
moking is a major recognized risk factor for cardio-
vascular disease, being associated with an increase
in vascular morbidity such as myocardial infarction

and sudden death.1 Clinical studies have demonstrated that
smoking causes endothelial dysfunction in the systemic
circulation,2,3 but the mechanisms by which this occurs have
not been fully elucidated, although substantial evidence is
accumulating that suggests increased superoxide anion
generation may play a critical role.3,4

Imbalance between increased oxidative stress and im-
paired antioxidant defense, especially inactivation of nitric
oxide (NO) by superoxide and other reactive oxygen
species, may contribute to endothelial dysfunction and the
pathogenesis of cardiovascular events.5 Increased oxidative
stress can also cause oxidation of proteins, lipids, and
DNA, and peroxynitrite can nitrosylate tyrosine residues in
proteins, all of which may lead to molecular and cellular
dysfunction.6 Superoxide radicals react strongly with NO 
to form peroxynitrite, a potent oxidant that is demonstrable
in atherosclerotic lesions and has been identified as nitro-
tyrosine.7 Of the compounds with terminal carbonyl groups
that result from lipid peroxidation, malondialdehyde
(MDA) is widely used as an index of oxidative damage.8,9 It
was recently reported that superoxide dismutase (SOD) is a
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major antioxidant enzyme system of the arterial wall,
located strategically between endothelium and vascular
smooth muscle cells.10 The SOD concentration within the
arterial wall is high enough to suppress the pathological
effects of superoxide anions, such as the reaction with NO
leading to formation of deleterious peroxynitrite.10 Reduced
glutathione (GSH) is a ubiquitous, essential tripeptide (L-
gama-glutamyl-L-cysteinyl-glycine) containing a sulfhydryl
group that enables it to protect cells against oxidants, elec-
trophilic compounds, and xenobiotics. GSH, which
accounts for 90% of intracellular nonprotein thiols, is a key
intracellular reducing agent and is involved in immune
modulation and inflammatory conditions.11 GSH also
serves as a storage and transport form of cysteine and as a
cofactor in several enzymatic reactions. Hence GSH is
emerging as one of the fundamental antioxidant defense
mechanisms in oxidant-induced injury and inflammation.

Therefore, the aim of this study was to investigate the
effect of smoking on oxidative stress, endothelial function
and coronary flow pattern.

Methods
Study Population

Cases were selected consecutively from patients admitted
to the cardiology department for coronary angiography.
Complete history, and physical and laboratory examinations
were obtained for all patients before coronary angiography
and also risk factors for coronary artery disease were
recorded. Group I consisted of 51 nonsmoking subjects
with angiographically proven normal coronary arteries
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(mean age 56.1±10.5 years, 30 males), and group II con-
sisted of 36 smokers who had the same age and cardiovas-
cular risk profile with angiographically proven normal
coronary arteries (mean age 52.8±10.7 years, 22 males).
Smokers had been smoking cigarettes for 9±4 years and
9.2±5.3 pack-years (1 pack year being defined as smoking
20 cigarettes per day for 1 year or the equivalent). Non-
smokers were defined as having never smoked cigarettes,
cigars, or a pipe. Patients with coronary artery disease,
previous history of myocardial infarction, left ventricular
dysfunction, echocardiographically diagnosed left vent-
ricular hypertrophy, uncontrolled hypertension, renal dys-
function, connective tissue disease were excluded. The
subjects who had obstructive coronary artery disease, coro-
nary vasospasm, coronary artery ectasia, and any hemo-
dynamic changes during coronary angiography that may
affect the Thrombolysis In Myocardial Infarction (TIMI)
frame count were also excluded from the study. All sub-
jects agreed to participate in the research and the consent of
the Pamukkale University ethics committee was obtained.

Determination of TIMI Frame Count
Coronary angiography was performed by a femoral

approach using the standard Judkins technique. Coronary
arteries in the left and right oblique planes and cranial 
and caudal angles were demonstrated. Left ventricular 
and aortic pressures were obtained. Iohexol (Omnipaque,
Nycomed Ireland, Cork, Ireland) was used as a contrast
agent and was manually injected (6–8ml contrast agent at
each position). Coronary flow rates of all subjects were
documented by TIMI frame count for each major coronary
artery included in the study according to the method first
described by Gibson et al.12 The left anterior descending
coronary artery (LAD) is usually longer than the other
major coronary arteries and for that reason its TIMI frame
count is often higher. Thus, to obtain the corrected TIMI
frame count of the LAD, the TIMI frame count was divided
by 1.7.12 TIMI frame counts in the LAD and left circumflex
(LCX) arteries were assessed in a right anterior oblique
projection with caudal angulation, and for the right coro-
nary artery (RCA) in left anterior oblique projection with
cranial angulation. The mean TIMI frame count for each
subject was calculated by adding the TIMI frame counts for
the LAD, LCX and RCA and then dividing the obtained
value by 3. Two separate cardiologists undertook TIMI
frame counting with a third cardiologist as adjudicator in
cases of dispute.

Measurements of Oxidative Stress Parameters
MDA The serum level of MDA was determined by the

procedure of Ohkawa.13 That is, 0.5ml of serum was mixed
with 1.5ml thiobarbituric acid (%0.8), 1.5ml acetic acid
(pH 3.5, %20), 0.2ml sodium dodecyl sulfate (%8.1) and
0.5ml distilled water. After mixing, all samples and stan-
dards were heated at 100°C for 1h. The absorbance was
recorded at 532nm and compared with that for the MDA
standards. Results were expressed as nmol/ml.

SOD SOD activity was determined according to the
method of Winterbourn et al.14 After hemolysis and mixing
with ethanol and chloroform, blood samples were centri-
fuged and the supernatant used for determining SOD activ-
ity: 0.05 ml supernatant was mixed with 0.2 ml EDTA +
NaCN, 0.1ml nitro-blue tetrazolium (NBT) (1.5mmol/l),
0.05 ml riboflavin (0.12 mmol/l) and 2.6 ml phosphate
buffer (0.02mol/l). Test tubes containing reaction mixture

were shaken and kept under fluorescence for 15 min at
room temperature. SOD activity was assayed spectrophoto-
metrically as the inhibition of photochemical reduction of
NBT at 560nm. Results were expressed as U/gHb.

GSH GSH estimation was done using a modification
of the procedure described by Moron et al.15 After hemo-
lysis and filtration with deproteinization solution (sodium
chloride, metaphosphoric acid, EDTA and distilled water),
0.4ml filtrate was mixed with 1.6ml Na2HPO4 (0.3mol/l)
solution and 0.2ml Ellman reactive (dithiodinitrodibenzoic
acid, sodium citrate, distilled water). The absorbance was
recorded at 412nm. Results were expressed asμmol/gHb.

Vascular Reactivity Study
The technique for assessing endothelium-dependent and

endothelium-independent vasodilatation by noninvasive
ultrasound has been described in detail by Celermajer.16

Briefly, the diameter of the brachial artery was measured in
triplicate at rest, and then during reactive hyperemia after
administration of sublingual glyceryltrinitrate (GTN) using
a high-resolution ultrasound machine with a 12.0MHz line-
ar array transducer (Vivid 7 dimension, General Electrics
Medical Systems, Norway). Longitudinal images of the
brachial artery were obtained proximal to the antecubital
fossa. Transmit focus zones were set approximately to the
depths of the anterior and the posterior vessel walls. Images
were magnified, and depth and gain settings were used to
optimize the image of the vessel wall, in particular, the
media–adventitia interface. Other investigators have dem-
onstrated that conduit artery dilation in response to flow
increase is endothelium-dependent,17 whereas the dilator
response to GTN is endothelium-independent.18

Brachial artery ultrasound was performed in a quiet
room. All patients rested for at least 10min before the first
scan. Increased flow was then induced by inflation of a
pneumatic tourniquet placed around the forearm to a pres-
sure of 300mmHg for 4–5min. A second scan was obtained
45–60 s after cuff deflation. After a recovery phase of
15 min, sublingual GTN (0.4 mg) was administered and
3–4min later the last scan was obtained. Vessel diameters
(VD) after reactive hyperemia and GTN administration
were compared to the resting diameters and expressed as 
a percentage of the average lumen diameter at rest, 
which was considered 100% (flow mediated dilatation
(FMD)% = ((VD reactive hyperemia – VD rest) ×100)/VD
rest; GTN%=((VD after GTN–VD rest)×100)/VD rest).
Arterial blood flow was measured as Doppler flow velocity
multiplied by the cross sectional area (πr2).

Intra- and interobserver coefficients of variation for
FMD were 6% and 7.5%, respectively.

Statistical Analysis
Data are expressed as proportions or mean value±SD.

Independent samples t-test was used to compare continuous
variables, and the chi-square test was used to compare
proportions among groups. Linear regression analysis was
used to assess the strength of association between variables.
Multivariate regression analysis was used to identify deter-
minants of coronary TIMI frame count. The strength of
these relationships was expressed as theβcoefficient and 
p value. A p-value of <0.05 was considered statistically sig-
nificant. SPSS ver. 11.5 software was used for statistical
analyses (Chicago, IL, USA).
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  Nonsmokers Smokers p value

No. of patients 51 36
Age (years, mean ± SD) 56.1±10.5 52.8±10.7 NS
Gender (F/M) 21/30 14/22 NS
BMI (kg/m2) 29.5±3.6  28.7±3.7  NS
SBP (mmHg) 135.5±27.1  136.8±20.8  NS
DBP (mmHg) 77.6±12.8 80.8±14   NS
Heart rate (beats/min) 76.7±14.4 75.6±12   NS
Cardiac risk factors, n (%)
    Family history of CAD 19 (37.3%) 9 (25%) NS
    Hypertension 35 (68.6%) 21 (58.3%) NS
    Diabetes mellitus 10 (19.5%)   5 (13.9%) NS
    Lipidemia 27 (53%)   23 (63%)   NS
    Obesity (BMI >30 kg/m2) 10 (20%)   9 (25%) NS
Lipid profiles
    TC (mg/dl) 198±47  192±50  NS
    LDL-C (mg/dl) 129.3±39.2  127.5±47.8  NS
    HDL-C (mg/dl) 40.1±9.3  39.2±13.2 NS
    TG (mg/dl) 143±76  130±69  NS
TIMI frame count
    LAD 37.4±13.5 57.5±26   0.0001
    LCX 32.6±9.5  34±12 0.001  
    RCA 25.2±9.6  35.1±15.9 0.001  
    Mean TIMI frame count 29.5±9.5  42.2±16.6 0.0001
Oxidative stress parameters
    GSH (μmol/gHb) 8.5±3.6 7.1±1.8 0.019  
    SOD (U/gHb) 2,812±665.4 4,267.7±2,842.8 0.008  
    MDA (nmol/ml) 1.18±0.9  1.91±1.3  0.003  
Endothelial parameters
    Brachial artery diameter (mm) 4.21±0.42 4.08±0.54 NS
    Baseline blood flow (ml/min)    41±10.6 38.6±8.8  NS
    RH (% increase in flow) 392.2±75.5  375.1±58.3  NS
    Flow-mediated dilation (%) 6.81±1.95 5.7±2.2 0.008  
    GTN-mediated dilation (%) 15.8±5     14.5±4.8  NS

Table 1 Comparison of Smokers and Nonsmokers

NS, nonsignificant; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; CAD, coronary artery 
disease; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; TG, 
triglycerides; TIMI, Thrombolysis In Myocardial Infarction; LAD, left anterior descending artery; LCX, left circumflex artery; 
RCA, right coronary artery; GSH, reduced glutathione; SOD, superoxide dismutase; MDA, malondialdehyde; RH, reactive 
hyperemia; GTN, glyceryltrinitrate.

Fig1. Box plots of Thrombolysis In Myocardial Infarction frame
counts in the 2 groups. LAD, left anterior descending coronary artery;
LCX, left circumflex; RCA, right coronary artery; MEAN, mean TIMI
frame count.

Fig2. Box plots of endothelium-dependent (flow-mediated dilata-
tion (FMD)) and endothelium-independent (nitroglycerin (NTG))
vasodilatation in the 2 groups.
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Results
There was no significant difference between nonsmokers

and smokers in terms of demographic and clinical charac-
teristics (Table1), in particular total cholesterol, low density
lipoprotein (LDL)-cholesterol, high density lipoprotein-
cholesterol, triglyceride levels and the other cardiovascular
risk factors. Systolic and diastolic blood pressures were
similar in both groups and all subjects were in sinus rhythm
during coronary angiography. The TIMI frame count in
smokers was significantly higher for each major epicardial
coronary artery than controls (Table 1, Fig1). Mean TIMI
frame count was also significantly higher in smokers than
nonsmokers (42.2±16 vs 29.5±9.5, p=0.0001, Fig1). In the
correlation analysis we found significant positive correla-
tion between each major coronary artery for TIMI frame
count (r=0.79, p=0.0001 for LAD–LCX; r=0.76, p=0.0001
for LAD–RCA; and r=0.7, p=0.0001 for LCX–RCA).

Vascular Studies
Baseline brachial artery diameter, resting blood flow,

hyperemia response, FMD and GTN-mediated dilatation
for smokers and nonsmokers are shown in Table1. Base-
line brachial artery diameter, resting blood flow and the
degree of reactive hyperemia by cuff inflation and release
were similar in smokers and nonsmokers (NS). FMD was
6.81±1.95% in nonsmokers and 5.7±2.2% in smokers
(p=0.008, Fig2). Dilatation in response to GTN was similar
in smokers and nonsmokers (14.5±4.8% vs 15.8±5%, NS).
We found a significant negative correlation between mean
TIMI frame count and FMD (r=–0.526, p=0.0001, Fig3).
In addition, the FMD was inversely correlated with pack-
years (r=–0.43; p=0.022), but not significantly correlated
with smoking years (r=–0.24; p=NS).

Oxidative Parameters
SOD, GSH and MDA in patients with SCF and controls

are shown in Table1. GSH was reduced in smokers (7.1±
1.8 vs 8.5±3.6, p=0.019), whereas SOD and MDA activity
were higher in smokers than in nonsmokers (4,267.7±
2,842.8 vs 2,812±665.4, p=0.008; 1.91±1.3 vs 1.18±0.9,
p=0.003; respectively). We found a significant negative
correlation between mean TIMI frame count and GSH
(r=–0.3, p=0.006, Fig3) and a positive correlation between
mean TIMI frame count and SOD (r=0.235, p=0.027,
Fig3). Potential determinants of mean TIMI frame count
were evaluated by performing multivariate regression
analysis, which indicated that FMD is an independent

Fig 3. Correlation between mean Thrombolysis In Myocardial Infarction (TIMI) frame count, reduced glutathione
(GSH) and superoxide dismutase (SOD). FMD, flow mediated dilatation.

β p value

Flow-mediated dilatation –0.48  0.0001
BMI 0.76 0.41    
Heart rate 0.22 0.81    
LDL-C 0.19 0.59    

Table 2 Regression Analysis for TIMI Frame Count

See Table 1 for abbreviations.
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determinant for TIMI frame count, but not body mass
index, heart rate or LDL-cholesterol (Table 2).

Discussion
The present study shows that (1) long-term cigarette

smoking is associated with oxidation and decreased con-
centrations of the endogenous antioxidant, and (2) smoking-
induced oxidative stress deteriorates endothelium-depen-
dent FMD and the coronary TIMI frame count worsens.

Smoking is strongly associated with cardiovascular
disease and is considered a major risk factor for atheroscle-
rosis.1,19,20 Impairment of vasodilatory function is one of
the earliest manifestations of atherosclerotic changes in a
vessel. Several studies have demonstrated that cigarette
smoke exposure impairs the endothelium-dependent vaso-
dilation in both macrovascular beds, such as the coronary
and brachial arteries, and microvascular beds.2,21–25 The
mechanisms involved are not completely understood, but
clinical studies have shown that smokers have increased
synthesis of isoprostanes, which are products of lipid per-
oxidation, suggesting that increased generation of reactive
oxygen species participates in the development of endo-
thelial dysfunction in smokers.4 Alternatively, smoking
increases endothelial angiotensin II production, which
reduces NO activity and thus might contribute to endothe-
lial damage.26 Increased platelet and serum fibrinogen, as
well as decreased serum plasminogen levels known to
occur in smokers, might also impair endothelial function.27

MDA is a highly toxic product formed in part by lipid
oxidation derived free radicals and we found that its con-
centration is increased in smokers, in agreement with other
reports.4,28–31 Recent studies have shown an acute improve-
ment in the vascular responsiveness of smokers to acetyl-
choline, following vitamin C administration suggesting that
smoking-induced endothelial dysfunction is linked to reac-
tive oxygen species.32

Healthy people are protected against free radicals by
several defense mechanisms, of which GSH is the most
important intracellular scavenger of free radicals.33 GSH
serves as a reductant in oxidation reactions resulting in the
formation of oxidized GSH. Therefore decreased GSH
levels and increased oxidized GSH levels may reflect
depletion of the antioxidant reserve.33 GSH is involved in
the protection from dangerous effects of free radicals,
particularly in ischemia.34 Smoking increases production of
free oxygen radicals and decreased levels of GSH were
documented in the present group of smokers. Similar to our
study, Moriarty et al showed that concentrations of impor-
tant low-molecular-weight thiols in human plasma are
decreased in association with cigarette smoking.35 The
results of our study show there is a close positive relation-
ship between endothelium-dependent vasodilatation and
GSH, indicating the important role of GSH in the regula-
tion of endothelial dysfunction in smokers. The reduction
of the GSH level may be explained by enhancement of the
protective mechanism to oxidative stress in smokers.

SOD functions primarily within cells and in the extra-
cellular matrix where it counteracts the damaging oxidative
effects of superoxide, and circulating extracellular SOD
(EC-SOD) is also likely to have an antioxidation role; it
may also be a useful indicator of EC-SOD bioavailability
in the artery wall. This hypothesis is supported by a recent
finding that arterial wall EC-SOD expression was elevated
in human and rabbit atherosclerotic lesions, accompanied

by increased inducible NO synthase expression.36 In our
study, we found that SOD levels were increased in smokers.
Ozguner et al reported that smoking increases MDA level
in young females and that SOD activity is increased.31 In
contrast to our findings, Wang et al found that SOD activity
is decreased in smokers, but their study population was pa-
tients who were relatively older.37 Recently, Ceballos-Picot
et al detected a clear negative correlation between age and
SOD levels and suggested that this age-dependent decrease
may be due to a progressive enzyme inactivation by its pro-
duct H2O2 or due to an increase in glycation of SOD.38 The
finding of an increase in EC-SOD in smokers could be a
response to oxidative damage and could thus constitute a
protective mechanism with the effect of opposing oxidative
stress.

Previous studies have examined the effect of long-term
smoking on endothelium-dependent vasomotion.21–25

Celermajer et al found a marked reduction in both flow-
mediated, endothelium-dependent and GTN-induced, endo-
thelium-independent vasodilation of the forearm arteries 
in smokers.2 They claimed that endothelium-independent
vasodilation in response to GTN was also mildly impaired
in smoking adults, suggesting that either less GTN is being
delivered to the smooth muscle or that GTN is causing a
decreased vasorelaxant effect; therefore, there may be a
functional or structural abnormality in the arterial smooth
muscle and/or the adventitia of their study subjects. In
contrast, Esen et al found that GTN-induced vasodilatation
was similar in smokers and nonsmokers,24 similar to our
results. Previous studies have shown that GTN-induced
dilation is less in advanced atherosclerotic arteries com-
pared with control arteries.39,40 Because blunted endothelial-
dependent vasodilatation is the early stage of atheroscle-
rosis, endothelium-independent vasodilatation was similar
in our subjects with angiographically normal coronary
arteries.

In our evaluation of the relationship between the dura-
tion of smoking and FMD, there was no significant rela-
tionship. The fact that “pack-years” was significantly
related to endothelial dysfunction means that not only the
length of smoking history but also the amount of smoking
has an important effect on endothelial function.

It is well established that the endothelium plays an
important role in the control of coronary blood flow by
regulating coronary vascular resistance.41,42 In the presence
of coronary risk factors and early in the development of
atherosclerosis, there are functional alterations in the coro-
nary microcirculation leading to an increase in coronary
resistance.43,44 These functional alterations are generally
described as endothelial dysfunction and characterized 
by an impaired vasodilatation to endothelium-dependent
agonists.43–45 The TIMI frame count is a continuous, objec-
tive, reproducible, and simple index of coronary flow and
has been significantly correlated with flow velocity mea-
sured.46,47 The association between increased TIMI frame
count and endothelial dysfunction of coronary territory has
not yet been clearly defined. A recent study has shown
indirectly an association between an increased TIMI frame
count and coronary endothelial dysfunction by showing
impaired endothelial-dependent vasodilatation in the
brachial arteries of patients with an increased TIMI frame
count and angiographically normal coronary arteries.48

In the present study, we found that endothelium-dependent
vasodilatation, as reflected by FMD, was negatively corre-
lated with coronary TIMI frame count. Zeiher et al have
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reported that long-term cigarette smoking is associated
with impaired endothelium-dependent coronary vasodilata-
tion regardless of the presence or absence of atherosclerotic
wall thickening.23 In contrast, Vita et al failed to demon-
strate an association between smoking and endothelial
vasodilator dysfunction in the coronary circulation.49 How-
ever, the systemic nature of many risk factors makes it
plausible that they might similarly affect central and
peripheral arteries. Gerhard et al have also demonstrated a
close relationship between coronary artery endothelium-
dependent vasomotor responses to acetylcholine and flow-
mediated vasodilatation in the brachial artery.50 Erbay et
al51 found that the coronary TIMI frame count was higher
in smokers than nonsmokers, similar to our results, but they
did not investigate the relationship between endothelial
function and oxidative stress. They claimed that increased
heart rate (as a result of smoking-induced reduced vagal
activity), and probably decreased endothelium-dependent
vasodilatation, was responsible for the decreased coronary
blood flow. In the present study, we found similar heart
rates for smokers and nonsmokers. Our study led us to
conclude that endothelial dysfunction has a determinative
effect over the coronary blood flow pattern. There are
studies conducted in patients with slow coronary flow.
Small intramyocardial vessels are the major source of coro-
nary vascular resistance in the normal coronary system and
major epicardial vessels have little effect on the intrinsic
resistance to coronary blood flow.52 However, because of
their well-developed media small intramyocardial vessels
have the capacity to alter profoundly the resistance to coro-
nary blood, and small vessel dysfunction has been impli-
cated in coronary slow flow since its first description.53

Some investigators suggest that microvascular vasomotor
dysfunction may also be the responsible factor for slow
coronary flow.54 Moreover, it was shown by Camsari et al
that endothelin-1 was increased while NO was decreased in
patients with slow coronary flow.55 According to our hypo-
thesis a decrease in endothelial-depended FMD, which is
caused by smoking, impairs coronary blood flow.

Conclusion
In this study, smokers had higher levels of MDA and

SOD, and lower levels of GSH compared with control
subjects, reflecting a state of increased oxidative stress.
Epidemiologic studies have established worldwide that
cigarette smoke exposure is an important cause of car-
diovascular morbidity and mortality. Clinical and experi-
mental studies indicate that either active or passive expo-
sure promotes vasomotor dysfunction, atherogenesis, and
thrombosis in multiple vascular beds. Although the precise
mechanisms responsible remain undetermined, free radi-
cal-mediated oxidative stress appears to play a central role
in smoking-mediated atherothrombotic diseases. These free
radicals could potentially arise directly from cigarette
smoke and indirectly from endogenous sources as well.
Our study indicates that smoking-induced oxidative stress
leads to endothelial dysfunction and causes slow flow in
coronary arteries of subjects with angiographically normal
coronary arteries.
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