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A combined analysis of bulk RNA-seq

and scRNA-seq was performed to investigate
the molecular mechanisms associated

with the occurrence of myocardial infarction
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Abstract

Background Myocardial infarction (MI) induces complex transcriptional changes across diverse cardiac cell types.
Single-cell RNA sequencing (scRNA-seq) provides an unparalleled ability to discern cellular diversity during infarction,
yet the veracity of these discoveries necessitates confirmation. This investigation sought to elucidate Ml mechanisms
by integrating scRNA-seq and bulk RNA-seq data.

Methods Publicly available scRNA-seq (GSE136088) and bulk RNA-seq (GSE153485) data from mice MI models were
analyzed. Cell types were annotated, and differential expression analysis conducted. Bulk RNA-seq underwent quality
control, principal component analysis, and differential expression analysis.

Results In scRNA-seq data, the comparison between Ml and sham groups unveiled a reduction in endothelial cell
populations, but macrophages and monocytes increased. Within fibroblast subgroups, three distinct categories were
discerned, with two exhibiting upregulation in MI. Notably, endothelial cells exhibited an elevated expression of
genes associated with apoptosis and ferroptosis. In bulk RNA-seq analysis, distinct patterns emerged when comparing
Ml and sham groups. Specifically, six genes linked to endothelial ferroptosis exhibited heightened expression in Ml
group, thereby corroborating the scRNA-seq findings. Moreover, the examination of isolated cardiac macrophages
from mice Ml model revealed increased expression of Spp1, Col1a2, Col3a1, Ctsd, and Lgals3 compared to sham
group, thus substantiating the dysregulation of macrophage apoptosis-related proteins following M.

Conclusion Ml altered the transcriptomic landscapes of cardiac cells with increased expression of apoptotic genes.
Moreover, the upregulation of macrophage apoptosis marker was confirmed within MI models. The presence of
endothelial cell depletion and ferroptosis in MI has been demonstrated.
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Background

Cardiovascular diseases remain the main killer world-
wide [1-5]. Myocardial infarction (MI), colloquially
referred to as a heart attack, remains a significant global
public health challenge and a primary cause of mortal-
ity [6-9]. Recent studies estimate the annual incidence
of MI to be 650,000 cases in the United States and over
7 million cases worldwide [10, 11]. Epidemiological
data indicate the incidence has declined in high-income
countries over the past two decades, largely attributed to
improvements in preventive care, though MI still causes
approximately 1 in every 16 deaths in the U.S [12]. The
prevalence of MI among adults hovers approximately 3%,
with a higher incidence among men compared to women
across most age brackets. Nevertheless, research indi-
cates that women tend to experience their first MI at an
older age and face a higher associated mortality rate than
men [13].

Well-established risk factors such as smoking, hyper-
tension, diabetes, and hyperlipidemia are responsible
for the majority of MI, yet a significant portion, rang-
ing from 25 to 30% of cases remain inexplicable [14].
Although there have been remarkable advancements in
medical and interventional therapies, leading to substan-
tial improvements in the short-term prognosis, it is dis-
concerting that nearly 20% of MI patients still succumb
within a year, while recurrence affects around 5-20%
within 12 months [15]. Ongoing research endeavors are
diligently striving to achieve several critical objectives: to
enhance our understanding of populations at risk, eluci-
date novel mechanisms and risk factors, optimize man-
agement strategies, and ultimately reduce the substantial
morbidity and mortality that continue to result from MI.

Single-cell RNA sequencing has emerged as a transfor-
mative technological paradigm in the domain of cardio-
vascular research, providing unprecedented resolution
of cellular heterogeneity and dynamic transcriptional
processes in models of MI [16—19]. The application of
single-cell sequencing to comprehensively profile diverse
cardiac cell populations during infarction and subsequent
remodeling has nominated regulatory pathways, intricate
intercellular crosstalk mechanisms, and novel therapeu-
tic targets that underpin the progression of this disease
[20, 21]. Macrophage is a type of white blood cell located
within tissues [22-25]. For instance, analyses have
revealed MI-induced shifts in macrophages toward pro-
inflammatory, profibrotic states, while also implicating
specific endothelial, fibroblast, and cardiomyocyte sub-
populations in maladaptive ventricular remodeling [26,
27]. However, it is imperative to acknowledge that the
comprehensive exploration of these rich datasets necessi-
tates further in-depth scrutiny through re-analysis. Initial
investigations tend to concentrate solely on specific cell
clusters and canonical markers during the preliminary
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data processing stages. Therefore, additional single-cell
profiling of understudied cell types across more time-
points post-MI would provide a more complete picture.
Critically, findings from bioinformatic analyses require
validation by orthogonal methods such as bulk RNA
sequencing, qRT-PCR, and western blotting in relevant
animal models before conclusions can be drawn. It is
through the synthesis of scRNA-seq with complementary
approaches encompassing transcriptional, proteomic,
and functional dimensions that the emerging regula-
tory mechanisms underlying MI can be robustly authen-
ticated, thus paving the way for the translation of these
insights into novel therapeutic strategies for the benefit
of patients.

Methods

Data source

Reading keywords and abstracts, six datasets GSE136088,
GSE153485, GSE60993, GSE61144, GSE186079 and
GSE123342 were found in the public database GEO.
GSE136088 utilized the Illumina HiSeq 2500 plat-
form to perform DropSeq scRNA-seq analysis on 1
case of MI and 1 case of control group mouse heart
samples. GSE153485, employing the Illumina NovaSeq
6000 platform, conducted bulk RNA-seq on 10 mouse
heart samples. Out of these, 5 samples were from the
MI group, while the remaining 5 were from the control
group. GSE60993 utilized the Illumina HumanWG-6 v3.0
expression beadchip to perform transcriptome analysis
on ST-elevation MI (STEMI) 7 samples, non-ST-eleva-
tion MI (NSTEMI) 10 samples and unstable angina (UA)
9 samples, and normal control 7 samples. GSE61144
utilized the Sentrix Human-6 v2 expression beadchip to
perform transcriptome analysis on a set of blood samples
of patients with STEMI 7 samples before and 7 days after
the primary percutaneous coronary intervention 7 sam-
ples and normal control 10 samples. GSE186079 utilized
the Illumina HiSeq 4000 platform to perform ATAC-
seq amd RNA-seq. GSE123342 utilized the Affymetrix
human transcriptome array 2.0 platform to perform
peripheral blood RNA profiling in 192 samples, including
acute MI 65 samples, 30 days post-MI 64 samples, 1 year
post-MI 37 samples, patients with stable CAD 22 samples
and technical replicates 4 samples.

Bulk RNA-seq data analysis

In bulk RNA-seq dataset, to synthesize cDNA, a high-
capacity cDNA reverse transcription kit (#4368814,
Applied Biosystems, USA) was utilized in conjunction
with random primers. For the analysis of mRNA expres-
sion of genes of interest, TagMan real-time PCR was per-
formed on the ViiA 7 System (Applied Biosystems, USA).
Poly-A selection was adopted in Illumina RNA-seq to
prepare RNA sequencing libraries. Subsequently, these
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libraries were sequenced on the NovaSeq6000 platform
(NovaSeq Control Software 1.6.0/RNA v3.4.4). To fil-
ter protein-coding genes and transcripts, we performed
mapping using localization files retrieved from the
Ensembl BioMart website to assign transcripts to genes.
Genes with average expression levels less than 1 tran-
scripts per million (TPM) in all conditions were excluded
from further analysis [28]. To analyze bulk RNA-seq data,
quality control was firstly performed and then Principal
Component Analysis (PCA) was applied utilizing R pro-
gramming. Wilcoxon non-parametric test was employed
to compare the significance of gene expression differ-
ences between the two groups.

scRNA-seq data analysis

We downloaded the single-cell transcriptome data
GSE136088 from the GEO database, which included
one MI mouse model and a control group. The heart
tissues were collected at 14th day of post-Sham surgery
or MI. The scRNA-seq data was analyzed using Seurat
package. The scater method was employed to filter out
outlier gene expressions values (MADs=3), excluding
low-quality cells based on the following criteria: exclud-
ing low-quality cells based on the following criteria: (I)
reads were filtered based on Phred quality scores, with
reads discarded if the Phred score was <30; (II) cells
with fewer than 5 detected genes or fewer than 200 total
detected genes were excluded; (III) cells with a mitochon-
drial gene expression proportion of >20% were excluded
[29]. The ScaleData function was used to normalise
gene expression values according to sequencing library
size, and the IntegrateData function was used to merge
single-cell expression matrices from different samples.
In addition, Scrublet was used to identify double dots
by simulating and calculating the probability of double
dots for each cell. Cells with a high probability of double
parietal bodies were excluded from the dataset. To iden-
tify genes that were significantly differentially expressed
in different cell populations, differential gene expression
analysis was conducted on the scRNA-seq dataset using
Seurat. To control the error rate, Bonferroni corrections
for strict multiple testing were applied. To obtain mean-
ingful cell clustering results, a resolution of 0.1 was cho-
sen for t-SNE clustering analysis. The singleR package
was utilized for single-cell annotation. Differential gene
expression analysis was performed by comparing gene
expression among different cell clusters (pct>0.2, min.
cells=3, avg_log2FC>0.25 or < -0.25). Finally, K-means
clustering was used to group cells based on marker genes
and characterise each group. Similarly, the Clusterpro-
filer package was used for functional annotation of differ-
ential expression gene (DEGs).
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Animals

Healthy male C57BL/6 mice, aged between 6 and 8
weeks, were chosen to establish a MI model. These mice
were sourced from Guangdong Vital River Laboratory
Animal Technology in Guangzhou and maintained at the
Biomedical Animal Research Facility of Gannan Medical
University, which meets SPF standards. Our team strictly
adhered to established guidelines for the humane treat-
ment and care of lab animals. All the procedures and
housing conditions for the mice were in line with the
standards set by Gannan Medical University. The study
obtained the necessary clearance from the university’s
Institutional Ethics Committee, in compliance with the
directives stipulated by the Ministry of Science and Tech-
nology emphasizing the humane handling of experimen-
tal animals. The ethical clearance for our research was
secured from the Ethical Committee of Gannan Medical
University, under the reference number: 2,023,555.

Establishment of Ml model

C57BL/6 male mice aged 8 weeks were used to estab-
lish MI models; the weight of mice in constructing the
MI model was 21-27 g. After 0.4 L/min of isoflurane gas
anesthesia, the chest/armpit hair was removed. After
anesthesia with 0.4 L/min of isoflurane gas, the chest
was opened to expose the heart, and a small pericardial
section below the left atrium was made to expose and
ligate the left anterior descending coronary artery (LAD).
Under a microscope, the LAD’s course or location was
identified. Using a 7—0 suture and needle holder, blood
flow in the LAD was completely occluded approximately
2 mm below the left atrium. After ligation, the chest
was sutured layer by layer and postoperative monitor-
ing maintained for breathing abnormalities or condition
changes.

Once conscious, mice were extubated and returned
to normal housing. In the Sham group, the chest was
opened, but no LAD blood flow blockage was per-
formed. Hearts were collected at 14th day of post-Sham
surgery or MI, Post-surgery, both MI and Sham group
mice underwent electrocardiograms and cardiac ultra-
sounds to analyze left ventricular function. Opted the
method of inducing euthanasia in mice by administer-
ing an overdose of inhaled isoflurane. The specific steps
are the following: Prepare a closed container with a layer
of absorbent, pour the isoflurane on the absorbent, and
place the mice into the container. Cover the lid of the
container to ensure that the container is well sealed and
to prevent isoflurane leakage. Gradually increase the
concentration of isoflurane and observe the behavioral
and physiological responses of the mice to confirm their
gradual loss of consciousness and eventually death. Then,
the heartbeat and breath were checked for physical death
confirmation. Finally, collect heart tissues of mice. The
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heart tissues were collected at 14th day after sham sur-
gery or MI for follow-up experiments, perfuse with ice-
cold PBS to remove red blood cells followed by perfusion
with 50 mM KCI to arrest the heart in diastole and then
fixed for 4 h in freshly prepared 4% Paraformaldehyde
(PFA) at 4 °C, rinsed with PBS and cryoprotected in 30%
sucrose/PBS overnight before embedding in Optimal
cutting temperature compound (OCT).

Isolation of macrophages

After collecting the heart tissue, we used scissors to
cut the paper towel into small pieces of 2—4 mm, then
we added tissue protease and incubated at 37 C until
dispersed. The digested tissue was filtered using a
70 pm-filter, and the filtered cell suspension was col-
lected into a new centrifuge tube. Centrifuged at 300 g
for 4-5 min at 4 °C, discarded the supernatant, and
resuspended cell pellet in PBS. This step should be
repeated 3 times. The cardiomyocyte suspension was
carefully spread on a Percoll gradient in a 50 mL cen-
trifuge tube with 25% and 70% Percoll solutions and
centrifuged at 800 g for 20 min. Macrophages were con-
centrated at the gradient interface, washed twice with
cold PBS, centrifuged at 300 g for 5 min, and the super-
natant was discarded. Incubated cells with PE-labeled
anti-F4/80 (#565410, Becton-Dickinson, San Jose, CA)
and FITC-labeled anti-CD11b antibody (#557396, Bec-
ton-Dickinson, San Jose, CA) dilutions at 4 ‘C. After
incubation, cells were used for flow cytometry and only
double-positive cells were collected. The purified macro-
phages were cultured in a 37 ‘C incubator for subsequent
experiments.

Echocardiography in mice

Echocardiographic examinations were performed using
the VisualSonics VEVO 2100 system (VisualSonics
Inc., Ontario, Canada). At 24 h post-MI, infarcted areas
were calculated based on the wall motion scoring index
(WMSI) using a 16-segment model across three short-
axis images, where a score of 0 represents normal, 0.5
for reduced wall thickening and excursion within a seg-
ment, and 1 for no wall thickening and excursion within
a segment. The WMSI was calculated as the sum of the
scores divided by the total number of segments. Before
imaging, depilatory gel was applied to the chest of the
isoflurane-anesthetized (1.2%) mice to reduce resistance
to ultrasonic beam transmission. Mice were anesthetized
with isoflurane as described above. The mice were then
placed on a heating pad and their limbs were connected
to an electrocardiogram. Imaging was performed using a
55 MHz linear transducer (MS550D). The data was eval-
uated using the VevoStrain software system (Visualsonics
Inc., Ontario, Canada).
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Histological detection

Mice hearts were excised at 14th day after MI, fixed with
paraformaldehyde, embedded in paraffin, and sliced into
5 pum sections. After removing the paraffin, the hearts
were stained with Masson’s solution, differentiated by
1% hydrochloric acid alcohol, and stained with Pon-
ceau’s acid magentafor 5-10 min, followed by a quick
rinse with distilled water. After treatment with aqueous
phosphomolybdic acid for 3-5 min, the sections were
counterstained with aniline blue solution for 5 min.
After treatment with 1% glacial acetic acid for 1 min,
the sections were dehydrated, dried and sealed for light
microscopic.

Western blot

Macrophages were lysed with a lysis buffer for protein
extraction. Protein concentrations were determined
using the BCA assay, and a loading buffer was added.
After heating and cooling, a 10% separation gel and a 5%
stacking gel were prepared. Equal protein samples were
loaded into wells. Electrophoresis was performed at con-
stant voltages: 80 V for 30 min and 120 V for 90 min.
Post-electrophoresis, the gel was cut, and proteins were
transferred to a PVDF membrane over 2 h at 250 mA.
The PVDF membrane was blocked with a 5% skim milk
solution at room temperature for 2 h with gentle shak-
ing. It was then washed three times with 1x TBST. The
membrane was then incubated with primary antibodies
anti-Sppl (#PA5-34579, Invitrogen, Waltham, Massachu-
setts, USA, 1:1000), anti-Colla2 (#PA1-26204, Invitro-
gen, Waltham, Massachusetts, USA, 1:1000), anti-Col3al
(#PA5-34787, Invitrogen, Waltham, Massachusetts, USA,
1:2000), anti-Lgals3 (#ab217572, Abcam, Cambridge,
UK, 1:1000), anti-Ctsd (#ab75852, Abcam, Cambridge,
UK; 1:2000), anti-Ctsl (#ab200738,Abcam, Cambridge,
UK; 1:1000), anti-p-Actin (#66009-1-1G, Proteintech,
1:1000) at 4 ‘C with gentle shaking overnight. The mem-
brane was washed with 1x TBST and then incubated
with secondary antibodies (Jackson ImmunoResearch
Laboratories, anti-rabbit [111-035-047], 1:5000, and anti-
rat [112-035-003], 1:5000) at 4 ‘C with gentle shaking for
2 h. Post-incubation, the membrane was washed 3 times
with 1x TBST (5 min each). Images were acquired using
SuperSignal West Pico Plus Chemiluminescent Substrate
(#34578, Thermo Fisher Scientific, USA) via a ChemiDoc
MP system (Bio-Rad Laboratories, CA, USA).

Quantitative Real Time PCR (qRT-PCR)

RNeasy Mini Kit Reagent (#74104, Qiagen, Germany)
was used to extract the total RNAs of collected mac-
rophages. First-strand ¢cDNA was reverse-transcribed
by High-Capacity ¢cDNA Reverse Transcription kit
(#4368814, Thermo Fisher Scientific, Carlsbad, CA).
qRT-PCR was performed using a iTaq™ Universal SYBR®
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Green Supermix kit (#1725121, Bio-Rad Laboratories,
CA, USA). The qRT-PCR conditions were as follows: 95
C for 8 min, 40 cycles of 95 ‘C for 10 s, 58 C for 30 s,
and 72 C for 36 s. As B-actin was used as an internal
control, 2722t method was used to calculate the rela-
tive expression level of target genes. Each gene was tested
three times independently. The sequence-specific prim-
ers of Sppl, Colla2, Col3al, Ctsd, Ctsl and Lgals3 were
synthesized and the specific sequence of primers were
showed in Table S1.

Statistical analysis

Statistical analyses were executed using IBM SPSS Sta-
tistics software (Version 26.0; IBM Corp., Armonk, NY,
USA) and GraphPad Prism software (Version 9.0; Graph-
Pad Software, Inc., La Jolla, CA, USA). Data distributions
were initially verified for normality utilizing the Shapiro-
Wilk test. Subsequently, either the Student’s t-test (for
comparisons between two groups) or one-way ANOVA
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followed by post-hoc tests (for multiple group compari-
sons) was employed. Data are presented as mean=tstan-
dard deviation (SD). The statistical significance level was
predetermined at p<0.05. Correlation analyses were per-
formed using Pearson’s or Spearman’s rank correlation,
based on the data distribution.

Results

Main cell types in Ml mice

GSE136088 included scRNA-seq data from 1 MI mouse
and 1 control mouse. After cell quality control, the MI
group had 16,348 cells and 8,152 genes, and the sham
group had 15,131 cells and 6,162 genes. Cells in both
groups were annotated into 5 cell types: endothelial
cells, fibroblasts, macrophages, monocytes, and stromal
cells (Fig. 1). Furthermore, the set of cardiomyocyte-
specific marker genes used during cell type annotation
showed low expression levels in the sequencing data,
leading to the exclusion of isolated cardiomyocytes from
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further analyses. In MI group, the major cell types were
fibroblasts and macrophages, accounting for 45.08%
and 41.36% respectively. In the control group, the pre-
dominant cell types were endothelial cells, fibroblasts,
and macrophages, representing proportions of 34.96%,
36.81%, and 23.56% respectively (Table 1). The propor-
tion of endothelial cells was significantly lower in MI
group compared with control group, potentially related
to apoptosis of endothelial cells following MI. On the
other hand, the proportions of macrophages and mono-
cytes were notably higher in MI group, possibly associ-
ated with post-infarction inflammatory responses. As the
predominant cell type, fibroblasts showed no significant
differences in composition between the two groups.

Three subgroups were identified within the fibroblast

To explore the role of fibroblasts in MI, we further ana-
lyzed of scRNA-seq data (GSE136088) revealed that myo-
cardial fibroblasts secreted a large number of cytokines,
chemokines, and growth factors to participate in the
tissue repair process after MI. According to GSE136088
dataset, by analyzing the levels of Collal and Col3al, we
observed an increase in the expression of collagen type
I and III proteins (Fig. 2A) in the MI groups. Fibroblasts
likely participated in cardiac repair after MI by enhanc-
ing the synthesis of collagen types I and III. According to
the UMAP clustering analysis results (Fig. 2B-C; Table 2),
three subgroups were identified within the fibroblast
population. Two subgroups (S2, S3) showed significant
increases in MI group, potentially related to post-MI
cardiac repair. Functional annotation of the three fibro-
blast subgroups revealed that subgroups S1 and S2 might
be associated with post-MI inflammatory responses
and injury repair processes, including cell chemotaxis,
wound healing, and leukocyte migration/ chemotaxis.
On the other hand, subgroup S3 could be linked to post-
MI fibroblast proliferation, involving processes such as
nuclear division and chromosome segregation. Addition-
ally, subgroups S1 and S2 were involved in the secretion
of extracellular matrix proteins and the composition of
the matrix, as indicated by extracellular matrix organiza-
tion (Fig. 2D and E).

Table 1 In both Ml and control group, the proportions of various
types

MI Sham
511 (6.06%) 2180 (34.96%)

Endothelial cells

Fibroblasts 3803 (45.08%) 2295 (36.81%)
Macrophages 3489 (41.36%) 1469 (23.56%)
Monocytes 508 (6.02%) 120 (1.92%)
Stromal cells 125 (1.48%) 171 (2.74%)
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Ml occurrence involved multiple biological functions of
endothelial cells

Endothelial cells regulated vascular dilation and tension
by secreting vasoactive compounds and growth factors.
Dysfunction of endothelial cells could be observed in ath-
erosclerotic plaques, congestive heart failure (HF), and
atrial fibrillation within the heart. In MI mice, a signifi-
cant reduction in the proportion of endothelial cells was
also observed in scRNA-seq data (GSE136088) (Fig. 1B).
With p value<0.05, avg log2FC>0.25 or < -0.25, most
genes expressed by endothelial cells were upregulated,
which were also associated with cellular apoptosis and
ferroptosis (Fig. 3A and B). Functional analysis (Fig. 3C
and D) of these DEGs showed that, at the biological
process level, these genes were predominantly enriched
in pathways related to vascular development, such as
regulation of vasculature development and regulation
of angiogenesis, indicating the potential involvement of
endothelial cells in the development of MI through the
regulation of blood vessel formation. Furthermore, these
DEGs were also related to epithelial cell migration and
epithelium migration. This may be linked to the transient
mesenchymal activation observed in endothelial cells
after the occurrence of MI, as suggested by Tombor et
al. Regarding KEGG analysis, it was found that the DEGs
within endothelial cells were significantly enriched in
pathways associated with heart-related diseases or func-
tions, including diabetic cardiomyopathy and cardiac
muscle contraction. This suggested that endothelial cells
might play a role in the occurrence of MI from multiple
levels.

Combined analyses of bulk RNA-seq and scRNA-seq data
Based on the analysis of scRNA-seq data, we further
integrated bulk RNA-seq data to investigate the mecha-
nisms associated with the occurrence and development
of ML According to GSE153485 dataset, PCA analy-
sis of bulk RNA-seq data revealed there were no out-
lier (Fig. 4A). MI and the control group formed distinct
clusters, indicating that the hearts of MI mice exhibited
unique characteristics. Though scRNA-seq data analysis,
we identified six genes that could potentially be involved
in ferroptosis within endothelial cells. These genes were
Fthl, Prnp, Vdac2, Satl, Cp, and Gclm (Fig. 3C). We
found that, except for Cp, all of these genes exhibited sig-
nificantly higher expression in MI group of bulk RNA-seq
data (Fig. 4B). Moreover, the analysis of scRNA-seq data
also indicated significantly elevated expression of ferrop-
tosis-associated genes in both endothelial cells and stro-
mal cells (Fig. 4C), consistent with the findings from the
bulk RNA-seq analysis. This collective evidence strongly
suggested a potential correlation between the occurrence
of MI and ferroptosis within endothelial cells.
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Table 2 In Ml and control groups, the proportions of S1, S2 and

S3

Mi

Sham

S1 2246 (59.06%)
S2 624 (16.41%)
S3 933 (24.53%)

2024 (88.19%)
96 (4.18%)
175 (7.63%)

(E)S2 and (F) S3

Apoptotic changes in macrophages in Ml

Macrophages are able to non-specifically recognize
pathogens or cellular debris and activate lymphocytes
or other immune cells to initiate an immune response.
Following the occurrence of MI, there was a significant
increase in the proportion of macrophages. This increase
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Fig. 3 Ml occurrence involved multiple biological functions of endothelial cells. (A) DEGs in endothelial cells of MI group; (B) Apoptosis/ferroptosis-
related network in endothelial cells; (C) KEGG and (D) GO enrichment analysis of DEGs in endothelial cells

might have been associated with the clearance of dam-
aged cells and cellular debris.

We identified DEGs in Macrophages (p.value<0.05,
avg log2FC>0.25 or < -0.25). Genes such as Sppl,
Colla2, Col3al, Ctsd, Ctsl, and Lgals3 were found to
be highly expressed in MI group within Macrophages
(Fig. 5A). Functional analysis of the DEGs revealed a close
association between Ctsd, Ctsl, and apoptosis (Figure S1).
According to the results of GO and KEGG enrichment
analyses, at the cell component level, the DEGs were
primarily concentrated in organelles related to cellular
engulfment and degradation, such as endosomes and
lysosomes. At the biological process level, these genes
were involved in physiological functions such as leuko-
cyte migration, cell chemotaxis, and leukocyte chemo-
taxis, contributing to immune recognition and clearance
by macrophages. Similarly, in terms of molecular func-
tion, the DEGs were enriched in molecular functions like
cytokine receptor binding and sulfur compound bind-
ing. In KEGG pathways, the DEGs in macrophages were
significantly enriched in pathways related to immune
responses, such as antigen processing and presentation,
and lysosome (Figure S2). Following MI, macrophages
were recruited to the site of heart tissue injury and fur-
ther activated to play a role in tissue damage clearance
and immune response.

To further investigate the relationship between DEGs
and apoptosis in macrophages following MI, we estab-
lished MI mice model to validate the sequencing results.
We collected samples and performed echocardiography

at 14th day after MI. As shown in Fig. 5B, our experi-
ments indicated that mice in the MI group exhibited
significant ST-segment elevation and altered T waves in
their electrocardiograms, while no evident abnormali-
ties were observed in the Sham group. Additionally, the
cardiac ultrasound results showed a significant decrease
in left ventricular ejection fraction (LVEF) and left ven-
tricular shortening fraction (LVSF) in the MI group
compared to the Sham group (Fig. 5C and D). More-
over, masson staining showed that collagen deposition
and the expansion of myocardial fibrosis area, indicat-
ing that myocardial necrosis was confirmed in MI group
compared with control (Fig. 5E). Taken together, we suc-
cessfully established MI model. We next isolated car-
diac macrophages from both groups of mice (Figure S3)
and found that in the MI group, the expression levels of
Sppl, Colla2, Col3al, Ctsd, and Lgals3 were upregulated,
while the expression of Ctsl showed no significant change
(Fig. 5F-H).

We showed the expression trends of Sppl, Colla2,
Col3al, Ctsd, and Lgals3 at early and late time points
after MI by analyzing GSE186079 and GSE123342 data-
sets. As shown in Figure S4A, the expression of Sppl
showed significantly higher expression levels compared
to other groups, with the highest expression on the 7th
day. The expression of Lgals3 was elevated on both day 3
and day 7 after MI. In the GSE123342 dataset, the expres-
sion of Sppl and Ctsd decreased in Figure S4B, and the
expression of Colla2 and Col3al increased on the 30th
day and decreased one year later. The expression of
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Lgals3 gradually increased and leveled off in the first year.
Additionally, we identified the above DEGs in human
datasets GSE60993 and GSE61144. As shown in Figure
S5, compared to sham group, the expression levels of
Sppl and Ctsd were significantly up-regulated after MI,
while the differences of Colla2, Col3al and Lgals3 were
not significant.

In addition, to elucidate the molecular mechanism of
the interaction between these genes, and the mechanism
by which macrophages may regulate autophagy of car-
diomyocytes through the secretion of Ctsd, we analyzed
the human dataset GSE60993. Down-regulated top20
genes on DEGs were selected for protein-protein inter-
action (PPI) network analysis at https://cn.string-db.org/,
The PPI network analysis revealed that the key molecules
of interest in macrophages were Sppl, Colla2, Col3al,
Ctsd and Lgals3 (Figure S6A). Moreover, gene set enrich-
ment analysis (GSEA) was performed using GSEA v4.3.3,
based on KEGG and GO databases, with gene expression
levels in high and low Ctsd expression groups (median)

in the GSE60993 dataset. The results showed that Ctsd
was significantly enriched in the autophagy pathway (Fig-
ure S6B). Thus, the results of our analysis were consistent
with previous studies indicating that Ctsd plays a role in
autophagy related mechanisms.

This was consistent with the above-mentioned bio-
information analysis results, further confirming the
abnormal levels of apoptosis-related proteins in murine
macrophages during MI. Moreover, Sppl and Ctsd were
more significant in clinical relevance.

Discussion

Main interpretation

In this study, we performed an integrated analysis of bulk
RNA-seq and scRNA-seq data to investigate the tran-
scriptional mechanisms associated with MI pathogenesis.
Our results demonstrated that MI induced substantial
influences on both the composition and transcriptomic
profiles of diverse cardiac cell populations, encompass-
ing endothelial cells, fibroblasts, and macrophages.


https://cn.string-db.org/

Xie et al. BMC Genomics (2024) 25:921

Macrophages

Page 10 of 13

Sham Sham

—Cd74

_ingza -
~F13af

Cont.

Lyvet
Mgl2 \ﬁ,,cz‘”“

/" Folrg_—Cth,

0 2 4
M
D E F
90 * 60 - °
S * 8 Colta2
00 0.0 3
60 5 - 00 Ctsd
- e
g g o
b @ Lgals3
= 30 2 20
Colat
=
o

T
sham M sham Mi Sinl

Cont.
I

Cont.

Cont.
Il

187 M Sham

spp1 ‘ - —— i —— ‘

expression

protein

ive

-

ns ns ns

Relati
o

Spp1 Col1a2 Ctsd Lgals3 Col3a1 Ctsl

H
e - e -~ O ‘ 58] B Sham
2 mi
2 6
a1
H 3
% I
------‘ 2 2 ns
s ml N0 A -__.,_
g 0-
'3

p-actin

N A S S NN
————— o 50

N >
9 >

Fig. 5 Apoptotic changes in macrophages in MI. (A) DEGs in macrophages; (B) Representative electrocardiograms of mice in the Sham and MI group
after modeling completion; (C) Representative cardiac ultrasound images of mice in the Sham and MI group on the first day after modeling; (D) LVEF and
LVSF of mice in the Sham and Ml group; (n=8 per group); (E) Representative masson staining diagrams in the control and Ml group; scale bar =1.5 mm;
(n=1 per group); (F) Protein levels of Spp1, Col1a2, Ctsd, Lgals3, Col3a1, and Ctsl in MI mice heart macrophages; (n=3 per group); (G) Statistical analyses
of (E); (n=3 per group); (H) The mRNA levels of Spp1, Col1a2, Ctsd, Lgals3, Col3a1, and Ctsl in MI mice heart macrophages; (=6 per group); 'p<0.05;

“p<001; p<0.001

Consistent with previous studies [16, 17], we identified
elevated expression of profibrotic genes such as Collal/
Col3al accompanied by discernible shifts in the pro-
portions of fibroblast subclusters involved in extracel-
lular matrix deposition and the wound healing response
following MI. Additionally, our observations indicated
a decline in the number of endothelial cells, concomi-
tant with heightened expression of genes implicated in
apoptosis and ferroptosis, thus intimating the poten-
tial involvement of endothelial cell death contributes to
infarction. Significantly, our integrated analysis, which
merged scRNA-seq and bulk RNA-seq data, furnished
compelling cumulative evidence substantiating the role
of ferroptosis in the etiology of MI.

In macrophage populations, we found that MI induced
an increase in the proportion of tissue damage-clearing
and immune-responsive subpopulations, as well as an
increase expression levels of specific genes, particularly
Sppl, Colla2, Col3al, Ctsd, and Lgals3. We confirmed
apoptosis-related Ctsd was upregulated in isolated car-
diac macrophages from our MI mouse model. Overall,
our comprehensive multi-omics approach elucidated MI-
associated gene expression changes in diverse cardiac cell

types. However, it is crucial to emphasize the imperative
need for further validation to substantiate these findings
rigorously.

Spp1, encodes osteopontin (OPN), played a pivotal role
in tissue repair and fibrosis processes following MI. Nota-
bly, OPN is primarily expressed by macrophages charac-
terized by the presence of Lgals3 and CD206 markers.
Furthermore, it has been elucidated that interleukin-10
(IL-10) can promote the differentiation of cardiac macro-
phages into Sppl-expressing reparative cells, and MerTK
expression is also associated with Sppl transcriptional
activation [30, 31]. Our research has drawn the same
result that the expression level of Spp1 in isolated macro-
phages increased, suggesting that Spp1 plays a key role in
tissue repair after ML

Colla2, encoding the a2 chain of type I collagen,
assumed a critical role in the context of cardiac health.
Notably, mutations in Colla2 have been linked to condi-
tions such as aortic dissection and coronary artery dis-
section. Increased expression of Colla2 is also associated
with myocardial fibrosis after MI [32-34]. Given the
elevated expression of Colla2 in isolated macrophages
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post-MI, we inferred that Colla2 plays a role in cardiac
health after MI.

Ctsd, an essential lysosomal protease, played a pivotal
role in maintaining intracellular environmental homeo-
stasis. A growing number of studies have revealed the
significance of Ctsd in MI, HF, and cardiac function.
After MI, autophagy of cardiomyocytes is activated in
response to ischemic injury, and Ctsd exerted a protec-
tive role in myocardial remodeling post-injury. This
increased expression of cathepsin D serves to promotes
autophagic flux, thereby playing a protective role in safe-
guarding cardiomyocytes [35]. The absence of Ctsd exac-
erbates cardiac remodeling subsequent to MI [36, 37]. In
HE, significant alterations in the expression and activity
of Ctsd have been observed. Chen et al. have pointed out
that Ctsd serves as an important predictive biomarker
in patients who develop HF following acute MI, with its
expression level closely correlated with inflammation and
collagen metabolism [38]. In general, the high expression
expression of Ctsd after MI has a protective effect on the
myocardium.

Lgals3, responsible for encoding galectin-3, assumes a
significant role in orchestrating inflammatory responses
and fibrosis after MI. Notably, SMCs expressing Lgals3
could undergo transition into pro-fibrotic progenitor-
like cells [39, 40]. Col3al encodes type III collagen. Its
increased expression is associated with myocardial fibro-
sis after MI. Notably, inhibiting TGF-B1 has been shown
to attenuate Col3al expression, consequently reducing
the extent of fibrosis [41, 42]. Consistent with our find-
ings, Lgals3 is highly expressed in macrophages after MI.

The gene Ctsl encoding cathepsin L, assumed regula-
tory control over the expression of inflammatory cyto-
kines and ECM related genes after MI, as well as the
myocardial repair process. The deficiency of Ctsl has
been demonstrated to exacerbate cardiac dysfunction in
the wake of MI, accentuating its significance in cardiac
health [35, 43]. The results showed that macrophages
isolated after MI exhibit high expression of Ctsl, suggest-
ing that further investigations may delve into the mecha-
nisms of Ctsl regulation in myocardial repair.

Limitations

We recognized that this study has several limitations.
This study analyzed only sequencing datasets and simple
in vitro experiments, so sensitivity may be limited. More-
over, to learn more about the metabolic changes induced
by MI, we need to explore more time points after MI,
such as days 1, 3, 5, 7 and 14. This opens up new opportu-
nities for future research.

Conclusion
To sum up, our comprehensive analysis, integrating
bulk RNA-seq and scRNA-seq data, unveiled significant
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MI-induced shifts in both cellular composition and tran-
scriptional profiles within pivotal cardiac cell popula-
tions. The implications of these findings were profound,
as they potentially highlight novel therapeutic targets and
candidate biomarkers for MI, contingent upon further
rigorous validation. Furthermore, the pursuit of more
refined scRNA-seq approaches over extended post-MI
timeframes stands to provide a meticulously detailed
map of the intricate molecular pathways underpinning
infarction and the subsequent maladaptive remodel-
ing processes, thus advancing our understanding of MI
pathogenesis.

Conclusion

In summary, our study revealed that MI alters the tran-
scriptomic landscapes of cardiac cells, with notable
changes in fibroblast subclusters and heightened pro-
fibrotic gene expression. Concurrently, we observed a
decrease in endothelial cells and evidence of ferroptosis,
suggesting its crucial role in MI pathogenesis. Future
research should delve deeper into the potential of fibro-
sis genes as therapeutic targets to develop effective treat-
ment strategies for MI.
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