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ARTICLE INFO ABSTRACT

Keywords: Although air pollution has been classified as a risk factor for heart disease, the underlying
Particulate matter mechanisms remain nebulous. Therefore, this study investigated the effect of diesel particulate
Myocardium

matter (DPM) exposure on cardiomyocytes and identified differentially expressed genes (DEGs)
induced by DPM. DPM treatment decreased H9C2 cell viability and increased cytotoxicity. Ten
genes showed statistically significant differential expression following treatment with DPM at 25
and 100 pg/ml for 3 h. A total of 273 genes showed statistically significant differential expression
following treatment with DPM at 25 and 100 pg/ml for 24 h. Signaling pathway analysis revealed
that the DEGs were related to the ‘reactive oxygens species,” ‘IL-17,” and ‘fluid shear stress and
atherosclerosis’ signaling pathways. Hmox1, Fos, and Fosb genes were significantly upregulated
among the selected DEGs. This study identified DPM-induced DEGs and verified the selected
genes using qRT-PCR and western blotting. The findings provide insights into the molecular
events in cardiomyocytes following exposure to DPM.

Sequence analysis
Gene expression profiling
Gene ontology

1. Introduction

World Health Organization (WHO) reported approximately 18 million deaths worldwide attributed to cardiovascular disease
(CVD) every year [1]. This accounts for approximately 30 % of all deaths and corresponds to a high rate of morbidity and mortality.
This increasing trend is highly correlated with lifestyle factors, such as population aging, westernized eating habits, smoking, and
alcohol consumption; however, recent studies have shown that environmental factors, such as air pollution, play an essential role in
inducing and exacerbating CVD [2,3]. Although all components of air pollution harm health, the relationship between fine dust, or
particulate matter (PM), in the air and CVD has been well established [3,4]. However, previous research has focused on cohort analyses
and clinical investigations; therefore, data on the mechanism linking heart disease to PM exposure remain limited.

PM is divided into fine dust (<10 pm, PM;g), ultrafine dust (<2.5 pm, PM> 5), and ultrafine particles (<0.1 pm, PMy 1), depending
on the particle size [5,6]. Diesel particulate matter (DPM), which is classified as PMy 5, was upgraded to a Group 1 carcinogen by the
International Agency for Research on Cancer (IARC), and DPM has been classified as a substance that causes lung cancer [7]. DPM
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represents a complex composed of various substances, such as organic carbon, elemental carbon, sulfate, nitroarenes, and polycyclic
aromatic hydrocarbons (PAHs). The composition of DPM varies based on the fuel, exhaust system, and engine type. Due to the small
particle size, DPM remains in the air for a long time and has harmful health effects [8]. Indeed, DPM causes severe respiratory damage
and lung diseases, such as asthma, pulmonary fibrosis, and chronic obstructive pulmonary disease [9-11]. However, recent reports
have indicated that the causal relationship between DPM (PM; 5) and mortality is stronger in heart disease than respiratory disease
[12-14]. Previous studies have also reported that PM in air pollutants induces a strong oxidative stress response in the respiratory tract
following inhalation. This oxidative stress is increased by stimulating enzymatic reactions in various pathways and ultimately induces
a systemic vascular oxidative stress response, causing CVD [15-17]. Air pollution is composed of complex mixtures of gases and solid
substances; however, its effects are primarily attributed to organic compounds, such as PM and PAHs, bound to the surface of PM [18,
19].

Data on the biological pathways associated with PM and CVD are lacking; however, previous studies have suggested the
involvement of autonomic nervous system imbalance, systemic outflow of inflammatory mediators, and systemic transport of organic
compounds [14,16,20]. Research on the biological pathways involved in CVDs has mainly focused on vascular endothelial cells
[21-24]. Increased exposure to atmospheric PM exacerbates oxidative stress and generates high concentrations of reactive oxygen
species (ROS) that interfere with calcium circulation in the myocardium and induce cell death [25-27]. However, molecular mech-
anism studies of the effects of PM on myocardial cells, particularly on differential gene expression, are lacking. Therefore, this study
evaluated the toxicity of DPM in H9C2 cardiomyocyte cells, identified the genes regulated by DPM, and analyzed the network of
selected genes.

2. Materials and methods
2.1. Reagents and materials

The plastic materials used in the experiments were purchased from Corning Inc. (Corning, NY, USA) and BD Falcom LabWare (NJ,
USA). The phosphate-buffered saline (PBS) used for sample dispersion was purchased from Gibco (NY, USA), and the reagents used in
the experiment were purchased from Sigma Aldrich (MO, USA).

2.2. Cell culture

HOC2 cells were purchased from ATCC (Manassas, VA, USA) and cultured according to the manufacturer’s instructions. Cells were
cultured in Dulbecco’s Modified Eagles Medium (DMEM, ATCC) with 10 % FBS (ATCC) and 1 % penicillin-streptomycin (Gibco/BRL,
Grand Island, NY, USA) and incubated in a humidified environment at 5 % CO5 and 37 °C.

2.3. Sample preparation and treatment

Four types of PM were obtained from the National Institute of Science and Technology (NIST) and European Reference Materials
(ERM). The experiment used two types of PM;o (ERM-CZ100 and ERM-CZ120) and PM; 5 (SRM1650b and SRM2975). The material
properties are specified in the certificates provided by each manufacturer. The four types of particulate matter were suspended in PBS
and stored at 10 mg/ml until use. The stock solution was diluted with DMEM and sonicated for 1 h in an ultrasonic bath to effectively
disperse particulate matter. Sample information is presented in Table S1.

2.4. Cell viability assay

Cell viability was assessed using a Cell Counting Kit 8 (CCK-8) assay (Dojindo Molecular Technologies, Inc., Rockville, MD, USA).
The cells were plated in a 96-well plate and exposed to four types of particulate matter at various concentrations. Following a 24-h
incubation, the CCK-8 solution was added to each well and reacted at 37 °C. Absorbance was measured at 450 nm using a micro-
plate reader (Tecan Group Ltd., Tokyo, Japan). Cell viability was expressed as a percentage of the absorbance of the untreated control
cells.

2.5. Cell toxicity assay

Cell toxicity was assessed using an LDH assay kit following the guidelines (Dojindo Molecular Technologies, Inc.). The cells were
seeded in a 96-well plate and treated with the four PM types of particulate matter at various concentrations. Subsequently, the culture
medium was transferred to a new 96-well plate and reacted with the LDH reagent, and the reaction was terminated by adding a stop
solution. The absorbance was measured at 490 nm using a microplate reader (Tecan). Cytotoxicity was measured as a percentage of the
absorbance of the untreated control cells.

2.6. Characterization of SRM1650b

The morphology of SRM1650b was assessed using transmission electron microscopy (TEM, Hitachi H-7650, UK). The particle size
and dispersion stability of SRM1650Db in the solvent were measured using a Zetasizer Nano ZS90 (Malvern Instruments, UK).
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2.7. RNA isolation and RNA sequencing

RNA sequencing (RNA-Seq) is an analytical method used to measure transcript expression using next-generation sequencing (NGS)
and can confirm the diversity of gene expression between cells and the uniqueness of each cell type. Therefore, RNA-Seq can identify
genes with variations in expression under different conditions, identify new genes, and determine their interactions [28,29]. We
performed RNA-seq to identify differentially expressed genes (DEGs) following SRM1650b treatment. Cells were exposed to
SRM1650b at 25 and 100 pg/ml for 3 and 24 h, and total RNA was then extracted from both the control and SRM1650b-treated cells
using a PureLink™ RNA mini kit (Invitrogen, USA) according to the manufacturer’s instructions. RNA quality was evaluated using an
Agilent TapeStation 4000 system (Agilent Technologies, NL, CA, USA), and RNA was quantified using an ND-2000 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). QuantSeq 3' mRNA-Seq analysis was conducted at Ebiogen (Seoul, Korea). The
QuantSeq 3' mRNA Seq Library Prep Kit (Lexogen, Inc., Austria) was used to generate libraries from the control and test RNAs
following the manufacturer’s instructions. In summary, total RNA was prepared and reverse-transcribed using oligo-dT. The RNA
template was digested, and a random primer was added to the 5" end to synthesize the second strand. Double-stranded libraries were
filtered and amplified to contain all adapter sequences required for cluster generation. The completed library was subjected to
high-throughput sequencing using NextSeq 550 (Illumina, Inc., USA) [30].

2.8. Data collection and differentially expressed gene analysis

The mRNA sequencing data was assessed using the Excel-based DEG (ExDEGA) analysis tool provided by Ebiogen. In a concise
overview, QuanSeq 3’ mRNA-Seq reads were aligned using Bowtie2 [31]. Aligned reads were used to assemble the transcripts, confirm
the expression levels, and identify DEGs. DEGs were identified based on counts from both unique and multiple alignments using
coverage in bedtools [32]. Read count data were processed via the transcripts per million (TPM) and counts per million (CPM)
normalization method using EdgR. DEGs in SRM1650b-treated cells were analyzed based on a significance threshold of p-value<0.05,
fold change (FC)>2, and normalized data (log2) = 2 relative to DEGs from SRM1650b-untreated cells. The identified genes were
represented in a heatmap and organized through hierarchical clustering. EXDEGA (Ebiogen Inc., Korea) was used to mine data and
create graphical representations.

2.9. Gene ontology and functional enrichment analysis

Gene Ontology (GO) functional enrichment analysis was performed to identify the functions of DEGs according to GO terms,
namely biological processes (BPs) and molecular functions (MFs). Gene functions and signaling pathways were analyzed using the
Database for Annotation, Visualization, and Integrated Discovery (DAVID, https://david.ncifcrf.gov/) and the Kyoto Encyclopedia of
Genes and Genomes (KEGG, https://www.genome.jp/kegg/). The relationships between DEGs and biological signaling pathways were
analyzed using the KEGG database. The STRING website (functional protein association networks (string-db.org)), which provides a
biological database and anticipated protein-protein interactions (PPIs), was used to analyze the functional protein association net-
works of the selected genes. Genes were analyzed with a cutoff p-value<0.05 and FC > 2. Data were collected and visualized using the
ExDEGA software (Ebiogen Inc., Seoul, Korea).

2.10. Quantitative real-time PCR (qRT-PCR) validation

Total RNA was isolated using a PureLink RNA Mini Kit (Invitrogen, Waltham, USA) and quantified using a Nabi nano spectro-
photometer (MicroDigital Co., Korea). Complementary DNA (cDNA) was synthesized by reverse transcription from 1 pg of total RNA
using a High Capacity RNA to ¢cDNA kit (ABI, Waltham, USA). The synthesized cDNA was used as a template, and qRT-PCR was
performed using the primers listed in Table S2 mRNA expression was normalized to that of 18s rRNA, and the expression level was
measured using the comparative Ct method. All experiments were performed in triplicate.

2.11. Protein isolation and western blotting validation

For protein isolation, cells were homogenized with PRO-PREP protein extraction solution (Intron Biotechnology, Korea) and
centrifuged to separate the supernatant. Total protein was quantified using a BCA protein assay kit (Pierce, MA, USA), and 10-30 pg
protein was subjected to SDS-PAGE on a 10-20 % polyacrylamide gel. The membranes were blocked with 5 % bovine serum albumin in
TBST for 1 h. Primary antibody was then added and incubated overnight at 4 °C. On the following day, the membrane was washed
thrice with TBST and incubated with the secondary antibody for 1 h at 20-22 °C. The membrane was washed with TBST and assessed
using an Amersham Imager 600 (GE Healthcare, MA, USA). To analyze the results, bands were quantified using NIH ImageJ software,
and values for the target protein were normalized to that of glyceraldehyde 3 phosphate dehydrogenase (GAPDH). Uncropped gel
images are shown in Fig. S3.

2.12. Measurement of ROS generation

Intracellular ROS levels were assessed using the DCFDA/H2DCFDA Cellular ROS assay kit following the manufacturer’s in-
structions (Abcam, UK). SRM1650b-treated and untreated cells were loaded with 20 pM DCFDA solution for 45 min at 37 °C in the
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dark. Subsequently, the cells were washed twice with PBS before analysis using a microplate (Tecan) for immediate fluorescence
measurements at 485/535 nm (Ex/Em). An Axio Imager M2 microscope (Carl Zeiss, Oberkochen, DE) equipped with an FITC filter set
was used to detect ROS generation, and visual assessment of cell brightness was conducted and compared between the control and
sample groups. Analysis was performed using Zeiss ZEN 3.7 software (Carl Zeiss).

2.13. Measurement of mitochondrial membrane potential

Quantified changes in the mitochondrial membrane potential in live cells were measured using the TMRE-MMP assay kit according
to the manufacturer’s instructions (Abcam, UK). Cells were treated with SRM1650b for 24 h, and 300 nM TMRE solution was added for
15 min in the dark. The cells were washed twice with PBS before analysis using a microplate reader and fluorescence microscope. The
cells were immediately analyzed using a fluorescence microplate reader at 549/575 nm (Ex/Em) and microscopy with a rhodamine
filter set. The cells were visually scored for brightness, and the control and samples were compared. Analysis was performed using Zeiss
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Fig. 1. Cell viability and toxicity of four types of PM in H9C2 cells. HOC2 cells were treated with four types of PM for 24 h at several concentrations
(25-200 pg/ml). (A) Cell viability was assessed using CCK-8 assay. (B) Cell toxicity was assessed using LDH assay. Cells were treated with various
concentrations of SRM1650b for 3, 6, and 24 h. (C) Cell viability was assessed using CCK-8 assay. (D) Cell toxicity was assessed using LDH assay.
Data are expressed as the means + SD of triplicate samples. *p-value<0.05, **p-value<0.01 and *** p-value<0.001 vs. untreated PM. (E) Cell
morphology was detected using an inverted microscope. Upper panel; 10x and low panel; 20x magnification. Scale bar = 50 and 100 pm.
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ZEN 3.7 software.

2.14. Statistical analysis

Statistical analyses were performed using Prism 5 software (GraphPad, San Diego, CA, USA). Data are represented as the mean +
standard deviation (SD). Unpaired t-tests were used to evaluate statistically significant differences between two groups, and one-way
analysis of variance (ANOVA) with Dunnett’s test was used to assess differences among multiple groups. Statistical significance was set
at p < 0.05.
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Fig. 2. Morphological characterization of SRM1650b. (A) Representative TEM images of SRM1650b suspended in PBS and DMEM (410 % FBS).
x15.0 k magnification, Scale bar = 200 nm. (B) Size distribution and zeta potential of SRM1650b suspended in PBS and DMEM (+10 % FBS) were
measured using a Zeta sizer. n = 3.
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3. Results
3.1. Effects of PM on H9C2 cells

We first examined the effects of four PM types on H9C2 cell viability and toxicity. The PM information is listed in Table S1. The
HOC2 cells were exposed to several concentrations of the four PMs (25, 50, 100, and 200 pg/ml) for 24 h. Cell viability and toxicity
were measured using CCK-8 and LDH assays. The four PM types reduced the cell viability in a concentration-dependent manner
(Fig. 1A). In contrast, cell toxicity increased in a concentration-dependent manner (Fig. 1B). The results showed that PMj 5 led to a
more significant increase in cell toxicity than PM;(. Furthermore, as the size of particulate matter decreases, cell viability decreases,
and cytotoxic effects increase. In particular, SRM1650Db, a representative DPM substance classified as PM3 5, was used in this exper-
iment as it showed the greatest cytotoxic effect on H9C2 cells. SRM1650b was added at various concentrations and times, and cell
viability and toxicity were measured. After treatment, the cell viability decreased in a concentration- and time-dependent manner
(Fig. 1C) while the cytotoxic effects increased (Fig. 1D). The cells’ shape changed to radial (Fig. 1E). Additionally, we speculated that
SRM1650b was deposited around the nucleus, thereby affecting cell viability.

3.2. Characterization of SRM1650b

The morphology of SRM1650b was examined using TEM, and the particle size and dispersion were measured using a Zetasizer.
TEM revealed that SRM1650b showed irregular shapes in both PBS and DMEM (+10%FBS), with small particles agglomerating to form
single granules (Fig. 2A). The particle size ranged from 354.3 4+ 73.42 nm to 452.1 + 79.56 nm for samples dispersed in PBS and from
523.0 £ 91.76 nm to 614 + 70.66 nm for samples dispersed in DMEM containing 10 % FBS (Fig. 2B). Additionally, the zeta potential
data showed that SRM1650b had a significant negative charge in PBS and DMEM (Fig. 2B). This is probably because in biological
contexts, a protein corona forms on the surface of particles [33]. The particle size and zeta potential values changed based on the
SRM1650b concentration and suspension type. Our data showed that the particle size and zeta potential values tended to increase more
in samples suspended in DMEM than in PBS. However, the SRM1650b certificate stated that the size of the SRM1650b particles was
<2.5 pm; based on the actual measured results, the particles were distributed at < 1 pm. The poly diversity index (PDI), which refers to
the size dispersion of the particles, was <0.3 (Fig. 2B), indicating that the SRM1650Db particles were relatively evenly distributed in the
suspension.

3.3. Identification of differentially expressed genes

To identify genes expressed caused by SRM1650b treatment, HOC2 cells were treated with SRM1650b at concentrations of 25 and
100 pg/ml for 3 and 24 h. RNA from each group was extracted, and RNA sequencing was performed. Group separation and data
analysis are illustrated in Fig. S1. Before DEG analysis, principal component analysis (PCA) was performed based on the expression
values of all genes in the samples to confirm expression similarity between samples. The PCA results showed that the same groups,
which were grouped well, showed similar expression (Fig. S2A); therefore, a hierarchical clustering heat map was created to determine
the similarity between the samples and genes. The upper dendrogram of each heatmap indicates expression similarity between
samples, and the left dendrogram indicates expression similarity between genes (Fig. S2B). DEGs were aligned using bedtools and
analyzed (p-value<0.05, FC > 2). In the SRM1650b 3 h treatment group, a total of 12 genes showed statistically significant expression
at a concentration of 25 pg/ml (SRM-25 pg/ml), while 50 showed statistically significant expression at a concentration of 100 pg/ml
(SRM-100 pg/ml) compared with the control group (Fig. S2C). In the group treated with SRM1650b for 24 h, a total of 428 genes
showed significant expression at a concentration of SRM-25 pg/ml, while 1214 showed significant expression at a concentration of
SRM-100 pg/ml (Fig. S2C). This indicates that changes in the gene network within cardiomyocytes due to SRM1650b exposure may
occur in a concentration- and time-dependent manner.

3.4. Transcriptomic analysis of SRM1650b-treated H9C2 cells (3 h)

To investigate the detailed biological changes, we first analyzed DEGs in the SRM1650b 3 h treatment group. In the SRM-25 and
-100 pg/ml treatment groups, 10 genes in common showed statistically significant differential expression (p-value<0.05, FC > 2, log2
= 2) (Fig. 3), of which 8 were upregulated and 2 were downregulated (Table 1). Based on these 10 genes, the expression similarity
between the samples and genes was analyzed using a heatmap (Fig. 3B). We also analyzed the 10 DEGs based on GO term and signaling
pathway enrichment using the DAVID and KEGG online databases. GO terms were enriched in biological process (BP) and molecular
function (MF) categories. The top 10 BP terms were related to positive regulation of pri-miRNA transcription from RNA polymerase II
promoter, transcription from RNA polymerase II promoter, myoblast proliferation, negative regulation of cell proliferation, and
cellular response to cadmium ions, as shown in Fig. 3C and Table S3. The top 10 MF terms were related to double-stranded DNA
binding, transcription factor activity, RNA polymerase II transcription factor activity, RNA polymerase II core promoter proximal
region sequence-specific DNA binding, and sequence-specific DNA binding, as shown in Fig. 3C and Table S4. Most of these highly
impacted GO terms appeared to be involved in the response to SRM1650b stimulation, indicating that the cells modified their
metabolism drastically in response to SRM1650b. Six KEGG pathways were significantly changed at the p < 0.05 level (Fig. 3C and
Table S5). Overall, the pathway analysis demonstrated a cellular response centered along the axes of ROS, immune processes, and fluid
shear stress/atherosclerosis. We also analyzed the protein-protein interaction (PPI) network of 10 genes using the STRING online tool.
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Fig. 3. Transcriptome analysis following treatment with SRM1650b for 3 h. (A) Differentially expressed genes between the CON and STM1650b 3 h-
treated groups on the Venn diagram. (B) Heat map representing hierarchical clustering of 10 differentially expressed genes by treated SRM1650b for
3 h. (C) Gene Ontology analysis of 10 differentially expressed genes between the CON and SRM 3 h-treated group. BP; biological process, MF;
molecular function. (D) PPI analysis of 10 differentially expressed genes from the SRM1650b 3 h treatment group. (E) Validation of selected gene

expression level using qRT-PCR. Bar graph expressed as the means + SD of triplicate samples. *** p-value <0.001 vs. CON (untreated SRM1650b).

Table 1
10 DEGs in SRM1650b 3 h treatment groups.
Gene: 10 Fold change p-value Average of normalized data (log2)
D symbol SRM25/CON SRM100/CON SRM25/CON SRM100/CON CON SRM25 SRM100
480 Fosb 0.000 0.000 2.164 5.979 6.606
13567 Fos 0.000 0.000 4.603 6.567 7.306
7602 Hmox1 0.000 0.000 8.111 9.318 10.796
12375 Kif4 0.000 0.000 5.796 6.969 7.883
15019 Eepdl 0.014 0.006 1.626 2.830 3.088
14079 Eid3 0.001 0.010 1.772 2.830 3.190
13120  Cyplbl 0.000 0.018 1.669 3.070 2.819
101 Sgkl 0.001 0.002 7.408 8.436 8.501
3542 Polg2 0.002 0.000 2.544 1.356 1.238
11511 Atoh8 0.000 0.000 4319 3.038 2.324

p-value<0.05; FC > 2; log2 = 2, red box, upregulated; blue box, downregulated.

PPI analysis revealed a network with nine nodes and seven edges (Fig. 3D). Among the genes in the network, the expression of six
network organically interacting genes (Fosb, Fos, Hmox1, KIf4, Cyplbl, and Sgkl) was validated using qRT-PCR (Fig. 3E). The
expression pattern was similar to that observed in the DEG analysis.

3.5. Transcriptomic analysis of SRM1650b-treated H9C2 cells (24 h)

We analyzed the transcriptome of the SRM1650b 24 h treatment group compared with that of the control group. In the SRM-25 and
-100 pg/ml treatment groups, 273 genes in common showed significant differential expression (p-value<0.05, FC > 2, log2 = 4), of
which 82 were upregulated and 191 downregulated (Fig. 4A). Based on these 273 genes, the expression similarity between the samples
and genes was analyzed using a heatmap (Fig. 4B). We selected the top 20 upregulated DEGs sorted by fold change and performed GO
analysis (Table 2 and Fig. 4C). The top seven GO terms in the BP category were related to the response to xenobiotic stimulus, aging,
oxidative stress, estradiol, transcription from the RNA polymerase II promoter, lipopolysaccharide, and cellular response to oxidative
stress, as shown in Fig. 4C and Table S6. The top 10 terms in the MF category were related to the responses to double-stranded DNA
binding, identical protein binding, protein homodimerization activity, transcription cofactor binding, and sequence-specific DNA
binding, as shown in Fig. 4C and Table S7. Eight KEGG pathways were significantly altered (p < 0.05; Fig. 4C and Table S8). PPI
analysis revealed a network with 20 nodes and 27 edges (Fig. 4D). Among the genes in the network, the expression of five organically
interacting genes (Nqol, Gstal, Spstm1, Hmox1, and Fos) was related to fluid shear stress and the atherosclerosis signaling pathway.
Moreover, three organically interacting genes (Fos, Fosb, and Cxcl1) were involved in the IL-17 signaling pathway. The expression of
eight organically interacting genes was validated using qRT-PCR (Fig. 4E). The expression pattern was similar to that observed in the
DEG analysis.

3.6. Validation of co-expressed genes following SRM1650b treatment for 3 and 24 h

We analyzed the five co-expressed DEGs (Fos, Fosb, Hmox1, Kif4, and Eepd1) in the SRM1650b 3 and 24 h treatment groups. PPI
analysis revealed a network with five nodes and four edges (Fig. 5A). Among the genes in the network, the expression of three
organically interacting genes (Hmox1, Fos, and Fosb) was significantly related to fluid shear stress, atherosclerosis, IL-17, and oxidative
stress response pathways. The expression of the three organically interacting genes was validated using qRT-PCR (Fig. 5B) and Western
blot analyses (Fig. 5C). The RNA and protein expression patterns were similar to those of the DEG analysis. A strong correlation was
observed between the RNA sequencing data and qRT-PCR and Western blot analysis results. This affirms the reliability of the RNA
sequencing results in this study.



K.J. Nho et al. Heliyon 10 (2024) e38082

(A) B)

up-regulated
contra-regulated

down-regulated

SRM25__24H /CON_2aH SRM100_24H /CON__2aH
2 ’: 280
18 101 383
©)
BP MF

0010-reponset onskin: deions el o A Chemical carinogenesi - | . Hog10fPe]
Yenobioik st ‘oA tinding @ 1936 feactie oxygen speces
° ® 1o Qs
- e idstex |
0 e — © LI e 0 3
. e 1103
0 3409 e 1033 *mm?ﬁ,‘ 0 253
Tt | s
e 0 |0 ° o 241
3% Fepatacelulr carciooma | (] 1963
ass-reponse | 0
toesraal
117 sgpaing pathway | (]
0636-rrsaon b 20
polymerese l pomcter 0 ° Pethways in cancer { 0
a2sE-response | Osteadast | 0
gzt dferentaton N
Chemical cardmgenesis |
-k e 0003313 procen g “or
Dot
1 . . 4+ 5 8 D D M OB B
¥ B8 N2 BB B B R M. 2D Feld Enichment
]
( ) ( ) Ngol Gstal Cat Hmox1
= 10 . =8 =10 e = 30
£ £ H £
Artne g g £ e E g ]
g g6 g & 8
LE = E @ E X gw
E¢ ¢ =9 ® s 6 =g
S& EE, =& &
SO 4 R S8« )
§
Z g H H EERU
= £ 2 £ £
S 2 S S S
= = = ]
s S ) ]
< 0 So <0 S
S&E LS &S S &S
£ S £ S
< < < <
smagp ot
- Sqstnl Fosh Fos Cxell
Popirisa
i =8 = 80 xx =8 wx =6 e
5 £ H g
\ : . £ : £
\ 286 g 6 g6 g
= ;%E 2 £ ge
EE, 3w T 53
Z o 2 e 2o 3 g
El) g & ) S &
- KEGG Pathways £ &g £ [P
pathway descrption countnnetwork strength false discovery rate = 2. = 20 £ 2. =
7005418 Filid shear stisss and stheroselerosis Sof134 6 422005 i s C} )
mobdsS7  ILA7 signaling pathway 3086 159 ooss @ 2 = 2 ]
<o < o <o <o
$ &S AR F &S AR
o &S o & & o ¥ O § & S
< < » < C
B & &£ S § s

Fig. 4. Transcriptome analysis following treatment SRM for 24 h. (A) Differentially expressed genes between the CON and STM 24 h-treated groups
on the Venn diagram. (B) Heat map representing hierarchical clustering of 273 differentially expressed genes treated with SRM for 24 h. (C) Gene
Ontology analysis of differentially expressed genes between the CON and SRM 24 h-treated group. BP, biological process; MF, molecular function.
(D) PPI analysis of the top 20 upregulated differentially expressed genes from the SRM1650b 24 h treatment group. (E) Validation of selected gene
expression level using qRT-PCR. Bar graph expressed as the means =+ SD of triplicate samples. *** p-value <0.001 vs. CON (untreated SRM1650Db).

3.7. Measurement of ROS generation and mitochondria membrane potential

Our results showed that six selected DEGs (Fos, Hmox1, Cyp1b1, Klf4, Nqol, and Cat) were highly associated with the oxidative
stress response pathway. Therefore, we measured intracellular oxidative stress using fluorescence microscopy and a microplate reader.
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Table 2
Top 20 upregulated DEGs in the SRM1650b 24 h treatment groups.
110 Fold change p-value Average of normalized data (log2)

D symbol SRM25/CON SRM100/CON SRM25/CON  SRM100/CON CON SRM25 SRM100
480 Fosb 0.003 0.000 0.820 4.350 6.127
7870 Osginl 0.001 0.000 1.325 4.787 6.624
7602 Hmox1 0.000 0.000 7.319 9.395 11.836
9388 Ggtl 0.001 0.000 1.686 4.619 5.959
11262 Akr1b8 0.001 0.000 5.401 7.090 8.901
10301 Cat 0.000 0.000 4.783 6.646 7.948
7791 Nqol 0.000 0.000 8.269 10.209 11.276
13567 Fos 0.000 0.000 3.747 5.252 6.683
5307 Cxcll 0.002 0.000 5.515 6.800 8.277
12375 Klf4 0.001 0.000 5.335 6.658 7.900
11488 Gadd45a 0.000 0.000 7.111 8.711 9.657
12624 Slc6a9 0.000 0.000 4.028 5.615 6.539
821 PpplrlSa 0.001 0.000 6.182 7.317 8.661
16009 Gstal 0.001 0.000 3.567 4.757 6.037
1549 Cox6a2 0.001 0.000 3.609 5.586 5.997
10669 Srxnl 0.000 0.000 5.594 6.676 7.963
13533 Acot2 0.001 0.000 5.710 7.029 8.057
2639 Sqstm1 0.000 0.000 8.338 9.717 10.569
14753 Smagp 0.000 0.000 2.163 4.159 4.387
1750 Chka 0.006 0.000 3.164 4.185 5.308

p-value<0.05; FC > 2; log2 = 4.

HIC2 cells were stimulated with SRM1650b and H30, (positive control) loaded with DCFDA and observed under a fluorescence
microscope using an FITC filter. As shown in Fig. 6A, ROS levels increased in the SRM1650b treated group. The microplate reader
results also showed increased fluorescence intensity in cells exposed to SRM1650b (Fig. 6B). This indicates that exposure to SRM1650b
causes intracellular ROS generation. This increase in intracellular ROS levels induces oxidative stress in the mitochondria, resulting in
DNA damage and cell death. Therefore, we examined the role of SRM1650b in regulating the mitochondrial oxidative stress response.
HOC2 cells were treated with SRM1650Db, followed by an analysis of the mitochondrial membrane potential by TMRE staining. The
mitochondrial membrane potential was significantly depolarized in the SRM1650b treated group, as shown by fluorescence micro-
scopy (Fig. 6C) and a microplate reader (Fig. 6D). The mitochondrial uncoupler carbonyl cyanide 4-trifluoromethoxy phenylhydrazone
(FCCP) was used as a negative control to depolarize the mitochondria. These results suggest that SRM1650b increases ROS levels in
H9C2 cells and inhibits mitochondrial activity, thereby contributing to H9C2 cell toxicity.

4. Discussion

This study investigated the effects of diesel particulate matter on H9C2 cells and analyzed DEGs by DPM using RNA sequencing. The
results confirmed that H9C2 cells treated with SRM1650b (PMy 5) showed decreased cell viability and cytotoxicity was induced in a
concentration- and time-dependent manners (Fig. 1). Additionally, an analysis of DEGs following SRM1650b treatment confirmed that
Cyplbl, Klf4, Nqol, Gstal, Cat, Hmox1, Fos, Sqstm1, Cxcl1, and Fosb were significantly induced by SRM1650b treatment. These genes
are involved in the ROS (https://www.genome. jp/pathway/rno05208), fluid shear stress/atherosclerosis (https://www.genome.jp/
pathway/rno05418), and IL-17 signaling (https://www.genome.jp/pathway/rno04657) intracellular pathways. In particular, genes
involved in the ROS pathway were upregulated. Among them, the significant upregulation of Hmox1 was based on the significant
oxidative stress in H9C2 cells caused by SRM1650b. Hmox]1 is a typical oxidative stress marker and isoform encoding HO-1 [34,35], a
crucial inducible defense molecule activated in response to oxidative stress [36,37]. Oxidative stress can increase ROS levels in affected
cells. Increased ROS levels in heart disease are closely related to myocardial infarction, vascular dysfunction, and apoptosis [38-40].
Recent studies have reported that increased exposure to fine dust increases oxidative stress, with high concentrations of ROS causing
cell death and disrupting calcium circulation in the myocardium [26,41]. Our data showed that SRM1650b induced ROS generation in
HOC2 cells and the overexpression of Hmox1, which is involved in oxidative stress (Figs. 5 and 6). Additionally, intracellular ROS
generation decreased the mitochondrial membrane potential (Fig. 6). DPM increases oxidative stress in endothelial tissues and induces
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Fig. 5. Identification of co-expressed genes. (A) PPI analysis of five co-expressed differentially expressed genes from the SRM1650b 3 and 24 h
treatment groups. (B) Validation of selected gene expression level using qRT-PCR. (C) Validation of protein expression level using Western blot.
Uncropped gel images are represented in Fig. S3. Bar graph expressed as the means + SD of triplicate samples. *p-value<0.05, **p-value<0.01 and
**% p-value <0.001 vs. CON (untreated SRM1650b).

the production of HMOX1 [42,43]. However, the molecular mechanism linking Hmox1 induction and ROS generation in H9C2 cells is
poorly understood.

Among the 20 differentially upregulated genes in the SRM1650b-treated cells, 2 activator protein (AP-1) family members, Fos and
Fosb, were significantly upregulated according to the DEG analysis. Fos is a nuclear phosphoprotein synthesized from mature mRNA
derived from the cFos gene [44,45] and an immediate early response gene (IEG) in mammalian cells. Transcription factors, such as Fos
and Fosb, are subunits of AP-1 that regulate the transcription of specific intracellular genes [46,47]. They bind to the c-Jun/Junb
proteins and form an AP-1 dimer. AP-1 is triggered by several external stimuli, such as cytokines, cellular stress, and pathogens
[48-50], and coordinates cellular processes, such as cell growth, development, proliferation, inflammation, and cell death [51-53].
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Fig. 6. DCFDA and TMRE fluorescence intensity measured via microscopy and microplate reader. (A) Cells were treated with SRM1650b for 24 h
and DCFDA (20 pM) for an additional 30 min before taking the microphotographs. Representative microphotographs showing ROS production in
H9C2 cells (FITC filter, 10x magnification, scale bar; 100 pm). (B) Fluorescence intensity measured using microplate reader. HyO,, hydrogen
peroxide-positive control. (C) Mitochondrial membrane potential measured with TMRE dye staining in H9C2 cells following 24-h treatment with
SRM1650b. Representative microphotographs showing TMRE fluorescence in H9C2 cells (thodamine filter, 10x magnification, scale bar; 100 pm).
(D) Fluorescence intensity measured using microplate reader. FCCP, Carbonyl cyanide 4-trifluoromethoxy phenylhydrazone, a mitochondrial
oxidative phosphorylation uncoupler. Data are expressed as the means + SD of triplicate samples. **p-value<0.01 and *** p-value <0.001 vs. CON
(untreated SRM).

However, there is a lack of research on the role of AP-1, Fos, and Fosb in HIC2 cells. To the best of our knowledge, this is the first study
to demonstrate that Fos, Fosb, and Hmox1 serve as significant regulatory genes during SRM1650b exposure of H9C2 cells. The results
predict that exposure to SRM1650b induces intracellular oxidative stress, as experimentally confirmed. Moreover, when H9C2 cells
were treated with SRM1650b, the expression of Hmox1, Fos, and Fosb was upregulated at both the RNA and protein expression levels
(Fig. 5). Therefore, we suggest that the Fos and Fosb proteins activate AP-1 and promote favorable alterations in pro-inflammatory
responses to SRM1650b treatment.

5. Conclusions

This study identified genes that were differentially regulated by SRM1650b and conducted a GO analysis of the DEGs. The
expression levels of selected genes were validated using qRT-PCR and western blotting assays. Our findings provide novel insights into
the molecular mechanisms during SRM1650b exposure. However, the number of samples used for the analysis was small, and the
genes involved in cell toxicity were selected at the cellular level, necessitating further analysis of the correlations among genes
involved in myocardial disease. In future studies, we intend to select genes involved in myocardial disease by comparing and analyzing
the in vivo analysis results previously obtained and conducting functional analyses of the selected genes.
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