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Aim: To investigate the potential association between polymorphisms in genes involved in endothelial function, inflammation and carotid atherosclerosis.

Methods: This was a three-center, population-based sectional survey conducted in Sichuan province of southwestern China. We randomly selected 8 different communities in Sichuan, and the residents in each community volunteered to participate in the survey by face-to-face questionnaire. A total of 2,377 residents with high stroke risk population in the 8 communities were included. Carotid atherosclerosis was evaluated by carotid ultrasound, and the 19 single nucleotide polymorphisms (SNPs) in 10 endothelial function as well as inflammation relevant genes were measured in the high stroke risk population. Carotid atherosclerosis was defined by the presence of carotid plaque or any carotid stenosis ≥15% or mean intima-media thickness (IMT) > 0.9 mm. Generalized multifactor dimensionality reduction (GMDR) approach was used to analyze gene–gene interactions among the 19 SNPs.

Results: Among the 2,377 subjects with high stroke risk, 1,028 subjects had carotid atherosclerosis (43.2%), of which 852 (35.8%) cases had carotid plaque, 295 (12.4%) cases had ≥15% carotid stenosis, whereas 445 (18.7%) had mean IMT > 0.9 mm. Multivariate logistic regression revealed that IL1A rs1609682 TT and HABP2 rs7923349 TT served as independent risk factors for carotid atherosclerosis (OR, 1.45, 95% CI: 1.034–2.032, p = 0.031, and OR, 1.829, 95% CI: 1.228–2.723, p = 0.003). GMDR analysis indicated that there was a significant gene–gene interaction found among IL1A rs1609682, ITGA2 rs1991013, and HABP2 rs7923349. After adjusting the covariates, the high-risk interactive genotypes in the 3 variants were significantly associated with a significantly higher risk for carotid atherosclerosis (OR, 2.08, 95% CI: 1.257–5.98, p < 0.001).

Conclusion: The prevalence of carotid atherosclerosis was observed to be extremely high in the high-risk stroke population in southwestern China. There were associations observed between the specific variants in inflammation and endothelial function relevant genes and carotid atherosclerosis. The high-risk interactive genotypes among IL1A rs1609682, ITGA2 rs1991013, and HABP2 rs7923349 significantly increased the risk of carotid atherosclerosis. These results are expected to provide novel strategies for the prevention of carotid atherosclerosis. The gene–gene interactive analysis used in this study may be very helpful to elucidate complex genetic risk factors for carotid atherosclerosis.
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Introduction

Stroke is one of important causes of adult mortality as well as disability in the Western countries and in China (1), and is primarily caused by carotid atherosclerosis (2). The patients with carotid atherosclerosis have a significantly higher risk for stroke and other cardiovascular events as a result of luminal stenosis or plaque rupture (2–4). Carotid atherosclerosis, including carotid plaque, increased intima-media thickness (IMT) and carotid stenosis, is considered as powerful subclinical predictors of the future vascular events (4, 5). Therefore, it is important to investigate the potential etiology of carotid atherosclerosis for better prevention of stroke and other vascular events. Although the associations between carotid atherosclerosis and traditional vascular risk factors have been reported, current studies have focused on the effect of genetic factors because of their potential contributions to the vascular lesions (6, 7). However, up to date, such a genetic effect on carotid atherosclerosis is not clear.

Atherosclerosis is a chronic immune inflammatory process related to a variety of immune-inflammatory cells and mediators and causes instability of plaque or plaque rupture. The risk of atherosclerosis increases with an increase in plaque vulnerability (8). Atherosclerosis as a complex inflammatory disorder, activation and recruitment of the various inflammatory cells, endothelial injury, smooth muscle cell proliferation, and influx of the lipoproteins through vessel injury space are important mechanisms of atherosclerosis (8, 9). Thus, inflammation and endothelial injury play key roles in the pathogenesis of atherosclerosis. The variable risk for atherosclerosis reflects the variants that can effectively modulate endothelial function and inflammatory response in the arterial walls (9). A number of previous studies have demonstrated that various genes related to inflammation are associated with vulnerability of the carotid plaque (6, 10, 11). Furthermore, variants in the genes related to endothelial function and inflammation have been found to play key function in carotid plaque and carotid stenosis (7, 12, 13). A study from the Northern Manhattan population examined the association between carotid plaque and 197 single nucleotide polymorphisms (SNPs) in 43 genes implicated in inflammation and endothelial function, and found that the associations between variants in 10 genes (TNF, NOS2A, IL6R, TNFSF4, PPARA, IL1A, TLR4, ITGA2, VCAM1, and HABP2) and carotid plaque phenotypes (12). Studies from Chinese population also demonstrated that specific SNPs in inflammation and endothelial function relevant genes were associated with carotid plaque, the high-risk interactive genotype among rs7923349, rs1991013, rs1609682, and rs8081248 was independently associated with a higher risk for vulnerable plaque (7), and the high-risk interaction in ITGA2 rs4865756 and HABP2 rs7923349 increased the risk of carotid stenosis (13).

In general, carotid plaque, increased IMT and carotid stenosis can exist simultaneously in patients with carotid atherosclerosis. Thus, it might be inappropriate to analyze the possible association of endothelial function and inflammation relevant genetic SNPs with carotid plaque or carotid stenosis separately. Atherosclerosis is a complex disease and it does not follow Mendelian mode of Inheritance (14), which could be attributed to the effect of gene–gene interactions (6, 7). However, few studies have examined the effect of gene–gene interactions among various genes regulating inflammation and endothelial function on the carotid atherosclerosis.

According to China National Stroke Screening Survey (CNSSS) program (1), we carried out this population-based high-risk stroke population survey in Sichuan of southwestern China (15). On the basis of our survey, we performed this study to investigate: (1) the prevalence of carotid atherosclerosis in the high-risk stroke population; (2) the associations of 19 SNPs in genes relevant to endothelial function and inflammation with carotid atherosclerosis, and the influence of gene–gene interaction among the 19 SNPs on carotid atherosclerosis. Overall, the findings can be very important to identify genetic etiology of carotid atherosclerosis, and can aid in better prevention of atherosclerosis and vascular events.



Materials and methods


Study population

This multicenter community-based sectional survey was a part of CNSSS, which was approved by Stroke Screening and Prevention Commission in China (Grant No. 2011BAI08B01) (16). The study protocol was reviewed and approved by the Ethics Committee of Suining Central Hospital, the Affiliated Hospital of Southwest Medical University, and the People’s Hospital of Deyang City. A written informed consents were obtained from all the participants before enrollment.

The implementation and organization of this survey can be found in the articles previously published by our group (15–17). Briefly, the 8 communities in Sichuan were randomly selected during May 2015 to September 2015. The residents aged ≥40 years who lived in the community for more than 6 months were surveyed using the structured face-to-face questionnaire. The questionnaire included details about the demographic characteristics, behavioural factors, family and personal history of stroke, history of chronic diseases (such as diabetes mellitus, hypertension, atrial fibrillation, and dyslipidemia), and physical examination. For the subjects who were identified to be as a high-risk for stroke, carotid ultrasonography was measured.



Evaluation of risk factors and definitions of high-risk stroke population

The eight different conventional risk factors were evaluated, including overweight/obesity, smoking, physical inactivity, family history of stroke, diabetes mellitus, hypertension, atrial fibrillation, and dyslipidemia. The detailed diagnostic criteria for the eight conventional risk factors have been described in our previous study (17).

The individuals were defined as the high-risk stroke population if they had at least three of aforementioned eight conventional risk factors for stroke, or a history of stroke (15–17). The history of stroke was identified by self-reporting and the neuroimaging (magnetic resonance imaging or brain computed tomography scan) (15). Exclusion criteria included: (1) subjects declined to participate in this study; (2) severe cardiovascular, liver or renal disease; (3) hematological diseases, acute or chronic inflammation, immune system diseases, and malignant tumors; (4) history of carotid artery stenting or endarterectomy.



Data cleaning procedures

The detailed procedure has been presented in Figure 1. Briefly, 2,893 individuals were identified as the high-risk stroke population among 16,892 participants. Both DNA and carotid ultrasonography information was obtained in the 2,377 subjects among the 2,893 high-risk stroke population.

[image: Figure 1]

FIGURE 1
 Flow chart in this study.




Carotid ultrasonography and definition of carotid atherosclerosis

Bilateral common and internal carotid arteries and bifurcations were evaluated using the Color duplex scan (Acuson Sequoia Apparatus, type 512, 7.5-MHz probe, Berlin, Germany) in 2377 high-risk stroke population, according to the standard scanning and reading protocols (5, 7, 13). The common markers for carotid characteristics, including IMT, plaque and extracranial carotid stenosis were measured. The detailed procedure and definition for carotid plaques, degree of carotid stenosis, and interobserver and intraobserver coefficients have been described in detail in our previous articles (7, 13). The IMT was evaluated from the intima-lumen interface to the media-adventitia interface in each carotid segment and outside the segment of plaque when the plaque was present in a given segment. The mean of IMT was evaluated at 6 carotid sites: common carotid artery (20 mm from the flow divider), bifurcation, and internal carotid artery (20 mm from the flow divider) bilaterally. Mean IMT > 0.9 mm was considered as abnormal (18). The carotid arteries were assessed by ultrasound investigators blinded to the clinical data. Carotid atherosclerosis was defined as the presence of any carotid plaque or any carotid stenosis ≥15% or Mean IMT > 0.9 mm (19) (Figure 2).
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FIGURE 2
 Characteristics of carotid atherosclerosis by carotid ultrasonography. (A) >50–69% stenosis internal carotid artery; (B) > 70% stenosis internal carotid artery; (C) vulnerable plaque in bifurcation; (D) stable plaque in common carotid artery.




Genotyping

Nineteen SNPs in 10 genes related to endothelial function and inflammation were obtained from NCBI database1 following the criteria: (1) the 19 variants have been assessed in the previous studies (7, 12); (2) with the minor allele frequency > 0.05 in each SNP; (3) nonsynonymous variants; (4) the variants might lead to amino acid changes; (5) Tagging SNPs across different human populations.2

The peripheral blood (3 ml) was drawn from an arm vein, DNA was extracted by modified phenol/chloroform method (6, 7), and genotypes of the 19 SNPs were evaluated by using matrix-assisted laser desorption/ionization time of flight mass spectrometry method, as described previously by us (7, 13). The investigators were blinded to the clinical data of participants.



Statistical analysis

Statistical analyses were carried out using the SPSS 17.0 (SPSS Inc., New York, United States). Intergroup differences in the baseline characteristics and genotype distributions of the 19 SNPs were evaluated by χ2 test or Fisher’s exact test for the categorical variables. Student t-test or analysis of variance was used for the continuous variables between individuals with and without carotid atherosclerosis. Hardy–Weinberg equilibrium for allele frequencies was analyzed by χ2-test.

Gene–gene interactions among the 19 SNPs were analyzed under the various scenarios using generalized multifactor dimensionality reduction (GMDR) approach (20), as previously described by us (6, 7). In brief, the GMDR computes the maximum likelihood estimates and the scores of all individuals under the null hypothesis. The 19 SNPs were coded from number 1 to 19, a cumulative score was then calculated within each multifactor cell, which was labeled either as high-risk if the average score exceeded a pre-assigned threshold of zero or as low-risk if score was less than zero. An exhaustive search of all possible models was conducted for all SNPs. The model with minimum prediction error, maximum cross-validation consistency score and a p-value ≤0.05 [obtained automatically from the sign test in the GMDR software (20)] was defined as the best model. Then the model was confirmed using a permutation test implemented in the GMDR software.

The prevalence of carotid atherosclerosis between individuals with and without high risk interactive genotypes was compared using χ2-test. Multivariate logistic regression analysis was performed to evaluate the potential risk for carotid atherosclerosis conferred by the high-risk interactive genotypes, and the odds ratio (OR) with 95% confidence interval (CI) was reported. The other variables that exhibited a significant association with carotid atherosclerosis (p < 0.05) in the univariate analysis were introduced into the multivariate logistic regression model. Furthermore, Hosmer and Lemeshow (H-L) test was used to evaluate the goodness of fit of multivariate logistic regression model. All the tests were two sided, and p-value <0.05 denoted statistical significance.




Results


Prevalence of carotid atherosclerosis in the high-risk population for stroke

Among the 2,377 participants with high risk stroke population, carotid atherosclerosis was present in 1028 subjects (43.2%), among which 852 (35.8%) cases had carotid plaque [454 (53.3%) had stable plaque, 398 (46.7%) had vulnerable plaque], 295 (12.4%) cases had carotid stenosis [244 (82.7%) had 15–49% stenosis, 51 (17.29%) had more than 50% stenosis], whereas 445 (18.7%) had mean IMT > 0.9 mm (Table 1). It was observed that compared with individuals without carotid atherosclerosis, individuals with carotid atherosclerosis were older, had a higher proportion of males, rural residents, with junior middle school or below level of education, and had a history smoking, hypertension and dyslipidemia (p < 0.05, Table 1).



TABLE 1 Demographic characteristics of the high-risk population for stroke with and without carotid atherosclerosis [n(%)].
[image: Table1]



Distribution of genotypes in the subjects

The genotype distributions of the 19 variants analyzed in this study were in agreement with Hardy–Weinberg Equilibrium (p > 0.05). Moreover, univariate analyses showed that there were significant differences in genotype distributions of IL1A rs1609682, PPARA rs4253655, and HABP2 rs7923349 between individuals with and without carotid atherosclerosis (p < 0.05, Table 2).



TABLE 2 Genotype distribution in individuals with and without carotid atherosclerosis (%).
[image: Table2]



Gene–gene interactions among the 19 variants

The association of gene–gene high-order interaction in the 19 variants with carotid atherosclerosis was evaluated using the GMDR approach. A significant gene–gene interaction was found in the 19 variants, and the best interactive model for carotid atherosclerosis was interaction among IL1A rs1609682, ITGA2 rs1991013 and HABP2 rs7923349, which scored 10/10 for the cross-validation consistency and 10 for sign test (p = 0.001, Table 3). The p-value of prediction error was 0.016 for the GMDR based on the permutation testing.



TABLE 3 GMDR analysis of the best models, prediction accuracies, cross-validation consistencies, and p-values for carotid atherosclerosis.
[image: Table3]



Different genotype combinations with the risk of carotid atherosclerosis

Thereafter, the associations of different genotype combinations in the 3 three interactive variants with the risk of carotid atherosclerosis were evaluated. It was found that compared with the individuals with wild-type genotype of the three variants (i.e., rs1609682 GG, rs1991013 GG, and rs7923349 GG), the relative risk of the different genotype combinations in the three variants for carotid atherosclerosis was assessed. The results showed that the 4 genotype combinations contributed to the larger risk for carotid atherosclerosis, including those subjects carrying rs1609682 TT, rs1991013 AA and rs7923349 TT (OR = 2.62, 95% CI: 1.21–6.86, p = 0.007); rs1609682 TT, rs1991013 AG and rs7923349 TT (OR = 2.06, 95% CI: 1.07–4.62, p = 0.036); rs1609682 GT, rs1991013 AA and rs7923349 GT (OR = 1.76, 95% CI: 1.03–2.63, p = 0.043); rs1609682 TT, rs1991013 AA and rs7923349 GT (OR = 2.14, 95% CI: 1.18–5.37, p = 0.012) (Table 4), which were considered as the high-risk interactive genotypes. The other combinations among the three variants did not achieve statistical significance (p > 0.05) and were thus considered as the low-risk interactive genotypes.



TABLE 4 Associations between genotype combinations and the risk of carotid atherosclerosis.
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Association of the high-risk interactions with carotid atherosclerosis

There were 523 subjects identified who were carrying the high-risk interactive genotypes in the 2,377 high risk stroke population. The prevalence of carotid atherosclerosis was found to be significantly higher in the subjects carrying the high-risk interactive genotypes in comparison to those carrying the low-risk interactive genotypes (56.6% [296/523] vs. 39.5% [732/1854], χ2 = 48.68, p < 0.001).

Furthermore, multivariate logistic regression was employed to evaluate the risk of carotid atherosclerosis conferred by the high-risk interactive genotypes among IL1A rs1609682, HABP2 rs7923349, and ITGA2 rs1991013. The low-risk interactive genotypes were assigned as zero, whereas the high-risk interactive genotypes were designated as one. The other variables that showed a significant association with carotid atherosclerosis (p < 0.05) in the univariate analysis were entered the multivariate logistic regression model to adjust. The results exhibited that the high-risk interactive genotypes in IL1A rs1609682, ITGA2 rs1991013, and HABP2 rs7923349 were independently associated with a higher risk for carotid atherosclerosis after adjusting covariates (OR, 2.08, 95% CI: 1.257–5.980, P < 0.001, Table 5). Furthermore, H-L test was used to evaluate the goodness of fit of the multivariate logistic regression model, and the result showed that the goodness of fit of the model was well (χ2 value = 4.324, p = 0.823).



TABLE 5 Multivariate analysis of the major risk factors for carotid atherosclerosis.
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Discussion

In the present study, we have observed a high prevalence of carotid atherosclerosis (43.2% [1,028/2377)] in the high-risk stroke population and the associations of variants in two distinct genes related to inflammation (IL1A rs1609682, PPARA rs4253655) and one gene related to endothelial function (HABP2 rs7923349) with carotid atherosclerosis in southwestern China. Furthermore, statistical interactions were found between three SNPs (IL1A rs1609682, HABP2 rs7923349 and ITGA2 rs1991013) and carotid atherosclerosis by GMDR analysis, and the high-risk interactive genotypes in the three SNPs were significantly associated with a higher risk for carotid atherosclerosis.

Numerous studies have previously demonstrated that carotid atherosclerosis (including carotid plaque, increased IMT, and carotid stenosis) can be considered as subclinical predictors of the future vascular events (4, 5). In this study, we found that prevalence of carotid atherosclerosis was high (43.2%) in the high-risk stroke population, and old age, smoking and hypertension were identified as potential risk factors for carotid atherosclerosis. Our results were in agreement with other prior studies (5, 21). Hypertension is a very important risk factor for carotid atherosclerosis and stroke (21). However, the proportion of people whose hypertension is controlled is extremely low in China (17, 22). In this survey, only 40.0% (950/2377) of patients with hypertension were receiving optimal antihypertensive treatment. Smoking contributed to an increased risk of carotid atherosclerosis, and smoking prevalence has consistently increased in the past three decades in China (23). Thus, behavioral interventions for smoking and clinical control of hypertension could be useful for preventing carotid atherosclerosis.

A number of previous studies have also explored the associations of inflammation and endothelial function relevant genetic SNPs with stroke (24, 25), but only few studies have primarily focused on the subclinical carotid atherosclerosis. For instance, Gardener et al. (12) was the first to evaluated the associations of variants in the genes related to endothelial function and inflammation with carotid plaque in Hispanics from Northern Manhattan, and they demonstrated that variants in 10 different genes linked with inflammation and endothelial function (NOS2A, TNF, IL6R, PPARA, TNFSF4, TLR4, IL1A, ITGA2, HABP2, and VCAM1) were associated the carotid plaque phenotypes. Our previous studies have also revealed significant associations of variants in genes related to endothelial function and inflammation with vulnerable carotid plaque (7) and carotid stenosis (13) in the Chinese population. However, carotid plaque, increased IMT, and carotid stenosis were present simultaneously in patients with carotid atherosclerosis. Thus, it may be inappropriate to analyze the associations of the genetic variants with carotid plaque, increased IMT or carotid stenosis separately. According to findings of the previous studies (18, 21), carotid atherosclerosis was defined as presence of any carotid plaque or any carotid stenosis ≥15% or mean IMT > 0.9 mm in this study, and we found that there were significant associations between the polymorphisms of IL1A rs1609682, PPARA rs4253655, and HABP2 rs7923349 and carotid atherosclerosis.

Interleukin-1 (IL-1) as a cytokine play a key role in “response to injury” model of atherosclerosis and stroke (26). In animal models, IL-1a was found to be up-regulated after acute middle cerebral artery occlusion, inducing migration, proliferation and angiogenesis in brain endothelial cells (27). After cerebral ischemia, IL-1a express in microglia, astrocytes, and endothelial cells, inducing activation of astrocytes and endothelial cells and promoting formation of tube-like structure that is an important hallmark of angiogenesis, knockout IL-1a in mice can reduce ischemic damage (27, 28). Polymorphisms in IL1A gene may increase the risk of ischemic stroke (29). In this study, we also revealed polymorphisms in IL1A were associated with carotid atherosclerosis. SNPs in inflammatory genes can interact with the conventional risk factors directly or indirectly to influence the development of atherosclerosis. IL-1α in macrophage is an important cytokine regulating the development of atherosclerosis (30), over-representation of IL1A gene was associated with the coronary artery disease (31). In addition, prior studies also support the association between variant in IL1A gene and carotid atherosclerosis (7, 12, 32). Polymorphisms in IL1A can significantly increase the susceptibility for carotid atherosclerosis, and the IL1A allele 2 might influence the inflammatory environment in the vascular endothelium (33). Peroxisome proliferator-activated receptor alpha (PPARα) as a nuclear receptor when activated, can effectively trigger the acyl-CoA oxidase transcription by catalyzing the fatty acid β-oxidation pathway. Polymorphisms in PPARA gene have been demonstrated to substantially affect the oxidative stress, lipid metabolism, progression of coronary atherosclerosis, and the risk of myocardial infarction (34, 35). However, studies on the potential relationship between PPARA SNPs and carotid atherosclerosis are lacking in the literature. PPARA rs4253655 SNPs have been associated with carotid plaque and vulnerable plaque in a cohort of Northern Manhattan (12) and a community-based study of China (7). In present study, we found that PPARA rs4253655 was also associated with carotid atherosclerosis, thereby indicating its key role in the different stages of carotid atherosclerosis.

The endothelial function maintains the vascular barrier by controlling platelet adhesion and aggregation, platelet and immune cell interactions, capillary tone and interendothelial cell adherence. Endothelial dysfunction may damage vascular integrity, is associated with various human diseases such as stroke, atherosclerosis, and coronary artery disease (36). Vascular integrity is regulated by hyaluronan-binding protein 2 (HABP2) gene, which encodes a cell adhesion protein (hyaluronan-binding protein 2). HABP2 gene may be a genetic susceptibility locus in stroke (25). HABP2 has been shown to effect the vascular smooth muscle cell proliferation and modulate the vulnerability of atherosclerotic plaque (37). Our previous studies as well as other prior reports have demonstrated that HABP2 rs7923349 variants were associated with the carotid stenosis (13, 38), and carotid plaque (7, 12). Here, we found that HABP2 rs7923349 was also associated with carotid atherosclerosis. Gardener et al. (12) reported the associations between variants in NOS2A, TNF, IL6R, TLR4, TNFSF4, and VCAM1 genes and carotid atherosclerosis. However, in this study we found that the genotypes of these genes were irrelevant to carotid atherosclerosis. The differences in the findings could be attributed to the different study population, as gene SNPs can vary greatly among the different ethnic population.

Atherosclerosis is a complex disease, as it does not follow the Mendelian mode of inheritance, which may be the result of gene–gene interactions (6, 7). Single gene approach may not be effective to find the genetic etiology of the complex disease, and it has been emphasized that assessment of gene–gene interactions is necessary to investigate the genetic mechanisms for the complex diseases, such as carotid atherosclerosis. Interestingly, in a previous study Gardener et al. (12) revealed there were interactions among the haplotypes in IL6R, TNFSF4, NOS2A and PPARA for thick plaque, and interactions between the haplotypes in PPARA and IL1A for irregular plaque. Our previous studies have also found that the high-risk interactions among HABP2 rs7923349, IL1A rs1609682 ITGA2 rs1991013 and NOS2A rs8081248 increased the risk for the carotid vulnerable plaque (7), and potential interactions between ITGA2 rs4865756 and HABP2 rs7923349 were considered as the risk for carotid stenosis (13). The noteworthy finding in the present study was that there was a significant gene–gene interaction observed in IL1A rs1609682, ITGA2 rs1991013, and HABP2 rs7923349 using the GMDR approach, and the high-risk interactive genotypes in the three variants were independently risk factors of carotid atherosclerosis. However, the molecular mechanisms of interactions in the three variants are unclear. Integrin alpha 2 (ITGA2) can regulate the cell adhesion and cell-surface-mediated signaling. SNPs of ITGA2 C807T were associated with carotid IMT, plaque, and the risk of ischemic stroke in patients with type 2 diabetes (10, 39). ITGA2 rs1991013 was associated with carotid calcified plaque and increased risk of general atherosclerosis (12). A number of previous studies have revealed that the associations of SNPs in ITGA2, IL1A, HABP2 and NOS2A genes with inflammation and endothelial function (7, 10, 12, 13, 39). Therefore, one possible explanation is that the three variants can encode and regulate endothelial function and inflammation relevant enzymes, which can participate in the important pathogenic mechanisms for atherosclerosis. However, further studies are needed to explore the molecular mechanisms of interaction among the three variants are necessary in future.

The major strengths of this study include: (1) systematic examination of 19 variants in 10 different genes involved in endothelial function and inflammation; (2) multicenter population-based cross-sectional survey and focus on the high-risk population for stroke; (3) use of the GMDR approach to analyze gene–gene interactions among the 19 SNPs. However, there are also several limitations associated with this this study. First, this was a population-based cross-sectional survey with self-reported questionnaire, and thus, there may be significant recall bias. Second, carotid arteries were only evaluated by ultrasound analysis in this study. Computed tomography angiography and high-resolution magnetic resonance imaging might provide additional information on carotid atherosclerosis. Third, the main aim of present study was to investigate the associations of the 19 SNPs with carotid atherosclerosis, but analysis of the associations of these SNPs was not stratified based on the carotid plaque, carotid stenosis and IMT. Fourth, we investigated the role of several known genes related to inflammation and endothelial function, but the possible involvement of other relevant genes was not assessed. In addition, although we found that the high-risk interactions among IL1A rs1609682, ITGA2 rs1991013 and HABP2 rs7923349 increased the risk of carotid atherosclerosis, the detailed molecular mechanisms were not investigated. Furthermore, statins, antiplatelet drugs and antihypertensives may affect carotid atherosclerosis, but the effect of these drugs was not examined on carotid atherosclerosis. Finally, as is known to all, intracranial stenosis is more prevalent than extra cranial stenosis in Asian population. However, this multicenter community-based sectional survey was a part of CNSSS program, intracranial stenosis was not evaluated. Thus, we did not know the prevalence of intracranial atherosclerosis in the high-risk stroke population in China.



Conclusion

In the present study, we found a high prevalence of carotid atherosclerosis in the high-risk stroke population in China and also identified the associations of variants in IL1A rs1609682, PPARA rs4253655, and HABP2 rs7923349 with carotid atherosclerosis. There was a significant gene–gene interaction observed in IL1A rs1609682, ITGA2 rs1991013, and HABP2 rs7923349, the high-risk interactive genotypes in the three variants served as independent risk factors of carotid atherosclerosis. These results are expected to provide novel strategies for prevention of carotid atherosclerosis in Chines population. Based on our findings, active intervention of conventional risk factors, such as hypertension and smoking, may be very important in reducing the risk for stroke in the high-risk stroke population carrying the high-risk interactive genotypes. Furthermore, our findings are expected to identify new gene targets for prevention and treatment of carotid atherosclerosis and stroke, and provide a theoretical basis for drug development and gene therapy against new gene targets in the future. The gene–gene interactive analysis used in present study may be very helpful to elucidate complex genetic risk factors for carotid atherosclerosis.
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Face-to-face surveys in 18595 adults > 40 years old in 8 communities
were conducted in the years 2015 in Sichuan of southwestern China
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Questionnaires were obtained in 17213 participants. The response
rate was 93.6% (17413/18595)
I

521 participants with incomplete questionnaires on stroke history or
risk factors records were excluded. Final data involved 16892 valid
individual records. Among them, 2893 were high risk stroke
population

!

Among the 2893 high risk stroke population, carotid ultrasonography
was examined and DNA was obtained in 2377 participants. The
response rate of examination for carotid ultrasonography and DNA
sample was 82.2%
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Prevalence of carotid atherosclerosis, and the association of 19
variants in 10 genes related to inflammation and endothelial function
with carotid atherosclerosis were analysed
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