 were simultaneously the signature
genes for these two diseases (Figure 5F).

Construction of the nomogram models

Furthermore, a nomogram model for NAFLD was constructed
based on these three signature genes (PLCXD3, CCL19, and PKD2)
via the R rms package (Figure 6A). Then, a calibration curve was
used to evaluate the predictive power of the nomogram model. The
calibration curve indicated that the error between the actual
probability and predicted probability of advanced NAFLD is
minimal in GSE49541, with a mean absolute error of 0.048. This
result suggests that this nomogram model owns a high accuracy
in predicting advanced NAFLD (Figure 6B). To estimate the
clinical applicability of the prediction nomogram model, we
execute DCA and CIC. As shown in Figure 6C that within all
practical risk thresholds (from 0 to 1.0) and within the range
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that affects the prognosis of patients, the nomogram model
always has an excellent overall net income. The “Number high
risk” curve was close to the “Number high risk with event” curve
at a high-risk threshold from 0.4 to 1, which indicated that the
nomogram model owns extraordinary predictive power for
advanced NAFLD (Figure 6D). Similarly, a nomogram model for
advanced AS was established and evaluated in GSE28829. These
signature genes also consistently have a favorable diagnostic
efficiency for advanced AS (Figures 7A-D).

Assessment of the nomogram model with
training and verification sets

ROC curves with AUC are shown to investigate the nomogram
models’ diagnostic effectiveness for advanced AS and NAFLD
using the identified three common signature genes. ROC curve
analyses revealed that the AUC was 0.870 for PLCXD3, 0.899 for
PKD2, and 0.966 for CCL19 in GSE28829 (Figure 8A).
Additionally, the AUC was 0.995 [95% confidence interval (CI),
0.971-1.0] for the nomogram model by utilizing all common
(Figure 8B).
Homoplastically, the AUCs for each common signature gene

signature genes simultaneously in GSE28829

were displayed in Figure 8C, and the nomogram model based on
three common signature genes also owned a high accuracy
(AUC=0.973, 95% CI 0.938-0.998) (Figure 8D). Consistent with
the training set, the AUCs of the nomogram models in two
independent validation sets (GSE43292 of AS and GSE48452 of
NAFLD) were 0.822 (95% CI 0.706-0.912) and 0.762 (95% CI
0.567-0.913), 8E-H). These
suggested that these three common signature genes (PLCXD3,

respectively  (Figures results
CCL19, and PKD2) and nomogram models can serve as effective
diagnostic biomarkers for distinguishing advanced AS and

NAFLD.

Interaction network of common signature
genes and their co-expression genes

We analyzed the interaction network and related functions of
these common signature genes. These genes showed a complex
interaction network with a physical interaction of 77.64%, co-
expression of 8.01%, predicted of 5.37%, co-localization of 3.63%,
genetic interactions of 2.87%, pathway of 1.88%, and shared
protein domains of 0.60%. The biological functions of this
interaction network were mainly involved in cellular calcium ion
homeostasis, chemokine receptor binding, cytokine activity,
granulocyte chemotaxis, neutrophil migration, and cellular
response to chemokine (Figure 9 and Supplementary Material).
CCL19 sits in a more central position in this interaction network
by taking part in the most biological functions. These outcomes
illustrated

pathways might participate jointly in the pathogenesis of these

that inflammatory response and its associated

two diseases. Thus, the precisely common pathways need further
investigation urgently.
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Identification of the co-regulated pathways

via GSVA

We utilized the GSVA analysis to explore the co-regulated
pathways with consistent expression trends in GSE28829 and

Frontiers in Cardiovascular Medicine

GSE49541, respectively. The results of GSVA analyses and Venn
diagrams illustrated that the activities of two immune-related
pathways (NOD-like receptor signaling pathway and leukocyte

transendothelial migration) were
advanced AS and NAFLD

simultaneously up-regulated in

groups (Figures 10A-C).
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Correspondingly, the activities of 10 metabolic-related pathways,

especially fatty acid and amino acid metabolism, were
simultaneously down-regulated (Figure 10D). These pathways

will be candidates for further validation.

Validation of the co-regulated pathways via
single gene GSEA

Since PLCXD3, CCL19, and PKD2 might be pivotal in the
of advanced AS (GES28829) and NAFLD
(GSE49541), we selected these genes separately for further single-
gene GSEA to confirm the findings of GSVA. The conclusions
were primarily consistent with the previous results. Both the
leukocyte transendothelial migration and NOD-like receptor
signaling pathway own a higher activity in the high CCL19
group (Figures 11A-D). Inversely, the up-regulation of CCL19
was closely associated with the down-regulated fatty acid
11E,F).
immune-related pathways, such as the toll-like receptor signaling

progression

degradation  (Figures Interestingly, several classic
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pathway, TNF signaling pathway, and Thl and Th2 cell
differentiation, also have a high activity due to the perturbation
of CCL19 (Supplementary Figures S1A-F). Similarly, the single-
gene GSEA outcomes of PLCXD3 and PKD2 were mainly
consistent with the above (Supplementary Material).

Immune infiltration analysis
It is reported that AS and NAFLD are inflammatory-related

diseases characterized by the infiltration of immune cells into
plaques and hepatic lobules. Our study also revealed that

multiple immune-related pathways might promote the
progression of AS and NAFLD, as previously described. Then
two disparate algorithms were applied to identify the

heterogeneous infiltration of immune cells in AS and NAFLD.
Firstly, we used the ssGSEA to identify immune cell subtypes
that are differentially represented in the advanced and early AS,
while the immune-related genes set of 28 immune cell subtypes
was derived from 37 studies of microarray data (27). As shown
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in Figure 12A, almost all of these subtypes of immune cells
(especially the T-lymphocyte, macrophage, dendritic cell, and
mast cells) were excessively enriched in advanced AS plaques
compared to the early ones, which indicated that the excessive
activation of immune cells has a regulatory effect on promoting
AS. In the advanced NAFLD tissues, activated CD4 T cells,
central memory CD4 T cells, and type 2T helper cells were
significantly more than mild NAFLD (GSE49541) (Figure 12B).
Next, the correlations between each subpopulation of immune
cells and each signature gene were performed based on Pearson’s
correlation coefficient via the CIBERSORT algorithm, as the
heatmaps show that each signature gene was significantly
associated with one or more subtypes of immune cells, especially
the CCL19 belonging to chemokines (Figures 13A,B). The violin
plots of the expression levels of 22 immunocyte subtypes in
GSE28829 and GSE49541 are displayed in Supplementary
Figures S2A,B. Summarily, the inflammation process plays a
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critical role in advanced AS and NAFLD, and they share some
common characteristics in this issue.

Discussion

Inflammation, an innate and integrated response to pathogens,
irritants, immune mediator, and chemicals, also lead to tissue
damage if immoderate or unbalanced. NAFLD and AS are
inflammation-related diseases jointly mediated by metabolic and
immune factors. It has well known that various cytokines,
excessive inflammation cascades, inappropriate inflammation
processes, and activated immune cell infiltration profoundly
disturb endarterium physiology and promote atherosclerosis (28).
Many studies indicated that inflammation exacerbates the
metabolic disorders of NAFLD, and metabolic inflammation
plays a crucial role in the pathogenesis and progression of
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NAFLD to advanced liver disease. Moreover, the long-term
prognosis of NAFLD is closely correlated with the dysfunction of
metabolic-inflammatory signaling (29). Many cytokines and
signal pathways, such as IL-1B and PI3K/Akt/mTOR pathway,
are confirmed to drive the dysregulation of hepatic metabolism
and inflammation (30). It has been proposed that NAFLD is
closely associated with chronic inflammation and insulin
resistance, and hyperinsulinemia promotes hepatic lipogenesis,
further exacerbating insulin resistance (31, 32). The development
of hepatic insulin resistance can trigger lipogenesis, contributing
to the progression of NAFLD, dyslipidemia, and AS (33). Along
the line, we hypothesize that NAFLD and AS might share
overlapping pathogenic DEGs and pathways. However, the
integrated studies that focus on comprehensively analyzing the
molecular mechanism, pathways, and immune infiltration
characteristics of advanced AS and NAFLD co-pathogenesis are
still limited. Thus, we perform this study from the transcriptome
perspective through the public data.

As previously described, we analyzed the advanced NAFLD
and AS transcriptomic data and finally identified three common
(PLCXD3, CCL19, and PKD2). Then the
nomogram models with extraordinary predictive efficacy were
established and confirmed for advanced NAFLD and AS with the
calibration curve, DCA, and CIC. The ROC curves of training
sets were applied to evaluate the availability of the nomogram
models with the AUC=0.995 (95% CI 0.971-1.0) for advanced

AS and AUC=0.973 (95% CI 0.938-0.998) for advanced

signature genes
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NAFLD. Furthermore, the AUC of the verification sets had a
similar trend. These outcomes indicated that PLCXD3, CCL19,
and PKD2 might play an essential role in developing NAFLD
and AS, contributing to effectively diagnosing these two diseases.

We also identified the co-regulated pathways between advanced
NADLAD and AS via GSVA. Two immune-related pathways
(NOD-like receptor signaling pathway and leukocyte trans
endothelial migration) are simultaneously upregulated in the
advanced AS and NAFLD groups. A total of 10 metabolic-related
pathways were simultaneously downregulated, including fatty acid
metabolism. These results illustrated that these two diseases own
common inflammatory pathways and metabolic disorders. NLRs
involve in the inflammatory response and promote programmed
cell death. Much attention has been paid to its critical role in the
pathogenesis of metabolic diseases, such as NAFLD, type 2

diabetes mellitus (T2DM), hypertension, and AS (34).
Inflammasomes are crucial regulators of innate immunity,
contributing to atherogenesis by being activated within

macrophages and artery walls. It is suggested that the NLRs
protein inflammasome and its stimulation of innate immunity is a
strong promotor of AS (35). IL-1p and IL-18, two atherogenic
cytokines, are matured in NLRPs inflammasomes. Further research
revealed that NLRP3 inflammasome is expressed in atherosclerotic
plaque (36). Current evidence suggests that innate immunity is an
essential accelerator in NAFLD progression, and NLRs drive
NASH (37). Furthermore, cardiolipin can activate the up-regulated
NLRP3 inflammasome and promote NASH pathogenesis (38). In
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summary, the NLRs signaling pathway and NLRPs inflammasomes  interaction network, CCL19 was crucial in positively regulating
were co-upregulated in advanced NAFLD and AS, providing a novel ~ cytokine production, NIK/NF-KB signaling, cytokine activity,
potential treatment for these two diseases. chemokine receptor binding, and inflammatory cell migration. It

CCL19 is a member of chemokine ligands, taking part in  was detected that CCL19 was significantly and positively
inflammatory responses and normal lymphocyte recirculation  associated with inflammatory signaling pathways such as toll-like
and homing (39). It specifically binds to chemokine receptor  receptor 4 (TLR4)/NF-KB and proinflammatory factors,
CCR7 and shows potent chemotactic activity for regulating T  including IL-6 and TNF-o. in NAFLD patients. Additionally,
cells activation (40). According to GO analysis and gene- metformin can significantly suppress the high expression of
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GSE28829; (B) the volcano plot of up-regulated and down-regulated pathways in GSE49541; (C) the Venn diagram of common up-regulated
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CCL19 and improve NAFLD, demonstrating that inhibition of
CCL19 may be an effective treatment for NAFLD (41). The
CCL19/CCR7 pathway promotes the progression of high-fat-
induced IR and obesity (42), and these issues are well-known as
risk factors for accelerating the pathogenesis of NAFLD and AS.
CCL19/CCL21-CCR?7 is closely correlated with high coronary
artery disease risk and is considered a novel homeostatic
chemokine system that promotes atherogenesis by modulating
monocyte adhesion and migration (43). Salem MK reported that
CCL19 is
atherosclerotic plaques (44). Inversely, the deletion of CCR7 in

significantly over-expressed in unstable carotid

mouse AS contributes to the reduced atherosclerotic plaque

content through regulating T cells and antigen-presenting
dendritic cells (DCs) (45).
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To our knowledge, this is the first study demonstrating that
CCL19 was significantly and simultaneously co-upregulated in
advanced NAFLD and AS. As the previous references and our
findings suggested, CCL19 might mediate the pathogenesis of
advanced NAFLD and AS by regulating the immune-related
pathways and inflammatory cell migration. Then we applied
CCL19-specific GSEA to the
mechanisms within these two diseases. Exhilaratingly, the up-

single-gene explore critical
expression of CCL19 is positively associated with the activation of
NOD-like receptors signaling pathway, leukocyte transendothelial
migration, toll-like receptor signaling pathway, TNF signaling
pathway, and Thl and Th2 cell differentiation, which corresponds
with the literature and supports our hypothesis. Moreover, the

high expression of CCL19 was significantly associated with
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Single-gene GSEA of CCL19. (A) The NOD-like receptor signaling pathway from single-gene GSEA in GSE28829; (B) the NOD-like receptor signaling
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FIGURE 12
ssGSEA for immune infiltration. (A) The boxplots of 28 immunocyte subtypes between advanced and early AS in GSE28829; (B) the boxplots of 28
immunocyte subtypes between advanced and mild NAFLD in GSE49541.

However, few studies that focus on the correlation between
PLCXD3, PKD2, and these two relevant diseases, and direct
evidence is also lacking. A Previous study has illustrated that
down-regulated expression of PLCXD3, a member of the

reduced activity of fatty acid degradation, which might lead to
dyslipidemia and trigger the advance of NAFLD and AS.
Therefore, targeting CCL19 may provide a therapeutic method for
decelerating the progression of advanced NAFLD and AS.
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FIGURE 13

Immune infiltration analysis of the CIBERSORT algorithm. (A) The heatmap of the correlation coefficient between each common signature gene and each
immunocyte subtype in GSE28829; (B) the heatmap of the correlation coefficient between each common signature gene and each immunocyte subtype
in GSE49541.
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(PI-PLC)
suppressed insulin secretion due to the disruption of the

phosphoinositide-specific ~ phospholipases family,
necessary insulin signaling pathways and insulin biosynthesis
genes in islet B-cells (46). Taneera Jalal revealed and confirmed
PLCXD3 as a potential regulator of pancreatic islet function (47).
An Emiratis population-based cross-sectional study indicated that
genetic variants of the PLCXD3 are correlated with lower HDL-
cholesterol and MS risk (48). According to GO analysis, as
previously described, PLCXD3 was closely related to the lipid
catabolic process. These outcomes were consistent with the
literature review, which suggested that up-regulated PLCXD3
might contribute to the progression of NAFLD and AS due to its
involvement in hyperinsulinemia and dyslipidemia. We found
that PKD2, also called transient receptor potential polycystin-2
(TRPP2), plays a vital role in calcium ion transport and cellular
calcium ion homeostasis based on enrichment analysis and gene
interaction network. It is a Ca®** channel located on the
membrane of the cell surface and endoplasmic reticulum (ER),
closely associated with various cellular functions. Hasan Raquibul
reported that SUMO1 modification of PKD2 channels regulates
arterial contractility (49). Current knowledge regards PKD2 may
regulate the functions of endothelial cells, vascular smooth
muscle cells, and blood pressure (50). The mutation of the PKD2
leads to a systemic disorder of vasculature (51). The dysfunction
of calcium homeostasis in hepatic mitochondria can lead to
excess lipid absorption and metabolism disorders, which have
been regarded as a potential mechanism to accelerate NAFLD
progression (52). Based on our bioinformatics analyses, we found
that PLCXD3 and PKD2 might provide a novel perspective to
understand the disease progression of advanced NAFLD and AS,
and these results might serve as a theoretical basis for further
experimental studies in this direction.

Finally, we were concerned with exploring the analogical
feature of immune cell infiltration among advanced NAFLD
and AS. Various immune cells, such as macrophages, DCs, and
T
peroxidation, ultimately promoting atherogenesis (53-55). The

cells, participate in and drive lipid deposition and
compositions of circulating and intrahepatic immune cells were
also polymorphic in patients with fatty liver and steatohepatitis
(56). Interestingly, we found that activated CD4 T cells and
central memory CD4 T cells were significantly excessive
infiltration in advanced NAFLD and AS, which had a similar
trend. In the hyperlipidemic UMT ™"~ ApoE™~ mice model,
wildtype B cells can accelerate atherogenesis and increase CD4
T cells in plaques, including memory and activated CD4 T cells.
These outcomes indicated that targeting the interaction of B
cells and CD4 T cells may be a therapeutic strategy to restrict
AS progression (57).

Furthermore, novel evidence tends to confirm that the
dysbiosis of NASH may drive the migration of CD4 T cells from
intestinal and mesenteric lymph-nodal into the liver (58). Other
studies also found rather increased numbers of intrahepatic CD4
T cells in murine models of NASH, such as western and high-fat
diets (59). Central and effector memory CD4 T cells play an
active role in promoting and sustaining liver high-fat-diet related
murine model of NASH, accompanied by marked up-regulation
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of pro-inflammatory cytokines IL-17A and IFN-y. Then
depletion of CD4 T cells leads to abrogate the intrahepatic
immune infiltration, inflammation, and fibrosis (60). Using an
experimental transgenic murine model, Nabil D showed that the
hepatocyte damage triggers a high releasing amount of IL-17.
Some studies revealed that IL-17 activates lipolysis of the white
adipose tissue and actively promotes the progression of hepatic
steatosis and NASH. Additionally, a high concentration of
circulating IL-17 was reported in NASH patients (59). Similarly,
previous studies revealed that IL17 contributes to vascular and
(61), and the

frequencies of IL17+ CD4 T cells significantly increase in the

systemic inflammation in experimental AS

severe coronary AS group (62). Thus CD4 T cells, combined
with their relevant pro-inflammatory cytokines, might contribute
to NAFLD and AS co-morbidities through immune and
inflammatory pathways. The polymorphism and variability of
immune cell infiltration is a great challenge and expect to
become a novel research topic.

Because of the substantial metabolic similarity between
NAFLD and AS, many researchers have focused on this field.
However, studies have yet to explore the common molecular
mechanism and pathways between these two relevant diseases via
advanced bioinformatics methods. Unlike previous studies, our
study simultaneously pays more attention to exploring common
signature genes, related co-regulated pathways, and immune
characteristics. Due to the high comorbidity rate between
NAFLD and AS, we have applied an integrated method based on
bioinformatics and machine learning algorithms, which have
been proven to be credible in various diseases, to identify the
common signature genes and pathways for the first time (63).
These findings may further clarify the sharing mechanism of
advanced NAFLD and AS. Our study also had some limitations.
Significantly, this is a retrospective study that requires further
experiments and clinical data to corroborate our outcomes in the
future. Fortunately, the diagnostic models base on three signature
genes were also efficient in external validation sets, which would
partially enhance the credibility of our results. Moreover, it
should be emphasized that the direct diagnosis of advanced
NAFLD and AS could not base on these common signature
genes and pathways, and invasive biopsy and pathological
confirmation at histology are needed. However, our findings
might provide new insights and biomarkers for the common
molecular mechanisms of advanced NAFLD and AS. Because of
the close correlation between clinical factors and these two
diseases, integrating these signature genes with other clinical
diagnostic models and targeting them might also will be
considerable and valuable.

Conclusion

We identified three common signature genes (PLCXD3,
CCL19, and PKD2), co-regulated pathways, and shared immune
features of advanced NAFLD and AS, and then established
effective diagnosis models. We found that these two related
diseases shared many common pathogenic mechanisms. This
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study might provide novel insights into the molecular mechanism
of advanced NAFLD complicated with AS from the multi-
dimensional perspective of genetics, signaling pathways, and
immune infiltration.

Data availability statement

Publicly available datasets were analyzed in this study. This
data can be found here: https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE28829;
acc.cgiacc=GSE49541;
acc.cgitacc=GSE43292;
acc.cgiacc=GSE48452.

https://www.ncbi.nlm.nih.gov/geo/query/
https://www.ncbi.nlm.nih.gov/geo/query/
https://www.ncbi.nlm.nih.gov/geo/query/

Author contributions

SM, YW, and XY designed analyses and drafted the
manuscript, and these authors contributed equally to this work
and share first authorship. SM performed the bioinformatics
analysis. SQ and HJ provided funding support, and these authors
contributed equally to this work and share senior authorship.
WW and HZ reviewed the manuscript. All authors contributed
to the article and approved the submitted version.

Funding

This study was supported by the Scientific Research Project of
Liuzhou People’s Hospital affiliated with Guangxi Medical
University (Grant numbers: Iry202309 and lry202311), and the

References

1. Xu Y, Xu Y, Zhu Y, Sun H, Juguilon C, Li F, et al. Macrophage miR-34a is a key
regulator of cholesterol efflux and atherosclerosis. Mol Ther. (2020) 28:202-16. doi: 10.
1016/j.ymthe.2019.09.008

2. Byon CH, Heath JM, Chen Y. Redox signaling in cardiovascular pathophysiology:
a focus on hydrogen peroxide and vascular smooth muscle cells. Redox Biol. (2016)
9:244-53. doi: 10.1016/j.redox.2016.08.015

3. Hall Z, Bond NJ, Ashmore T, Sanders F, Ament Z, Wang X, et al. Lipid zonation
and phospholipid remodeling in nonalcoholic fatty liver disease. Hepatology. (2017)
65:1165-80. doi: 10.1002/hep.28953

4. Friedman TC, Sinha-Hikim I, Parveen M, Najjar SM, Liu Y, Mangubat M, et al.
Additive effects of nicotine and high-fat diet on hepatic steatosis in male mice.
Endocrinology. (2012) 153:5809-20. doi: 10.1210/en.2012-1750

5. Sliz E, Sebert S, Wiirtz P, Kangas AJ, Soininen P, Lehtiméki T, et al. NAFLD risk
alleles in PNPLA3, TM6SF2, GCKR and LYPLALI show divergent metabolic effects.
Hum Mol Genet. (2018) 27:2214-23. doi: 10.1093/hmg/ddy124

6. Hamaguchi M, Kojima T, Ohbora A, Takeda N, Fukui M, Kato T, et al. Protective
effect of alcohol consumption for fatty liver but not metabolic syndrome. World
] Gastroenterol. (2012) 18:156-67. doi: 10.3748/wjg.v18.i2.156

7. Sy SM, Guo Y, Lan Y, Ng H, Huen MS. Preemptive homology-directed DNA
repair fosters complex genomic rearrangements in hepatocellular carcinoma. Transl
Oncol. (2020) 13:100796. doi: 10.1016/j.tranon.2020.100796

8. Piaszyk-Borychowska A, Széles L, Csermely A, Chiang HC, Wesoly J, Lee CK,
et al. Signal integration of IFN-I and IFN-II with TLR4 involves sequential
recruitment of STATI-complexes and NFxB to enhance pro-inflammatory
transcription. Front Immunol. (2019) 10:1253. doi: 10.3389/fimmu.2019.01253

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1142296

Scientific Research Project of Guangxi Health Commission
(Grant number: Z20210082).

Acknowledgments

The authors would like to thank GEO for open access to the
database.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.
1142296/full#supplementary-material.

9. Doring Y, Manthey HD, Drechsler M, Lievens D, Megens RT, Soehnlein O, et al.
Auto-antigenic protein-DNA complexes stimulate plasmacytoid dendritic cells to
promote atherosclerosis.  Circulation. (2012) 125:1673-83. doi: 10.1161/
CIRCULATIONAHA.111.046755

10. Alencar GF, Owsiany KM, Karnewar S, Sukhavasi K, Mocci G, Nguyen AT, et al.
Stem cell pluripotency genes Klf4 and Oct4 regulate complex SMC phenotypic
changes critical in late-stage atherosclerotic lesion pathogenesis. Circulation. (2020)
142:2045-59. doi: 10.1161/CIRCULATIONAHA.120.046672

11. Libby P, Nahrendorf M, Swirski FK. Leukocytes link local and systemic
inflammation in ischemic cardiovascular disease: an expanded “cardiovascular
continuum”. J Am Coll Cardiol. (2016) 67:1091-103. doi: 10.1016/j.jacc.2015.12.048

12. Bjorkegren JLM, Kovacic JC, Dudley JT, Schadt EE. Genome-wide significant
loci: how important are they? Systems genetics to understand heritability of
coronary artery disease and other common complex disorders. ] Am Coll Cardiol.
(2015) 65:830-45. doi: 10.1016/j.jacc.2014.12.033

13. Libby P. Interleukin-1 beta as a target for atherosclerosis therapy: biological basis
of CANTOS and beyond. ] Am Coll Cardiol. (2017) 70:2278-89. doi: 10.1016/j.jacc.
2017.09.028

14. Murphy SK, Yang H, Moylan CA, Pang H, Dellinger A, Abdelmalek MF, et al.
Relationship between methylome and transcriptome in patients with nonalcoholic fatty
liver disease. Gastroenterology. (2013) 145:1076-87. doi: 10.1053/j.gastro.2013.07.047

15. Acosta A, Camilleri M. Gastrointestinal morbidity in obesity. Ann N'Y Acad Sci.
(2014) 1311:42-56. doi: 10.1111/nyas.12385

16. McCullough AJ. The clinical features, diagnosis and natural history of nonalcoholic
fatty liver disease. Clin Liver Dis. (2004) 8:521-33. doi: 10.1016/j.cld.2004.04.004

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28829
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28829
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49541
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49541
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43292
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE43292
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48452
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48452
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1142296/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1142296/full#supplementary-material
https://doi.org/10.1016/j.ymthe.2019.09.008
https://doi.org/10.1016/j.ymthe.2019.09.008
https://doi.org/10.1016/j.redox.2016.08.015
https://doi.org/10.1002/hep.28953
https://doi.org/10.1210/en.2012-1750
https://doi.org/10.1093/hmg/ddy124
https://doi.org/10.3748/wjg.v18.i2.156
https://doi.org/10.1016/j.tranon.2020.100796
https://doi.org/10.3389/fimmu.2019.01253
https://doi.org/10.1161/CIRCULATIONAHA.111.046755
https://doi.org/10.1161/CIRCULATIONAHA.111.046755
https://doi.org/10.1161/CIRCULATIONAHA.120.046672
https://doi.org/10.1016/j.jacc.2015.12.048
https://doi.org/10.1016/j.jacc.2014.12.033
https://doi.org/10.1016/j.jacc.2017.09.028
https://doi.org/10.1016/j.jacc.2017.09.028
https://doi.org/10.1053/j.gastro.2013.07.047
https://doi.org/10.1111/nyas.12385
https://doi.org/10.1016/j.cld.2004.04.004
https://doi.org/10.3389/fcvm.2023.1142296
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Mo et al.

17. Liebig M, Hassanzada A, Kimmerling M, Genz B, Vollmar B, Abshagen K, et al.
Microcirculatory disturbances and cellular changes during progression of hepatic
steatosis to liver tumors. Exp Biol Med. (2018) 243:1-12. doi: 10.1177/
1535370217738730

18. Bonney EA, Krebs K, Kim J, Prakash K, Torrance BL, Haynes L, et al. Protective
intranasal immunization against influenza virus in infant mice is dependent on IL-6.
Front Immunol. (2020) 11:568978. doi: 10.3389/fimmu.2020.568978

19. Wong MC, van Diepen JA, Hu L, Guigas B, de Boer HC, van Puijvelde GH,
Kuiper J, et al. Hepatocyte-specific IKKB expression aggravates atherosclerosis
development in APOE*3-Leiden mice. Atherosclerosis. (2012) 220:362-8. doi: 10.
1016/j.atherosclerosis.2011.06.055

20. Xu T, Du Y, Fang XB, Chen H, Zhou DD, Wang Y, et al. New insights into nod-
like receptors (NLRs) in liver diseases. Int J Physiol Pathophysiol Pharmacol. (2018)
10:1-16. PMID: 29593846

21. Grebe A, Hoss F, Latz E. NLRP3 inflammasome and the IL-1 pathway in
atherosclerosis. Circ Res. (2018) 122:1722-40. doi: 10.1161/CIRCRESAHA.118.311362

22. Faber BC, Cleutjens KB, Niessen RL, Aarts PL, Boon W, Greenberg AS, et al.
Identification of genes potentially involved in rupture of human atherosclerotic
plaques. Circ Res. (2001) 89:547-54. doi: 10.1161/hh1801.096340

23. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al.
NCBI GEO: archive for functional genomics data sets—update. Nucleic Acids Res.
(2013) 41:D991-D5. doi: 10.1093/nar/gks1193

24. Engebretsen S, Bohlin J. Statistical predictions with glmnet. Clin Epigenetics.
(2019) 11:123. doi: 10.1186/s13148-019-0730-1

25. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods. (2015)
12:453-7. doi: 10.1038/nmeth.3337

26. Barbie DA, Tamayo P, Boehm JS, Kim SY, Moody SE, Dunn IF, et al. Systematic
RNA interference reveals that oncogenic KRAS-driven cancers require TBK1. Nature.
(2009) 462:108-12. doi: 10.1038/nature08460

27. Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M, Rieder D, et al.
Pan-cancer ~ immunogenomic  analyses reveal  genotype-immunophenotype
relationships and predictors of response to checkpoint blockade. Cell Rep. (2017)
18:248-62. doi: 10.1016/j.celrep.2016.12.019

28. Zanoli L, Briet M, Empana JP, Cunha PG, Miki-Petdjia KM, Protogerou AD,
et al. Vascular consequences of inflammation: a position statement from the ESH
working group on vascular structure and function and the ARTERY society.
J Hypertens. (2020) 38:1682-98. doi: 10.1097/HJH.0000000000002508

29. Bao L, Yin J, Gao W, Wang Q, Yao W, Gao X. A long-acting FGF21 alleviates
hepatic steatosis and inflammation in a mouse model of non-alcoholic steatohepatitis
partly through an FGF2l-adiponectin-IL17A pathway. Br ] Pharmacol. (2018)
175:3379-93. doi: 10.1111/bph.14383

30. Wu D, Zhong P, Wang Y, Zhang Q, Li ], Liu Z, et al. Hydrogen sulfide attenuates
high-fat diet-induced non-alcoholic fatty liver disease by inhibiting apoptosis and
promoting autophagy via reactive oxygen Species/phosphatidylinositol 3-kinase/
AKT/mammalian target of rapamycin signaling pathway. Front Pharmacol. (2020)
11:585860. doi: 10.3389/fphar.2020.585860

31. Kang Y, Li X, Shinoda K, Kajimura S, Kemper B, Kemper JK. Obesity-linked
phosphorylation of SIRT1 by casein kinase 2 inhibits its nuclear localization and
promotes fatty liver. Mol Cell Biol. (2017) 37(15):e00006-17. doi: 10.1128/MCB.00006-17

32. Fu JF, Shi HB, Liu LR, Jiang P, Liang L, Wang CL, et al. Non-alcoholic fatty liver
disease: an early mediator predicting metabolic syndrome in obese children? World
] Gastroenterol. (2011) 17:735-42. doi: 10.3748/wjg.v17.i6.735

33. Gurzov EN, Tran M, Fernandez-Rojo MA, Merry TL, Zhang X, Xu Y, et al.
Hepatic oxidative stress promotes insulin-STAT-5 signaling and obesity by
inactivating protein tyrosine phosphatase N2. Cell Metab. (2014) 20:85-102. doi: 10.
1016/j.cmet.2014.05.011

34. Grzywa RH. The role of NOD-like receptors (NLRs) in the pathogenesis of
metabolic diseases. Postepy Biochem. (2017) 63:205-9. PMID: 29294265

35. Chen Z, Martin M, Li Z, Shyy JY. Endothelial dysfunction: the role of sterol
regulatory element-binding protein-induced NOD-like receptor family pyrin
domain-containing protein 3 inflammasome in atherosclerosis. Curr Opin Lipidol.
(2014) 25:339-49. doi: 10.1097/MOL.0000000000000107

36. Connat JL. Inflammasome and cardiovascular diseases. Ann Cardiol Angeiol.
(2011) 60:48-54. doi: 10.1016/j.ancard.2010.07.011

37. Tong J, Guo JJ. Key molecular pathways in the progression of non-alcoholic
steatohepatitis. Eur Rev Med Pharmacol Sci. (2019) 23:8515-22. doi: 10.26355/
eurrev_201910_19165

38. Liu J, Wang T, He K, Xu M, Gong JP. Cardiolipin inhibitor ameliorates the non-
alcoholic steatohepatitis through suppressing NLRP3 inflammasome activation. Eur
Rev Med Pharmacol Sci. (2019) 23:8158-67. doi: 10.26355/eurrev_201909_19036

39. Kim CH, Pelus LM, White JR, Applebaum E, Johanson K, Broxmeyer HE. CK
beta-11/macrophage inflammatory protein-3 beta/EBI1-ligand chemokine is an
efficacious chemoattractant for T and B cells. J Immunol. (1998) 160:2418-24.
doi: 10.4049/jimmunol.160.5.2418

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1142296

40. Yan Y, Chen R, Wang X, Hu K, Huang L, Lu M, et al. CCL19 and CCR7
expression, signaling pathways, and adjuvant functions in viral infection and
prevention. Front Cell Dev Biol. (2019) 7:212. doi: 10.3389/fcell.2019.00212

41. Zhao J, Wang Y, Wu X, Tong P, Yue Y, Gao S, et al. Inhibition of CCL19 benefits
non-alcoholic fatty liver disease by inhibiting TLR4/NF-xB-p65 signaling. Mol Med
Rep. (2018) 18:4635-42. doi: 10.3892/mmr.2018.9490

42. Sano T, Iwashita M, Nagayasu S, Yamashita A, Shinjo T, Hashikata A, et al.
Protection from diet-induced obesity and insulin resistance in mice lacking CCL19-
CCRY signaling. Obesity. (2015) 23:1460-71. doi: 10.1002/0by.21127

43. Cai W, Tao J, Zhang X, Tian X, Liu T, Feng X, et al. Contribution of homeostatic
chemokines CCL19 and CCL21 and their receptor CCR7 to coronary artery disease.
Arterioscler Thromb Vasc Biol. (2014) 34:1933-41. doi: 10.1161/ATVBAHA.113.303081

44. Salem MK, Butt HZ, Choke E, Moore D, West K, Robinson TG, et al. Gene and
protein expression of chemokine (C-C-motif) ligand 19 is upregulated in unstable
carotid atherosclerotic plaques. Eur ] Vasc Endovasc Surg. (2016) 52:427-36.
doi: 10.1016/j.ejvs.2016.05.018

45. Schieffer B, Luchtefeld M. Emerging role of chemokine receptor 7 in
atherosclerosis. Trends Cardiovasc Med. (2011) 21:211-6. doi: 10.1016/j.tcm.2012.05.012

46. Aljaibeji H, Mukhopadhyay D, Mohammed AK, Dhaiban S, Hachim MY,
Elemam NM, et al. Reduced expression of PLCXD3 associates with disruption of
glucose sensing and insulin signaling in pancreatic B-cells. Front Endocrinol. (2019)
10:735. doi: 10.3389/fend0.2019.00735

47. Taneera J, Fadista J, Ahlqvist E, Atac D, Ottosson-Laakso E, Wollheim CB, et al.
Identification of novel genes for glucose metabolism based upon expression pattern in
human islets and effect on insulin secretion and glycemia. Hum Mol Genet. (2015)
24:1945-55. doi: 10.1093/hmg/ddu610

48. Aljaibeji H, Mohammed AK, Alkayyali S, Hachim MY, Hasswan H, El-Huneidi
W, et al. Genetic variants of the PLCXD3 gene are associated with risk of metabolic
syndrome in the Emirati population. Genes. (2020) 11(6):665. doi: 10.3390/
genes11060665

49. Hasan R, Leo MD, Muralidharan P, Mata-Daboin A, Yin W, Bulley S, et al.
SUMOI1 modification of PKD2 channels regulates arterial contractility. Proc Natl
Acad Sci U S A. (2019) 116:27095-104. doi: 10.1073/pnas.1917264116

50. Du J, FuJ, Xia XM, Shen B. The functions of TRPP2 in the vascular system. Acta
Pharmacol Sin. (2016) 37:13-8. doi: 10.1038/aps.2015.126

51. Tian PF, Sun MM, Hu XY, Du J, He W. TRPP2 ion channels: the roles in
various subcellular locations. Biochimie. (2022) 201:116-27. doi: 10.1016/j.biochi.
2022.06.010

52. Bhowmick S, Singh V, Jash S, Lal M, Sinha Roy S. Mitochondrial metabolism
and calcium homeostasis in the development of NAFLD leading to hepatocellular
carcinoma. Mitochondrion. (2021) 58:24-37. doi: 10.1016/j.mito.2021.01.007

53. Amin HZ, Sasaki N, Hirata KI. Regulatory T cell immunity in atherosclerosis.
Acta Med Indones. (2017) 49:63-8. doi: 10.1016/j.tcm.2007.03.001

54. Wang L, Gao B, Wu M, Yuan W, Liang P, Huang J. Profiles of immune cell
infiltration in carotid artery atherosclerosis based on gene expression data. Front
Immunol. (2021) 12:599512. doi: 10.3389/fimmu.2021.599512

55. Gao J, Shi L, Gu J, Zhang D, Wang W, Zhu X, et al. Difference of immune cell
infiltration between stable and unstable carotid artery atherosclerosis. J Cell Mol Med.
(2021) 25:10973-9. doi: 10.1111/jcmm.17018

56. Diedrich T, Kummer S, Galante A, Drolz A, Schlicker V, Lohse AW, et al.
Characterization of the immune cell landscape of patients with NAFLD. PloS One.
(2020) 15:€0230307. doi: 10.1371/journal.pone.0230307

57. Tay C, Kanellakis P, Hosseini H, Cao A, Toh BH, Bobik A, et al. B cell and CD4
T cell interactions promote development of atherosclerosis. Front Immunol. (2019)
10:3046. doi: 10.3389/fimmu.2019.03046

58. Rai RP, Liu Y, Iyer SS, Liu S, Gupta B, Desai C, et al. Blocking integrin ou(4)(7)-
mediated CD4 T cell recruitment to the intestine and liver protects mice from western
diet-induced non-alcoholic steatohepatitis. ] Hepatol. (2020) 73:1013-22. doi: 10.1016/
j.jhep.2020.05.047

59. Ramadori P, Kam S, Heikenwalder M. T cells: friends and foes in NASH pathogenesis
and hepatocarcinogenesis. Hepatology. (2022) 75:1038-49. doi: 10.1002/hep.32336

60. Her Z, Tan JHL, Lim YS, Tan SY, Chan XY, Tan WWS, et al. CD4(+) T cells
mediate the development of liver fibrosis in high fat diet-induced NAFLD in
humanized mice. Front Immunol. (2020) 11:580968. doi: 10.3389/fimmu.2020.580968

61. Madhur MS, Funt SA, Li L, Vinh A, Chen W, Lob HE, et al. Role of interleukin
17 in inflammation, atherosclerosis, and vascular function in apolipoprotein e-
deficient mice. Arterioscler Thromb Vasc Biol. (2011) 31:1565-72. doi: 10.1161/
ATVBAHA.111.227629

62. Potekhina AV, Pylaeva E, Provatorov S, Ruleva N, Masenko V, Noeva E, et al. Treg/
Th17 balance in stable CAD patients with different stages of coronary atherosclerosis.
Atherosclerosis. (2015) 238:17-21. doi: 10.1016/j.atherosclerosis.2014.10.088

63. Fang X, Duan SF, Gong YZ, Wang F, Chen XL. Identification of key genes
associated with changes in the host response to severe burn shock: a bioinformatics
analysis with data from the gene expression omnibus (GEO) database. ] Inflamm
Res. (2020) 13:1029-41. doi: 10.2147/JIR.S282722

frontiersin.org


https://doi.org/10.1177/1535370217738730
https://doi.org/10.1177/1535370217738730
https://doi.org/10.3389/fimmu.2020.568978
https://doi.org/10.1016/j.atherosclerosis.2011.06.055
https://doi.org/10.1016/j.atherosclerosis.2011.06.055
https://pubmed.ncbi.nlm.nih.gov/PMID: 29593846
https://doi.org/10.1161/CIRCRESAHA.118.311362
https://doi.org/10.1161/hh1801.096340
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1186/s13148-019-0730-1
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nature08460
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1097/HJH.0000000000002508
https://doi.org/10.1111/bph.14383
https://doi.org/10.3389/fphar.2020.585860
https://doi.org/10.1128/MCB.00006-17
https://doi.org/10.3748/wjg.v17.i6.735
https://doi.org/10.1016/j.cmet.2014.05.011
https://doi.org/10.1016/j.cmet.2014.05.011
https://pubmed.ncbi.nlm.nih.gov/PMID: 29294265
https://doi.org/10.1097/MOL.0000000000000107
https://doi.org/10.1016/j.ancard.2010.07.011
https://doi.org/10.26355/eurrev_201910_19165
https://doi.org/10.26355/eurrev_201910_19165
https://doi.org/10.26355/eurrev_201909_19036
https://doi.org/10.4049/jimmunol.160.5.2418
https://doi.org/10.3389/fcell.2019.00212
https://doi.org/10.3892/mmr.2018.9490
https://doi.org/10.1002/oby.21127
https://doi.org/10.1161/ATVBAHA.113.303081
https://doi.org/10.1016/j.ejvs.2016.05.018
https://doi.org/10.1016/j.tcm.2012.05.012
https://doi.org/10.3389/fendo.2019.00735
https://doi.org/10.1093/hmg/ddu610
https://doi.org/10.3390/genes11060665
https://doi.org/10.3390/genes11060665
https://doi.org/10.1073/pnas.1917264116
https://doi.org/10.1038/aps.2015.126
https://doi.org/10.1016/j.biochi.2022.06.010
https://doi.org/10.1016/j.biochi.2022.06.010
https://doi.org/10.1016/j.mito.2021.01.007
https://doi.org/10.1016/j.tcm.2007.03.001
https://doi.org/10.3389/fimmu.2021.599512
https://doi.org/10.1111/jcmm.17018
https://doi.org/10.1371/journal.pone.0230307
https://doi.org/10.3389/fimmu.2019.03046
https://doi.org/10.1016/j.jhep.2020.05.047
https://doi.org/10.1016/j.jhep.2020.05.047
https://doi.org/10.1002/hep.32336
https://doi.org/10.3389/fimmu.2020.580968
https://doi.org/10.1161/ATVBAHA.111.227629
https://doi.org/10.1161/ATVBAHA.111.227629
https://doi.org/10.1016/j.atherosclerosis.2014.10.088
https://doi.org/10.2147/JIR.S282722
https://doi.org/10.3389/fcvm.2023.1142296
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Identification of common signature genes and pathways underlying the pathogenesis association between nonalcoholic fatty liver disease and atherosclerosis
	Introduction
	Materials and methods
	Data source of microarray
	Identification of co-DEGs
	Enrichment analyses of GO and KEGG
	Machine learning of lasso and random forest
	Construction of diagnostic model and evaluation of diagnostic efficiency
	Construction of interaction network for common signature genes
	Gene set variation analysis and gene set enrichment analysis
	Immune infiltration analysis

	Results
	Identification of co-DEGs in GSE28829 and GSE49541
	Function enrichment analyses of the co-DEGs
	Univariate logistic regression analysis of the co-DEGs
	Recognition of common signature genes via machine learning algorithm
	Construction of the nomogram models
	Assessment of the nomogram model with training and verification sets
	Interaction network of common signature genes and their co-expression genes
	Identification of the co-regulated pathways via GSVA
	Validation of the co-regulated pathways via single gene GSEA
	Immune infiltration analysis

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


