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Background: Patients with systemic sclerosis (SSc) are known to have higher
incidence of atherosclerosis (AS). Mitochondrial injuries in SSc can cause
endothelial dysfunction, leading to AS; thus, mitochondria appear to be hubs
linking SSc to AS. This study aimed to identify the mitochondria-related
biomarkers of SSc and AS.

Methods:We identified common differentially expressed genes (DEGs) in the SSc
(GSE58095) and AS (GSE100927) datasets of theGene ExpressionOmnibus (GEO)
database. Considering the intersection between genes with identical expression
trends and mitochondrial genes, we used the least absolute shrinkage and
selection operator (LASSO) as well as random forest (RF) algorithms to identify
four mitochondria-related hub genes. Diagnostic nomograms were then
constructed to predict the likelihood of SSc and AS. Next, we used the
CIBERSORT algorithm to evaluate immune infiltration in both disorders,
predicted the transcription factors for the hub genes, and validated these
genes for the two datasets.

Results: A total of 112 genes and 13 mitochondria-related genes were identified;
these genes were then significantly enriched for macrophage differentiation,
collagen-containing extracellular matrix, collagen binding, antigen processing
and presentation, leukocyte transendothelial migration, and apoptosis. Four
mitochondria-related hub DEGs (IFI6, FSCN1, GAL, and SGCA) were also
identified. The nomograms showed good diagnostic values for GSE58095
(area under the curve (AUC) = 0.903) and GSE100927 (AUC = 0.904). Further,
memory B cells, γδT cells, M0 macrophages, and activated mast cells were
significantly higher in AS, while the resting memory CD4+ T cells were lower
and M1 macrophages were higher in SSc; all of these were closely linked to
multiple immune cells. Gene set enrichment analysis (GSEA) showed that IFI6 and
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FSCN1 were involved in immune-related pathways in both AS and SSc; GAL and
SGCA are related to mitochondrial metabolism pathways in both SSc and AS.
Twenty transcription factors (TFs) were predicted, where two TFs, namely
BRCA1 and PPARγ, were highly expressed in both SSc and AS.

Conclusion: Fourmitochondria-related biomarkers were identified in both SSc and
AS, which have high diagnostic value and are associated with immune cell
infiltration in both disorders. Hence, this study provides new insights into the
pathological mechanisms underlying SSc and AS. The specific roles and action
mechanisms of these genes require further clinical validation in SSc patients
with AS.

KEYWORDS

systemic sclerosis, atherosclerosis, machine learning, mitochondria-related genes,
immune infiltration

1 Introduction

Systemic sclerosis (SSc) is a chronic autoimmune connective
tissue disease characterized by vasculopathy, multiorgan fibrosis,
and dysregulated immune functions (Pongkulkiat et al., 2022). Its
mortality rate ranks first among all rheumatic diseases (Denton and
Khanna, 2017). Patients with SSc have higher risks of morbidity and
mortality due to cardiovascular diseases (CVDs) and have been
shown to have 1.8 times increased risk of coronary artery disease.
Patients with SSc and apparent cardiovascular symptoms are at
increased risk of deterioration and early death from cardiovascular
causes, accounting for approximately 20%–30% of all SSc deaths
(Mok and Lau, 2010). Atherosclerosis (AS) is the dominant
pathological cause of CVD and can significantly affect the
morbidity and mortality of SSc patients (Wu et al., 2022). The
incidence of AS in patients with SSc was reported to be 56%
(Pagkopoulou et al., 2023) as SSc is an independent risk factor
that can accelerate AS (Mok et al., 2011).

SSc and AS affect each other in clinical processes; therefore,
exploring their shared molecular mechanisms is essential.
Numerous studies have explored the risk factors of AS in
patients with SSc. One study demonstrated that SSc patients with
AS had higher modified Rodnan skin scores (mRSSs) and intima-
media thicknesses (Phuong et al., 2022). Another study showed that
the serum PCSK9 levels in SSc were positively correlated with
carotid intima-media thickness (p = 0.031) (Ferraz-Amaro et al.,
2020). Additionally, the levels of oxidative stress markers are higher
in the sera of SSc patients. Oxidative stress is a significant risk factor
in the damage of vascular endothelial cells, which leads to AS (Li
et al., 2022). Mitochondria are the energy supply stations that
maintain cellular homeostasis, and they are highly susceptible to
oxidative stress that can lead to severe damage (Chang et al., 2023).
Mitochondrial damage plays vital roles in the pathophysiology of
SSc and AS, and mitochondria appear to be hubs linking SSc to AS.
Mitochondrial damage activates innate immunity and facilitates the
development of autoimmune diseases (Rongvaux, 2018). SSc
reduces mitochondrial respiration and fusion, thereby inducing
mitochondrial injury (Cantanhede et al., 2022) that causes
endothelial dysfunction; these abnormal endothelial cells secrete
more inflammatory cytokines and show increased oxidized low-
density lipoprotein (LDL) levels associated with plaque formation
(Prajapat et al., 2023). Mitochondrial injury also causes pyroptosis of

the endothelial cells and hypertrophy of the smooth muscle cells
(Shemiakova et al., 2020). Subsequently, more reactive oxygen
species (ROS) are produced, contributing to oxidative injury of
the arterial walls and arterial stiffness (Vazquez-Agra et al., 2023).
The identification of common mitochondria-related biomarkers
between SSc and AS is expected to help in the diagnosis and
treatment of SSc combined with AS. Mitochondrial fusion and
fission have critical impacts on T-cell differentiation (Jia et al.,
2023). Mitochondria are the core organelles of energy
metabolism in the body, and the differentiation of distinct T cell
subsets relies on different metabolic pathways. Glycolysis is the main
pathway of development of the Th1/Th2/Th17 cells, and fatty acid
oxidation (FAO) is the main pathway of Treg development (Hu
et al., 2018). These findings suggest that mitochondrial dysfunction
is strongly associated with immune infiltration.

In this study, we screened the biomarkers of mitochondrial
dysfunction associated with the pathogenesis of SSc and AS as well
as explored the associations between mitochondria-related hub
genes and immune infiltration. First, we identified the
differentially expressed genes (DEGs) with common tendencies
between SSc and AS; then, we considered the intersections of
these DEGs with the mitochondria-related genes. Second, we
predicted four mitochondria-related hub genes using two
machine learning algorithms and investigated the relationships
between the hub genes and immune infiltration. Finally, we
predicted the transcription factors (TFs) for the four hub genes.
This study hereby provides new insights into the shared
pathomechanisms between SSc and AS.

2 Materials and methods

2.1 Data collection

We searched the Gene Expression Omnibus (GEO) database for
the keywords “systemic sclerosis” and “atherosclerosis” to obtain the
SSc- and AS-related datasets. The mitochondria-related genes were
then retrieved from GeneCard. First, the datasets were derived from
human samples. Second, each dataset had to include at least ten
samples. We downloaded the GSE58095 and GSE100927 datasets
separately from GPL10958 and GPL17077. The GSE58095 dataset
contains skin biopsies from 49 SSc patients and 43 healthy controls.
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The GSE100927 dataset contains 69 arteriosclerotic plaque samples
and 35 normal arterial tissue samples (Table 1). The patients with AS
were predominantly male, while the patients with SSc were
predominantly female. In the non-atherosclerotic group, diabetes
and hypertension were present in 1.6% and 24.2% of the patients,
respectively. In the AS group, diabetes and hypertension were
present in 30.9% and 79.1% of the cases, respectively. Compared
to the non-atherosclerotic group, the patients with AS had
significantly higher incidences of hypertension and diabetes; this
was also in agreement with the preexisting clinical results. There
were no statistical differences between the patient and control

groups in terms of age or sex. The demographic characteristics of
the participants are presented in Table 1, and a flow diagram of the
study is shown in Figure 1.

2.2 Differential gene expression analysis

The DEGs of the GSE58095 and GSE100927 datasets were
analyzed using the “limma” package in R software. The screening
condition for the GSE58095 dataset was set at | log2FC | > 1 and
adjusted to p < 0.05. For the GSE100927 dataset, the screening

TABLE 1 Details of the GEO datasets used in this study.

Characteristic GSE100927 (GPL17077) GSE58095 (GPL10958)

Non-atherosclerotic group AS patients Healthy control SSc patients

Included patients (n) 35 69 43 49

Age (years), mean (range) 64 (47–73) 68 (58–73) 46 (37–54) 52 (46–62)

Gender (F:M) 14:21 27:42 32:11 35:14

Diabetes mellitus 1.6% 30.9% NA NA

Hypertension 24.2% 79.1% NA NA

SSc, systemic sclerosis; AS, atherosclerosis.

FIGURE 1
Flowchart of the study design.
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condition was set at | log2FC | > 1 and adjusted to p < 0.05. The
results of the differentiation analyses were displayed as heat maps
and volcanic graphs.

2.3 Identification of mitochondria-
related DEGs

We identified 2,676 mitochondria-related genes by searching the
GeneCard database, with a relevance score greater than 1 as the
screening condition. We screened the DEGs showing common
expression trends. The mitochondria-related DEGs were
identified by considering the intersection between the
coexpressed DEGs and mitochondria-related genes.

2.4 Enrichment analyses of DEGs

We performed GO and KEGG functional enrichment analyses
of the screened differential genes by setting the screening condition
to p < 0.05.

2.5 Identification of mitochondria-related
hub DEGs

We used the least absolute shrinkage and selection operator
(LASSO) and random forest (RF) methods to identify the critical
prognostic genes and used the “glmnet” package in R to establish a
regression model. The penalty coefficient was determined through
10 cross-validations. The RF model was constructed using the
“randomForest” package in R. The top-10 variables were then
screened based on their relative importance scores. The
mitochondria-related hub DEGs were identified by taking the
intersection between the results from the LASSO and RF
algorithms through a Venn diagram.

2.6 Nomogram development based on
diagnostic biomarkers

We constructed nomograms to evaluate the diagnostic values of
the mitochondria-related hub DEGs for the two datasets using the
“rms” package in R. The receiver operating characteristic (ROC) and
calibration curves were then used to assess the reliability of the
model predictions. The mitochondria-related hub DEGs were
validated for both the GSE58095 and GSE100927 datasets.

2.7 Immune infiltration analyses of SSc
and AS

We used the CIBERSORT tool to perform deconvolution analysis
to estimate the immune infiltrations of 22 immune cell types. We
further assessed the relationships between the mitochondria-related
hub DEGs and these immune cells to present the results as heat maps.
Gene set enrichment analysis (GSEA) was performed next to analyze
the biological functions of each hub gene.

2.8 TF prediction

The online software NetworkAnalyst was used to construct the
gene interaction network of the TFs for the mitochondria-related
hub DEGs; this network was visualized using Cytoscape.

3 Results

3.1 Identification of DEGs

A total of 792 DEGs were identified in the GSE58095 dataset, of
which 504 were upregulated and 288 were downregulated; further, a
total of 2,193 DEGs were identified in the GSE100927 dataset, of
which 1,287 were upregulated and 905 were downregulated. The
DEG expressions for the GSE58095 and GSE100927 datasets are
represented via volcanomaps in Figure 2A, B, where the upregulated
genes are in depicted in red and downregulated genes are shown in
blue. The top-50 differential genes are represented as heatmaps in
Figure 2C, D. These DEGs are also shown as Venn diagrams
in Figure 3A).

3.2 Identification of mitochondria-
related DEGs

We screened the DEGs that had the same expression trends
(Supplementary Table S1) and selected their intersection with the
mitochondria-related genes (Figure 3B). Thirteen mitochondria-
related DEGs were thus identified as IFI6, CTSB, SLC1A3, FSCN1,
HCLS1, CD4, MMP9, GZMB, IFI27, CXCL12, GAL, BARD1, and
SGCA. DEGs having the same expression trends were mainly
enriched through antigen processing and presentation of
exogenous peptide antigens via major histocompatibility complex
(MHC) class II in the biological process (BP) enrichment analysis,
by the collage trimer in the cellular component (CC) enrichment
analysis, and by MHC class II protein complex binding in the
molecular function (MF) enrichment analysis (Figure 3C); the
KEGG pathway analysis revealed that these genes were enriched
in Staphylococcus aureus infections, rheumatoid arthritis, as well as
antigen processing and presentation (Figure 3D). The
mitochondria-related DEGs were mainly enriched by macrophage
differentiation in the BP enrichment analysis, by the collagen-
containing extracellular matrix in the CC enrichment analysis,
and by collagen binding in the MF enrichment analysis
(Figure 3E); the KEGG pathway analysis revealed that these
genes were enriched in antigen processing and presentation,
leukocyte transendothelial migration, and apoptosis (Figure 3F).

3.3 Screening mitochondria-related hub
genes and their diagnostic values

Using the LASSO algorithm, we identified five mitochondria-
related genes in SSc and AS (Figure 4A, C). The top-10 genes in SSc
and AS each were first identified using the RF method (Figure 4B,
D), of which seven genes appeared to be coexpressed. We used the
intersection of the results of these two algorithms to identify four
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mitochondria-related hub genes (IFI6, FSCN1, GAL, and SGCA)
(Figure 4E). The ROC curves were then used to estimate the
diagnostic values of these four hub genes (Figure 4F); SGCA was
observed to be downregulated (Figure 5D, H), whereas IFI6, FSCN1,
and GAL were noted to be upregulated in both the
datasets (Figure 5A–G).

3.4 Nomogram development based on
diagnostic biomarkers

We constructed a nomogram model that included the scores of
the four hub genes (Figure 6A, D). The bias-corrected curve was
close to the ideal calibration curve, indicating good calibration of the

model (Figure 6B, E). The area under the curve (AUC) values for the
two datasets were 0.905 and 0.904 (Figure 6C, F), indicating that the
model was reliable.

3.5 Immune infiltration analyses

We used the CIBERSORT algorithm to evaluate the immune
cell infiltrations between the case and control groups of both the
GSE100927 and GSE58095 datasets. The AS group showed
significantly elevated numbers of memory B cells, γδT cells,
M0 macrophages, and activated mast cells (Figure 7A),
whereas the resting memory CD4+ T cells and
M1 macrophages was significantly elevated in patients with

FIGURE 2
Identification of differentially expressed genes (DEGs). DEG heatmaps and volcano plots for the (A, B) SSc and (C, D) AS datasets.
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SSc (Figure 7B). The four hub genes were also closely linked to
multiple immune cells (Figure 7C, D). Single-gene enrichment
analysis showed that IFI6 and FSCN1 were enriched in the
intestinal immune network of the immunoglobulin A
production pathway in SSc (Figure 8A, B), whereas IFI6 and
FSCN1 were enriched in the primary immunodeficiency
signaling pathway in patients with AS (Figure 8E, F). GAL
and SGCA were associated with fatty acid metabolism in the
GSE58095 dataset (Figure 8C, D); GAL and SGCA were also

enriched in the primary immunodeficiency and cytosolic DNA
sensor in the GSE100927 dataset (Figure 8G, H).

3.6 TF prediction

We predicted a total of 20 TFs for the key genes (Supplementary
Figure S1A), of which two TFs, BRCA1 and PPARγ, were highly
expressed in SSc and AS (Supplementary Figure S1B–E).

FIGURE 3
Identification of mitochondria-related DEGs and functional enrichment between SSc and AS. (A) Venn diagram of the DEGs; (B) Venn diagram of the
mitochondria-related DEGs; (C, D) GO and KEGG enrichment analyses of DEGs with the same expression trends; (E, F) GO and KEGG enrichment
analyses of the mitochondria-related DEGs.
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4 Discussion

SSc mortality rates have increased significantly, and comorbidities
related to CVD that is initiated by AS can result in hospitalization
(Psarras et al., 2017). AS occurs in up to 56% of patients with SSc, and
asymmetric dimethylarginine (ADMA) as an important mediator in
vascular injury is often increased in the serum of patients with SSc and
correlated with the progression of AS (Pagkopoulou et al., 2023). In
addition, oxidative stress markers are increased in the serum of SSc
patients and positively correlated with low-density lipoprotein

cholesterol (LDL-C) levels (Ibrahim-Achi et al., 2023), and LDL-C
has been recognized as a significant contributing factor to the risk of
developing AS. Oxidative stress leads to severe mitochondrial damage
(Chang et al., 2023), which in turn may play crucial roles in the
pathophysiologies of SSc and AS. This study aimed to identify the
mitochondria-related hub genes of SSc and AS.

In this study, we identified 112 genes that had the same tendencies in
both disorders; of these, 13mitochondria-related genes were identified as
follows: IFI6, CTSB, SLC1A3, FSCN1, HCLS1, CD4, MMP9, GZMB,
IFI27, CXCL12, GAL, BARD1, and SGCA. GO and KEGG enrichment

FIGURE 4
Screening of mitochondria-related hub genes and evaluation of their diagnostic values: (A) LASSO analysis for screening mitochondria-related hub
genes in GSE58095; (B) identification of mitochondria-related hub genes according to the importance of variables by random forest (RF) analysis of
GSE58095; (C) LASSO analysis for screening mitochondria-related hub genes in GSE100927; (D) identification of mitochondria-related hub genes
according to the importance of variables by RF analysis of GSE100927; (E) Venn diagram of the four common mitochondria-related hub genes
between the two datasets; (F) receiver operating characteristic (ROC) curves of the four hub genes to assess their diagnostic values in the GSE58095 and
GSE100927 datasets.
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analyses showed that these genes were significantly enriched in
macrophage differentiation, collagen-containing extracellular matrix,
collagen binding, antigen processing and presentation, leukocyte
transendothelial migration, and apoptosis. This suggests that two
points need to be considered: first, macrophage polarization, collagen
synthesis, and abnormal immune conditions were common pathogenic
mechanisms in these two diseases; second, impaired mitochondrial
function may have affected these processes.

We used two machine learning algorithms to screen four
mitochondria-related hub genes, namely IFI6, FSCN1, GAL, and

SGCA. Interferon-alpha-inducible protein 6 (IFI6) is an interferon
(IFN)-stimulated protein that is enriched in the inner mitochondrial
membrane (Cheriyath et al., 2018); IFI6 is highly expressed in the
microvascular endothelial cells (MVECs) of SSc patients with interstitial
lung disease (Piera-Velazquez et al., 2021), indicating that IFI6 is
involved in the development of SSc vasculopathy. IFI6 is also vital
for innate immunity against multiple viruses (Dukhovny et al., 2019) as
viral infections can drive the onset of SSc in susceptible individuals
(Fineschi, 2021; Chen et al., 2023). Chronic inflammation resulting
from viral infections promotes AS development (Poznyak et al., 2020);

FIGURE 5
Expression levels of the four hub genes in the GSE58095 and GSE100927 datasets (A) Expression level of IFI6 in GSE58095; (B) Expression level of FSCN1 in
GSE58095; (C) Expression level of GAL in GSE58095; (D) Expression level of SGCA in GSE58095; (E) Expression level of IFI6 in GSE100917; (F) Expression level of
FSCN1 in GSE100927; (G) Expression level of GAL in GSE100927; (H) Expression level of SGCA in GSE100927. *p < 0.05; **p < 0.01; ***p < 0.001.
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IFI6 is associated with the type I interferon-signaling pathway, and these
type I interferons in plaques are known to aggravate AS; additionally,
type I interferons are essential mediators of the pathogenesis of AS (Jia
et al., 2017; Chen et al., 2020; Mathian et al., 2023).

Fascin actin-binding protein 1 (FSCN1) is a member of the
fascin family (Ou et al., 2020) and contributes tomitochondrial actin
filament remodeling to promote mitochondrial oxidative
phosphorylation (Lin et al., 2019). FSCN1 is an endothelial

FIGURE 6
Development of the diagnostic nomogrammodel: (A) nomogram predicting the probability of SSc; (B) calibration curves of the SSc risk models; (C)
ROC curve of the SSc risk model; (D) nomogram predicting the probability of AS; (E) calibration curves of the AS risk models; (F) ROC curve of the AS
risk model.
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FIGURE 7
Immune cell infiltration analyses in SSc and AS: (A) boxplot showing the comparison of 22 kinds of immune cells between SSc and the control group;
(B) boxplot showing the comparison of 22 kinds of immune cells between AS and the control group; (C) heatmap representing the associations of the
differentially infiltrated immune cells with the four hub genes in SSc for the threshold of p < 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; (D) heatmap
representing the associations of the differentially infiltrated immune cells with the four hub genes in AS for the threshold of p < 0.05; *p < 0.05; **p <
0.01; ***p < 0.001.
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activation marker, and elevated levels of FSCN1 often imply vascular
damage (Bai et al., 2023). No relevant studies have explored the
relationships between FSCN1 and SSc; however, its expression is
associated with epithelial–mesenchymal transitions (EMTs) in other
fibrotic diseases, where the EMT process can be reversed by

inhibiting such expression (Fu et al., 2020). EMT occurs during
skin fibrosis and includes fibroblast–myofibroblast transitions
(FMTs) (Nikitorowicz-Buniak et al., 2015). EMT also promotes
atherosclerotic plaque formation by linking inflammation with
tissue remodeling (Peng et al., 2022). In summary, inhibition of

FIGURE 8
Gene set enrichment analysis (GSEA) for the four mitochondria-related hub genes in (A–D) SSc and (E–H) AS.
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EMT is a significant concern in the treatment of SSc and AS, and the
relationships between EMT and FSCN1 expressions in SSc and AS
need to be explored further. SGCA-null mice are more prone to
develop muscle fibrosis.

Glutamic acid meta-galanin (GAL) is a neuropeptide that
maintains the homeostasis of energy metabolism and is known to
induce mitochondrial damage in several diseases. The ATP levels and
mitochondrial membrane potential were reported to decrease when
the cochlear basilar membrane was treated with GAL (Guo et al.,
2020). GAL-induced cognitive impairment has been noted to result in
mitochondrial injury (Gong and Jia, 2023). Serum GAL-3 levels are
significantly elevated in patients with SSc and show good diagnostic
value (AUC = 0.903) (Gruszewska et al., 2020). In SSc patients, GAL-9
expression is elevated in both the skin and serum and is associated
with increased mortality as well as organ involvement (Chihara et al.,
2018). GAL-9 is also related to immune imbalances and known to
promote fibrosis by inhibiting Th1 production of interferon-gamma
(Saigusa et al., 2017). Studies on the association between GAL and AS
have mainly focused on GAL-3 and GAL-9; the formation of plaques
in GAL-9-deficient mice is significantly reduced after a high-fat diet
(Krautter et al., 2022), and GAL-9 can repolarize macrophages into
the proinflammatory phenotype to accelerate plaque formation. GAL-
3 is known to induce vascular calcification via MAPK signaling (Tian
et al., 2022). GAL-3 and GAL-9 are involved in disease development;
however, there are no studies investigating the action mechanisms of
GAL-3 and GAL-9 in SSc comorbid with AS. The α-sarcoglycan gene
(SGCA) is a protein-coding gene; in the present study, SGCA
expression was downregulated in both SSc and AS. SGCA is
critical for cell membrane stability and linking between the actin-
based cytoskeleton and extracellular matrix. As a dystrophin-
associated glycoprotein, SGCA influences the biology of vascular
smooth muscles (Kaplan and Morgan, 2022); smooth muscle cells
play crucial roles in the development of AS (Zhang et al., 2023). In SSc,
abnormalities of the vascular smooth muscle are always considered to
be associated with vascular dysfunction (Potjewijd et al., 2023). We
speculate that SGCA is functional in the vascular damage of SSc
patients and promotes AS progression.

Similar to previous findings, the memory B cells, γδT cells,
M0 macrophages, and activated mast cells were significantly elevated
in AS (Xiong et al., 2022). Switched memory cells can express IgG
antibodies, and IgG levels are linked to AS progression (Tsimikas et al.,
2007). The γδT cells promote early atherosclerotic lesion formation and
plaque instability (Gil-Pulido et al., 2022). Mast cells promote the
recruitment of neutrophils and production of extracellular traps to
aggravate inflammatory responses, resulting in plaque rupture and
thrombosis (Elieh-Ali-Komi et al., 2024). This study showed that resting
memory CD4+ T cells were significantly decreased in SSc lesions similar
to previous findings (Tu et al., 2022). M1 macrophages exert
proinflammatory effects, and several studies have indicated that
M1 macrophage polarization may aggravate inflammation in SSc
and promote skin fibrosis (Park et al., 2021; Zhang et al., 2022).
GSEA showed that IFI6 and FSCN1 were associated with immune-
related pathways in both AS and SSc, while GAL and SGCA were
related to mitochondrial metabolism pathways in both SSc and AS.
GAL and SGCA may participate in fatty acid metabolism in SSc, and
such disturbances in the fatty acid metabolism can cause mitochondrial
dysfunction (Noels et al., 2021); these two genes are also involved in
cytosolic DNA sensing in AS and can detect the cytosolic DNA to

activate downstream interferon signaling (Li et al., 2013). Cyclic GMP-
AMP synthase (cGAS) is a cytosolic DNA sensor, and STING is a
downstream protein of cGAS; the STING pathway is activated in AS
and is associated with plaque instability (Wan et al., 2022; Ueda et al.,
2023). However, no studies have linked the STING pathway or AS to
GAL or SGCA. The present study also predicted and validated the
associated TFs using two datasets; the TFs BRCA1 and PPARγ were
highly expressed in both datasets and are related to the IFI6 gene.

Mitochondrial dysfunction can damage endothelial function,
contributing to AS development in SSc patients (Prajapat et al.,
2023). However, there are no studies on the role of mitochondrial-
metabolism-related genes in the association between these two
diseases. The present study is the first to utilize machine learning
algorithms to identify mitochondria-related hub genes and reveal a
potential link between SSc and AS.

Although the findings of this study are novel and encouraging,
there are some inevitable limitations. We performed bioinformatics
analysis without in vitro or in vivo experiments to validate the
predicted results. To better understand the common pathogenic
molecular mechanisms of SSc and AS, subsequent cell or animal
experiments are required on the predicted results to verify the
conclusions; this is expected to provide ideas for the clinical
diagnosis and treatment of SSc patients with AS.

5 Conclusion

We identified four common mitochondria-related hub genes
(IFI6, FSCN1, GAL, and SGCA) between SSc and AS as well as
showed that these genes had high diagnostic values. IFI6 and
FSCN1 are involved in immune-related pathways in both
disorders, while GAL and SGCA are related to the mitochondrial
metabolism pathways in both disorders. This study provides new
insights into the common pathological mechanisms underlying SSc
and AS. However, further clinical studies are required to validate
these roles and action mechanisms of these genes in patients with
SSc and AS.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, and any further inquiries may
be directed to the corresponding author.

Author contributions

FW: Writing–original draft, Methodology, Visualization,
Formal Analysis, and Writing–review and editing. XYL: Funding
acquisition, Writing–review and editing. YMQ: Writing–review and
editing. MJX: Investigation, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study

Frontiers in Genetics frontiersin.org12

Wang et al. 10.3389/fgene.2024.1375331

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1375331


was supported by the Natural Science Foundation of Sichuan (no.
2022NSFSC0713).

Acknowledgments

The authors gratefully acknowledge Gene Expression Omnibus.

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, editors, and reviewers. Any product thatmay
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/fgene.2024.1375331/
full#supplementary-material

References

Bai, W., Ren, J. S., Xia, M., Zhao, Y., Ding, J. J., Chen, X., et al. (2023). Targeting
FSCN1 with an oral small-molecule inhibitor for treating ocular neovascularization.
J. Transl. Med. 21 (1), 555. doi:10.1186/s12967-023-04225-0

Cantanhede, I. G., Liu, H., Liu, H., Balbuena Rodriguez, V., Shiwen, X., Ong, V. H.,
et al. (2022). Exploring metabolism in scleroderma reveals opportunities for
pharmacological intervention for therapy in fibrosis. Front. Immunol. 13, 1004949.
doi:10.3389/fimmu.2022.1004949

Chang, X., Liu, R., Li, R., Peng, Y., Zhu, P., and Zhou, H. (2023). Molecular
mechanisms of mitochondrial quality control in ischemic cardiomyopathy. Int.
J. Biol. Sci. 19 (2), 426–448. doi:10.7150/ijbs.76223

Chen, D. Y., Tzang, C. C., Liu, C. M., Chiu, T. M., Lin, J. W., Chuang, P. H., et al.
(2023). Effect of the functional VP1 unique region of human parvovirus B19 in causing
skin fibrosis of systemic sclerosis. Int. J. Mol. Sci. 24 (20), 15294. doi:10.3390/
ijms242015294

Chen, H. J., Tas, S. W., and de Winther, M. P. J. (2020). Type-I interferons in
atherosclerosis. J. Exp. Med. 217 (1), e20190459. doi:10.1084/jem.20190459

Cheriyath, V., Kaur, J., Davenport, A., Khalel, A., Chowdhury, N., and Gaddipati, L.
(2018). G1P3 (IFI6), a mitochondrial localised antiapoptotic protein, promotes
metastatic potential of breast cancer cells through mtROS. Br. J. Cancer 119 (1),
52–64. doi:10.1038/s41416-018-0137-3

Chihara, M., Kurita, M., Yoshihara, Y., Asahina, A., and Yanaba, K. (2018). Clinical
significance of serum galectin-9 and soluble CD155 levels in patients with systemic
sclerosis. J. Immunol. Res. 2018, 9473243. doi:10.1155/2018/9473243

Denton, C. P., and Khanna, D. (2017). Systemic sclerosis. Lancet 390 (10103),
1685–1699. doi:10.1016/s0140-6736(17)30933-9

Dukhovny, A., Lamkiewicz, K., Chen, Q., Fricke, M., Jabrane-Ferrat, N., Marz, M.,
et al. (2019). A CRISPR activation screen identifies genes that protect against zika virus
infection. J. Virol. 93 (16), e00211. doi:10.1128/jvi.00211-19

Elieh-Ali-Komi, D., Bot, I., Rodríguez-González, M., and Maurer, M. (2024). Cellular
and molecular mechanisms of mast cells in atherosclerotic plaque progression and
destabilization. Clin. Rev. Allergy Immunol. 66 (1), 30–49. doi:10.1007/s12016-024-
08981-9

Ferraz-Amaro, I., Delgado-Frías, E., Hernández-Hernández, V., Sánchez-Pérez, H., de
Armas-Rillo, L., García-Dopico, J. A., et al. (2020). Proprotein convertase subtilisin/
kexin type 9 in patients with systemic sclerosis. Clin. Exp. Rheumatol. 38 (3), 18–24.

Fineschi, S. (2021). Case report: systemic sclerosis after covid-19 infection. Front.
Immunol. 12, 686699. doi:10.3389/fimmu.2021.686699

Fu, H., Gu, Y. H., Yang, Y. N., Liao, S., and Wang, G. H. (2020). MiR-200b/c
family inhibits renal fibrosis through modulating epithelial-to-mesenchymal
transition via targeting fascin-1/CD44 axis. Life Sci. 252, 117589. doi:10.1016/j.
lfs.2020.117589

Gil-Pulido, J., Amézaga, N., Jorgacevic, I., Manthey, H. D., Rösch, M., Brand, T., et al.
(2022). Interleukin-23 receptor expressing γδ T cells locally promote early
atherosclerotic lesion formation and plaque necrosis in mice. Cardiovasc Res. 118
(14), 2932–2945. doi:10.1093/cvr/cvab359

Gong, M., and Jia, J. (2023). Rutaecarpine mitigates cognitive impairment by
balancing mitochondrial function through activation of the AMPK/PGC1α pathway.
Mol. Neurobiol. 60 (11), 6598–6612. doi:10.1007/s12035-023-03505-6

Gruszewska, E., Cylwik, B., Gińdzieńska-Sieśkiewicz, E., Kowal-Bielecka, O.,
Mroczko, B., and Chrostek, L. (2020). Diagnostic power of galectin-3 in rheumatic
diseases. J. Clin. Med. 9 (10), 3312. doi:10.3390/jcm9103312

Guo, B., Guo, Q., Wang, Z., Shao, J. B., Liu, K., Du, Z. D., et al. (2020). D-Galactose-
induced oxidative stress and mitochondrial dysfunction in the cochlear basilar
membrane: an in vitro aging model. Biogerontology 21 (3), 311–323. doi:10.1007/
s10522-020-09859-x

Hu, Z., Zou, Q., and Su, B. (2018). Regulation of T cell immunity by cellular
metabolism. Front. Med. 12 (4), 463–472. doi:10.1007/s11684-018-0668-2

Ibrahim-Achi, Z., Jorge-Pérez, P., Abreu-González, P., López-Mejías, R., Martín-
González, C., González-Gay, M., et al. (2023). Malondialdehyde serum levels in patients
with systemic sclerosis relate to dyslipidemia and low ventricular ejection fraction.
Antioxidants (Basel) 12 (9), 1668. doi:10.3390/antiox12091668

Jia, H., Song, L., Cong, Q., Wang, J., Xu, H., Chu, Y., et al. (2017). The LIM protein
AJUBA promotes colorectal cancer cell survival through suppression of JAK1/STAT1/
IFIT2 network. Oncogene 36 (19), 2655–2666. doi:10.1038/onc.2016.418

Jia, L., Zhang, L., Liu, M., Ji, H., Wen, Z., andWang, C. (2023). Mitochondrial control
for healthy and autoimmune T cells. Cells 12 (13), 1800. doi:10.3390/cells12131800

Kaplan, K. M., and Morgan, K. G. (2022). The importance of dystrophin and the
dystrophin associated proteins in vascular smooth muscle. Front. Physiol. 13, 1059021.
doi:10.3389/fphys.2022.1059021

Krautter, F., Hussain, M. T., Zhi, Z., Lezama, D. R., Manning, J. E., Brown, E., et al.
(2022). Galectin-9: a novel promoter of atherosclerosis progression. Atherosclerosis 363,
57–68. doi:10.1016/j.atherosclerosis.2022.11.014

Li, X. D., Wu, J., Gao, D., Wang, H., Sun, L., and Chen, Z. J. (2013). Pivotal roles of
cGAS-cGAMP signaling in antiviral defense and immune adjuvant effects. Science 341
(6152), 1390–1394. doi:10.1126/science.1244040

Li, Y., Zhao, L., and Qi, W. (2022). Uric acid, as a double-edged sword, affects the
activity of epidermal growth factor (EGF) on human umbilical vein endothelial cells by
regulating aging process. Bioengineered 13 (2), 3877–3895. doi:10.1080/21655979.2022.
2027172

Lin, S., Huang, C., Gunda, V., Sun, J., Chellappan, S. P., Li, Z., et al. (2019). Fascin
controls metastatic colonization and mitochondrial oxidative phosphorylation by
remodeling mitochondrial actin filaments. Cell Rep. 28 (11), 2824–2836. doi:10.
1016/j.celrep.2019.08.011

Mathian, A., Felten, R., Alarcon-Riquelme, M. E., Psarras, A., Mertz, P., Chasset, F.,
et al. (2023). Type 1 interferons: a target for immune-mediated inflammatory diseases
(IMIDs). Jt. Bone Spine 91 (2), 105627. doi:10.1016/j.jbspin.2023.105627

Mok, M. Y., and Lau, C. S. (2010). The burden and measurement of cardiovascular
disease in SSc. Nat. Rev. Rheumatol. 6 (7), 430–434. doi:10.1038/nrrheum.2010.65

Mok, M. Y., Lau, C. S., Chiu, S. S., Tso, A. W., Lo, Y., Law, L. S., et al. (2011). Systemic
sclerosis is an independent risk factor for increased coronary artery calcium deposition.
Arthritis Rheum. 63 (5), 1387–1395. doi:10.1002/art.30283

Nguyen Thi Phuong, T., Dao Thi, T., Lundberg, I. E., and Nguyen Huy, B. (2022).
Atherosclerosis in Vietnamese patients with systemic sclerosis and its relationship to
disease and traditional risk factors. Rheumatol. Adv. Pract. 6 (2), rkac048. doi:10.1093/
rap/rkac048

Nikitorowicz-Buniak, J., Denton, C. P., Abraham, D., and Stratton, R. (2015). Partially
evoked epithelial-mesenchymal transition (EMT) is associated with increased TGFβ
signaling within lesional scleroderma skin. PLoS One 10 (7), e0134092. doi:10.1371/
journal.pone.0134092

Noels, H., Lehrke, M., Vanholder, R., and Jankowski, J. (2021). Lipoproteins and fatty
acids in chronic kidney disease: molecular and metabolic alterations. Nat. Rev. Nephrol.
17 (8), 528–542. doi:10.1038/s41581-021-00423-5

Frontiers in Genetics frontiersin.org13

Wang et al. 10.3389/fgene.2024.1375331

https://www.frontiersin.org/articles/10.3389/fgene.2024.1375331/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2024.1375331/full#supplementary-material
https://doi.org/10.1186/s12967-023-04225-0
https://doi.org/10.3389/fimmu.2022.1004949
https://doi.org/10.7150/ijbs.76223
https://doi.org/10.3390/ijms242015294
https://doi.org/10.3390/ijms242015294
https://doi.org/10.1084/jem.20190459
https://doi.org/10.1038/s41416-018-0137-3
https://doi.org/10.1155/2018/9473243
https://doi.org/10.1016/s0140-6736(17)30933-9
https://doi.org/10.1128/jvi.00211-19
https://doi.org/10.1007/s12016-024-08981-9
https://doi.org/10.1007/s12016-024-08981-9
https://doi.org/10.3389/fimmu.2021.686699
https://doi.org/10.1016/j.lfs.2020.117589
https://doi.org/10.1016/j.lfs.2020.117589
https://doi.org/10.1093/cvr/cvab359
https://doi.org/10.1007/s12035-023-03505-6
https://doi.org/10.3390/jcm9103312
https://doi.org/10.1007/s10522-020-09859-x
https://doi.org/10.1007/s10522-020-09859-x
https://doi.org/10.1007/s11684-018-0668-2
https://doi.org/10.3390/antiox12091668
https://doi.org/10.1038/onc.2016.418
https://doi.org/10.3390/cells12131800
https://doi.org/10.3389/fphys.2022.1059021
https://doi.org/10.1016/j.atherosclerosis.2022.11.014
https://doi.org/10.1126/science.1244040
https://doi.org/10.1080/21655979.2022.2027172
https://doi.org/10.1080/21655979.2022.2027172
https://doi.org/10.1016/j.celrep.2019.08.011
https://doi.org/10.1016/j.celrep.2019.08.011
https://doi.org/10.1016/j.jbspin.2023.105627
https://doi.org/10.1038/nrrheum.2010.65
https://doi.org/10.1002/art.30283
https://doi.org/10.1093/rap/rkac048
https://doi.org/10.1093/rap/rkac048
https://doi.org/10.1371/journal.pone.0134092
https://doi.org/10.1371/journal.pone.0134092
https://doi.org/10.1038/s41581-021-00423-5
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1375331


Ou, C., Sun, Z., He, X., Li, X., Fan, S., Zheng, X., et al. (2020). Targeting YAP1/
linc00152/FSCN1 signaling Axis prevents the progression of colorectal cancer. Adv. Sci.
(Weinh) 7 (3), 1901380. doi:10.1002/advs.201901380

Pagkopoulou, E., Soulaidopoulos, S., Katsiki, N., Malliari, A., Loutradis, C.,
Karagiannis, A., et al. (2023). The role of asymmetric dimethylarginine in
endothelial dysfunction and abnormal nitric oxide metabolism in systemic sclerosis:
results from a pilot study. Clin. Rheumatol. 42 (4), 1077–1085. doi:10.1007/s10067-022-
06472-w

Park, G. T., Yoon, J. W., Yoo, S. B., Song, Y. C., Song, P., Kim, H. K., et al. (2021).
Echinochrome A treatment alleviates fibrosis and inflammation in bleomycin-induced
scleroderma. Mar. Drugs 19 (5), 237. doi:10.3390/md19050237

Peng, Q., Shan, D., Cui, K., Li, K., Zhu, B., Wu, H., et al. (2022). The role of
endothelial-to-mesenchymal transition in cardiovascular disease. Cells 11 (11), 1834.
doi:10.3390/cells11111834

Piera-Velazquez, S., Mendoza, F. A., Addya, S., Pomante, D., and Jimenez, S. A.
(2021). Increased expression of interferon regulated and antiviral response genes in
CD31+/CD102+ lung microvascular endothelial cells from systemic sclerosis patients
with end-stage interstitial lung disease. Clin. Exp. Rheumatol. 39 (6), 1298–1306. doi:10.
55563/clinexprheumatol/ret1kg

Pongkulkiat, P., Thinkhamrop, B., Mahakkanukrauh, A., Suwannaroj, S., and
Foocharoen, C. (2022). Skin model for improving the reliability of the modified
Rodnan skin score for systemic sclerosis. BMC Rheumatol. 6 (1), 33. doi:10.1186/
s41927-022-00262-2

Potjewijd, J., Tobal, R., Boomars, K. A., van Empel, V., de Vries, F., Damoiseaux, J.,
et al. (2023). Plasma dephosphorylated-uncarboxylated matrix gla-protein in systemic
sclerosis patients: biomarker potential for vascular calcification and inflammation.
Diagn. (Basel) 13 (23), 3526. doi:10.3390/diagnostics13233526

Poznyak, A., Grechko, A. V., Poggio, P., Myasoedova, V. A., Alfieri, V., and Orekhov,
A. N. (2020). The diabetes mellitus-atherosclerosis connection: the role of lipid and
glucose metabolism and chronic inflammation. Int. J. Mol. Sci. 21 (5), 1835. doi:10.3390/
ijms21051835

Prajapat, S. K., Maharana, K. C., and Singh, S. (2023). Mitochondrial dysfunction in
the pathogenesis of endothelial dysfunction. Mol. Cell Biochem. doi:10.1007/s11010-
023-04835-8

Psarras, A., Soulaidopoulos, S., Garyfallos, A., Kitas, G., and Dimitroulas, T. (2017). A
critical view on cardiovascular risk in systemic sclerosis. Rheumatol. Int. 37 (1), 85–95.
doi:10.1007/s00296-016-3530-3

Rongvaux, A. (2018). Innate immunity and tolerance toward mitochondria.
Mitochondrion 41, 14–20. doi:10.1016/j.mito.2017.10.007

Saigusa, R., Asano, Y., Nakamura, K., Hirabayashi, M., Miura, S., Yamashita, T., et al.
(2017). Systemic sclerosis dermal fibroblasts suppress Th1 cytokine production via

galectin-9 overproduction due to Fli1 deficiency. J. Invest. Dermatol. 137 (9),
1850–1859. doi:10.1016/j.jid.2017.04.035

Shemiakova, T., Ivanova, E., Grechko, A. V., Gerasimova, E. V., Sobenin, I. A., and
Orekhov, A. N. (2020). Mitochondrial dysfunction and DNA damage in the context of
pathogenesis of atherosclerosis. Biomedicines 8 (6), 166. doi:10.3390/
biomedicines8060166

Tian, L., Wang, Y., and Zhang, R. (2022). Galectin-3 induces vascular smooth muscle
cells calcification via AMPK/TXNIP pathway. Aging (Albany NY) 14 (12), 5086–5096.
doi:10.18632/aging.204130

Tsimikas, S., Brilakis, E. S., Lennon, R. J., Miller, E. R., Witztum, J. L., McConnell, J. P.,
et al. (2007). Relationship of IgG and IgM autoantibodies to oxidized low density
lipoprotein with coronary artery disease and cardiovascular events. J. Lipid Res. 48 (2),
425–433. doi:10.1194/jlr.M600361-JLR200

Tu, J., Jin, J., Chen, X., Sun, L., and Cai, Z. (2022). Altered cellular immunity and
differentially expressed immune-related genes in patients with systemic sclerosis-
associated pulmonary arterial hypertension. Front. Immunol. 13, 868983. doi:10.
3389/fimmu.2022.868983

Ueda, K., Sakai, C., Ishida, T., Morita, K., Kobayashi, Y., Horikoshi, Y., et al. (2023).
Cigarette smoke induces mitochondrial DNA damage and activates cGAS-STING
pathway: application to a biomarker for atherosclerosis. Clin. Sci. (Lond). 137 (2),
163–180. doi:10.1042/cs20220525

Vazquez-Agra, N., Marques-Afonso, A. T., Cruces-Sande, A., Mendez-Alvarez, E.,
Soto-Otero, R., Lopez-Paz, J. E., et al. (2023). Assessment of oxidative stress markers in
hypertensive patients under the use of renin-angiotensin-aldosterone blockers.
Antioxidants (Basel) 12 (4), 802. doi:10.3390/antiox12040802

Wan, X., Tian, J., Hao, P., Zhou, K., Zhang, J., Zhou, Y., et al. (2022). cGAS-STING
pathway performance in the vulnerable atherosclerotic plaque. Aging Dis. 13 (6),
1606–1614. doi:10.14336/ad.2022.0417

Wu, Y., Ma, Q., Wang, X., Wei, T., Tian, J., and Zhang, W. (2022). Pyroptosis-related
gene signature and expression patterns in the deterioration of atherosclerosis. Dis.
Markers 2022, 1356618. doi:10.1155/2022/1356618

Xiong, T., Han, S., Pu, L., Zhang, T. C., Zhan, X., Fu, T., et al. (2022). Bioinformatics
and machine learning methods to identify FN1 as a novel biomarker of aortic valve
calcification. Front. Cardiovasc Med. 9, 832591. doi:10.3389/fcvm.2022.832591

Zhang, L., Zheng, D., Yan, Y., Yu, Y., Chen, R., Li, Z., et al. (2022). Myeloid cell-
specific deletion of Capns1 prevents macrophage polarization toward theM1 phenotype
and reduces interstitial lung disease in the bleomycin model of systemic sclerosis.
Arthritis Res. Ther. 24 (1), 148. doi:10.1186/s13075-022-02833-7

Zhang, Y., Sun, L., Wang, X., and Zhou, Q. (2023). Integrative analysis of HASMCs
gene expression profile revealed the role of thrombin in the pathogenesis of
atherosclerosis. BMC Cardiovasc Disord. 23 (1), 191. doi:10.1186/s12872-023-03211-0

Frontiers in Genetics frontiersin.org14

Wang et al. 10.3389/fgene.2024.1375331

https://doi.org/10.1002/advs.201901380
https://doi.org/10.1007/s10067-022-06472-w
https://doi.org/10.1007/s10067-022-06472-w
https://doi.org/10.3390/md19050237
https://doi.org/10.3390/cells11111834
https://doi.org/10.55563/clinexprheumatol/ret1kg
https://doi.org/10.55563/clinexprheumatol/ret1kg
https://doi.org/10.1186/s41927-022-00262-2
https://doi.org/10.1186/s41927-022-00262-2
https://doi.org/10.3390/diagnostics13233526
https://doi.org/10.3390/ijms21051835
https://doi.org/10.3390/ijms21051835
https://doi.org/10.1007/s11010-023-04835-8
https://doi.org/10.1007/s11010-023-04835-8
https://doi.org/10.1007/s00296-016-3530-3
https://doi.org/10.1016/j.mito.2017.10.007
https://doi.org/10.1016/j.jid.2017.04.035
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.3390/biomedicines8060166
https://doi.org/10.18632/aging.204130
https://doi.org/10.1194/jlr.M600361-JLR200
https://doi.org/10.3389/fimmu.2022.868983
https://doi.org/10.3389/fimmu.2022.868983
https://doi.org/10.1042/cs20220525
https://doi.org/10.3390/antiox12040802
https://doi.org/10.14336/ad.2022.0417
https://doi.org/10.1155/2022/1356618
https://doi.org/10.3389/fcvm.2022.832591
https://doi.org/10.1186/s13075-022-02833-7
https://doi.org/10.1186/s12872-023-03211-0
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1375331

	Relationships between systemic sclerosis and atherosclerosis: screening for mitochondria-related biomarkers
	1 Introduction
	2 Materials and methods
	2.1 Data collection
	2.2 Differential gene expression analysis
	2.3 Identification of mitochondria-related DEGs
	2.4 Enrichment analyses of DEGs
	2.5 Identification of mitochondria-related hub DEGs
	2.6 Nomogram development based on diagnostic biomarkers
	2.7 Immune infiltration analyses of SSc and AS
	2.8 TF prediction

	3 Results
	3.1 Identification of DEGs
	3.2 Identification of mitochondria-related DEGs
	3.3 Screening mitochondria-related hub genes and their diagnostic values
	3.4 Nomogram development based on diagnostic biomarkers
	3.5 Immune infiltration analyses
	3.6 TF prediction

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


