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Tetrahydrobiopterin augments endothelium-dependent
dilatation in sedentary but not in habitually exercising
older adults

Iratxe Eskurza, Laura A. Myerburgh, Zachary D. Kahn and Douglas R. Seals

Department of Integrative Physiology, University of Colorado, Boulder, CO 80309, USA

Endothelium-dependent dilatation (EDD) is impaired with ageing in sedentary, but not in
regularly exercising adults. We tested the hypotheses that differences in tetrahydrobiopterin
(BH4) bioactivity are key mechanisms explaining the impairment in EDD with sedentary
ageing, and the maintenance of EDD with ageing in regularly exercising adults. Brachial
artery flow-mediated dilatation (FMD), normalized for local shear stress, was measured after
acute oral placebo or BH4 in young sedentary (YS) (n = 10; 22 ± 1 years, mean ± S.E.M.),
older sedentary (OS) (n = 9; 62 ± 2), and older habitually aerobically trained (OT) (n = 12;
66 ± 1) healthy men. At baseline, FMD was ∼50% lower in OS versus YS (1.12 ± 0.09 versus
0.57 ± 0.09 (∆mm (dyn cm−2)) × 10−2, P < 0.001; 1 dyn = 10−5 N), but was preserved in OT
(0.93 ± 0.08 (∆mm (dyn cm−2)) × 10−2). BH4 administration improved FMD by ∼45% in
OS (1.00 ± 0.10 (∆mm (dyn cm−2)) × 10−2, P < 0.01 versus baseline), but did not affect FMD
in YS or OT. Endothelium-independent dilatation neither differed between groups at baseline
nor changed with BH4 administration. These results suggest that BH4 bioactivity may be a key
mechanism involved in the impairment of conduit artery EDD with sedentary ageing, and the
EDD-preserving effect of habitual exercise.
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Ageing is a major risk factor for the development of cardio-
vascular diseases (CVD) (Lakatta & Levy, 2003). A central
feature of the age-associated increase in CVD risk is a
reduction in vascular endothelium-dependent dilatation
(EDD) (Celermajer et al. 1994; Taddei et al. 1995). As such,
determining the mechanisms by which ageing impairs
EDD and establishing strategies for the prevention of this
adverse effect have important clinical implications.

The decrease in EDD with ageing in sedentary adults
is mediated by oxidative stress (Taddei et al. 2000;
Eskurza et al. 2004b), whereas EDD is preserved with
ageing in the absence of oxidative stress in habitually
exercising adults (Taddei et al. 2000; Eskurza et al. 2004b).
However, the mechanisms by which the presence and
absence of oxidative stress modulates EDD with ageing in
sedentary and physically active humans, respectively, are
unknown.

Oxidative stress can suppress EDD by oxidizing
tetrahydrobiopterin (BH4), an essential cofactor for endo-
thelial nitric oxide synthase (eNOS), thus reducing BH4

bioactivity (Milstien & Katusic, 1999; Cosentino et al. 2001;
Laursen et al. 2001; Landmesser et al. 2003). Reduced
BH4 bioactivity leads to the ‘uncoupling’ of eNOS (Pou

et al. 1992; Vasquez-Vivar et al. 1998, 2002), resulting
in greater formation of superoxide anions than NO and
impaired EDD (Vasquez-Vivar et al. 1998; Cosentino &
Luscher, 1999; Cosentino et al. 2001; Laursen et al. 2001;
Landmesser et al. 2003). BH4 supplementation improves
EDD in patients with clinical cardiovascular disorders
(Stroes et al. 1997; Maier et al. 2000; Setoguchi et al. 2002).
However, the role of BH4 in the modulation of EDD with
sedentary and physically active ageing in healthy adults is
unknown.

In the present study, we tested the hypothesis that
differences in BH4 bioactivity are a key mechanism
explaining the impairment in endothelium-independent
dilatation (EDD) with sedentary ageing and the
maintenance of EDD with ageing in regularly exercising
adults. To do so, we determined the effect of acute
BH4 supplementation (single oral dose, 10 mg kg−1)
on brachial artery flow-mediated dilatation (FMD), a
clinically important measure of conduit artery EDD,
in groups of young and older sedentary and aerobic
exercise-trained healthy men. Because group differences
in brachial artery FMD are influenced by corresponding
differences in the dilatory stimulus (i.e. local shear stress
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or blood flow) (Mitchell et al. 2004), brachial artery FMD
was normalized for local shear stress.

Methods

Subjects

A total of 31 healthy men were studied: 10 young (aged
19–26 years) and 21 older (aged 55–74 years). During the
previous 2 years, the older men were either sedentary (no
regular physical activity) (n = 9) or habitually exercising
(vigorous aerobic-endurance exercise, more than three
sessions per week) (n = 12). Subjects were normotensive
(blood pressure, <140/90), nonsmokers, nonobese, and
free of CVD, as assessed by medical history, physical
examination, blood chemistry, and resting and exercise
ECG (older men only). Subjects were excluded if they were
classified as having the metabolic syndrome according
to the criteria established by the National Cholesterol
Education Program Adult Treatment Panel III expert
panel or a modification of the original (World Health
Organization 2001; Laaksonen et al. 2002; Lakka et al.
2002). Candidates who had used antioxidants (e.g.
vitamins C and E) within 6 weeks of study or were taking
other medications were excluded. Subjects gave their
written informed consent to participate. All procedures
were approved by the Human Research Committee of the
University of Colorado at Boulder.

Experimental procedures

All procedures were performed in the University of
Colorado at Boulder General Clinical Research Center.
After completion of screening procedures, two main
experimental sessions (i.e. placebo baseline and BH4

treatment) were conducted within 2 days of each other.
Prior to the main sessions, subjects fasted for 10–12 h
and abstained from any physical exercise on the previous
day. During the experimental sessions, subjects were in
the supine position and instrumented with an intravenous
catheter in one arm for acquisition of blood.

Measurements

Brachial artery FMD and EDD. Brachial artery FMD
was assessed noninvasively as described originally by
Celermajer et al. (1992) and more recently by our
laboratory (Eskurza et al. 2004b). Brachial artery
baseline and peak (post-ischaemia) diameters were
analysed off line with an automatic wall-tracking system
(Vascular Analysis Tools, 4.0, Medical Imaging Analysis,
LLC, IA, USA). The same investigator (I.E.) performed all
analyses blinded to the group assignment of the subject and
the experimental condition. Velocities and diameters were
analysed on separate days. Baseline and peak mean blood
velocities were measured as previously described (Eskurza

et al. 2004b). The reliability of mean blood velocities
obtained for nine subjects measured on two separate days
(r = 0.97, P < 0.001) was similar to that reported in a
recent population study (Mitchell et al. 2004).

Shear stress (SS) (dyn cm−2; 1 dyn = 10−5 N) averaged
over the whole entire cycle was calculated using the formula
SS = 8 × µ × V /D, where µ, V and D represent viscosity
(dyn × (s cm−2)), velocity (cm s−1) and diameter (cm),
respectively, as described recently (Mitchell et al. 2004). To
calculate baseline SS (SSbase), baseline V and D were used.
Because brachial artery diameter is lower during the end
of the occlusion period than before occlusion (Levenson
et al. 2001), the peak velocity and corresponding diameter
obtained during the last 15–20 s of occlusion was used to
calculate peak SS (SSpeak).

Because the conventional expression of FMD as
percentage change from baseline is highly dependent on
baseline brachial artery diameter (i.e. the same absolute
change in diameter results in a greater percentage change
the smaller the baseline diameter), to normalize FMD
for local SS we used the following formula: normalized
FMD = (peak D − baseline D)/SSpeak. SSpeak was used to
normalize FMD rather than the area under the SS curve
(AUC) for two main reasons: (1) in our laboratory we
are currently unable to determine the AUC of SS, and
(2) the normalization of FMD with peak shear rate (i.e.
an estimate of SS commonly used when viscosity in not
measured) versus AUC of shear rate provides comparable
efficacy for eliminating the effect of baseline diameter FMD
among individuals (Pyke et al. 2004).

Brachial artery endothelium-independent dilatation
was measured with sublingual nitroglycerin, as previously
described (Eskurza et al. 2004b).

Arterial blood pressure. Resting blood pressure was
measured over the brachial artery using a semi-automated
device (Dynamap XL; Johnson and Johnson).

Plasma marker of oxidative stress. Plasma samples were
analysed for oxidized low-density lipoproteins (ALPCO
Diagnostics, Windham, NH, USA).

Body composition. Total body fat mass and fat-free
mass (FFM) were measured by dual-energy X-ray
absorptiometry (DXA-GE; Lunar corporation, Madison,
WI, USA; software version 5.60.003), and waist and
hip circumferences and body mass index (BMI) by
anthropometry (Van Pelt et al. 1998).

Maximal oxygen consumption (V̇O2 max). V̇O2 max was
measured during graded treadmill exercise test using
open-circuit spirometry, as previously described (DeSouza
et al. 2000).

Blood viscosity. Whole-blood viscosity was measured at
shear rates of 0.3–60 r.p.m. (2.5 × 10−6 to 6.0 × 10−5 g)
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Table 1. Subject characteristics

Young sedentary Older sedentary Older trained

Age (years) 22 ± 1 62 ± 2∗ 66 ± 1∗

Body mass (kg) 73 ± 3 79 ± 3 70 ± 2
Body fat (%) 15.4 ± 2.2 27.3 ± 2.6∗ 16.9 ± 1.1†
BMI (kg m−2) 23.3 ± 0.9 25.6 ± 1.0 22.8 ± 0.6†
Waist circumference (cm) 78.8 ± 2.4 94.8 ± 3.1∗ 82.8 ± 1.8†
Hip circumference (cm) 93.0 ± 1.7 99.9 ± 1.9∗ 93.4 ± 1.4†
WHR 0.84 ± 0.01 0.95 ± 0.02∗ 0.89 ± 0.02†
Total cholesterol (mmol l−1) 4.5 ± 0.2 5.1 ± 0.2 5.0 ± 0.2
LDL cholesterol (mmol l−1) 2.7 ± 0.2 3.3 ± 0.2 3.0 ± 0.2
HDL cholesterol (mmol l−1) 1.2 ± 0.1 1.3 ± 0.1 1.6 ± 0.1∗†
Triglycerides (mmol l−1) 1.2 ± 0.2 1.1 ± 0.1 0.86 ± 0.1
Plasma insulin (µIU ml−1) 3.7 ± 0.5 6.3 ± 1.0∗ 3.3 ± 0.5†
Plasma glucose (mmol l−1) 4.9 ± 0.1 5.3 ± 0.2 4.8 ± 0.1
V̇O2 max (ml kg−1 min−1) 48.0 ± 1.3 29.1 ± 2.1∗ 41.3 ± 1.2∗†
BV (dyn cm−2) 0.036 ± 0.001 0.033 ± 0.002 0.036 ± 0.003
Haematocrit (%) 45.0 ± 0.8 44.4 ± 1.1 43.8 ± 0.7

Data are means ± S.E.M. BMI, body mass index; WHR, waist-to-hip ratio; V̇O2 max, maximal
oxygen consumption; BV, blood viscosity (1 dyn = 10−5 N). ∗P < 0.05 versus young; †P < 0.05
versus older sedentary.

at 37◦C using a viscometer (model DV-I+; Brookfield
Engineering Laboratories, Inc., Staughton, MA, USA), as
previously described by our laboratory (Dinenno et al.
2001). Blood viscosity values at rates of 60 r.p.m. were used
to calculate wall SS (see above).

Dietary analyses. Macronutrient and antioxidant
(vitamins A, C and E) intake were quantified using the
food-frequency questionnaire (NHANES III food-intake
database).

Study design

We conducted a double-blind crossover study in which
subjects were randomly assigned to take either placebo
or BH4 (single dose of 10 mg (kg body weight)−1) pills
(Schirks Laboratories, Switzwerland). The selection of this
single dose was based on the facts that: (1) it increases
plasma biopterin levels by ∼50-fold (Fiege et al. 2004),
(2) improvements in brachial artery FMD are observed
with as little as a fourfold increase in BH4 above
normal baseline concentrations (Ueda et al. 2000), and
(3) commercially available BH4 is used therapeutically
to treat special forms of phenylketonuria at a dose
of 2–10 mg per kg of body weight, and a single
dose of 10 mg (kg body weight)−1) decreases symptoms
in these conditions (Niederwieser et al. 1982; Kure
et al. 1999). Two days were allowed between the
phases of the crossover study in order to ensure an
adequate washout period, as previously described (Fiege
et al. 2004). The randomization of the treatments was
performed by the General Clinical Research Center
pharmacist who was not involved in data acquisition
or analysis. To ensure compliance with the treatments,

subjects were contacted by phone the night prior to the
experimental session. With the unavoidable exception
of knowing the age group (young versus older) of the
subjects during data collection, the investigator (I.E.) who
performed the data collection and analysis was blinded to
the group and treatment condition. Measurements were
obtained ∼3 h after ingestion when the dose of BH4 used
reaches its maximal plasma concentration (Fiege et al.
2004).

Statistical analyses

Statistical analyses were performed with SPSS statistical
package (version 11.0; SPSS, Chicago, IL, USA).
Differences in subject characteristics across the three
groups were determined by one-way ANOVA. To
determine the effects of placebo versus BH4 administration
on all outcome measures, repeated measures ANOVA
was used. In the case of significant F values, post hoc
analyses were performed using the Bonferroni correction
to identify significant differences among mean values. To
examine relations between variables of interest, bivariate
relations were performed with Pearson product–moment
correlations.

Results

Subject characteristics

Values are shown in Tables 1 and 2. The groups did
not differ in body mass, total cholesterol, low-density
lipoprotein-cholesterol (LDL-C), triglycerides, glucose,
blood viscosity, haematocrit and systolic blood pressure.
BMI, total body fat, waist and hip circumferences,
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Table 2. Systemic haemodynamics and brachial artery parameters after placebo and BH4 supplementation

Young sedentary Older sedentary Older endurance-trained

Placebo BH4 Placebo BH4 Placebo BH4

Systolic BP (mmHg) 110 ± 3 111 ± 4 111 ± 4 113 ± 5 107 ± 3 108 ± 4
Diastolic BP (mmHg) 58 ± 2 59 ± 2 69 ± 1∗ 69 ± 2∗ 66 ± 2∗ 67 ± 2∗

Heart rate (beats min−1) 52 ± 3 50 ± 3 58 ± 3 55 ± 2 46 ± 2∗† 46 ± 2∗†
Baseline D (mm) 4.13 ± 0.11 4.10 ± 0.11 4.36 ± 0.16 4.33 ± 0.16 3.99 ± 0.14 3.96 ± 0.14
Baseline MBV (cm s−1) 5.5 ± 0.5 5.3 ± 0.5 5.7 ± 0.3 5.4 ± 0.4 4.8 ± 0.3 4.9 ± 0.3
Peak MBV (cm s−1) 42.9 ± 2.5 43.8 ± 1.4 44.6 ± 3.4 40.9 ± 2.3 37.2 ± 2.1† 36.2 ± 2.2∗

SSbase (dyn cm−2) 3.8 ± 0.3 3.5 ± 0.2 3.9 ± 0.3 3.7 ± 0.3 3.3 ± 0.3 3.5 ± 0.5
SSpeak (dyn cm−2) 28.6 ± 1.7 29.2 ± 1.1 29.0 ± 3.2 26.2 ± 1.8 26.7 ± 2.3 24.6 ± 1.7
FMD (�mm) 0.32 ± 0.02 0.31 ± 0.02 0.16 ± 0.03∗ 0.26 ± 0.02‡ 0.23 ± 0.01† 0.24 ± 0.02
FMD (%) 7.7 ± 0.5 7.6 ± 0.6 3.9 ± 0.7∗ 6.0 ± 0.7‡ 5.9 ± 0.5† 6.3 ± 0.6

Data are means ± S.E.M. BH4, tetrahydrobiopterin. BP, blood pressure; D, diameter; MBV, mean blood velocity, FMD, flow-mediated
dilatation; SSbase, baseline shear stress (1 dyn = 10−5 N); SSpeak, peak shear stress. ∗P < 0.05 versus young sedentary; †P < 0.05 versus
older sedentary; ‡P < 0.05 versus placebo in the same group.

waist-to-hip ratio (WHR) and plasma insulin
concentration were greater, and V̇O2 max was lower,
in the older sedentary men compared with the other two
groups (P < 0.05). High-density lipoprotein-cholesterol
(HDL-C) was greater, and resting heart rate was lower,
in the older exercising men than in the other two
groups (P < 0.05). Although well within the normal
range, diastolic blood pressure was higher in both older
groups compared with the young controls (P < 0.05).
Plasma concentrations of oxidized LDL were higher
in the older compared with the young sedentary men
(60.5 ± 6.5 versus 45.8 ± 5.8 U l−1, P = 0.05), but were
not different in the young sedentary and older exercising
(52.1 ± 4.8 U l−1) men. Groups did not differ in dietary
intake of major antioxidants such as vitamins A, E and C
(data not shown).

Brachial artery response to BH4

Baseline brachial artery diameter (i.e. placebo condition)
did not differ among groups and was not affected by BH4

administration (Table 2).
Brachial artery normalized FMD at baseline (after

placebo) and in response to BH4 is shown in Fig. 1. At
baseline, FMD was ∼50% lower in the older sedentary
men compared with the young controls (P < 0.001), but
was not different in the older exercising and young men.
Brachial artery FMD was increased by ∼45% after BH4

administration in the older sedentary men (P < 0.01 versus
placebo baseline), but was not affected by BH4 in the other
two groups. There were no significant group differences
in brachial artery FMD after BH4 administration (all
P > 0.05).

There were no group differences in brachial artery
dilatation in response to sublingual nitroglycerin at
baseline, and the responses to nitroglycerin were not
affected by BH4 in any of the groups (Table 2).

Other brachial artery and haemodynamic information
is presented in Table 2. Systolic and diastolic blood
pressures, heart rate, baseline mean blood velocity, SSbase

and SSpeak were similar in response to placebo and BH4

administration. Whole-blood viscosity and haematocrit
did not change with BH4 administration in any of the
groups (data not shown).

In the pooled sample, the improvement in normalized
FMD in response to BH4 was inversely related to
V̇O2 max (r = −0.46; P = 0.01) and normalized FMD at
baseline (r = −0.61; P < 0.001), and was positively related
to plasma insulin concentration (r = 0.37; P = 0.04).

Discussion

This study provides new insight into the potential
mechanisms mediating the impairment in peripheral
conduit artery EDD with sedentary ageing, and the
maintenance of EDD with physically active ageing in
humans. Specifically, the main findings of this study are
that acute administration of BH4 improved brachial FMD
in older sedentary men, but did not affect FMD in young
sedentary or habitually exercising older men. These results
suggest that: (1) reduced BH4 bioactivity may contribute
to the suppression of brachial artery FMD with sedentary
human ageing; and (2) maintained BH4 bioactivity may
be involved in the preserved FMD with ageing seen in
habitually exercising men.

Role of BH4 on EDD with sedentary ageing

In the present study, baseline brachial artery FMD (placebo
control condition) was ∼50% lower in older compared
with young healthy men, whereas dilatation in response to
sublingual nitroglycerin, a NO donor, was not different.
Consistent with previous findings (Celermajer et al. 1994;
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Eskurza et al. 2004b), these results indicate an age-related
impairment in peripheral conduit artery EDD in the
absence of any reduction in endothelium-independent
dilatation in sedentary healthy adults.

We (Eskurza et al. 2004b) and others (Taddei et al.
2000) previously demonstrated that supraphysiological
concentrations of ascorbic acid, a potent antioxidant,
restore the age-related loss of EDD in older sedentary
adults, suggesting that oxidative stress is the key
mechanism involved. This is in agreement with the
observation that the aortas of older rats and mice
have increased vascular production of reactive oxygen
species (ROS), which is associated with reductions in NO
bioavailability and EDD (van der Loo et al. 2000; Blackwell
et al. 2004). In the present study, we also found that plasma
concentrations of oxidized LDL, a relatively insensitive
systemic marker of oxidative stress, were higher in the
older compared with the young sedentary men, as reported
previously (Mosinger, 1997; Eskurza et al. 2004a).

We hypothesized that an important mechanism by
which oxidative stress could impair EDD with sedentary
ageing is by influencing the biological activity of BH4, the
essential cofactor of eNOS for NO synthesis (Pollock et al.
1991). BH4 is one of the most potent endogenous reducing
agents. Therefore, vascular oxidative stress, specifically
peroxynitrate, rapidly oxidizes BH4, with subsequent
generation of dihydrobiopterin (BH2), its oxidized and
inactive form (Milstien & Katusic, 1999; Laursen et al.
2001). The experimental observation that the aortas of
older rats show increased production of peroxynitrate (van
der Loo et al. 2000) was also consistent with the idea of
increased BH4 oxidation with ageing.

The present results extend previous findings by
demonstrating that BH4 administration restores the
age-associated loss of brachial artery FMD in sedentary
healthy men. BH4 did not affect the dilatory response to
sublingual nitroglycerin. Therefore, these findings suggest
that reduced BH4 bioactivity may be a key mechanism
involved in the impairment of peripheral conduit artery
EDD with sedentary ageing. Our results are consistent
with earlier experimental observations that showed that
acute BH4 supplementation improved or restored EDD
in groups at risk of or with clinical CVD, i.e. states
characterized by vascular oxidative stress (Stroes et al.
1997; Heitzer et al. 2000; Maier et al. 2000; Ueda et al.
2000; Setoguchi et al. 2002).

The exact mechanism by which BH4 contributes to
reduced brachial artery FMD with sedentary ageing in
humans cannot be discerned from the present results.
It is possible that conduit artery EDD may become
impaired with ageing in part via increased endothelial
cell production of ROS with consequent increased BH4

oxidation and increased BH2 relative to BH4. Indeed,
the BH4/BH2 ratio determines superoxide versus NO
generation from eNOS (Vasquez-Vivar et al. 2002). As

such, a reduction in the active form of the cofactor (BH4)
would result in decreased BH4 biological activity and,
thus, the uncoupling (dysfunction) of eNOS, thereby
generating superoxide instead of NO (Pou et al. 1992;
Vasquez-Vivar et al. 1998, 2002). However, in mice, BH4

and BH2 concentrations in aorta, although tending to be
lower in older animals, are not significantly different than
in young mice, and the BH4/BH2 ratio is similar (Blackwell
et al. 2004). Moreover, guanosine 5′-triphosphate
cyclohydrolase I (GTPC I), the rate-limiting enzyme in
BH4 synthesis, is not different in the young and older
mice (Blackwell et al. 2004). There are no published
data on vascular BH4 or BH2 concentrations or GTPC I
enzyme activity with ageing in humans. The findings
in mice with ageing (Blackwell et al. 2004) differ from
observations in experimental models of diabetes and
low-renin hypertension in which reductions in vascular
endothelial BH4 production and GTPC I activity appear
to play an important role in mediating associated

Figure 1
Brachial artery flow-mediated dilatation (FMD) (top panel) and
endothelium-independent dilatation (bottom panel) in young
sedentary (black bars) and older sedentary (white bars) and regularly
exercising (grey bars) healthy men after acute oral placebo (baseline
conditions) or tetrahydrobiopterin (BH4) supplementation. FMD values
are normalized for the stimulus. Mean ± S.E.M. values are shown.
∗P < 0.001 versus young and older exercising men. †P < 0.01 versus
placebo condition.
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endothelial dysfunction (Zheng et al. 2003; Meininger et al.
2004). Interestingly, stimulation of BH4 synthesis restores
vascular endothelial function in some animal models of
hypercholesterolaemia despite elevated baseline levels of
BH4 (d’Uscio et al. 2003; Alp et al. 2004).

In vitro, half-maximal and maximal NO synthesis,
estimated from l-citrulline production, occurs in the
micromolar range of BH4 concentrations (0.1 and 1 µm,
respectively) (Chen et al. 1995). However, much smaller
plasma BH4 concentrations (in the nanomolar range)
achieved after a single oral dose of 2 mg (kg body weight)−1

of sapropterin hydrochloride, a BH4 precursor, improve
brachial FMD in young adult smokers (Ueda et al. 2000).
The discrepancy between in vitro and in vivo results,
including the present findings, may have at least two
explanations. First, it is possible that some eNOS is
activated at much lower BH4 concentrations than those
reported in in vitro preparations. Second, BH4 increases
the affinity of eNOS for l-arginine (Klatt et al. 1994). Thus,
it is possible that relatively low BH4 concentrations could
produce an amount of NO greater than expected based on
the BH4 concentration alone.

In the present study, we did not specifically inhibit
NO bioactivity and therefore cannot exclude the
possibility that other endothelium-dependent dilatory
mechanisms (e.g. endothelium-derived hyperpolarizing
factor or prostacyclin) were involved in the BH4-related
improvement of FMD seen in the older sedentary men.
However, conduit artery FMD is primarily mediated
by endothelial-derived NO (Lieberman et al. 1996;
Mullen et al. 2001). Moreover, to the best of our
knowledge, BH4 is a cofactor only for eNOS synthesis
of NO and not for any other endothelium-dependent
dilator.

Finally, we wish to emphasize that formation of ROS
from other vascular sources, such as fibroblasts, smooth
muscle cells and inflammatory cells, may also act to
reduce the bioavailability of NO (Ushio-Fukai et al. 1996;
Griendling et al. 2000), and NO production could be
impaired with ageing via other mechanisms including
reductions in eNOS expression, although this is unclear
(Barton et al. 1997; van der Loo et al. 2000).

Preservation of FMD with age in habitually
exercising men

Consistent with our recent findings (Eskurza et al. 2004b),
in the present study, brachial artery FMD was preserved in
older men who habitually exercise. Similar observations
have been made for EDD in forearm resistance vessels
(DeSouza et al. 2000; Taddei et al. 2000). In the present
study, BH4 supplementation had no effect on brachial
artery FMD in either young sedentary or older exercising
men. Consistent with this, the difference (improvement)
in brachial artery FMD between the placebo and BH4

treatment conditions was inversely related to baseline
V̇O2 max, i.e. maximal aerobic exercise capacity. Taken
together, these findings support the idea that the beneficial
effects of habitual exercise/high aerobic fitness on EDD
with ageing may be associated with the maintenance BH4

bioactivity.
The mechanisms by which regular aerobic exercise

preserves BH4 bioactivity and EDD with ageing are
unknown, but they are likely to involve, at least in part,
the absence of oxidative stress.

Aerobic (endurance) exercise training is associated with
an upregulation of important enzymatic antioxidants, as
well as reduced production of superoxide anions (Sen,
1995; Fukai et al. 2000; Rush et al. 2000). Furthermore, the
maintenance of resistance vessel and conduit artery EDD
with ageing in physically active adults is associated with
a lack of improvement in EDD in response to ascorbic
acid administration (Taddei et al. 2000; Eskurza et al.
2004b), suggesting an absence of baseline oxidative stress
in contrast to their sedentary peers. The present findings
suggest that the maintenance of BH4 bioactivity may be
a novel mechanism by which regular aerobic exercise
preserves EDD with ageing. One possibility is that regular
exercise may prevent the development of oxidative stress
with ageing, thus reducing the oxidation of BH4, which
maintains normal eNOS function and production of
NO.

Limitations

This study has at least four important limitations. First,
acute BH4 supplementation may have improved EDD
in the older sedentary men in part via its non-specific
antioxidant effects. Supraphysiological concentrations of
BH4 scavenge ROS, including superoxide anions, in vitro
(Hyun et al. 1995; Kojima et al. 1995). However, based
on electron paramagnetic resonance kinetic analysis,
superoxide scanvenging by BH4 is not a major reaction
in vivo (Vasquez-Vivar et al. 2001). More importantly, the
‘antioxidant’ effect of BH4 was due to its ability to decrease
superoxide formation and increase NO synthesis from
eNOS (Vasquez-Vivar et al. 2002).

Second, we attempted, but were unable to measure
plasma BH4 concentrations. As such, we cannot rule
out the possibility of group differences at baseline
or in response to BH4 supplementation. To our
knowledge, only one previous study has reported plasma
BH4 concentrations at baseline and after experimental
stimulation of BH4 in humans (chronic smokers) (Ueda
et al. 2000). However, the single dose used in the present
study increases plasma biopterin levels by ∼50-fold (Fiege
et al. 2004) and improvements in brachial artery FMD
are observed with as little as a fourfold increase in BH4

above normal baseline concentrations (Ueda et al. 2000),
consistent with the fact that a significant improvement
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in brachial FMD was observed with BH4 in the older
sedentary subjects in the present study. Moreover, plasma
concentrations do not necessarily reflect group differences
in intra-endothelial BH4 concentrations. In patients with
coronary artery disease, baseline plasma concentrations of
BH4 are high (Tatzber et al. 1991; Schumacher et al. 1997),
but acute supplementation of BH4 nevertheless restores
EDD (Maier et al. 2000).

Third, conduit artery EDD and resistance vessel EDD
do not necessary correlate (Eskurza et al. 2001). Therefore,
our findings cannot be extended to smaller vessel function.
However, intra-arterial administration of BH4 improves
EDD of resistance vessels in patients with CVD (Stroes et al.
1997; Heitzer et al. 2000; Setoguchi et al. 2002), suggesting
that reduced BH4 bioavailability may contribute to endo-
thelial dysfunction in both conduit and resistance vessels.

Finally, in the present study a single high dose of BH4 was
used because the experimental aim was to gain mechanistic
insight into the role of BH4 in the tonic modulatory
influences of age and habitual exercise on baseline EDD.
We recognize that based on the present results and those
of others (Stroes et al. 1997; Heitzer et al. 2000; Maier et al.
2000; Ueda et al. 2000; Setoguchi et al. 2002), it may now
be of clinical interest to examine the potential therapeutic
benefits of sustained lower-dose administration of BH4

in patients at risk of CVD or with existing clinical
disorders.

Conclusions

The results from the present investigation suggest for
the first time that reduced BH4 bioactivity may be a
key mechanism involved in the impairment of peripheral
conduit artery EDD with sedentary ageing. Our findings
also provide the first experimental evidence supporting
the hypothesis that preservation of conduit artery EDD
with physically active ageing may be associated with the
maintenance of BH4 bioactivity.
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