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The impact of tetrahydrobiopterin administration
on endothelial function before and after smoking
cessation in chronic smokers

Beth A Taylor1,2,3, Amanda L Zaleski1,2, Ellen A Dornelas1,3 and Paul D Thompson1,3

Cardiovascular disease mortality is reduced following smoking cessation but the reversibility of specific atherogenic risk factors

such as endothelial dysfunction is less established. We assessed brachial artery flow-mediated dilation (FMD) in 57 chronic

smokers and 15 healthy controls, alone and after oral tetrahydrobiopterin (BH4) administration, to assess the extent to which

reduced bioactivity of BH4, a cofactor for the endothelial nitric oxide synthase enzyme (eNOS), contributes to smoking-

associated reductions in FMD. Thirty-four smokers then ceased cigarette and nicotine use for 1 week, after which FMD

(±BH4 administration) was repeated. Brachial artery FMD was calculated as the peak dilatory response observed relative to

baseline (%FMD). Endothelium-independent dilation was assessed by measuring the dilatory response to sublingual nitroglycerin

(%NTG). Chronic smokers exhibited reduced %FMD relative to controls: (5.6±3.0% vs. 8.1±3.7%; Po0.01) and %NTG was

not different between groups (P=0.22). BH4 administration improved FMD in both groups (P=0.03) independent of smoking

status (P=0.78) such that FMD was still lower in smokers relative to controls (6.6±3.3% vs. 9.8±3.2%; Po0.01). With

smoking cessation, FMD increased significantly (from 5.0±2.9 to 7.8±3.2%;Po0.01); %NTG was not different (P=0.57) and

BH4 administration did not further improve FMD (P=0.33). These findings suggest that the blunted FMD observed in chronic

smokers, likely due at least in part to reduced BH4 bioactivity and eNOS uncoupling, can be restored with smoking cessation.

Post-cessation BH4 administration does not further improve endothelial function in chronic smokers, unlike the effect observed

in nonsmokers, indicating a longer-term impact of chronic smoking on vascular function that is not acutely reversible.
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INTRODUCTION

Nearly 18% of American adults currently smoke cigarettes, making it
the leading cause of preventable disease and death in the United
States.1 Moreover, smoking is a major risk factor for atherosclerotic
disease with manifestations ranging from angina to coronary artery
disease, stroke and peripheral vascular disease.2,3

Diminished vascular endothelial function is thought to be one of
the mechanisms underlying the progression of atherosclerosis and
cardiovascular disease in smokers.4–6 The influence of smoking on the
vascular endothelium is attributable in part to the reactive oxygen
species generated by tobacco use, which diminish nitric oxide (NO)
bioavilability, increase inflammation and augment oxidative stress.7–9

Specifically, free radicals arising either directly (from the gas or tar
phase of cigarette smoke) or indirectly (from stimulation of endo-
genous sources) from smoking oxidize important metabolites of
vascular endothelial function, including tetrahydrobiopterin (BH4).

10

BH4 is a cofactor for the endothelial NO synthase enzyme (eNOS) that
modulates production of NO. When BH4 is oxidized, eNOS no longer

produces NO (a process termed eNOS uncoupling), thus reducing
endothelium-dependent dilation.11 The long-term combination of
endothelial dysfunction and heightened oxidative stress also triggers
the creation of foam cells in the smooth muscle cell wall, which
initiates eventual atheromatic plaque formation.12 Notably, brachial
smooth muscle dilation to an exogenous NO donor (that is,
endothelium-independent function) may also be reduced in
apparently healthy and relatively young chronic smokers,6,13,14

indicating that endothelial dysfunction can quickly progress into more
advanced manifestations of atherosclerotic disease in this susceptible
population.
Large population-based studies have established that general

cardiovascular disease mortality risk is reduced with smoking
cessation15–17 and there is a direct relationship between the time since
quitting and slowing of atherosclerotic progression in former
smokers.18 However, the reversibility of specific vascular atherogenic
risk factors such as endothelial function following smoking cessation is
less well established. Short-term smoking cessation augments venous
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hand vein endothelial function19 and brachial artery endothelial
function20,21 in healthy young smokers. By contrast, 24 h of smoking
cessation with nicotine replacement therapy does not improve
endothelial function unless co-administered with vitamin E,22 and
some cross-sectional studies of former smokers show that endothelial
function is either similarly attenuated5 or only marginally improved13

relative to current smokers. These disparate findings may be attribu-
table to the extent to which smoking-related oxidative stress evokes
reversible endothelial dysfunction or whether there are additional
vascular decrements contributing to the atherogenic progression.23

Accordingly, the purpose of the present investigation was to assess
brachial artery endothelial function in chronic smokers, alone and
with BH4 administration, before and after smoking cessation, to
determine whether the diminished vascular function associated with
smoking and associated reductions in the bioactivity of BH4 are
acutely reversible with 1 week of complete tobacco and nicotine
cessation.

METHODS

Study population
Both chronic smokers (410 years of pack per day smoking) and healthy

controls, ages 30–50 years, were recruited for the study. Potential subjects were

excluded from enrollment based on known criteria that influence vascular

function and confound interpretation of data including the following:

diagnosed chronic disease (cardiovascular, pulmonary, metabolic, neurological

and/or psychiatric), stage I or higher blood pressure (4140/90mmHg),

medications affecting hemodynamic variables (cholesterol-lowering medica-

tions, blood pressure-lowering medications, use of hormone therapy or oral

contraceptives in the last 12 months), regular exercise 42 days a week,

pregnancy, use of antioxidants (for example, vitamins C and E) within the last

6 weeks or current/past illicit drug use. Subjects were recruited via flyers, direct

mailers targeting smokers in surrounding towns, hospital employee announce-

ments and by word of mouth. The study was approved by the Institutional

Review Board at Hartford Hospital and procedures were followed in accordance

with the Declaration of Helsinki. Subjects gave their informed consent for

participation on enrollment into the study.

Overview of study procedures
Smokers and healthy controls participated in three initial visits: a screening
visit, a study visit consisting of brachial artery flow-mediated dilation (FMD)
and nitroglycerin (NTG)-induced dilation, and an additional study visit (FMD
and NTG after oral administration of BH4; Figure 1). The order of the two
study visits was randomized and conducted on separate days, to ensure that
there was no drug order effect for BH4 administration. Smokers were then
asked to quit smoking for 7 days, in order for the vascular testing visits to be
completed. To assist with cessation, smokers were offered free structured
smoking cessation counseling with a trained counselor and established
program,24 and/or free nicotine replacement therapy (4 and 2mg nicotine
gum or 21, 14 and 7mg nicotine patch). Subjects were called on a weekly basis
to follow-up and assess quit status. Following 7 days of self-reported smoking
cessation, subjects were asked to report back to the laboratory. Post testing
included carbon monoxide (CO) measurement and serum cotinine testing via
venous blood draw. Confirmation of successful smoking cessation was affirmed
if, and only if, subjects met the following three criteria: (1) no cigarette use in
the last 7 days (that is, 7-day point cessation smoking status), (2) a CO
measurement o10 p.p.m. and (3) a serum cotinine level o3 ngml− 1. The
study visits were repeated, again in randomized order with all participants who
stopped smoking. All follow-up measurements were performed 1 week after the
subject’s last use of nicotine replacement therapy, as transdermal25 and oral26

nicotine acutely influence endothelial function and confound serum cotinine
measurements.

Screening procedures
Subjects who passed the initial phone screen for inclusion/exclusion criteria
reported to Hartford Hospital having fasted (no food or beverage other than
water) for at least 12 h. Subject’s vital signs (blood pressure and heart rate),
height, weight and waist circumference were measured. Detailed information
regarding medical history, including allergies and diagnosed medical conditions,
was obtained. Subjects were asked to blow into a hand-held monitor
(Vitalograph, Lexus, KS, USA) to measure breath CO levels. Past and current
smoking behavior such as cigarettes smoked per day, number of years smoking
and longest quit attempt was assessed. Subjects were also queried on prior use
of pharmacotherapy for smoking cessation and past history of other drug use
and dependence. The Fagerstrom Test for Nicotine Dependence27 was used to
measure dependence on nicotine, with 0 indicating no dependence and
10 indicating the greatest level of dependence.

Figure 1 Study schematic detailing study visit procedures, order of testing and structure of protocol in smoking subjects vs. healthy nonsmoking controls.
BH4, tetrahydrobiopterin; FMD, flow-mediated dilation.
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Subjects then underwent a venous blood draw to assess blood lipids and
serum cotinine levels. Plasma lipids (total cholesterol, high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol and triglycerides) were
measured using spectrophotometry and cotinine values were measured via
enzyme-linked immunosorbescent assay at the Clinical Laboratory Partners,
Hartford, CT, USA.
Arterial stiffness and central blood pressure amplification were also assessed

using the SphygmoCor CPV Central Blood Pressure/Pulse Wave Velocity
System (AtCor Medical, Sydney, NSW, Australia). Briefly, a tonometer was held
on the radial artery to obtain readings of the pulse waveform over 10 s. The
tonometer transduced dynamic changes in arterial force and volume into a
complete pressure waveform calibrated using systolic and diastolic pressure
values generated from brachial cuff measurement. A generalized transfer
function gain was then applied to the pulse wave derived from the radial
artery to reconstruct the aortic pulse and determine the aortic pulse pressure
amplification between the aorta and the radial artery. Augmentation index was
calculated as the difference in pressure between the systolic shoulder of the
ascending pressure curve and the systolic peak, expressed as an absolute value
(Augmentation Pressure) and relative to a heart rate of 75 b.p.m. (Augmenta-
tion Index @ HR 75). For the measurement of central pulse wave velocity
(PWV), the operator located both the right carotid and right femoral pulses and
placed the applanation tonometer on each site sequentially to take multiple
readings of the pulse wave at those sites. The distance between the points of
measurement of the carotid and femoral pulses were recorded by taking
measurements on the surface of the body from the suprasternal notch to the
point where the right carotid pulse was found, and from the suprasternal notch
to the right femoral pulse via the umbilicus; PWV was calculated as the
propagation of the pulse wave over the known distance. For peripheral PWV,
the same procedure was repeated to assess propagation of the pulse wave
between the femoral and posterior tibial artery.
Based on data gathered at the initial screening session, classification of a

subject as a smoker was confirmed if, and only if, the subject met the following
three criteria: (1) a self-reported chronic smoking habit of at least one pack
per day for > 10 years, (2) a CO level > 10 p.p.m.28 and (3) a serum cotinine
value > 3 ngml− 1.29 Subjects who did not currently self-report smoking or
tobacco use, had no previous history of smoking or tobacco
use and exhibited a CO o10 p.p.m. and serum cotinine o3 ngml− 1 were
classified as healthy controls.

Standardization of conditions
For all subsequent study visits, subjects were fasted and asked to refrain
from exercise, caffeine, migraine medicine, alcohol, aspirin, ibuprofen,
phosphodiesterase inhibitors (for example, Viagra) or herbal supplements for
at least 24 h before testing.

Brachial FMD test
Brachial FMD of the nondominant arm of each subject was measured with the
subject lying supine with the arm extended 80° from the torso at heart level.
Blood pressure in the dominant arm was measured every minute with an
automated blood pressure monitor (Vital Signs Monitor; WelchAllyn,
Skaneateles, NY, USA). A rapid-inflation/deflation pneumatic cuff (Hokanson,
Bellevue, WA, USA) was placed around the forearm immediately distal to the
olecranon process.30 The artery was imaged 1–3 inches proximal to the
olecranon process using a 5- to 12-MHz multifrequency linear-array transducer
attached to a high-resolution ultrasound machine (Terason t3000; TeraTech
Corp, Burlington, MA, USA). Once a satisfactory image using optimal B-mode
imaging was obtained, the placement of the probe was fixed on the upper arm
to ensure that the site of measurement did not change. Doppler velocity was
also measured continuously with the Terason using a 60° angle of insonation
held constant throughout the study. After the subject rested in the supine
position for 10min, resting brachial artery diameter and velocity were
measured for 1min before inflation of the pneumatic cuff. The cuff was then
inflated to suprasystolic pressure (300mmHg) for 5min; diameter and velocity
recordings resumed 30 s before cuff deflation and continued for 3min after
deflation.

Sublingual NTG administration
After a 10-min rest period, endothelium-independent dilation of the arm was
assessed with administration of 0.4 mg sublingual NTG (Nitrostat, Parke-Davis,
Morris Plains, NJ, USA). After 1min of baseline diameter measurements,
diameters were measured continuously for 10min after administration of NTG.

Oral BH4 administration and FMD/NTG test
The morning of the study visit, subjects took an oral dose (10mg per kg body
weight) of BH4 (Schirks Laboratories, Jona SG, Switzerland). The selection of
this single dose increases plasma biopterin levels by 50-fold,31 has been used in
previous studies32 and is commercially available to treat special forms of
phenylketonuria with minimal side effects.33,34 To ensure compliance with the
BH4 treatment, subjects were contacted by phone the night before the
experimental session. The subject was instructed to take the BH4 3 h before
the scheduled FMD test in the morning, as this dose of BH4 reaches its
maximal plasma concentration 3 h after oral administration.31 On the study
visit, the FMD test and sublingual NTG administration were performed as
described above.

Data analysis
Ultrasound images were recorded at five frames per second using Camtasia
software (TechSmith, Okemos,MI, USA) and saved as AVI files. Diameters and
velocities were analyzed using Brachial Analyzer software (Medical Imaging
Applications LLC, Coralville, IA, USA). A technician, blinded to any subject
information, selected a region of interest along the arterial wall and the edge of
the intima-lumen interface was detected by pixel density and represented by a
line of best fit. Multiple perpendicular lines were fit between the near and far
walls, and averaged to report a composite diameter measurement for each
frame. Diameter analyses were triggered by the corresponding Doppler wave-
form to capture only end diastolic diameters. Resting diameters were calculated
as the average of images taken over the 1-min baseline. The peak diameter was
calculated as the highest 3-s average observed post occlusion. FMD was
expressed as the percent dilation (% FMD) relative to the baseline measure-
ment for each trial. For velocity analysis, a region of interest was selected
around the Doppler waveform and the trace of the velocity-time integral was
used to calculate mean velocity for each cardiac cycle. Velocity was matched to
the corresponding diameter and shear rate was calculated using the formula
4V/D, where D is artery diameter (cm) and V is in cm s− 1. The shear rate
post-occlusion area under the curve was then calculated from cuff release up
until the time of peak diameter30 and FMD was normalized to the shear rate
post-occlusion area under the curve with the latter divided by an arbitrary value
of 1000, to simplify data presentation. Our previous work established the
coefficient of variation for this measurement and analysis technique for two
repeated trials of brachial FMD as 3.5% for men and 3.7% for women.35 For
NTG measurements, diameters were analyzed as described above, with the
resting diameter calculated as the average of images taken over the 1-min
baseline and the peak diameter calculated as the highest 3-s average observed
post NTG administration. NTG dilation (% NTG) was calculated as the percent
change in dilation relative to baseline.

Sample size calculations
Major comparisons of interest in the study were: (1) baseline differences in FMD
and NTG dilation between chronic smokers and healthy controls,
(2) baseline differences in improvement in FMD following administration of
BH4 in chronic smokers vs. healthy controls, (3) alterations in FMD and NTG
dilation in chronic smokers after smoking cessation and (4) improvement in
FMD following administration of BH4 in chronic smokers before and after
smoking cessation. Sample size calculations were based on cross-sectional
differences in vascular function between smokers and nonsmokers (sample size
estimated for independent samples t-test with an unequal ratio of control to
experimental subjects) and smokers and former smokers (sample size estimated
for paired t-test in smokers). All calculations assumed a power of 0.80 and a
significance level of 0.05. Based on a review of existing literature with these
comparisons,13,36,37 we estimated effects between and within groups in out-
comes of FMD % dilation and NTG % dilation ranging from 1.8 to 5.0% with s.
d. of 1.2–5.2%, yielding a desired sample size of 30 smokers and
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15 controls for baseline comparisons and 34 smokers for pre-post smoking
comparisons. Experiences at Hartford Hospital with smoking cessation pro-
grams suggested that abstinence rates would be about 45–50% immediately
following the end of the financially incentivized program,24 in agreement with
other published studies;38 hence, we aimed to recruit 50–75 smokers at baseline.

Statistical analyses
All statistical analyses were performed with SPSS 15.0 (SPSS, Chicago, IL, USA).
Differences in subject characteristics between smokers and nonsmokers were
determined by an independent t-test. A paired t-test was used to examine
differences in subject characteristics in smokers before and after smoking
cessation. Statistical comparisons for group differences and changes in FMD
and NTG dilation before and after BH4 administration and smoking cessation
were performed by a repeated-measures analysis of variance followed by
Bonferroni post-hoc analysis, to identify significant differences among mean
values when F-values were significant. Gender was included as a fixed factor to
investigate sex differences and analysis of covariance was used to investigate
whether any independent continuous predictor variables (at baseline or as
changes with smoking cessation) modulated observed relationships.

RESULTS

Subject characteristics
Subject characteristics at baseline and after smoking cessation in smokers
are shown in Table 1; smokers differed from controls minimally at
baseline, exhibiting a slightly older age, as well as higher resting systolic
blood pressure and heart rate. Forty smokers self-reported total smoking
cessation for at least the past 7 days but 6 were excluded from analysis
due to serum cotinine levels43 ngml− 1. Study visits were conducted on
average 10±5 days after the last day of smoking. Among the 34 subjects
who successfully quit smoking with cotinine verification, body mass
index (from 29.7±8.3 to 30.2±8.5 kgm−2), total cholesterol (from
184±42 to 190±41mg dl−1) and central PWV (from 7.3± 1.8 to
8.0± 2.1m s− 1) all increased significantly (P= 0.02, 0.04 ando0.05,
respectively) with smoking cessation.

Baseline brachial artery reactivity
Smokers had significantly lower FMD at baseline (Po0.01; Figure 2)
than controls, which persisted after normalization to the shear
stimulus (0.25± 0.17 vs. 0.36± 0.12 s− 1; P= 0.02), and when relevant
covariates that were different between groups (age, systolic blood
pressure and heart rate) were taken into account all (Po0.01). NTG-
induced dilation was not different between groups (23.2± 7.1% vs.
26.0± 8.2%; P= 0.22). BH4 administration improved FMD similarly
in both groups (P= 0.03 for drug effect) independent of smoking
status (P= 0.78 for group×drug interaction) such that FMD was still
lower in smokers relative to controls (Po0.01; Figure 2) as was shear-
normalized FMD (0.27± 0.16 vs. 0.44± 0.22 s− 1; Po0.01). However,
FMD and shear-normalized FMD measured after BH4 administration
in smokers were not significantly different than baseline FMD (non-
BH4 FMD) exhibited by controls (P= 0.15 and 0.06, respectively).
BH4 administration had no effect on nitroglycin-induced dilation
(P= 0.93) and again there was no group difference between smokers
and controls in this condition (23.3± 6.9% vs. 24.9± 8.1%; P= 0.49).

Effect of smoking cessation on brachial artery reactivity
With smoking cessation, FMD (Figure 3) and shear-normalized FMD
(from 0.21± 0.12 to 0.36± 0.20 s− 1) increased significantly (both
Po0.01), although NTG-induced dilation was not different (from
23.5± 6.9% to 24.4± 6.0%; P= 0.57). The change in cholesterol was
the only significant covariate in models, as it was inversely related to
the impact of smoking cessation on shear-normalized FMD (P= 0.01),
but this did not remarkably change the nature of the observed
improvement pre-to post study (P= 0.05 for effect of smoking
cessation on shear-normalized FMD). All other baseline or change
variables such as smoking dose or duration of smoking cessation
investigated in the model were nonsignificant. In addition, FMD
(Figure 3) and shear-normalized FMD (from 0.28± 0.18 to
0.36± 0.18 s− 1) were also greater following BH4 administration after
smoking cessation compared with BH4 administration at baseline
(Po0.01 and P= 0.01, respectively), and again NTG-induced dilation
was not significantly different (from 22.9± 7.9% to 26.1± 7.7%
P= 0.06). However, after smoking cessation, BH4 administration did
not further improve FMD, shear-normalized FMD or NTG-induced
dilation relative to the non-BH4 condition (P= 0.33, 0.94 and 0.14,
respectively). Moreover, after smoking cessation, no dilatory variables
(FMD, shear-normalized FMD or NTG-induced dilation), both with
and without BH4 administration, were different than values exhibited
by controls at baseline (all P40.20).

DISCUSSION

Many studies have demonstrated that smokers exhibit blunted
endothelial function relative to healthy controls.21,37 One such
mechanism underlying the blunted vasodilator function is a process
termed eNOS uncoupling, a condition in which the eNOS enzyme
produces superoxide rather than NO.39 Uncoupling is stimulated by,
among other factors, a decrease in the bioavailability of BH4, as BH4 is
an essential cofactor for eNOS function and healthy endothelial
function. Cigarette smoking causes a concurrent oxidation of BH4

and inactivation of eNOS that is restored by supplementation of
BH4.

7,40 For example, blunted forearm vasodilatory responses and
brachial artery FMD in smokers can be improved by intra-arterial
infusion41 and oral administration of BH4,

37 respectively. In the
current study, we did indeed observe that brachial artery FMD was
~ 25% lower in smokers relative to healthy controls and was improved
by oral administration of BH4. Interestingly, despite exhibiting higher
levels of FMD at baseline, healthy controls also exhibited improved

Table 1 Subject Characteristics

Smokers

(pre)

Smokers

(post) Controls

Overall n/number females 57/31 34/14 15/6

Age (years) 43±6 — 38±7*

Cigarettes smoked daily (#) 20±13 — 0±0*

Years smoking (years) 22±8 — 0±0*

Fagerstrom score (pts) 6±4 — 0±0*

Carbon monoxide (p.p.m.) 17±10 2±2 3±2*

Serum cotinine (ngml−1) 191±105 0±0† 0±0*

Systolic blood pressure (mmHg) 120±12 120±14 111±9*

Diastolic blood pressure (mmHg) 77±8 76±10 73±7

Resting heart rate (b.p.m.) 75±13 69±13 65±12*

Body mass index (kgm−2) 29±7 30±9† 28±6

Total cholesterol (mg dl−1) 191±39 190±41† 179±34

High density lipoprotein cholesterol

(mg dl−1)

54±17 55±15 58±15

Low density lipoprotein cholesterol

(mg dl−1)

112±33 112±29 96±27

Triglycerides (mg dl−1) 119±63 129±72 128±118

Augmentation pressure (mmHg) 6.9±4.8 7.9±4.1 5.7±3.4

Augmentation Index @ HR75 (mmHg) 19.4±12.2 18.4±10.0 15.7±10.0

Central PWV (m s−1) 7.5±1.6 8.0±2.2† 6.5±1.4

Peripheral PWV (m s−1) 9.5±2.1 10.0±2.1 9.5±2.6

Abbreviation: PWV, pulse wave velocity
*indicates significant difference (Po0.05) between smokers and controls at baseline.
windicates significant difference (Po0.05) between smokers pre- and post-smoking cessation.
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FMD with administration of BH4. These findings suggest that even
apparently healthy individuals may incur a chronic level of oxidative
stress and inflammation, leading to the oxidation of BH4 and eNOS
uncoupling, which diminishes endothelial function.
Most available data indicate that smoking cessation improves and/or

restores endothelial function,42 although the mechanisms by which
this occurs are less clear. For example, Kato et al.20 found that the use
of varenicline to support smoking cessation reduced oxidative
biomarkers and there was a correlation between reduced oxidative
stress and improved endothelial function. By contrast, Sugiura et al.43

found that blunted endothelial function in smokers was inversely
correlated to plasma serotonin levels; interestingly, 8 weeks smoking
cessation improved endothelial function in smokers with no change in
plasma serotonin. To the best of our knowledge, no study has directly
tested the hypothesis that eNOS uncoupling and reduced BH4

bioactivity are restored by smoking cessation by directly administering
BH4 before and after smoking cessation. In the current study, FMD
was improved by smoking cessation to dilatory levels comparable to
control nonsmokers and there were no statistically significant further
improvements in FMD with BH4 administration after smoking

cessation. This supports that smoking cessation improved FMD by
reducing oxidative stress and restoring BH4 levels such that admin-
istration of BH4 did not have a further impact on endothelial function.
As noted previously, nonsmokers exhibited improved FMD with BH4

administration even despite having greater FMD at baseline than
smokers. This unexpected observation suggests that there may be
mechanisms besides oxidative stress, diminished BH4 bioavailability
and eNOS uncoupling,44,45 which contribute to the blunted FMD
observed in chronic smokers. In line with this hypothesis, we observed
that central arterial stiffness (central PWV) also acutely increased with
smoking cessation (Table 1). Moreover, Mah et al.21 found that
additive α-tocopherol supplementation combined with 1 week
smoking cessation improved endothelial function to a greater extent
than smoking cessation alone in smokers, suggesting that systemic
inflammation and oxidative stress is not fully restored by smoking
cessation alone. Collectively, these observations indicate that
endothelial dysfunction may not be fully reversible with acute smoking
cessation and could explain the equivocal findings regarding FMD
and endothelial function with short-term and long-term smoking
cessation.
Interestingly, emerging data are showing that endothelium-

independent function may be attenuated in smokers.14 We did not
observe blunted endothelium-independent dilation in smoking
subjects, as the dilatory response to NTG was not different between
smokers and nonsmokers at baseline, and did not improve with
smoking cessation. However, we administered a single, maximal dose
of sublingual NTG (0.04 mg). Lanza et al.14 recently constructed a
dose–response curve in smokers and nonsmokers of the brachial
artery vasodilatory response to increasing doses of NTG (10–40 μg),
reporting that impaired endothelial-independent dilation in smokers
reached statistical significance only at lower levels of NTG adminis-
tration (0.03 mg). These investigators hypothesized that a maximal
dose of NTG may have masked abnormal submaximal endothelium-
independent dilator function. Therefore, it is possible that the smokers
in the current study did have attenuated endothelium-independent
vasodilator function that we did not detect with one large dose of
NTG and a blunted submaximal endothelium-independent vasodilator
capacity could provide an alternative explanation as to why BH4

administration did not further increase FMD after smoking cessation
as it did in the nonsmoking control group.
There are several limitations to the current study. We did not

directly measure markers of oxidative stress, inflammation or reactive
oxygen species, nor did we directly measure NO metabolites in the
serum. However, rigorous data support that BH4 oxidation and eNOS
uncoupling in smokers is caused primarily by the generation of
reactive oxygen species associated with cigarette smoke.37,41 In
addition, we examined the effects of short-term smoking cessation
on endothelium-dependent and -independent functions, and thus our
discussion regarding the differences between acute and longer-term
smoking cessation is speculative. For example, circulating endothelial
progenitor cells are restored to nonsmoking levels after a month of
smoking cessation.46 Further research is necessary to better define the
time course of vascular adaptations following smoking cessation.
The current study provides, to the best of our knowledge, the first

assessment of FMD with and without BH4 administration, before and
after smoking cessation, to assess the extent to which smoking
cessation restores the reduced BH4 bioactivity associated with chronic
smoking. Our findings indicate that even short-term smoking
cessation restores endothelium-dependent vasodilation to levels
exhibited by control nonsmokers, such that administration of BH4

does not further augment FMD. These results are promising in that

Figure 2 Group means± s.d. of flow-mediated dilation (FMD; expressed as a
% dilation above baseline) in smoking subjects (black bars) vs. healthy
nonsmoking controls (white bars) with and without administration of BH4.
*(Po0.05) difference between groups within each condition (baseline or
BH4 treatment); †(Po0.05) difference within a group with BH4 treatment.

Figure 3 Group means± s.d. of flow-mediated dilation (FMD; expressed as a
% dilation above baseline) in smoking subjects (black bars) vs. the same
subjects after successful smoking cessation (white bars) with and without
administration of BH4. *(Po0.05) difference with smoking cessation;
†(Po0.05) difference with BH4 treatment.
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they suggest that a large portion of the endothelial dysfunction
associated with chronic smoking is reversible, likely due to the
influence of oxidative stress, free radical formation, BH4 depletion
and eNOS uncoupling.41 However, given that we did not observe a
similar enhancement in FMD with BH4 administration in smokers
after smoking cessation as we did with nonsmoking controls, there
may be additional detrimental vascular effects of chronic smoking that
require longer durations of time and/or lifestyle or pharmacological
interventions to be fully mitigated.
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