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Abstract

Aims

Insulin resistance associates with development of metabolic syndrome and risk of cardio-

vascular disease. The link between insulin resistance and cardiovascular disease is com-

plex and multifactorial. Confirming the genetic link between insulin resistance, type 2

diabetes, and coronary artery disease, as well as the extent of coronary artery disease, is

important and may provide better risk stratification for patients at risk. We investigated

whether a genetic risk score of 53 single nucleotide polymorphisms known to be associated

with insulin resistance phenotypes was associated with diabetes and burden of coronary

artery disease.

Methods and results

We genotyped patients with a coronary angiography performed in the capital region of Den-

mark from 2010–2014 and constructed a genetic risk score of the 53 single nucleotide poly-

morphisms. Logistic regression using quartiles of the genetic risk score was performed to

determine associations with diabetes and coronary artery disease. Associations with the

extent of coronary artery disease, defined as one-, two- or three-vessel coronary artery dis-

ease, was determined by multinomial logistic regression.

We identified 4,963 patients, of which 17% had diabetes and 55% had significant coro-

nary artery disease. Of the latter, 27%, 14% and 14% had one, two or three-vessel coronary

artery disease, respectively. No significant increased risk of diabetes was identified compar-

ing the highest genetic risk score quartile with the lowest. An increased risk of coronary
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artery disease was found for patients with the highest genetic risk score quartile in both

unadjusted and adjusted analyses, OR 1.21 (95% CI: 1.03, 1.42, p = 0.02) and 1.25 (95% CI

1.06, 1.48, p<0.01), respectively. In the adjusted multinomial logistic regression, patients in

the highest genetic risk score quartile were more likely to develop three-vessel coronary

artery disease compared with patients in the lowest genetic risk score quartile, OR 1.41

(95% CI: 1.10, 1.82, p<0.01).

Conclusions

Among patients referred for coronary angiography, only a strong genetic predisposition to

insulin resistance was associated with risk of coronary artery disease and with a greater dis-

ease burden.

Introduction

Insulin resistance is characterised by an impaired ability of the cells to use normal insulin con-

centrations and is associated with risk of developing type 2 diabetes and cardiovascular disease

[1]. These relations are, however, complex and multifactorial. While the genetic underpinnings

of type 2 diabetes and coronary artery disease are well characterised [2–4], limited knowledge

on the genetic basis of insulin resistance is available. The latter notion is underlined by the fact

that the majority of the loci identified in large genome-wide studies on type 2 diabetes are asso-

ciated predominantly with insulin secretion and beta-cell function and not insulin resistance

[2]. The lack of genetic loci identified owes in part to insulin resistance as a phenotype which

is difficult to measure and is also influenced by lifestyle and environmental factors [5]. Given

the coronary artery disease risk associated with insulin resistance, identifying patients geneti-

cally susceptible to develop insulin resistance is of considerable importance and may provide

improved risk stratification for susceptibility to develop coronary artery disease.

In the largest study of insulin resistance to date by Lotta et. al. [6], genetic mechanisms of

insulin resistance and associations with cardiometabolic disease traits were investigated in a

population-based sample of 188,577 individuals. In this study, a triad of phenotypes as a surro-

gate of the golden standard measures of insulin resistance was investigated simultaneously.

The phenotypes used to estimate insulin resistance were elevated fasting insulin levels

(adjusted for body mass index [BMI]), decreased high-density lipoprotein (HDL) cholesterol,

and elevated triglyceride levels. Elevated fasting insulin levels are a common measure of insulin

resistance [7,8], and decreased HDL cholesterol and elevated triglyceride levels are also hall-

marks in insulin resistant individuals [9]. In total, 53 single nucleotide polymorphisms (SNPs)

were found to be associated with the aforementioned triad of phenotypes. Moreover, risk of

developing type 2 diabetes and coronary artery disease in individuals with a genetic predisposi-

tion to insulin resistance was also established in the study by Lotta et al. [6]. Genome wide

association studies (GWAS) have earlier identified SNPs associated with fasting insulin

(adjusted for BMI). The majority of these SNPs also showed an association with lower HDL

cholesterol and higher triglyceride levels, suggesting an influence on insulin resistance [9].

In the present study, independent of the study by Lotta et. al, we constructed a genetic risk

score (GRS) based on 53 SNPs, known to be associated with insulin resistance phenotypes, in

order to test if genetic predisposition to insulin resistance was associated with an increased

risk of diabetes and coronary artery disease among patients susceptible for stable or unstable

coronary artery disease. Furthermore, we aimed to test whether a genetic predisposition to
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insulin resistance was associated with severity of coronary artery disease, defined as one, two

or three-vessel coronary artery disease.

Methods

Study cohort

The Copenhagen Cardiovascular Genetic study (COGEN) is comprised of approximately

80,000 patients admitted to six cardiology departments in the capital region of Copenhagen,

Denmark, from 2010–2017. The present study is based on the first subset of COGEN partici-

pants that were genotyped, including patients with stable/unstable angina pectoris, non-ST ele-

vation myocardial infarction (NSTEMI) or ST-elevation myocardial infarction (STEMI) who

were referred to a coronary angiography (CAG) in the period 2010–2014. Baseline characteris-

tics and results from the CAG were obtained from the Eastern Danish Heart Registry. The

Eastern Danish Heart Registry covers data for all hospitals in Eastern Denmark where cardiac

catheterisation and coronary revascularisations are performed. In this registry, CAG and per-

cutaneous coronary interventions have been recorded since 1998 [10]. The registry includes

information such as age, gender, smoking status, history of diabetes and hypertension, and

indication for CAG, as well as the extent of vessel disease. We used the population-based

cohort Inter99 for validating the GRS. The Inter99 study is a registered clinical trial (clinical-

trials.gov, NCT00289237), conducted by the Research Centre for Prevention and Health,

Glostrup University Hospital, Glostrup, Denmark. It is a randomised non-pharmacological

intervention study for prevention of ischemic heart disease. Of an age- and sex stratified ran-

dom sample on 13,016 individuals from the Danish population in the south-western part of

Copenhagen County, 6,784 individuals participated in baseline examinations. The study popu-

lation was between 30 and 60 years old when entering the study in 1999 [11]. Detailed pheno-

typic characteristics of the Inter99 cohort have previously been published [12,13].

Genotyping

For the present study, genotyping was performed using the Illumina Infinium Human Cor-

eExome Beadchip-24v1.0 (Illumina, San Diego, CA, USA). Standard quality control was per-

formed including, removal of variants with a minor allele frequency (MAF) less than 0.05 or

variants that were out of Hardy-Weinberg equilibrium (p<0.0001). Moreover, it was ensured

that all individuals had a genotyping rate > 5%. Variants were called using the Genome Refer-

ence Consortium Human Build 37 (GRCh37, hg19) as reference. In total, 539,004 variants in

5,671 individuals passed quality checks and were used for subsequent imputation. Imputation

to the Haplotype Reference Consortium panel version 1.1 [14] was done on the Sanger Impu-

tation Server, using Eagle for prephasing combined with positional Burrows–Wheeler trans-

form for genotype imputation [15]. Patients that were not of European ancestry, based on

principal components analysis, were excluded from the study population. See S1 File Supple-

mentary Material for details on the genotyping, quality control and imputation.

The inter99 cohort was genotyped using the Cardio-Metabochip [16], and Human Exome

BeadChip on an Illumina HiScan system (Illumina, San Diego, CA). Details have previously

been described [17].

Ethics

All data were de-identified prior to analyses. The ethics committee of Region North Jutland

(N-20140048) approved the project and COGEN has permission from the Data Protection

Agency (P-2019-202). The Inter99 study was approved by the Scientific Ethics Committee of
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the Capital Region of Denmark (KA98155), and from all Inter99 participants a written

informed consent was obtained. The study was performed in accordance with the principles of

the Declaration of Helsinki.

Statistical analysis

Overall, 53 independent SNPs that were associated with each of the phenotypes fasting insulin

levels (adjusted for BMI), lower HDL cholesterol level and higher triglyceride level in the inte-

grative genomic approach analysis by Lotta et al. [6] were used to construct a weighted and an

unweighted genetic risk score (GRS) (S1 Table in S1 File). In brief the GRSs were calculated

as the sum of the risk alleles across all 53 SNPs. For the weighted score, the risk alleles were

weighted by the effect found for the phenotype fasting insulin (adjusted for BMI) published in

Lotta et al. [6]. This weighted score was normalised according to the respective weights, by

dividing the score by the mean of the weights. Only results for the unweighted GRS will be pre-

sented in the following. Results for the weighted GRS can be found in S1 File.

Patient characteristics are presented as counts and proportions, median and inter quartile

range, or by mean and standard deviation. For comparison of the GRSs in the Cogen and

Inter99 cohorts a two sample t-test was used.

We performed multivariable logistic regression to evaluate associations of the GRSs with

diabetes (history of diabetes: yes/no) and coronary artery disease, respectively. Patients were

defined as having coronary artery disease, if they were registered with at least one-vessel coro-

nary artery disease at the CAG. The GRSs were divided into quartiles (intervals (unweighted

score): 1.Q: [38.8, 51.1], 2.Q: (51.1, 54], 3.Q: (54, 56.9], and 4.Q: (56.9, 68.3]) in order to evaluate

the extent of the genetic burden (i.e. patients with the lowest level or genetic predisposition were

in the first quartile [1.Q] and patients with the highest were in the fourth [4.Q]). Further analyses

determining the extent of coronary artery disease were done by categorising the extent of coro-

nary artery disease according to the presence of one -, two—and three-vessel coronary artery dis-

ease on the CAG. For this analysis multinomial logistic regression was performed, with the

outcome being one -, two—or three-vessel coronary artery disease, compared with patients with-

out coronary artery disease on their CAG. The reference group for the GRSs was for all analyses

patients with the lowest genetic predisposition (i.e. 1.Q). Models were adjusted for age, gender,

hypertension and smoking status. During sensitivity analyses, patients with prior history of

acute myocardial infarction (AMI) were excluded from the study population, to ensure that the

risk was not driven by patients with known coronary artery disease. We performed additional

sensitivity analyses including the GRSs as continuous exposures in the multiple logistic regres-

sion models determining the risk of coronary artery disease, after visually inspecting a spline of

the risk of coronary artery disease in relation to values of the GRSs. This was done to validate the

results found in Lotta et. al. [6]. Furthermore the first two principal components from a principal

component analysis identifying genetic ancestry on the final study population was added in the

logistic regression models to ensure that risks were not affected by possible genetic ancestry

remaining after exclusion of individuals of non-European ancestry. Effect modification from

diabetes on the risk of coronary artery disease was explored by inclusion of a statistical interac-

tion term in the logistic regression model. All statistical analyses were carried out in R version

3.4.0 [18]. A two-sided p value<0.05 was considered statistically significant.

Results

Patients characteristics

Overall, we identified 5,671 patients that were referred for CAG from 2010–2014 with stable/

unstable angina pectoris, NSTEMI or STEMI. Of these, the final study population included in
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the present analysis was comprised of 4,963 patients after excluding individuals with a geneti-

cally determined non-European ancestry, and 122 patients with missing data on smoking sta-

tus, hypertension, diabetes, or coronary artery disease. The mean age was 65.2 years (SD 11.3)

and the majority were male (64.7%), non-smokers (75.7%), and had a history of hypertension

(56.5%). A total of 17.8% had a history of diabetes. Stable angina pectoris was the main referral

diagnosis for CAG (42.4%). Of patients referred for CAG, 55% had significant coronary artery

disease, defined as one-vessel coronary artery disease (27%), two-vessel coronary artery disease

(14%) or three-vessel coronary artery disease (14%) (Table 1). The mean unweighted insulin

resistance GRS was 54.14 (SD: 4.27). In comparison, the mean unweighted insulin resistance

GRS in the population-based Inter99 cohort was 53.97 (SD: 4.33) and no difference between

the GRS in the two cohorts was found (p = 0.54). Boxplots comparing the GRSs in the Cogen

and Inter99 cohort can be found in S1 Fig in S1 File. The Inter99 cohort available for genotyp-

ing in the present study was comprised of 6184 individuals. Characteristics of the cohort can

be found in S2 Table in S1 File.

Insulin resistance genetic risk score and risk of coronary artery disease and

disease burden

We tested the association between levels of the insulin resistance GRS with the risk of coronary

artery disease, and identified patients within the highest GRS quartile (compared with patients

within the lowest quartile) to be significantly associated with risk of coronary artery disease in

both the unadjusted and adjusted analyses, OR (adjusted) 1.25 (95% CI: 1.06, 1.48, p<0.01, Fig

1). No significant association was identified for the second and third quartile (2.Q and 3.Q) of

the GRS. Similar results were found for the weighted GRS (S2 Fig in S1 File).

We also evaluated the extent of coronary artery disease based on the number of coronary

vessels significantly affected by disease (i.e. one -, two—or three-vessel coronary artery disease)

Table 1. Characteristics of the study population distributed on the quartiles (1.Q-4.Q) of the unweighted insulin resistance genetic risk score (IR GRS).

Variable Level 1.Q (n = 1269) 2.Q (n = 1235) 3.Q (n = 1237) 4.Q (n = 1222) Total (n = 4963)

IR GRS Mean (SD) 48.6 (2.1) 52.7 (0.8) 55.4 (0.8) 59.4 (2.1) 54.0 (4.3)

Diabetes 229 (18.0) 219 (17.7) 199 (16.1) 237 (19.4) 884 (17.8)

Age (years) Mean (SD) 65.5 (11.1) 65.1 (11.6) 65.3 (11.1) 65.1 (11.4) 65.2 (11.3)

Gender Male 805 (63.4) 827 (67.0) 800 (64.7) 778 (63.7) 3210 (64.7)

Affected vessels 0 593 (46.7) 557 (45.1) 575 (46.5) 513 (42.0) 2238 (45.1)

1 347 (27.3) 326 (26.4) 318 (25.7) 354 (29.0) 1345 (27.1)

2 176 (13.9) 185 (15.0) 169 (13.7) 175 (14.3) 705 (14.2)

3 153 (12.1) 167 (13.5) 175 (14.1) 180 (14.7) 675 (13.6)

BMI Median [IQR] 27.2 [24.4, 30.5] 26.8 [24.2, 30.2] 26.5 [23.9, 30.1] 26.7 [23.9, 30.1] 26.8 [24.1, 30.2]

Smoking 320 (25.2) 282 (22.8) 312 (25.2) 291 (23.8) 1205 (24.3)

Hypertension 707 (55.7) 669 (54.2) 720 (58.2) 706 (57.8) 2802 (56.5)

Referral diagnosis to CAG Angina pectoris 547 (43.4) 512 (41.5) 533 (43.3) 501 (41.2) 2093 (42.4)

Chronic heart failure 67 (5.3) 68 (5.5) 67 (5.4) 80 (6.6) 282 (5.7)

NSTEMI (AMI)� Q-wave 110 (8.7) 126 (10.2) 109 (8.8) 133 (10.9) 478 (9.7)

STEMI (AMI)� Q-wave 232 (18.4) 216 (17.5) 228 (18.5) 193 (15.9) 869 (17.6)

Unstable angina pectoris 84 (6.7) 105 (8.5) 94 (7.6) 86 (7.1) 369 (7.5)

Other 219 (17.4) 206 (16.7) 201 (16.3) 222 (18.3) 848 (17.2)

AMI: Acute myocardial infarction. IQR: Interquartile range. Numbers are given as n (%), unless otherwise stated. BMI was not available for 42 of the patients, and the

referral diagnosis was not available for 24 of the patients.

https://doi.org/10.1371/journal.pone.0252855.t001
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in relation to the insulin resistance GRS. A boxplot showing the distribution of the insulin

resistance GRS according to number of coronary vessels affected can be found in S3 Fig in S1

File. A genetic predisposition to insulin resistance was associated with three-vessel coronary

artery disease in the fourth quartile (4.Q) of the GRS by OR (adjusted) 1.41 (95% CI: 1.10, 1.82,

p<0.01, Fig 2). The detailed models including estimates of confounders for both coronary

artery disease and disease burden of coronary artery disease (only three-vessel coronary artery

disease shown) can be found in S4 and S5 Figs in S1 File, respectively. Similar results were

found for the weighted GRS (S6 Fig in S1 File) and for the sensitivity analyses excluding

patients with prior AMI. No effect modification was found within the GRS among patients

Fig 1. Association of the unweighted insulin resistance genetic risk score (IR GRS) with the risk of coronary artery

disease among 4963 patients referred for coronary angiography. Logistic regression was used for this analysis. 1.

Q,. . .,4.Q: 1. Quartile,. . .,4. Quartile. Ref: Reference. The Adjusted Model was adjusted for gender, age, smoking status

and hypertension.

https://doi.org/10.1371/journal.pone.0252855.g001

Fig 2. Risk of one, two or three-vessel coronary artery disease (CAD) by the unweighted insulin resistance genetic

risk score (IR GRS) among 4963 patients referred for coronary angiography. A multinomial logistic regression

model was used for this analysis. 1.Q,. . .,4.Q: 1. Quartile,. . .,4. Quartile. Ref: Reference. The model was adjusted for

gender, age, smoking status and hypertension.

https://doi.org/10.1371/journal.pone.0252855.g002
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with and without history of diabetes. Likewise no remaining effect of genetic ancestry was

found when adding the two principal components to the models. Sensitivity analyses including

the GRS as continuous exposure (S7-S9 Figs in S1 File) showed a significant increased risk of

coronary artery disease for the unweighted insulin resistance GRS at OR (adjusted) 1.01 (95%

CI: 1.00, 1.03, p = 0.03).

Insulin resistance genetic risk score and risk of diabetes

We tested the association of the insulin resistance GRS with risk of diabetes using both the

unweighted and weighted GRS. The unweighted GRS was not significantly associated with dia-

betes in both unadjusted and adjusted models (Fig 3). Detailed results including estimates of

confounders can be found in S10 Fig. Similar results were found for the weighted GRS (S11

Fig in S1 File). A distribution of the unweighted and weighted GRS according to diabetes sta-

tus can be found in the S12 Fig in S1 File.

Discussion

The present study on the genetic association of insulin resistance on risk of diabetes, coronary

artery disease and severity of coronary artery disease among 4,963 patients referred to CAG as

part of standard care had three main findings. First, patients with a strong genetic predisposi-

tion to insulin resistance (i.e. patients in the fourth quartile (4.Q) of the constructed insulin

resistance GRS) had increased risk of coronary artery disease. Second, the association between

a strong genetic predisposition to insulin resistance and burden of coronary artery disease (i.e.

one-, two- and three-vessel coronary artery disease) was most evident when looking at the risk

of three-vessel coronary artery disease. No association between the insulin resistance GRS and

one- or two-vessel coronary artery disease was identified. Third, no association between

genetic predisposition to insulin resistance and diabetes was identified.

In the present study, we found a significant risk of three-vessel coronary artery disease for

patients with the strongest genetic predisposition to insulin resistance compared to patients

with the lowest genetic predisposition. Moreover, we observed a dose-response pattern of

increasing risk of three-vessel coronary artery disease between the second, third and fourth

quartile of the insulin resistance GRS compared to the first quartile, even though it was not

Fig 3. Association of the unweighted insulin resistance genetic risk score (IR GRS) with the risk of diabetes among

4963 patients referred for coronary angiography. Logistic regression was used for this analysis. 1.Q,. . .,4.Q: 1.

Quartile,. . .,4. Quartile. Ref: Reference. The Adjusted Model was adjusted for gender, age, smoking status and

hypertension.

https://doi.org/10.1371/journal.pone.0252855.g003
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significant for the second and third quartile. A less clear pattern was found for the risk of one-

and two-vessel coronary artery disease. One limitation in the present study, that may have

influenced study findings on the collective burden of coronary artery disease, is that informa-

tion on all concurrent pharmacotherapy was not available. Moreover the cohort for the present

study was highly selected, i.e. we did not have any healthy controls. One could speculate that

because the patients are referred to the CAG due to some level of illness, they all might have a

similar genetic risk of insulin resistance approximated by the GRS compared to a population-

based cohort, which could make it difficult to differentiate between them. We computed the

53-SNP insulin resistance GRS also in the population-based Inter99 cohort, to determine

whether this speculation holds. We found no significant difference in the GRSs when compar-

ing the two cohorts, suggesting that the genetic risk of insulin resistance is not more pro-

nounced in the Cogen cohort than in the Inter99 cohort. However three-vessel coronary

artery disease represents the most severe form of coronary artery disease and is associated with

worse long-term prognosis compared with less severe forms of coronary artery disease (i.e.

one and two vessel coronary artery disease) [19]. We found that a high genetic risk of insulin

resistance as probed by the 53 SNP GRS was associated with increased risk of significant three-

vessel disease among patients referred for CAG. These findings are in line with the observation

that patients with diabetes are susceptible to more extensive and dispersed coronary artery dis-

ease due to dyslipidemia and hyperinsulinemia [20]. Thus, patients with increased insulin

resistance have an altered lipid metabolism which in turn augments atherosclerosis progres-

sion, endothelial dysfunction (e.g. generation of reactive oxygen species, the formation of

advanced glycation end products, and systemic inflammation), plaque complications and

medium and small vessels involvement [21,22]. Aside the abovementioned vasculopathy-asso-

ciated risk factors for coronary artery disease development, patients with insulin resistance or

diabetes are also more likely to be affected by other coronary artery disease related comorbid

factors including obesity and hypertension. Thus, patients with diabetes experience worse out-

comes following both percutaneous coronary interventions or surgery compared with patients

without diabetes, and coronary artery disease remains the leading cause of death among

patients with diabetes [23]. However, in the present study, the increased risk of three-vessel

disease associated with a high genetic insulin resistance susceptibility was independent of

known coronary artery disease risk factors including gender, diabetes, smoking, hypertension

and obesity. While we did see a significant association between insulin resistance GRS and

three-vessel coronary artery disease, no significant association was identified for insulin resis-

tance GRS and one- and two vessel coronary artery disease. While more research into the

underlying pathophysiology of single-vessel versus multi-vessel disease is needed, our findings

support the notion that insulin resistance should be considered a systemic disorder affecting

all vessels throughout the body, including coronary vessels.

Similar to previous findings by Lotta et. al. [6], we identified an association on the risk of

coronary artery disease by the unweighted continuous 53-SNP insulin resistance GRS (OR

(adjusted) 1.01 (95% CI: 1.00, 1.03, p = 0.03)). Moreover, our findings are also in agreement

with the previous findings by Yaghootar et. al. where the risk of coronary artery disease associ-

ated with genetic insulin resistance predisposition demonstrated in a dose-response pattern:

risk of coronary artery disease per allele of an 11-SNP insulin resistance GRS increased by OR

1.01 (95% CI: 1.01,1.02) [24]. Compared to previous studies, we also evaluated the extent of

coronary artery disease, and found that a high genetic predisposition of insulin resistance

seemed to be a more important factor in patients with more severe coronary artery disease.

This might indicate that the genetics could help explain coronary artery disease in the most

diseased group, and that it is more difficult to explain coronary artery disease in patients with

less severe coronary artery disease based on a genetic predisposition of insulin resistance, as
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we did not find any significant associations for these groups. However, this finding needs fur-

ther validation.

Genetically determined increased insulin resistance has previously been associated with

risk of type 2 diabetes on several occasions. For example, Lotta et. al. found an increased risk

of type 2 diabetes by OR 1.12 (95% CI 1.11, 1.14) per one standard deviation of the 53-SNP

GRS [6], which was similar to the findings by Scott et. al. They found an increase in a 10-SNP

insulin resistance GRS of the risk of type 2 diabetes with a Hazard Ratio at 1.08 (95% CI:

1.06,1.10) [25]. A similar result was found by Yaghootar et. al., where an 11-SNP insulin resis-

tance GRS was significantly associated with an increased risk of type 2 diabetes at OR 1.04

(95% CI: 1.03,1.06) [24]. By contrast, we did not find a significant increase in the risk of diabe-

tes in the present study. The lack of an association is likely due to the limited statistical power,

considering the relatively small sample size used in the present study combined with the rela-

tively small increment in type 2 diabetes risk previously identified. However, we did see a

trend towards an increasing risk for high values of the GRS, although not significant. Another

possibility of the lack of association with type 2 diabetes could be due to the fact that individu-

als with a high genetic predisposition of insulin resistance may not have been diagnosed with

diabetes yet, and hence we were not able to identify them as having the disease. Thus, the risk

of misclassification bias is a possibility, since patients with potential diabetes could have the

CAG several years before the insulin resistance would result in diabetes. A better way to vali-

date the insulin resistance genetic risk score, would be to associate it with the insulin resistance

markers, fasting plasma glucose, HDL cholesterol and triglycerides, but these markers were

not available for the study cohort.

Conclusion and clinical implications

Among patients referred for CAG, only a strong genetic predisposition to insulin resistance

(i.e. high genetic risk score burden) was associated with risk of coronary artery disease, and it

was also associated with a greater disease burden. This pattern was most evident among

patients with more severe coronary artery disease (i.e. three-vessel disease). Thus, improved

patient risk stratification based on genetic insulin resistance predisposition may identify

patients at risk of developing cardiovascular adverse events.

Supporting information

S1 File. Supplementary material.

(PDF)

Author Contributions

Conceptualization: Regitze Skals, Maria Lukács Krogager, Emil Vincent R. Appel, Theresia
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Writing – review & editing: Maria Lukács Krogager, Emil Vincent R. Appel, Theresia M.

Schnurr, Christian Theil Have, Gunnar Gislason, Henrik Enghusen Poulsen, Lars Køber,

Thomas Engstrøm, Steen Stender, Torben Hansen, Niels Grarup, Christina Ji-Young Lee,

Charlotte Andersson, Christian Torp-Pedersen.

References
1. Gast K. B., Tjeerdema N., Stijnen T., Smit J. W. A., and Dekkers O. M., “Insulin Resistance and Risk of

Incident Cardiovascular Events in Adults without Diabetes: Meta-Analysis,” PLoS One, vol. 7, no. 12, p.

e52036, Dec. 2012. https://doi.org/10.1371/journal.pone.0052036 PMID: 23300589

2. Xue A. et al., “Genome-wide association analyses identify 143 risk variants and putative regulatory

mechanisms for type 2 diabetes,” Nat. Commun., vol. 9, no. 1, p. 2941, Dec. 2018. https://doi.org/10.

1038/s41467-018-04951-w PMID: 30054458

3. Mahajan A. et al., “Fine-mapping type 2 diabetes loci to single-variant resolution using high-density

imputation and islet-specific epigenome maps,” Nat. Genet., vol. 50, no. 11, pp. 1505–1513, Nov.

2018. https://doi.org/10.1038/s41588-018-0241-6 PMID: 30297969

4. Deloukas P. et al., “Large-scale association analysis identifies new risk loci for coronary artery disease,”

Nat. Genet., vol. 45, no. 1, pp. 25–33, Jan. 2013. https://doi.org/10.1038/ng.2480 PMID: 23202125

5. Knowles J. W. et al., “Identification and validation of N-acetyltransferase 2 as an insulin sensitivity

gene,” J. Clin. Invest., vol. 125, no. 4, pp. 1739–1751, Apr. 2015. https://doi.org/10.1172/JCI74692

PMID: 25798622

6. Lotta L. A. et al., “Integrative genomic analysis implicates limited peripheral adipose storage capacity in

the pathogenesis of human insulin resistance,” Nat. Genet., vol. 49, no. 1, pp. 17–26, Jan. 2017.

https://doi.org/10.1038/ng.3714 PMID: 27841877

7. Manning A. K. et al., “A genome-wide approach accounting for body mass index identifies genetic vari-

ants influencing fasting glycemic traits and insulin resistance,” Nat. Genet., vol. 44, no. 6, pp. 659–669,

May 2012. https://doi.org/10.1038/ng.2274 PMID: 22581228

8. Scott R. A. et al., “Large-scale association analyses identify new loci influencing glycemic traits and pro-

vide insight into the underlying biological pathways,” Nat. Genet., vol. 44, no. 9, pp. 991–1005, Sep.

2012. https://doi.org/10.1038/ng.2385 PMID: 22885924

9. Salazar M. R. et al., “Comparison of the abilities of the plasma triglyceride/high-density lipoprotein cho-

lesterol ratio and the metabolic syndrome to identify insulin resistance,” Diabetes Vasc. Dis. Res., vol.

10, no. 4, pp. 346–352, Jul. 2013. https://doi.org/10.1177/1479164113479809 PMID: 23624761

10. Waziri H. et al., “Acute myocardial infarction and lesion location in the left circumflex artery: Importance

of coronary artery dominance,” EuroIntervention, vol. 12, no. 4, pp. 441–448, Jul. 2016. https://doi.org/

10.4244/EIJY15M09_04 PMID: 26348675

11. Jørgensen T., Borch-John sen K., Thomsen T. F., Ibsen H., Glümer C., and Pisinger C., “A randomized

non-pharmacological intervention study for prevention of ischaemic heart disease: Baseline results

Inter99 (1),” Eur. J. Prev. Cardiol., vol. 10, no. 5, pp. 377–386, 2003.

PLOS ONE Genetic insulin resistance and cardiovascular disease burden

PLOS ONE | https://doi.org/10.1371/journal.pone.0252855 June 18, 2021 10 / 11

https://doi.org/10.1371/journal.pone.0052036
http://www.ncbi.nlm.nih.gov/pubmed/23300589
https://doi.org/10.1038/s41467-018-04951-w
https://doi.org/10.1038/s41467-018-04951-w
http://www.ncbi.nlm.nih.gov/pubmed/30054458
https://doi.org/10.1038/s41588-018-0241-6
http://www.ncbi.nlm.nih.gov/pubmed/30297969
https://doi.org/10.1038/ng.2480
http://www.ncbi.nlm.nih.gov/pubmed/23202125
https://doi.org/10.1172/JCI74692
http://www.ncbi.nlm.nih.gov/pubmed/25798622
https://doi.org/10.1038/ng.3714
http://www.ncbi.nlm.nih.gov/pubmed/27841877
https://doi.org/10.1038/ng.2274
http://www.ncbi.nlm.nih.gov/pubmed/22581228
https://doi.org/10.1038/ng.2385
http://www.ncbi.nlm.nih.gov/pubmed/22885924
https://doi.org/10.1177/1479164113479809
http://www.ncbi.nlm.nih.gov/pubmed/23624761
https://doi.org/10.4244/EIJY15M09%5F04
https://doi.org/10.4244/EIJY15M09%5F04
http://www.ncbi.nlm.nih.gov/pubmed/26348675
https://doi.org/10.1371/journal.pone.0252855


12. Banasik K. et al., “The effect of FOXA2 rs1209523 on glucose-related phenotypes and risk of type 2 dia-

betes in Danish individuals.,” BMC Med. Genet., vol. 13, p. 10, Feb. 2012. https://doi.org/10.1186/

1471-2350-13-10 PMID: 22325233

13. Krarup N. T. et al., “A genetic risk score of 45 coronary artery disease risk variants associates with

increased risk of myocardial infarction in 6041 Danish individuals.,” Atherosclerosis, vol. 240, no. 2, pp.

305–10, Jun. 2015. https://doi.org/10.1016/j.atherosclerosis.2015.03.022 PMID: 25864160

14. McCarthy S. et al., “A reference panel of 64,976 haplotypes for genotype imputation,” Nat. Genet., vol.

48, no. 10, pp. 1279–1283, Aug. 2016. https://doi.org/10.1038/ng.3643 PMID: 27548312

15. Durbin R., “Efficient haplotype matching and storage using the positional Burrows-Wheeler transform

(PBWT),” Bioinformatics, vol. 30, no. 9, pp. 1266–1272, May 2014. https://doi.org/10.1093/

bioinformatics/btu014 PMID: 24413527

16. Voight B. F. et al., “The Metabochip, a Custom Genotyping Array for Genetic Studies of Metabolic, Car-

diovascular, and Anthropometric Traits,” PLoS Genet., vol. 8, no. 8, p. e1002793, Aug. 2012. https://

doi.org/10.1371/journal.pgen.1002793 PMID: 22876189

17. Justesen J. M. et al., “Interactions of Lipid Genetic Risk Scores with Estimates of Metabolic Health in a

Danish Population,” Circ. Cardiovasc. Genet., vol. 8, no. 3, pp. 465–472, Jun. 2015. https://doi.org/10.

1161/CIRCGENETICS.114.000637 PMID: 25714099

18. R Core Team, “R: A Language and Environment for Statistical Computing.” Vienna, Austria, 2018.

19. van Domburg R. T., Kappetein A. P., and Bogers A. J. J. C., “The clinical outcome after coronary bypass

surgery: a 30-year follow-up study,” Eur. Heart J., vol. 30, no. 4, pp. 453–458, Sep. 2008. https://doi.

org/10.1093/eurheartj/ehn530 PMID: 19066209

20. Reaven G., “Insulin Resistance and Coronary Heart Disease in Nondiabetic Individuals,” Arterioscler.

Thromb. Vasc. Biol., vol. 32, no. 8, pp. 1754–1759, Aug. 2012. https://doi.org/10.1161/ATVBAHA.111.

241885 PMID: 22815340
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