Free Radic Res Downloaded from informahealthcare.com by Newcastle University on 12/04/11
For personal use only

Free Radical Research, March 2009; 43(3): 272-279 informa

healthcare

Protective role of 27bp repeat polymorphism in intron 4 of eNOS
gene in lacunar infarction
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Abstract

Association of the three potential endothelial nitric oxide synthase gene (eNOS) polymorphisms (T-786C in promoter
region, G894T in exon 7 and tandem 27-bp repeats in intron 4) with an increased risk of lacunar infarction (LI) were
investigated. Genotypes of 70 patients and 81 healthy controls were determined through PCR with or without RFLP. Flow-
mediated dilatation (FMD) was performed to assess endothelial-dependent vasodilatation, whereas the endothelial-
independent vasodilatation was assessed with nitroglycerin (NTG). Genotype distribution was significantly different
between LI patients and controls for intron 4aa (alleles for four repeats), genotype frequency being 1.4% and 16.0%,
respectively (odds ratio for additive effect, 0.47; 95% CI, 0.28-0.81; p=0.006). Haplotypes with the intron 4aa
polymorphism were significantly higher in controls when compared with the LI group (p =0.001). Diminished FMD but
normal NTG response confirmed that patients with LI have generalized endothelial dysfunction. Intron 4aa genotype of
eNOS gene seems to be protective for isolated LI and the effect was potentiated by the absence of 786C polymorphism in
any allele of the promoter region.
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Introduction Independent of conventional vascular risk factors, a
genetic component has long been thought to be
present in ischemic stroke [5]. Recent advances
have led to the identification of specific genetic loci
on endothelial nitric oxide synthase (eNOS) that may
increase vulnerability to cerebral ischemia [6-8].
eNOS catalyses the formation of nitric oxide (NO)
from L-arginine. NO is a powerful vasodilatory and
anti-aggregant agent and plays an important role in

) ) > : maintaining vascular integrity and regulation of
endothelium [2-4]. Discovery of the predisposing  cerepral circulation [9,10]. Most NO actions are

genes may therefore provide insight to the pathophy- mediated via cyclic guanosine monophosphate

siology of LI and help development of therapeutic (cGMP) pathway [11]. Insufficient endothelial NO
interventions that can improve endothelial function. synthesis leads to impaired cerebral autoregulation,

Lacunar infarction (LI) accounts for ~25% of all
ischemic strokes worldwide and has a heterogeneous
aetiology. Patients with LI carry an increased risk of
death, recurrent strokes and cognitive dysfunction in
the long term [1]. One of the current hypotheses
proposes that LI is a consequence of endothelial
dysfunction in cerebral penetrating arteries and ge-
netic factors may predispose to LI by acting on the
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endothelial dysfunction and may promote develop-
ment of microatheroma at the origin of perforating
arteries, which predisposes to thrombosis and LI
[3,12].

The eNOS gene is located on chromosome 7q35—
36 and consists of 26 exons spaning 21 kb [13-15].
Several polymorphisms have been identified in the
eNOS gene. These include a promoter (IT-786C), a
variable number of tandem 27-bp repeats in intron 4
and a G894T in exon 7 polymorphisms. Only a few
and conflicting reports have been published on the
potential relationship between polymorphisms of
eNOS gene and cerebral small-vessel disease (SVD)
that underlies most of the LIs [6-8,16-19]. Most of
these studies, except one [6], investigated only single
polymorphisms in their cohort. However, interactions
between polymorphisms on the same chromosome
are important in determining the disease risk. There-
fore, multilocus haplotypes should be tested to over-
come the limitations caused by wusing single
polymorphisms in genetic association studies [20].

In the present study, we investigated whether the
three polymorphisms of the eNOS gene (tandem 27-
bp repeats in intron 4, T-786C in the promoter region
and G894T in exon 7) and haplotypes bearing them
are independent risk factors for isolated symptomatic
LI in the Turkish population. We chose SVD patients
with isolated LI but not with ischemic leukoaraiosis
because the two conditions likely have differences in
aetiopathogenesis, although the small penetrating
brain arteries are affected in both. We also evaluated
any potential functional significance of the allelic
eNOS polymorphisms observed by using a flow-
mediated dilatation test in the brachial artery, which
is an established non-invasive method to assess
endothelial NO-dependent vasodilation. Unfortu-
nately, vascular NO generation cannot be measured
directly because most endogenous NO rapidly oxi-
dizes to nitrite (NO? ™) and finally to the stable form,
nitrate (NO>7). On the other hand, measuring
plasma or urinary nitrite/nitrate in humans requires
strict control of confounding variables such as diet,
medication, smoking and concurrent infection [21],
although recent studies have shown that plasma
nitrite can reflect endogenous NO formation [22,23].

Subjects and methods
Study population

Seventy consecutive patients with symptomatic, iso-
lated LI admitted to Hacettepe University Hospital
within a 2 year-period were studied. Isolated LI was
defined as a single focal lesion in a clinically relevant
location presented with a classical lacunar syndrome
and without (or with mild) leukoaraiosis on brain
magnetic resonance imaging (MRI). All patients were
evaluated with electrocardiography, echocardiogra-
phy, brain MRI and imaging of the carotid and
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vertebral arteries with duplex ultrasonography or
MR angiography. Patients were excluded if they had
subcortical infarction > 1.5 cm in diameter, cortical
infarction of any size, a potential cardiac source of
embolism, large-vessel atherothrombosis or other rare
causes of lacunar infarcts (vasculitis, vasculopathies,
etc.) [20].

Eighty-one healthy controls free of symptomatic
cerebrovascular disease, vascular risk factors, history
of myocardial infarction or peripheral vascular disease
were enrolled in the study. Sampling was stratified to
provide a distribution of age and sex similar to that in
the patient group. The study protocol was approved
by the ethical committee of Hacettepe University
Faculty of Medicine (LUT 02/37) and informed
consent was obtained from all participants.

Molecular analysis

Genomic DNA was isolated from the whole blood by
the salting out method [24]. Polymerase Chain
Reactions (PCR) were carried out for T-786C in
the promoter region, G894T in exon 7 and tandem
27-bp repeats in intron 4 by using specific primers
and conditions.

Genoryping

o Tandem 27-bp repeats in intron 4. Sense and anti-
sense primers 5- AGG CCC TAT GGT AGT
GCC TTT-3"and 5'- TCT CTTAGT GCT GTG
GTC AC-3" were used for PCR. PCR was per-
formed in a 40 pl reaction volume containing
400 ng of template DNA, 10 pmol/pl of each
primer, 0.2 mM of each dNTP, 4 ul of 10 x PCR
buffer, 2.5 mm of MgCl, and 3 U of Tag DNA
Polymerase (Fermentas Life Sciences, Germany).
The PCR reaction mixtures were heated to 94°C
for 30 s for denaturation and underwent 35 cycles
at 94°C for 30 s of denaturation, 63°C for 30 s of
annealing and 72°C for 1 min of extension by using
ICycler (BioRad). Finally, extension was con-
ducted at 72°C for 5 min. The tandem 27-bp
repeats was determined by separating intron 4aa
(four repeats of 27 bp) (393 bp) and intron 4bb
(five repeats of 27 bp) (420 bp) DNA fragments on
a 3% NuSieve agarose gel [25]. Intron 4ab
indicates four repeats of 27 bp in one allele while
five repeats of 27 bp in the other allele.

o 1-786C polymorphism in promoter region: The sense
5- TGG AGA GTG CTG GTG TAC CCC A -3/
and antisense 5- GCC TCC ACC CCC ACC
CTG TC-3’ primers were used in a total volume of
50 ul, containing 400ng of template DNA,
6.25 pmol/pl of each primer, 0.25 mm of each
dNTP, 5ul of 10xPCR buffer, 1.5mm of
MgCl, and 3 U of Taqg DNA Polymerase (Fermen-
tas Life Sciences, Germany). The reaction condi-
tions used were: one step of denaturation at 94°C
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for 5 min followed by 40 cycles comprising 1 min
at 94°C for denaturation, 1min at 61°C for
annealing, 1 min at 72°C for extension and one
step of extension at 72°C for 5 min using ICycler
(BioRad). PCR products were checked on a 2%
agarose gel. Amplified products were digested with
Mspl (Fermentas Life Sciences, Germany) for 3 h
at 37°C. Resulting fragments of 140 bp and 40 bp
for the wild type allele (TT) or 90 bp, 50 bp and
40 bp in the case of polymorphic allele (CC) were
determined by separating them on a 2% agarose gel
[25].

o G894T polymorphism in exon 7: The sequence of the
sense and antisense primers were 5- AAG GCA
GGA GAC AGT GGA TGG A-3" and 5’- CCC
AGT CAA TCC CTT TGG TGC TCA-3,
respectively. PCR reactions were performed in a
total volume of 50 pl, containing 400 ng of tem-
plate DNA, 6.25 pmol/pl of each primer, 0.25 mm
of each dNTP, 10 pul of 10 x PCR buffer, 1.5 mm
of MgCl, and 3U of Taqg DNA Polymerase
(Fermentas Life Sciences, Germany) with the
same cycles as described above for the promoter
region. The resulting 268 bp fragment was digested
with Mbol (Fermentas Life Sciences, Germany) for
3h at 37°C, producing 178 bp and 90 bp frag-
ments (polymorphic allele) (TT) or no digestion
(wild type) (GG). Restriction sites were confirmed
on 2% agarose gel [25].

Funcrional analysis

Flow-mediated dilatation (FMD). FMD was per-
formed to assess endothelial-dependent vasodilation
in 23 patients and 16 genotyped controls. FMD was
assessed non-invasively by B-mode high resolution
ultrasound imaging (GE-Vingmed Ultrasound AS,
Horten, Norway). Each patient fasted and was not
allowed to use any medication or smoke for at least
12 h before the study. Subjects were studied in a
quiet, temperature-controlled room and rested for
30 min before any measurement. A 7.0-MHz linear
array transducer was placed at 3—5 cm proximal to the
antecubital fossa in the right arm. After a straight
brachial artery segment was visualized, baseline right
brachial artery diameter was measured at end-dia-
stole. After measuring baseline values, a sphygmo-
manometric cuff was placed distally to the brachial
artery (forearm) and inflated (50 mmHg above sys-
tolic pressure) for 5 min. The brachial artery was
scanned continuously for 60-90 s after cuff deflation
and the vessel’s maximal diameter was measured
during reactive hyperemia. FMD was taken as the
percentage change of an artery’s baseline diameter
[26]. For assessment of the reproducibility, 19 scans
were selected randomly for repeated measurements
by the same observer and by an independent
observer.

To measure the endothelium-independent vasodi-
lation reflecting vascular smooth muscle function, an
exogenous NO donor, nitroglycerin (NT'G) sublin-
gual tablet (0.4 mg) was given to the same 23
patients and 16 genotyped controls to determine
the maximum obtainable vasodilator response, using
the aforementioned technique. Images were obtained
4 min after sublingual NTG. The NTG-induced
dilatation was calculated as the percentage increase
in arterial diameter after NT'G vs the corresponding
rest value (NTD% = [(brachial artery diameter
(BAD) after NTG - baseline BAD)/(baseline
BAD)].

Stauistical analysis

We used a chi-square test to compare distribution of
categorical variables between cases and controls.
Quantitative variables are presented as mean+ SD
and qualitative variables as percentages. Odds ratios
(OR) with 95% confidence intervals (CI) were
presented to estimate the risk of LI associated with
the presence of the analysed polymorphisms. ORs
greater than 1 signify increased risk, while those less
than 1 show a protective effect of the related
polymorphism. Different models at each locus were
tested by coding genotypes at each position as
follows: 1 (—786TT, intron 4bb, 894GG), 2
(—"786CT, intron 4ab, 894GT), 3 (— 786CC, intron
4aa, 894TT). The dominant model compared geno-
types 3 and 2 vs 1, while the recessive model
compared genotype 3 vs 1 and 2. The additive model
compared the groups separately, assuming a trend in
LI risk with increasing number of polymorphisms.
These analyses were performed with SPSS for
Windows. Haplotype analysis was performed with
FASTEHPLUS, a program based on estimating
haplotypes. Mantel-Haenzsel test was used to assess
homogeneity of ORs with promoter-intron interac-
tion. The multivariate analysis was performed using
the logistic regression to calculate ORs associated
with eNOS polmorphisms adjusted for age and
gender. Linkage disequilibrium coefficients (D)
were calculated using the 2LLD program.

Results
Subject characteristics

Typical differences for conventional cerebrovascular
risk factors were observed between cases and controls
(Table I). Lacunar infarction was higher in patients
with increased age, male sex and the presence of
hypertension, diabetes or hypercholesterolemia.

Genorype distribution of eNOS polymorphisms

The electrophoretic results for the three eNOS gene
polymorphisms; T-786C in the promoter region,
G894T in exon 7, tandem 27-bp repeats in intron
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Table I.  Subject characteristics.

Controls Lacunar infarction
Characteristics (n=81) (n="70)
Age 40.94+12.5 63.5+10.5°
Male sex 38 (46.9) 44 (62.9)°
Hypertension 0 (0.0) 38 (54.3)¢
Diabetes 0 (0.0) 14 (20.0)¢
Hypercholesterolemia 0 (0.0) 21 (30.0)¢

“p <0.001, bp <0.10 vs controls; mean+SD for age and mean for
male sex, values in parentheses denote percentage for categorical
variables.

4, are shown in Figure 1 as examples. The tandem
27-bp repeats was determined by separating intron
4aa (four repeats of 27 bp) (393 bp) and intron 4bb
(five repeats of 27 bp) (420 bp) DNA fragments on a
3% NuSieve agarose gel. Intron 4ab indicates a
heterozygote patient carrying four repeats of 27 bp
in one allele while five repeats of 27 bp in the other
allele. In Figure 1B , G894 T polymorphism in exon 7
was determined after digesting with Mbol, producing
178 bp and 90 bp fragments (polymorphic allele)
(TT) or no digestion (wild type) (GG). The figure
shows a homozygote patient carrying the polymorph-
ism and a homozygote control for wild alleles. Figure
1C indicates a homozygote and a heterozygote case
for T-786C polymorphism and a control. After
digestion with Mspl resulting fragments of 90 bp,
50 bp and 40 bp in the case of polymorphic allele
(CC) or 140 bp and 40 bp for the wild type allele
(TT) were seen.

Genotyping was successfully performed in at least
92.7% of the cases for any given polymorphism. The
three loci were in linkage disequilibrium with each
other (p<0.0005). Table II presents genotype dis-
tribution and allele frequencies of the three eNOS
gene polymorphisms in the LI and controls. Seventy
patients were enrolled for the intronic region, whereas
67 patients were studied for the promoter and exon 7
polymorphisms. The control group consists of 81
cases for intron 4 and exon 7, however 79 controls
were studied for the promoter region. The difference
in numbers is a result of the cases in which the gene
regions could not be amplified in repeated PCRs. The
intron 4aa genotype was significantly less (p = 0.006)
in frequency (1.4%) when compared with controls
(16.0%). The CC genotype of the promoter region
was observed to be significantly higher (p = 0.035) in
frequency in the LI (13.4%) compared to controls
(3.8%). No significant differences were observed in
genotype distributions of the other alleles between LI
cases and controls.

Table III shows the results of univariate analysis for
the risk of LI by the —786C allele of promoter,
intron 4aa and 8947 allele of exon 7. Univariate
analyses revealed that the recessive phenotype for the
promoter region polymorphism (CC) was a risk
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Figure 1. The polymorphic regions of the eNOS gene. DNA
marker was ©@X174 DNA/BsuRI9(Haelll) (Fermentas Life
Sciences, Germany) (A) tandem 27-bp repeats in intron 4. Lane
1, DNA marker; lane 2, a heterozygote patient; lanes 3 and 4, two
patients with intron 4bb; lane 5, a patient with intron 4aa
polymorphism. (B) G894T in exon 7. Lane 1, DNA marker; lane
2, a homozygote patient carrying the polymorphic allele; lane 3, a
control carrying wild type allele. (C) T-786C in promoter region.
Lane 1, DNA marker; lane 2, a homozygote patient carrying a
polymorphic allele; lane 3, a heterozygote patient carrying both the
polymorphic and wild type alleles; lane 3, a control carrying wild
type allele.

factor for the disease (OR: 2.93, i.e. nearly 3-times
increased risk) and the 4aa genotype for the intron
region had a protective effect (OR: 0.51, i.e. nearly 2-
times decreased risk). Also, the protective effect of
intron 4aa polymorphism was increased (OR: 0.37,
95% CI: 0.18-0.77) significantly in the absence of the
CC phenotype of the promoter region (p=0.019,
Mantel-Haenzsel test). Multivariate analyses control-
ling for age and gender showed that the intron 4a
allele remained independently associated with LI
(dominant model OR: 0.58; 95% CI, 0.35-0.97;
p=0.04; additive model: OR, 0.59; 95% CI, 0.37—
0.95; p=0.03). However, after adjustment for gender
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Table II. Genotype distribution of eNOS polymorphisms.

Controls Lacunar infarction
n % n %
Promoter (T-786C) TT 35 44.3 25 37.3
CT 41 51.9 33 49.3
CC 3 3.8 9 13.4
Total (n) 79 67
Intron 4 aa 13 16.0 1 1.4
ab 24 29.6 20 28.6
bb 44 54.3 49 70.0
Total (n) 81 70
Exon 7 (G894T) GG 22 27.2 23 34.3
GT 47 58.0 36 53.7
TT 12 14.8 8 11.9
Total (n) 81 67

and age, the promoter region polymorphism presence
was no more a significant predictor of increased
disease risk. These multivariate results show that
the age and gender imbalance between the controls
and LI cases does not affect our finding of the
protective effect of intron 4aa polymorphism, demon-
strated by the adjusted ORs of less than 1.

Haplorype analysis

Regarding the three loci, all eight potential haplotypes
(combinations of T/C for promoter, a/b for intron 4
and G/T for exon 7 regions) were represented. There
was a significant difference in haplotype distribution
in isolated LI (p =0.001), where the C-a-T and C-a-
G haplotypes were less frequently seen in LI patients.

Funcrional significance of polymorphisms: Forearm blood
flow levels and NTG test

FMD levels were 10.4+ 2 (mean+ SE) in controls
and 5.1+ 1 in patients with LI (p =0.035). When a
cut-off of 10% was used, 77.8% of patients with LI
had lower FMD levels as opposed to 31.8% of
controls (p=0.006, chi-square test). This cut-off
was 77.8% sensitive and 68.8% specific in detecting

Table III.  Odds ratios associated with polymorphisms.

Allele Odds ratio for risk of lacunar infarct

—786C (Promoter)

Additive 1.55 (0.91-2.64)
Dominant 1.33 (0.73-3.16)
Recessive 2.93 (1.02-15.2)¢

4aa (Intron)
Additive 0.47 (0.28-0.81)°

Dominant 0.51 (0.26-1.0)°
894T (Exon)

Additive 0.78 (0.47-1.30)

Dominant 0.71 (0.35-1.44)

Recessive 0.78 (0.30-2.04)

4 =0.047, ®p =0.006, °p =0.0495, all other p’s >0.34.

LI. There were no significant differences in FMD
levels when the polymorphism sub-groups were com-
pared with each other (all p’s > 0.30, Chi-square test).
The mean intraobserver variability for measurement
of flow-mediated vasodilatation was 1.7% (SD 0.8%)
and the mean interobserver variability was found to be
2.2% (SD 0.9%). The response to NTG (nitrogly-
cerin-mediated dilatation [NMD]) was not signifi-
cantly different between both groups (14.5 +4.3% vs
15.6 +5.1%, p=0.63), indicating that the source of
dilatory dysfunction in patients with LI is the en-
dothelium, but not the vascular smooth muscle.

Discussion

Our findings suggest that intron 4aa genotype of
eNOS gene is protective for isolated symptomatic LI
in Turkish patients and this effect is potentiated by
the absence of -789C polymorphism in the promoter
region. The protective effect of intron 4aa genotype
for isolated LI was sustained after adjustment for age
and gender. These findings are consistent with the
hypothesis proposing a role of endothelial dysfunc-
tion in cerebral SVD, which is possibly related to a
deficient production of the endothelium-derived NO,
as suggested by an impaired FMD in these patients.
The CC genotype in the promoter region was
determined to be associated with 2.9-times higher
LI risk, but was insignificant when age and gender
adjustment was performed in our cohort.

Conflicting data exist in the literature concerning
the association of the eNOS polymorphisms and
SVD. Hou et al. [8] reported the intron 4aa poly-
morphism as a risk factor for all stroke types in
Chinese, whereas Yahashi et al. [19] found no
evidence for this polymorphism as a genetic risk
factor for cerebrovascular diseases including lacunar
stroke in Japanese. On the other hand, Hassan et al.
[6] found the same polymorphism to be protective in
isolated LI in British population. It is possible that the
frequency of eNOS polymorphisms vary noticeably
among different ethnic groups. 4aa variant in intron 4
was found to be more common in African-Americans
(26.5%) than in Caucasians (16.0%) or Asians
(12.9%), so inter-ethnic differences also exist in the
distribution of eNOS genetic variants [27,28]. More-
over, environmental factors may modify the influence
of eNOS variants on disease risk. For example, the
highly salted Japanese diet may mask the contribution
of eNOS polymorphism to LI risk by substantially
increasing the prevalence of hypertension [29].

To date, nine studies investigating the role of eNOS
gene polymorphisms in different diseases in Turkish
population have been reported [30-38]. However,
there are no reports investigating tandem 27-bp
repeats of intron 4 in stroke patients in Turkey and,
in the only eNOS polymorphism study, Akar et al.
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[35] found no correlation between G894T (exon 7)
polymorphism and stroke. Our results for frequency
of polymorphisms in controls are consistent with the
nine eNOS polymorphism studies performed in
Turkish population, whereas minor differences exist,
possibly reflecting regional ethnic differences, varia-
tion in recruitment criteria used and limited sample
sizes.

Although we found an association with intron 4
locus and SVD, it could be possible that this locus
acts simply as a marker for another functional
polymorphism including those we have not studied.
In fact, it has been reported that eNOS haplotypes
modulate NO formation [39,40]. Wang [5] explored
the underlying molecular mechanism by site-directed
mutagenesis and found that the intron 4 polymorph-
ism affects the transcription efficiency in a haplo-
type-specific fashion in linkage disequilibrium with
the T-786C polymorphism in the promoter region.
As discussed by the authors, one polymorphism may
be in linkage disequilibrium with a regulatory poly-
morphism on the same haplotype [41]. In our study,
with an increased frequency of C allele in T-786C
promoter region polymorphism, the association of
intron 4aa polymorphism with SVD became stronger
(OR representing LI risk in absence of four repeats
goes from 1.96 to 2.70). An increased transmission
of the — 786C intron 4a suggests that the regulatory
polymorphism may be located on this haplotype.
This haplotype could have a particular functional
role. One possibility is that the tandem 27-bp repeats
in intron 4 may have a cis regulatory role enhancing
transcription activity at the T-786C promoter region
[5]. Similar to our results, Hassan et al. [6] also
found that the intron 4aa was protective against
isolated LI. They also proposed that the protective
effect of the intron 4aa could be mediated through
changes in eNOS promoter activity. However, it is
also possible that the tandem 27-bp repeats in intron
4 could affect mRNA stability and, hence, enzyme
levels. Supporting this idea, Dosenko et al. [42]
measured eNOS mRNA and enzyme activity in
isolated platelets and found that the enzyme activity
was lower in carriers of intron 4aa genotype com-
pared to normal homozygotes.

The G894T variant has been shown to be func-
tional, yielding a protein that is more susceptible to
proteolytic cleavage and thus leads to lower eNOS
levels in vizro [43]. However, conflicting results exist
regarding clinical significance of this finding; Cam et
al. [34] reported that the G894T polymorphism in
exon 7 was associated with coronary artery disease in
the Turkish population. In contrast, Akar et al. [35]
and Afrasyap and Ozturk [36] found no significant
effect of G894 T polymorphism on the risk and extent
of coronary heart disease in another Turkish cohort.
Discrepancy may stem from the nature of sampling
variability in case control study design and/or it
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reflects geographical difference or from confounding
environmental risk factors (e.g. smoking). The char-
acteristics of haplotypes may also show differences
between different populations. For example, Elbaz et
al. [7] reported 894G to be a risk factor for lacunar
stroke, but us and others [6,12] have not found such
an association.

We used the established, non-invasive technique,
FMD in brachial artery as a functional test to assess
the effect of eNOS polymorphisms on the endothe-
lium [44]. A principal mediator of FMD is the
endothelium-derived NO. Ischemia provokes the
endothelium to release NO with subsequent vasodi-
latation that can be imaged and quantified as an index
of endothelial function [26]. eNOS and the subse-
quent generation of NO is believed to account for
FMD, since treatment with NOS inhibitors abolish
FMD in a variety of arterial vessels [45]. Yet, it was
recently shown that blood vessels from mice geneti-
cally engineered to lack the eNOS enzyme (eNOS
knockout mice) still respond to shear stress by
vasodilatation [46]. So, other endothelial mediators
than NO may also contribute to FMD. Although the
exact molecular mechanism underlying the endothe-
lial dysfunction in patients with LI remains to be
determined for future studies, we found that FMD in
LI patients was significantly lower compared to those
with healthy controls, as very recently reported by
two other groups as well [47,48], confirming that
patients with LI have generalized endothelial dys-
function. However, we found no significant differ-
ences in FMD levels when the polymorphism sub-
groups were compared with each other. Although the
later finding is most likely a reflection of the small
sample size used during the functional assessment in
this study, this may also suggest that the genetic
predisposition becomes clinically significant only
after development of SVD under the influence of
cardiovascular risk factors that disrupt the endothelial
function. This finding is not surprising because, had
the polymorphism caused major eNOS malfunction,
it would lead to a familial form of SVD that would
probably appear earlier in life and be associated with
generalized cardiovascular problems. We therefore
conclude that the tandem 27-bp repeats in intron 4
may have functional consequences only in arteries
already afflicted with dysfunctional endothelium.
Penetrating brain arterioles may be particularly
dependent on high throughput NO synthesis and,
hence, vulnerable to endothelial dysfunction and
eNOS polymorphisms [49].

In conclusion, intron 4aa genotype of eNOS gene
appears to be protective against isolated LI. Further
studies with larger sample sizes are needed to confirm
the interaction between intron 4aa and other eNOS
gene polymorphisms on isolated LI. Our findings
from genotyping and forearm blood flow studies
strongly support the hypothesis that the endothelial
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dysfunction plays an important role in the pathogen-
esis of LI. Future studies could help determine the
molecular mechanisms of the arteriolopathy under-
lying LI and may have implications in the treatment
and prevention of LI.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.
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