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Abstract

Aims Heart failure with preserved ejection fraction (HFpEF) and non-alcoholic fatty liver disease (NAFLD) are related condi-
tions with an increasing incidence. The mechanism of their relationship remains undefined. Here, we aimed to explore the
potential mechanisms, diagnostic markers, and therapeutic options for HFpEF and NAFLD.

Methods and results HFpEF and NAFLD datasets were downloaded from the Gene Expression Omnibus (GEO) database.
Common differentially expressed genes (DEGs) were screened for functional annotation. A protein—protein interaction network
was constructed based on the STRING database, and hub genes were analysed using GeneMANIA annotation. ImmuCellAl
(Immune Cell Abundance Identifier) was employed for analysis of immune infiltration. We also used validation datasets to val-
idate the expression levels of hub genes and the correlation of immune cells. To screen for diagnostic biomarkers, we employed
the least absolute shrinkage and selection operator and support vector machine-recursive feature elimination. Drug signature
database was used to predict potential therapeutic drugs. Our analyses identified a total of 33 DEGs. Inflammation and immune
infiltration played important roles in the development of both diseases. The data showed a close relationship between chemo-
kine signalling pathway, cytokine—cytokine receptor interaction, calcium signalling pathway, neuroactive ligand-receptor inter-
action, osteoclast differentiation, and cyclic guanosine monophosphate-protein kinase G signalling pathway. We demonstrated
that PRF1 (perforin 1) and IL2RB (interleukin-2 receptor subunit beta) proteins were perturbed by the diseases and may be the
hub genes. The analysis showed that miR-375 may be a potential diagnostic marker for both diseases. Our drug prediction anal-
ysis showed that bosentan, eldecalcitol, ramipril, and probucol could be potential therapeutic options for the diseases.
Conclusions  Our findings revealed common pathogenesis, diagnostic markers, and therapeutic agents for HFpEF and NAFLD.
There is need for further experimental studies to validate our findings.
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Introduction fraction (HFpEF) was closely associated with increase in

age.? Therefore, as the global aged population increases,
Heart failure (HF) is a major public health problem. A 2017 re-  HFpEF has become the most prevalent form of HF.? Patients
port showed that the global burden of HF was approximately  with HFpEF require more nursing care, are more likely to be
64.34 million.* Compared with HF with reduced ejection frac-  hospitalized, and have longer hospital stays compared with
tion (HFrEF), the prevalence of HF with preserved ejection those with HFrEF.* Although HFpEF mortality varies with
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study type, study design, and inclusion criteria, the overall
risk of death increases with the intensity of comorbidities,
and the 5 year mortality rate of HFpEF is often >50%.°

Non-alcoholic fatty liver disease (NAFLD), which includes
non-alcoholic fatty liver (NAFL) and non-alcoholic steatohep-
atitis (NASH), contributes significantly to the burden of
chronic liver disease in the world.® According to a previous
meta-analysis that included 8 515 431 samples, the preva-
lence of NAFLD is approximately 25.24% worldwide,” with
rates as high as 29.62% in Asia and 42.04% in Southeast
Asia.® The NAFLD disease burden is directly related to both
liver disease and cardiovascular disease (CVD).° Recent data
have demonstrated an association between HF and NAFLD.
For instance, a previous retrospective cohort study that com-
prised 870 535 Medicare beneficiaries revealed a higher risk
of developing HF in patients with NAFLD compared with
those without NAFLD and a stronger association with HFpEF
than HFrEF.’® Similarly, a cohort study involving 10 422
Swedish adults showed that NAFLD was closely associated
with new occurrence of HF.'! This interaction might be asso-
ciated with many potential mechanisms. For instance, a ret-
rospective study including 886 patients with a left ventricular
ejection fraction (LVEF) > 40%, without obstructive epicardial
coronary artery disease, showed that NAFLD patients experi-
enced a higher incidence of coronary microvascular dysfunc-
tion and lower coronary blood flow reserve compared with
non-NAFLD patients.'> Besides, a meta-analysis involving
280 645 participants from 12 studies showed a significant as-
sociation between NAFLD and diastolic cardiac dysfunction.®
However, data on the relationship between HF and NAFLD re-
main scant, despite the fact that there is a strong correlation
between the two, especially HFpEF and NAFLD.

Analysis of enormous volumes of data available in public
databases reveals new insights into pathological processes
mediating many diseases. For instance, Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo), a com-
prehensive database that harbours high-throughput gene
expression data, contains datasets from international institu-
tions that were generated using high-throughput sequencing
and microarray technologies.** In this study, we used the GEO
database to evaluate potential mechanisms, diagnostic
markers, and possible therapeutic agents for HFpEF and
NAFLD.

Methods
Downloading and processing of datasets

We searched the GEO database using the mesh ‘heart failure
with preserved ejection fraction’ and ‘non-alcoholic fatty liver
disease’. Datasets with gene expression profiles including
case and control and those with a sample size > 5 in each

group were included in this study. The included datasets
had data from tissue samples, and those used to analyse di-
agnostic markers were peripheral blood samples. Datasets
containing data on reanalysis of processed or raw data and
those lacking drug intervention were also included in our
analysis. The normalized representation matrix was shown
in boxplot whereas the principal component analysis (PCA)
was used to visualize distribution patterns between samples.

Identification of differentially expressed genes

R package ‘limma’ was used to identify differentially
expressed genes (DEGs) in the datasets; |log,Fold
change| > 0.5 and P < 0.05 were used as the standard. Venn
diagrams were used to identify common DEGs in the two
diseases.

Construction of protein—protein interaction
networks and screening of hub genes

A protein—protein interaction (PPI) network of common DEGs
was created using STRING (https://www.string-db.org). The
nodes in the network with a confidence score > 0.4 were
screened and disconnected nodes were hidden.
Cytoscape3.8.2 software was employed for visualization,
whereas Cytohubba plug-in was used to screen for top 10
genes with node scores. MCODE plug-in was used to identify
key modules in the PPl network, and the screening criterion
included a degree cutoff of 2, a node score cutoff of 0.2, a
K-score of 2, and a max depth of 100. The module with the
highest score was used as the final functional module,
whereas the intersection of the two was used as the hub
genes of the network. To better understand the biological
characteristics of these hub genes, GeneMANIA was used to
construct and analyse the network as well as their
co-expressed genes.

Functional enrichment analysis

The R package ‘clusterProfiler’ was used to perform the Gene
Ontology (GO) and Kyoto Encyclopaedia of Genes and Ge-
nomes (KEGG) enrichment analysis of the common DEGs.
Gene Set Enrichment Analysis (GSEA) is a knowledge-based
method used to interpret genome-wide expression profiles.
In our study, we employed the GSEA for analysis of HFpEF
and NAFLD datasets, to identify potential biological path-
ways. An adjusted P-value < 0.05 was considered to be statis-
tically significant.
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Analysis of immune infiltration

Immune Cell Abundance Identifier (ImmuCellAl; http://
bioinfo.life.hust.edu.cn/ImmucCellAl) was used to estimate
the abundance of 24 immune cells, which included 18 T cell
subtypes and 6 other immune cells, such as B cells, natural
killer (NK) cells, monocytes, macrophages, neutrophils, and
dendritic cells. Histograms demonstrating the ratio of im-
mune cells, violin diagrams showing the difference between
immune cells in groups, and the correlation between immune
cells were drawn by R and related packages.

Validation of the expression of hub genes and
correlation of immune infiltration

The expression profiles of the hub genes and the immune
infiltration results were analysed using separate datasets. A
T-test was used to compare the two groups of data. A
P < 0.05 was considered to be statistically significant.

Screening of biomarkers

The screening criteria used for DEGs were employed to
screen for differentially expressed miRNAs. The least absolute
shrinkage and selection operator (LASSO) and support vector
machine-recursive feature elimination (SVM-RFE) were used
to screen for diagnostic biomarkers in the differentially
expressed miRNAs. Besides, we verified the data by perform-
ing searches in PubMed (https://www.ncbi.nlm.nih.gov/). Re-
ceiver operating characteristic (ROC) and area under the
curve (AUC) were used to estimate the diagnostic value of
the screened biomarkers.

Prediction of potential therapeutic drugs

Common DEGs were imported into the drug signature data-
base (DSigDB) to identify potential drug candidates. The top
10 drugs with the highest scores were used as drug
candidates.

Results
Evaluation of datasets

We utilized four GEO datasets: GSE192886, GSE126848,
GSE89632, and GSE185062, as summarized in Supporting In-
formation, Table S1I. Our data showed linear distribution
trend of the expression matrix of the datasets, indicating that
there was no obvious effect of the data batch (Supporting
Information, Figure SIA-D). PCA results showed good repeat-

ability of the data (Supporting Information, Figure S1E-H).
We further used the GSE192886 and GSE126848 datasets as
test sets for DEGs analysis, whereas GSE89632 pairing was
used as the validation set for the DEGs analysis. On the other
hand, GSE185062 was used to identify potential biomarkers
in peripheral blood. NASH was divided into test set whereas
NAFL was divided into validation set.

Identification of differentially expressed genes

Compared with the control group, there were a total of 194
DEGs (83 up-regulated and 111 down-regulated), 4404 DEGs
(1958 up-regulated and 2446 down-regulated), and 4911
DEGs (2603 up-regulated and 2308 down-regulated) in the
HFpEF, NAFL, and NASH groups, respectively (Figure 1A-C).
Heatmap results showed top 50 smallest genes as demon-
strated by the P-values (Figure 1E-G). HFpEF and NAFL had
37 common DEGs (6 up-regulated and 31 down-regulated),
whereas HFpEF and NASH had 42 common DEGs (8
up-regulated and 34 down-regulated). There were 33 com-
mon DEGs in the HFpEF, NAFL, and NASH groups (4
up-regulated and 29 down-regulated; Figure ID).

Protein—protein interaction network and hub
genes

We then imported 33 common DEGs into STRING to create
an 18-node and 28-edge network (Figure 2A). Using the
Cytohubba plug-in, we showed the top 10 important targets
in the PPI network (Figure 2B). The MCODE plug-in clustering
found two functional modules as shown in Supporting Infor-
mation, Table S2 and Figure 2C,D. Besides, GZMB, GATA3,
IL2RB (interleukin-2 receptor subunit beta), CXCR3, and
PRF1 (perforin 1) were the hub genes that intersected with
the above findings in Module 1.

GeneMANIA built a network of 20 related targets, for a to-
tal of 25 targets and 4888 total links. Five hub genes revealed
a complex PPI network with 77.64% physical interactions,
8.01% co-expression, 5.37% prediction, 3.63% co-localization,
2.87% genetic interactions, 1.88% pathway, and 0.60% shared
protein domains. Functional analyses of the network indi-
cated targets related to cytokine activity, chemokine receptor
binding, cellular response to chemokine, response to chemo-
kine, neutrophil migration, leukocyte migration, and granulo-
cyte chemotaxis (Figure ZE).

Functional enrichment analysis

Functional enrichment analysis was performed on 33 com-
mon genes. According to the GO, 84 biological processes
(BPs) were involved where the predominant association was
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Figure 1 Identification of differentially expressed genes (DEGs). (A) The volcano plot of GSE192886. (B) The volcano plot of non-alcoholic fatty liver
(NAFL) in GSE126848. (C) The volcano plot of non-alcoholic steatohepatitis (NASH) in GSE126848. (D) Co-expressed genes in heart failure with pre-
served ejection fraction (HFpEF) and non-alcoholic fatty liver disease (NAFLD). (E) The top 50 genes with the most remarkable expression changes
of GSE192886. (F) The top 50 genes with the most remarkable expression changes of NAFL in GSE126848. (G) The top 50 genes with the most remark-

able expression changes of NASH in GSE126848.
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positive regulation of immune effector process (Figure 3A).
KEGG results showed 12 related pathways, which were
mainly related to T helper 17 (Th17) cell differentiation and
NK cell-mediated cytotoxicity (Figure 3B). These findings
point to the importance of inflammation and immune infiltra-
tion in HFpEF and NAFLD. What’s more, GSEA results showed
that HFpEF, NAFL, and NASH datasets were enriched in 22,
68, and 40 signalling pathways, respectively. The intersection
in the Venn diagram (Figure 3C) demonstrated a total of
seven pathways. Further analysis revealed that chemokine
signalling pathway, cytokine—cytokine receptor interaction,
calcium signalling pathway, neuroactive ligand-receptor in-
teraction, osteoclast differentiation, and cyclic guanosine
monophosphate-protein kinase G (cGMP-PKG) signalling
pathway may be related to the diseases (Figure 3D—F).

Immune infiltration

The composition of immune cells was different between the
HFpEF group and the control group (Figure 4A). CD8_T and
nTreg were enriched in the HFpEF group (Figure 4B). In addi-
tion, we calculated the correlations between each immune
cell type to explore their relationships and possible interac-
tions. The results showed that there was a strong positive
correlation between Tfn and Trl, Tfh and iTreg, or Trl and
iTreg, whereas CD4_T and macrophage had the highest neg-
ative correlation (Figure 4C).

Further analysis showed that gamma delta T cells, macro-
phages, monocytes, Th17, and Th2 were abundant in the NAFL
group compared with the control group, whereas B cells and
neutrophils were enriched in the control group (Figure 5A,B).
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Figure 2 Protein—protein interaction (PPI) network and hub genes. (A) PPI networks of the differentially expressed genes (DEGs). (B) The top 10 im-

portant targets in the PPl network found by Cytohubba plug-in. (C) Module 1
genes and their co-expression genes were analysed using GeneMANIA.
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The correlation analysis of immune cells revealed a strong pos-
itive correlation between CD8 T and exhausted T cells,
followed by the strongest negative correlation between
gamma_delta T cells and B cells (Figure 5C). When compared
with the control group, the NASH group had higher levels of
CD8_T, cytotoxic T cells, gamma_delta T cells,
mucosal-associated invariant T (MAIT) cells, monocyte, Th17,
and Th2, whereas B cells and neutrophils were enriched in
the control group (Figure 5A,B). Our immunocell correlation
analyses showed the highest positive correlation between
the Tfn and CD4_T cells and the strongest negative correlation
between monocytes and neutrophils (Figure 5D).

Validation of the hub genes expression and
correlation of immune infiltration

To evaluate the reliability and accuracy of the bioinformatics
results, the validation dataset was used to verify the expres-

sion of hub genes. The results showed that the expression of
PRF1 and IL2RB in five hub genes was significantly higher in
NAFLD at different stages compared with the control group
(Figure 6A). We then examined the relationship between
PRF1, IL2RB, and immune cells. Trl, NK, and neutrophils were
negatively associated with IL2RB, whereas Th2, Th17, Thi,
monocyte, iTreg, gamma_delta, exhausted, effector_memory,
CD8_T, CD8_naive, and CD4_T were favourably connected
with IL2RB (Figure 6B). PRF1 was negatively correlated with
Trl, NK, and neutrophil, whereas Th2, Th17, Thl, nTreg,
monocyte, iTreg, effector_memory, CD8_T, CD8_naive, and
CD4_T had a positive correlation in NAFL (Figure 6C). In
NASH, our findings demonstrated that IL2RB was negatively
correlated with Trl, NK, neutrophils, and B cells and posi-
tively correlated with Th2, Th17, Thl, monocyte,
gamma_delta, effector_memory, CD8_T, CD8_ naive, and
CDA4_T cells. PRF1 was positively correlated with Th2, Th17,
Thl, nTreg, monocyte, MAIT, iTreg, effector_memory,

ESC Heart Failure 2023; 10: 416-431
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Figure 3 Functional enrichment analysis. (A) Gene Ontology (GO) function analysis results on common differentially expressed genes (DEGs). (B) Kyoto
Encyclopaedia of Genes and Genomes (KEGG) function analysis results on common DEGs. (C) The co-signalling pathways in heart failure with preserved
ejection fraction (HFpEF) and non-alcoholic fatty liver disease (NAFLD). (D) Signalling pathways found by Gene Set Enrichment Analysis (GSEA) in
HFpEF. (E) Signalling pathways found by GSEA in non-alcoholic fatty liver (NAFL). (F) Signalling pathways found by GSEA in non-alcoholic steatohepatitis

(NASH).
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CD8_T, and CD4_T and negatively correlated with NK, neutro-
phils, and B cells (Figure 6D,E).

Screening of biomarkers

A total of 351 differentially expressed miRNAs (167
up-regulated and 184 down-regulated) were found in the
NASH group compared with the control group (Figure 7A,B).
The LASSO algorithm identified 16 differential miRNAs with
non-zero regression coefficients, with a lambda.min of
0.01357128 (Figure 7C,D). Five key miRNAs were screened
out by SVM-RFE algorithm (Figure 7E). The analysis identified
a total of 19 possible miRNAs, where only miR-375 was
shown to be associated with HFpEF when searched in
PubMed (Figure 7F).> The AUC of miR-375 in NASH was
0.859 (Figure 8A), and its expression level in the NAFL group

was lower than that in the control group (Figure 8C), with an
AUC of 0.873 (Figure 8B). These data demonstrate that
miR-375 has high diagnostic value.

Prediction of potential therapeutic drugs

Five hub genes were used to screen potential drugs for HFpEF
and NAFLD. We identified the top 10 candidates using com-
bined score as shown in Supporting Information, Table S3.

Discussion

In this study, we identified a total of 33 common DEGs in
HFpEF and NAFLD. Results from the GO, KEGG, and
GeneMANIA implied that inflammatory and immune mecha-
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Figure 4 Immune infiltration of heart failure with preserved ejection fraction (HFpEF). (A) The fraction of 24 subsets of immune cells in HFpEF and
control samples. (B) Bar chart of the ratio of immune cells. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls. (C) Correlation matrix among 24 immune

cell subtype fractions.
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and chemokines such as IL-1, IL-6, IL-8, tumour necrosis factor

nisms are critical in both disorders. Inflammation has been
and IL-12.*° Other studies showed

that

widely implicated in CVD, and increase of pro-inflammatory
cytokines is associated with poor HF outcomes.
Canakinumab, an interleukin (IL)-1 inhibitor, was shown to
significantly reduce the risk of hospitalization and death in
HF patients with elevated C-reactive protein (CRP > 2 mg/L)
and a history of myocardial infarction (M1).*® Inflammation
of HFpEF is more systemic and serves as a bridge between
a series of extracardiac complications, including NAFLD, and
cardiac structural changes.’” NAFLD increases the production
of triglyceride-enriched very low-density lipoprotein particles
that are transported to peripheral tissues, resulting in abnor-
mal plasma lipoprotein levels. Apolipoprotein C3 and apolipo-
protein B can lead to endothelial dysfunction and toll-like re-
ceptor (TLR) activation.*® TLR, an important part of the innate
immune system, contains nucleotide-binding oligomerization
domain-like pyrin domain containing protein 3 (NLRP3),
which can fuel downstream release of a variety of cytokines

(TNF)-0,
NAFLD-induced low-grade chronic systemic inflammation

can damage coronary microvascular functions, generate oxi-
dative stress in endothelial cells, and eventually develop into
cardiac hypertrophy, increased heart hardness, and collagen
deposition.*°
The KEGG analysis showed that the Th17 cells may be asso-
ciated with the two disorders. Th17 is a T cell subpopulation
that mainly produces IL-17.%* In a transverse aortic constric-
tion (TAC)-induced HF rat model, there was also significant in-
crease in the plasma and heart tissue levels of IL-17, which
led to impaired cardiac function through the nuclear factor-
kB-mediated calcium pathway.?? In spontaneous hyperten-
sion rats, inhibition of IL-17 signalling pathway can reduce
myocardial collagen deposition and improve cardiac diastolic
function.?® A study involving 77 patients with HF showed an
increase in the IL-17 plasma level, which was negatively cor-
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Figure 5 Immune infiltration of non-alcoholic fatty liver disease (NAFLD). (A) The fraction of 24 subsets of immune cells in NAFLD and control samples.
(B) Bar chart of the ratio of immune cells. ¥*P < 0.05, **P < 0.01, ¥***P < 0.001 vs. controls. (C) Correlation matrix of 24 immune cell subtype fractions
in non-alcoholic fatty liver (NAFL). (D) Correlation matrix of 24 immune cell subtype fractions in non-alcoholic steatohepatitis (NASH).
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related with LVEF and fractional shortening.?? In 187 hyper-
tensive adults and 70 healthy controls, an increased percent-
age of Th17 was observed in hypertensive patients, particu-
larly in adults with left ventricular (LV) hypertrophy.?* Th17
is associated with the progression of NAFLD from NAFL to
NASH to liver fibrosis.>> Previous studies have shown that
the liver microenvironment increases macrophage infiltration
and hepatocyte balloon-like degeneration by changing the
features of the liver Th17 cells, and the mechanism is related
to the activation of the C-X-C motif chemokine receptor
(CXCR)3/C-X-C motif chemokine ligand (CXCL)9/10 axis.>®
Immune infiltration analysis revealed enhanced CD8_T
cells in both conditions. Increased infiltration of CD8_T cells
in myocardium was observed in HFpEF mouse models estab-
lished by N-nitro-L-arginine methyl ester and a high-fat diet.?’
Furthermore, CD8_T cells were shown to affect cardiac mac-
rophages, which are crucial in compensatory cardiac hyper-
trophy in mouse TAC models, and their absence promoted
compensatory hypertrophy and inhibited HF.?® The develop-

ment of NASH is significantly fuelled by CD8_T cells infiltra-
tion, which is also associated with eventual development of
hepatocellular carcinoma.?® Analysis of NAFLD mice gener-
ated with conditional lack of mineralocorticoid receptor in
myeloid cells using methionine-choline-deficient (MCD) diet
showed reduced degree of steatosis, and the mechanism
may be connected to decreased activation of CD8_T cells.>°
KEGG analysis also showed the role of NK cells. In the TAC
mouse model, two distinct NK cell clusters (1 and 12) were
identified in the heart. Both clusters were shown to signifi-
cantly express interferon (IFN)-y, whereas the smaller and
expanding NK cells clusters 12 were most likely to undergo
activation with the disease occurrence and were significantly
correlated with immune activation and cytokine production
pathways.3' Activated NK cells can facilitate the growth of
NASH by modulating the Janus kinase-signal transducer and
activator of transcription 1/3 axis, according to three distinct
animal models, including MCD, choline-deficient high-fat diet,
and high-fat diet with streptozotocin injection.?> NK
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Figure 6 Validation of hub genes expression and correlation of immune infiltration in GSE89632. (A) The expression levels of hub genes in
non-alcoholic fatty liver disease (NAFLD). *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls. (B) Analysis of correlation between IL2RB (interleukin-2
receptor subunit beta) and immune cells in non-alcoholic fatty liver (NAFL). (C) Analysis of correlation between PRF1 (perforin 1) and immune cells

in NAFL. (D) Analysis of correlation between IL2RB and immune cells in
PRF1 and immune cells in NASH.
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cells-derived IFN-y can maintain the inflammatory balance of
the liver and thus limit the progression of NASH to liver fibro-
sis in MCD model mice.>® The identification of peripheral
blood immune cells from 42 NAFLD patients and 13 healthy
volunteers revealed changes in the phenotype and function
of NK cells in NAFLD patients, which are closely associated
with sialic acid-binding immunoglobulin-like lectin 7, CD57,
and PD-1 expression.>*

Results from the GSEA suggested that chemokine signalling
pathway, cytokine—cytokine receptor interaction, calcium sig-
nalling pathway, neuroactive ligand—receptor interaction, os-
teoclast differentiation, and ¢cGMP-PKG signalling pathway
mediate the development of the two diseases. The role of
chemokines in both diseases has been demonstrated. For in-
stance, in an HFpEF mouse model constructed by salty drink-
ing water/unilateral nephrectomy/aldosterone or macro-
phages, major infiltrating inflammatory cells in the heart
expressed CXCR4 in large numbers. The high expression of
CXCR4 can inhibit peroxisome proliferator-activated receptor
y activity, enhance the pro-inflammatory state of macro-

phages, and also fuel CXCL3 expression to promote myofibro-
blast differentiation and fibrosis.>* Inhibition of the C-C motif
chemokine ligand (CCL)2/C-C motif chemokine receptor (CCR)
2 axis can improve cardiac dysfunction and delay fibrosis in
the TAC mouse model.®® Peripheral blood analysis of 30
HFPEF patients, 30 asymptomatic LV diastolic dysfunction pa-
tients, and 23 asymptomatic hypertension patients showed
increased CCL17, CCL18, and CXCL10.3” A previous
meta-analysis showed increased CCL2 and CXCL8 in NAFL
and increased CCL3, CCL4, CCL20, CXCL8, and CXCL10 in
NASH.3®8 CCR2 and its ligand monocyte chemoattractant
protein-1 play a central role in obesity-related insulin
resistance,®® and insulin resistance is closely related to NAFLD
and HFpEF.*® Furthermore, many studies have reported the
involvement of the CCR9/CCL25 axis in NAFLD and carcino-
genesis in humans and mice.**

The cytokines include IL, IFN, TNF, colony-stimulating
factor, growth factor, and chemokines and are synthesized,
secreted, or released by immune cells and non-immune cells
after stimulation.*> In animal models, with increased
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Figure 7 Screening of biomarkers in GSE185062. (A) The volcano plot of miRNAs in non-alcoholic steatohepatitis (NASH). (B) The top 50 miRNAs with

the most remarkable expression changes of NASH in GSE126848. (C) Ten-

time cross-verification for tuning parameter selection in the least absolute

shrinkage and selection operator (LASSO) model. (D) LASSO coefficient profiling. When 16 miRNAs were selected, the cross-validation error is the
smallest. (E) A plot of biomarkers option through support vector machine-recursive feature elimination (SVM-RFE) algorithm. When n = 5, the
cross-validation error is the smallest. (F) Venn diagram showed that 19 potential markers were found by LASSO and SVM-RFE.
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mitochondrial over-acetylation and NLPR3 inflammasome
synthesis leading to increased IL-1B/IL-18 production and
myocardial fibrosis in HFpEF mouse models by combining
age, long-term high fat diet and desoxycorticosterone.*®
Circulating IL-1B and IL-12 were higher whereas TNF-0, was
lower in HFpEF rat models constructed by high-salt diet
compared with HFrEF constructed by ligation of the left
coronary artery.** Adiponectin is an adipocyte-derived
cytokine that prevents progression of aldosterone-induced
HFpEF, and its mechanism may be associated with the
reduction of oxidative stress and regulation of intracellular
calcium-processing regulatory proteins.*® Analysis of 6814
participants in the multi-ethnic study of atherosclerosis
showed that IL-2 is an important component of suboptimal
inflammation in the pathogenesis of HFpEF.*® On the other
hand, the PREVEND (Prevention of Renal and Vascular
End-Stage Disease) study showed a significant association
between IL-6 levels and HFpEF development.*’ Elevated

plasma levels of growth differentiation factor 15 (GDF15)
are another significant independent predictor of complex
outcomes in HFpEF patients.*® A meta-analysis of 51 studies
involving 36 074 patients and 47 052 controls showed that
elevated levels of CRP, IL-1P, IL-6, TNF-a, and intercellular cell
adhesion molecule-1 were significantly associated with
increased risk of NAFLD.*® Plasma GDF15 concentration was
measured in 175 overweight/obese adolescents and showed
that GDF15 changed with changes in intrahepatic fat
content.®® Ectodysplasin A, a liver secreted protein, is ele-
vated in NAFL and NASH and is associated with progression
of steatosis and fibrosis.>* Moreover, a Korean study involving
2735 participants showed an inverse association between ad-
iponectin and the prevalence of NAFLD and could even serve
as a novel biomarker for NAFLD.>?

Ca®" is a ubiquitous second messenger that mediates vari-
ous cellular processes.>® It has been shown that, in the met-
abolic risk-related model of HFpEF, the level of mitochondrial
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Figure 8 Expression of miR-375 in non-alcoholic fatty liver (NAFL) and its diagnostic value in non-alcoholic fatty liver disease (NAFLD). (A) Receiver
operating characteristic (ROC) curves estimating the diagnostic performance of miR-375 in non-alcoholic steatohepatitis (NASH). (B) ROC curves esti-
mating the diagnostic performance of miR-375 in NAFL. (C) The expression of miR-375 in NAFL. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls. AUC,

area under the curve.
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free Ca®" is increased to compensate for the required ATP by
mild dysfunction of mitochondrial complex I. However, con-
tinuous increase may lead to opening of mitochondrial per-
meability transition pore.>* Increased cytoplasmic Ca®* levels
mediated by store-operated Ca®* channels and inositol 1,4,5-
trisphosphate receptors can inhibit autophagy and aggravate
NAFLD progression.>®> Importantly, changes in the mitochon-
drial Ca®* in NAFLD liver cells have been shown to lead to
more lipid absorption into the mitochondria, creating an im-
balance between mitochondrial metabolism and energy
production.>®

The discovery of neuroactive ligand-receptor interaction
suggests the role of neural signals in the two diseases. The
C-hydroxyephedrine positron emission tomography (PET)
study indicated that diastolic dysfunction in patients with

HFpEF was associated with impaired myocardial sympathetic
innervation.>” A longitudinal cohort study involving 33 899
Korean participants has shown that autonomic dysregulation
increases the risk of NAFLD,*® and consistent findings have
been obtained in the Chinese population.®®

cGMP is generated by the action of guanylate cyclase on
guanosine triphosphate.®® The cGMP-dependent protein ki-
nase (PKG) is an important downstream target of cGMP,
and its activation can regulate cardiac contractility and
myocardial remodelling.®* Decreased PKG activity has been
observed in patients with HFpEF.®? Soluble guanylate cyclase
(sGC) activation in cardiomyocytes from hypertensive rat
models induced by a high-salt diet for 10 weeks and from
patients with HFpEF inhibited cardiac hypertrophy and
improved cardiac function, in part due to improvements in
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c¢GMP-PKG signalling pathway.®® Further research into the
cGMP-PKG signalling pathway in HFpEF is required. Resistant
starch significantly reduced liver weight and inhibited lipid
accumulation in liver tissues in ob/ob mouse models by
modulating the cGMP-PKG signalling pathway.®* In a
choline-deficient, L-amino acid-defined, and high-fat diet-
induced mouse NASH model, sGC stimulators prevented he-
patic steatosis, inflammation, and fibrosis.®®

Aside from the pathway, the major genes involved in the
development of HFpEF and NAFLD remain unclear. By screen-
ing and verification, this study revealed the core positions of
PRF1 and IL2RB in the two disorders, which can control im-
mune invasion and inflammation. In the Framingham and
INCHIANTI cohorts, whole-transcriptome analysis of blood
samples from patients revealed that PRF1 was associated
with chronic inflammation in old age.®® In the NASH model
constructed by MCD feeding in PRF1-deficient mice, more se-
vere liver injury and inflammation were observed, mainly in-
volving CD8_T cells. More importantly, high PRF1 expression
was also observed in the plasma and liver of NASH patients.®’
Aside from IL-2, IL2RB can also act as a signalling receptor for
IL-15 and is involved in the regulation of T cell-mediated im-
mune responses.®® NASH occurred in Bama miniature pigs
fed on a high-fat and high-sucrose diet for 23 months, and
IL2RB is an associated inflammatory gene.®®

We finally predicted that the potential diagnostic molecule
was miR-375. Some studies reported that miR-375 confer
cardioprotection through the 3-phosphoinositide-dependent
protein kinase 1/protein kinase B signalling pathway in Ml
and doxorubicin-induced HF models.”®”* miR-375 can also in-
teract with IL-10 to inhibit cardiac inflammation.”? Our find-
ings were consistent with those reported in earlier studies,
demonstrating the important role of miR-375 in NAFLD.”>74
Interestingly, a recent retrospective study suggested that
miR-375 may be regulated by vitamin D during the pathogen-
esis of NAFLD.”

Among the 10 potential drugs with the highest combined
score predicted by DSigDB, the drugs closely related to two
diseases may be bosentan, eldecalcitol, ramipril, and
probucol. Bosentan, an endothelin receptor antagonist, is
the first-line drug for the treatment of pulmonary
hypertension.”® In a rat model of NAFLD constructed using
MCD, bosentan reduced intrahepatic vascular resistance,
increased intrahepatic extravascular flow, and reduced
steatosis and liver injury.”” Bosentan has also been shown
to increase resting caloric expenditure in obese patients, con-
tributing to weight loss.”®

Eldecalcitol is an oral active vitamin D analogue used for
the treatment of osteoporosis.”® Interestingly, we found in
GSEA that osteoclast differentiation may be associated with
both diseases. Low 25(OH)D levels were associated with poor
clinical outcomes among patients with asymptomatic dia-
stolic dysfunction or newly diagnosed HFpEF patients.®® How-
ever, there are no studies on the efficacy of vitamin D supple-

ments in HFpEF patients. A case—control study of 3023
subjects in a community in Nanjing, China, found that an ele-
vated serum vitamin D level decreased the risk of NAFLD.2* In
a 12 month randomized controlled trial, low and moderate
doses of vitamin D (1000 1U/day) reduced hepatic steatosis
and fibrosis in NAFLD patients.’? A meta-analysis of 544
NAFLD subjects from 10 trials also showed that vitamin D
supplementation improved glycaemic control and insulin re-
sistance in NAFLD patients.®® These studies demonstrate a
role for vitamin D in both diseases, but further prospective
and mechanistic studies should be conducted to evaluate
the role of eldecalcitol in HFpEF and NAFLD.

Ramipril belongs to the family of angiotensin-converting
enzyme inhibitors (ACEIl). Currently, it is not clear whether
ACEI can improve HFpEF. A meta-analysis showed that ACEI
treatment reduced the risk of hospitalization for HFpEF.3* A
Hong Kong study showed that diuretics combined with
ramipril slightly improved LV diastolic longitudinal function
and reduced N-terminal pro-B-type natriuretic peptide
(NT-proBNP) within 1 year.®®> Retrospective studies have
shown that ACEIl can reduce the risk of liver-related events
in NAFLD patients, particularly those with chronic kidney
disease.®® Given the subtle differences between different
types of ACEI, studies related to ramipril should also be con-
ducted to assess the role of ramipril in both diseases.

Probucol has antioxidant and low-density lipoprotein-
lowering effects.®” A recent prospective study involving 876
Japanese patients with coronary heart disease and
dyslipidaemia found that probucol had some benefits despite
decreasing high-density lipoprotein (HDL).%8 In 26 NASH pa-
tients with dyslipidaemia, probucol treatment (500 mg/day
for 48 weeks) improved insulin resistance, decreased serum
transaminase levels, and decreased fatty liver activity scores,
and this benefit was independent of its lipid-lowering
effects.5%°

In conclusion, 33 common DEGs of HFpEF and NAFLD were
obtained in this work. We investigated the roles of inflamma-
tion and immune infiltration, and chemokine signalling
pathway, cytokine—cytokine receptor interaction, calcium
signalling pathway, neuroactive ligand—receptor interaction,
osteoclast differentiation, and cGMP-PKG signalling pathway,
total of six signalling pathways, in these two diseases. More-
over, PRF1 and IL2RB are the primary genes in both diseases.
Potentially helpful medications for these diseases include
bosentan, eldecalcitol, ramipril, and probucol, although addi-
tional research is required to demonstrate their effective-
ness. Notably, miR-375 was found to be a diagnostic marker
for the two disorders. These findings expand our understand-
ing of the diseases. At present, there is no suitable animal
model for HFpEF, not to mention the exploration of HFpEF
and NAFLD in the same model, targeting Th17, NK cells, or re-
lated inflammatory factors and intervention at the gene level
may provide new ideas for the construction of the model.
However, this study has some limitations. First, only one
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dataset was used and no validation sets for HFpEF were used.
Second, although the results were validated using additional
NAFLD datasets, clinical data were missing due to the retro-
spective nature of the study. It was scarce in the aspect of
biological function verification of target genes in in vitro
and in vivo experiments. We plan to resolve these issues in
our future studies.
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