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Abstract    Ankylosing  spondylitis  (AS)  is  linked  to  an  increased  prevalence  of  myocardial  infarction  (MI).
However, research dedicated to elucidating the pathogenesis of AS-MI is lacking. In this study, we explored the
biomarkers  for  enhancing the  diagnostic  and therapeutic  efficiency of  AS-MI.  Datasets  were obtained from the
Gene  Expression  Omnibus  database.  We employed  weighted  gene  co-expression  network  analysis  and  machine
learning models to screen hub genes. A receiver operating characteristic curve and a nomogram were designed to
assess  diagnostic  accuracy.  Gene  set  enrichment  analysis  was  conducted  to  reveal  the  potential  function  of  hub
genes.  Immune  infiltration  analysis  indicated  the  correlation  between  hub  genes  and  the  immune  landscape.
Subsequently,  we  performed  single-cell  analysis  to  identify  the  expression  and  subcellular  localization  of  hub
genes. We further constructed a transcription factor (TF)-microRNA (miRNA) regulatory network. Finally, drug
prediction and molecular docking were performed. S100A12 and MCEMP1 were identified as hub genes, which
were  correlated  with  immune-related  biological  processes.  They  exhibited  high  diagnostic  value  and  were
predominantly  expressed  in  myeloid  cells.  Furthermore,  24  TFs  and  9  miRNA were  associated  with  these  hub
genes.  Enzastaurin,  meglitinide,  and  nifedipine  were  predicted  as  potential  therapeutic  agents.  Our  study
indicates that S100A12 and MCEMP1 exhibit significant potential as biomarkers and therapeutic targets for AS-
MI, offering novel insights into the underlying etiology of this condition.
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Introduction

The  occurrence  of  myocardial  infarction  (MI),  which  is
characterized  by  the  accumulation  of  atherosclerotic
plaques,  inflammation,  and  endothelial  dysfunction,
represents  a  prominent  cause  of  morbidity  and  mortality
on a global scale [1,2]. Cardiomyocyte death, which plays
a  pivotal  role  in  myocardial  injury  followed  by  MI,  is
frequently attributed to an intense inflammatory response
[3]. Previous studies have demonstrated that the complex
inflammatory response aroused in MI is highly associated
with the activation of a cascade of inflammatory signaling

pathways [4].
Ankylosing  spondylitis  (AS)  is  an  inflammatory

rheumatic  disease  characterized  by  progressive  and
debilitating  arthritis  that  involves  the  axial  bones  [5].
Typical clinical features of AS include inflammatory back
pain,  decreased  spinal  mobility,  oligoarthritis,  enthesitis,
and  dactylitis  [6].  The  latest  research  findings  indicate
that AS typically manifests before the age of 45 years and
exhibits  a  high  incidence  rate,  leading  to  diminished
quality  of  life  and  detrimental  psychological  and
physiologic  effects  [7].  The  prevailing  belief  is  that  AS
serves as a precipitating factor for MI and exacerbates the
severity  of  cardiac  injury,  augmenting  mortality  risk  in
patients  with  AS-MI  [8].  The  higher  cardiovascular
mortality  and  morbidity  rates  observed  in  AS  may  be
attributed  to  the  systemic  inflammation  [9].  However,
research on the pathogenesis of AS-MI remains scarce.
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Here,  we  identified  biomarkers  involved  in  the
pathogenesis  of  AS-MI  and  provided  novel  targets  for
clinical  diagnosis  and  treatment.  This  study  screened
available  AS  and  MI  datasets  to  look  for  co-expressed
differentially  expressed  genes  (C-DEGs)  and  the  hub
genes  were  further  identified  via  machine  learning
models.  Gene  set  enrichment  analysis  (GSEA)  was
performed  to  explore  the  underlying  functions  of  hub
genes.  Subsequently,  a  receiver  operating  characteristic
(ROC)  curve  and  a  nomogram  were  designed  to
demonstrate  accuracy for  clinical  prediction.  In  addition,
we  found  the  link  between  hub  genes  and  the  immune
landscape,  while  single-cell  analysis  identified  the
expression  and  cell  location  of  hub  genes.  Finally,  drug
prediction  was  performed  through  CMap  and  AutoDock
Tools.  The  present  study  is  the  first  to  determine  the
underlying pathogenesis of AS-MI and provide predictive
biomarkers for its diagnosis and treatment. The analytical
workflow is illustrated in detail in Fig. 1.
 

Materials and methods
 

Collection and processing of microarray data

The  MI  data  sets  (GSE66360  and  GSE60993)  and  AS
data sets (GSE25101 and GSE73754) were obtained from
the  Gene  Expression  Omnibus  (GEO)  database.  Among
them,  GSE66360  and  GSE25101  were  selected  for
differentially  expressed  gene  (DEG)  screening,  while
GSE60993  and  GSE73754  were  utilized  for  model
testing. The characteristics of the data sets are provided in
Table S1. 

DEG analysis

The DEGs in the GSE66360 and GSE25101 data set were
analyzed using the “limma” package with the standard of
|log2FC| > 0.585 and P value < 0.05. The ClueGO plug-in
in  Cytoscape  software  was  used  to  construct  a  PPI
network for the top 50 DEGs in the MI and AS data sets,

 

 
Fig. 1    Inclusion of literature flowchart.
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and  the  functions  of  these  important  DEGs  were  further
analyzed. 

Weighted gene co-expression network analysis
(WGCNA)

To  identify  the  potential  hub  genes  associated  with
disease phenotypes, we employed the WGCNA algorithm
to  construct  a  gene  co-expression  network.  Adjacency
was calculated by setting the soft threshold of the MI data
set  to  seven  and  the  soft  threshold  of  the  AS data  set  to
five.  The  correlation  coefficients  between  the  modules
and  clinical  features  of  MI  and  AS  were  separately
calculated,  followed  by  the  selection  of  genes  in  the
modules with |Cor| > 0.4 for further analysis. 

Building of machine learning models and validation of
hub genes

Machine  learning  models  were  employed  using  the
“caret” package,  which  included  the  support  vector
machine  (SVM),  random  forest  (RF),  generalized  linear
model  (GLM), k-nearest  neighbor  (k-NN),  and  least
absolute  shrinkage  and  selection  operator  (LASSO).  All
five machine learning models were executed with default
parameters  and  evaluated  through  fivefold  cross-
validation.  The  ROC curve  and  nomogram were  used  to
evaluate  the  accuracy  of  S100A12  and  MCEMP1  in
relevant  model  prediction,  aiming  to  identify  potential
biomarkers related to AS-MI. 

Verification of hub genes and construction of PPI
network

The “ggplot2” package was utilized to generate a boxplot
(Wilcoxon  test)  for  visualizing  the  expression  of  hub
genes  in  the  MI-GSE66360 and AS-GSE25101 data  sets
and  subsequently  validate  the  hub  genes  that  use  the
testing  data  sets  GSE60993  and  GSE73754.  The
GeneMANIA  website  was  used  to  construct  the  PPI
network  for  hub  genes,  while  the “ClusterProfiler”
package was utilized to perform Gene Ontology (GO) and
Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG)
analysis  on  the  functional  features  of  genes  in  the  PPI
network. 

GSEA

The samples were classified into two groups, namely, the
high and low expression groups,  based on the median of
hub  genes.  Differential  gene  analysis  was  performed
using  the “limma” algorithm,  followed  by  GSEA  using
the “ClusterProfiler” package  to  assess  and  visualize  the
significant pathways (P < 0.05) in the group with a high
expression of hub genes. 

Immune infiltration analysis

To  investigate  the  correlation  between  hub  genes  and
immune  cell  infiltration,  we  used  the  ESTIMATE
algorithm  to  analyze  the  infiltration  levels  of  immune
cells.  The  correlation  between  hub  genes  and  Estimate
score  was presented through scatterplots.  The violin  plot
was drawn using the “ggplot2” package to check whether
immune  cell  content  was  different  between  the  disease
sample and the normal sample (P < 0.05). The correlation
of  the  2  hub  genes  with  28  types  of  immune  cells  was
examined  using  the  single-sample  GSEA  (ssGSEA)
algorithm.  Then,  we  used  heat  maps  to  show  the
correlations between hub genes and immune cell markers.
GO  and  KEGG  pathway  sets  were  comprehensively
scored  using  the  gene  set  variation  analysis  (GSVA)
algorithm, and the correlation between immune pathways
and hub genes in MI and AS was analyzed. 

Single-cell analysis

The  single  nucleus  RNA  sequencing  data  set
(GSE214611) was obtained from the GEO database,  and
the  Seurat  V4.1.0  software  package  was  used  for
subsequent analysis [10]. After performing quality control
and  filtration,  we  conducted  cluster  analysis  and  utilized
the t-distributed stochastic neighbor embedding format to
visualize  these  clusters.  The  cell  type  was  subsequently
determined  using  the  findallmarkers  ()  function  of  the
“Seurat” package,  enabling  identification  of  the
composition  of  distinct  cell  subpopulations  across
different samples. 

Construction of the transcription factor (TF)-
microRNA (miRNA) regulatory network

We utilized  the  miRNet2.0  online  database  to  screen for
miRNA  and  TFs  associated  with  hub  genes  and
subsequently  identified  and  constructed  a  network  by
using Cytoscape software. 

Drug screening and molecular docking

Target  drugs  for  hub  genes  were  predicted  using  the
CMap  database.  Subsequently,  AutoDockVina  software
[11] was used to dock the predicted drug molecules with
two hub genes,  and Discovery Studio software was used
for visualization. 

Results
 

Identification of DEGs

Differential  analysis  between  50  normal  and  49  MI
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samples  in  GSE66360  revealed 1 222 DEGs.  Among
which,  700  were  upregulated  and  522  were
downregulated. A volcano plot was drawn to depict DEG
expression (Fig. 2A), and the top 50 DEGs were selected
to  create  a  heat  map  (Fig. 2B).  Simultaneously,  we
utilized  the  ClueGO  plugin  of  Cytoscape  software  to
construct a pathway network and investigate the functions
of  the  top  50  DEGs  associated  with  MI.  The  results
revealed  that  these  genes  were  primarily  associated  with
the “cellular  defense  response,” “neutrophil  chemotaxis,”
and “IL-10  signaling.” Furthermore,  other  signaling
pathways,  including “neutrophil  migration” and
“interleukin-2  production,” were  also  identified.  The
findings suggest that these DEGs play a regulatory role in
MI  by  modulating  immune  responses  and  inflammatory
signaling  pathways  (Fig. 2C).  Moreover,  62  DEGs  were
identified  in  GSE25101,  including  48  upregulated  genes
and  14  downregulated  genes.  These  DEGs  were
visualized  through  a  volcano  plot  (Fig. 2D)  with
downregulated  genes  in  blue  and  upregulated  genes  in
yellow.  We also chose the top 50 DEGs to create  a  heat
map (Fig. 2E) and explored the functions of  these DEGs
in  the  GSE25101  data  set.  The  top  50  DEGs  were  also
predominantly  enriched  in  inflammatory  signaling
pathways,  such  as “interleukin-1  signaling” and “the
regulation of RUNX2 expression and activity” (Fig. 2F). 

Identification of modules linked to the clinical features
of MI and AS via WGCNA

WGCNA  was  utilized  to  construct  a  co-expression
network  for  the  MI  and  AS  data  sets  and  identify  co-
expression  modules.  After  conducting  hierarchical
clustering  analysis,  neither  the  MI  nor  the  AS  data  set
yielded any statistically significant abnormal samples. We
set  the  optimal  soft  threshold  for  the  MI  data  set  to  7
(R2 = 0.85) and that for the AS data set to 5 (R2 = 0.85)
(Fig. 3A and 3B). Subsequently, the DEGs that exhibited
similar  expression  patterns  were  organized  into  modules
through  hierarchical  clustering  analysis.  Thus,  18
modules  were  identified  in  the  MI  data  set  and  29
modules  were  identified  in  the  AS  data  set  (Fig. 3C and
3D).  The  correlation  between  each  module  and  clinical
features  was  subsequently  computed  and  the  modules
with |Cor| > 0.4 were selected for further analysis. In the
AMI  network,  the  grey60  (Cor  =  0.48, P =  1e−06),
yellow (Cor = 0.61, P = 8e−11), and purple (Cor = 0.60,
P =  2e−10)  modules  were  identified  as  key  modules.  In
the  AS  network,  the  darkred  (Cor  = −0.41, P =  0.04),
grey60  (Cor  = −0.49, P =  0.01),  yellow  (Cor  = –0.41,
P =  0.04),  purple  (Cor  =  0.56, P =  0.003),  cyan  (Cor  =
−0.49, P =  0.01),  and  lightcyan  (Cor  = –0.63, P =
7e−04)  modules  were  selected  as  key  modules  (Fig. 3E
and 3F). 

Screening of C-DEGs

To  further  screen  DEGs,  we  first  employed  Venn
diagrams  to  identify  six  DEGs  (Fig. 4A).  Then,  five
machine  learning  models  were  constructed  using  the
“DALEX” package.  We  evaluated  the  predictive
performance  of  the  five  machine  learning  models  by
constructing ROC curves. The k-NN model exhibited the
largest area under the curve (AUC) = 0.897 in the MI data
sets  (Fig. 4B)  and  the  top  three  important  DEGs in  each
model  were  displayed (Fig. 4C).  The k-NN model  in  the
AS data set  also demonstrated superior  predictive ability
compared  with  the  four  other  models  (Fig. 4D),  and  the
top three significant DEGs of each model were presented
(Fig. 4E). Finally, we intersected the DEGs obtained from
the k-NN  model  through  Venn  diagrams,  and  thus,
S100A12 and MCEMP1 were  selected  as  potential
biomarkers  for  subsequent  analysis  (Fig. 4F).  The
diagnostic  performance  of  the  two  hub  genes  was
evaluated  with  ROC  curves,  and  they  presented
satisfactory  performance.  In  the  MI  data  set, S100A12
exhibited  high  accuracy  (AUC  =  0.893),  followed  by
MCEMP1 (AUC  =  0.838)  (Fig. 4G).  Meanwhile,  a
nomogram  that  incorporated  the  two  significant  risk
factors  was  constructed,  highlighting  their  superior
diagnostic value for predicting MI (Fig. 4H). In addition,
S100A12 (AUC  =  0.816)  and MCEMP1 (AUC  =  0.781)
also  demonstrated  high  accuracy  in  the  AS  data  set
(Fig. 4I). The construction of the nomogram revealed that
S100A12 and MCEMP1 exhibited  excellent  predictive
performance  for  AS  (Fig. 4J).  We  further  validated  the
hub  genes  in  the  testing  data  sets  (GSE60993  and
GSE73754),  and  the  result  also  showed  high  prediction
capacity  (Fig.  S1A  and  S1B).  Consequently,  the  data
revealed  that S100A12 and MCEMP1 can  be  considered
potential  diagnostic  biomarkers  for  predicting  AS-MI
patients. 

Functional enrichment and pathway analysis of hub
genes

We first evaluated the expression of the two hub genes in
the  MI  and  AS  data  sets,  and  the  findings  revealed  a
significant  upregulation  of S100A12 and MCEMP1
expression  in  the  MI  group  compared  with  the  normal
group in the GSE66360 and GSE60993 data sets (Fig. 5A
and  5B).  This  conclusion  was  significantly  consistent
with the expression of the two hub genes in the AS data
sets (Fig. 5C and 5D). A PPI network was constructed to
reveal  the  interaction  of  the  two  hub  genes  and  the
potential  mechanism, as performed via the GeneMANIA
website  (Fig. 5E).  We  then  used  the “ClusterProfiler”
package  to  conduct  GO  and  KEGG  enrichment  analysis
of  genes  in  the  PPI  network.  The  enriched  KEGG
pathway  exhibited  a  strong  correlation  with  the “IL-17
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Fig. 2    Identification of DEGs. (A) Volcano plot that shows the DEGs between MI and normal samples in the GSE66360 cohort. (B) The heat
map that displays the expression of the top 50 DEGs in the GSE66360 cohort. (C) The pathway enrichment network of the top 50 DEGs in the
GSE66360  cohort.  (D)  Volcano  plot  that  shows  the  DEGs  between  AS  and  normal  samples  in  the  GSE25101  cohort.  (E)  The  heat  map  that
displays the expression of the top 50 DEGs in the GSE25101 cohort. (F) The pathway enrichment network of the top 50 DEGs in the GSE25101
cohort.
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signaling  pathway” and “neutrophil  extracellular  trap
formation” (Fig. 5F).  Alternatively,  the GO analysis  also
revealed  enrichment  in  the “regulation  of  inflammatory
response,” “positive regulation of nuclear factor (NF)-κB
TF  activity” and “RAGE  receptor  binding” (Fig. 5G).
GSEA was performed to identify the signaling pathways
associated  with S100A12 and MCEMP1 in  the
pathogenesis  of  AS-MI.  The  results  revealed  that  the

signaling  pathway  activated  by  a  high  expression  of
S100A12 was  primarily  enriched  in  immune  and
inflammatory  responses,  encompassing “neutrophil
migration”, “positive  regulation  of  the  Wnt  signaling
pathway”, and “humoral immune response” (Fig. 5H and
5J).  Similarly,  the  GSEA  of MCEMP1 indicated  a
positive  correlation  with  inflammation  signaling
pathways  (Fig. 5I and  5K).  These  findings  suggest  that

 

 
Fig. 3    Identification of modules linked to the clinical features of MI and AS via WGCNA. (A, B) Soft threshold selection process in MI (A) and
AS (B).  (C,  D) Cluster  tree  dendrogram of  co-expression modules  in  MI (C) and AS (D).  (E,  F)  Heat  map of  module–trait  relationships in  MI
(E) and AS (F).
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Fig. 4    Screening of C-DEGs. (A) The Venn diagram that shows six important genes that overlap with the DEGs of AS-MI and the key module
genes of WGCNA. (B, D) ROC analysis of five machine learning algorithms based on fold cross-validation in the MI (B) and AS (D) cohorts.
(C, E) Important features in the RF, SVM, GLM, k-NN, and LASSO machine models in the MI (C) and AS (E) cohort. (F) The Venn diagram that
shows the intersection of the best model results in the MI and AS cohorts. (G) ROC curves of hub genes in the GSE66360 cohort. (I) ROC curves
of hub genes in the GSE25101 cohort. (H, J) Construction of a nomogram for predicting the risk of hub genes in the MI (H) and AS (J) cohorts.
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the  candidate  biomarkers  are  closely  associated  with
inflammatory  response  in  the  pathogenesis  and
development of AS-MI. 

Immune infiltration analysis

Given the significant involvement of immune response in
the pathogenesis of AS and MI as revealed by functional
enrichment  analysis,  we  conducted  immune  infiltration
analysis  to  evaluate  the  effect  of  the  two  hub  genes  on
immune  response.  In  the  MI  data  set, S100A12 and

MCEMP1 exhibited a robust correlation with the Estimate
score,  indicating  their  extensive  involvement  in  the
inflammatory response induced by MI (Fig. 6A and 6B).
Similarly,  in  the  AS  data  set, S100A12 and MCEMP1
demonstrated  a  significant  association  with  the  Estimate
score (Fig. 6C and 6D). Immune cell content disparity in
the MI and AS data sets was assessed using the ssGSEA
method. Compared with the normal group, the MI group
displayed  higher  proportions  of  neutrophils,  monocytes,
and  macrophages,  but  lower  proportions  of  effector
memeory  CD8  T  cells  (Fig. 6E).  In  addition,  the  AS

 

 
Fig. 5    Functional enrichment and pathway analysis of hub genes. (A, B) Expression of S100A12 and MCEMP1 in MI-GSE66360 (A) and MI-
GSE60993 (B). (C, D) Expression of S100A12 and MCEMP1 in AS-GSE25101 (C) and AS-GSE73754 (D). (E) Construction of the PPI network
with the GeneMANIA database. (F) KEGG analysis of genes in the PPI network. (G) GO analysis of genes in the PPI network. (H, I) GSEA of
S100A12 (H) and MCEMP1 (I) in the MI cohort. (J, K) GSEA of S100A12 (J) and MCEMP1 (K) in the AS cohort. **P < 0.01; ***P < 0.001.
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group  also  exhibited  higher  proportions  of  neutrophils,
monocytes,  and  macrophages  and  lower  proportions  of
effector memeory CD8 T cells compared with the normal

group  (Fig. 6F).  Meanwhile,  lollipop  plot  also  showed
that S100A12 and MCEMP1 were highly correlated with
monocytes,  macrophages,  and  neutrophils  (Fig. 6G–6J).

 

 
Fig. 6    Immune infiltration analysis. (A, B) Scatterplot of the correlation between the expression levels of the two hub genes and the ESTIMATE
score  in  the  MI  cohort.  (C,  D)  Scatterplot  of  correlation  between  the  two  hub  genes  and  the  ESTIMATE  score  in  the  AS  cohort.  (E)  The
distribution of 28 immune cells in the MI and normal groups. (F) The distribution of 28 immune cells in the AS and normal groups. (G–J) The
lollipop plot that shows the correlation between the expression levels of hub genes and the content of 28 immune cells in MI (G, H) and AS (I, J).
(K, L) The heat map that represents Spearman’s correlation coefficients between the two hub gene expressions and multiple immune cell marker
genes in MI (K) and AS (L). ***P < 0.001; ns: nonsignificant.
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Subsequently, we determined the association between hub
genes  and  immune  cell  biomarkers.  The  result
demonstrated  that S100A12 and MCEMP1 were
significantly  correlated  with  the  neutrophil  marker
cytidine  deaminase  (CDA)  in  the  AS  and  MI  data  sets
(Fig. 6K and 6L). In addition, the association of S100A12
and MCEMP1 with immune pathways in the MI and AS
data sets was further assessed. The findings demonstrated
a  positive  correlation  between S100A12 and MCEMP1
with  various  inflammatory  signaling  pathways,
particularly  those  associated  with “organ- or  tissue-
specific  immune  response” and “immune  response  that
inhibits signal transduction” (Fig. 6M). 

Single-cell analysis

We  first  performed  quality  control  and  filtering  on  17
samples from the data set GSE214611 to obtain 162 047
cells, which were partitioned into 12 clusters by utilizing
principal  component  analysis  with  a  dimensionality
reduction  of  20  and  a  resolution  threshold  of  0.2
(Fig.  S2A  and  S2B).  Based  on  the  cell  markers,  we
further classified the 12 clusters into 4 cell types, namely,
cardiomyocytes,  fibroblasts,  endothelial  cells,  and
myeloid cells (Fig. 7A). GO analysis revealed that marker
genes associated with the four cell types were enriched in
diverse  pathways,  indicating  substantial  heterogeneity
among  the  obtained  subtypes  based  on  single-cell  RNA
sequencing  analysis  (Fig. 7B).  By  analyzing  the
proportion  of  the  four  cell  types  in  each  sample,  the
percentage  of  myeloid  cells  exhibited  a  significant
increase  during  the  progression  of  MI,  corroborating  the
aforementioned  analysis  that  highlighted  inflammation’s
pivotal  role  in  the  development  of  MI.  The  presence  of
individual  outliers  within  the  data  can  be  potentially
attributed  to  sample  variations  (Fig. 7C).  Based  on  the
absence of S100A12 expression in mice and the structural
and  functional  similarities  between S100A12 and
S100A8/S100A9,  we  investigated  the  expression  of
S100A8/S100A9 and MCEMP1 in  the  four  cell  types,
revealing  their  dominant  presence  in  myeloid  cells
(Fig. 7D).  Subsequently,  we  examined  the  changes  in
S100A8/S100A9 and MCEMP1 expression during MI and
observed  a  significant  surge  during  the  early  stages
followed  by  a  gradual  decrease,  confirming  their
exceptional  accuracy  and  sensitivity  for  MI  diagnosis
(Fig. 7E). 

Construction of TFs and miRNA regulatory network

To  further  investigate  the  regulatory  mechanisms  of
S100A12 and MCEMP1,  we  conducted  a  screening  of
miRNA and TFs associated with hub genes by using the
miRNet2.0 online database. In addition, we identified and
constructed  a  network  that  consisted  of  24  TFs  and  9

miRNA  that  are  linked  to S100A12 and MCEMP1
through Cytoscape software (Fig. S3A). 

Identification of candidate drugs for AS-MI treatment

Furthermore, we performed candidate drug prediction for
S100A12 and MCEMP1 to  explore  potential  drugs  that
might  have  therapeutic  effect  on  AS-MI  patients.  We
separately uploaded the DEGs obtained from the MI and
AS data sets to the CMap database, where we identified a
common  presence  of  five  drugs  (meglitinide,  nifedipine,
enzastaurin,  faropenem,  and  cytarabine)  with  the  lowest
CMap scores in both diseases. The lower the CMap score,
the better the treatment effect. The primary mechanism of
action  for  the  five  drugs  involved  the  inhibition  of  the
protein  kinase  C  (PKC)  signaling  pathway,  and  the
blockade  of  potassium  and  calcium  channels,  which
might  have  significant  therapeutic  implications  for  AS-
MI treatment (Table 1). 

Molecular docking simulations

The two hub genes exhibited strong affinity with all five
drugs,  as  evidenced  by  the  specific  binding  energy
presented  in Table 2.  Based  on  this  binding  energy,  we
selected  three  drugs,  namely,  enzastaurin,  meglitinide,
and  nifedipine,  to  perform  molecular  docking  by  using
AutoDock  Tools  and  AutoDock  Vina  [11].  The  3D
structure  of  S100A12  and  MCEMP1  was  obtained  from
the  Uniprot  database,  and  Discovery  Studio  Visualizer
was  utilized  for  visualizing  the  interaction.  Enzastaurin
exhibited an alkyl effect with the ALA85, LEU82, LEU4,
HIS7, and VAL78 of S100A12, and the docking binding
energy  was −9.5  kcal/mol  (Fig. 8A).  Meglitinide  forms
carbon hydrogen bonds with GLU40 and HIS7 and alkyl
bonds with LEU36, VAL78, ILE14, LEU82, LEU77, and
PHE74  with  binding  energy  of −8.8  kcal/mol  (Fig. 8B).
Nifedipine  interacts  with  MET111  of  MCEMP1 to  form
an alkyl bond, and the binding energy was −8.1 kcal/mol
(Fig. 8C).  In  addition,  meglitinide  interacts  with
MCEMP1  to  form  alkyl  bonds  via  VAL125,  VAL129,
and  LYS119  and  conventional  hydrogen  bonds  with
LEU122,  with  a  docking  binding  energy  of
−7.4 kcal/mol (Fig. 8D). 

Discussion

The  occurrence  of  MI  significantly  contributes  to  the
elevated  rates  of  mortality  and  disability  on  a  global
scale,  posing  a  substantial  threat  to  public  health
worldwide  [12,13].  Systemic  autoimmune  diseases,
including  rheumatoid  arthritis  [14],  are  all  related  to
cardiovascular  disease,  resulting  in  a  rapid  increase  in
cardiovascular morbidity and mortality [15]. A subtype of
autoimmune disease,  known as  AS,  primarily  affects  the
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Fig. 7    Single-cell analysis. (A) Cell types were identified by marker genes. (B) The marker genes of the four cell types and the GO analysis of
marker genes. (C) The distribution of the four cell types in different samples. (D) The expression levels of MCEMP1, S100A8, and S100A9 in the
four  cell  types.  (E)  The  expression  levels  of MCEMP1, S100A8,  and S100A9 at  different  time  points  of  MI. *P <  0.05; ****P <  0.001;  ns:
nonsignificant.
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spinal  joints.  A  growing  body  of  evidence  indicates  that
individuals  with  AS  are  predisposed  to  cardiovascular
disease,  which  is  believed  to  be  a  consequence  of
systemic  inflammatory  response  and  exhibits  greater
severity  compared  with  common  cardiovascular  risk
factors  [16].  Recently,  the  largest  and  longest-lasting
national  study  conducted  in  the  Republic  of  Korea
showed that the risk ratio of MI in the AS group was 1.81
(95% confidence  interval  was  1.34–2.43).  This  finding
further  confirmed  that  AS  is  a  huge  risk  factor  for  MI
[17].  In  summary,  clinical  research  has  established  a
significant  association  between  MI  and  AS,  indicating
that  patients  with  AS  are  at  an  elevated  risk  for
developing MI. Therefore, a comprehensive investigation
into  the  mechanism  of  cardiovascular  injury  induced  by
AS and  the  judicious  selection  of  medications  constitute
pivotal  factors  in  preventing  AS-MI.  Given  the  current
absence of AS combined with MI data sets, coupled with
a  growing  body  of  evidence  that  highlights  the  pivotal
role  of  interactions  between  endothelial  cells  and
peripheral blood cells in the inflammatory milieu of both
conditions  [18–21],  we  conducted  bioinformatics  that
used MI (circulating endothelial cells) and AS (peripheral
blood cells) data sets to identify important biomarkers of
AS-MI  and  elucidate  its  underlying  molecular
mechanisms,  providing  robust  targets  for  the  precise
diagnosis and personalized treatment of AS-MI patients.

In the current study, we initially analyzed the DEGs in
the  MI-GSE66360  and  AS-GSE25101  data  sets.  We
observed  that  the  top  50  DEGs  were  predominantly
enriched  in  the “interleukin-2  production”, “neutrophil
migration”,  and  other  inflammatory  signaling  pathways.
These  findings  suggest  a  significant  involvement  of
inflammatory  response  in  the  pathogenesis  of  AS-MI.
The activation of pro-inflammatory signaling pathways is
known for being critical for the occurrence of MI and the

subsequent  pathological  remodeling  [22,23].  Hence,
emphasis  on  inflammatory  response  has  become  an
essential strategy for cardiac protection and rehabilitation
[24,25].  The  primary  cause  of  spinal  deformity  and
rigidity is persistent inflammation, while the inhibition of
pro-inflammatory  factor  secretion  effectively  suppresses
ectopic  ossification,  impeding  disease  progression  [26].
We  subsequently  conducted  WGCNA  and  machine
learning  analysis  to  further  identify  hub  genes. S100A12
and MCEMP1 were  ultimately  selected  as  hub  genes,
demonstrating  robust  predictive  capability  for  the
occurrence of AS-MI.

S100A12,  located  on  chromosome  3  in  humans,  is  a
member of the S100 calcium binding protein family [27].
S100A12 has  been demonstrated to  exhibit  the  ability  to
bind  with  and  activate  cell  surface  receptors,  including
Toll-like  receptor  4  and  G  protein-coupled  receptors,
initiating  intracellular  inflammatory  signal  transduction
and leading to the induction of pro-inflammatory cytokine
expression and involvement in immune and inflammatory
regulation  [28].  Accelerating  reports  have  identified  the
important  role  of  S100A12  in  rheumatoid  arthritis.  In  a
clinical study that involved 42 arthritis patients, the levels
of  S100A12  in  the  serum  were  extremely  elevated  and
then significantly reduced after treatment with metrediene
[29].  Moreover,  a  cohort  study  that  involved  1  023
patients demonstrated that the plasma levels of S100A12
exhibited  elevation  within  a  time  frame  of  30  min  and
exhibited  superior  sensitivity  compared  with  cardiac
troponin T and creatine kinase-MB (CK-MB) isoenzyme.
These  findings  were  further  validated  in  subsequent
cohort studies [30]. Hence, we hypothesize that S100A12
may act as a convincing biomarker for the diagnosis and
treatment of AS-MI.

MCEMP1 is a protein that spans the entire length of the
cell  membrane  and  mostly  expressed  in  mast  cells.  The

 

Table 1    CMap score and molecular action of potential drugs
Drug CMap score (MI) CMap score (AS) Mechanism of action

Meglitinide −1.6247 −1.54 Potassium channel antagonist

Nifedipine −1.6315 −1.5394 Calcium channel blocker

Faropenem −1.5942 −1.5048 Lactamase inhibitor

Enzastaurin −1.6829 −1.4353 PKC inhibitor

Cytarabine −1.5387 −1.4197 Ribonucleotide reductase inhibitor

 

Table 2    Physicochemical and pharmacokinetic properties typical for five small-molecule drugs
Drugs Binding energy S100A12 Binding energy MCEMP1 LogP HBD HBA PSA Rotatable bonds

Enzastaurin −9.5 −7.1 3.7 1 4 72.2 Å 5

Meglitinide −8.8 −7.4 3.4 2 4 75.6 Å 6

Nifedipine −8.2 −8.1 2.2 1 7 110 Å 5

Cytarabine −7.3 −6.9 −2.1 4 5 129 Å2 2
Faropenem −6.8 −7.0 0.3 2 6 112 Å 3

Note: LogP, lipid–water partition coefficient; HBD, hydrogen bond donor; HBA, hydrogen bond acceptor; MW, molecular weight; PSA, polar surface area.
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responsibility  of  MCEMP1  lies  in  encoding  a
transmembrane  protein  with  a  single  channel  and
participating in the regulation of monocyte differentiation
activity  or  immune  responses  [31].  MCEMP1  has  been
identified  as  a  potential  prognostic  and  diagnostic

biomarkers for  ischemic stroke [32].  Chen et  al.  verified
that the inhibition of MCEMP1 could reduce the levels of
serum  tumor  necrosis  factor-α,  IL-1β and  IL-6,
weakening the immune activity of sepsis mice [33].

The  results  of  GO  and  KEGG  analysis  revealed  a

 

 
Fig. 8    Molecular  docking  simulations.  (A)  Molecular  docking  pattern  between  S100A12  and  enzastaurin.  (B)  Molecular  docking  pattern
between  S100A12  and  meglitinide.  (C)  Molecular  docking  pattern  between  MCEMP1  and  nifedipine.  (D)  Molecular  docking  pattern  between
MCEMP1 and meglitinide.
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significant involvement of S100A12 and MCEMP1 in the
pathogenesis  of  inflammatory  and  immune  responses  in
AS-MI. Furthermore, the results of GSEA showed that a
high  expression  of S100A12 and MCEMP1 was  highly
correlated  with  inflammation  pathways,  such  as  the  NF
kappa  light  chain  enhancer  of  activated  B  cells  (NF-κB)
signaling  pathway.  NF-κB  plays  a  crucial  role  in
regulating  inflammatory  response,  cellular  proliferation,
and  cellular  differentiation  [34].  Considering  the
widespread  involvement  of S100A12 and MCEMP1 in
inflammatory  response  and  immune  processes,  we
conducted  immune  infiltration  analysis.  Compared  with
normal  samples,  the  MI  and  AS  samples  exhibited
immune  imbalance  characterized  by  a  decrease  in  the
levels  of  immune  cells  associated  with  immune  defense
and  an  overactivation  of  immune  cells  involved  in
inflammatory  response.  The  results  indicated  that  hub
genes  were  highly  correlated  with  neutrophils,
monocytes, and macrophages in the MI and AS data sets.
This  finding  is  consistent  with  the  function  analysis
above.  Neutrophils,  which  comprise  the  largest
proportion  of  circulating  leukocytes  in  the  blood,  are
quickly recruited to  the site  of  infraction [35].  Emerging
evidence  has  reported  that  the  high  correlation  between
neutrophil extracellular traps and thrombosis is one of the
major  reasons that  leads to the “no-reflow” phenomenon
in  the  pathogenesis  of  myocardial  ischemia-reperfusion
injury  [36].  In  addition,  one  study  reported  that
neutrophils  increased  the  severity  of  disease  in  AS
patients by enhancing Th17 response [37]. This finding is
highly  consistent  with  the  results  of  our  functional
enrichment analysis.  Monocytes and macrophages play a
pivotal  role  in  all  three  stages  of  MI,  and  the  excessive
infiltration  of  monocytes  and  macrophages  into  the
ischemic myocardium has been reported to result in tissue
destruction,  interstitial  fibrosis,  and  cardiac  dysfunction
[38].  S100A12,  which  is  mostly  secreted  by  neutrophil
granulocytes,  exhibits  high  level  in  patients  who  are
suffering  from various  inflammatory  disorders  [39].  The
inhibition  of MCEMP1 by  MiRNA-125  results  in  a
reduction in the serum levels of TNF-α, IL-1β, and IL-6,
while  simultaneously  enhancing  T  lymphocyte  viability
[40].

We  downloaded  the  single-cell  data  set  to  identify
cellular  heterogeneity  and  elucidate  its  underlying
mechanisms.  Four  cell  types  were  identified,  namely,
cardiomyocytes,  fibroblasts,  myeloid  cells,  and
endothelial cells. We further analyzed the cellular subsets
of  these  genes  and  observed  their  predominant  presence
in myeloid cells. S100A8, S100A9, and S100A12 belong
to the S100 protein family and exhibit a significant level
of  structural  and  functional  resemblance,  which  are
commonly  expressed  in  neutrophils,  macrophages,
monocytes,  and  other  immune  cells  [41]. S100A12 is
absent  in  mice,  but  it  is  located  on  chromosome  3

between S100A8 and S100A9 in  humans  [42].  Here,  we
further  explored S100A8 and S100A9 expression  in  the
scRNA-seq data set. Unexpectedly, a significant increase
in MCEMP1 and S100A8/S100A9 expression  was
observed  during  the  early  stage  of  MI.  This  finding  is
aligned  with  previous  RNA  sequencing  findings,
providing  a  direction  for  further  research  into  the
mechanism of comorbidity between AS and MI.

After the identification of hub genes related to AS-MI,
we further performed drug prediction with regard to hub
genes  and  provided  a  new  target  for  AS-MI  therapy.
Based  on  the  combined  score  and  energy  bonding,
meglitinide, nifedipine, and enzastaurin were predicted as
potential drugs for AS-MI. The meglitinide class of drugs
acts  as  a  rapid-acting  insulin  secretagogue,  exerting  a
significant  therapeutic  effect  on  type  2  diabetes  mellitus
by  primarily  reducing  postprandial  blood  glucose  levels
[43].  Nifedipine  is  a  vasodilator  calcium  antagonist  that
can increase coronary artery flow in ischemic areas, and it
may  have  a  protective  effect  on  ischemic  myocardium
[44].  Enzastaurin,  as  a  novel  antitumor  and
antiangiogenic  drug,  exerts  its  action  through  the
inhibition  of  PKC,  which  is  a  crucial  player  in  the
treatment  of  breast  cancer,  lung  cancer,  and  other
malignancies [45,46].

In  the  current  study,  we  determined  that S100A12 and
MCEMP1 are  upregulated  in  MI  and  AS,  exhibiting
significant diagnostic value. Functional analyses revealed
that  they  are  intricately  involved  in  inflammatory
responses  and  immune  processes.  Furthermore,  potential
agents that target S100A12 and MCEMP1 were proposed
through  drug  prediction.  Consequently,  S100A12  and
MCEMP1  may  serve  as  promising  targets  for  the
diagnosis and treatment of AS-MI. The limitation of this
study is the lack of in vivo or in vitro experimental data to
validate  and  corroborate  our  findings,  although  we  have
endeavored to strengthen the reliability of our conclusions
by  incorporating  MI  and  AS  validation  data  sets.
Consequently,  additional  experimental  research  is
imperative  to  validate  our  results  and  deepen  our
comprehension of the underlying mechanisms. 
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