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Abstract. The genetic basis for atherosclerosis devel-

opment and progression is poorly characterized. 

We aimed to assess the relationship between en-

dothelial nitric oxide synthase (ENOS) 894 G/T, 

haem oxygenase-1 (HO1) dinucleotide-length pro-

moter polymorphisms and coronary artery athero-

sclerotic invol vement and its changes during statin 

therapy. Coronary angiography, intravascular ultra-

sound (IVUS), IVUS-derived virtual histology (VH) 

and genetic polymorphism analysis were performed 

at study entry. Patients were randomized 1 : 1 to 

standard or aggressive hypolipidaemic treatment, 

and a follow-up evaluation was performed after 

twelve months. Plaque magnitude was significantly 

higher in carriers of HO1 risk variants when compa-

red with carriers of the protective variants (< 25 GT 

repeats). Similarly, the total coronary atherosclerotic 

burden was significantly greater in HO1 risk variant 

carriers than in HO1 protective variant carriers. 

Both parameters did not differ with respect to the 

ENOS genotype. A higher prevalence of thin-cap fi-

broatheroma (TCFA) in HO1 risk variant carriers 

was observed, compared with the HO1 protective 

variant carriers. The prevalence of TCFA was not in-

fluenced by the ENOS genotype. Baseline plaque 

composition did not differ significantly with respect 

to both polymorphisms. Significant interactions be-

tween plaque composition changes and ENOS and 

HO1 genotypes were observed during statin treat-

ment. In conclusion, the protective HO1 promoter 

polymorphism correlates with a lower coronary ar-

tery plaque burden, whereas the protective ENOS 

894 G/T polymorphism seems to favourably influ-

ence changes of coronary artery plaque composition 

during statin therapy, but has no significant correla-

tion to the magnitude of coronary atherosclerosis. 

Introduction

Atherosclerosis is a chronic inflammatory process 
characterized by lipid accumulation in vessel walls. The 
genesis and progression of atherosclerosis are influ-
enced by many factors, including genetic predisposition, 
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which is still insufficiently characterized. The role of the 
endothelial nitric oxide synthase (ENOS) in endothelial 
dysfunction and atherosclerosis development has been 
extensively studied in the past fifteen years (Förstermann, 
2010). ENOS catalyses a reaction in which nitric oxide 
(NO), a potent vasodilator, inhibitor of leukocyte adhe-
sion, thrombocyte adhesion and proliferation of vascu-
lar smooth muscle cells, is produced by endothelial cells 
(Tsutsui et al., 2010). Many common genetic variants of 
the ENOS gene have been identified (Wang and Wang, 
2000). The most extensively studied one in relation to 
atherosclerosis is the exon 7 894 G/T or Glu298Asp 
polymorphism. In this polymorphism, guanine (G) is re-
placed by thymidine (T) at position 894 of the ENOS 
gene resulting in a substitution of glutamic acid (Glu) 
for aspartic acid (Asp) at position 298 of the ENOS pro-
tein. The ENOS Asp298 variant carriers present de-
creased enzymatic activity (Wang et al., 2000). The de-
crease has been attributed to selective proteolytic 
cleavage of the enzyme in endothelial and myocardial 
cells (Tesauro et al., 2000). However, other researchers 
have suggested that the apparent decrease in enzymatic 
activity might be due to artefacts in sample preparation 
(Fairchild et al., 2001). Many functional and clinical 
consequences have been identified in Asp allele carriers, 
including lower coronary basal blood flow (Naber et al., 
2001), blunted endothelial-dependent vasodilation 
(Veldman et al., 2002), and increased risk of arterial hy-
pertension and coronary artery disease (CAD) develop-
ment (Li et al., 2010).

Haem oxygenase-1 (HO-1) is another enzyme that 
has gained much attention in the context of atheroscle-
rosis. This enzyme catalyses a reaction in which the 
haem is degraded to free iron (Fe2+), carbon monoxide 
(CO) and biliverdin, which is subsequently converted to 
bilirubin by the enzyme biliverdin reductase (Abraham 
and Kappas, 2008). CO and bilirubin are substances 
with vasodilatory, antioxidative, angiogenic, anti-prolif-
erative and anti-inflammatory properties that contrib-
ute to the suppression of atherogenesis (Morita, 2005; 
Abraham and Kappas, 2008; Idriss et al., 2008). The 
level of transcription, and thus the enzymatic activity of 
this inducible enzyme is determined by the number of 
guanosine-thymidine (GT) dinucleotide repeats in the 
gene promoter. With an increasing number of dinucle-
otide repeats, the transcription of the gene decreases 
(Idriss et al., 2008). Multiple studies have identified a 
positive correlation between the presence of longer di-
nucleotide repeats in the gene promoter and the devel-
opment of diseases with oxidative stress as the pathoge-
netic mechanism, including CAD (Kaneda et al., 2002; 
Idriss et al., 2008). Conversely, gene variants with a low 
number of GT repeats react to oxidative stress with in-
creased transcriptional activity and seem to confer pro-
tection against the development of atherosclerosis 
(Morita, 2005).

The extent and severity of coronary atherosclerosis 
can be assessed by means of intravascular ultrasound 
(IVUS) (Mintz and Maehara, 2009). Atherosclerotic 

plaque composition can be assessed in vivo by means of 
IVUS-derived virtual histology (VH) (García-García et 
al., 2009). Very limited data are available on the rela-
tionship between the extent and character of atheroscle-
rotic coronary artery involvement, the evolution of such 
an involvement and the gene variants affecting the 
atherosclerotic process (Pfohl et al., 1998).

We sought to evaluate the relationship between the 
ENOS exon 7 894 G/T polymorphism and the (GT) di-
nucleotide-length polymorphism of the HO1 promoter 
and the extent and characteristics of coronary artery 
atherosclerotic involvement as assessed by IVUS and 
VH. 

In addition, we sought to assess the influence of these 
polymorphisms on the changes in coronary atheroscle-
rotic involvement during the course of hypolipidaemic 
statin-based therapy.

Material and Methods

Study population

Patients with chronic stable angina were included in 
the study. Patients with a history of an acute coronary 
syndrome were allowed to enter the study more than six 
weeks after symptom onset. The study was approved by 
local ethical committees in each of the four participating 
hospitals in the Czech Republic, and all patients signed 
informed consent for the study procedures. Patients al-
ready treated by statins as well as statin-naive patients 
were included. Randomization was performed after cor-
onary angiography in the following 1 : 1 ratio:
1) Group A (aggressive): atorvastatin 80 mg once daily 

(O.D.) + ezetimibe 10 mg O.D.
2) Group S (standard): continuation of previous statin 

treatment (fluvastatin 80 mg, two patients – 5.3 %; 
atorvastatin 10 mg, eight patients – 21.1 %; atorvasta-
tin 20 mg, 12 patients – 31.6 %; atorvastatin 40 mg, 
five patients –13.1 %; simvastatin 20 mg, 11 patients 
– 28.9 %; all statin doses O.D.). Medication was 
“open label” for statin prescription and blinded for 
the IVUS-VH analysis.

Catheterization and IVUS imaging 
After coronary angiography (CAG) and percutaneous 

coronary intervention (PCI, when indicated), the opera-
tor selected a target vessel for IVUS. Only one coronary 
artery was investigated in each patient. The inclusion 
criteria were as follows:
1) native artery with plaque burden (PB) > 20 % by 

IVUS
2) stenosis ≤ 50 % of lumen diameter by angiography 

with no indication for either PCI or coronary artery 
bypass grafting (CABG) 

3) plaque length > 30 mm by IVUS. 
In cases with similar findings in more than one coro-

nary artery, the artery with the largest PB was selected 
for analysis. An IVUS phased-array probe (Eagle Eye 
20 MHz 2.9 F monorail), IVUS console, Gold standard 
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software, and automatic pullback (research pullback, 
model R-l00) were used (Volcano Corp., Rancho Cor-
dova, CA). After administration of 200 μg of intra-
coronary nitro-glycerine, the IVUS probe was intro-
duced into the selected coronary artery beyond a distal 
fiduciary point (well-defined side branch). Motorized 
pullback at 0.5 mm/s was performed through the rest of 
coronary artery. The proximal fiduciary point was the 
left main bifurcation in the left coronary artery and first 
branch or well-defined calcification in the right coronary 
artery. After twelve months, patients underwent repeated 
cardiac catheterization and IVUS of the same coronary 
artery with the same fiduciary points identified.

IVUS and VH-IVUS assessment
All measurements were performed in the catheteriza-

tion laboratory of the General University Hospital of 
Charles University, Prague, Czech Republic and ana-
lysed by a single operator to ensure the precise fulfil-
ment of all study criteria for plaque identification and 
plaque measurement. IVUS B-mode images were re-
constructed from radiofrequency data (Volcano The-
rapeutics Inc., Rancho Cordova, CA), and contour de-
tection was performed using cross-sectional views with 
semi-automatic contour detection software to provide a 
geometrical and compositional output (Rodriguez-
Granillo et al., 2005). Manual planimetry was used in 
cases of non-adequate automatic software tracing (pc 
VH 2.1, Volcano Corp.). Each frame from the VH-IVUS 
loop was analysed. Volumes were calculated using 
Simpson’s rule and then normalized for pullback length 
(Mintz and Maehara, 2009). 

The primary IVUS endpoint for plaque magnitude as-
sessment was the percent atheroma volume (PAV), 
which was calculated as (Σ(EEM

CSA
-Lumen 

CSA
) divided 

by Σ EEM
CSA

)
 
x 100, where EEM

CSA 
was the external 

elastic membrane cross-sectional area, and Lumen 
CSA 

was the luminal cross-sectional area. The change of PAV 
was computed as PAV

follow up
 – PAV

baseline
 for each patient 

(Nissen et al., 2006). To avoid differences in pullback 
length, baseline and follow-up studies were normalized 
to the same overall length (the mean of the two studies). 
The technical details of VH-IVUS as well as analysis 
recommendations have been well characterized else-
where (García-García et al., 2009). VH-IVUS uses spec-
tral analysis of IVUS radiofrequency data to classify 
plaque components into four categories: fibrous, fibrous-
fatty, calcification, and necrotic core (Rodriguez-
Granillo et al., 2005).

VH-IVUS analyses are reported in relative amounts 
(percentages of plaque) in this trial. The virtual histolo-
gy-derived thin-cap fibroatheroma (VH-TCFA) was, as 
in previous studies, defined as a plaque with PAV > 40 % 
and consisting of more than 10 % of necrotic core in 
direct contact with the vessel lumen (García-García et 
al., 2009). 

We utilized our own angiographic scoring system for 
the assessment of the atherosclerotic burden in coronary 
arteries. The score was calculated as a sum for all le-

sions with more than 20 % diameter stenosis found dur-
ing CAG:
- 3 points: stenosis > 50 % in proximal third of artery 
- 2 points: stenosis < 50 % in proximal third of artery, or 

stenosis > 50 % distal to proximal third of 
artery

- 1 point: stenosis < 50 % distal to proximal third of 
artery

Genetic analysis

ENOS polymorphism

Patient DNA was isolated from peripheral blood leu-
kocytes using standard techniques. Polymerase chain 
reaction (PCR) was performed using oligonucleotide 
primers designed to amplify exon 7 of the ENOS gene. 
Sample amplification was performed in an MJ Research 
DYAD 220 Peltier Thermal Cycler (Conquer Scientific, 
San Diego, CA). The following primers were used: for-
ward primer ENOS7-sense, 5’-GAG ATG AAG GCA 
GGA GAC AGT-3’ and reverse primer ENOS7-anti, 5’-
-TCC ATC CCA CCC AGT CAA T-3’. The mixture (fi-
nal volume 25 µl) was incubated at 94 °C for 3 min, 
followed by 30 cycles (each 25 s at 94 °C, 40 s at 59 °C, 
and 40 s at 72 °C) at 72 °C for 10 min. Restriction anal-
ysis was performed by incubating three units of MboI 
restriction enzyme (Promega, Madison, WI) with the 
amplified DNA for 12 h overnight at 37 °C. The restric-
tion products were separated by electrophoresis in a 
3.8% agarose gel. The analysis of restriction products 
was performed after the addition of ethidium bromide. 

The GG (Glu/Glu) variant was classified as being 
protective, whereas the GT (Glu/Asp) and TT (Asp/Asp) 
variants were classified as conferring risk. This dichot-
omization was chosen because of the low number of 
Asp homozygotes in our cohort. In addition, the pres-
ence of the T allele (including the Glu/Asp heterozy-
gotes) has been associated with higher risk of coronary 
atherosclerosis (Gardemann et al., 2002).

HO1 polymorphism
After the DNA isolation (as described previously), 

the region of the HO1 gene promoter containing a poly 
(GT)n repeat was amplified by PCR that included a fluo-
rescently labelled sense primer (HMOX1_S 5-AGA-
GCCTGCAGCTTCTCAGA-3) and an antisense primer 
(HMOX1_AS 5-ACAAAGTCTGGCCATAGG AC-3). 
All PCR products were generated in 25 µl volumes con-
taining Plain Combi PP Master Mix (Top-Bio, Prague, 
Czech Republic), 1.6 pmol forward primer, 1.6 pmol re-
verse primer and 25 ng of template DNA. All amplifica-
tions were performed in a Dyad thermocycler (BIO-
RAD, Hercules, CA) with the following protocol: a 
5-min denaturation at 95 °C was followed by 30 cycles 
of 30 s at 95 °C, 30 s at 66 °C, 30 s at 72 °C and then a 
final extension at 72 °C for 5 min.

The PCR product sizes were determined using Li-cor 
4200 (LI-COR Biosciences, Lincoln, NE) and ABI 
PRISM 3130 Genetic Analyzer (Applied Biosystems, 
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Carlsbad, CA) DNA sequencers. We used IR700 la-
belled primers for Li-cor analysis and 6-FAM labelled 
primers for ABI analysis. The determination of fragment 
length was accomplished using SagaGT (LI-COR Bio-
sciences) and Peak Scanner™ Software (Applied Bio-
systems). Selected samples were sequenced in an ABI 
PRISM 3100 Genetic Analyzer (Applied Biosystems) 
automated DNA sequencer and then included as size 
markers in every electrophoresis run. We divided alleles 
according to the number of GT repeats in two subclasses 
based on higher induction of the HO1 gene promoter by 
oxidative stress observed only in promoters with less 
than 25 (GT)n, class S (short) alleles, and lower induc-
tion in promoters with 25 or more (GT)n, class L (long) 
alleles, as described above (Kaneda et al., 2002; Morita, 
2005). Homozygous class S and heterozygous class S 
carriers were grouped together and compared to ho-
mozygous class L carriers. This group classification was 
used because both the homozygous and heterozygous 
carriers of the class S allele demonstrate reduced inflam-
matory response and, thus, are classified as protective.

We analysed the influence of the ENOS and HO1 pro-
moter variants on the following parameters: 1) baseline 
angio score, 2) baseline PAV, 3) baseline plaque compo-
sition, 4) plaque composition changes during statin 
treatment and 5) changes of PAV during statin treatment. 
The influence of the risk ENOS/risk HO1 genotype on 
these parameters was not tested due to the low number 
of patients with such a genotype.

Statistical analysis 
Mean values ± standard deviations (or percentages) 

were calculated for all variables. The differences be-
tween the groups were compared using a χ2 test. Sta-
tistical significance was calculated by Fischer’s exact 
test for categorical variables and by Student’s t-test for 
continuous variables. All data were analysed using JMP 
3.2 statistical software (SAS Institute, Cary, NC). A P 
value of < 0.05 was considered statistically significant.

Results

Patient population 

Between November 2005 and April 2009, 107 
Caucasian patients were enrolled in the trial. Overall, 98 
patients returned for follow-up imaging. The final IVUS 
and VH analysis was performed in 89 patients. Data 
from nine patients were unsuitable for VH-IVUS analy-
sis primarily because of problems with the ECG signal. 
Of these 89 patients, 70 were enrolled in the genetic 
sub-study. From the genetic sub-study population, 32 
patients were assigned to the “aggressive” treatment 
group and 38 were assigned to the “standard” treatment 
group. Baseline patient clinical characteristics are sum-
marized in Table 1. 

Treatment assignment versus distribution of 
genetic variants

The distribution of protective and risk ENOS and 
HO1 variants did not differ between the treatment 
groups. ENOS 298 Asp/Asp homozygotes and Glu/Asp 
heterozygotes formed 40.6 % of the patients from the 
aggressive group and 60.5 % of the patients in the stand-
ard group (P = 0.14). The risk-related polymorphism of 
the HO1 gene promoter was found in 43.8 % of the pa-
tients from the aggressive group and in 36.8 % of the 
patients from standard group (P = 0.62). 

Treatment assignment versus baseline plaque 
magnitude and composition

Baseline plaque magnitude expressed as PAV did not 
differ with respect to treatment assignment (PAV group 
A: 46.7 ± 6.2 vs. PAV group S: 46.4 ± 7.0, P = 0.81).

Patients randomized to group A had a higher propor-
tion of calcified tissue in plaques at baseline than did 
patients in group S but did not differ significantly in the 
proportion of other plaque components at baseline (see 

Table 2).

Baseline plaque composition 
The differences in baseline plaque composition ac-

cording to ENOS and HO1 variants are summarized in 
Table 3. We did not observe significant differences in 
baseline plaque composition with respect to both poly-
morphisms. A statistically non-significant trend for a 
higher proportion of necrotic core in plaques in the risk 
HO1 variant carriers was noted. There was a higher 
prevalence of TCFA in HO1 risk variant carriers, al-
though this result was of borderline statistical signifi-
cance (HO1 risk: 70.0 % vs. protective: 46.2 %, P = 
0.047). 

HO-1 and ENOS Variants Influence Coronary Atherosclerosis

Table 1. Baseline patient characteristics in both treatment 
groups

 Aggressive Standard P

Male 27 (84.4 %) 24 (63.2 %) ns
Age 63.5 ± 9.0 65.5 ± 11.5 ns
Arterial hypertension 26 (81.3 %) 33 (86.8 %) ns
Diabetes mellitus 9 (28.1 %) 9 (23.7 %) ns
Hyperlipoproteinaemia 22 (68.8 %) 28 (73.7 %) ns
Active smokers 22 (68.8 %) 23 (60.5 %) ns
History of MI 16 (50.0 %) 12 (31.6 %) ns
Statin naive 13 (40.6 %) 13 (34.2 %) ns
Betablockers 21 (65.6 %) 26 (68.4 %) ns
ACE inhibitors 22 (68.8 %) 28 (73.7 %) ns

Table 2. Baseline plaque composition vs. treatment assign-
ment

Plaque tissue in % Aggressive Standard P

Fibrous 54.4 ± 8.3 58.2 ± 9.2 0.08
Fibro-fatty 20.2 ± 9.7 22.3 ± 9.0 0.3
Dense calcium 9.9 ± 7.1 6.1 ± 4.6 0.009
Necrotic core 15.3 ± 8.9 11.6 ± 7.3 0.06
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ENOS genotype had no influence on the prevalence of 
TCFA in our population (ENOS risk: 50.0 % vs. protec-
tive: 65.6 %, P = 0.19).

Baseline PAV and angio score 
The percent atheroma volume (PAV) was significant-

ly higher in carriers of HO1 promoter risk variant (HO1 
risk 49.3 % ± 6.6 vs. protective 45.0 % ± 5.5, P = 0.004) 
but did not differ with respect to the ENOS genotype 
(ENOS risk 46.7 % ± 6.8 vs. protective 46.7 % ± 5.9, P = 
0.98). Similarly, the total coronary atherosclerotic bur-
den, as expressed by the angio score, was significantly 
greater in HO1 risk variant carriers (HO1 risk 9.4 ± 4.0 
vs. protective 6.9 ± 3.2, P = 0.005), but did not differ 
with respect to the ENOS genotype (ENOS risk 8.1 ± 3.9 
vs. ENOS protective 7.8 ± 3.6, P = 0.69, Fig. 1).

Treatment assignment versus changes in PAV 
and plaque composition during follow-up

The type of treatment (aggressive vs. standard) did 
not significantly influence changes in PAV (PAV change 
aggressive group: -0.33 ± 2.70 vs. standard group: 1.28 
± 4.20, P = 0.06) or changes in plaque composition (data 
not shown).

Changes of plaque composition and PAV during 
follow-up

A significant interaction between the ENOS and HO1 
variants and changes in plaque composition was obser-
ved, the results are summarized in Table 4. The type of 
HO1 and ENOS genotype did not significantly affect 
changes of PAV during follow-up in our patients (PAV 
change in % protective ENOS: 0.77 ± 4.10 vs. risk 
ENOS: 0.56 ± 3.10, P = 0.8; PAV change in % protective 
HO1: 0.81 ± 4.0 vs. risk HO1: 0.21 ± 4.0, P = 0.35).

Discussion

HO-1 and coronary atherosclerosis

The fundamental finding of our study is that patients 
with the HO1 risk promoter polymorphism had greater 
coronary artery atherosclerotic burden (as expressed as 
a higher angio score) and more pronounced atheroscle-
rotic plaques in their coronary arteries (as expressed as 
higher percent atheroma volume). Furthermore, we ob-
served a trend toward a higher proportion of necrotic 
tissue in the plaques of the HO1 risk variant carriers. 

Fig. 1. Baseline percent atheroma volume and angio score 
according to the HO1 polymorphism

Table 3. Baseline plaque composition according to ENOS and HO1 polymorphisms

Plaque tissue in % Protective ENOS Risk ENOS Protective HO1 Risk HO1
Fibrous 56.0 ± 9.0 57.4 ± 8.1 57.3 ± 8.3 55.8 ± 8.9

 P = 0.54 P = 0.51

Fibro-fatty 20.8 ± 8.9 22.0 ± 10.2 22.9 ± 10.4 18.9 ± 7.4

 P = 0.65 P = 0.12

Necrotic core 14.2 ± 8.3 13.1 ± 8.8 12.1 ± 7.9 16.3 ± 9.1

 P = 0.61 P = 0.07

Dense calcium 8.7 ± 7.6 7.3 ± 5.2 7.4 ± 6.8 8.8 ± 5.5

Table 4. Changes of plaque composition according to ENOS and HO1 polymorphisms

Plaque tissue change in % Protective ENOS Risk ENOS Protective HO1  Risk HO1
Fibrous  -0.3 ± 6.3 -2.4 ± 7.6 -0.7 ± 8.2 -2.3 ± 4.8

 P = 0.22 P = 0.34

Fibro-fatty  -1.0 ± 10.4 -5.1 ± 9.7 -5.7 ± 10.9 0.9 ± 7.4

 P = 0.09 P = 0.006

Necrotic core 1.3 ± 7.0 3.9 ± 6.7 4.1 ± 7.4 0.4 ± 5.8

 P = 0.1 P = 0.03

Dense calcium 0.5 ± 6.0 3.7 ± 5.3 2.8 ± 6.8 1.3 ± 3.9

 P = 0.02 P = 0.29
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Another significant finding was the higher prevalence of 
TCFA plaques in these patients. These results are impor-
tant because higher proportions of necrotic tissue inside 
plaques and the presence of the TFCA type of plaque are 
related to the development of unstable plaques (Virmani 
et al., 2006).

Tabas et al. (2009) demonstrated that the formation 
and progression of the plaque necrotic core is caused by 
apoptosis of foam cells in conjunction with defective 
phagocytosis of the dead cells. This finding is in accord-
ance with the observed reduction of plaque necrotic core 
size in LDL receptor-deficient mice being secondary to 
decreased macrophage activation and apoptosis induced 
by interleukin 10 (IL10) over-expression (Pinderski et 
al., 2002). Similarly, the structural integrity of the 
TCFAs is directly linked to the survival of vascular 
smooth muscle cells (VSMC) of the thin-fibrous cap, 
which prevents exposure of plaque content to the hae-
mostatic system. HO-1, through CO and its further sig-
nalling pathways, inhibits apoptosis in VSMC, macro-
phages and foam cells, thus attenuating key processes 
that contribute to plaque destabilization (Tabas et al., 
2009; Larsen et al., 2010). In animal studies, HO1 in-
duction was associated with a significant increase in cap 
thickness and a reduction in the necrotic core size and 
plaque lipid accumulation, contributing to plaque stabi-
lization (Cheng et al., 2009). In contrast, HO1 knockout 
mice exhibited severely reduced numbers of VSMC due 
to increased apoptosis (Yet et al., 2003). On the other 
hand, CO concurrently inhibits VSMC migration and 
proliferation (Morita et al., 1997; Rodriguez et al., 
2010), and hence the essential processes of atheroscle-
rosis development (Abraham and Kappas, 2008). 
Furthermore, CO exerts an anti-inflammatory effect on 
plaque macrophages and endothelia through multiple 
pathways including decreased TNF-α and increased 
IL-10 production (Yet et al., 2003). 

Additional mechanisms of the anti-atherosclerotic ef-
fect of HO-1 exerted through bilirubin include the scav-
enging of reactive oxygen species (ROS), regulation of 
cellular redox state, modulation of secondary inflamma-
tory processes through several pathways, including in-
hibition of NADPH oxidase and protein-kinase C (PKC) 
and prevention of oxidant-mediated cell death (Kushida 
et al., 2002; Abraham and Kappas, 2008; Larsen et al., 
2010). Moreover, bilirubin inhibits LDL oxidation, a 
key process in atherogenesis, and thereby reverses the 
decreased ENOS activity caused by oxidized LDL 
(Kawamura et al., 2005; Larsen et al., 2010).

Through these pleiotropic effects, HO-1 seems to 
confer protection against the progression of the athero-
sclerotic process as well as destabilization of advanced 
plaques. The anti-atherosclerotic effect of HO-1 was 
demonstrated in a study by Juan et al. (2001). In the 
study, the group demonstrated that adenovirus-mediated 
HO1 gene transfer inhibits atherosclerosis in apoli-
poprotein E (ApoE)-deficient mice, an atherosclerosis-
prone model of mice. Impor tantly, HO-1 deficiency has 
been described in humans. The deficiency leads to an 

accelerated atherosclerosis characterized by the pres-
ence of fatty streaks and fibrous plaques in early child-
hood (Yachie et al., 1999).

According to our findings, HO1 promoter polymor-
phisms play an important role in atherosclerosis devel-
opment, progression and perhaps in plaque type forma-
tion as well. The blunted induction of gene transcription 
in HO1 promoter risk variant carriers resulting in in-
creased oxidative stress (Morita, 2005) presumably ac-
counts for the increased susceptibility of these individu-
als to the development of more profound coronary 
atherosclerosis, such as what we have observed in our 
population. Our results are in accordance with previous 
studies (Kaneda et al., 2002). Moreover, other current 
findings as well as our results suggest that adequate 
HO-1 activity may help to prevent the transformation of 
a lesion to a high-risk plaque by impeding accretion of 
the necrotic core and by promoting smooth muscle cell 
survival in the fibrous cap (Yet et al., 2003; Cheng et al., 
2009; Larsen et al., 2010).

The observed influence of the HO1 promoter variants 
on changes in plaque composition is somewhat puz-
zling. We observed an unfavourable type of plaque 
transformation in patients with the protective HO1 va-
riant, characterized by a decrease of fibro-fatty tissue 
and an increase of necrotic core proportion during statin 
therapy. Paradoxically, the HO1 risk variant was associ-
ated with an increase of fibro-fatty tissue and a signifi-
cantly lower increase in the necrotic core proportion 
when compared with the protective variant. 

The more favourable plaque composition changes ob-
served in patients with the HO1 risk promoter variants 
might possibly be caused by statin therapy. Statins are 
known to induce HO1 expression (Chen et al., 2006). 
We speculate that attenuated induction of HO1 expres-
sion could be one of the principal contributors to the 
chronic inflammatory process inside advanced athero-
sclerotic plaques in HO1 risk variant carriers. This in-
sufficient expression might be reversed by statin treat-
ment, thus possibly leading to the favourable plaque 
composition changes observed in the present study. It is 
important to note that almost 40 % of our patients were 
statin naive prior to trial enrolment, and all statins uti-
lized in our trial have been demonstrated to induce HO1 
expression (Chen et al., 2006). We further hypothesize 
that the atherosclerotic process in carriers of the protec-
tive HO1 promoter variants might be driven primarily 
by other mechanisms not as susceptible to statin therapy. 
These other mechanisms might possibly explain the 
“unfavourable” plaque composition changes observed 
during statin treatment in these patients.

ENOS and coronary atherosclerosis
In our population, the ENOS 894 G/T polymorphism 

had no impact on the severity of coronary artery athero-
sclerotic involvement as quantified by the angio score, 
baseline plaque magnitude or plaque composition. 
Multiple studies, including the work by Colombo et al. 
(2003), have demonstrated a relationship between this 
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ENOS polymorphism and the presence and severity of 
CAD, whereas other researchers have not confirmed 
such a relationship (Jaramillo et al., 2010; Li et al., 
2010). Previous studies, however, did not utilize IVUS 
and VH for the precise evaluation of the extent and char-
acter of the coronary artery atherosclerotic involve-
ment. 

In recent years, substantial evidence demonstrating 
that alterations in NO synthesis promote atherosclerosis 
in experimental animals has been presented. ApoE-defi-
cient mice treated with L-NAME (L-NG-nitroarginine 
methyl ester), an inhibitor of nitric oxide synthases, ex-
perienced significant progression of aortic atherosclero-
sis (Kauser et al., 2000). This finding strongly suggests 
that decreased endogenous NO production plays an im-
portant role in the progression of atherosclerosis in mice. 
Likewise, long-term inhibition of ENOS by administra-
tion of L-NAME to rats resulted in induction of coro-
nary inflammation and atherosclerosis (Tomita et al., 
1998). The importance of ENOS in vasculoprotection 
was further demonstrated in a study by Kuhlencordt et 
al. (2001), who utilized an ApoE/ENOS double-knock-
out mice model.

Multiple ENOS gene polymorphisms with variable 
clinical impacts, including the ENOS 894 G/T polymor-
phism (Wang and Wang, 2000), have been identified in 
humans. The ENOS 298Asp/Asp, and possibly Glu/Asp 
variants, which seem to result in decreased NO synthe-
sis (Veldman et al., 2002) have been correlated with an 
increased risk of coronary atherosclerosis in most hu-
man studies (Gardemann et al., 2002; Li et al., 2010). 
Although we did not find a relationship between the 
presence of the ENOS (298 Asp/Asp and Glu/Asp) risk 
variants and the magnitude of coronary atherosclerosis 
and baseline plaque composition, there still was an ob-
served association between this ENOS polymorphism 
and atherosclerotic plaque composition changes during 
statin treatment. In patients with the ENOS protective 
variant (Glu/Glu), we found a significantly lower in-
crease in plaque-calcified tissue as well as a trend to-
ward smaller progression of the necrotic core during 
statin therapy when compared with carriers of the risk 
variants. To the best of our knowledge, our findings rep-
resent the first data on the possible influence of the 
ENOS 894 G/T polymorphism on plaque composition 
changes during statin treatment.

Statin treatment has been shown to reduce levels of 
oxidized LDL (Tavridou et al., 2010), resulting in en-
hanced ENOS activity (Kawamura et al., 2005). 
Furthermore, atorvastatin has been shown to stimulate 
the expression of ENOS in human endothelial cells 
(Dulak et al., 2005). We speculate that the effects of stat-
ins might be more pronounced in the wild-type (Glu/
Glu) ENOS enzyme carriers and, therefore, the greater 
up-regulation of ENOS activity could contribute to the 
favourable changes in plaque composition observed in 
these patients. However, the extent to which these ob-
servations are affected by statin treatment remains to be 
elucidated by future investigations.

Changes in plaque burden

Likely due to the relatively short duration of follow-
-up and only modest percentage changes in plaque vol-
umes, similar to those observed in other IVUS studies 
(Nissen et al., 2006), no significant correlation between 
HO1 and ENOS variants and changes of PAV was ob-
served in our patient population.

Study limitations
The main limitation of our study was the relatively 

limited population size. Nevertheless, given the com-
plexity of the performed coronary artery involvement 
evaluation and the necessity of an invasive follow-up 
examination, the study sample size is fairly reasonable 
to allow at least preliminary conclusions on the relation-
ship between the assessed gene variants and character of 
coronary atherosclerotic involvement.

In conclusion, the present study is the first to demon-
strate the influence of the HO1 promoter dinucleotide-
length polymorphism on the extent of coronary artery 
involvement as assessed by CAG and IVUS. The pro-
tective HO1 promoter variant seems to correlate with a 
lower coronary plaque burden and possibly a lower 
necrotic core proportion in coronary plaques but does 
not prevent a negative type of plaque composition shift 
in terms of a decrease of fibro-fatty and an increase of 
necrotic core proportion during statin therapy. A possi-
ble explanation for this observation may be the enhanced 
HO1 gene expression induced by statins. The enhanced 
expression may correct the deficient expression in risk 
HO1 promoter variant carriers, an effect not plausible in 
the protective variant carriers who demonstrate suffi-
cient gene expression. Based on our results, we specu-
late that the protective ENOS 894 G/T polymorphism 
favourably influences changes of plaque composition 
during statin therapy, but apparently has no relationship 
to the severity of coronary artery atherosclerotic in-
volvement and baseline plaque composition. To the best 
of our knowledge, no study to date has evaluated these 
relationships. Larger-scale studies are necessary to con-
firm these preliminary findings. Our findings contribute 
to the recognition of the genetic background of athero-
sclerosis development and the elucidation of possible 
causes of variable clinical responses to hypolipidaemic 
therapy.
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