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Abstract

Background

Psychological stress is an independent risk factor for cardiovascular disease (CVD), but the
mechanism by which stress is associated with CVD is not entirely understood. Although
genetic factors are implied in both stress responsivity and cardiovascular reactivity, no studies
to date have investigated their interactions with stress for cardiovascular end points. The
objective was to elucidate the association and interactions between a genetic risk score
(GRS), individual genetic variants and stress for three cardiovascular end points: coronary
artery disease (CAD), fatal myocardial infarction (MI), non-fatal MI, and cardiovascular death.

Methods and findings

18,559 participants from the Malmé Diet Cancer Study, a population-based prospective
study, were included in the analyses. Cox proportional hazards regression models were
used and adjusted for a large number of known predictors of cardiovascular end points.
Mean follow-up time in years was 14.6 (CAD; n = 1938), 14.8 (fatal MI; n = 436), 14.8 (non-
fatal MI; n = 1108), and 15.1 (cardiovascular death; n = 1071) respectively. GRS was signifi-
cantly associated with increased risks of CAD (top quartile hazard ratio [HR], 1.72; 95% con-
fidence interval [Cl], 1.51-1.96), fatal MI (top quartile HR, 1.62; 95%Cl, 1.23-2.15), non-
fatal Ml (top quartile HR, 1.55; 95%Cl, 1.31-1.84), and cardiovascular death (top quartile
HR, 1.29; 95%Cl, 1.08-1.53). Stress was not independently associated with any end point
and did not interact with GRS. Four individual genetic variants interacted unfavorably with
stress for end points with mortality outcomes.

Conclusion

A GRS composed of 50 SNPs and predictive of CAD was found for the first time to also
strongly predict fatal Ml, non-fatal Ml and cardiovascular death. A stress-sensitive
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component of the GRS was isolated on the basis of individual genetic variants that inter-
acted unfavorably with stress.

Introduction

Cardiovascular disease (CVD) is the leading cause of death in the world[1] and accounts for
48% of deaths from noncommunicable diseases[2]. In addition to conventional risk factors
(i.e. hypertension, smoking, diabetes, family history, and dyslipidemia), psychological stress is
considered an important and potentially modifiable risk factor for CVD[3, 4]. Stress is associ-
ated with increased risk of stroke and coronary heart disease (CHD)[5], and the effect of severe
global stress with regards to ischemic heart disease (IHD) is comparable to that of hyperten-
sion and abdominal obesity[6] with risk gradients of stress on heart disease comparable to
those of cholesterol[7]. However, the association between stress and CHD cannot entirely be
explained by its mediating effect on traditional risk factors[8]. In fact, stress is an independent
risk factor for IHD[6].

Stress is associated with atherosclerosis in a number of ways; acute or chronic stress affects
responses related to insulin sensitivity[9], inflammatory processes[10], endothelial dysfunc-
tion[11], and blood coagulation[12]. However, susceptibility to stress-mediated cardiovascular
events differs between individuals[13]. An individual’s stress reactivity seems to be determined
by genetic factors[14], and twin studies propose the existence of certain genes which have an
effect on sympathovagal cardiac control, heart rate and blood pressure in rest and stress[15].
This suggests genotypic variations to stress responsivity and stress-induced cardiovascular
reactivity.

In recent years, Genome Wide Association Studies (GWAS) have found numerous genetic
loci associated with coronary artery disease (CAD) risk at genome wide significance levels[16].
In addition to their independent association with the risk of a cardiovascular event[17], many
of these loci are associated with conventional risk factors such as blood lipid concentrations
and blood pressure[16]. Despite the rapid emergence and identification of new CAD risk/sus-
ceptibility loci, no studies to date have simultaneously investigated psychological stress and its
interaction with, and the additive effects of genetic factors in relation to cardiovascular end
points. Considering the observed inter-individual differences in stress-mediated cardiovascu-
lar events and the strong association between stress and CVD, it is quite possible that stress
could modify any inherent genetic risk for CVD[18]. Prospective cohort studies on stress and
CHD are called for[4] and the incorporation of stress processes into cardiovascular pathophys-
iological research is considered the major challenge over the next decade of research[8].

Consequently, the primary aim of this study was to investigate the main effects of, and
interactions between a known CHD-susceptibility genetic risk score (GRS)[19] and psycholog-
ical stress for coronary artery disease (CAD), fatal myocardial infarction (MI), non-fatal MI
and cardiovascular death. The secondary aim was to investigate the interaction between indi-
vidual genetic variants and stress on the four outcomes. We hypothesize that the main effects
of, as well as the interactions between GRS and psychological stress will be significantly associ-
ated with increased risks of coronary events and of cardiovascular death.

Methods

The Malmé Diet and Cancer Study is a population-based prospective study in the city of
Malmo, Sweden. Between the years 1991-1996, men and women aged 45-73 years were
selected at random and recruited for a baseline examination. The study has been described in
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detail elsewhere[20]. In brief, anthropometric data were taken together with blood samples,
and participants were asked to fill in a questionnaire that included items on heredity, socioeco-
nomic variables, and lifestyle factors.

At baseline, 30,447 individuals were identified in the study population. We excluded those
with a history of CAD (n = 773) and participants for whom we did not have complete informa-
tion on psychological stress (n = 5480) or genotyping (n = 5634), leaving us with 18,559 indi-
viduals included in the analyses. We did not exclude individuals with a history of CVD from
analyses on cardiovascular death for two principal reasons: 1) the 50-variant GRS is associated
with CAD, not CVD, and 2) to maintain a uniform population throughout all analyses in the
study.

The MDC study was approved by the ethics committee at Lund University, and all partici-
pants provided written informed consent.

Genetic risk score

The first independent variable of interest was a 50-variant GRS associated with CHD which
has been described in detail elsewhere[19]. In brief, each of the 50 SNPs included in the GRS is
associated with CAD at genome wide significance levels[16, 21-24]. For each allele, the num-
ber of carried risk alleles (0/1/2) was multiplied with the natural logarithm transformed litera-
ture-based risk estimate for that risk allele[16, 21-24]. The resulting GRS was divided into
quartiles where the lowest GRS (Quartile 1) was considered the reference category.

Genotyping

A multiplex method combining polymerase chain reaction, allele-specific oligonucleotide liga-
tion assays, and hybridization to oligonucleotides coupled to Luminex 100TM xMAP micro-
spheres (Luminex, Austin, TX) was used for the genotyping of MDC participants.[25]

Psychological stress

Psychological stress was the second variable of interest in the present study. A categorical stress
variable was constructed from 11 questions measuring job strain using items in the validated
Swedish version[26] of Karasek’s[27] and Theorell’s[28] Demand-Control Model, and one
question assessing non-work-related stress. The job strain questionnaire has been used in car-
diovascular research[29], and single questions to assess the association between perceived
mental stress and cardiovascular end points have been used previously in large prospective
studies[5]. Cronbach’s alpha for the 12 items assessing stress in the present study was 0.69.

The Psychological Demands (PD; five items) and the Decision Latitude (DL; six items) sub-
scales of the job strain questionnaire were assessed using a 4-point Likert scale. Scores of each
subscale were summarized without weighting and job strain was calculated by dividing PD
with DL and the results dichotomized at the median to allow for a ‘low strain and a ‘high
strain’ group. Non-work-related stress was assessed using one question: ‘Have you lately suf-
fered from stress or mental pressure because of problems or demands not related to your work?
Answers of ‘yes’ and ‘no’ represented high stress and low stress levels respectively.

The dichotomized variables job strain and non-work related stress were subsequently com-
bined to create a categorical variable representing low, intermediate or high psychological
stress. Low psychological stress was assigned to individuals who belonged to the low strain and
low stress group, intermediate stress to those with low strain and high stress or high strain and
low stress, and high stress was assigned to those with high strain and high stress.
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End points

The study had four primary end points: 1) time to first occurrence of a coronary artery disease
event (CAD) defined as a first fatal or non-fatal myocardial infarction, coronary artery bypass
graft (CABQG) or percutaneous coronary intervention (PCI), 2) time to first occurrence of fatal
myocardial infarction (MI), 3) time to first occurrence of non-fatal M1, and 4) time to first
occurrence of death due to cardiovascular disease.

All events were identified through linkage of a 10-digit national personal identification
number with four registries validated for classification of outcomes as described in detail else-
where[30-32]: the Swedish National Discharge Registry, the Swedish National Cause of Death
Registry, the Swedish Coronary Angiography and Angioplasty Registry, and the Stroke in
Malmo Registry. CABG and PCI were classified using the national classification of surgical
procedures operation codes (KKA or Op6): 3065, 3066, 3068, 3080, 3092, 3105, 3127, 3158 for
CABG, and FNGO02 and FNGO5 for PCI. CE was defined according to the International Classi-
fication of Diseases, ninth (ICD-9) and tenth (ICD-10) revisions with fatal or non-fatal MI or
death due to CHD corresponding to codes 410, 412, and 414 (ICD-9), and 121-123 and, 125
(ICD-10). Fatal MI was defined as fatal MI or fatal IHD but where death occurred within 28
days of event, non-fatal MI was defined as MI or IHD without death within 28 days of event,
and CVD was defined as codes 390-451 (ICD-9) and 100-199 (ICD-10). Participants were fol-
lowed from starting point until December 31, 2010, with person-years calculated from starting
point to the date of event, loss to follow-up, or end of follow-up period, whichever came first.

Statistical analyses

The association between categories of GRS and stress with baseline characteristics was deter-
mined using the Chi-square test and one-way analysis of variance for categorical and continu-
ous variables respectively. Cox proportional hazards models were used to estimate the relative
risk for the association between GRS, stress, and each of the three end points. For each end
point separate multivariable models were created to show main effects of the two independent
variables as well as the p-value for their interaction. Effect modification was determined by
using the Likelihood ratio test; the multivariable models including an interaction term between
GRS and stress were compared to those without this term. No gender-specific stratification
was done as there were no significant interactions between gender and any of the main inde-
pendent variables.

The minimally adjusted models were adjusted for gender and age (continuous) at starting
point. The multivariable models were further adjusted for education (elementary school or
higher than elementary school), socioeconomic index (SEI), smoking (never-, past- and cur-
rent smoker), drinking (none, 1-15.2, and >15.2 g ethanol/day), prevalent diabetes mellitus,
Body Mass Index (BMI) in kg/m” (continuous), hypertension, and use of lipid lowering medi-
cation (yes/no).

Hypertension was defined as systolic blood pressure >140, diastolic blood pressure >90 or
use of antihypertensive medication. SEI was categorized according to the Swedish socioeco-
nomic classification[33] (manual worker, low and intermediate level non-manual worker,
higher level non-manual worker, other (self-employed incl. farmers), and unemployed). Preva-
lent diabetes mellitus was defined as self-reported physician diagnosed diabetes, use of antidia-
betic medication, fasting blood glucose >6.1mmol/l, or belonging to local or national diabetes
registries. Missing data were addressed through the construction of dummy variables.

Each SNP was checked for interactions with stress against the four end points in separate
multivariable Cox proportional hazards models.
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All statistical analyses were performed using SAS (SAS software version 9.3; SAS institute,
Inc., Gary, NC). The significance level was set as P<0.05.

Results

Among subjects free from CAD at baseline, mean follow-up time for analyses of incident
CAD, fatal MI, non-fatal MI and cardiovascular death was 14.6, 14.8, 14.8, and 15.1 years, res-
pectively, with 1938 incident CAD events, 436 fatal MIs, 1108 non-fatal MIs, and 1071 cardio-
vascular deaths during this time. There was a significant difference between quartiles of GRS
only in age and alcohol consumption (Table 1). When considering the population according
to psychological stress, the largest proportion of individuals considered their overall stress to
be intermediate followed by low and high levels of stress. With the exception of BMI and

Table 1. Baseline characteristics according to Genetic Risk Score (GRS) Quartiles and psychological stress.

GRS Quartiles Stress
Variable Q1 Q2 Q3 Q4 P-value* Low Intermediate High P-value*
Number of individuals 4640 4640 4641 4638 7234 8227 3098
Proportion of total population (%) 25.0 25.0 25.0 25.0 39.0 44.3 16.7
Men (%) 38.4 38.5 38.0 37.8 n.s. 45.2 35.9 27.9 <0.001
Age [mean (years * s.d.)] 58.3+7.9|58.1+£8.0|581+£79|57.9+79| 0020 |59.0+7.9 58.3+8.0 |555+7.2 <0.001
Education (%) n.s. <0.001
Primary school or less 40.8 41.0 40.4 40.4 38.8 44.4 35.0
Higher than primary school 58.9 58.7 59.4 58.4 61.0 55.3 64.7
Missing information 0.2 0.3 0.2 0.2 0.2 0.2 0.3
Socioeconomic Index (%) n.s. <0.001
Manual worker 35.3 33.1 35.5 35.0 28.9 39.9 34.7
Lower and intermediate non-manual worker 40.5 42.2 39.8 39.8 445 37.7 39.2
Higher non-manual worker 7.6 8.2 7.9 8.8 9.2 7.5 71
Other (self-employed and farmers) 10.8 10.6 11.5 10.8 13.4 9.0 10.1
Unemployed 5.7 5.7 5.0 5.2 3.6 5.7 8.7
Missing information 0.1 0.2 0.3 0.3 0.3 0.2 0.2
Smoking status (%) n.s. <0.001
Never 37.7 36.0 38.5 38.5 38.3 38.4 34.4
Past 34.0 34.8 33.5 33.5 35.8 33.2 31.7
Current 284 29.2 28.0 28.0 25.9 28.5 33.9
Missing information 0 0 0 0 0 0 0
Alcohol consumption (%) 0.011 <0.001
None 16.2 16.1 15.7 16.3 13.6 16.9 19.6
1-15.2 g ethanol /day 57.6 57.3 57.4 57.4 57.6 58.3 54.5
> 15.2 g ethanol / day 25.0 25.3 24.7 24.8 27.8 23.3 22.7
Missing information 1.3 1.3 2.3 1.5 0.9 15 3.2
BMI [mean (kg/m2 % s.d.)] 257+4.0|25.7+4.0 25.8+4.0|25.8+4.0 n.s. 257+38| 259+41 |258+43 n.s.
Prevalent Diabetes Mellitus (%) 4.3 4.1 4.4 4.2 n.s. 4.0 4.6 3.8 n.s.
Hypertension (%) 39.7 39.9 39.6 41.6 n.s. 41.3 40.4 36.9 <0.001
Lipid lowering medication (%) 2.1 2.2 2.6 2.2 n.s. 2.6 2.4 1.4 <0.001

GRS = Genetic risk score; n.s. = non-significant
*Chi-square test for categorical variables, ANOVA for continuous variables.
GRS Quatrtiles were constructed from a continuous 50 SNP GRS of which all SNPs are associated with CAD at genome wide significance levels.

https://doi.org/10.1371/journal.pone.0176029.t001
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prevalent diabetes mellitus, there were significant differences between groups of stress with
regards to all baseline characteristics.

CAD

In the multivariable model, main effects for GRS remained significant for the second (hazard
ratio [HR], 1.24; 95% confidence interval [CI], 1.08-1.42), third (HR, 1.43; 95% CI, 1.25-1.64)
and fourth (HR, 1.72;95% CI, 1.51-1.96) quartiles (Table 2).

There was no significant interaction between GRS and stress for CAD. Individuals in the
top GRS quartile were at the highest risk of CAD irrespective of perceived stress level, and

Table 2. Hazard Ratios (HR) and Confidence Intervals (Cl) for the main effects of genetic risk score (GRS) and stress on incidence of coronary
artery disease (CAD), fatal myocardial infarction (MI), non-fatal Ml, and cardiovascular death.

GRS Quartiles Stress

Q1 Q2 Q3 Q4 P for trend Low Intermediate High P for trend
CAD
No. (Events) 4640 (370) | 4640 (462) | 4641 (507) | 4638 (599) 7234 (817) | 8227 (864) 3098 (257)
Minimal model* HR Reference 1.27 1.44 1.74 Reference 1.08 1.1
(95% CI) (1.11-1.46) | (1.26-1.65) | (1.53-1.98) (0.98-1.19) | (0.96—1.28)
P value - <0.001 <0.001 <0.001 - n.s. n.s.
Multivariable model” HR | Reference 1.24 1.43 1.72 <0.001 Reference 0.99 0.99 n.s.
(95% Cl) (1.08-1.42) | (1.25-1.64) | (1.51-1.96) (0.90-1.09) | (0.86-1.14)
P value - 0.002 <0.001 <0.001 - n.s. n.s.
Fatal Mi
No. (Events) 4640 (81) | 4640(113) | 4641 (116) | 4638 (126) 7234 (173) | 8227 (203) 3098 (60)
Minimal model* HR Reference 1.42 1.51 1.69 Reference 1.24 1.43
(95% ClI) (1.06-1.88) | (1.14-2.01) | (1.28-2.24) (1.01-1.52) | (1.06-1.93)
P value - 0.017 0.004 <0.001 - 0.042 0.019
Multivariable modelf HR | Reference 1.35 1.49 1.62 <0.001 Reference 1.09 1.22 n.s.
(95% ClI) (1.02-1.80) | (1.12-1.98) | (1.23-2.15) (0.88-1.34) | (0.90-1.65)
P value - 0.039 0.006 <0.001 - n.s. n.s.
Non-fatal Ml
No. (Events) 4640 (227) | 4640 (253) | 4641 (291) | 4638 (337) 7234 (470) | 8227 (490) 3098 (148)
Minimal model* HR Reference 1.13 1.34 1.57 Reference 1.05 1.07
(95% ClI) (0.94-1.35) | (1.12-1.59) | (1.33-1.86) (0.92-1.19) | (0.89-1.30)
P value - n.s. 0.001 <0.001 - n.s. n.s.
Multivariable model' HR | Reference 1.09 1.34 1.55 <0.001 Reference 0.96 0.97 n.s.
(95% CI) (0.91-1.31) | (1.12-1.59) | (1.31-1.84) (0.85-1.09) | (0.80-1.17)
P value - n.s. 0.001 <0.001 - n.s. n.s.
Cardiovascular death
No. (Events) 4640 (239) | 4640 (246) | 4641 (290) | 4638 (296) 7234 (448) | 8227 (493) 3098 (130)
Minimal model* HR Reference 1.03 1.27 1.32 Reference 1.12 1.21
(95% CI) (0.86-1.23) | (1.07-1.51) | (1.12-1.57) (0.99-1.28) | (1.00-1.48)
P value - n.s. 0.006 0.001 - n.s. n.s.
Multivariable model' HR | Reference 1.00 1.26 1.29 <0.001 Reference 1.02 1.06 n.s.
(95% ClI) (0.83-1.19) | (1.06-1.50) | (1.08-1.53) (0.89-1.16) | (0.87—1.30)
P value - n.s. 0.009 0.004 - n.s. n.s.

CAD = Coronary artery disease; Cl = Confidence Interval; GRS = Genetic risk score; HR = Hazard Ratio; Ml = Myocardial infarction; n.s. = non-significant.
*Minimal models are adjusted for gender and age

TMultivariable models are adjusted for gender, age, education, socioeconomic index, smoking, drinking, prevalent diabetes mellitus, Body Mass Index,
hypertension, and use of lipid lowering medication

https://doi.org/10.1371/journal.pone.0176029.t002
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neither intermediate or high stress alone were associated with an increased risk of CAD com-
pared to the reference group (low stress, GRS quartile 1) (Table 3).

Fatal Ml

Following full adjustment, GRS quartiles 2 (HR, 1.35; 95% CI, 1.02-1.80), 3 (HR, 1.49; 95% CI,
1.12-1.98) and 4 (HR, 1.62; 95% CI, 1.23-2.15) remained significant predictors of fatal MI
compared to quartile 1.

When compared to individuals who were in the lowest GRS quartile and reported low
stress, individuals with the lowest genetic risk but with high stress were at a significantly
increased risk of fatal MI (HR, 2.06; 95% CI, 1.08-3.92). The highest risk of fatal MI was seen
for individuals with high stress in GRS quartiles 3 (HR, 2.59; 95% CI, 1.37-4.88) and 4 (HR,
2.30; 95% CI, 1.22-4.32), albeit with a non-significant interaction between GRS and stress.

Non-fatal Ml

Compared to quartile 1 and following full adjustment, GRS quartiles 3 (HR, 1.34; 95% CI,
1.12-1.59), and 4 (HR, 1.55; 95% CI, 1.31-1.84) remained significant predictors of non-fatal
MLI. Stress was not associated with non-fatal MI.

Individuals in GRS quartile 4 had an increased risk of non-fatal MI at low (HR, 1.50; 95%
CIL, 1.16-1.94), intermediate (HR, 1.45; 95% CI, 1.12-1.89) and high (HR, 1.54; 95% CI, 1.09-
2.19) stress levels. Additionally, those in GRS quartile 3 with high stress (HR, 1.58; 95% CI,
1.10-2.26) were at an increased risk of non-fatal MI. The interaction between GRS and stress
was, however, non-signiﬁcant.

Cardiovascular death

In the multivariable model, those in the third (HR, 1.26; 95% CI, 1.06-1.50) and fourth (HR,
1.29; 95% CI, 1.08-1.53) quartiles of GRS presented with increased risks of cardiovascular
death, with stress levels remaining as non-significant positive associations.

The interaction between GRS and stress was non-significant.

Interactions between individual genetic variants and stress and risk of
CAD, fatal Ml or cardiovascular death

Of the 50 genetic variants included in our GRS, simple effects indicated a significantly increased
risk of CAD, fatal MI, non-fatal MI, and cardiovascular death for nine SNPs, three SNPs, three
SNPs, and six SNPs respectively (Tables A1-A2 in S1 File). The simple effects of eight SNPs
indicated increased risks of more than one end point: rs2252641 (ZEB2-AC074093.1), and
rs11984041 (HDACDY) predicted both CAD and cardiovascular death, rs3217992 (CDKN2BAS)
and rs216172 (SMG6) were associated with CAD and fatal M1, rs10455872 (LPA), rs4977574
(CDKN2A), and rs2259816 (HNF1A) were associated with CAD and non-fatal MI, while
rs2895811 (HHIPL1) was associated with both fatal MI and cardiovascular death.

There were a total of 14 significant interactions between genetic variants and perceived
stress level (intermediate or high stress) for all end points (Table 4). Intermediate stress inter-
acted with four unique SNPs (twice for fatal MI, once for non-fatal M1, and three times for car-
diovascular death), whereas high stress interacted with eleven unique SNPs (twice for CAD,
twice for fatal M1, five times for non-fatal MI, and five times for cardiovascular death). Of the
interactions that were significant for more than one end point, one was with intermediate
stress [rs2895811 (HHIPL1)] and three were with high stress levels [rs2259816 (HNF1A),
rs2252641 (ZEB2-AC074093.1), and rs2954029 (TRIB1)].
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Table 3. Cox proportional hazards regression models for the effect of interaction between psychological stress and quartiles of coronary artery
disease (CAD) genetic risk score (GRS) on incident CAD, fatal myocardial infarction (MI), non-fatal MI, and cardiovascular death.

GRS Quartiles

End point Qi Q2 Q3 Q4 P for interaction®
CAD
No. (Events) 4640 (370) 4640 (462) 4641 (507) 4039 (599)
HR HR HR HR
(95% CI) (95% ClI) (95% CI) (95% CI)
Minimal model*
Low stress Reference 1.35%** 1.53*** 1.92%**
(1.09-1.67) (1.24-1.89) (1.56-2.35)
Intermediate stress 1.15 1.58*** 1.59*%** 1.94***
(0.92-1.44) (1.28-1.95) (1.29-1.96) (1.58-2.38)
High stress 1.38* 1.13 1.93*** 2.01%**
(1.02-1.88) (0.82-1.57) (1.46-2.57) (1.53-2.65)
Multivariable model$
Low stress Reference 1.33* 1.53*** 1.87%**
(1.07-1.64) (1.24-1.89) (1.53-2.30)
Intermediate stress 1.05 1.41** 1.44*%* 1.77%%*
(0.84-1.31) (1.14-1.75) (1.17-1.77) (1.44-2.18)
High stress 1.26 0.94 1.75%** 1.77%%* n.s.
(0.92-1.71) (0.68-1.31) (1.32-2.33) (1.34-2.33)
Fatal Mi
No. (Events) 4640 (81) 4640 (113) 4641 (116) 4039 (126)
HR HR HR HR
(95% CI) (95% ClI) (95% CI) (95% CI)
Minimal model*
Low stress Reference 1.59 2.27*** 2,22*%%
(0.97-2.62) (1.41-3.65) (1.38-3.56)
Intermediate stress 1.65* 2.53*** 1.94** 2.60***
(1.00-2.72) (1.59-4.04) (1.19-3.15) (1.62-4.17)
High stress 2.41** 2.04* 2,94%** 2.74**
(1.27-4.58) (1.04-3.99) (1.56-5.52) (1.46-5.15)
Multivariable model®
Low stress Reference 1.55 2.24%** 2.15%*
(0.94-2.56) (1.39-3.61) (1.33-3.46)
Intermediate stress 1.48 2.16** 1.66* 2.19**
(0.90-2.44) (1.35-3.46) (1.02-2.71) (1.36-3.52)
High stress 2.06* 1.57 2.59** 2.30* n.s.
(1.08-3.92) (1.80-3.09) (1.37-4.88) (1.22-4.32)
Non-fatal MI
No. (Events) 4640 (227) 4640 (253) 4641 (291) 4638 (337)
HR HR HR HR
(95% CI) (95% ClI) (95% CI) (95% CI)
Minimal model*
Low stress Reference 1.16 1.24 1.54**
(0.88-1.52) (0.94-1.62) (1.19-1.99)
Intermediate stress 0.99 1.23 1.35% 1.58%**
(0.75-1.31) (0.94-1.61) (1.04-1.76) (1.22-2.05)
High stress 1.11 0.78 1.72%* 1.74**
(0.74-1.66) (0.49-1.23) (1.20-2.45) (1.23-2.46)
Multivariable model$
Low stress Reference 1.14 1.23 1.50**
(0.87-1.49) (0.93-1.61) (1.16-1.94)
(Continued)
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Table 3. (Continued)
End point
Intermediate stress
High stress

Cardiovascular death
No. (Events)

Minimal model*
Low stress

Intermediate stress
High stress

Multivariable model$
Low stress

Intermediate stress

High stress

*p<0.05
*¥p<0.01
*%%p<0.001

Q1

0.90
(0.68-1.19)

1.01
(0.68-1.52)

4640 (239)

HR
(95% Cl)

Reference

1.11
(0.85-1.46)

1.18
(0.78-1.78)

Reference

1.01
(0.77-1.32)
1.03
(0.68-1.56)

GRS Quartiles

Q2

1.09
(0.83-1.43)

0.65
(0.41-1.04)

4640 (246)

HR
(95% Cl)

0.83
(0.62-1.11)

1.33%
(1.02-1.73)
1.34
(0.90-1.99)

0.82
(0.61-1.09)
1.15
(0.88-1.50)

1.10
(0.74-1.63)

Q3

1.24
(0.95-1.62)

1.58*
(1.10-2.26)

4641 (290)

HR
(95% Cl)

1.45%*
(1.11-1.88)
1.24
(0.95-1.62)

1.53*
(1.03-2.28)

1.43*%*
(1.10-1.85)
1.11
(0.85-1.45)

1.35
(0.90-2.02)

Q4

1.45%*
(1.12-1.89)

1.54*
(1.09-2.19)

4039 (296)

HR
(95% Cl)

1.33*
(1.02-1.72)
1.47%*
(1.13-1.92)

1.52*%
(1.03-2.23)

1.28
(0.98-1.66)
1.31*
(1.01-1.71)

1.29
(0.88-1.91)

P for interaction®

n.s.

n.s.

CAD = Coronary artery disease; Cl = Confidence Interval; GRS = Genetic risk score; HR = Hazard Ratio; Ml = Myocardial infarction; n.s. = non-significant.
TLikelihood ratio test for overall interaction term

*Minimal models are adjusted for gender and age
SMultivariable models are adjusted for gender, age, education, socioeconomic index, smoking, drinking, prevalent diabetes mellitus, Body Mass Index,
hypertension, and use of lipid lowering medication

https://doi.org/10.1371/journal.pone.0176029.t003

Post-hoc analyses

Post-hoc analyses showed that when constructing a stress-sensitive GRS comprised of the
four SNPs [rs12190287 (TCF21), rs2954029 (TRIB1), rs9319428 (FLT1), and rs7173743
(ADAMTS?7)] found in this study to interact unfavorably with stress for CAD, fatal MI or car-
diovascular death (i.e. end points which include mortality outcomes), there were significant
interactions with stress for fatal MI (p = 0.009) and for cardiovascular death (p = 0.004)
(Table B in S1 File). Compared to individuals with low stress and in quartile 1 of the stress-
sensitive GRS, those with high stress and in quartile 4 of the stress-sensitive GRS had a more
than 3-fold increased risk of fatal MI. Moreover, those with high stress but in quartile 1 of the
stress-sensitive GRS had a reduced risk of cardiovascular death.
Specific GRS were created on the basis of SNPs clustered according to their possible CAD-
related function (Tables C-E in S1 File). Five SNPs had functions related to lipoproteins [rs646776
(SORT1), rs11206510 (PCSK9), rs10455872 (LPA), rs964184 (APOAS5), and rs1122608 (LDLR)],
five SNPs had functions related to lipids [rs17114036 (PPAP2B), rs3798220 (LPA), rs12413409
(NT5C2), rs2954029 (TRIB1), and rs1412444 (LIPA)], and four SNPs had functions related to
inflammation [rs4845625 (IL6R, rs1878406 (EDNRA, rs4252120 (PLG, and rs9319428 (FLT1)].
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In the multivariable models, the third (HR, 1.21; 95% CI, 1.02-1.45) and fourth (HR, 1.18; 95%
CI, 1.04-1.34) quartiles of the lipoprotein specific GRS, and the fourth quartile (HR, 1.14; 95% ClI,
1.01-1.28) of the lipid specific GRS were significantly associated only with the CAD end point.
The fourth quartile of the inflammation specific GRS was significantly associated with CAD (HR,
1.23; 95% CI, 1.08-1.39), fatal MI (HR, 1.31; 95% CI, 1.00-1.71), non-fatal MI (HR, 1.21; 95% CI,
1.03-1.43), and cardiovascular death (HR, 1.22; 95% CI, 1.03-1.44).

There was no significant interaction between the lipoprotein-, lipid-, or inflammation spe-
cific GRS with stress for any of the end points (data not shown).

Discussion

This study has shown for the first time that a CAD-susceptibility GRS comprised of 50 genetic
variants known to predict CHD[19], is also predictive of fatal MI, non-fatal MI and cardiovas-
cular death. This study has further shown that although individuals with the highest reported
stress levels and those in the top GRS quartiles have the highest risk of fatal MI, perceived stress
is not independently associated with any of the end points and does not interact with a GRS
associated with CHD, fatal MI, non-fatal MI and cardiovascular death. However, perceived
stress interacts with a number of individual genetic variants, a finding that may be of impor-
tance for the understanding not only of our results, but also for the comprehension of the
influence of stress on cardiovascular end points in general, and for the implementation of
genetic risk scores in stress-related cardiovascular research.

In this study, participants who belonged to the top quartiles of GRS were at an increased risk
of CAD, fatal MI, non-fatal MI, and cardiovascular death. Despite including in our models
strong predictors of all end points, there was only minimal change of the significant risks associ-
ated with GRS between the minimal and multivariable models. However, the GRS-associated
risk patterns differed between health outcomes. Whereas GRS predicted CAD, fatal MI and
non-fatal MI in a linear fashion signifying additive effects with each quartile increase, those in
the third and fourth quartiles had a nearly 1.3-fold increase of cardiovascular death. Consider-
ing the stability of GRS as a predictive variable despite adjustment for important environmental
factors, our findings may have little or limited clinical value until a plausible intervention is
determined. Moreover, there were differences between GRS specifically with regards to the fatal
MI and non-fatal MI outcomes. Whereas individuals in the second quartile of the GRS were at a
1.3-fold significantly increased risk of fatal MI, they did not have an increased risk of non-fatal
MI. Given that fatal MI was defined as death within 28 days of event, our results indicate that
the 50 SNP CAD GRS at lower quartiles is a marker of worse prognosis following MI. Indeed,
CAD GRS is significantly inversely associated with longevity[34], and future studies should
investigate the possibility of considering GRS as a prognostic indicator of MI-related survival.

Of the many environmental factors that have been proposed as important in relation to
genetic risks of cardiovascular end points, stress is perhaps the one factor where evidence
points in the direction of possible genetically determined inter-individual susceptibility[13-
15]. In our study, psychological stress was not independently associated with any end points
and did not interact with GRS. This overall lack of interaction between GRS and stress could
be due to a number of reasons: first, the risk score is in itself such a reliable and powerful vari-
able that it may override any known environmental influence. Second, the perception of stress
can be determined by other factors such as education and socioeconomic status which is in
accordance with our findings of significant differences in baseline characteristics between
stress categories. A third possibility is that we have used a stress-indiscriminate GRS. It is easy
to conceive that individuals with existing CAD or atherosclerotic changes would be more sen-
sitive to the effects of chronic stress, and consequently suffer from premature death.
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Our primary results and interactions, albeit non-significant, point to a potential effect of
stress on CAD and fatal MI that may possibly differ according to the 50 SNP GRS. Secondary
results from one-by-one analysis of the 50 SNPs indeed confirm that there exists a stress sensi-
tive component of the GRS. Fourteen genetic variants significantly interacted with increased
stress. Only six of these genetic variants have known or suggested functional associations[35,
36] such as LDL metabolism [rs11206510 (PCSK9)], plaque destabilization [rs4773144
(COL4A1_A2)], vasoconstriction and inflammation [rs1878406 (EDNRA)], lipid metabolism
[rs2954029 (TRIBI1)], angiogenesis and inflammation [rs9319428 (FLT1)], and hypertension
[rs12190287 (TCF21)], and they offer little information on how or why these SNPs modify
the effects of stress. However, four SNPs interacted with stress in a way which significantly
increased the risk of mortality outcomes. Carriers of one of these variants, rs2954029 (TRIB1),
who experienced high levels of stress had a 1.6-fold increased risk of fatal MI, and a 1.2-fold
increased risk of cardiovascular death compared to those with low stress. Additionally, highly
stressed carriers of rs12190287 (TCF21) had a 1.4-fold increased risk of cardiovascular death.
Rs2954029 (TRIB1)[37] is associated with sleep regulation and increased expression during
sleep deprivation, which in turn is closely correlated with stress[38] whereas rs12190287
(TCF21) is a possible susceptibility locus for hypertension[36]. Both of these variants should
be considered in future research on the association between stress and cardiovascular diseases.

In our post-hoc analyses we also created specific GRS based on the SNPs possible CAD-
related functions[35, 39, 40]. These phenotype-specific GRS were poorer at predicting out-
comes than the original 50 SNP GRS, and they did not interact with stress for any of the end
points. Our results indicate that it may be the functional diversity of various SNPs which
increases the risk of cardiovascular outcomes rather than the clustering of SNPs of a single
phenotype. However, it is important to note that only 21 of our 50 SNPs had a known or sug-
gested CAD-related function. As correctly pointed out by Pilling et al.[34], effect sizes between
different GRS represent and explain different proportions of their phenotypes in their associa-
tion with the respective end points. Therefore, our analyses and subsequent results of clustered
SNPs are limited.

These results may nevertheless add credence to the method of investigating and clustering
genetic variants according to their interaction with specific environmental exposures, such as
stress. Focusing on such stress-sensitive CAD genetic variants may in fact be the key to under-
standing inter-individual stress responsivity and stress-induced cardiovascular reactivity. It
would allow for the creation of stress-sensitive CAD risk scores, thus possibly finding individu-
als in which environmental interventions through stress modification could be of clinical value
for cardiovascular outcomes. Indeed, post-hoc analyses indicate that a stress-sensitive GRS
comprised of four unfavorable SNPs can modify the effects of stress on cardiovascular out-
comes, a finding which supports genetically determined inter-individual cardiovascular stress
reactivity[13-15], and warrants further investigation as well as replication in future studies.

Limitations of this study include random misclassification and a possible underestimation
of stress as it was measured at only one point in time. We have looked at psychological stress
of a chronic nature, and our results may therefore not be applicable to intense and acute stress.
The definition of stress in this study included a component related to occupational stress
which may reduce generalizability of our findings to studies with measures of predominantly
non-occupational stress. Indeed, although job strain accounts for a proportion of CHD events,
the population attributable risk is not as high as those of recognized factors such as smoking,
abdominal obesity and physical inactivity[41]. Furthermore, we did not have information on
coping strategies or coping behaviors, factors which may reduce the impact of stressors and
which are known to be associated with cardiovascular outcomes[42]. Moreover, the results of
this study may not be generalizable to other countries. Finally, this study has an increased risk
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of type I errors given that p-values are not adjusted for multiple comparisons. However, each
of the interactions between individual genetic polymorphisms and stress for the respective end
points involves a loss of statistical power due to the reduced number of cases at high stress lev-
els of each polymorphism. As such, the use of corrections for multiple comparisons may
increase the risk of type II errors. We highly encourage future studies with available genetic
information in addition to stress exposure to try to replicate our findings involving the stress-
sensitive component of the GRS.

Despite the limitations, this study has several strengths: it was conducted in a large general
population cohort with validated definitions of end points and contains genetic information
based on a large number of SNPs in addition to a validated component used in the definition
of psychological stress. We have also adjusted our models for a large number of variables
known to be associated with the respective end points.

Conclusions

We have for the first time found that a GRS composed of 50 SNPs which is predictive of CAD
is also strongly predictive of fatal MI, non-fatal MI, and cardiovascular death. Our results
point to a stress-sensitive component of the GRS which could be isolated based on individual
genetic variants that interacted unfavorably with stress. Further research on stress-sensitive
CAD genetic variants is warranted in order to understand stress-induced cardiovascular
reactivity.

Supporting information

S1 File. Supplementary material.
(DOCX)

Acknowledgments

Thomas Svensson is a Research Fellow of Japan Society for the Promotion of Science (JSPS).
Thomas Svensson and Olle Melander had full access to all the data in the study and take
responsibility for the integrity of the data and the accuracy of the data analysis.

Author Contributions
Conceptualization: TS OM.
Data curation: TS.

Formal analysis: TS.
Funding acquisition: OM.
Investigation: OM.
Methodology: TS OM.
Project administration: OM.
Supervision: OM.
Visualization: TS.

Writing - original draft: TS.
Writing - review & editing: TS MK GE OM.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176029  April 20, 2017 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176029.s001
https://doi.org/10.1371/journal.pone.0176029

@° PLOS | ONE

Genetic risk, stress and cardiovascular disease

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

WHO. The top 10 causes of death http://www.who.int/mediacentre/factsheets/fs310/en/ [cited 2013
December 6]. Available from: http://www.who.int/mediacentre/factsheets/fs310/en/.

WHO. Global status report on noncommunicable diseases 2010. 2010.

Brotman DJ, Golden SH, Wittstein IS. The cardiovascular toll of stress. Lancet. 2007; 370(9592):1089—
100. https://doi.org/10.1016/S0140-6736(07)61305-1 PMID: 17822755

Steptoe A, Kiviméaki M. Stress and cardiovascular disease. Nat Rev Cardiol. 2012; 9(6):360-70. https:/
doi.org/10.1038/nrcardio.2012.45 PMID: 22473079

Iso H, Date C, Yamamoto A, Toyoshima H, Tanabe N, Kikuchi S, et al. Perceived mental stress and
mortality from cardiovascular disease among Japanese men and women: the Japan Collaborative
Cohort Study for Evaluation of Cancer Risk Sponsored by Monbusho (JACC Study). Circulation. 2002;
106(10):1229-36. PMID: 12208798

Rosengren A, Hawken S, Ounpuu S, Sliwa K, Zubaid M, Almahmeed WA, et al. Association of psycho-
social risk factors with risk of acute myocardial infarction in 11119 cases and 13648 controls from 52
countries (the INTERHEART study): case-control study. Lancet. 2004; 364(9438):953-62. hitps://doi.
org/10.1016/S0140-6736(04)17019-0 PMID: 15364186

Dimsdale JE. Psychological stress and cardiovascular disease. J Am Coll Cardiol. 2008; 51(13):1237—
46. PubMed Central PMCID: PMCPMC2633295. https://doi.org/10.1016/j.jacc.2007.12.024 PMID:
18371552

Steptoe A, Kiviméaki M. Stress and cardiovascular disease: an update on current knowledge. Annu Rev
Public Health. 2013; 34:337-54. https://doi.org/10.1146/annurev-publhealth-031912-114452 PMID:
23297662

Moberg E, Kollind M, Lins PE, Adamson U. Acute mental stress impairs insulin sensitivity in IDDM
patients. Diabetologia. 1994; 37(3):247-51. PMID: 8174837

Jain S, Mills PJ, von Kéanel R, Hong S, Dimsdale JE. Effects of perceived stress and uplifts on inflamma-
tion and coagulability. Psychophysiology. 2007; 44(1):154—60. https://doi.org/10.1111/j.1469-8986.
2006.00480.x PMID: 17241151

Ghiadoni L, Donald AE, Cropley M, Mullen MJ, Oakley G, Taylor M, et al. Mental stress induces tran-
sient endothelial dysfunction in humans. Circulation. 2000; 102(20):2473-8. PMID: 11076819

Zgraggen L, Fischer JE, Mischler K, Preckel D, Kudielka BM, von Kénel R. Relationship between hemo-
concentration and blood coagulation responses to acute mental stress. Thromb Res. 2005; 115
(3):175-83. https://doi.org/10.1016/j.thromres.2004.08.022 PMID: 15617739

Strike PC, Magid K, Whitehead DL, Brydon L, Bhattacharyya MR, Steptoe A. Pathophysiological pro-
cesses underlying emotional triggering of acute cardiac events. Proc Natl Acad Sci U S A. 2006; 103
(11):4322—7. PubMed Central PMCID: PMCPMC1449691. https://doi.org/10.1073/pnas.0507097103
PMID: 16537529

Wu T, Snieder H, de Geus E. Genetic influences on cardiovascular stress reactivity. Neurosci Biobehav
Rev. 2010; 35(1):58-68. https://doi.org/10.1016/j.neubiorev.2009.12.001 PMID: 19963006

De Geus EJ, Kupper N, Boomsma DI, Snieder H. Bivariate genetic modeling of cardiovascular stress
reactivity: does stress uncover genetic variance? Psychosom Med. 2007; 69(4):356—64. https://doi.org/
10.1097/PSY.0b013e318049cc2d PMID: 17510291

Deloukas P, Kanoni S, Willenborg C, Farrall M, Assimes TL, Thompson JR, et al. Large-scale associa-
tion analysis identifies new risk loci for coronary artery disease. Nat Genet. 2013; 45(1):25-33. PubMed
Central PMCID: PMCPMC3679547. https://doi.org/10.1038/ng.2480 PMID: 23202125

Kathiresan S, Melander O, Anevski D, Guiducci C, Burtt NP, Roos C, et al. Polymorphisms associated
with cholesterol and risk of cardiovascular events. N Engl J Med. 2008; 358(12):1240-9. https://doi.org/
10.1056/NEJMo0a0706728 PMID: 18354102

Mulle JG, Vaccarino V. Cardiovascular disease, psychosocial factors, and genetics: the case of depres-
sion. Prog Cardiovasc Dis. 2013; 55(6):557—62. PubMed Central PMCID: PMCPMC3639443. https://
doi.org/10.1016/j.pcad.2013.03.005 PMID: 23621965

Tada H, Melander O, Louie JZ, Catanese JJ, Rowland CM, Devlin JJ, et al. Risk prediction by genetic
risk scores for coronary heart disease is independent of self-reported family history. European heart
journal. 2016; 37(6):561—7. PubMed Central PMCID: PMCPMC4744619. https://doi.org/10.1093/
eurheartj/ehv462 PMID: 26392438

Berglund G, Elmstahl S, Janzon L, Larsson SA. The Malmo Diet and Cancer Study. Design and feasibil-
ity. Journal of internal medicine. 1993; 233(1):45-51. PMID: 8429286

Schunkert H, Konig IR, Kathiresan S, Reilly MP, Assimes TL, Holm H, et al. Large-scale association
analysis identifies 13 new susceptibility loci for coronary artery disease. Nat Genet. 2011; 43(4):333-8.
PubMed Central PMCID: PMC3119261. https://doi.org/10.1038/ng.784 PMID: 21378990

PLOS ONE | https://doi.org/10.1371/journal.pone.0176029  April 20, 2017 15/16


http://www.who.int/mediacentre/factsheets/fs310/en/
http://www.who.int/mediacentre/factsheets/fs310/en/
https://doi.org/10.1016/S0140-6736(07)61305-1
http://www.ncbi.nlm.nih.gov/pubmed/17822755
https://doi.org/10.1038/nrcardio.2012.45
https://doi.org/10.1038/nrcardio.2012.45
http://www.ncbi.nlm.nih.gov/pubmed/22473079
http://www.ncbi.nlm.nih.gov/pubmed/12208798
https://doi.org/10.1016/S0140-6736(04)17019-0
https://doi.org/10.1016/S0140-6736(04)17019-0
http://www.ncbi.nlm.nih.gov/pubmed/15364186
https://doi.org/10.1016/j.jacc.2007.12.024
http://www.ncbi.nlm.nih.gov/pubmed/18371552
https://doi.org/10.1146/annurev-publhealth-031912-114452
http://www.ncbi.nlm.nih.gov/pubmed/23297662
http://www.ncbi.nlm.nih.gov/pubmed/8174837
https://doi.org/10.1111/j.1469-8986.2006.00480.x
https://doi.org/10.1111/j.1469-8986.2006.00480.x
http://www.ncbi.nlm.nih.gov/pubmed/17241151
http://www.ncbi.nlm.nih.gov/pubmed/11076819
https://doi.org/10.1016/j.thromres.2004.08.022
http://www.ncbi.nlm.nih.gov/pubmed/15617739
https://doi.org/10.1073/pnas.0507097103
http://www.ncbi.nlm.nih.gov/pubmed/16537529
https://doi.org/10.1016/j.neubiorev.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19963006
https://doi.org/10.1097/PSY.0b013e318049cc2d
https://doi.org/10.1097/PSY.0b013e318049cc2d
http://www.ncbi.nlm.nih.gov/pubmed/17510291
https://doi.org/10.1038/ng.2480
http://www.ncbi.nlm.nih.gov/pubmed/23202125
https://doi.org/10.1056/NEJMoa0706728
https://doi.org/10.1056/NEJMoa0706728
http://www.ncbi.nlm.nih.gov/pubmed/18354102
https://doi.org/10.1016/j.pcad.2013.03.005
https://doi.org/10.1016/j.pcad.2013.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23621965
https://doi.org/10.1093/eurheartj/ehv462
https://doi.org/10.1093/eurheartj/ehv462
http://www.ncbi.nlm.nih.gov/pubmed/26392438
http://www.ncbi.nlm.nih.gov/pubmed/8429286
https://doi.org/10.1038/ng.784
http://www.ncbi.nlm.nih.gov/pubmed/21378990
https://doi.org/10.1371/journal.pone.0176029

@° PLOS | ONE

Genetic risk, stress and cardiovascular disease

22,

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42,

Coronary Artery Disease Genetics C. A genome-wide association study in Europeans and South Asians
identifies five new loci for coronary artery disease. Nat Genet. 2011; 43(4):339—44. https://doi.org/10.
1038/ng.782 PMID: 21378988

International Stroke Genetics C, Wellcome Trust Case Control C, Bellenguez C, Bevan S, Gschwendt-
ner A, Spencer CC, et al. Genome-wide association study identifies a variantin HDAC9 associated with
large vessel ischemic stroke. Nat Genet. 2012; 44(3):328—-33. PubMed Central PMCID: PMC3303115.
https://doi.org/10.1038/ng.1081 PMID: 22306652

The IBC 50K CAD Consortium. Large-scale gene-centric analysis identifies novel variants for coronary
artery disease. PLoS genetics. 2011; 7(9):e1002260. PubMed Central PMCID: PMC3178591. https:/
doi.org/10.1371/journal.pgen.1002260 PMID: 21966275

Shiffman D, O’'Meara ES, Bare LA, Rowland CM, Louie JZ, Arellano AR, et al. Association of gene vari-
ants with incident myocardial infarction in the Cardiovascular Health Study. Arterioscler Thromb Vasc
Biol. 2008; 28(1):173-9. PubMed Central PMCID: PMC2636623. https://doi.org/10.1161/ATVBAHA.
107.153981 PMID: 17975119

Sanne B, Torp S, Mykletun A, Dahl AA. The Swedish Demand-Control-Support Questionnaire (DCSQ):
factor structure, item analyses, and internal consistency in a large population. Scand J Public Health.
2005; 33(3):166—74. https://doi.org/10.1080/14034940410019217 PMID: 16040456

Karasek RA. Job Demands, Job Decision Latitude, and Mental Strain: Innplications for Job Redesign.
Administrative Science Quarterly. 1979; 24:285-308.

Theorell T, Perski A, Akerstedt T, Sigala F, Ahlberg-Hulten G, Svensson J, et al. Changes in job strain
in relation to changes in physiological state. A longitudinal study. Scandinavian journal of work, environ-
ment & health. 1988; 14(3):189-96.

Rosvall M, Ostergren PO, Hedblad B, Isacsson SO, Janzon L, Berglund G. Work-related psychosocial
factors and carotid atherosclerosis. Int J Epidemiol. 2002; 31(6):1169-78. PMID: 12540718

Jerntorp P, Berglund G. Stroke registry in Malmo, Sweden. Stroke. 1992; 23(3):357—61. PMID: 1542896

Lagerqvist B, James SK, Stenestrand U, Lindback J, Nilsson T, Wallentin L, et al. Long-term outcomes
with drug-eluting stents versus bare-metal stents in Sweden. N Engl J Med. 2007; 356(10):1009—-19.
https://doi.org/10.1056/NEJM0a067722 PMID: 17296822

National Board of Health and Welfare. Evaluation of Diagnostic Quality for Acute Myocardial Infarction
in the Swedish Inpatient Registry 1987 and 1995 [in Swedish]. Stockholm, Sweden: Epidemiologiskt
Centrum, Socialstyrelsen, 2000.

Statistics sweden. MIS 1982:4. Socio-economic classification. 2007.

Pilling LC, Atkins JL, Bowman K, Jones SE, Tyrrell J, Beaumont RN, et al. Human longevity is influ-
enced by many genetic variants: evidence from 75,000 UK Biobank participants. Aging (Albany NY).
2016; 8(3):547—-60. PubMed Central PMCID: PMCPMC4833145.

Ozaki K, Tanaka T. Molecular genetics of coronary artery disease. J Hum Genet. 2016; 61(1):71-7.
https://doi.org/10.1038/jhg.2015.70 PMID: 26134515

Fujimaki T, Oguri M, Horibe H, Kato K, Matsuoka R, Abe S, et al. Association of a transcription factor 21
gene polymorphism with hypertension. Biomed Rep. 2015; 3(1):118-22. PubMed Central PMCID:
PMCPMC4251179. https://doi.org/10.3892/br.2014.371 PMID: 25469260

Ollila HM, Utge S, Kronholm E, Aho V, Van Leeuwen W, Silander K, et al. TRIB1 constitutes a molecular
link between regulation of sleep and lipid metabolism in humans. Translational psychiatry. 2012; 2:e97.
PubMed Central PMCID: PMC3316154. https://doi.org/10.1038/tp.2012.20 PMID: 22832862

Kashani M, Eliasson A, Vernalis M. Perceived stress correlates with disturbed sleep: a link connecting
stress and cardiovascular disease. Stress. 2012; 15(1):45-51. https://doi.org/10.3109/10253890.2011.
578266 PMID: 21682656

Clarke R, Peden JF, Hopewell JC, Kyriakou T, Goel A, Heath SC, et al. Genetic variants associated
with Lp(a) lipoprotein level and coronary disease. N Engl J Med. 2009; 361(26):2518-28. https://doi.
org/10.1056/NEJM0a0902604 PMID: 20032323

Sandhu MS, Waterworth DM, Debenham SL, Wheeler E, Papadakis K, Zhao JH, et al. LDL-cholesterol
concentrations: a genome-wide association study. Lancet. 2008; 371(9611):483-91. PubMed Central
PMCID: PMCPMC2292820. https://doi.org/10.1016/S0140-6736(08)60208-1 PMID: 18262040

Kivimaki M, Nyberg ST, Batty GD, Fransson El, Heikkila K, Alfredsson L, et al. Job strain as a risk factor
for coronary heart disease: a collaborative meta-analysis of individual participant data. Lancet. 2012;
380(9852):1491-7. PubMed Central PMCID: PMCPMC3486012. https://doi.org/10.1016/S0140-6736
(12)60994-5 PMID: 22981903

Svensson T, Inoue M, Sawada N, Yamagishi K, Charvat H, Saito |, et al. Coping strategies and risk of car-
diovascular disease incidence and mortality: the Japan Public Health Center-based prospective Study.
European heart journal. 2016; 37(11):890-9. https://doi.org/10.1093/eurheartj/ehv724 PMID: 26746633

PLOS ONE | https://doi.org/10.1371/journal.pone.0176029  April 20, 2017 16/16


https://doi.org/10.1038/ng.782
https://doi.org/10.1038/ng.782
http://www.ncbi.nlm.nih.gov/pubmed/21378988
https://doi.org/10.1038/ng.1081
http://www.ncbi.nlm.nih.gov/pubmed/22306652
https://doi.org/10.1371/journal.pgen.1002260
https://doi.org/10.1371/journal.pgen.1002260
http://www.ncbi.nlm.nih.gov/pubmed/21966275
https://doi.org/10.1161/ATVBAHA.107.153981
https://doi.org/10.1161/ATVBAHA.107.153981
http://www.ncbi.nlm.nih.gov/pubmed/17975119
https://doi.org/10.1080/14034940410019217
http://www.ncbi.nlm.nih.gov/pubmed/16040456
http://www.ncbi.nlm.nih.gov/pubmed/12540718
http://www.ncbi.nlm.nih.gov/pubmed/1542896
https://doi.org/10.1056/NEJMoa067722
http://www.ncbi.nlm.nih.gov/pubmed/17296822
https://doi.org/10.1038/jhg.2015.70
http://www.ncbi.nlm.nih.gov/pubmed/26134515
https://doi.org/10.3892/br.2014.371
http://www.ncbi.nlm.nih.gov/pubmed/25469260
https://doi.org/10.1038/tp.2012.20
http://www.ncbi.nlm.nih.gov/pubmed/22832862
https://doi.org/10.3109/10253890.2011.578266
https://doi.org/10.3109/10253890.2011.578266
http://www.ncbi.nlm.nih.gov/pubmed/21682656
https://doi.org/10.1056/NEJMoa0902604
https://doi.org/10.1056/NEJMoa0902604
http://www.ncbi.nlm.nih.gov/pubmed/20032323
https://doi.org/10.1016/S0140-6736(08)60208-1
http://www.ncbi.nlm.nih.gov/pubmed/18262040
https://doi.org/10.1016/S0140-6736(12)60994-5
https://doi.org/10.1016/S0140-6736(12)60994-5
http://www.ncbi.nlm.nih.gov/pubmed/22981903
https://doi.org/10.1093/eurheartj/ehv724
http://www.ncbi.nlm.nih.gov/pubmed/26746633
https://doi.org/10.1371/journal.pone.0176029

