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Despite patients with acute coronary syndrome (ACS) undergoing percutaneous coronary intervention (PCI) and receiving clopidogrel therapy, some patients still experience major adverse cardiovascular events (MACEs). Clopidogrel resistance, which may be regulated by genetic and epigenetic factors, may play a role in MACEs. This study aimed to determine the association between genetic (CYP2C19 and P2Y12 polymorphisms) and epigenetic (DNA methylation of CYP2C19 and P2Y12 and miRNA-26a expression) factors and their effects on MACEs among post-PCI patients. Post-PCI patients who received a standard dosage of clopidogrel at Harapan Kita Hospital between September 2018 and June 2020 were included in this study. MACEs were observed in patients within 1 year after PCI. Platelet aggregation was assessed using light transmission aggregometry (LTA). DNA methylation of CYP2C19 and P2Y12 was assessed using the bisulfite conversion method. CYP2C19 and P2Y12 polymorphisms and miRNA-26a expression were evaluated using quantitative real-time polymerase chain reaction (qRT-PCR). Among a total of 201 subjects, 49.8% were clopidogrel-resistant, and 14.9% experienced MACEs within 1 year after PCI (death was 7.5%). Hypomethylation of CYP2C19 (p = 0.037) and miRNA-26a upregulation (p = 0.020) were associated with clopidogrel resistance. CYP2C19*2/*3 polymorphisms (p = 0.047) were associated with MACEs in 1 year. This study demonstrated that hypomethylation of CYP2C19 and miRNA-26a upregulation increased the risk of clopidogrel resistance in post-PCI patients, but there was no correlation between clopidogrel resistance and MACEs. However, CYP2C19*2/*3 polymorphisms were the factors that predicted MACEs within 1 year.
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1. Introduction

Coronary heart diseases (CHDs), which encompass acute coronary syndrome (ACS) and myocardial infarction (MI), continue to be a major global health problem and the leading cause of death worldwide, accounting for 16% of the 55.4 million total deaths worldwide in 2019 (1). Percutaneous coronary intervention (PCI) is a non-surgical revascularization method that is commonly performed to restore coronary blood flow (2). Patients undergoing PCI are still at risk of developing major adverse cardiac events (MACEs), such as recurrent angina pectoris, recurrent acute myocardial infarction (AMI), stroke, and death (3–5). A combination of aspirin and clopidogrel (dual antiplatelet therapy) has become a standard pharmacotherapeutic modality to prevent the onset and recurrence of ischemic events, thereby reducing MACEs (2, 6). Inadequate clopidogrel response leads to decreased inhibition of platelets, a condition known as clopidogrel resistance, which is quite common (7). Studies in Asia showed that the prevalence of clopidogrel resistance was as high as 20–65% according to the platelet aggregation test (8). Some studies have demonstrated the association between clopidogrel response and ischemic events (9, 10). The clopidogrel resistance in-stent thrombosis (CREST) study has shown the association of clopidogrel resistance with in-stent thrombosis (9). In a case report, antiplatelet agent substitution guided by resistance information is shown to reduce the incidence of in-stent restenosis (10).

Clopidogrel is a prodrug activated by liver cytochrome P450, particularly CYP2C19. Clopidogrel inhibits adenosine diphosphate (ADP) P2Y12 receptors on platelets (6). Clopidogrel response is regulated by several factors, such as drug interactions, compliance, comorbidities, and genetic and epigenetic factors (11–19). CYP2C19 polymorphisms marked by CYP2C19*2 and CYP2C19*3 loss-of-function alleles lead to decreased enzymatic activity related to the biotransformation of clopidogrel (11, 12). The P2Y12 polymorphism is also associated with an increased risk of clopidogrel resistance (13). Nowadays, epigenetic factors are known to be involved in the regulation of drug responses, degenerative disorders, and cancers (14). Two main mechanisms of epigenetic factors are deoxyribonucleic acid (DNA) methylation and micro-ribonucleic acid (miRNA). DNA methylation is a crucial marker in the regulation of gene expression. Because CYP2C19 is the predominant isoenzyme in the biotransformation of clopidogrel and the P2Y12 receptor is the target of clopidogrel, DNA methylation of CYP2C19 and P2Y12 may affect the risk of clopidogrel resistance (15). miRNA-26a expression regulates vasodilator-stimulated phosphoprotein (VASP) expression that controls actin, which plays a role in the mechanism of platelet aggregation (16). However, there is still limited evidence on the association between genetic and epigenetic factors and clopidogrel resistance. In addition, there are still limited studies that directly show the relationship between genetic and epigenetic factors with clinical outcomes. Because gene polymorphisms are hereditary and irreversible, their profile can be identified before the administration of antiplatelets (17). Therefore, the objective of this study was to determine the association between genetic and epigenetic factors, such as CYP2C19 and P2Y12 polymorphisms, DNA methylation of CYP2C19 and P2Y12, and miRNA-26a expression with clopidogrel resistance, and MACEs among post-PCI patients in a 1-year observation.



2. Materials and methods


2.1. Study population

This study was conducted between September 2018 and June 2020 at the National Cardiovascular Center Harapan Kita. Subjects were post-PCI patients who had ACS and received clopidogrel therapy, with a minimum sample size of 200 patients determined by the rule-of-thumb equation for 20 independent variables. Included designs were cross-sectional and prospective cohort for the clopidogrel resistance study and the MACE study, respectively. Inclusion criteria included (1) post-PCI patients who had ACS and received clopidogrel 75 mg daily at least 6 h after the loading dose (during hospitalization and later); (2) those taking clopidogrel regularly; and (3) those who had signed informed consent. Exclusion criteria included (1) thrombocytopenia; (2) thrombocytosis; (3) hemolytic, lipemic, or icteric blood samples; and (4) the presence of hemorrhagic manifestations. This study was approved by the Ethics Committee of the National Cardiovascular Center, Harapan Kita Hospital. Subjects were prospectively observed for 1 year through monthly telephonic interviews. Subjects were required to report to the National Cardiovascular Center, Harapan Kita, on a monthly basis after PCI for anamnesis, physical examination, and continuation of clopidogrel medication. Demographic data, cardiovascular risk factors, and laboratory results were obtained. Angina pain, recurrent acute myocardial infarction (AMI), stroke, or death within 1 year were recorded as MACEs. A subject who could not be reached after 1 year of observation was considered a dropout.



2.2. Blood sample and platelet aggregation test

Approximately 15 ml of venous blood was drawn from subjects. Then, 9 ml of blood was divided into three tubes with sodium citrate for a platelet aggregation test to determine clopidogrel resistance. Blood samples were centrifuged for the platelet aggregation test to obtain platelet-rich plasma (PRP). The agonist ADP 20 μM was added to PRP. Light transmission aggregometry (LTA) using the Agram aggregometer method was used for the platelet aggregation test, where platelet aggregation greater than 59% was defined as clopidogrel-resistant (20). A within-run accuracy test was performed on the platelet aggregation test. CYP2C19 and P2Y12 gene polymorphisms and miRNA-26a expression were evaluated using quantitative real-time polymerase chain reaction (qRT-PCR), and DNA methylation of CYP2C19 and P2Y12 genes was assessed using the bisulfite conversion method. The remaining 6 ml of blood were split into two tubes with ethylenediaminetetraacetic acid (EDTA) for the analysis of CYP2C19 and P2Y12 polymorphisms, DNA methylation of CYP2C19 and P2Y12, and miRNA-26a expression.



2.3. Polymorphism assay

Single-nucleotide polymorphism (SNP) of CYP2C19 was identified as CYP2C19*2 (G681A; rs4244285) and CYP2C19*3 (G636A; rs4986893), while SNP of P2Y12 was identified as the A57T polymorphism (rs3679479). First, peripheral blood mononuclear cells (PBMCs) were isolated from the blood sample. DNA was obtained by extracting PBMC using the QIAamp DNA mini kit. CYP2C19 polymorphism assay was performed using the Taqman assay kit (ThermoFisher Scientific). The method used was qRT-PCR. If polymorphisms were identified, a mutant carrier of the CYP2C19 polymorphism was determined.



2.4. DNA methylation assay

DNA methylation of CYP2C19 was found in the gene body, while DNA methylation of P2Y12 was found in the promoter. 5′-cytosine-phosphate-guanine-3′ (CpG) islands in the CYP2C19 gene body and its primer design were identified using Methyl Primer Express and Refseq CYP2C19 software; three CpG islands were found. The P2Y12 primer was designed according to Li et al. (19) (Table 1). First, bisulfite conversion of DNA using EpiTech Bisulfite kits resulted in the deamination of unmethylated cytosines to uracils without changing methylated cytosines. Following that, qRT-PCR and high-resolution melting (HRM) analyses were performed. Then, the percentage of DNA methylation was obtained. Hypermethylation and hypomethylation of CYP2C19 were defined as methylation levels greater and less than 50%, respectively.


TABLE 1 Primer design.
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2.5. miRNA-26a expression assay

The first step in the miRNA-26a expression assay was miRNA isolation using the miRNeasy Mini kit Qiagen. Isolated miRNA was converted into complementary DNA (cDNA) using TaqMan miRNA reverse transcription. Then, cDNA qRT-PCR was performed. The analysis of miRNA-26a expression was determined by comparing its ΔΔCT and positive control. miRNA-26a upregulation and downregulation were defined as high and low positive controls, respectively.



2.6. Statistical analysis

IBM SPSS Statistics 22.0 was used for statistical analysis. The chi-square or Fisher's exact test was used in a bivariate analysis between several factors and clopidogrel resistance. Logistic regression was used in a multivariate analysis of factors that contributed to clopidogrel resistance. A Cox regression was used in bivariate and multivariate analyses to find the association between several factors and MACEs in 1 year. Statistical significance was defined as a p-value of <0.05.




3. Results


3.1. Characteristics of subjects

Between September 2018 and June 2020, a total of 201 patients were included. Clopidogrel resistance was found in 49.8% of patients. Baseline characteristics of the subjects are presented in Table 2 (overall and based on genetic factors), and laboratory parameters are presented in Table 3. Based on genetic and epigenetic factors, 45.8% were mutant carriers of CYP2C19*2/*3, 36.8% were mutant carriers of the P2Y12 polymorphism, 80.1% had hypomethylation of CYP2C19, 10% had hypomethylation of P2Y12, and 66.2% had miRNA-26a upregulation. A within-run accuracy test of platelet aggregation found that the coefficient of variance (CV) in the clopidogrel resistance group and the non-clopidogrel resistance group was 2.02 and 7.45%, respectively. After 1 year of observation, 30 subjects (14.9%) developed MACEs; with deaths (7.5%) being the most frequent MACEs.


TABLE 2 Subjects' characteristics.
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TABLE 3 Laboratory parameters.
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3.2. Association between genetic and epigenetic factors and clopidogrel resistance

As presented in Table 4, DNA methylation of CYPC19 and miRNA-26a expression were associated with clopidogrel resistance. Hypomethylation of CYP2C19 [odds ratio (OR) = 2.13, 95% confidence interval (CI) = 1.04–4.37, p-value = 0.037] and miRNA-26a upregulation (OR = 2.03, 95%CI = 1.12–3.68, p-value = 0.020) were associated with an increase in the risk of clopidogrel resistance. However, there was no association between other genetic and epigenetic factors and clopidogrel resistance. Logistic regression analysis was performed to identify clinical factors, laboratory parameters, and genetic and epigenetic factors. From the logistic regression analysis, DNA methylation of CYP2C19 and miRNA-26a expression were found to be independent factors of clopidogrel resistance


TABLE 4 The association between several factors and clopidogrel resistance.
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3.3. Association between genetic and epigenetic factors and MACEs

As shown in Table 5, the CYP2C19 polymorphism was associated with MACEs in 1 year. The mutant carrier of CYP2C19*2/*3 [hazard ratio (HR) = 2.12, 95%CI = 1.01–4.46, p-value = 0.047] was associated with an increase in MACEs in 1 year. However, there was no association between other genetic and epigenetic factors and MACEs. Gender and age were associated with MACEs in 1 year. Instead of the male gender, the female gender was associated with an increased risk of MACEs (HR = 2.73, 95%CI = 1.05–7.14, p-value = 0.040). Age over 60 was also associated with an increased risk of MACEs (HR = 2.17, 95%CI = 1.06–4.48, p-value = 0.035). The laboratory parameter associated with MACEs was the estimated glomerular filtration rate (eGFR). A low eGFR was associated with an increased risk of MACEs (HR = 3.29, 95%CI = 1.59–6.84, p-value = 0.001). However, gender and age were not the factors that predicted MACEs in multivariate analysis. Although leukocytes were not associated with MACEs in bivariate analysis, the predictors of MACEs based on multivariate analysis were highly leukocytes, eGFR, and the CYP2C19 polymorphism. Figure 1 shows a mutant carrier of CYP2C19*2/*3 that develops MACEs faster than the wildtype in a 1-year observation.


TABLE 5 The association between several factors and MACEs in 1 year.
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FIGURE 1
 Kaplan-Meier curves of MACE in 1 year according to CYP2C19*2 and CYP2C19*3 polymorphisms. Mutant carrier of CYP2C19*2/*3 polymorphism resulted in developing MACE faster than wild type in 1 year of observation (HR = 2.12, 95%CI = 1.01–4.46, P-value = 0.047). MACE, major adverse cardiovascular events.





4. Discussion


4.1. Association between several factors and clopidogrel resistance

In this study, men, obese patients, people with hypertension, smokers, and patients with low high-density lipoprotein (HDL) and high low-density lipoprotein (LDL) levels all had a higher risk of developing ACS (21). Our study showed a quite high proportion of CYP2C19*2/*3 mutant carriers. Collet et al. (22) (28%) and Amin et al. (23) (66.3%) found different proportions of CYP2C19*2 and CYP2C19*3 polymorphisms. According to a study by Sukmawan et al. (24), 11.5% of the subjects had methylation levels <50%. Almost all subjects had CYP2C19 hypomethylation (80.1%), but only some had P2Y12 hypomethylation (10%). In this study, the demographic, environmental, and diet factors of subjects could cause a higher proportion of CYP2C19 hypomethylation (25). According to a study by Chen et al. (16), miRNA-26a expression was upregulated in 60.4% of subjects. Our study found that 49.8% of patients had clopidogrel resistance. Its proportion was higher in some European studies but still corresponded to clinical studies in Asia, which ranged from 20 to 65% (8).

In this study, the risk of clopidogrel resistance was lower in smokers than in non-smokers. Some studies found that the smoking habit gave an advantage known as the smoker's paradox (26, 27). A CAPRIE post-hoc study by Ferreiro et al. (26) found a decrease in the incidence of ischemia among smokers treated with clopidogrel compared to non-smokers (HR = 0.76, 95%CI = 0.64–0.90). CYP2C19 and CYP3A4 were the predominant enzymes in the biotransformation of clopidogrel. However, other isoenzymes, such as CYP1A2 and CYP2B6, also contribute. Cigarette smoking is a potent inducer of CYP1A2 (10% of CYP isoenzymes in the liver) and CYP2B6 isoenzymes, which are involved in the first oxidative and final stages of the biotransformation of clopidogrel and increase the amount of its active metabolite (26, 27). However, it is not recommended that post-PCI patients continue smoking due to the progression of atherosclerosis, an increase in inflammatory markers, an increased risk of death, and an increased incidence of MACEs (28).

This study showed that hypomethylation of the CYP2C19 gene body increased the risk of clopidogrel resistance. This finding corresponded with a study by Sukmawan et al. (24) that CYP2C19 with methylation <50% had a higher risk of clopidogrel resistance than ≥50% methylated (OR = 3.1, 95%CI = 1.9–6.9, p-value = 0.03). DNA methylation of a gene occurs at CpG in the gene body (intragenic) or a promotor. The methylation of CpG in the promotor inhibits gene expression. There are several mechanisms by which DNA methylation can decrease gene expression. Methylation silences repetitive DNA elements, inhibiting gene transcription. Methylation can also inhibit transcription from the internal promoter. Post-transcriptional regulation can also be induced by DNA methylation, for example, alternative messenger RNA (mRNA) splicing (29). However, in the gene body, methylated CpG activates its expression. This phenomenon is known as the methylation paradox (14, 30). Previous studies revealed that the CpG island (CGI) of CYP2C19 is located in the gene body (15, 31). The expression of CYP2C19 will increase if it is hypermethylated, and the expression will decrease if it is hypomethylated. Reduced CYP2C19 expression results in a decreased active metabolite of clopidogrel, which leads to clopidogrel resistance.

There was an association between miRNA-26a upregulation and clopidogrel resistance. This finding was consistent with the findings of Syam et al. (32) who showed that high miRNA-26a expression was associated with decreased inhibition of platelets by clopidogrel (OR = 4.2, p-value < 0.01). Chen et al. (16) found a similar result, in which platelet miRNA-26a, miRNA-199, and miRNA-23a expression was associated with clopidogrel resistance. Platelet miRNA-26a expression was associated with an increased risk of clopidogrel resistance among post-PCI patients (16). miRNAs are small non-coding RNAs that regulate gene expression by interfering with transcription or translation, thereby participating in the biological signaling pathway. miRNAs are stably present in plasma, platelets, erythrocytes, nucleated blood cells, and urine and are degraded by endogenous RNA polymerase (33). Platelet miRNA-26a expression has been shown to regulate platelet aggregation. Increased miRNA-26a expression contributes to increased VASP gene transcription. Bioinformatic analysis of the 3′-UTR region of VASP mRNA showed that miRNA-26a had a target on VASP mRNA. The western blotting results showed that the level of VASP protein and mRNA expression in platelets was significantly increased in clopidogrel resistance. VASP expression is a marker of ADP receptor activity. The active metabolite of clopidogrel blocks the ADP P2Y12 receptor, which lessens the inhibition of cyclic adenosine monophosphate- (cAMP-) dependent phosphorylation on VASP protein. High levels of VASP expression causes the protein to become more dephosphorylated, thereby triggering platelet aggregation (16).

CYP2C19*2/*3 causes the loss-of-function allele, which increases the risk of clopidogrel resistance. Clopidogrel is metabolized into active metabolites by various cytochromes in the liver, one of which is CYP2C19, which acts on two oxidative stages. CYP2C19 is mainly influenced by the CYP2C19*2 polymorphism in exon 5, which results in protein aberrant splicing. A decrease in CYP2C19 enzymatic activity causes a decrease in clopidogrel active metabolites, reducing the pharmacodynamic response (34). The CYP2C19*3 polymorphism is characterized by a point mutation in exon 4, resulting in a premature stop codon, rendering the protein formed non-functional (35). Su et al. (36) found an association between CYP2C19*2/*3 polymorphisms and an increased risk of clopidogrel resistance. The platelet aggregation method also uses a 20 μM ADP agonist, but the definition of clopidogrel resistance is different. Amin et al. (23) also showed that CYP2C19*2/*3 polymorphisms were associated with an increased risk of clopidogrel resistance when compared to the wild type.

The P2Y12 gene encodes the ADP receptor on platelets so that the polymorphism of this gene may regulate platelet aggregation. The A57T (rs3679479) P2Y12 polymorphism has never been associated with clopidogrel resistance. The P2Y12 polymorphisms studied are C34T, G52T, and T744C. The A57T polymorphism is located in the intron of the P2Y12 gene on chromosome 3, like the T744C polymorphism. Even though the location of the polymorphism is in the intron (not the part of the gene that is expressed), theory shows that the intron of a gene regulates transcription speed, chromatin modification, gene looping, mRNA stability, efficiency of mRNA translation, and regulation of splicing so that it modulates the expression of the P2Y12 gene (37). According to a meta-analysis by Cui et al. (38), it was found that C34T and G52T polymorphisms of the P2Y12 gene were associated with an increase in clopidogrel resistance. However, the T744C polymorphism did not give significant results. The T744C polymorphism also showed no association with clopidogrel resistance in studies in India and the USA (37, 39).

In this study, CYP2C19 and P2Y12 polymorphisms were not associated with clopidogrel resistance. These findings could be due to the fact that clopidogrel resistance in patients with ACS is influenced by many factors, not only by a receptor gene polymorphism but also by multiple factors. Clinical, laboratory, genetic, and epigenetic factors could affect clopidogrel resistance (40, 41). Legrand et al. (34) demonstrated a score that predicts the probability of clopidogrel resistance, called the Stent Thrombosis in Belgium (STIB) score. In the multivariate analysis, diabetes mellitus, hemoglobin <13.9 g/dl, and body mass index (BMI) > 28 kg/m2 were independent predictors of clopidogrel resistance. Reed et al. (42) and Nakagawa et al. (43) found that smoking might be one of the predictors of clopidogrel resistance, besides diabetes mellitus, hypertension, BMI, and renal insufficiency. According to previous studies, diabetes and smoking were important predictors of clopidogrel resistance. Insulin resistance and an increased risk of renal dysfunction among patients with diabetes mellitus could lead to an increase in platelet aggregation through P2Y12 receptors. The characteristics of the subjects in this study may also play a role. Many subjects who are carriers of CYP2C19*2/*3 polymorphism also smoke, thus resulting in the smoker's paradox.

DNA methylation of the P2Y12 gene was not associated with clopidogrel resistance. These results are consistent with those of Syam et al. (32), who found that the methylation of the P2Y12 gene promoter was not associated with clopidogrel resistance in patients with ACS after primary PCI. However, Li et al. (19) found an increased risk of clopidogrel resistance in the case of the occurrence of hypomethylation in the P2Y12 gene promoter in patients with ischemic stroke. Su et al. (44) found that a non-clopidogrel response group had lower two CpG methylation at the promoter site than a clopidogrel responsive group. The locations of CGI are different from CYP2C19, which is in the promoter. In contrast to the methylation of CYP2C19 in the gene body, hypomethylation of the P2Y12 promoter increases ADP receptor expression, decreasing the inhibition of platelet aggregation. Thus, the results of this study were allowed to differ from those of previous studies. Several factors, including demography, nutrition, and environment, influence DNA methylation (45). The use of other drugs that cause interactions, such as Calcium Channel Blocker (CCB), Proton Pump Inhibitor (PPI), Selective Serotonin Reuptake Inhibitor (SSRI), and statin, is thought to decrease clopidogrel's action in inhibiting platelet aggregation (40, 41, 46). These drugs can be competitive inhibitors of clopidogrel because they use the same CYP isoenzymes in the liver. Drug pharmacokinetic effects, such as reduced bioavailability due to absorption, are thought to influence clopidogrel resistance. Other potential genes have been shown to be associated with clopidogrel resistance. The P2Y1 gene was not investigated in this study, but it is essential because it functions as an ADP receptor, which triggers platelet aggregation (47). GPIIb/IIIa receptor polymorphisms, which play an essential role in the later stages of platelet aggregation, may regulate clopidogrel resistance (39).



4.2. Association between several factors and MACEs

The exact definition of MACEs is still uncertain. However, the main conditions included in the MACE studies were angina pectoris, recurrent AMI, stroke, and death. The proportion of MACEs in previous studies showed different results (3, 4, 48). Nafrialdi et al. (3) found a proportion of 29.3% in post-PCI patients in the 3 months of observation. Miao et al. (4) and Mrdovic et al. (48) demonstrated low proportions of 1.47 and 9.1% in 4 years and 30 days of observations, respectively. Study results could differ due to different sample sizes, subject characteristics, and follow-up periods.

In this study, women marginally have a higher risk of developing MACEs than men. The proportion of women (7.5%) was smaller than that of men (92.5%), resulting in a higher risk of MACEs for women. In addition, all the women in this study had hypertension, a higher proportion of diabetes, and a higher proportion of low GFR. Age was also associated with MACEs. The severity of CHD, comorbidities, and mortality risk could increase with age (49). In laboratory parameters, there was an association between low eGFR and MACEs. A global registry study showed that renal insufficiency was an independent predictor of mortality in patients with ACS (50). Renal dysfunctions were associated with low-grade inflammation and activation of the renin-angiotensin-aldosterone system (51). In a bivariate analysis, leukocytes were not associated with MACEs in 1 year. However, in multivariate analysis, leukocytes were considered the predictors of MACEs. The leukocyte count was considered a marker of inflammation. It has been recognized that inflammation promotes the development of MACEs, especially in the initiation and progression of atherothrombosis (52).

In this study, no relation between clopidogrel resistance and MACEs is found. Several studies have linked clopidogrel resistance to MACEs based on platelet reactivity. Frere et al. (53) showed that the clopidogrel-resistant group had an 8.62 times higher risk of experiencing MACEs than the clopidogrel-sensitive group (95%CI; 2.31–32.15). Clopidogrel resistance was assessed using LTA with a 10-μM ADP agonist. Price et al. (54) also found a similar result that the clopidogrel-resistant group had a 7.17 times higher risk of experiencing MACEs (95%CI; 1.46–35.17). However, clopidogrel resistance was determined using VerifyNow P2Y12 with a Platelet Reactivity Unit (PRU) cut-off > 235. Gurbel et al. (20) showed the association between platelet reactivity and ADP, as measured using LTA with ischemic events (MACEs) within 2 years after primary PCI. The MACE group was found to have a higher percentage of aggregation value than the non-MACE group (46 ± 14% vs. 30 ± 17%; p < 0.001 to ADP 5 μM and 60 ± 13% vs. 43 ± 19%, p < 0.001 to ADP 20 μM).

Clopidogrel resistance results in decreased inhibition of platelet aggregation, so patients have a state of high thrombogenicity, which is part of the critical pathogenesis of MACEs. Clopidogrel response is multifactorial and can be influenced by drug interactions, drug doses, adherence to clopidogrel, and genetic and epigenetic profiles, as previously described. Aghajani et al. (55) in Iran found a similar relationship between clopidogrel resistance and MACEs in patients with ACS after primary PCI who were followed up for 1 month and 3 years. Factors such as loss of follow-up in 60% of patients with clopidogrel resistance, limited patient coverage at one facility, and small sample size may influence the results of this study (55). According to this study, the number of patients resistant to clopidogrel and who experienced MACEs were low enough to potentially mask its relationship with MACEs.

According to a meta-analysis by Xi et al. (56), an increased risk of MACEs was found in the group with the loss-of-function allele of the CYP2C19 gene. As the CYP2C19 polymorphism is an independent factor of MACEs in patients with ACS after primary PCI, the same was studied. However, in this study, as only miRNA-26a expression and hypomethylation of CYP2C19 were associated with clopidogrel resistance, these two factors could influence MACEs. In addition to clopidogrel resistance, several factors, such as age, comorbidities like hypertension and diabetes mellitus, smoking, blood leukocyte count, and eGFR, may impact MACEs (57). The follow-up time of 1 year could also be a factor.

The results suggested that there was an association between CYP2C19 polymorphisms and MACEs among post-PCI patients in 1 year. According to a meta-analysis by Biswas et al. (58), an increased risk of MACEs was cumulatively shown in 12–24 months in the event of the occurrence of the CYP2C19 polymorphism in an allele (either CYP2C19*2 or CYP2C19*3), and the risk was higher in the event of its occurrence in both alleles (OR = 2.22, 95%CI = 1.60–3.09). According to a meta-analysis by Xi et al. (56), a similar result was obtained which included Chinese, Japanese, and Korean populations. There was an increased risk of MACEs in the CYP2C19 polymorphism group from 6 to 30 months. Collet et al. (22) found that the CYP2C19*2 polymorphism was associated with MACEs (death, MI, and revascularization need) within 2 years. CYP2C19 loss-of-function polymorphism is known to be one of the clopidogrel resistance risk factors. Clopidogrel is metabolized to active metabolites by several liver cytochromes P450, one of which is CYP2C19, which acts in two oxidative steps (15). CYP2C19*2 polymorphism is located at exon 5, resulting in abnormal splicing of the enzyme, while the CYP2C19*3 polymorphism is located at exon 4, resulting in a premature stop codon, rendering the protein formed non-functional (34, 35). The decreased catalytic function of the enzyme results in fewer active metabolites, which reduces its capacity to inhibit platelet aggregation and increases the risk of MACEs.

However, in this study, it was found that clopidogrel resistance was not associated with MACEs. This phenomenon could be explained by the known mechanisms of the CYP2C19 polymorphism increasing the risk of MACEs other than clopidogrel resistance. Increased inflammatory markers such as IL-6 and CRP are among them (22). Another reason is that cytochrome P450 epoxygenase is involved in the metabolism of xenobiotics. This system regulates oxidative stress, inflammation, vascular tone, hemostasis, and ischemia-reperfusion injury (59). One of the isoenzymes in this system is CYP2C19 (60). CYP epoxygenase converts arachidonic acid into several regioisomers of epoxyeicosatrienoic acid (EET). EET has autocrine as well as paracrine effects. Endothelial EET causes vasodilation by relaxing the vascular muscles. EET is also anti-inflammatory in the vasculature and the kidneys. It stimulates angiogenesis, which protects against cardiac and brain ischemia (61). Impaired cytochrome epoxygenase enzymes are also known to promote the progression of metabolic disorders such as insulin resistance, lipid metabolism disorder, obesity, and diabetes, as well as their complications (62). If CYP2C19 activity is reduced due to polymorphism, the protective mechanism against cardiac ischemia is also reduced. After all, MACEs are multifactorial and are influenced by clinical aspects, laboratory parameters, and genetic factors. According to previous studies, inflammation and oxidative stress are important basic mechanisms in MACEs (63–65).

The P2Y12 polymorphism, DNA methylation of the CYP2C19 and P2Y12, and miRNA-26a expression were not associated with MACEs in 1 year. These findings were different from those of several studies. Li et al. (66) found a relationship between the P2Y12 polymorphism (C34T and G52T) and MACEs. The P2Y12 gene polymorphism analyzed in this study was A57T, which was never linked to MACEs. Sukmawan et al. (24) found that hypomethylation of CYP2C19 was associated with suboptimal TIMI flow after primary PCI (p 0.020; OR 3.4 [95%CI 1.3–8,7]). No previous studies have demonstrated the association between DNA methylation of CYP2C19 and MACEs, such as recurrent angina, MI, stroke, or death. Li et al. (19) found the association between DNA methylation of P2Y12 and MACEs (death, ischemic stroke, and MI). The P2Y12 gene polymorphism and DNA methylation of P2Y12 are related to the P2Y12 ADP receptor, which is the target of clopidogrel, and changes in these genes can result in clopidogrel resistance. However, in this study, these two factors were not associated with clopidogrel resistance, and clopidogrel resistance was not associated with MACEs. DNA methylation of CYP2C19 and miRNA26-26a expression were not associated with MACEs, which might be due to variable clopidogrel resistance unrelated to MACEs.

This is the first study to comprehensively evaluate clinical, laboratory, genetic, and epigenetic factors contributing to clopidogrel resistance, followed by MACEs in a 1-year observation. New findings reveal that DNA methylation of CYP2C19 and miRNA-26a expression contribute to the development of clopidogrel resistance. Because the platelet aggregation test using LTA is quite economical, this examination is expected to be used in patient care. However, there are some limitations to this study, including the lack of attention to drug interaction and patient compliance, so further studies with a larger sample are needed to overcome these limitations. A high proportion of clopidogrel resistance in this study needs further platelet aggregation monitoring of patients. The follow-up period in this prospective cohort study may be insufficient, while some studies have lasted up to 3–4 years. Based on the high probability of developing clopidogrel resistance in the event of hypomethylation of CYP2C19 or miRNA-26a upregulation, the authors recommend the substitution of clopidogrel for antiplatelets like ticagrelor and prasugrel.




5. Conclusion

One of the factors contributing to the development of MACEs among post-PCI patients with ACS is a decrease in response to clopidogrel, namely clopidogrel resistance. Genetic and epigenetic factors may regulate clopidogrel resistance. In this study, epigenetic factors such as DNA methylation of CYP2C19 and miRNA-26a expression were associated with clopidogrel resistance. Hypomethylation of the CYP2C19 gene body and miRNA-26a upregulation are associated with an increased risk of clopidogrel resistance. In this study, the authors found no association between clopidogrel resistance and MACEs; however, the CYP2C19*2/*3 genetic polymorphism could predict MACEs. Mutant carriers of CYP2C19*2/*3 polymorphisms are associated with an increased risk of MACEs in 1 year.

Further studies with a larger sample are required to understand genetic and epigenetic factors on clopidogrel resistance and MACEs. More research into the pathomechanisms of the CYP2C19 polymorphism, with a focus on MACEs, is also needed. In this study, a high proportion of clopidogrel resistance requires monitoring of platelet aggregation among post-PCI patients. We also recommend the substitution of clopidogrel for ticagrelor and prasugrel in the event of hypomethylation of CYP2C19 or miRNA-26a upregulation.
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Hetero/homozygous *2 and/or *3 51(55.4) 41 (44.6) 152 (0.87-2.66) 0139

Homozygous wildtype 49 (45,0) 60 (55,0)
CYP2C19 DNA methylation, n (%)

Hypomethylation 86 (46.6) 75 (53.4) 2.13 (1.04-4.37) 0.037 2.14 (1.01-4.55) 0.048
Hypermethylation 14 (35.0) 26 (65.0)

P2Y12 DNA methylation, n (%)

Hypomethylation 12 (60.0) 8 (40.0) 1.59 (0.62-4.06) 0.334

Hypermethylation 88 (48.6) 93 (51.4)

miRNA-26a expression, n (%)

Upregulated 74 (55.6) 59 (44.4) 2.03 (1.12-3.68) 0.020 210 (1.13-3.92) 0.020

Upregulated 26(38.2) 42(61.8)

¢GER, estimated glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MACEs, major adverse cardiovascular events; OR, odds ratio.
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p  Primer Sequence

CYP2C19 | Forward 5 TTAGTGAGATTTCGTGGGC 3/
Reverse 5" ATACGTACACCCTACGAAAACC 3
pP2y12 Forward 5'-TATTTGGAATTTATTTGGATGTGTG-3'
Reverse 5'-AATTCAAAACCAACCTAACCAAAAT-3'

5/-cytosisne-phosphate-guanine-3 (CpG) islands in the CYP2CI9 gene body and its primer
design were determined using Methyl Primer Express and Refseq CYP2CI9 software; three CpG

islands were found, and the P2Y12 primer was designed according to Li et al. (19).
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Variables n (%)

Overall CYP2C19 mutant CYP2C19 wildtype P2Y12 P2Y12

carrier mutant wildtype
carrier

Demographic factors (n = 201)
Sex
Male 186 (92.5) 86 (46.2) 100 (53.8) 70 (37.6) 116 (62.4)
Female 15(7.5) 6 (40) 9(60) 4(26.7) 11(73.3)
Age,y
Age group
>60y 54 (26.9) 28 (51.9) 26 (48.1) 18 (33.3) 36(66.7)
<60y 147 (73.1) 64 (43.5) 83 (56.5) 56 (38.1) 91 (61.9)
Nutritional status
Obese 108 (53.7) 51(47.2) 57 (52.8) 41 (38) 67 (62)
Overweight 43 (21.4) 18 (41.9) 25(58.1) 13 (30.2) 30 (69.8)
Normoweight 50 (24.9) 23 (46) 27 (54) 20 (40) 60 (30)
Cardiovascular risk factors (n = 201)
Hypertension 187 (93,0) 84 (44.9) 103 (55.1) 67 (35.8) 120 (64.2)
Diabetes mellitus 79 (39,3) 32(40.5) 47 (59.5) 34 (43) 45 (57)
Family history 25 (12,4) 11 (44) 14 (56) 7 (28) 18(72)
Smoking 136 (67,7) 58 (42.6) 78 (57.4) 52(382) 84(61.8)
Dyslipidemia 48(23,9) 24 (50) 24 (50) 23 (47.9) 25 (52.1)
MACEs (n = 201) 30 (14.9)
Angina pectoris 7(35)
Recurrent AMI 7(35)
Stroke 1(05)
Death 15(7.5)

AMI, acute myocardial infarction; MACEs, major adverse cardiovascular events.
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Variables MACEs Non-MACEs HR (95% P-value Adjusted HR P-value
(n = 30) 171) (¢)) (95% ClI)
Demographic Factors
Female, 7 (%) 5(33.3) 10 (66.7) 273 0.040
(1.05-7.14)
Age > 60, n (%) 13 (24.1) 41(75.9) 217 0.035
(1.06-4.48)
Obese, (%) 17 (15.7) 91 (84.3) 092 0.692
(0.60-1.40)
Cardiovascular risk factors
Hypertension, 1 (%) 29 (15.5) 158 (84.5) 219 0.440
(0.30-16.09)
Diabetes mellitus, 7 (%) 12(15.2) 67 (84.8) 1.05 0.895
(0.51-2.18)
Smoking, 7 (%) 17 (12.5) 119 (87.5) 0.61 0.176
(0.30-1.25)
Family history, 1 (%) 4(16.0) 21 (84.0) 1.09 0.878
(0.38-23.11)
Dyslipidemia, 7 (%) 5(10.4) 43 (89.6) 0.62 0331
(0.24-1.62)
Laboratory parameters
High total cholesterol, (%) 4(12.1) 29 (87.9) 0.78 0.637
(0.27-2.22)
Low HDL, 7 (%) 29 (15.8) 154 (84.2) 291 0293
(0.40-21.38)
High LDL, n (%) 20 (15.2) 112 (84.8) 1.07 0871
(0.50-2.28)
High triglyceride, 1 (%) 10 (20.0) 40 (80.0) 157 0244
(0.74-3.36)
Low hemoglobin, (%) 5(16.1) 26 (83.9) L13 0.803
(0.43-2.95)
High leukocyte, 1 (%) 29 (17.0) 142 (83.0) 537 0.098 7.59 (1.03-56.10) 0.047
(0.73-39.43)
Low eGFR, (%) 12 (32.4) 25(67.6) 329 0.001 4.05 (1.94-8.46) 0.000
(1.59-6.84)
Platelet aggregation test 19 (19.0) 81(81.0) 1.80 0.121
(clopidogrel (0.86-3.78)
resistance), n (%)
CYP2C19*2 and CYP2C19*3, n (%)
Mutant carrier 19 (20.7) 73(79.3) 212 0.047 2.60 (1.23-5.49) 0.012
(1.01-4.46)
Homozygous wildtype 11 (10.1) 98 (89.9)

¢GER, estimated glomerular filtration rate; HDL, high-density lipoprotein; HR, hazard ratio; LDL, low-density lipoprotein; MACEs, major adverse cardiovascular events.
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