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Abstract

:

The interleukin-17 (IL-17) has a crucial role during inflammation and has been associated with cardiovascular diseases, but its role in epigenetics is still poorly understood. Therefore, the aim of this study was to evaluate the DNA methylation status of the IL-17A gene promoter to establish whether it may represent a risk factor for subclinical atherosclerosis (SA) or clinical coronary artery disease (CAD). We included 38 patients with premature CAD (pCAD), 48 individuals with SA, and 43 healthy controls. Methylation in the CpG region of the IL-17A gene promoter was assessed via methylation-specific polymerase chain reaction (MSP). Individuals with SA showed increased methylation levels compared to healthy controls and pCAD patients, with p < 0.001 for both. Logistic regression analysis showed that high methylation levels represent a significant risk for SA (OR = 5.68, 95% CI = 2.38–14.03, p < 0.001). Moreover, low methylation levels of the IL-17A gene promoter DNA represent a risk for symptomatic pCAD when compared with SA patients (OR = 0.16, 95% CI = 0.06–0.41, p < 0.001). Our data suggest that the increased DNA methylation of the IL-17A gene promoter is a risk factor for SA but may be a protection factor for progression from SA to symptomatic CAD.
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1. Introduction


Coronary artery disease (CAD) is a complex, progressive, and multifactorial pathology influenced by environmental and genetic factors. Currently, CAD represents an important public health problem and is considered the main cause of morbidity and mortality in adult populations worldwide [1,2]. This pathology is the consequence of a chronic inflammatory injury leading to foam-cell and fatty-streak formation, which disrupts normal vascular function. Further, the clinical coronary event occurs after the progression of the inflammatory process and the rupture of atherosclerotic plaque, leading to a thrombotic event with the consequent occlusion of the artery [3,4].



This atherosclerotic plaque frequently becomes calcified, increasing the risk factor of adverse cardiovascular events [5]. Subclinical atherosclerosis (SA) is defined as the presence of coronary calcification without symptoms of cardiovascular disease [6]. This chronic process progresses unnoticed for several years and frequently develops before clinical symptoms appear, such as a coronary event. At this time, coronary artery calcification (CAC) represents a reliable predictor of coronary artery disease (CAD) [7]. Therefore, the CAC score is a powerful tool for rapidly detecting SA in apparently healthy individuals [8,9].



The atherosclerotic plaque formation and the coronary calcification process are highly complex phenomena that involve the participation of different molecules including inflammatory cytokines [10,11,12]. In this regard, interleukin-17 (IL-17) is a family of six cytokine isoforms (IL-17A to IL-17F), IL-17A being its most widely studied member [13]. IL-17A is an important pro-inflammatory cytokine, mainly produced by type T helper-17 (Th17) cells but also by B cells, γδ-T cells, and invariant natural killer T (iNKT) cells [14]. Th17 polarization is motivated by extracellular pathogens, and also by some damage-associated molecular patterns (DAMPs) such as cholesterol crystals [15], is a key feature of fatty streaks and atheroma. Consistently, previous studies have reported an increased IL17-A expression in atherosclerotic lesions, suggesting an active role of this cytokine in the progression of plaque during atherogenesis [16,17]. In addition, increased circulating levels of IL-17A have been reported in several cardiovascular diseases [18,19,20].



A recent in vitro study by Chang et al. demonstrated the effect in human coronary artery smooth muscle cells treated with IL-17A contained in the serum from Kawasaki disease patients which led to the induction of a phenotype that promotes vascular calcification processes [21]. Additionally, a report by Himaritsu-Asano et al. showed that IL-17A promotes vascular calcification in ex vivo cultures of aortas from mice. This calcification was assessed by computed tomography [22]. These findings suggest a key role of IL-17A in vascular calcification, increasing the risk of vascular events in inflammatory processes; however, the precise mechanism has not yet been fully elucidated.



Growing evidence indicates that the initiation and progression of atherosclerotic plaque, including its calcification, may be determined via epigenetic mechanisms; several reports have shown an association between an abnormal DNA methylation profile and CAD [23,24,25,26]. DNA methylation consists of the addition of a methyl group to position 5′ of cytosine in dinucleotide CpG repeats; this process participates in the regulation of gene expression and is the most investigated epigenetic mechanism [26]. In this context, it is likely that IL-17A gene methylation is associated with a lower progression of atherosclerotic plaque, but little is known in this field. Therefore, the aim of this study was to establish whether IL-17A gene promoter methylation is associated with the incidence of different stages of CAD, i.e., subclinical atherosclerosis and CAD with clinical manifestations.




2. Materials and Methods


2.1. Design and Subjects


This observational and cross-sectional study is nested in the GEA project (Genetics of Atherosclerotic Disease) [27]. We included 129 participants, 38 patients with premature CAD (pCAD), 48 individuals with SA, and 43 healthy controls (Figure 1).



Individuals with SA and controls were apparently healthy volunteers recruited from the open population or blood donors attending our institution. These volunteers did not have a personal or family history or clinical manifestations of CAD. Once they agreed to participate in the study, they were submitted to the computed tomography of the abdomen and chest using a 64-channel multidetector (Siemens, Forchheim, Germany). An expert group of radiologists interpreted the scans and determined the coronary artery calcification (CAC) score through the Agatston method [28].



The control group for this study was constituted of volunteers whose coronary calcium was undetectable (CAC = 0). Moreover, the presence of CAC > 0 was a diagnostic of the presence of coronary lesions [7]; consequently, volunteers with such a condition were classified as patients with SA. Individuals with renal, hepatic, or thyroid disease; oncological diseases; or who were receiving treatment with corticosteroids were excluded. On the other hand, the pCAD diagnostic was made before the age of 55 years in men and before 65 years in women, considering the presence of myocardial infarction, angioplasty, bypass surgery, or coronary stenosis ≥50% determined via angiography. Patients with an acute cardiovascular event within the 3 months prior to the study or with congestive heart failure were excluded. Importantly, CAC score was not determined for symptomatic CAD patients.



Body mass index (BMI) was obtained as weight (kg)/height (m2) and biochemical measurements such as plasma glucose, triglycerides, total cholesterol, and high-density lipoproteincholesterol (HDL-cholesterol) were quantified using enzymatic colorimetric procedures (Roche/Hitachi, Germany) on a Hitachi 902 autoanalyzer (Hitachi LTD, Tokyo, Japan). Cholesterol not associated with high-density lipoproteins was obtained by subtracting HDL-cholesterol from total cholesterol [6]. Insulin resistance was estimated using the homeostasis model assessment (HOMA-IR) [29].



All participants in the present study self-reported having Mexican ancestry (of at least three generations). In addition, in order to ensure that population stratification was not a bias in this research, we previously determined the genetic background of this cohort, using at least 265 ancestry informative markers (AIMs) distinguishing African, Amerindian, and European ancestry, and the results of this ancestry analysis revealed a similar genetic background in the AIMs evaluated [30]; therefore, there was no genetic bias in the present study.



The present study was approved by the Ethics and Research committees of the Instituto Nacional de Cardiología (protocol number: 15-947).




2.2. DNA Extraction and Sodium Bisulfite Treatment


Genomic DNA was isolated from peripheral blood leukocytes using the QIAamp DNA Mini kit (Qiagen, Hilden, Germany) following the instructions of the manufacturer. Then, DNA purity was evaluated using NanoDrop Spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA) and considered acceptable when the absorption ratio 260 nm/280 nm of the sample was between 1.8 and 2.0. DNA integrity was assessed by 1% agarose gel electrophoresis.



Then, DNA unmethylated cytosines were converted into uracil through the bisulfite method using EpiTect Bisulfite Kit (Qiagen, Hilden, Germany). Methylated cytosines remained unaltered by this method, thus allowing the specific detection of unmethylated or methylated DNA. DNA was denatured at 95 °C for 5 min followed by the conversion reaction at 60 °C during 5 h. After conversion, DNA samples were desulphonated, purified using a preparative column (Qiagen, Hilden, Germany), eluted via centrifugation, and stored at −20 °C until analysis.




2.3. Epigenetic Analysis


Methylation in the CpG region of the IL-17A gene promoter with sodium bisulfite treatment was performed using methylation-specific polymerase chain reaction (MSP). In brief, 20 ng of DNA, 10 μM of each primer, and 2X Master mix MSP (Qiagen, Hilden, Germany) were used in a final reaction volume of 10 μL. The cycle conditions for IL-17A methylated and unmethylated amplicons were as follows: initial activation at 95 °C for 10 min, 40 cycles (95 °C for 15 s, 56 °C for 30 s, 72 °C for 30 s), and 72 °C for 7 min. Each PCR assay included a methylation control, unmethylated control, genomic DNA control (EpiTect PCR Control DNA Set, Qiagen, Hilden, Germany), and a negative control.



The PCR products were analyzed using 2% agarose gel electrophoresis stained with ethidium bromide and then viewed under UV in a transilluminator (UVP Benchtop, Thermo Fisher Scientific, Walthman, MA, USA). We used the MethPrimer software (https://www.urogene.org/methprimer/, accessed on 15 January 2023), to predict and design specific primers to explore a CpG island in the promoter region of IL-17A [31]. Primers used to determine the methylated sequences were as follows: Forward 5′TTTTTATGATTTTATTGGGGGC3′ and reverse 5′ATAAACAAAATATAACGCTATCGTC3′ with a product size of 138 bp. The primer for unmethylated sequences was: forward 5′TTTTTTTATGATTTTATTGGGGGT3′ and reverse 5′ATAAACAAAATATAACACTATCATC3′ with a product size of 141 bp. The studied region of IL-17A gene relative to transcriptional starting site (TSS) was from −101 bp to +39 bp (141 bp).




2.4. Analysis of the Percentage of DNA Methylation


The amplification products corresponding to the MSP assay were separated on an electrophoresis gel as described above. The fluorescence intensity (Fi) of methylated and unmethylated DNA were analyzed using VisionWorks Analysis Software Version 8.20 (Ultra-Violet Products Ltd., Nuffield, Cambridge, UK). The percentage of methylation was calculated as follows:


  %   o f   m e t h y l a t i o n =   F i   m e t h y l a t e d   D N A     F i   m e t h y l a t e d   D N A + F i   u n m e t h y l a t e d   D N A     × 100  












2.5. Statistical Analysis


The quantitative data distribution was determined via the Kolmogorov–Smirnov test. Results were expressed as mean ± standard deviation (SD) or median (interquartile range) for normally and non-normally distributed variables, respectively. Qualitative variables were expressed as frequencies and percentages. To assess the statistical differences between the two study groups, a Mann–Whitney U test was used, and an ANOVA with a Scheffe post-hoc test or a Kruskal–Wallis test for multiple comparisons, depending on the data distribution. A chi-square test was used to compare qualitative variables. For logistic regression analysis, individuals were stratified into two subgroups according to the median of the methylation percentage of the included groups. A first logistic subanalysis included the control subjects and SA patients to determine whether IL-17A gene methylation percentages represent a risk of asymptomatic atherosclerosis. In a second model, we included SA and pCAD subjects to statistically establish whether the IL17-A gene methylation represents a risk that SA patients will develop symptomatic CAD. The analysis was two-tailed, and the level of significance was less than 0.05 (p < 0.05). Statistical analysis was performed in the SPSS v.27 statistical package (SPSS Inc.; Chicago, IL, USA) and GraphPad Prism Software 8.0.1 (GraphPad Software, La Jolla, CA, USA).





3. Results


3.1. Characteristics of the Studied Population


The main clinical and biochemical characteristics of the study population are depicted in Table 1. We enrolled 38 pCAD patients, 48 individuals with SA, and 43 healthy individuals. The mean age of the pCAD patients and the healthy controls were similar (57.47 ± 6.34 and 56.86 ± 8.85 years old, respectively, p > 0.05); however, individuals with SA were older than healthy controls (62.47 ± 8.05 and 56.86 ± 8.85, respectively, p = 0.001). In addition, there were more males among the pCAD patients than among the individuals with SA and healthy controls.




3.2. DNA Methylation Status of IL-17A Gene Promoter


DNA methylation levels were similar in healthy controls and individuals with pCAD. Conversely, individuals with SA showed increased percentages of methylation in comparison with healthy controls and pCAD patients: 52.62 (52.02–53.35) % vs. 50.95 (50.04–52.38) %, and 52.62 (52.02–53.35) % vs. 51.56 (51.04–52.33) %, respectively, with p < 0.001 for both (Figure 2).




3.3. Association between DNA Methylation Levels of IL-17A Gene Promoter and the Risk of SA and pCAD


The data were stratified into two groups according to the median DNA methylation in the studied population. We first analyzed whether high percentages of methylation were associated with the risk of SA. For this, we performed a logistic regression analysis including control individuals and SA patients; pCAD patients were not considered for this analysis. We defined as reference the group of individuals with methylation levels below the median (52.23%) of the included individuals for this subanalysis. These results revealed that methylation values > 52.23% represent a significant risk of SA (OR = 5.68, 95% CI = 2.38–14.03, p < 0.001). We further adjusted the model by sex (model 1), by sex and age (model 2), and by sex, age and glucose levels (model 3). After adjustments, the risk of developing SA with a percentage of IL-17A gene methylation above the median of the included individuals in the subanalysis remained statistically significant (Table 2).



In addition, we explored the possibility that SA individuals could progress to symptomatic atherosclerotic (pCAD) in the function of their IL-17A gene methylation levels. For this, we included SA and pCAD patients in the logistic regression analysis, using as reference the methylation levels below the median of this subgroup (52.28%). The statistical model revealed a significant OR < 1, indicating that a methylation level > 52.28% represents a protection factor for SA individuals to convert from asymptomatic to symptomatic disease (OR = 0.160, 95% CI = 0.06–0.41, p < 0.001). After adjustments by sex (model 1), by sex and age (model 2), and sex, age and glucose levels (model 3) the protection of developing pCAD when SA individuals have a percentage of IL-17A gene methylation >52.28% remained statistically significant (p < 0.003, Table 3).





4. Discussion


Cardiovascular diseases (CVDs) belong to a group of complex pathologies that have an important impact on mortality and, consequently, on public health worldwide. Particularly, CAD has a main inflammatory component that is still not fully understood. In the present study, we evaluated the DNA methylation levels of the IL-17A gene promoter to investigate its potential relationship with pCAD and with the potential progression of SA to the symptomatic stage of the disease. Recent reports have considered epigenetic mechanisms in the development of cardiovascular diseases, mainly abnormal patterns of DNA methylation [32], but the knowledge in this field is still scarce.



IL-17A epigenetic research is particularly scarce and, as far as we know, this is the first study with an approach related to asymptomatic atherosclerosis. Previous studies have investigated cytokine gene promoter methylation patterns and their relation to CVDs, namely IL-6 [33,34], a cytokine that is involved in pro-inflammatory processes underlying the development of coronary heart disease. In these studies, the promoter hypomethylation was related to an increased IL-6 gene expression and an elevated risk of suffering from the disease [33,34]. Similar patterns of hypomethylation have also been reported for CVD-related conditions, such as Behcet’s syndrome with IL-6 and essential hypertension with IFN [35,36]. These results support the argument that the degree of DNA methylation is inversely associated with gene expression. Consequently, it could be interpreted in this study that the higher the degree of IL-17A gene methylation, the lower the gene expression.



IL-17A is a key cytokine produced by a T lymphocyte polarization mainly induced by extracellular stimuli, including antigens and damage-associated molecular patterns (DAMPs) [37]. Previous studies have demonstrated that IL-17A is involved in several pro-inflammatory, prothrombotic, and plaque destabilizing processes on human atherosclerotic lesions [38]. Moreover, considering that cholesterol may act as a DAMP that initiates the inflammatory process in the atherosclerotic lesion, it is expected that it would drive the T cell polarization to the Th17 response [39]. In this context, the methylation of the gene would limit IL-17A expression and, consequently, Th-dependent inflammation activity. Assuming that the severity of atherosclerosis symptoms is associated with the degree of inflammation (active expression of IL-17A), a decreasing percentage of methylation was expected in control subjects, whereas pCAD patients would have the lowest level of methylation, as reported for IL-6 in CAD [33,34]. In addition, SA patients were expected to express an intermediate level of IL-17A gene methylation: higher than controls and lower than pCAD patients.



Surprisingly, our data did not show such an increasing gradient of gene methylation from pCAD to controls. Instead, SA individuals had a significantly higher percentage of methylation than controls and pCAD patients. Accepting that SA is a less severe manifestation of the inflammatory process than the symptomatic disease, the higher percentages of gene methylation in SA individuals than in pCAD patients is congruent with the role of IL-17A in coronary artery disease [14]. IL-17A promotes the infiltration of inflammatory cells into the arterial wall and induces TNFα and IL-6, both involved in the atheroma development. Also, IL-17A favors fibrosis, leading to plaque instability [14]. In addition, Th17 cells can also induce the production of other pro-inflammatory cytokines involved in macrophage accumulation in the arterial wall [39]. Therefore, knowing that gene methylation restrains the expression of the protein, it is likely that atheroma in SA individuals does not progress to symptomatic disease because of a lower IL-17A synthesis.



In our study, we found no statistically significant differences in methylation status when comparing healthy controls (CAC = 0) and pCAD patients. It should be considered that atherosclerosis is a complex pathological entity in which several components are involved in the local micro-environment of the subendothelial space. Therefore, we cannot establish that the expression of IL17-A is enough to drive the coronary atherosclerosis.



Instead, our results should be interpreted in the context of the pre-existing disease, and they are not extensive to healthy subjects. When the IL-17A gene expression is attenuated by an increased methylation in a subject with atherosclerosis, it is likely that the disease progression is retarded. This interpretation is consistent with the mean age of our studied groups; the SA individuals are older than pCAD patients, further supporting the idea of a delay of the appearance of the clinical symptoms due to the higher methylation of the IL-17A gene. Further prospective studies are warranted to explore the validity of this hypothesis. Additional epigenetic mechanisms should also be analyzed in asymptomatic individuals.



We recognize some limitations of our work: a prospective interpretation of our results is not possible due to the cross-sectional design of the study. Also, we included only 129 individuals, enough to reach some valid conclusions based on statistical analyses but limited to include more covariables for correction in the logistic regressions. For this reason, pharmacological treatments or lipid profiles were not considered as covariables in statistical analyses. Moreover, we did not measure IL-17A circulation levels in the participants included in this research. Thus, we could not establish whether there were differences in these levels in the study population. Likewise, this limitation prevents us from establishing whether there is an association between the DNA methylation of the IL-17A gene studied and the levels of this cytokine.



In summary, our results suggest that increased DNA methylation of the IL-17A gene promoter could be associated with SA and with pCAD. However, these findings have not been explored in SA or in coronary disease, so they represent an advancement in the knowledge to establish the basis of epigenetic markers in the early onset of coronary disease. Additional methylation pattern studies of the IL-17A gene should be performed to confirm our results.




5. Conclusions


We demonstrated an increased IL-17A gene methylation in subjects with SA compared to controls and pCAD patients, suggesting a compensatory mechanism to inflammation that retards the onset of symptomatic disease. Furthermore, this study contributes knowledge in the epigenetic field, where there is no previous work on IL-17A, so validation of our findings is required.







Author Contributions


Conceptualization, N.P.-H. and J.M.R.-P.; methodology, N.P.-H., J.M.R.-P. and M.L.-L.; software, N.P.-H., J.M.R.-P., R.P.-S., Ó.P.-M. and M.L.-L.; validation, N.P.-H., J.M.R.-P., Ó.P.-M. and M.L.-L.; formal analysis, N.P.-H. and J.M.R.-P.; investigation, N.P.-H. and J.M.R.-P.; resources, N.P.-H., J.M.R.-P. and G.V.-A.; data curation, N.P.-H., J.M.R.-P. and Ó.P.-M.; writing—original draft preparation, N.P-H., J.M.R.-P. and Ó.P.-M.; writing—review and editing, N.P.-H., J.M.R.-P., Ó.P.-M. and G.V.-A.; visualization, N.P.-H.; supervision, J.M.R.-P.; project administration, J.M.R.-P.; funding acquisition, J.M.R.-P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Consejo Nacional de Ciencia y Tecnología (CONACYT), grant number 261741.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board and Ethics Committee of the Instituto Nacional de Cardiología Ignacio Chávez (protocol code 15-947).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data supporting the results are available from the corresponding authors upon reasonable request.




Acknowledgments


The authors are grateful to all the GEA project participants for the facilities to perform this study. The authors are also grateful to Marva Arellano-González and Silvestre Ramírez-Fuentes for the DNA extraction of the GEA project participants. Finally, Open Access funding for this article was supported by Instituto Nacional de Cardiología Ignacio Chávez.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gawryszewski, V.P.; Souza, M.F. Mortality due to cardiovascular diseases in the Americas by region, 2000–2009. Sao Paulo Med. J. 2014, 132, 105–110. [Google Scholar] [CrossRef]

	



Lozano, R.; Naghavi, M.; Foreman, K.; Lim, S.; Shibuya, K.; Aboyans, V.; Abraham, J.; Adair, T.; Aggarwal, R.; Ahn, S.Y. Global and regional mortality from 235 causes of death for 20 age groups in 1990 and 2010: A systematic analysis for the Global Burden of Disease Study 2010. Lancet 2012, 380, 2095–2128. [Google Scholar] [CrossRef]

	



Libby, P.; Ridker, P.M.; Maseri, A. Inflammation and atherosclerosis. Circulation 2002, 105, 1135–1143. [Google Scholar] [CrossRef] [PubMed]

	



Hansson, G.K.; Libby, P.; Tabas, I. Inflammation and plaque vulnerability. J. Intern. Med. 2015, 278, 483–493. [Google Scholar] [CrossRef] [PubMed]

	



Carr, J.J.; Nelson, J.C.; Wong, N.D.; McNitt-Gray, M.; Arad, Y.; Jacobs, D.R., Jr.; Sidney, S.; Bild, D.E.; Williams, O.D.; Detrano, R.C. Calcified coronary artery plaque measurement with cardiac CT in population-based studies: Standardized protocol of Multi-Ethnic Study of Atherosclerosis (MESA) and Coronary Artery Risk Development in Young Adults (CARDIA) study. Radiology 2005, 234, 35–43. [Google Scholar] [CrossRef] [PubMed]

	



Posadas-Romero, C.; López-Bautista, F.; Rodas-Díaz, M.A.; Posadas-Sánchez, R.; Kimura-Hayama, E.; Juárez-Rojas, J.G.; Medina-Urrutia, A.X.; Cardoso-Saldaña, G.C.; Vargas-Alarcón, G.; Jorge-Galarza, E. Prevalence and extent of coronary artery calcification in an asymptomatic cardiovascular Mexican population: Genetics of Atherosclerotic Disease study. Arch. Cardiol. Mex. 2017, 87, 292–301. [Google Scholar] [PubMed]

	



Nakahara, T.; Dweck, M.R.; Narula, N.; Pisapia, D.; Narula, J.; Strauss, H.W. Coronary Artery Calcification: From Mechanism to Molecular Imaging. JACC Cardiovasc. Imaging 2017, 10, 582–593. [Google Scholar] [CrossRef] [PubMed]

	



Faggiano, P.; Dasseni, N.; Gaibazzi, N.; Rossi, A.; Henein, M.; Pressman, G. Cardiac calcification as a marker of subclinical atherosclerosis and predictor of cardiovascular events: A review of the evidence. Eur. J. Prev. Cardiol. 2019, 26, 1191–1204. [Google Scholar] [CrossRef]

	



Faggiano, A.; Santangelo, G.; Carugo, S.; Pressman, G.; Picano, E.; Faggiano, P. Cardiovascular Calcification as a Marker of Increased Cardiovascular Risk and a Surrogate for Subclinical Atherosclerosis: Role of Echocardiography. J. Clin. Med. 2021, 10, 1668. [Google Scholar] [CrossRef]

	



de Boer, O.J.; van der Meer, J.J.; Teeling, P.; van der Loos, C.M.; Idu, M.M.; van Maldegem, F.; Aten, J.; van der Wal, A.C. Differential expression of interleukin-17 family cytokines in intact and complicated human atherosclerotic plaques. J. Pathol. 2010, 220, 499–508. [Google Scholar] [CrossRef]

	



Shen, J.; Zhao, M.; Zhang, C.; Sun, X. IL-1β in atherosclerotic vascular calcification: From bench to bedside. Int. J. Biol. Sci. 2021, 17, 4353–4364. [Google Scholar] [CrossRef] [PubMed]

	



Hao, N.; Zhou, Z.; Zhang, F.; Li, Y.; Hu, R.; Zou, J.; Zheng, R.; Wang, L.; Xu, L.; Tan, W.; et al. Interleukin-29 Accelerates Vascular Calcification via JAK2/STAT3/BMP2 Signaling. J. Am. Heart Assoc. 2023, 12, e027222. [Google Scholar] [CrossRef]

	



Robert, M.; Miossec, P. Effects of Interleukin 17 on the cardiovascular system. Autoimmun. Rev. 2017, 16, 984–991. [Google Scholar] [CrossRef] [PubMed]

	



Swaidani, S.; Liu, C.; Zhao, J.; Bulek, K.; Li, X. TRAF Regulation of IL-17 Cytokine Signaling. Front. Immunol. 2019, 10, 1293. [Google Scholar] [CrossRef] [PubMed]

	



Warnatsch, A.; Ioannou, M.; Wang, Q.; Papayannopoulos, V. Inflammation. Neutrophil extracellular traps license macrophages for cytokine production in atherosclerosis. Science 2015, 349, 316–320. [Google Scholar] [CrossRef]

	



Erbel, C.; Dengler, T.J.; Wangler, S.; Lasitschka, F.; Bea, F.; Wambsganss, N.; Hakimi, M.; Böckler, D.; Katus, H.A.; Gleissner, C.A. Expression of IL-17A in human atherosclerotic lesions is associated with increased inflammation and plaque vulnerability. Basic Res. Cardiol. 2011, 106, 125–134. [Google Scholar] [CrossRef] [PubMed]

	



Benagiano, M.; Munari, F.; Ciervo, A.; Amedei, A.; Paccani, S.R.; Mancini, F.; Ferrari, M.; Della Bella, C.; Ulivi, C.; D’Elios, S.; et al. Chlamydophila pneumoniae phospholipase D (CpPLD) drives Th17 inflammation in human atherosclerosis. Proc. Natl. Acad. Sci. USA 2012, 109, 1222–1227. [Google Scholar] [CrossRef]

	



Oliveira, D.C.; Oliveira, C.G.C.; Mendes, E.B., Jr.; Silveira, M.M.; Cabral, J.V.; Ferreira, E. Circulating interleukin-17A in patients with acute and chronic coronary syndromes. Am. J. Cardiovasc. Dis. 2021, 11, 704–709. [Google Scholar]

	



Ghaznavi, H.; Soltanpour, M.S. Association study between rs2275913 genetic polymorphism and serum levels of IL-17A with risk of coronary artery disease. Mol. Biol. Res. Commun. 2020, 9, 35–40. [Google Scholar]

	



Sun, J.; Yu, H.; Liu, H.; Pu, D.; Gao, J.; Jin, X.; Liu, X.; Yan, A. Correlation of pre-operative circulating inflammatory cytokines with restenosis and rapid angiographic stenotic progression risk in coronary artery disease patients underwent percutaneous coronary intervention with drug-eluting stents. J. Clin. Lab. Anal. 2020, 34, e23108. [Google Scholar] [CrossRef]

	



Chang, S.F.; Liu, S.F.; Chen, C.N.; Kuo, H.C. Serum IP-10 and IL-17 from Kawasaki disease patients induce calcification-related genes and proteins in human coronary artery smooth muscle cells in vitro. Cell Biosci. 2020, 10, 36. [Google Scholar] [CrossRef]

	



Hiramatsu-Asano, S.; Mukai, T.; Akagi, T.; Uchida, H.A.; Fujita, S.; Nakano, K.; Morita, Y. IL-17A promotes vascular calcification in an ex vivo murine aorta culture. Biochem. Biophys. Res. Commun. 2022, 604, 83–87. [Google Scholar] [CrossRef]

	



Dutta, P.; Sengupta, A.; Chakraborty, S. Epigenetics: A new warrior against cardiovascular calcification, a forerunner in modern lifestyle diseases. Environ. Sci. Pollut. Res. Int. 2022, 29, 62093–62110. [Google Scholar] [CrossRef] [PubMed]

	



Aavik, E.; Babu, M.; Ylä-Herttuala, S. DNA methylation processes in atheosclerotic plaque. Atherosclerosis 2019, 281, 168–179. [Google Scholar] [CrossRef] [PubMed]

	



Kowara, M.; Cudnoch-Jedrzejewska, A. Pathophysiology of Atherosclerotic Plaque Development-Contemporary Experience and New Directions in Research. Int. J. Mol. Sci. 2021, 22, 3513. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Zhang, X.; Yang, M.; Yang, H.; Xu, N.; Fan, X.; Liu, G.; Jiang, X.; Fan, J.; Zhang, L.; et al. DNA methylome profiling reveals epigenetic regulation of lipoprotein-associated phospholipase A2 in human vulnerable atherosclerotic plaque. Clin. Epigenetics 2021, 13, 161. [Google Scholar] [CrossRef]

	



Posadas-Sánchez, R.; Pérez-Hernández, N.; Rodríguez-Pérez, J.M.; Coral-Vázquez, R.M.; Roque-Ramírez, B.; Llorente, L.; Lima, G.; Flores-Dominguez, C.; Villarreal-Molina, T.; Posadas-Romero, C.; et al. Interleukin-27 polymorphisms are associated with premature coronary artery disease and metabolic parameters in the Mexican population: The genetics of atherosclerotic disease (GEA) Mexican study. Oncotarget 2017, 8, 64459–64470. [Google Scholar] [CrossRef]

	



Mautner, G.C.; Mautner, S.L.; Froehlich, J.; Feuerstein, I.M.; Proschan, M.A.; Roberts, W.C.; Doppman, J.L. Coronary artery calcification: Assessment with electron beam CT and histomorphometric correlation. Radiology 1994, 192, 619–623. [Google Scholar] [CrossRef]

	



Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F.; Turner, R.C. Homeostasis model assessment: Insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985, 28, 412–419. [Google Scholar] [CrossRef]

	



Angeles-Martínez, J.; Posadas-Sánchez, R.; Pérez-Hernández, N.; Rodríguez-Pérez, J.M.; Fragoso, J.M.; Bravo-Flores, E.; Posadas- Romero, C.; Vargas-Alarcón, G. IL-15 polymorphisms are associated with subclinical atherosclerosis and cardiovascular risk factors. The Genetics of Atherosclerosis Disease (GEA) Mexican Study. Cytokine 2017, 99, 173–178. [Google Scholar] [CrossRef]

	



Li, L.C.; Dahiya, R. MethPrimer: Designing primers for methylation PCRs. Bioinformatics 2002, 18, 1427–1431. [Google Scholar] [CrossRef] [PubMed]

	



Dai, Y.; Chen, D.; Xu, T. DNA Methylation Aberrant in Atherosclerosis. Front. Pharmacol. 2022, 13, 815977. [Google Scholar] [CrossRef] [PubMed]

	



Mohammadpanah, M.; Heidari, M.M.; Khatami, M.; Hadadzadeh, M. Relationship of hypomethylation CpG islands in interleukin-6 gene promoter with IL-6 mRNA levels in patients with coronary atherosclerosis. J. Cardiovasc. Thorac. Res. 2020, 12, 214–221. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, H.P.; Guo, Y.Y.; Che, L.; Wu, X.Z. Hypomethylation of Interleukin-6 Promoter is Associated with the Risk of Coronary Heart Disease. Arq. Bras. Cardiol. 2016, 107, 131–136. [Google Scholar] [CrossRef]

	



Alipour, S.; Sakhinia, E.; Khabbazi, A.; Samadi, N.; Babaloo, Z.; Azad, M.; Abolhasani, S.; Farhadi, J.; Jadideslam, G.; Roshanravan, N.; et al. Methylation status of interleukin-6 gene promoter in patients with Behçet’s disease. Reumatol. Clin. 2020, 16, 229–234. [Google Scholar] [CrossRef] [PubMed]

	



Bao, X.J.; Mao, S.Q.; Gu, T.L.; Zheng, S.Y.; Zhao, J.S.; Zhang, L.N. Hypomethylation of the Interferon γ Gene as a Potential Risk Factor for Essential Hypertension: A Case-Control Study. Tohoku J. Exp. Med. 2018, 244, 283–290. [Google Scholar] [CrossRef]

	



Jin, S.; Park, C.O.; Shin, J.U.; Noh, J.Y.; Lee, Y.S.; Lee, N.R.; Kim, H.R.; Noh, S.; Lee, Y.; Lee, J.H.; et al. DAMP molecules S100A9 and S100A8 activated by IL-17A and house-dust mites are increased in atopic dermatitis. Exp. Dermatol. 2014, 23, 938–941. [Google Scholar] [CrossRef]

	



Erbel, C.; Akhavanpoor, M.; Okuyucu, D.; Wangler, S.; Dietz, A.; Zhao, L.; Stellos, K.; Little, K.M.; Lasitschka, F.; Doesch, A.; et al. IL-17A influences essential functions of the monocyte/macrophage lineage and is involved in advanced murine and human atherosclerosis. J. Immunol. 2014, 193, 4344–4355. [Google Scholar] [CrossRef]

	



Bartoloni, E.; Alunno, A.; Cafaro, G.; Valentini, V.; Bistoni, O.; Bonifacio, A.F.; Gerli, R. Subclinical Atherosclerosis in Primary Sjögren’s Syndrome: Does Inflammation Matter? Front. Immunol. 2019, 10, 817. [Google Scholar] [CrossRef]








[image: Cimb 45 00610 g001] 





Figure 1. Flowchart for study selection. 






Figure 1. Flowchart for study selection.



[image: Cimb 45 00610 g001]







[image: Cimb 45 00610 g002] 





Figure 2. The methylation percentage analysis of the IL-17A gene in the study groups. The data are shown as the median value (black circle, square, and triangle) and interquartile range (bars). Kruskal–Wallis and Mann–Whitney U test. * p < 0.001, Control vs. SA; ** p < 0.001, SA vs. pCAD. SA, subclinical atherosclerosis; pCAD, premature coronary artery disease. 
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Table 1. Characteristics of the studied groups.






Table 1. Characteristics of the studied groups.





	Characteristics
	Controls

(n = 43)
	Subclinical Atherosclerosis

(n = 48)
	pCAD

(n = 38)
	* p





	Age (years)
	56.86 ± 8.85
	62.47 ± 8.05 €
	57.47 ± 6.34 ¥
	0.001



	Gender (% male)
	15 (34.9)
	26 (55.3)
	34 (89.5)
	<0.001



	BMI (kg/m2)
	25.13 ± 2.94
	29.31 ± 3.66 €
	28.60 ± 3.75 €
	<0.001



	Glucose (mg/dL)
	89 (81–93)
	95 (88.5–103) €
	91.50 (84.75–126.75) €
	<0.001



	Triglycerides (mg/dL)
	101.10

(84–130.20)
	157.40 (113.87–236.30) €
	147.40 (111.07–195.42) €
	<0.001



	Total cholesterol (mg/dL)
	193.80 ± 34.29
	194.28 ± 41.44
	149.15 ± 35.12 €, ¥
	<0.001



	HDL-C (mg/dL)
	59 (51–68)
	41.79 (35.82–52.20) €
	36.70 (32.82–42.80) €, ¥
	<0.001



	Non HDL-C (mg/dL)
	132.94 ± 35.20
	149.40 ± 42.35
	110.58 ± 35.13 €, ¥
	<0.001



	HOMA
	2.60 (1.85–3.52)
	4.78 (3.17–6.96) €
	4.84 (3.81–6.73) €
	<0.001



	CAC (Agatston)
	0
	172.7 (77.47–363.44) €
	ND
	<0.001







The data are shown as mean ± standard deviation, median (interquartile range), or number of subjects (percentage). * ANOVA and Post hoc Scheffe, Kruskal–Wallis and Mann–Whitney U test, or Chi2 test. € p < 0.05 vs. Control, ¥ p < 0.05 vs. SA; pCAD, premature coronary artery disease; BMI, body mass index; HDL-C, high density lipoprotein-cholesterol; CAC, coronary artery calcium; ND, not determined.













 





Table 2. Logistic regression models for methylation percentages of IL-17A gene association with subclinical atherosclerosis.
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Group

	
Crude Model

	
Model 1

	
Model 2

	
Model 3




	
OR (95% CI)

	
p

	
OR (95% CI)

	
p

	
OR (95% CI)

	
p

	
OR (95% CI)

	
p






	
1

	
Reference

	
Reference

	
Reference

	
Reference




	
2

	
5.68 (2.38–14.03)

	
<0.001

	
7.74 (2.84–21.08)

	
<0.001

	
6.37 (2.34–17.33)

	
<0.001

	
6.05 (2.15–16.97)

	
0.001








The data were stratified into two groups according to the distribution of DNA methylation levels; group 1 included DNA methylation levels lower than the median (52.23%), and group 2 included DNA methylation levels higher than the median methylation. For this subanalysis, only healthy controls and SA patients were included. Group 1 was considered the reference for OR. Model 1 is adjusted by sex; Model 2 is adjusted by sex and age; and Model 3 is adjusted by sex, age, and glucose levels.













 





Table 3. Logistic regression models for methylation percentages of IL-17A gene association with symptomatic atherosclerotic.
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Group

	
Crude Model

	
Model 1

	
Model 2

	
Model 3




	
OR (95% CI)

	
p

	
OR (95% CI)

	
p

	
OR (95% CI)

	
p

	
OR (95% CI)

	
p






	
1

	
Reference

	
Reference

	
Reference

	
Reference




	
2

	
0.16 (0.06–0.41)

	
<0.001

	
0.16 (0.06–0.44)

	
<0.001

	
0.19 (0.06–0.57)

	
0.003

	
0.19 (0.06–0.57)

	
0.003








The data were stratified into two groups according to the distribution of DNA methylation levels; group 1 included DNA methylation levels lower than the median methylation (52.28%), and group 2 included DNA methylation levels higher than the median methylation. For this subanalysis, only SA and pCAD patients were included. Group 1 was considered the reference for OR. Model 1 is adjusted by sex; Model 2 is adjusted by sex and age; and Model 3 is adjusted by sex, age, and glucose levels.

