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Abstract

Background: Acute myocardial infarction (AMI) is a common cardiovascular disease that has a high mortality. Pyroptosis is a pro-
grammed cell death mediated by inflammasome. It remains to be clarified on the expression pattern and risk predictive role of pyroptosis-
related genes in AMI. Methods: The gene expression data were extracted from the Gene Expression Omnibus (GEO), and pyroptosis-
related genes were obtained from published articles. Pyroptosis-related differential expressed genes were selected between normal and
AMI samples and then we explored their immune infiltration level using CIBERSORT. Univariate Cox and LASSO regression were
applied to establish a classifier based on pyroptosis-related genes. ROC analysis was utilized to evaluate the classifier. Results: In this
study, we obtained 20 pyroptosis-related genes which showed differential expression in AMI and normal samples. Among the differential
expressed genes, GZMB was significantly positively associated with activated NK cells (R = 0.71, p < 0.01), while NLRP3 exhibited
a negative correlation with resting NK cells (R =—-0.66, p < 0.01). 9 genes (NLRP9, GSDMD, CASPS, AIM2, GPX4, NOD1, NOD2,
SCAF11, GSDME) were eventually identified as a predictive risk classifier for AMI patients. With the classifier, patients at high and
low risk could be discriminated. Further external validation showed the high accuracy of the classifier (AUC = 0.75). Conclusions:
Pyroptosis-related genes are closely related to immune infiltration in AMI, and a 9-gene classifier has good performance in predicting
the risk of AMI with high accuracy, which could provide a new way for targeted treatment in AMI.
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1. Introduction fying patients at a high risk of AMI in early stages.
Pyroptosis is a type of pro-inflammatory regulated cell
death dependent on gasdermin family of proteins [10]. It

causes cell death by cell lysis, a result of impaired cellular

Acute myocardial infarction (AMI) is the most preva-
lent disease with high mortality in the world. Statistically, it

could result in a death toll accounting for 20% of all global
deaths. It has an annually increasing incidence predicted
to 0.44-1.42%, and causes 4.2—13.5% in-hospital mortal-
ity [1,2]. For the past few years, multiple treatments, such
as reperfusion, percutaneous coronary intervention (PCI)
and anti-thrombotic, have brought survival benefits in this
patient cohort and slightly decreased the related mortal-
ity [3,4]. However, AMI remains a great threat to human
health and imparts a large economic burden in the world
[5]. Serum biomarkers, such as creatine kinase-MB, cardiac
troponin I, and cardiac troponin T, are proven a diagnostic
indicator for AMI of clinical significance [6,7]. Neverthe-
less, they are not only lack of the predictive value, but also
not perfectly specific biomarkers for AMI [8,9]. Currently,
there is still a lack of specific biomarkers capable of identi-

osmotic pressure balance because of the formation of cell
membrane pores, with the involvement of NLRP3/Caspase
1/GSDMD axis [11]. It is reported that pyroptosis plays a
vital role in cardiovascular diseases, notably AMI. NLRP3
inflammasome and Caspase-1 are markedly up-regulating
in AMI [12,13]. At present, several studies have found that
suppressing pyroptosis of cardiomyocytes can dramatically
reduce myocardial infarction [14,15]. Several recent stud-
ies have revealed the prognostic value of a novel pyroptosis-
related genes signature in various diseases [16,17].

Based on the existing studies, pyroptosis plays an
essential role in the process of occurrence and develop-
ment of the AMI. However, whether pyroptosis is predic-
tive for the risk of AMI is largely unknown and requires fur-
ther exploration. Hence, we firstly screened genes associ-
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ated with pyroptosis from the AMI gene expression profile
obtained from Gene Expression Omnibus (GEO) and then
analyzed their association with infiltrating immune cells. A
risk prediction classifier for AMI was devised. Finally, we
detected the prediction accuracy through an external cohort,
which may help better clinical application.

2. Methods
2.1 Data collection

GSE59867 microarray documented with AMI gene
expression data was downloaded from GEO database (http
s://'www.ncbi.nlm.nih.gov/geo/). The microarray data were
from GPL6244 platform (HuGene-1 0-st Affymetrix hu-
man genome 1.0 ST), including 390 AMI samples and 46
healthy control samples. GSE62646 microarray was addi-
tionally obtained as the validation set. Platform annotation
files were downloaded to annotate Gene Symbol with Probe
ID. Mean probe expression was regarded as a gene expres-
sion if the Gene Symbol could be annotated by multiple
Probe IDs. In that way, gene expression profiles of the AMI
and normal samples were obtained. Referring to existing
literature [18] and the MSIGDB database (http://www.gs
ea-msigdb.org/gsea/msigdb/), 41 pyroptosis-related genes
were searched and 38 of them were overlapped with the
genes from GSES59867.

2.2 Differential analysis

Pyroptosis-related genes were analyzed by “limma”
package in AMI and normal samples. Genes that met
[logFC| >0 and adjust p < 0.05 (Benjamini-Hochberg
corrected) were screened as differential expressed genes
(DEGs). R package “ggpubr” was used to make a Volcano
Plot, and package “pheatmap” was operated to obtain a Heat
Map [19].

2.3 Correlation analysis

The association between pyroptosis-related genes in
AMI and all samples was analyzed by Pearson correlation
analysis according to a Bubble Chart by R package “cor-
rplot” and Scatter, Density Plots by package “ggplot”.

2.4 Immune microenvironment

CIBERSORT is used to provide the absolute propor-
tions of 22 infiltrating immune cells in the immune mi-
croenvironment based on gene expression data. It is a type
of deconvolution algorithm with the support vector regres-
sion analysis in a set of reference genes (n = 547) [20]. By
this algorithm, each sample can be conferred a p value (p
< 0.01) to assess the reliability of the deconvolution. Here,
CIBERSORT package was obtained from the developer and
applied with the default feature matrix. The associations
between the 22 infiltrating immune cells were further visu-
alized by R package “corrplot”.

2.5 Filtering of redundant factors by LASSO and
construction of a risk prediction model

Univariate Cox analysis was devised to filter redun-
dant genes from the DEGs. LASSO regression model was
established to further screen the remaining genes [21], and
the genes of significant predictive value for AMI were taken
to analyse in a multi-variate analysis. A riskscore was
thus obtained and formulated as: riskscore = Y .| 3, *
Exp (i) (i = the number of key genes) [22].

With the sextile as the threshold, patients were respec-
tively assigned to high and low risk groups. An external
validation set was used to test the model, and receiver op-
erating characteristic (ROC) curve was plotted to assess
the predictive performance. To further illuminate the link-
age mechanisms between AMI onset and pyroptosis-related
genes, a figure was presented.

2.6 Data analysis

R v4.0.2(R Foundation for Statistical Computing,
Vienna, Austria, http://www.r-project.org/) and RStudio
v1.2.1335 (Integrated Development for R. RStudio, Inc.,
Boston, MA, USA, http://www.rstudio.com/) were oper-
ated to perform data analysis. Significance evaluation was
fulfilled by #-test or Mann-Whitney test. Spearman correla-
tion coefficient was calculated to identify the associations
between the pyroptosis-related genes and 22 infiltrating im-
mune cells. Cox proportional hazard regression model was
established to estimate hazards ratio (HR) along with 95%
confidence interval (CI). ROC curve was made to estimate
the accuracy of the model in predicting the risk of AMI. All
differences on p < 0.05 were regarded to have statistical
significance.

3. Results
3.1 Pyroptosis-related DEGs

Gene expression profiles from the whole blood sam-
ples in 390 AMI cases and 46 healthy controls were ob-
tained from the GSE59867 microarray. Following differ-
ential analysis and combining the 41 reported pyroptosis-
related genes, finally 20 pyroptosis-related DEGs were
identified, including 13 up-regulated genes (NLRPY, GS-
DMC, NLRC4, GSDMD, CASPY, ELANE, GPX4, NLRP3,
NLRP6, NODI, NOD2, PYCARD, GSDME) and 7 down-
regulated genes (DHXY9, GZMA, GZMB, GSDMB, CASPS,
AIM?2, SCAF11) (Fig. 1A). Fig. 1B shows the differential
expression of the 20 DEGs in AMI and normal samples.
Fig. 1C presents the heatmap of the 20 DEGs.

3.2 Correlation analysis between DEGs

The “corrplot” package was used to perform correla-
tion analysis in the pyroptosis-related DEGs in both all in-
cluded samples and AMI samples. Results revealed that
GZMA and GZMB were significantly associated in both two
cohorts (All: 0.71, AMI: 0.69) (Fig. 2).
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Fig. 1. DEGs associated with pyroptosis in AMI. (A) Volcano Plot for the DEGs. (B) Box Plots showing the differential gene expression
in AMI and normal samples. (C) Heatmap for the DEGs. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 2. Correlation analysis on pyroptosis-related DEGs. Scatter Plot and Density Plot showing the correlation between GZMA and
GZMB in all samples and AMI samples.
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Fig. 3. Infiltrating immune cells in AMI and normal samples. Red for normal samples and Green for AMI samples. * p < 0.05, **

p <0.01, *** p < 0.001.
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Fig. 4. Correlation analysis between pyroptosis-related DEGs and immune cells. Scatter Plot and Density Plot showing the associ-
ations between GZMB and NK_cells_activated, NLRP3 and NK_cells_resting.

3.3 Association between pyroptosis-related DEGs and
infiltrating immune cells

Plasma cells, T cells CDS8, T cells follicular helper
were found more abundant in AMI samples versus
the healthy control (»p < 0.01), while Monocytes and
Macrophages M2 were reversely higher in normal sam-
ples (p < 0.01) (Fig. 3). Additionally, remarkable asso-

ciations were indicated in infiltrating immune cells and the
pyroptosis-related DEGs. Of note, GZMB was evidently
correlated to NK cells activated in a positive manner (R =
0.71, p < 2.2e-16), and NLRP3 was remarkably negatively
associated with NK cells resting (R =—-0.66, p < 2.2e-16)
(Fig. 4).
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Fig. 5. Comprehensive analysis on the predictive value of the pyroptosis-related risk model. (A) Univariate Cox regression analysis

in pyroptosis-related DEGs. (B) LASSO regression analysis. (C) Cross-validation. (D) Multivariate analysis on significant genes. (E)

Riskscore in AMI and normal samples. (F) External validation.

3.4 AMI classifier construction and performance
evaluation

In the univariate analysis, 20 pyroptosis-related genes
associated with AMI risk were filtered (Fig. 5A). Following
cross-validation in a LASSO regression model (Fig. 5B),
9 genes of vital significance were screened, including
NLRP9, GSDMD, CASPS, AIM2, GPX4, NODI, NOD2,
SCAF11, GSDME). Based on the 9 genes, a riskscore was
established (Fig. 5C). Further multivariate analysis pre-
sented that, CASPS, AIM2, GPX4, NODI, SCAF1l, GS-
DME exhibited remarkable significance in predicting the
risk of AMI (Fig. 5D, all p < 0.05). AMI patients had
significant higher risk scores versus the healthy controls
(»p < 0.01) (Fig. 5E). Based on the riskscore, AMI pa-
tients were then classified as high and low risk according
to the sextile. The model was further tested in an exter-
nal dataset (GSE62646) with the ROC-AUC detected to be
0.75 (Fig. 5F), suggesting good performance of the model in
predicting AMI risk. Fig. 6 shows the mechanism between
AMI and pyroptosis-related genes.
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4. Discussion

AMI is an irreversible damage to myocardium driven
by coronary artery thrombosis or occlusion [23]. Recent
studies demonstrated that pyroptosis was involved in the
pathogenesis of cardiac injury in AMI [24,25]. Moreover,
Inhibition of pyroptosis can cut down myocardial infarct
size [26]. In the study, we found that pyroptosis-related
genes were highly correlated with infiltrating immune in
AML. In addition, a 9 pyroptosis-related gene based on pre-
dictive model for AMI risk was constructed, and identified
to have favorable performance in discriminating between
high and low risk patients in an external validation set.

A growing number of studies have demonstrated
the crucial role of infiltrating immune cells in patients
with cardiovascular disease, such as neutrophils, monocyte
macrophages and helper T1 cells [27-30]. It remains to be
clarified on the abundance of the immune cells in AMI pa-
tients. Here, CIBERSORT algorithm was applied to find
higher proportions of Plasma cells, T cells CD8 and T cells
follicular helper in AMI group versus the healthy control
group, which is consistent with the existing studies [31,32].
On T cells follicular helper, currently there has no rele-
vant report yet and its clinical application value requires
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Fig. 6. The molecular signaling mechanisms of pyroptosis-related genes that mediate pathogenesis of AMI. On the one hand, the

activation of the intracellular NLRP family is provoked by the various pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), leading to the formation of the inflammasome. On the other hand, the activation of NLRP
inflammasome is regulated by ROS, whereas GPX4 suppresses the generation of ROS. Ultimately, the results in releasing of mature
IL-18, IL-18 and pyroptotic leakage of intracellular contents. NOD-1 and NOD-2 activate NF-xB, in turn promoting the transcription
and translation of A/M2 and NLRP. CASP8 and CASP3 also mediate the pathway of pyroptosis. SCAF11] is reported to contribute to
pyroptosis.

further investigation. It was reported that there is certain
relationship between cell pyroptosis and immune system
function. By releasing TNF-a and IL-18, the incidence
of pyroptosis can promote the aggregation of granulocytes,
macrophages and dendritic cells [33,34]. We here noted that
the pyroptosis-related genes in AMI were remarkably asso-

ciated with the infiltrating immune cells in the immune mi-
croenvironment. Of note, there was a significantly positive
correlation between GZMB and NK cells activated, while
an evidently negative association between NLRP3 and NK
cells resting. This demonstrated the close relationship be-
tween pyroptosis and NK cells, which was in agreement
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with the literature [35,36]. It has been shown in the studies
that NK cells are involved in the development and progres-
sion of myocardial infarction [37,38], therefore, it may be
a potential target for treating AMI. However, further stud-
ies will be needed to focus on whether the NK cells might
affect AMI via pyroptosis.

The predictive significance for AMI was composed
of 9 pyroptosis-related genes, including NLRP9, GSDMD,
CASPS, AIM2, GPX4, NOD1, NOD2, SCAF1l, GSDME.
The use of an external validation set further proved the good
performance of the 9-gene signature in predicting the risk of
AMI. NLRP9 (NLR Family Pyrin Domain Containing 9) is
a member of the NLRs family that comprises a leucine-rich
repeat (LRR), nucleotide-bindingoligomerization domain
(NACHT), and a caspase activation andrecruitment domain
(CARD) or a pyrindomain (PYD). As reported, NLRP9 un-
der inflammation would exhibit stronger expression [39],
while knock out of NLRPY gene could suppress inflam-
matory reactions and decrease tissue injury [40]. NOD
(Nucleotide Binding Oligomerization Domain), including
NODI and NOD2, shares similar structures to NLRP9 and
exerts vital effects during the occurrence of atherosclerosis
and further progression to AMI. In an animal experiment,
mice of NOD1/2 knock-out presented with less lipid depo-
sition and macrophage aggregation as compared to the nor-
mal mice [41]. AIM2 (Absent In Melanoma 2) contains a N-
terminal PYD signal domain and a C-terminal HIN200 do-
main, and it can recognize double-stranded DNA. Research
revealed that activation of AIM2 inflammasome could ag-
gravate atherosclerosis [42]. The NLRP inflammasome is
capable of bringing on the activation of caspase in pyrop-
tosis. Caspase-8 is a cysteinate-aspartate specific protease
and one of the major initiators involved in cell pyroptosis.
It would show increasing expression with the occurrence
of AMI [43], which is in agreement with the finding of
the present study. In cases of myocardial ischemia reper-
fusion (I/R), Caspase-8 could increase myocardial NO ox-
idation and mitochondrial reactive oxygen species (ROS),
while the ROS could further mediate pyroptosis via the NF-
kB-GSDMD signaling pathway [44,45]. GSDMD and GS-
DME are substrates of Caspase-8, respectively cleaved by
Caspase-1 and lysed by Caspase-3 upon pyroptosis [46,47].
A latest study presented that, the increasing GSDMD in pe-
ripheral blood of AMI patients were cleaved by inflamma-
tory Caspases to release mature /L-18 and IL-1[3, thereby
activating cell pyroptosis [48]. Collectively, genes are im-
portant players in AMI. GPX4 affects cell metabolism pre-
dominantly through regulating mitochondria. Moreover,
GPX4 inhibits oxidative stress (such as ROS), which is a
crucial signaling pathway involving in pyroptosis [49,50].
GPX4, protecting myocardial cells from injury, was down-
regulated in AMI [51]. SCAF 11 participants in pre-mRNA
alternative splicing by modulating the assembly of spliceo-
somes. Recent studies have identified the involvement of
SCAF11 in lipid metabolism and the increased expression

&% IMR Press

in coronary heart disease (2.5 times as likely the control)
[52,53]. However, the expression pattern and function of
SCAF11 in AMI need to be identified.

There have been multiple biomarkers available for di-
agnosis and prognosis of AMI. Wang ef al. [54] performed
weighted gene co-expression network analysis to study po-
tential AMI-related biomarkers. Zhang ef al. [55] iden-
tified 4 key genes which were capable of diagnosing the
plaque changes in recurrent AMI. Nevertheless, there is
still a gap on biomarkers predictive for the risk of AMI.
Distinct features of AMI were a rapid onset and high mor-
tality. Early revascularization can greatly reduce myocar-
dial injury and the mortality for patients. Thus, early iden-
tification and prevention for AMI are extremely impor-
tant to reduce the incidence and mortality, while improv-
ing patient prognosis. In this study, we first conducted a
prognostic classifier depending on pyroptosis-related genes
in AMI. A previous study found that a novel pyroptosis-
related gene signature had been remarkably effective to
predict the prognosis of uveal melanoma [56]. Simi-
larly, pyroptosis-related risk model had been used in or-
der to predict the prognosis of Hepatocellular carcinoma
[57]. In the present study, pyroptosis-related gene signa-
ture showed promising value in predicting the risk for AMI,
moreover, which has a better value as a predictor of AMI
through ROC analysis than others [58—62]. The model for-
mula established in this study is simple and easy to im-
plement. Intelligent and accurate early warning of AMI is
achieved mainly by collecting blood specimens from people
and measuring the gene expression profiles, which will pro-
vide a reliable reference basis for clinical decision-making
and bring excellent convenience.

This study also has some limitations and shortcom-
ings. First, this study is devised retrospective based on pub-
lic databases and only one external set was used for valida-
tion. In the future, larger clinical sample data are in demand
to support the finding of the study. Second, in despite of
the good predictive performance of the pyroptosis-related
genes we found here, there is paucity of studies on pyrop-
tosis, and the specific biological effects in AMI are largely
unknown. Third, the model we established lacks further
validation, and in vivo and in vitro experiments as well as
clinical trials are required.

5. Conclusions

In all, this study uncovered the close relationship be-
tween pyroptosis and AMI, and further identified the as-
sociation between pyroptosis and immune response. The
predicting model was built based on pyroptosis-related dif-
ferential genes. It may provide a new way for predicting
the risk of AMI, which has potential clinical value.
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