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Abstract: Smoking is a well established risk factor for coronary artery disease (CAD). Despite this,
there have been no previous studies investigating the effects of smoking on blood gene expression in
CAD patients. This single-centre cross-sectional study was designed with clearly defined inclusion
criteria to address this gap. We conducted a high-throughput approach using next generation
sequencing analysis with a single-end sequencing protocol and a read length of 75-cycles. Sixty-one
patients with a median age of 67 years (range: 28–88 years) were recruited, and only 44 subjects
were included for further analyses. Our investigation revealed 120 differentially expressed genes
(DEGs) between smokers and nonsmokers, with a fold change (FC) of ≥1.5 and a p-value < 0.05.
Among these DEGs, 15 were upregulated and 105 were downregulated. Notably, when applying a
more stringent adjusted FC ≥ 2.0, 31 DEGs (5 upregulated, annotated to immune response pathways,
and 26 downregulated, involving oxygen and haem binding or activity, with FDR ≤ 0.03) remained
statistically significant at an alpha level of <0.05. Our results illuminate the molecular mechanisms
underlying CAD, fortifying existing epidemiological evidence. Of particular interest is the unexplored
overexpression of RCAN3, TRAV4, and JCHAIN genes, which may hold promising implications for
the involvement of these genes in CAD among smokers.
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1. Background

Coronary artery disease (CAD) is a prevalent chronic condition that affects the arteries
responsible for delivering oxygenated blood to the heart muscle [1]. It is primarily caused
by atherosclerosis. The latter is characterized by the accumulation of fatty substances in
artery walls [2]. As cholesterol, fatty deposits, and calcium build up in the endothelium
of arteries, plaque develops and gradually narrows coronary arteries. This severely limits
blood flow to the heart and significantly increases the risk of severe ailments such as
stroke and myocardial infarction [2]. Clinical manifestations of this process may take years
or decades to appear. However, certain risk factors, such as smoking, high cholesterol,
high blood pressure, diabetes, obesity, and a sedentary lifestyle, might hasten the onset of
atherosclerosis [3]. Previous studies have shown that the chemical compounds in cigarettes
can alter the expression of several genes in the endothelial cells of the arteries, further
exacerbating the risk of atherosclerosis [4–6].

Cigarette smoking is a well established, modifiable risk factor for CAD [7,8]. In
Hungary, tobacco consumption, including direct and second-hand smoke, contributes
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signifi-cantly to mortality. Approximately 21% of all deaths in Hungary are attributed
to tobacco use [9]. Despite efforts, smoking rates in the country remain substantial, with
around one in four adults reporting daily smoking in 2019, ranking Hungary third highest
in Europe [9]. In 2020, tobacco use prevalence reached 28%, surpassing the European
average of 25% [9]. This situation is concerning, especially as Hungary grapples with a
substantial burden of coronary heart disease, constituting 24.5% of all deaths [9,10].

Emerging research has underscored the pivotal role of inflammation in the initiation,
progression, and complications of atherosclerosis. Immune mechanisms are involved
in the pathogenesis and clinical manifestation of atherosclerosis [2]. Monocytes, critical
players in the immune response, are recruited to the inflamed endothelium, where they
transmigrate into the arterial wall. Here, they transform into macrophages and engulf
modified low-density lipoproteins, forming characteristic ‘foam cells’ that contribute to
forming fatty streaks within the arterial intima [11]. While initially serving as a host defence
mechanism, this process ultimately releases pro-inflammatory cytokines and chemokines,
further amplifying the inflammatory milieu. Inflammation in atherosclerosis contributes
to plaque vulnerability [12]. Plaque rupture exposes the highly thrombogenic material to
circulating platelets, triggering the formation of a thrombus that can occlude the artery,
leading to acute cardiovascular events such as stroke or myocardial infarction [12].

In the development of atherosclerosis, numerous blood cells are involved, and many
of these cells can be found in the whole peripheral blood, including B cells, natural killer
cells, T cells, white blood cells, platelets, and circulation stem cells [11,12]. Given the role
of these cells in atherosclerosis, examining gene expression in whole blood using next-
generation sequencing (NGS) techniques can provide valuable insights into the mechanisms
underlying this condition [12].

Despite the well-established link between smoking and CAD [7,13–15], to our knowl-
edge, no previous studies have examined the effects of smoking on the blood transcriptome
of CAD patients. Therefore, the current study aims to address this gap in the literature by
conducting a transcriptome analysis to describe the global gene expression in the whole
blood of smokers and nonsmokers among CAD patients in Hungary. By identifying and
comparing differentially expressed genes based on smoking status, the study seeks to
contribute to our understanding of the molecular mechanisms underlying the effects of
smoking on CAD in this population. Additionally, the findings of this study could po-
tentially strengthen the existing epidemiological evidence that highlights the influence of
smoking on the prevalence and occurrence of CAD.

2. Results

The study included sixty-one participants, with 31 (50.8%) smokers and 30 (49.2%)
nonsmokers. The median age of smokers was significantly lower than that of nonsmokers
(60 vs. 75 years, p < 0.001). The proportion of male participants was higher among smokers
than nonsmokers (37.7% vs. 19.7%), while the proportion of female nonsmokers was higher
than smokers (29.5% vs. 13.1%). The difference in gender proportions was statistically
significant (p = 0.007).

The proportion of smokers with a family history of CAD was significantly higher than
that of nonsmokers (45.2% vs. 20%, p = 0.04). The characteristics of the study participants
are presented in Table 1.

Quantitative analysis of gene expression profiles using the moderated t test was
performed to identify and compare the differentially expressed genes (DEGs) between
smokers and nonsmokers, revealing distinct molecular signatures associated with each
group. A total of 502 genes were significant in their expression with a p-value <0.05, but
only 13 genes remained after adjusting the FC to ≥1.5 (Supplementary Table S1).
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Table 1. Characteristics of study participants (N = 61).

Variables Total
Smoking Status

p-Value
Smokers Nonsmokers

Gender, n (%)
Male 34 (57.4) 23 (74.2) 12 (40.0)

0.007Female 26 (42.6) 8 (25.8) 18 (60.0)
Age, median (range) years 67 (28–88) 60 (28–75) 75 (54–88) <0.001

Cholesterol (mmol/L), mean (SD) 5.0 (1.4) 5.2 (1.5) 4.8 (1.4) NS
Triglyceride (mmol/L), mean (SD) 1.6 (2.0) 1.9 (2.7) 1.4 (0.7) NS

HDL-C (mmol/L), mean (SD) 1.3 (0.6) 1.4 (0.7) 1.3 (0.3) NS
LDL-C (mmol/L), mean (SD) 3.0 (1.2) 3.1 (1.3) 2.9 (1.2) NS
Family history of CAD, n (%) 20 (32.8) 14 (45.2) 6 (20.0) 0.04

Anticoagulation medication, n (%) 61 (100) 31 (100) 30 (100) NS
BMI, mean (SD) 26.0 (3.1) 25.3 (3.4) 26.8 (2.5) NS

Blood pressure (mmHg), mean (SD)
Systolic 125.9 (22.4) 120.8 (21.9) 131.3 (22.0) NS
Diastolic 73.3 (12.0) 71.9 (13.5) 74.8 (10.4) NS

Plasma cotinine ng/mL, mean (SD) 0.3 (0.1) 0.4 (0.2) 0.2 (0.1) NS
Angiography findings, n (%)

>2 arteries stenosis 45 (73.8) 20 (64.5) 25 (83.3) NS
Number of affected arteries, median (range) 2 (1–3) 2 (1–3) 2 (1–3) NS

LAD 50 (82.0) 24 (77.4) 26 (86.6) NS
LM 10 (16.4) 6 (19.4) 4 (13.3) NS
CX 34 (55.7) 13 (42.0) 21 (70.0) 0.03

RCA 35 (57.4) 17 (54.8) 18 (60.0) NS

N = Number of subjects; NS = Nonsignificant; SD = Standard deviation; LAD = Left anterior descending artery;
LM = Left main coronary artery; CX = Circumflex artery; RCA = Right coronary artery. Bold text indicates
significant differences between study groups.

Further analyses were performed after excluding 17 samples, as they were considered
outliers based on principal component analysis and clustering on the heatmap. With the re-
maining 44 samples (the characteristics described in Supplementary Table S2), our analysis
revealed 120 DEGs between the smoker and nonsmoker groups, with a p-value < 0.05 and
an FC of ≥1.5 (Supplementary Table S3 and Supplementary Figure S1). Of these, 15 genes
were upregulated, and 105 genes were downregulated. Table 2 lists the top 10 upregulated
and downregulated genes, including their fold change values and associated p-values.
Notably, the GPR15 gene was upregulated by 7-fold with a p-value <0.001, while the KRT1
gene was downregulated by 3-fold with a p-value of 0.006.

Table 2. The top 10 upregulated and downregulated genes (FC ≥ 1.5, N = 44).

No. Gene Symbol FC p-Value * Description

Upregulated genes

1 GPR15 7.5 1.4 × 10−9 G protein-coupled receptor 15 [Source:HGNC Symbol;Acc:HGNC:4469]

2 IGHA2 2.6 0.034 immunoglobulin heavy constant alpha 2 (A2m marker) [Source:HGNC
Symbol;Acc:HGNC:5479]

3 IGLV3-21 2.4 0.030 immunoglobulin lambda variable 3–21 [Source:HGNC
Symbol;Acc:HGNC:5905]

4 IGKV3-11 2.2 0.006 immunoglobulin kappa variable 3–11 [Source:HGNC Symbol;Acc:HGNC:5815]

5 JCHAIN 2.1 0.037 joining chain of multimeric IgA and IgM [Source:HGNC
Symbol;Acc:HGNC:5713]

6 IGLC1 2.0 0.044 immunoglobulin lambda constant 1 [Source:HGNC Symbol;Acc:HGNC:5855]

7 IGLL5 1.9 0.046 immunoglobulin lambda like polypeptide 5 [Source:HGNC
Symbol;Acc:HGNC:38476]

8 LEF1 1.7 0.001 lymphoid enhancer binding Factor 1 [Source:HGNC Symbol;Acc:HGNC:6551]
9 CCR7 1.6 0.030 C-C motif chemokine receptor 7 [Source:HGNC Symbol;Acc:HGNC:1608]
10 CD28 1.6 0.002 CD28 molecule [Source:HGNC Symbol;Acc:HGNC:1653]
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Table 2. Cont.

No. Gene Symbol FC p-Value * Description

Downregulated genes

1 KRT1 −2.9 0.006 keratin 1 [Source:HGNC Symbol;Acc:HGNC:6412]

2 NEAT1_3 −2.7 0.005 Nuclear enriched abundant transcript 1 conserved region 3
[Source:RFAM;Acc:RF01957]

3 PDZK1IP1 −2.6 0.044 PDZK1 interacting protein 1 [Source:HGNC Symbol;Acc:HGNC:16887]

4 PLVAP −2.6 8.1 × 10−6 plasmalemma vesicle associated protein [Source:HGNC
Symbol;Acc:HGNC:13635]

5 CA1 −2.4 7.2 × 10−4 carbonic anhydrase 1 [Source:HGNC Symbol;Acc:HGNC:1368]

6 VWCE −2.4 0.036 von Willebrand factor C and EGF domains [Source:HGNC
Symbol;Acc:HGNC:26487]

7 KLF1 −2.4 8.1 × 10−4 Kruppel-like factor 1 [Source:HGNC Symbol;Acc:HGNC:6345]
8 HBM −2.3 2.3 × 10−4 haemoglobin subunit mu [Source:HGNC Symbol;Acc:HGNC:4826]

9 AHSP −2.3 0.016 alpha haemoglobin stabilizing protein [Source:HGNC
Symbol;Acc:HGNC:18075]

10 EPB42 −2.2 0.006 erythrocyte membrane protein band 4.2 [Source:HGNC
Symbol;Acc:HGNC:3381]

FC = Fold change; negative sign means overexpressed in nonsmokers. * corrected p-value.

Gene ontology (GO) analysis revealed that the upregulated genes were primarily
involved in the immune response and inflammation pathways. In contrast, the down-
regulated genes were primarily involved in reactive oxygen species metabolic processes
(Figure 1). The analysis of GO functions of the upregulated genes identified 18 significant
biological processes and 3 cellular components with a corrected p-value of <0.05 (Sup-
plementary Table S4). For the downregulated genes, 14 biological processes, 5 molecular
functions, and 5 cellular components were identified (Supplementary Table S5).
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Figure 1. Gene ontology (GO) enrichment analysis of the most significant pathways. All the depicted
pathways were significant at an FDR value of <0.001. Each slice represents the relative proportion of
the identified significant genes associated with a given GO term.

A pathway analysis was performed using the KEGG database, which revealed signifi-
cant enrichment of immune response and inflammation pathways in the upregulated gene
set, such as the haematopoietic cell lineage pathway (FDR = 0.01) and the arrhythmogenic
right ventricular cardiomyopathy pathway (FDR = 0.01). In contrast, the downregulated
gene set showed significant enrichment of metabolic pathways and porphyrin and chloro-
phyll metabolism pathways (FDR = 0.03) (Supplementary Table S6).
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When the FC was increased to ≥2.0 with an adjusted p-value of <0.05, 31 DEGs re-
mained significant, including 5 upregulated and 26 downregulated genes (Table 3). We
also generated a heatmap of the 31 DEGs (Figure 2), showing the separation between the
smoker and nonsmoker groups based on their gene expression profiles. The heatmap
also highlights the upregulation of genes related to the immune response and inflamma-
tion pathways and the downregulation of genes related to oxygen binding and activity
pathways.

Table 3. Differentially expressed genes with a fold change of ≥2 (N = 44).

No. Gene Symbol FC p-Value * Description

Upregulated genes

1 GPR15 7.5 1.4 × 10−9 G protein-coupled receptor 15 [Source:HGNC Symbol;Acc:HGNC:4469]

2 IGHA2 2.6 2.8 × 10−2 immunoglobulin heavy constant alpha 2 (A2m marker) [Source:HGNC
Symbol;Acc:HGNC:5479]

3 IGKV3-11 2.2 6.2 × 10−3 immunoglobulin kappa variable 3–11 [Source:HGNC Symbol;Acc:HGNC:5815]
4 IGLV3-21 2.4 3.0 × 10−2 immunoglobulin lambda variable 3–21 [Source:HGNC Symbol;Acc:HGNC:5905]

5 JCHAIN 2.1 3.8 × 10−2 joining chain of multimeric IgA and IgM [Source:HGNC
Symbol;Acc:HGNC:5713]

Downregulated genes

1 ABALON −2.1 8.6 × 10−4 apoptotic BCL2L1-antisense long noncoding RNA [Source:HGNC
Symbol;Acc:HGNC:49667]

2 AHSP −2.3 6.1 × 10−3 alpha haemoglobin stabilizing protein [Source:HGNC Symbol;Acc:HGNC:18075]
3 ALAS2 −2.2 1.6 × 10−2 5’-aminolevulinate synthase 2 [Source:HGNC Symbol;Acc:HGNC:397]
4 BCL2L1 −2.0 1.0 × 10−3 BCL2 like 1 [Source:HGNC Symbol;Acc:HGNC:992]
5 CA1 −2.4 3.6 × 10−2 carbonic anhydrase 1 [Source:HGNC Symbol;Acc:HGNC:1368]
6 EPB42 −2.2 3.5 × 10−4 erythrocyte membrane protein band 4.2 [Source:HGNC Symbol;Acc:HGNC:3381]
7 HBD −2.0 1.7 × 10−3 haemoglobin subunit delta [Source:HGNC Symbol;Acc:HGNC:4829]
8 HBM −2.3 1.6 × 10−2 haemoglobin subunit mu [Source:HGNC Symbol;Acc:HGNC:4826]

9 IFIT1B −2.2 1.5 × 10−3 interferon induced protein with tetratricopeptide repeats 1B [Source:HGNC
Symbol;Acc:HGNC:23442]

10 KLC3 −2.2 1.8 × 10−3 kinesin light chain 3 [Source:HGNC Symbol;Acc:HGNC:20717]
11 KLF1 −2.4 2.4 × 10−4 Kruppel-like factor 1 [Source:HGNC Symbol;Acc:HGNC:6345]
12 KRT1 −2.9 5.8 × 10−3 keratin 1 [Source:HGNC Symbol;Acc:HGNC:6412]
13 MRC2 −2.2 3.6 × 10−4 mannose receptor C type 2 [Source:HGNC Symbol;Acc:HGNC:16875]
14 MYL4 −2.2 3.6 × 10−4 myosin light chain 4 [Source:HGNC Symbol;Acc:HGNC:7585]

15 NEAT1_3 −2.7 4.4 × 10−2 Nuclear enriched abundant transcript 1 conserved region 3
[Source:RFAM;Acc:RF01957]

16 OSBP2 −2.2 7.1 × 10−4 oxysterol binding protein 2 [Source:HGNC Symbol;Acc:HGNC:8504]
17 PDZK1IP1 −2.6 2.8 × 10−6 PDZK1 interacting protein 1 [Source:HGNC Symbol;Acc:HGNC:16887]

18 PLVAP −2.6 7.3 × 10−4 plasmalemma vesicle associated protein [Source:HGNC
Symbol;Acc:HGNC:13635]

19 RUNDC3A −2.2 2.1 × 10−4 RUN domain containing 3A [Source:HGNC Symbol;Acc:HGNC:16984]
20 SELENBP1 −2.2 2.3 × 10−3 selenium binding protein 1 [Source:HGNC Symbol;Acc:HGNC:10719]
21 SHISA4 −2.2 1.9 × 10−2 shisa family member 4 [Source:HGNC Symbol;Acc:HGNC:27139]

22 SLC4A1 −2.1 1.8 × 10−3 solute carrier family 4 member 1 (Diego blood group) [Source:HGNC
Symbol;Acc:HGNC:11027]

23 SNCA −2.2 4.7 × 10−3 synuclein alpha [Source:HGNC Symbol;Acc:HGNC:11138]
24 TNS1 −2.1 1.4 × 10−3 tensin 1 [Source:HGNC Symbol;Acc:HGNC:11973]
25 TRIM58 −2.0 6.9 × 10−3 tripartite motif containing 58 [Source:HGNC Symbol;Acc:HGNC:24150]

26 VWCE −2.4 8.1 × 10−4 von Willebrand factor C and EGF domains [Source:HGNC
Symbol;Acc:HGNC:26487]

FC = Fold change between smokers and nonsmokers; a negative sign indicates overexpression in nonsmokers.
* corrected p-value.
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A total of 27 DEGs were identified when comparing subjects according to their ND
status: high, moderate, and low to moderate ND were compared to low ND using an FC
≥1.5 threshold and a p-value of <0.05. Notably, nine genes (ADPGK-AS1, ASB16, IGKV1-
12, RN7SL2, SCGB3A1, SPTLC1P2, UBE2SP2, USP9Y, and ZNF696) were consistently
overexpressed across all comparison groups (Supplementary Figure S2 and Supplementary
Table S7). GO analyses revealed that upregulated genes were associated with immune
response activities, while the downregulated genes were annotated to receptor regulator,
inhibitor, and antagonist activities (Supplementary Figure S3).

3. Discussion

This analysis demonstrated that cigarette smoking significantly impacted the expres-
sion of genes related to the immune response and oxygen binding. The study revealed
that 120 genes were differentially expressed with an FC of ≥1.5. Although this is a cross-
sectional study, the findings might reinforce epidemiological observations regarding the
impact of cigarette consumption on CAD. By providing additional evidence, these findings
support the hypothesis that cigarette consumption may have a detrimental impact on CAD.
However, it is essential to note that while changes in gene expression have been observed
in peripheral blood (contacting mainly leukocytes and lymphocytes), these changes alone
do not definitively establish a causal relationship with CAD. Further research is required to
elucidate the potential mechanistic links between cigarette consumption, gene expression
changes, and the development or progression of CAD.

Smoking is a recognized independent risk factor influencing CAD severity and pat-
tern [16]. A study on the relationship between smoking and the risk of coronary heart
disease (CHD) in various age groups demonstrated that most CHD cases are attributable to
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smoking across all age ranges. However, the youngest participants had the highest attribu-
tion, with a hazard ratio of 8.5 (95% CI 5.0–14.0) among women aged 40 to 49 years [17].
Our study revealed that smokers exhibited a lower mean age compared to nonsmokers.
This finding aligns with recent studies that revealed smoking as a prominent risk factor
for the premature onset of cardiovascular disease [18,19]. In addition, our investigation
revealed a high prevalence of CAD in males than females, a trend supported by other
studies [20,21]. The age and gender difference observed between nonsmokers and smokers
raises a valid concern regarding the potential influence of age and gender on the outcomes
measured in our study. Future research using better age- and gender-matched groups may
clarify the independent effects of smoking on gene expression among CAD patients.

3.1. Link of Upregulated Genes to CAD and/or Smoking

CAD is primarily caused by atherosclerosis, involving numerous inflammatory pro-
cesses. Our analyses revealed 15 upregulated genes, all of which are reportedly involved
in regulating the immune response. Six of them were related to immunoglobulin (Ig)
receptors or secretions, including IGHA2, IGKV3-11, IGLC1, IGLL5, IGLV3-21, and JCHAIN.
In general, Igs, known as antibodies, are a group of heterodimeric glycoproteins produced
by B-lymphocytes [22]. The membrane-bound Igs act as receptors. Upon binding to a
particular antigen, they trigger B-lymphocyte replication and differentiation, resulting in
Ig-secreting plasma cells. These secreted Igs are crucial in facilitating the effector phase
of humoral immunity [22]. There is evidence that the processes of plaque development
are modulated by humoral immunity [11]. In agreement with our findings, a study found
that smoking differentially affected IgM and IgA concentrations, leading to an elevation in
their serum levels [23]. Another study additionally revealed that measuring the plasma
level of IGHA2, encoded by IgA, might be a valuable biomarker in detecting subclinical
atherosclerosis [24]. Similarly, the expression levels of CD28, TRAT1, TRAV13-1, and LEF1
were related to smoking and smoking-related atherosclerosis [25–28]. Those genes play a
central role in the activation of adaptive immunity represented by T-cell activation, which
is the major driver of lesion formation [11].

The significance of GPR15, a chemokine receptor known as G protein-coupled receptor
15, has been emphasized as a vital regulator of T-cell trafficking in systemic inflammation.
Current studies have demonstrated that increased expression of GPR15 is associated with
cardiovascular disorders, mediating the negative consequences of smoking [29,30]. The
significantly increased expression (7.5 times in smokers vs. nonsmokers) of GPR15 in
our analysis might indicate a host immunological response to counteract the effects of
smoking. Correspondingly, smoking has been reported to be significantly associated with
the upregulation of CCR7 [31], a gene that encodes a protein called C–C chemokine receptor
type 7, and the promotion of T-cell trafficking in CAD patients [32].

The ITGA6 gene, a member of the integrin family, plays a crucial role in multiple
biological processes, including cell proliferation, adhesion, and invasion [33]. The higher
expression of ITGA6 was found to significantly influence macrophages in driving atheroma
formation [34]. According to Scott and Palmer, it has been proposed that smoking influences
the profile of circulating adhesion molecules. Smoking can lead to elevated concentrations
of soluble adhesion molecules, which may serve as an indicator of ongoing inflammatory
processes that play a crucial role in atheroma formation [35].

RCAN3 is a coding protein expected to play a role in calcium-mediated signalling
pathways. No specific studies have examined the relationship between RCAN3 and CAD
or smoking, except for a single study that demonstrated a negative association between
DNA methylation and the risk of myocardial infarction [36]. However, since this gene
is involved in calcium-mediated processes, a recent study proposed a novel mechanism
of increased atherosclerosis calcification through the induction of intracellular calcium
mediated by nicotine [37]. This mechanism could potentially provide a plausible rationale
for the upregulated RCAN3 gene among smokers with CAD. Furthermore, TRAV4, which
encodes T-cell receptor alpha variable 4, and JCHAIN, which encodes Ig J Chain, have
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been reported to be related to adenocarcinoma [38,39]. However, no previous studies
have examined their connection to CAD or smoking. Given their involvement in adaptive
immunity, they might contribute to their overexpression in this study.

3.2. Pathways of the Downregulated Genes

Instead of delving into an overwhelming list of over a hundred downregulated genes,
we focused more on the associated GO terms. Our study revealed significant molecular
functions, including oxygen carrier activity, oxygen binding, haemoglobin binding, or-
ganic acid binding, and haem binding. Six genes were found to share these molecular
functions: HBQ1, HBA2, HBA1, HBB, HBM, and HBD. Haemoglobin subunit beta (HBB)
and delta (HBD) genes play a critical role in the proper functioning of haemoglobin, which
is responsible for oxygen transport in the blood [40]. Smoking can restrict the oxygen
transport capacity of haemoglobin [41], which may be attributed to the downregulation
of these genes. On the other hand, haemoglobin subunit α2 (HBA2) is a paralogue of
α1 (HBA1), with the latter being an important paralogue of theta1 (HBQ1). These genes
were reported to be related to erythrocyte function, particularly carbon dioxide uptake and
oxygen delivery. As a result of smoking, this phenomenon might reduce oxygen availability
in CAD patients [42].

Furthermore, alpha haemoglobin stabilizing protein (AHSP), a small protein that
regulates the stability and folding of the alpha-globin subunit, was downregulated, possibly
due to impaired oxygen transport in CAD patients due to smoking. Similarly, the SLC4A1
gene, a member of soluble carrier family 4, has been observed to be downregulated and
identified as one of the genes affecting haemoglobin-binding activity. A recent study has
shown that oxidative stress (OS) can influence the expression of SLC4A1, and these effects
could have negative implications for diseases associated with OS [43], such as CAD. As the
evidence linking smoking and OS continues accumulating, this connection could potentially
explain the downregulation of the SLC4A1 gene in CAD patients who smoke.

Notably, carbon dioxide in cigarettes, along with other harmful chemicals, exacerbates
the adverse health effects of smoking [4,5]. Continued exposure to these chemicals can lead
to OS [5], which impairs regular gene expression and leads to the downregulation of genes
involved in various physiological processes, such as oxygen and haem binding or carrier
activity [44].

The protein produced by the ALAS2 gene, known as 5’-aminolevulinate synthase 2,
plays a role in initiating the haem biosynthetic pathway [45]. Emerging evidence indicates
that this protein potentially acts as a mediator by connecting smoking with IL6 and CRP,
both of which are inflammatory markers, and exhibiting an inverse association [46]. The
low expression of this gene might be attributed to smoking-related inflammation. Similarly,
PTGDS is a gene that encodes a protein involved in prostaglandin D synthesis. It functions
in the relaxation and contraction of smooth muscle cells and platelet aggregation. Consis-
tent with our findings, studies have demonstrated that the PTGD gene is downregulated in
smokers and associated with smoking and plaque development [47,48]. A mouse model
also highlighted the involvement of PTGDS in promoting thrombosis [47]. Furthermore, im-
paired PTGDS expression could lead to the accumulation of lymphocytes and macrophages,
accelerating the development of atherosclerosis [48]. Ultimately, according to our analysis,
these genes (HBQ1, HBA2, HBA1, ALAS2, HBB, HBM, PTGDS, and HBD) were involved
in organic acid binding pathways. Further in-depth studies are required to investigate
their potential impact on the development and progression of CAD in individuals who
smoke. Understanding the intricate connection between smoking, CAD, and organic acid
binding is crucial for comprehending the underlying mechanisms and exploring potential
therapeutic targets.

3.3. Limitations

Patients’ referral and admission processes in this study were subject to a significant
limitation: the time required for completion of those processes exceeded the half-life of
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plasma cotinine, which is 16–17 h [49]. Consequently, cotinine became undetectable for
most smokers within that time frame. Therefore, the study relied on self-reported smoking
status and the Fagerström standard for nicotine dependence [50] to address this limitation.

The age variance might introduce age- or gender-related bias, potentially affecting
the interpretation of our results. Despite efforts to control for confounding variables, the
inherent age and gender difference could influence outcomes. Future studies involving
more precisely age-and gender-matched cohorts could clarify the distinct impact of smok-
ing on gene expression in individuals with coronary artery disease. Additionally, patients
with coronary stenosis of ≥50% of the luminal diameter were included based on angiogra-
phy, subject to somewhat subjective interpretation by the intervention cardiologist. This
approach has been commonly utilized in previous studies as the established method for
diagnosing CAD; however, invasive intravascular ultrasound methods could provide a
more quantitative evaluation for CAD diagnosis.

This analysis seeks to identify the gene expression implicated in atherogenesis using
whole peripheral blood instead of atherosclerotic plaques. Atherosclerosis is a multifaceted
disease that involves the interplay between circulating blood and the endothelium. Hence,
relying solely on blood circulation may only capture some aspects of the intricate patho-
physiology of atherogenesis. Thus, utilizing intracoronary or coronary sinus sampling may
be the more appropriate approach.

4. Materials and Methods
4.1. Study Design and Population

A single-centre cross-sectional study was conducted between November 2021 and
October 2022 at the Cardiology and Cardiac Surgery Clinic, University of Debrecen Clinical
Centre.

To determine the appropriate sample size for this study, we employed the MD-
Anderson Bioinformatics website, which facilitates the computation of sample sizes for
genomic experiments [51]. Ultimately, a sample size of 60 patients was selected to ensure a
power of 0.8 for detecting 1.5-fold differences with a two-tailed alpha level of 0.05. Sixty-one
patients were recruited for this study based on specific inclusion and exclusion criteria.
Adult patients who underwent coronary angiography for the first time and had docu-
mented coronary lesions (>50% of the original diameter of the affected artery/ies) were
included. Patients with hypertension, obesity, diabetes mellitus, lung inflammation, stroke,
prior coronary revascularization, or a luminal diameter <50% of the original diameter of
the affected artery were excluded.

4.2. Blood Sample Collection

Peripheral venous whole blood samples were collected from all study participants
using EDTA tubes for haematological tests and cotinine assays and PAXgene®® tubes
(PreAnalytiX, Hombrechtikon, Switzerland; reference number: 762165) for RNA analyses.
After sampling, PAXgene tubes were incubated at room temperature for two hours and
then stored at −80 ◦C until use. Plasma was also collected from EDTA tubes within 30 min
of blood withdrawal and stored in aliquots at −80 ◦C for subsequent analysis.

4.3. RNA Isolation, Library Preparation, and Sequencing

Following the manufacturer’s instructions, total RNA was extracted from blood sam-
ples using the PAXgene Blood RNA Kit (PreAnalytiX, Hombrechtikon, Switzerland). RNA
quality was assessed using the Eukaryotic Total RNA Nano Assay on the Agilent 2100
bioanalyzer according to the manufacturer’s protocol (Agilent Technologies, Santa Clara,
CA, USA) [52]. Samples with an RNA integrity number ≥7 were accepted for the library
preparation process.

RNA sequencing libraries were prepared using the NEBNext Ultra II RNA Library Prep
Kit (New England Biolabs, Ipswich, MA, USA) following the manufacturer instructions.
Briefly, poly-A RNAs were captured by oligo-dT-conjugated magnetic beads, and then
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the mRNAs were eluted and fragmented at 94 degrees Celsius. First-strand cDNA was
generated by random priming reverse transcription, and after the second-strand synthesis
step, double-stranded cDNA was generated. The cDNA fragments were then subjected
to end repair, A-tailing, and adapter ligation. PCR amplification was performed to enrich
adapter-ligated fragments, and sequencing libraries were generated. RNA sequencing was
performed on an Illumina NextSeq 500 instrument using a single-end sequencing protocol
with a read length of 75 cycles.

4.4. Cotinine Assay

Cotinine concentrations were assessed using an ELISA Kit for Cotinine assay, follow-
ing the manufacturer’s guidelines (ELISA Kit for Cotinine, Cloud-Clone Corp., Wuhan,
China; Reference number: CET058Ge). Absorbance was measured at 450 nm using an
Epoch™ Microplate Spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA).
A <1 ng/mL cotinine concentration was specified for nonsmokers and ≥10 ng/mL for
active smokers [53].

4.5. Data Collected

Demographic data such as age, gender, laboratory data (total cholesterol, triglyceride,
HDL-C, LDL-C), family history of CAD, smoking status and nicotine dependence, BMI,
blood pressure, and data on anticoagulation therapy were also collected from each partici-
pant. A cardiologist utilized quantitative coronary angiography to estimate the percentage
of coronary stenosis for each study participant. Luminal diameters less than 50% of the
original diameter were excluded from the study, while those with 50–70% and greater than
70% were classified as moderate and severe stenosis, respectively [54]. The Fagerström Test
for Nicotine Dependence was used to measure nicotine dependence (ND) among smokers.
The questionnaire has six items with a possible score range of 1–10: Subjects scored ≥ 8
have high ND, 5–7 have moderate ND, 3–4 have low to moderate ND, and ≤2 have low
ND [50].

4.6. Statistical Analysis

Descriptive statistics for continuous and numerical variables were performed using
measures of central tendency (i.e., mean, standard deviation, and median) when appropri-
ate, while categorical variables were expressed as absolute values or relative frequencies.
All statistical analyses were conducted using the R software package.

Quality control of all throughput sequencing data was performed using FastQC
(Babraham Bioinformatics, Cambridge, UK) [55]. After trimming the ends of the sequences,
the high-quality reads were aligned to the human reference genome (GRCh38) using the
HISTAT2 algorithm; BAM files were generated. Downstream analysis was performed using
Strand NGS software (www.strand-ngs.com (accessed on 20 August 2023)). The DESeq
algorithm of Strand NGS was used for normalization. A moderated t test was used to
determine the differentially expressed genes between conditions. Further analyses were
conducted among smokers only, where the Kruskal-Wills test was employed to identify the
DEGs based on ND.

For identifying overrepresented Gene Ontology (GO) terms, CytoScape (v3.4) and
ClueGO (v2.3.5) applications were used. Our approach involved using a list of differentially
expressed genes and the GO Biological Process Database. We conducted a two-sided
hypergeometric test to assess statistical significance, which was further adjusted using the
Benjamini-Hochberg false discovery rate (FDR) correction.

5. Conclusions

Our analysis sheds light on the potential impact of cigarette smoking on gene expres-
sion in whole blood and their association with smoking-related CAD. GO analyses revealed
that the upregulated genes were associated with immune response pathways. In contrast,
downregulated genes showed significant annotations with pathways involving oxygen and

www.strand-ngs.com
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haem binding or activity. Remarkably, our study revealed a novel finding, as no previous
literature has explored the association of RCAN3, TRAV4, and JCHAIN with smoking or
CAD. These genes exhibited overexpression in our study, suggesting potential roles in the
pathogenesis of CAD among smokers.

Our results expand the understanding of the genetic factors associated with CAD and
highlight the need for further investigation into the functional implications and therapeutic
potential of these novel genes. Additionally, the findings of this study may identify blood
biomarkers that could serve as targets for the treatment or prevention of health issues
related to smoking.

The demand for blood biomarkers to diagnose CAD is growing, as this might provide
a precise diagnosis instead of relying solely on angiography and imaging. Future research
on the identified genes would be beneficial in identifying blood markers and exploring
potential targeted therapies through personalized medication. This approach might ensure
that the prescribed medication aligns with the patient’s gene expression profiles.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241813920/s1.
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