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Abstract

Background The role of inflammation in coronary artery

disease (CAD) pathogenesis is well recognized. Moreover,

smoking inhalation increases the activity of inflammatory

mediators through an increase in leukotriene synthesis

essential in atherosclerosis pathogenesis.

Aim The aim of this study is to investigate the effect of

‘‘selected’’ genetic variants within the leukotriene (LT)

pathway and other variants on the development of CAD.

Methods CAD was detected by cardiac catheterization.

Logistic regression was performed to investigate the as-

sociation of smoking and selected susceptibility variants in

the LT pathway including ALOX5AP, LTA4H, LTC4S,

PON1, and LTA as well as CYP1A1 on CAD risk while

controlling for age, gender, BMI, family history, diabetes,

hyperlipidemia, and hypertension.

Results rs4769874 (ALOX5AP), rs854560 (PON1), and

rs4646903 (CYP1A1 MspI polymorphism) are significantly

associated with an increased risk of CAD with respective

odds ratios of 1.53703, 1.67710, and 1.35520; the genetic

variant rs9579646 (ALOX5AP) is significantly associated

with a decreased risk of CAD (OR 0.76163). Moreover, a

significant smoking-gene interaction is determined with

CYP1A1 MspI polymorphism rs4646903 and is associated

with a decreased risk of CAD in current smokers (OR

0.52137).

Conclusion This study provides further evidence that

genetic variation of the LT pathway, PON1, and CYP1A1

can modulate the atherogenic processes and eventually

increase the risk of CAD in our study population. More-

over, it also shows the effect of smoking-gene interaction

on CAD risk, where the CYP1A1 MspI polymorphism

revealed a decreased risk in current smokers.

Keywords CAD � Inflammation � Leukotriene �
Smoking-gene � Interaction

Introduction

The role of inflammation in coronary artery disease (CAD)

pathogenesis is well recognized, and investigating genes

involved in inflammatory processes provide further insight

into the pathogenic pathways leading to CAD [1]. Oxida-

tive modification of low-density lipoprotein-C (LDL-C),

leukotriene-induced vasoconstriction, and platelet aggre-

gation, as well as LDL accumulation in the arterial wall,
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are three of the main processes that lead to CAD [2].

Furthermore, it has been proposed that cigarette smoking

causes lipid peroxidation which elevates atherosclerosis

risk [3]. Cigarette smoke contains reactive peroxy radicals

[4] and induces the polymorphonuclear leukocytes to

produce oxygen-free radicals [5], further increasing ox-

idative damage, and atheromatous aggregation. These

oxygen-free radicals oxidize LDL molecules [6] and form

oxidized LDLs (oxLDLs) which are believed to be im-

portant initiators of atherosclerosis (Fig. 1) [2].
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Fig. 1 The relation between arachidonic acid (AA) metabolism and

PON1 gene activation. A defective PON1 gene variant may lead to

disrupted activity of the paraoxonase enzyme that normally inhibits

the oxidation of low-density lipoproteins (LDL) into oxidized LDL

(oxLDL), which is at the basis of atherogenesis by formation of

foamy macrophages. Moreover, the AA metabolism will shift from

the cycloxygenase (COX) pathway and favor the activation of the

5-LO pathway enzymes, particularly FLAP. This will lead to

decreased activation of PPARc by COX products, particularly

prostaglandins (PGs), and thus, the activation of PON1 gene and

production of PON1 by the liver will likely decrease. The activation

of 5-lipoxygenase (5-LO) pathway of AA metabolism by the enzymes

5-lipoxygenase activating protein (FLAP) and 5-lipoxygenase (5-LO)

will catalyze the conversion of AA into the chemokine, leukotriene

A4 (LTA4), which will be converted into other leukotrienes by the

enzymes LTA4 hydrolase (LTA4H) and LTC4 synthase (LTC4S).

These leukotrienes act on leukotriene receptors in lymphocytes,

endothelial, and smooth muscle cells, which further enhance inflam-

matory reactions and subsequently, atherogenesis. SNPs with (?)

confer higher risk of CAD, SNPs with (-) are cardio-protective, and

SNPs with dashed box indicate no significant association. Asterisk (*)

indicates significant association and dashed lines indicate blocked

pathway
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Several enzymatic pathways play a significant role in the

pathogenesis of CAD through their direct interaction with

cigarette smoke metabolism. One of the major studied

enzymes is CYP1A1, a member of cytochrome P-450 en-

zymes responsible for detoxification of polycyclic aromatic

hydrocarbons (PAHs) released from the cigarette smoke in

addition to neutralization of peroxy radicals as byproducts

of metabolism [7, 8]. Variability in individual suscepti-

bility to cigarette smoking-induced atherogenesis could be

contributed to CYP1A1 variants. For example, CYP1A1

MspI variant (rs4646903—rare CC genotype) was shown

to aggravate smoking risk with an increased triple vessel

disease risk (OR 3.44; P = 0.0046) in light smokers (\20

pack-year) among a Caucasian population in Australia [9].

The leukotriene (LT) pathway is one of the most im-

portant inflammatory pathways widely attributed to

atherosclerosis. Class four leukotrienes are potent pro-in-

flammatory mediators synthesized from arachidonic acid,

an omega-6 polyunsaturated fatty acid (PUFA) [10].

ALOX5AP, LTA4H, and LTC4S are the major products of

this pathway leading to vasoconstriction and leukocyte

attraction and activation (Fig. 1) [11]. Nonetheless, there

has been conflicting evidence in the literature regarding the

association between ALOX5AP gene variants and cardio-

vascular disease, suggesting that this variability may be due

to genetic differences that exit between populations with

different ancestries [12]. In Central European patients with

stroke, a significant association with several ALOX5AP

SNPs was found [13]. Studies in North Americans, how-

ever, failed to show a significant association of the same

SNPs with either stroke or MI [14, 15].

Another major contributing inflammatory mechanism

involved in CAD progression is LDL accumulation in the

arterial wall. This process activates several immune cells

and pro-inflammatory cytokines, creating a local inflam-

matory state [16]. The HDL-associated paraoxonase 1

(PON1) decreases oxidation of LDL [29] and therefore

inhibits the progression of atherosclerosis, which in turn

reduces monocyte activation and prevents their adhesion to

endothelial surface [17]. Several studies showed a sig-

nificant association between Q192R and L55M variants of

PON1 gene and risk to CAD [18, 19]. Moreover, the

interaction between PON1 activity and cigarette smoking is

well documented on the biological and genetic levels.

Robertson et al. [20] showed a higher smoking associated

risk in men carrying the PON1 55 M allele, and hence the

LL genotype conferred a degree of protection from

smoking-induced CAD risks.

The aim of our study is to investigate both the effect of

genetic variants in the leukotriene pathway, PON1 and

CYP1A1 on the risk of CAD, and the interaction between

smoking and these genetic variants on the occurrence of

CAD in our study population.

Methods

Study subjects

Based on complete data availability (Table 1), 1259 sub-

jects were selected from a total of 7000 Lebanese patients

undergoing cardiac catheterization and enrolled as part of a

multi center cross-sectional study after they signed a con-

sent form that was explained to them [21]. Samples with

any of the following information missing were excluded

from the study: age, gender, BMI, diagnosed diabetes, di-

agnosed hypertension, diagnosed hyperlipidemia, family

history of CAD, and smoking status (non-smoker, ex-

smoker, and current-smoker). Whole genome data were

obtained for the selected subjects. The medical charts of all

patients were reviewed for demographics, medical history,

surgical and pharmacological interventions, and laboratory

test results. The Institutional Review Board at the Lebanese

American University approved the study protocol.

Variants selection

After reviewing the literature for CAD candidate genes, six

genetic variants reported to influence to pathogenesis of

CAD were selected for the purpose of this study. Given the

significant role of inflammation in the pathogenesis of CAD,

four variants (ALOX5AP: rs4769874 and rs9579646;

LTA4H: rs6538697; LTC4S: rs730012) related to genes

encoding crucial enzymes of a major inflammatory pathway,

Table 1 The Inflammatory pathways genes selected for the study, their variants, their chromosomal location, and putative function

Gene SNP Allele Status Region Description of gene

PON1 rs854572 C[G Imputed 7q21.3 Reduces oxidized LDL

CYP1A1 rs4646903 T[C Imputed 15q24.1 Detoxifying agents. Toxic compounds may be bio-activated into mutagens

LTA4H rs6538697 T[C Genotyped 12q23.1 Involved in arachidonic acid metabolism. Defect causes accumulation of fats

LTC4S rs730012 A[C Genotyped 5q35.3 Leukotriene pathway. Produces LTC4 vasoconstrictor

ALOX5AP rs9579646 G[A Imputed 13q12.3 Leukotriene-mediated inflammation. Not responsive to drugs. Normally helps ALOX5

ALOX5AP rs4769874 G[A Imputed 13q12.3 Leukotriene-mediated inflammation. Not responsive to drugs. Normally helps ALOX5
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the leukotriene pathway, were chosen. Increased activity of

ALOX5AP enzyme leads to accumulation of leukotrienes

LTA4 and LTC4 that are important inflammatory mediators

that lead to enhanced atherosclerosis (Fig. 1). Given the di-

rect link of oxidizedLDLaccumulation andmetabolismwith

atherosclerotic plaque formation, PON1 gene variant

(rs854560) encoding for the protective enzyme paraoxonase

enzyme was studied as well. In addition, CYP1A1 MspI

(rs4646903) was selected for the extensive evidence on its

interaction with smoking and CAD risk. Since these gene

variants were proven to have population-specific association

with CAD risk, theywere hence investigated in the Lebanese

population (Table 1).

Statistical analysis

The genotyping results of ALOX5AP, PON1, CYP1A1,

LTC4S, and LTA4H variants were used from the GWAS

data generated previously in our laboratory [21–24]. Actual

genotype date were obtained for two of the variants

(LTA4H: rs6538697 and LTC4S: rs730012), while the

remaining ones were imputed using Impute2 [25] from the

1000 genomes reference panel. The imputed regions con-

sisted of an area of 2.75 Mbps overlapping each of the five

genes. Only the imputed variants with an imputation in-

formation score of [0.9 (PON1: rs854572, CYP1A1:

rs4646903, ALOX5AP: rs9579646 and rs4769874) were

included in the subsequent analysis. Odds ratios (ORs) with

their 95 % confidence interval and p values were calculated

for the susceptible variants in order to test their association

with CAD using the logistic regression model while con-

trolling for the covariates: gender, BMI, age, family history

of CAD, hypertension, hyperlipidemia, diabetes, ex-

smoker, and current smoker. Interactions among the 6

SNPs and smoking status were also tested in the regression

model. Stepwise regression was then performed and the

best-reduced model was obtained using the Akaike Infor-

mation Criterion (AIC) in order to keep the most significant

variants and covariates in the mode. The R statistical

package version 3.0.3 [26] was used for all data analysis.

Results

Patients’ clinical and demographic characteristics are listed

in Table 2. The total number of samples was reduced to

1959 after removing all those with missing data. The av-

erage age was found to be significantly different between

the control group (60.9 ± 11.07, n = 589) and the CAD

group (63.9 ± 10.31, n = 1370) (p value = 1.31 9 10-8).

No significant difference was found for the BMI levels

between control group (27.7 ± 5.1) and the CAD group

(27.4 ± 3.9) (p value[0.05).

The model presented in Table 3 is the one obtained after

fitting a stepwise regression model. Current-smoker and ex-

smoker showed positive association with CAD and had the

highest odds ratios (OR) of 8.415 with a p value of

6.39 9 10-4 and 4.751 with a p value of 1.81 9 10-2, re-

spectively. All known risk factors were also found to be

significantly associated with the occurrence of CADwith the

exception of BMI (OR 0.98, p value[0.05). This is mainly

due to the fact that there is no significant difference in BMI

levels between the control and CAD groups. The female

gender was found to be significantly negatively associated

with CAD occurrence (OR 0.215, p value = 7.11 9 10-36),

while age, family history of CAD, hypertension, diabetes,

and hyperlipidemia were found to be significantly positively

associated with the occurrence of CAD.

The variants rs6538697 and rs730012 in the genes

LTA4H and LTC4S were not found to be significantly

associated with CAD (p value [0.05). The variants

rs4769874 and rs9579646 were found to be significantly

associated with CAD (p values\0.05). In addition, variants

rs4646903 and rs854560 in the genes CYP1Aa MspI and

PON1 were both significantly positively associated with

CAD with Odds Ratios of 1.677 (p value = 1.94 9 10-2)

and 1.355 (p value = 1.69 9 10-2), respectively. We

Table 2 Sex, clinical characteristics, and smoking status of the study

population

CAD categories

Control (CAD 0) CAD Total

N 589 1370 1959

Age 60.9 ± 11.07 63.9 ± 10.31 1959

Gender

Male 284 1044 1328

Female 305 326 631

Diabetes

Yes 192 695 887

No 397 675 1072

Hypertension

Yes 245 873 1118

No 344 497 841

Hyperlipidemia

Yes 223 708 931

No 366 662 1028

BMI 27.7 ± 5.1 27.5 ± 3.9 1959

Family history of CAD

Yes 265 819 1084

No 324 551 875

Smoking

Never 271 451 722

Ex-smoker 112 397 509

Current-smoker 206 522 728
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found that there is significant interaction between the

‘‘current-smoker’’ status and the variant rs4646903 of the

gene CYP1A1 with an OR of 0.521 (p val-

ue = 3.66 9 10-2). Although the variant rs4646903 and

the status ‘‘current-smoker’’ are both significantly associ-

ated with CAD with OR of 1.367 and 8.45, respectively, a

reduced CAD risk is observed in current smokers carrying

the rs rs4646903 variant.

Discussion

The pathogenic role of the inflammation leukotriene

pathway in CAD was investigated. There have been con-

flicting results in the literature about the association

between ALOX5AP gene variants and CAD suggesting

some variability among populations with different ances-

tries [12, 13, 27, 28]. Our study demonstrated that the

variant rs4769874 significantly increased the risk of CAD,

while the variant rs9579646 was associated with decreased

CAD risk. The rs4769874 variant is most likely linked to

the enhanced expression of ALOX5AP and its gene pro-

duct FLAP, hence amplifying the leukotriene pathway

inflammatory reactions and atherogenic effects (Fig. 1). In

contrast the rs9579646 variant revealed a significantly

lower CAD risk in our study population suggesting that this

variant may lead to a decreased expression of the

ALOX5AP gene and its gene product FLAP, diminishing

the drastic effects of the leukotriene pathway.

The role of paraoxonase (PON1) pathway in atheroge-

nesis is shown in Fig. 1. Interactions between lipoproteins

and immunity are crucial in atherosclerosis [17]. One of the

major pathogenic mechanisms initiating and accelerating

the process of atherosclerosis is the oxidative modification

of native LDL-C in the arterial wall [29]. This eventually

leads to the accumulation of foamy macrophages as these

oxidized LDL molecules are taken up by the native mac-

rophages. PON1 enzyme (paraoxonase) can prevent this

pathological mechanism by interfering at two levels: in-

hibiting the oxidation of LDL into oxLDL and hydrolyzing

oxLDL (Fig. 1) [30–32]. The role of PON1 in inflamma-

tion and in modulating the adverse oxidizing effect of

smoking was investigated. PON1 L55M polymorphism

rs854560 was significantly associated with an increased

risk of CAD among patients in our study population. This

risk may be due to a decreased catalytic activity in the

PON1 L55M variant, impairing its ability to reduce the

damage instigated by the oxidized LDL molecules in the

arterial wall resulting in higher accumulation of oxidized

LDL, enhancing atherogenesis and eventually CAD risk

[33].

Of the major detoxifying enzymes in the body, the CYP

enzymes are capable of both qualitatively and quantita-

tively altering the metabolism of exogenous toxins that are

generated during cigarette smoking including PAHs [8].

Specifically, individual sensitivity to cigarette smoking is

modulated by the CYP1A1 gene a phase I cytochrome

P450 enzyme [9, 34–39]. The role of CYP1A1 variants has

Table 3 Association analysis results of various risk factors and genetic variants on the risk of CAD occurrence

Candidate gene Allele OR OR (95 % CI) p value

Female 0.215 0.169 0.273 7.115e-36*

BMI 0.984 0.959 1.010 2.182e-01

Age 1.048 1.036 1.060 1.032e-15*

Family History 2.163 1.721 2.724 4.388e-11*

Hypertensive 2.153 1.706 2.723 1.250e-10*

Diabetic 2.121 1.679 2.687 3.728e-10*

Hyperlipidemic 1.570 1.250 1.974 1.068e-04*

Ex-smoker 4.751 1.320 17.649 1.816e-02*

Current smoker 8.415 2.512 29.103 6.393e-04*

rs4769874 ALOX5AP A 1.537 1.099 2.136 1.116e-02*

rs9579646 ALOX5AP A 0.762 0.644 0.899 1.317e-03*

rs6538697 LTA4H C 0.848 0.622 1.145 2.900e-01

rs730012 LTC4S C 1.077 0.887 1.306 4.513e-01

rs4646903 CYP1A1 C 1.677 1.086 2.588 1.943e-02*

rs854560 PON1 G 1.355 1.056 1.740 1.692e-02*

rs854560: ex-smoker 0.691 0.451 1.049 8.506e-02

rs854560: current smoker 0.726 0.506 1.039 8.102e-02

rs4646903: ex-smoker 0.763 0.391 1.464 4.197e-01

rs4646903: current smoker 0.521 0.281 0.955 3.662e-02*
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been investigated yielding conflicting results as to its im-

pact on CAD [40]. In our study, CYP1A1 Msp I

polymorphism rs4646903 was significantly associated with

an increased risk of CAD, suggesting that the highly in-

ducible form of CYP1A1 as previously reported aggravates

atherosclerosis and eventually elevates the risk of CAD [9].

When the smoking-gene interaction was investigated in

our study, CYP1A1 MspI polymorphism surprisingly pre-

sented an association with a reduced risk of CAD after

correcting for all other factors. This effect was prominent

especially with current smokers since they significantly

showed nearly 50 % lower CAD risk. This association was

also observed in ex-smokers but it was not significant. Our

CYP1A1 and PON1 results are not aligned with much of

the literature concerning the smoking-gene interaction

since most of the studies found either no association or

increased risk of CAD among smokers. These results

warrant additional thorough investigation, of smoking-gene

interaction in CAD in several populations before drawing

solid conclusion on the effect of such interactions on CAD.

Our results can also be explained by the possibility that this

interaction is population-specific and the observed asso-

ciations are due to other non-investigated genetic markers

that are unique to this population.

Smoking-gene interaction model

Hazardous smoking effects form oxidized LDL, which will

aggravate the inflammation by forming a progressive

atherosclerotic plaque, eventually cause atherosclerosis and

CAD [4]. Cigarette smoke contains reactive peroxy radi-

cals [4] that result in the oxidation of LDL [6], leading to

initiation of atherosclerosis [2]. An augmented expression

of 5-lipoxygenase (5-LO) and downstream enzymes

LTA4H and LTC4S was demonstrated in the macrophages

from atherosclerotic lesions [41]. This evidence provides

the link between smoking and the formation of ox-LDL

and the ultimate formation of lipid-laden (foamy) macro-

phages with increased leukotriene synthesis leading to the

atherosclerotic lesion formation. As shown in Fig. 1, LTs

promote leukocyte chemotaxis, which will exacerbate

cardiovascular inflammation by recruiting leukocytes into

the arterial wall and atherosclerotic lesions.

In order to illustrate the overall interaction between the

LT-pathway and PON1 activation, a common pathway

linking the two inflammatory processes is proposed in

Fig. 1. The PON1 gene is activated by peroxisome prolif-

erator-activated receptors c (PPAR-c), leading to the

synthesis and release of PON 1 enzyme from the liver [42].

Recently, inhibition of 5-LO by a 5-LO inhibitor has been

shown to increase COX-2 expression and PGE2 produc-

tion, which stimulates PPAR-c expression [43]. This is

further proven in a recent study showing that ALOX5

knock-out mice exhibits increased expression of COX-2

and PPAR-c [44]. Overall, when the leukotriene is deac-

tivated by the absence of 5-LO, the arachidonic acid

metabolism will shift into the cyclooxygenase pathway and

toward PG production, thus toward enhanced PPAR-c
function and PON1 production [45].

We deduce from our results that the inflammatory effect

of the leukotriene pathway is intensified by the suggested

enhanced expression of ALOX5AP rs4769874 variant and

the decreased paraoxonase activity of the PON1 rs854560

variant. In addition, the reduced activity of CYP1A1

rs4646903 variant in detoxifying cigarette toxins will all

contribute to a greater risk of CAD in subjects carrying

these polymorphisms.

Limitations

Imputation accuracy might be a limitation in this study as

imputed values are predicted values and only a proxy of the

true values and the actual allele association in our model,

which should be accounted for when estimating the vari-

ance and the odds ratios. Besides, the difference of our

results compared to other population studies may be due to

improper selection and categorization and selection of the

cases and/or controls. Furthermore, it has been suggested

that obesity is a significant contributor to LT pathway ac-

tivation [46, 47], which might be a confounding factor in

this study population. Finally, this remains a genetically

focused study without functional phenotypic data.

Conclusion

This study provides further evidence that genetic variants of the

LTpathway, PON1, andCYP1A1 can enhance the atherogenic

processes and eventually increase the risk of CAD. Moreover,

smoking inhalation increases the activity of inflammatory

mediators by inducing the formation of oxidized LDL-driven

foamcells.These foamcells havehigh leukotriene synthesizing

capacity, which will augment the inflammatory mediators

production in atherosclerosis. As shown in Fig. 1, many of

basic researches leading to the lipoxygenase hypothesis point

toward an involvement in early events of atheroma develop-

ment, through LTB4-mediated migration and activation of

monocyte/macrophages, as well as lipoxygenase-mediated

LDL oxidation. An important finding in this study was the

lower risk in carriers of both PON1 and CYP1A1 investigated

variants amongex-smokers and current smokerswith respect to

the smoking-gene interaction among the Lebanese cohort, as

opposed to studies demonstrating the absence or increased risk

among other populations. Hence, population-specific studies

on these genetic variants are essential to understand such dis-

parities in results.
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