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Aims The genetic polymorphism of apolipoprotein E (APOE) has been suggested to modify the effect of smoking on the
development of coronary artery disease (CAD) in apparently healthy persons. The interaction of these factors in
persons undergoing coronary angiography is not known.

Methods
and results

We analysed the association between the APOE-genotype, smoking, angiographic CAD, and mortality in 3263 parti-
cipants of the LUdwigshafen RIsk and Cardiovascular Health study. APOE-genotypes were associated with CAD
[122 or 123: odds ratio (OR) 0.56, 95% confidence interval (CI) 0.43–0.71; 124 or 134 or 144: OR 1.10, 95% CI
0.89–1.37 compared with 133] and moderately with cardiovascular mortality [122 or 123: hazard ratio (HR) 0.71,
95% CI 0.51–0.99; 133: HR 0.92, 95% CI 0.75–1.14 compared with 124 or 134 or 144]. HRs for total mortality
were 1.39 (95% CI 0.39–0.1.67), 2.29 (95% CI 1.85–2.83), 2.07 (95% CI 1.64–2.62), and 2.95 (95% CI 2.10–
4.17) in ex-smokers, current smokers, current smokers without, or current smokers with one 14 allele, respectively,
compared with never-smokers. Carrying 14 increased mortality in current, but not in ex-smokers (HR 1.66, 95% CI
1.04–2.64 for interaction). These findings applied to cardiovascular mortality, were robust against adjustment for
cardiovascular risk factors, and consistent across subgroups. No interaction of smoking and 14 was seen regarding
non-cardiovascular mortality. Smokers with 14 had reduced average low-density lipoprotein (LDL) diameters,
elevated oxidized LDL, and lipoprotein-associated phospholipase A2.

Conclusion In persons undergoing coronary angiography, there is a significant interaction between APOE-genotype and smoking.
The presence of the 14 allele in current smokers increases cardiovascular and all-cause mortality.
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Introduction
Smoking contributes to the development of cardiovascular
disease.1– 3 In men free of symptomatic coronary artery disease
(CAD), the risk of atherosclerosis conferred by smoking has
been found higher in carriers of at least one 14 allele at the

apolipoprotein E (APOE) gene locus.4 –9 A few other studies,
however, did not find such an interaction between the 14 allele
and smoking.10–13 APOE is a constituent of triglyceride-rich lipo-
proteins and high-density lipoproteins (HDL). There are three
common alleles at the APOE locus (12, 13, and 14) which give
rise to three homozygous (122, 133, 144) and three heterozygous
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genotypes (123, 124, 134).14 The genetic polymorphism of APOE
has been suggested to modify the rate of intestinal absorption of
sterols,15,16 the receptor-mediated delivery of sterols to hepato-
cytes,14 hepatic sterol production,4 the expression of low-density
lipoprotein (LDL) receptors,14 and the concentration of C-reactive
protein.17 The APOE gene was among the first candidates consid-
ered relevant to the development of atherosclerosis.18 In compari-
son with the wild-type allele 13, the 14 allele increases the risk of
CAD, whereas the 12 allele is protective.19 Gene-centric analysis
confirmed a variant at the APOE locus to be related with CAD
at genome-wide significance.20 The impact of smoking and the
APOE-genotype on vascular disease has mainly been investigated
in clinically asymptomatic individuals, but not in patients scheduled
for coronary angiography. Further, the question whether the APOE-
genotype influences the adverse effects of tobacco use on total
mortality has not been examined. We studied the role of the
APOE-genotype as a modifier of the effects of smoking on death
from any cause and death from cardiovascular diseases in
persons who had undergone coronary angiography.21

Methods

Study design and participants
We studied participants of the LUdwigshafen RIsk and Cardiovascular
Health (LURIC) study recruited between June 1997 and January 2000.
The study design has been described.21 For more details, please see
Supplementary material online.

Laboratory investigations
Laboratory methods and lipoprotein analyses have been described.21,22,23

The glomerular filtration rate (eGFR) was calculated from creatinine.24

The average radius of LDL was calculated as described.25 Oxidized
LDL (oxLDL) were measured with a competitive enzyme immunoassay
(Mercodia AB, Uppsala, Sweden), lipoprotein-associated phospholipase
A2 (LpPLA2) with the Auto PAF-AH kit (Azwell, Inc., Osaka, Japan), and
interleukin 6 (IL-6) with an enzyme immunoassay (R & D Systems, Minne-
apolis, MN, USA). APOE genotyping was performed as described.26

Ambiguous genotypes (,1%) were simultaneously examined using
commercial methodology.27

Statistics
Clinical characteristics were compared between never-smokers,
ex-smokers, and current smokers with or without 14 by x2 contin-
gency table testing, analysis of variance (ANOVA), or logistic regres-
sion using co-variables as indicated (Table 1). We used the Cox
proportional hazards model to examine the association between
APOE-genotype (Table 2), smoking status (Table 3), and the interaction
of these factors with mortality from all causes (Table 4) and with car-
diovascular (Table 5) and non-cardiovascular (Supplementary material
online, Table S6) causes of death. The time-to-death random variable
was defined as the time period between the date of birth and the
date of death or the time to the last follow-up (30 April 2010) for
the censored subjects. As indicated by log-minus-log diagnostic plots,
the proportional hazards assumption was met. Adjustment was
carried out for sex (Tables 4 and 5, Model 1) or, in addition, for the
use of lipid-lowering agents (.97% statins), risk factors [body mass
index, diabetes mellitus, hypertension, LDL cholesterol (LDL-C),
HDL cholesterol (HDL-C), log-transformed triglycerides, eGFR], and
clinical presentation (no CAD, stable CAD, UAP, NSTEMI, or

STEMI) (Model 2). When LDL-C was replaced by apolipoprotein B,
there was practically no effect on the point estimates for the respective
hazard ratios (HRs) (data not shown).

The effect of smoking and the APOE-genotype on lipids, oxidative
stress, and/or inflammation was investigated by ANOVA with covari-
ables (Table 6). The assumption that residuals are normally distributed
was confirmed using plots of observed vs. predicted values. We report
estimated marginal means of the dependent variables along with their
95% confidence intervals (CIs). The least significant different t-test was
used for post hoc comparisons (smokers with or without 14). Tests
were two-sided; P , 0.05 was considered significant. The SPSS 16.0
statistical package (SPSS, Inc.) was used.

Results

Patients characteristics
Current or past smoking was more prevalent among men than
among women (Table 1). Never-smokers and ex-smokers were
older than current smokers. Never-smokers had less CAD.
Current smokers were more likely to present with STEMI than
ex-smokers or never-smokers. Among ex-smokers, the proportion
of persons presenting with stable CAD was higher than among
never-smokers and current smokers. Current smokers had, on
average, a lower body mass index than never-smokers or
ex-smokers. The prevalence of diabetes mellitus was greater in
ex-smokers than in never-smokers and current smokers. History
of hypertension was not different across the categories.
However, current smokers had lower mean systolic and diastolic
blood pressures compared with never-smokers or ex-smokers,
which may be related to the fact that these subjects more fre-
quently presented with acute myocardial infarction. Among
current smokers, non-carriers of 14 were significantly older than
carriers of 14. No substantial differences were seen with regard
to the clinical presentation, body mass index, the prevalence of dia-
betes mellitus, or hypertension between smokers with or without
14. Diastolic blood pressure, however, was lower in current
smokers with than in those without 14.

APOE-genotype and mortality
Among the 3263 persons studied, 757 deaths (23.2%) occurred
during a median follow-up time of 7.7 years. No relationship was
seen between the APOE-genotype and mortality from all causes
(not shown). Death certificates were available for 3239 individuals.
Among these, 474 (14.5%) died due to cardiovascular diseases.
When individuals were assigned to three groups according to
their APOE-genotypes (E4: 124, 134, or 144; E3: 133; and E2: 122,
123), the HR for cardiovascular mortality was significantly lower
in persons having either an 122 or 123 genotype (Table 2). Explain-
ing the absence of any obvious association between total mortality
and APOE-genotypes, non-cardiovascular mortality was increased in
individuals with the genotypes 133 or 123 or 122, compared with
carriers of 14 (Table 2). This may have been driven by an increased
rate of fatal infectious disease (HR and 95% CI 1.22, 0.65–2.31,
non-carriers vs. carriers of 14) rather than cancer (HR and 95%
CI 1.04, 0.65–1.66, non-carriers vs. carriers of 14).
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Table 1 Clinical characteristics of study participants according to smoking habits and APOE-genotype

Smoking status Never-
smokers

Ex-smokers Current-
smokers

Current-
smokers
without 14

Current-
smokers
with 14

P-valuea P-valueb P-valuec

n 1152 1345 766 586 180

Sex [n (%)]

Men 527 (46) 1156 (86) 598 (78) 465 (79) 133 (74) ,0.001d ,0.001d 0.087d

Women 625 (54) 189 (14) 168 (22) 121 (21) 47 (26)

Age (years) 65+10 64+10 56+11 57+10 55+11 ,0.004e ,0.001e 0.038e

Coronary artery disease [n (%)]

None 356 (31) 196 (15) 147 (19) 109 (19) 38 (20) ,0.001f ,0.001f 0.151f

Stable CAD 487 (42) 732 (54) 313 (41) 251 (42) 62 (34)

UAP (TnT2) 215 (19) 277 (21) 135 (18) 105 (18) 30 (17)

NSTEMI (TnT+) 33 (3) 55 (4) 26 (3) 20 (3) 6 (3)

STEMI (TnT+) 61 (5) 85 (6) 145 (19) 101 (17) 44 (24)

Body mass index (kg/m2) 27.4+4.2 27.8+3.8 27.0+4.2 27.0+4.2 27.0+4.2 ,0.001g ,0.001g 0.585g

Diabetes mellitus [n (%)] 355 (31) 478 (36) 208 (27) 163 (28) 45 (25) 0.027h 0.054h 0.734h

Hypertension [n (%)] 882 (77) 1007 (75) 485 (63) 378 (65) 107 (59) ,0.287h 0.217h 0.587h

Systolic blood pressure
(mmHg) (means+ SD)

144+23 143+23 134+23 135+24 131+22 0.008i 0.013i 0.254i

Diastolic blood pressure
(mmHg) (means+ SD)

81+11 82+11 79+11 80+12 77+11 ,0.001i ,0.001i 0.006i

aP-value for trend: never-smokers, ex-smokers, current smokers.
bP-value for trend: never-smokers, ex-smokers, current smokers with or without 14.
cP-value for the comparison of current smokers with or without 14, respectively.
dLogistic regression, adjusted for age.
eANOVA, adjusted for sex.
fChi2 test.
gANOVA, adjusted for age and sex.
hLogistic regression, adjusted for age and sex.
iANOVA, adjusted for age and sex and additionally adjusted for use of beta-blockers, ACE-inhibitors, AT1 receptor antagonists, calcium channel blockers, and diuretics.
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Table 2 APOE-genotypes and mortality

APOE-genotype Model 1 [HR (95% CI)] P-value Model 2 [HR (95% CI)] P-value

Cardiovascular mortality

E4 (124, 134, 144) 1.0reference 1.0reference

E3 (133) 0.92 (0.75–1.14) 0.444 0.89 (0.72–1.10) 0.286

E2 (122, 123) 0.71 (0.51–0.99) 0.045 0.67 (0.48–0.96) 0.026

Non-E2 (133, 134, 144) 1.0reference 1.0reference

E2 (122, 123, 124) 0.89 (0.68–1.16) 0.379 0.88 (0.67–1.17) 0.384

Non-E4 (122, 123, 133) 1.0reference 1.0reference

E4 (124, 134, 144) 1.13 (0.92–1.38) 0.247 1.17 (0.95–1.43) 0.146

Non-cardiovascular mortality

E4 (124, 134, 144) 1.0reference 1.0reference

E3 (133) 1.39 (1.01–1.91) 0.046 1.40 (1.01–1.93) 0.043

E2 (122, 123) 1.60 (1.05–2.44) 0.030 1.50 (0.97–2.32) 0.072

Non-E2 (133, 134, 144) 1.0reference 1.0reference

E2 (122, 123, 124) 1.20 (0.87–1.66) 0.273 1.14 (0.81–1.59) 0.463

Non-E4 (122, 123, 133) 1.0reference 1.0reference

E4 (124, 134, 144) 0.70 (0.52–0.96) 0.028 0.71 (0.52–0.97) 0.033

Model 1: adjusted for sex.
Model 2: multifactorially adjusted for sex, use of lipid-lowering drugs (.97% statins), cardiovascular risk factors [body mass index, diabetes mellitus, hypertension, LDL-C, HDL-C,
triglycerides (log-transformed), eGRF], and clinical presentation (no CAD, stable CAD, UAP, NSTEMI, or STEMI).
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Smoking and mortality
Both previous and current smoking increased the rate of all-cause
and cardiovascular and non-cardiovascular deaths. After adjusting
for sex (Table 3, Model 1) and for other risk factors (Table 3,
Model 2), ex-smokers were at moderately, but significantly increased
risk of death. Current smokers were at higher risk to die than never-
smokers and ex-smokers. Among non-cardiovascular deaths,
smoking increased the rates of fatal infections and cancer at approxi-
mately the same degree (Table 3).

Interaction of the APOE-genotype
and smoking
There was no relationship between the APOE-genotype and mortality
from all causes or from cardiovascular causes in both never-smokers
and ex-smokers (Supplementary material online, Tables S1 and S2).
We therefore stratified the cohort into four groups, namely never-
smokers, ex-smokers, current smokers with, and current smokers
without an 14 allele. Among current smokers, mortality was
higher in those with 14 (HR 2.95, 95% CI 2.10–4.17) than without
(HR 2.07, 95% CI 1.64–2.62, Table 4, Model 1A). We further

analysed the relationship between the APOE-genotype, smoking,
and mortality in a Cox model allowing for interaction between
the presence of 14 and smoking (Table 4, Model 1B). This demon-
strated a statistically significant interaction only between current
smoking and the presence of an 14 allele (HR 1.66, 95% CI 1.04–
2.64). Including cardiovascular risk factors and clinical presentation
(no CAD, stable CAD, UAP, NSTEMI, or STEMI) as co-variables
only slightly modified these findings (Table 4, Models 2A and 2B).

Beyond mortality from all causes, we studied cardiovascular
mortality in relation to the APOE-genotype and smoking. Compared
with never-smokers, HRs for cardiovascular death were 1.32, 1.94,
1.74, and 2.79 in ex-smokers, current smokers, current smokers
without 14, and current smokers with 14, respectively (Table 5,
Model 1A). These HRs did not change substantially upon adjust-
ment for major cardiovascular risk factors.

Mortality from all causes and cardiovascular mortality were also
higher in smokers with 14 than in those without 14 when we con-
sidered persons without or with angiographic CAD separately.
However, due to smaller numbers of events in each of the sub-
groups, the smoking and 14 interaction was not significant in
persons without CAD, and it approached (but did not reach)
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Table 3 Smoking and mortality

Smoking category Model 1 [HR (95% CI)] P-value Model 2 [HR (95% CI)] P-value

Total mortality

Never-smokers 1.0reference 1.0reference

Ex-smokers 1.40 (1.16–1.68) ,0.001 1.35 (1.21–1.62) 0.002

Current smokers 2.29 (1.85–2.83) ,0.001 2.24 (1.80–2.79) ,0.0016

Cardiovascular mortality

Never-smokers 1.0reference 1.0reference

Ex-smokers 1.33 (1.06–1.67) 0.015 1.27 (1.01–1.60) 0.044

Current smokers 1.94 (1.48–2.55) ,0.001 1.92 (1.45–2.54) ,0.001

Non-cardiovascular mortality

Never-smokers 1.0reference 1.0reference

Ex-smokers 1.55 (1.13–2.14) 0.007 1.51 (1.10–2.09) 0.012

Current smokers 2.95 (2.05–4.23) ,0.001 2.82 (1.95–4.09) 0.001

Fatal infection

Never-smokers 1.0reference 1.0reference

Ex-smokers 2.41 (1.19–4.87) 0.014 2.16 (1.06–4.41) 0.035

Current smokers 3.25 (1.42–7.46) 0.005 3.51 (1.51–8.18) 0.004

Fatal cancer

Never-smokers 1.0reference 1.0reference

Ex-smokers 1.41 (0.83–2.38) 0.205 1.43 (0.84–2.42) 0.189

Current smokers 3.03 (1.70–5.39) ,0.001 2.73 (1.51–4.92) 0.001

Miscellaneous causes of death

Never-smokers 1.0reference 1.0reference

Ex-smokers 1.34 (0.82–2.20) 0.241 1.32 (0.80–2.17) 0.280

Current smokers 2.71 (1.55–4.74) ,0.001 2.52 (1.41–4.48) 0.002

Model 1: adjusted for sex.
Model 2: multifactorially adjusted for sex, use of lipid-lowering drugs (.97% statins), cardiovascular risk factors [body mass index, diabetes mellitus, hypertension, LDL-C, HDL-C,
triglycerides (log-transformed), eGRF], and clinical presentation (no CAD, stable CAD, UAP, NSTEMI, or STEMI).
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statistical significance in the CAD group (Supplementary material
online, Tables S3 and S4). We also examined whether individual
causes of cardiovascular deaths were different in smokers with 14
compared with smokers without 14. This was true for death from
CAD, stroke, congestive heart failure, but not for death from
sudden cardiac death (Supplementary material online, Table S5).

We also examined whether the presence of an 14 allele ampli-
fied the risk to die from non-cardiovascular causes in current
smokers. As shown in Supplementary material online, Table S6,
ex-smokers and even more so current smokers were at increased
risk of mortality. However, presence or absence of an 14 allele did
obviously not essentially modify the risk conferred by current
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Table 4 Hazard ratios for death from all causes according to smoking status and APOE-genotype in 3263 persons
undergoing coronary angiography

Smoking status Model 1 [HR (95% CI)] P-value Model 2 [HR (95% CI)] P-value

Model A

Never-smokers 1.0reference 1.0reference

Ex-smokers 1.39 (1.16–1.67) ,0.001 1.34 (1.12–1.62) 0.002

Current smokersa 2.29 (1.85–2.83) ,0.001 2.24 (1.80–2.79) 0.002

Current smokers without 14 2.13 (1.69–2.68) ,0.001 2.07 (1.64–2.63) ,0.001

Current smokers with 14 2.95 (2.10–4.17) ,0.001 2.97 (2.09–4.21) ,0.001

Model B

Never-smokers 1.0reference 1.0reference

Ex-smokers 1.37 (1.16–1.67) 0.003 1.31 (1.06–1.63) 0.012

Current smokersa 2.61 (2.05–3.32) ,0.001 2.54 (1.99–3.25) ,0.001

14 allele carriers 1.06 (0.89–1.26) 0.535 1.08 (0.91–1.29) 0.389

Ex-smokers × 14 0.95 (0.64–1.41) 0.789 0.92 (0.62–1.36) 0.676

Current smokers × 14 1.66 (1.04–2.64) 0.034 1.64 (1.03–2.61) 0.039

Model 1: adjusted for sex.
Model 2: multifactorially adjusted for sex, use of lipid-lowering drugs (.97% statins), cardiovascular risk factors [body mass index, diabetes mellitus, hypertension, LDL-C, HDL-C,
triglycerides (log-transformed), eGRF], and clinical presentation (no CAD, stable CAD, UAP, NSTEMI, or STEMI).
Model A: no interaction terms.
Model B: including smoking (never, previous, or current) and absence or presence of at least one 14 allele as main effects and in addition an interaction term smoking × 14.
aIncludes both current smokers with and without 14.
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Table 5 Hazard ratios for death from cardiovascular causes according to smoking and APOE-genotype in 3250 persons
undergoing coronary angiography

Smoking status Model 1 [HR (95% CI)] P-value Model 2 [HR (95% CI)] P-value

Model A

Never-smokers 1.0reference 1.0reference

Ex-smokers 1.32 (1.05–1.66) 0.017 1.26 (1.00–1.59) 0.047

Current smokersa 1.94 (1.48–2.55) ,0.001 1.92 (1.45–2.54) ,0.001

Current smokers without 14 1.74 (1.29–2.35) ,0.001 1.72 (1.27–2.33) 0.001

Current smokers with 14 2.79 (1.82–4.29) ,0.001 2.81 (1.82–4.35) ,0.001

Model B

Never-smokers 1.0reference 1.0reference

Ex-smokers 1.30 (1.01–1.68) 0.046 1.23 (0.95–1.59) 0.112

Current smokersa 2.21 (1.64–2.98) ,0.001 2.18 (1.61–2.95) ,0.001

14 allele present 1.24 (1.00–1.54) 0.049 1.28 (1.03–1.59) 0.026

Ex-smokers × 14 0.95 (0.59–1.52) 0.817 0.93 (0.58–1.49) 0.752

Current smokers × 14 1.74 (0.98–3.09) 0.060 1.69 (0.95–3.01) 0.074

Model 1: adjusted for sex.
Model 2: multifactorially adjusted for sex, use of lipid-lowering drugs (.97%), cardiovascular risk factors [body mass index, diabetes mellitus, hypertension, LDL-C, HDL-C,
triglycerides (log transformed), eGRF], and clinical presentation (no CAD, stable CAD, UAP, NSTEMI, or STEMI).
Model A: no interaction terms.
Model B: including smoking (never, previous, or current) and absence or presence of at least one 14 allele as main effects and in addition an interaction term smoking × 14.
a Includes both current smokers with and without 14.
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Table 6 Estimated marginal means of biological markers according to smoking habits and apo E genotypea

Smoking status Never-smokers Ex-smokers Current smokers without 14 Current smokers with 14 P-valueb P-valuec

LDL-C (g/L) 1.16 (1.14–1.18) 1.16 (1.14–1.18) 1.18 (1.15–1.21) 1.21 (1.16–1.26) 0.214 0.358

HDL-C (g/L) 0.39 (0.39–0.40) 0.39 (0.39–0.40) 0.37 (0.37–0.38) 0.36 (0.35–0.38) ,0.001 0.174

Triglyceridesd (g/L) 1.45 (1.41–1.49) 1.53 (1.50–1.57) 1.57 (1.51–1.63) 1.67 (1.55–1.79) ,0.001 0.128

Apo B (g/L) 1.03 (1.01–1.04) 1.04 (1.03–1.05) 1.06 (1.04–1.08) 1.12 (0.1.09–1.17) ,0.001 0.002

Apo AI (g/L) 1.30 (1.29–1.31) 1.31 (1.30–1.32) 1.26 (1.24–1.28) 1.24 (1.21–1.28) ,0.001 0.282

Apo E (mg/L) 89 (87–91) 90 (88–92) 93 (90–96) 85 (80–91) 0.034 0.011

Apo CIII (mg/L) 142 (139–145) 148 (145–151) 148 (145–151) 151 (144–159) 0.014 0.150

LDL–apo B (g/L) 0.84 (0.83–0.85) 0.85 (0.84–0.86) 0.86 (0.85–0.88) 0.90 (0.87–0.94) 0.002 0.029

LDL–apo B/LDL-C 0.74 (0.73–0.74) 0.74 (0.74–0.75) 0.74 (0.73–0.75) 0.78 (0.76–0.79) ,0.001 ,0.001

LDL particle radius (nm) 8.28 (8.26–8.29) 8.27 (8.26–8.29) 8.31 (8.30–8.33) 8.23 (8.20–8.26) ,0.001 ,0.001

oxLDL (U/L) 73 (70–74) 75 (73–77) 76 (74–79) 82 (78–87) ,0.001 0.020

LpPLA2 activity (U/L) 471 (464–478) 469 (462–475) 486 (476–496) 517 (499–535) 0.009 0.002

Homocysteine (mmol/L) 13 (13–13) 13 (13–13) 14 (14–15) 15 (14–16) ,0.001 0.105

IL-6 (ng/L) 4.62 (4.27–4.97) 5.11 (4.79–5.43) 6.15 (5.67–6.63) 7.11 (6.21–8.00) ,0.001 0.057

aEstimated marginal means and 95% CIs obtained in a general linear model (ANOVA) adjusted for age and sex, use of lipid-lowering drugs (.97% statins), cardiovascular risk factors [body mass index, diabetes mellitus, hypertension, LDL-C,
HDL-C, triglycerides (log-transformed), eGFR], and clinical presentation (no CAD, stable CAD, UAP, NSTEMI, or STEMI).
bOverall P-values.
cP-values for the comparison between current smokers without or with 14, respectively.
dThe estimated marginal means and confidence intervals of logarithmically transformed triglycerides have been back-transformed to the original scale.
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smoking. Looking at individual categories among non-cardiovascular
deaths revealed that the presence of an 14 allele increased the risk of
both death from cancer and from infection, but this was outweighed
by the fact that other non-cardiovascular deaths were less frequent
in current smokers with 14 than in those without 14.

Smoking, APOE-genotype, and markers of
lipid metabolism, inflammation, and
oxidative stress
We used ANOVA to investigate the effects of APOE-genotypes on
markers of lipid metabolism, inflammation, and oxidative stress.
LDL-C, HDL-C, triglycerides, apoliproteins AI and CIII, and homo-
cysteine were not significantly different between current smokers
with 14 allele and without 14 allele (Table 6). However, current
smokers with 14 allele had, on average, higher concentrations of
apo B, oxLDL, LpPLA2 activity, and IL-6 (P ¼ 0.057), whereas the
concentration of apo E and LDL particle radius was lower.

Discussion
We completed the first study of the interaction between the
APOE-genotype and smoking in relation to cardiovascular risk and
mortality in persons undergoing coronary angiography. The key
result is that the presence of at least one 14 allele increases the
risk of mortality from any cause and mortality due to cardiovascu-
lar diseases in individuals who smoke. No such clear interaction
was found between 14 and smoking as risk factors of non-
cardiovascular mortality.

The APOE-genotype has for almost 30 years been implicated in
the development of atherosclerosis.18,19 Mortality from all causes
was not linked to any of the less frequent APOE alleles. When
we subsequently analysed individual categories of death, the 12
allele was associated with lower cardiovascular mortality, while
there was a (non-significant) tendency towards higher cardiovascu-
lar mortality in carriers of 14. Of interest, the opposite was true for
non-cardiovascular mortality: there appeared to be a higher inci-
dence rate of deaths in the absence of 14, which may have been
driven by fatal infectious diseases rather than by fatal cancer.
Owing to a limited number of deaths due to non-cardiovascular
causes, the tendency for increased death from infection was not
statistically significant. We are also not able to decide whether
this finding reflects an increased risk for a competing cause of
death or a specific protection from infection by the 14 allele.
At least, a previously established role of APOE in immune modula-
tion would support the latter,28 and speculations exist that the 14
may have conferred an advantage during evolution by mediating
resistance to infectious diseases.29

Previous and more so current smoking was independently asso-
ciated with total mortality, cardiovascular mortality, and non-
cardiovascular mortality (fatal infection and death from cancer).
We have particularly been interested in the hypothesis that the
14 allele modifies the adverse effects of smoking. We found a
strong and more than additive interaction of current smoking
and possession of at least one 14 allele; the latter attains significant
prognostic importance in current smokers only, but not in never-
smokers and ex-smokers. On the other hand, both previous and

more so current smoking remain strong predictors of death
even in the absence of 14.

The effects of smoking and the APOE-genotype have so far been
studied in population-based studies such as the Northwick Park
Heart Study,5 the Framingham Offspring Study,6,9 and the National
Heart, Lung, and Blood Institute Family Heart Study8 showing that
adverse cardiovascular effects of 14 particularly occur in current
smokers. Our study confirms and extends this work to persons
undergoing coronary angiography who are at an intermediate-to-
high risk of future cardiovascular events. It further demonstrates
for the first time that smoking and the APOE-genotype relevantly
interact in predicting total mortality.

We sought to evaluate mechanisms underlying the smoking and
14 interaction. We therefore compared lipoproteins, along with
markers of inflammation and oxidative stress in current smokers
with or without 14. Although LDL-C did not significantly differ
between the two groups, current smokers carrying 14 had signifi-
cantly higher concentrations of apo B and LDL-associated apo
B. The ratio of apo B to cholesterol in LDL was greater and the
calculated diameter of LDL was significantly lower in smoking car-
riers of 14, indicating increasing proportions of small and dense
LDL in carriers of 14.30 Decreased lipoprotein lipase activity as a
consequence of smoking is unlikely to contribute to this finding,
because the largest difference in LDL particle diameter occurred
between current smokers carrying or not carrying an 14 allele
and because LDL particle diameters presented have been adjusted
for triglycerides. Small and dense LDL appear to be cleared from
the plasma at a decreased rate,31 possibly by cell-surface sites dif-
ferent from the LDL receptor.32,33 As a consequence of their pro-
longed time of residence in the circulation and their decreased
content of antioxidants (e.g. vitamin E or ubiquinone), small,
dense LDL are more susceptible to oxidation.34–37 Evidently, as
long as oxidative stress is low, this may leave LDL unaffected.
However, once small, dense LDL are exposed to pro-oxidants in
smokers, appreciable amounts of oxLDL (and foam cells) may be
generated. It is in line with these considerations that we found
higher concentrations of oxLDL and higher activities of LpPLA2,
a marker of unstable plaques, in current smokers with 14 com-
pared with those without 14. A report by Talmud et al.9 points
in the same direction. They found elevated oxLDL in the plasma
of smokers with 14. It is yet an open question whether this is
due to a direct effect of the APOE-genotype on the antioxidant cap-
acity of the plasma. At least theoretically, such a possibility exists.
Apo E2 contains two and apo E3 contains one free thiol groups per
molecule, although no free thiol group is available in apo E4. Apo
E4 may therefore have completely lost any anti-oxidative cap-
acity.38,39 However, we believe that this is hardly relevant in vivo:
Only one out of five LDL particles contains one molecule of
APOE40; APOE-containing particles are rapidly cleared,41 and apo
E4 preferentially associates with HDL, but less with LDL. Thus,
predominance of small, dense LDL caused by 14 may largely
explain the observed 14 × smoking interaction.

Are there clinical consequences of the current results? Advice to
quit smoking should be given to any individual, regardless of the
APOE-genotype. This in particular applies to persons at elevated
risk of cardiovascular events as they participated in the LURIC
study. Good reasons might exist, however, to obtain APOE-
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genotypes in persons who fail to quit smoking, because their risk is
still amplified considerably. First, it has been demonstrated that
awareness of individual genetic susceptibility factors could poten-
tially enhance interventions aiming at smoking cessation.42

Second, because the effects of 14 may be attributable to the accu-
mulation of small dense LDL, lipid-lowering treatment might be
further intensified following detection of 14 in smokers.

This is the first investigation to demonstrate a significant inter-
action between the 14 allele at the APOE locus and current
smoking as risk factors predicting cardiovascular and all-cause mor-
tality. Future research will have to address whether or not the as-
sessment of the APOE-genotype possibly along with other
susceptibility genes will support efforts to prevent CAD by behav-
ioural changes.

Supplementary material
Supplementary material is available at European Heart Journal
online.
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