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Aims Despite the importance of both lipid metabolism and physical activity to
cardiovascular health, few studies have examined the effect of exercise training on
vascular function in hypercholesterolaemic humans.
Methods and results A randomized, cross-over design investigated the effect of 8
weeks of combined aerobic and resistance exercise training on conduit and resistance
vessel function in 11 untreated subjects with hypercholesterolaemia and 11 subjects
taking lipid-lowering medication. High-resolution vascular ultrasonography following
forearm ischaemia and glyceryl trinitrate administration determined conduit vessel
endothelium-dependent and independent function. Strain-gauge plethysmography,
with intra-aerial infusions of acetylcholine, sodium nitroprusside and NG-monomethyl-
L-arginine, determined resistance vessel function. Flow-mediated dilation and the
forearm blood flow response to acetylcholine improved significantly following training
in the treated subgroup (both P<0.05) but not the untreated, although the blood flow
response to NG-monomethyl-L-arginine was augmented following training in the
untreated subjects (P<0.05), indicating greater basal nitric oxide bioactivity. Training
did not alter responsiveness to glyceryl trinitrate or sodium nitroprusside.
Conclusions Combined aerobic and resistance training improves endothelium-
dependent conduit and resistance vessel function in hypercholesterolaemic subjects
taking lipid-lowering medications and basal nitric oxide bioactivity in untreated
hypercholesterolaemic subjects. Exercise training may provide additional cardiovas-
cular benefits for hypercholesterolaemic patients including those taking lipid-
lowering medication.
© 2003 Published by Elsevier Ltd on behalf of The European Society of Cardiology.
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Introduction

Endothelium-derived, nitric oxide (NO) release is an
important component of vasomotor regulation and
depressed function of the endothelial NO system is an

early manifestation of atherosclerosis.1 Subjects with
known cardiovascular disease,2–4 or even cardiovascular
risk factors,2,3,5,6 exhibit impaired endothelium-
dependent vasomotor responses. Pharmacological
interventions associated with reduced cardiovascular
mortality and morbidity also improve endothelial
function.7–10 In addition, recent studies indicate that
endothelial dysfunction may predict cardiovascular
outcomes.11–13
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A number of animal14–16 and human17–24 studies sug-
gest that exercise training can enhance endothelium-
mediated vasomotor tone. Specifically, animal studies
indicate that the increase in arterial wall shear stress
during exercise results in increased constitutive NO-
synthase expresssion15 and enhanced vasodilator ca-
pacity.16 Human studies suggest that exercise training
leads to sustained whole-body improvement of vascu-
lar function, not only that of the exercising
musculature.22,24–27

Treatment of hypercholesterolaemia is associated
with improved vascular function.7–9,28 For example,
O’Driscoll et al.7 demonstrated that 4 weeks of simva-
statin treatment improved endothelium-dependent dila-
tor function. A further 3 months of therapy induced
additional improvement without further benefit to the
lipid profile. These and other findings indicate that statin
therapy may have effects on the vasculature other than
those associated with lipid-lowering alone.

Although both lipid control and physical activity are
important to cardiovascular health, few studies have ex-
amined the effect of exercise training on vascular function
in hypercholesterolaemic humans. In untreated subjects,
4 weeks of three times weekly cycle training has been
reported to increase basal NO bioactivity in resistance
vessels, determined using the NO-synthase inhibitor, NG-
monomethyl-L-arginine (L-NMMA).29 However, neither the
effect of exercise training in subjects taking statin therapy
nor that on conduit vessel function have been studied.
Hence, our aim was to use a randomized, cross-over design
to determine whether exercise training has a beneficial
effect on conduit and resistance vessel function in treated
and untreated hypercholesterolaemic subjects.

Methods

Subjects

Twenty-two sedentary (16 male, six female),currently or pre-
viously hypercholesterolaemic, but otherwise healthy, subjects

(11 treated, 11 untreated) were recruited from lipid clinics or
via public advertisement. Average age was 52±2 years, BMI,
26±0.7 kg m−2 and waist:hip ratio, 0.90±0.02 without difference
between the treated and untreated subgroups. Initial screening
required total cholesterol >6.5 mmol l−1 and/or low-density
lipoprotein (LDL) cholesterol >4.0 mmol l−1 in untreated sub-
jects and documentation that these levels had been previously
attained in the treated, who must have been taking an HMG-CoA
reductase inhibitor in stable dose for at least 3 months (nine
on atorvastatin, one simvastatin and one cervistatin), the
average of their previously highest LDL-cholesterol being
5.6±0.2 mmol l−1. Lipid results at the time of study are reported
in Table 1. Four of the treated subgroup were also taking aspirin;
one amlodipine (subject was normotensive for study duration)
and one constant dose oestradiol. Medications remained
unaltered during the study. No untreated subject was taking any
medication.

Subjects were excluded if they were current smokers; pre-
menopausal female; post-menopausal female taking cyclical
hormone therapy; hypertensive (resting BP>160/90); diabetic;
asthmatic; displayed evidence of coronary or valvular heart
disease from history, examination and exercise electrocardiog-
raphy; performed >2 sessions of light-moderate exercise per
week; were unable to exercise due to physical limitations; or
were taking angiotensin-converting enzyme inhibitor medi-
cation. The investigation conforms with the principles outlined
in the Declaration of Helsinki. The Royal Perth Hospital Ethics
Committee approved the protocol and all subjects gave written
informed consent.

Study design

After preliminary screening and baseline assessments, subjects
were randomly assigned to remain sedentary or perform exer-
cise training for 8 weeks, followed by cross-over (Fig. 1). Such a
cross-over design has proved satisfactory to study the effect of
this relatively short training period in several studies.22,24,30

Assessments of vascular function and exercise capacity were
made at baseline, 8 weeks and 16 weeks. A familiarization
exercise capacity assessment was made prior to baseline
measurements. The exercise training protocol and assessment
procedures are summarized below, having previously been
extensively reported.22,24,30,31 Subjects were requested to make

Table 1 Resting, exercise and biochemical characteristics in trained and untrained hypercholesterolaemic subjects

All subjects (n=22) Treated (n=11) Untreated (n=11)

Untrained Trained Untrained Trained Untrained Trained

Plasma lipids (mmol l−1)
Total cholesterol 5.4 (0.2) 5.3 (0.2) 4.6 (0.3) 4.4 (0.2) 6.3 (0.1)a 6.2 (0.2)a

LDL cholesterol 3.4 (0.2) 3.4 (0.2) 2.6 (0.2) 2.6 (0.1) 4.2 (0.1)a 4.1 (0.2)a

HDL cholesterol 1.3 (0.1) 1.2 (0.1) 1.3 (0.1) 1.2 (0.1) 1.3 (0.1) 1.3 (0.1)
Triglycerides 1.6 (0.2) 1.4 (0.2) 1.5 (0.2) 1.3 (0.2) 1.8 (0.3) 1.6 (0.2)

Fasting blood glucose (mmol-l−1) 4.9 (0.1) 4.9 (0.1) 4.9 (0.2) 4.9 (0.1) 4.9 (0.1) 4.9 (0.1)
V~O2peak (l min−1) 2.25 (0.13) 2.41 (0.15)b 2.05 (0.19) 2.25 (0.23) 2.45 (0.18) 2.57 (0.20)
Exercise duration (sec) 975 (67) 1084 (76)b 881 (94) 987 (119)b 1070 (95) 1181 (96)b

Weight (kg) 79.1 (2.9) 79.9 (3.0) 77.2 (4.6) 77.8 (4.8) 81.0 (3.8) 81.9 (3.9)
Resting MAP (mmHg) 83 (2) 81 (2) 81 (3) 78 (3) 84 (3) 84 (3)
Resting HR (beats min−1) 59 (2) 58 (2) 59 (3) 58 (3) 59 (3) 57 (2)

aSignificantly different from treated group (P<0.001).
bSignificantly different from untrained period (P<0.005).

Values are mean±(SE). LDL, low-density lipoprotein; HDL, high-density lipoprotein; V~O2 peak, peak oxygen consumption; MAP, mean arterial pressure;
HR, heart rate.

1682 J. A. Walsh et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/24/18/1681/532526 by guest on 16 August 2022



no changes to their diet or other routines. Those who exercised
first returned to their previous sedentary lifestyle for the control
phase and this was confirmed by interview.

Tests of forearm resistance and conduit vessel function were
conducted, at separate attendances, in a quiet, temperature-
controlled environment and at the same time of day for individ-
ual subjects. Subjects fasted for 8 h, abstained from alcohol and
caffeine for 12 h and did not perform any exercise for 24 h
before assessments. Conduit vessel function was assessed by
flow-mediated dilation (FMD) of the brachial artery in all sub-
jects. In 20 subjects (10 treated, 10 untreated), resistance
vessel function was examined by plethysmography, as was the
peak reactive hyperaemic blood flow response to a 10-min
ischaemic stimulus (RHBF10), an index of vascular structure.32

Assessment of conduit vessel function

The procedure for conduit vessel function assessment using
vascular ultrasonography has been described previously.24

Analysis of brachial artery diameters was performed at the time
of the ECG R wave, that is, at end-diastole. The same experi-
enced sonographer performed the analysis using custom-
designed edge-detection and wall-tracking software which
minimizes investigator bias and has the power to detect an
absolute change in FMD of 2.5% in cross-over design study with

only five subjects.33 The mean intraobserver coefficient of
variation of repeated measures of FMD using this software is
6.7%, which is significantly lower than that for traditional
manual methods.33

Assessment of resistance vessel function

Within 1 week of conduit vessel assessment, subjects returned
for resistance vessel and peak reactive hyperaemic assessment
(RHBF10). The procedures have been fully described pre-
viously.22,24,30

Following RHBF10, a 10-min rest period was observed to allow
forearm blood flow (FBF) to return to baseline. A 20-gauge
cannula was inserted into the brachial artery of the non-
dominant arm to infuse vasoactive agents and sterile saline, and
for blood sampling and measurement of intra-aterial pressure.
Baseline plethysmography measurements were made 20 min af-
ter cannulation and during the following infusions as previously
described: acetylcholine (ACh) at 10, 20, and 40 µg min−1, each
for 3 min; sodium nitroprusside (SNP) at 2, 4 land 8 µg min−1,
each for 3 min, and NG-monomethyl-L-arginine (L-NMMA) at 2, 4
and 8 µmol min−1, each for 4 min. The latter was infused last
because of its more prolonged duration of action.

Assessment of exercise capacity

Maximal oxygen uptake VO2peak and exercise test duration were
determined from a graded maximal exercise test which was
performed on an electronically braked bicycle ergometer (Orival
400, Lode). In all subjects, at all presentations, initial resistance
was set at 50 W and increased in 25 W increments every 3 min
until volitional exhaustion. Oxygen uptake was calculated as
previously described.30

Exercise training protocol

Subjects performed two supervised combined aerobic and resist-
ance circuit training sessions at the Cardiac Gymnasium, Royal
Perth Hospital and one home training session per week. The
focus was on the large muscles of the lower limbs. Upper body
exercises did not involve the forearm and subjects were in-
structed to avoid hand gripping. They were also instructed on
correct lifting techniques to avoid the Valsalva manoeuvre. The
8-week ‘circuit’ training protocol involved a combination of
resistance training, cycle ergometry and treadmill walking fully
described in recent publications.22,24,30,31 Home training
sessions were individually prescribed and involved subjects
performing continuous aerobic exercise at 70–85% peak heart
rate for up to 45–60 min. To ensure compliance, sessions were
recorded in a diary and heart rates were recorded using Polar
heart rate monitors (Polar Electro Oy; Kempele, Finland).

Analysis of data

Forearm blood flow is presented as the raw data and as a ratio of
that in the infused arm to that in the non-infused arm, changes
in the ratio being expressed as percentage changes from the
baseline immediately preceding the drug infusion period.34,35

Forearm blood flow responses to the drug infusions following the
exercise training period are compared to those following the
non-training period using two-way analysis of variance (ANOVA)
with repeated measures for the three doses of each drug. To
account for period and order effects associated with our cross-
over design, we additionally used a mixed model ANOVA which

Fig. 1 Study design. Subjects underwent a randomized, controlled
crossover study involving 8 weeks of training and non-training periods. All
subjects had assessments at baseline, 8 weeks and 16 weeks. Baseline
data did not significantly differ from the post-sedentary data and there
was no evidence of a carry-over effect in the post-sedentary data of those
subjects trained first. We therefore compared the post-training data (*)
to that following the untrained control period (†).
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D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/24/18/1681/532526 by guest on 16 August 2022



included assessment of random effects by subject and ac-
counted for period and order effects. To compare responses to
training in other discrete variables, the Student paired t-test
was used. Responses to training in the treated and untreated
subjects were examined separately and also compared between
groups using ANOVA. Data are reported as means±SE. Signifi-
cance was set at P<0.05.

Results

Six treated and five untreated subjects were randomized
to train during the first 8 weeks. All subjects completed
16 ‘circuit’ training and eight training sessions without
adverse event.

Effect of training order on vascular function

No differences were evident between baseline re-
sponses, that is the responses preceding the exercise or
non-exercise protocol, and those following the non-
exercise control period in either the sub-group trained
first or those trained second (Fig. 1). As a single group,
the effect of exercise training on FMD was not different
between those who trained first (∆=2.7±1.0%) or second
(∆=1.2±1.5%; P>0.42) and untrained FMD did not differ
between those who trained first and those who trained
second (P>0.034). Similarly, FBF responses to ACh were
not dependent on training order (P>0.05). In fact, the
difference between trained and untrained data was, on
average, greater in those subjects who trained first,
suggesting no significant persistence of the training
effect. We therefore present results for the post-training
data compared to the non-exercise control period data.

General effects of exercise training

Plasma total and LDL-cholesterol levels were signifi-
cantly higher in the untreated than the treated subjects
(P<0.001). Lipid and glucose levels did not change
throughout the study (Table 1). Resting HR and MAP were
not significantly altered while peak oxygen consumption
(VO2) tended to increase following training in each of the
two subgroups, significantly in the total group (P<0.05).
Exercise test duration increased significantly in each
subgroup (P<0.01; Table 1).

Conduit vessel function

Basal brachial artery diameters were not significantly
altered by training in either the treated (3.7±0.2 vs
3.7±0.2 mm; P=0.84) or untreated (3.8±0.2 mm vs
3.8±0.2 mm; P=0.95) subgroup. Exercise training signifi-
cantly increased FMD in the treated subgroup (3.7±1.1 to
7.2±1.4%; P=0.03; paired t-test) but the trend was not
significant in the untreated subgroup (5.5±1.0 vs
5.9±0.8%; P=0.70; Fig. 2). Endothelium-independent
vasodilation in response to GTN was not significantly
changed with training in either the treated (14.1±1.4 vs

14.8±1.7%; P=0.61) or untreated subgroups (15.7±1.3
vs 14.7±1.1%; P=0.42; Fig. 2).

Peak reactive hyperaemic response

In the treated subgroup, RHBF10 was not significantly
altered with exercise training in either the infused, non-
dominant, (35.0±4.5 vs 29.0±2.3 ml 100 ml−1 min−1)
or non-infused, dominant, (28.5±4.9 vs 23.6±2.8 ml
100 ml−1 min−1) arm. Likewise, RHBF10 was not altered
with training in the untreated subgroup in either the
infused (34.7±3.9 vs 31.3±3.5 ml 100 ml−1 min−1) or non-
infused (26.4±3.6 vs 25.8±2.5 ml 100 ml−1 min−1) arm.

Resistance vessel function

Baseline FBFs in the infused and non-infused arms were
not significantly affected by training. In the infused arm,
baseline FBF values preceding each drug infusion were
not significantly different, indicating adequate washout
periods (Table 2). Analysis of variance with repeated
measures indicated a significant interaction between
training status and ACh dose in the treated subgroup
(P<0.05). Analysis at individual doses of ACh revealed a
significant training effect on raw FBF at the highest dose
in the treated subgroup (P=0.02; paired t-test). The
magnitude of the training effect in the treated and
untreated subgroups was not significantly different
(ANOVA) even though the response in the untreated
group failed to reach significance. Forearm blood flow
responses to SNP and L-NMMA were not significantly
altered with training (Table 2).

Fig. 3 shows percentage changes in the ratios of flow
in the infused arm to the non-infused arm, the preferred
method of analysis,34,35 in response to ACh, SNP and
L-NMMA infusions in both subgroups. When responses to
the highest dose of ACh (40 µg min−1) were compared,
exercise training increased the percentage change in FBF
ratio in subjects taking medication (P<0.01) but not in
untreated subjects although the difference between the
responses of the two subgroups was not statistically
significant. In the untreated group, ANOVA revealed a
significant dose/training interaction for change in the
FBF ratio response to L-NMMA (P=0.045), consistent with
greater vasoconstriction at the higher doses following
training (Fig. 3). The FBF ratio response to L-NMMA was
not altered in the treated subgroup. Training had no
effect on the FBF ratio response to SNP in either group.

Discussion

The present study is the first to measure changes in both
conduit and resistance vessel function in treated and
untreated hypercholesterolaemic subjects in response to
exercise training. Eight weeks of predominantly lower-
limb, combined aerobic and resistance exercise training
improved both conduit and resistance vessel endothelium
and largely NO-dependent dilator function in hypercho-
lesterolaemic subjects on HMG-CoA reductase inhibitor
therapy but with persisting depression of endothelial
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function. In untreated subjects, training significantly in-
creased basal NO bioactivity, but not forearm conduit or
resistance vessel dilator function. That is, in both groups,
there was evidence of greater, but differently increased
NO bioactivity. Training did not alter responses to the NO
donors, SNP and GTN, nor to peak reactive hyperaemia in
either subgroup, suggesting substantially unchanged
smooth muscle cell sensitivity to exogenous NO and
unchanged vascular structure.

FMD and FBF response to ACh examine different
vascular beds but are both endothelium, and largely
NO-dependent, responses. The possibility that the im-
provement in endothelium-dependent dilation resulted
from underlying changes in vasodilator capacity is un-
likely given that RHBF10 was not altered with training.
Peak reactive hyperaemia in response to a 10-min ischae-
mic stimulus (RHBF10) is a maximal stimulus to flow and is
considered an index of vessel structure,32 not, therefore,
dependent upon endothelium-mediated function.36

Hence, the lack of significant change in RHBF10 in re-
sponse to training suggests that our assessments of FMD

and ACh-mediated changes are not compromised by any
underlying changes in vascular structure. Improved
endothelium-dependent dilator function following exer-
cise training, found in the treated group who had persist-
ently depressed endothelial function, is consistent with
studies in those with cardiac failure,19,22 coronary artery
disease,21 hypertension,20 and type 2 diabetes24 in
addition to some studies in healthy subjects.17 These
findings are significant in view of the evidence that
endothelial dysfunction is an early event in the develop-
ment of atherosclerosis2 and coronary and/or peripheral
vessel endothelial dysfunction can predict cardiovascular
prognosis.11–13

The most likely mechanism for the improvement in
endothelium-dependent function, although different in
the two groups, is related to shear stress-mediated up-
regulation of NO-synthase expression resulting from in-
creased blood flow,15,37 although reduced quenching of
NO, as by superoxide radicals, could be relevant.38 As
fully discussed elsewhere,26,27 it seems that repeated
episodes of exercise, in the form of exercise training,

Fig. 2 (A) Endothelium-dependent, flow-mediated dilation (FMD) of the brachial artery and (B) endothelium-independent, glyceryl trinitrate
(GTN)-mediated dilation of the brachial artery in treated and untreated hypercholesterolaemic subjects following an 8-week training (solid bars) and
non-training period (open bars). Values are means±SE. FMD was significantly greater following training in subjects taking medication (P=0.03).
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lead to a sustained and generalized increase in the
potential for NO bioactivity within the vasculature. In
the current study, exercise training, which avoided upper
limb exercise, improved NO-dependent vasodilator func-
tion in one group, and basal NO bioactivity in the other,
in the forearm vessel. Such a general effect on the
vasculature has been found previously by us,22,24 and
others.23,26 Furthermore, during a discrete session of
lower limb, cycle exercise, an increase in NO-dilator
bioactivity in the upper limb vessels has recently been
found which, because of the very short half-life of NO,
indicates that the NO has been produced in those ves-
sels.27 The effect is probably largely due to the general-
ized impact of haemodynamic variables acting through
vessel wall shear stress39 but hormonal or other effects
accompanying exercise could contribute.

The improvement in basal NO bioactivity, shown by
the greater response to infused L-NMMA, in the untreated
subgroup is consistent with the findings of Lewis et al.29

who reported 4 weeks of three times weekly cycle train-
ing improved basal NO bioactivity without change in
ACh-mediated endothelium-dependent dilation of fore-
arm resistance vessels. Both L-NMMA and ACh influence
endothelial cell NO production and bioactivity, but
through different mechanisms; L-NMMA is a competitive
antagonist of NO synthase and NO production, including
basal production and bioactivity, while ACh stimulates
NO-synthase activity via the muscarinic receptor. It is
possible that training influences these mechanisms dif-
ferently and dependent upon pre-training status; training
significantly augmented basal NO bioactivity in the un-
treated subjects but did not significantly alter respon-
siveness to either FMD or ACh, although there was a trend
for increase in the latter. However, in treated subjects,

training did improve the stimulated vasodilator re-
sponses. Probably relevant is that the untreated subjects
possessed relatively normal vascular function at base-
line whereas the treated hypercholesterolaemic sub-
jects had clearly impaired baseline function. For
example, FMD in the untreated subjects, although lower
on average, was not significantly different from that of
recently studied healthy control subjects of similar age
(5.5±1.1 vs 7.1±0.4%; P=ns), while that of the treated
subjects was significantly depressed (3.7±1.1% vs
7.1±0.4%; P<0.05). Previous studies indicate that sub-
jects with healthy endothelium fail to improve stimu-
lated vasodilator function following short-term exercise
training programmes,25,30,35,40 though longer dura-
tion18,23 or more intense training17 may prove effective.
An alternate explanation for the disparate findings of
our two subgroups involves the possibility that HMG-CoA
reductase inhibitor therapy might facilitate improve-
ment in endothelium-dependent vasodilator function
resulting from exercise training. Statins have been
reported to have various beneficial effects on the endo-
thelium, perhaps independent of their lipid-lowering
effects7–9,28 and, in particular, have been reported to
upregulate NO-synthase expression.8,28 Exercise training
has also been associated with increases NO-synthase
expression, at least in animals,15,16 and it is reported
that both exercise38 and statins28 can reduce oxidant
stress, which is an important determinant of NO bio-
activity.41 Hence, there may be synergism between the
two interventions; at the least, the results indicate
that statin therapy, and its associated improvement
in plasma lipids, does not necessarily deny the possi-
bility of benefit to vascular function from an exercise
programme.

Table 2 Forearm blood flow: raw values for the infused arm in trained and untrained hypercholesterolaemic subjects

Treated (n=10) Untreated (n=10)

Untrained Trained Untrained Trained

ACh
Baseline 2.4(0.4) 2.7(0.3) 2.2(0.4) 2.5(0.3)
10 µg min−1 5.0(1.6) 5.3(0.8) 4.0(1.1) 4.2(1.0)
20 µg min−1 10.1(2.4) 14.1(2.3) 7.4(1.8) 11.1(2.6)
40 µg min−1 12.7(2.7) 23.7(3.1)a 11.1(2.1) 16.7(3.0)

SNP
Baseline 2.8(0.7) 2.6(0.4) 2.1(0.4) 2.6(0.3)
2 µg min−1 8.7(0.8) 9.1(0.8) 5.7(0.9) 8.2(1.0)
4 µg min−1 12.5(1.0) 13.3(1.2) 11.1(1.6) 10.6(1.5)
8 µg min−1 17.8(1.6) 19.8(1.4) 16.6(2.3) 15.2(1.9)

L-NMMA
Basline 2.6(0.6) 2.6(0.4) 2.3(0.5) 2.7(0.4)
2 µmol min−1 1.9(0.4) 2.0(0.3) 1.9(0.4) 2.1(0.2)
4 µmol min−1 1.5(0.3) 1.9(0.3) 1.6(0.3) 1.8(0.2)
8 µmol min−1 1.7(0.2) 1.9(0.1) 1.7(0.3) 1.7(0.2)

aSignificantly different from untrained period (P=0.02; paired t-test).
Values are mean±(SE). Exercise training significantly increased the FBF response to the highest dose of ACh in subjects taking medication (P<0.03;
ANOVA).
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The disparate findings in baseline vascular function
between the groups was somewhat surprising in view
of the well documented, beneficial effect of lipid-
lowering medication on endothelium-dependent vascular
function.7–9,28 However, although the plasma cholesterol
of our treated subjects had been substantially reduced
and was well within the normal range, as mentioned
above, their vascular function remained significantly de-
pressed compared to that of normal subjects. This is
consistent with the fact that these treated subjects were
known to be hypercholesterolaemic for a longer period

(3.2±0.7 vs 1.9±0.6 years) and had significantly higher
initial, untreated levels of LDL-cholesterol; 5.6±0.2 vs
4.9±0.2 mmol−1l−1 (P=0.03) than the untreated subjects.
Hence, more extreme or longer duration hypercholes-
terolaemia, not unexpected in a group submitted to
therapy, probably explain differences in baseline FMD
between the two subgroups. The finding of near-normal
baseline vascular function in the untreated group, with
LDL>4 mmol l−1 on average, is also surprising but may
relate to the relatively shorter duration and less severe
hypercholesterolaemia in this subgroup. Of course, not

Fig. 3 Forearm blood flow (FBF) responses to acetylcholine (ACh; upper panels), sodium nitroprusside (SNP; middle panels) and NG-monomethyl-L-
arginine (L-NMMA; lower panels) in treated (left) and untreated (right) hypercholesterolaemic subjects before (B) and after training (j). FBF is
presented as the percentage change in the ratio of the infused to non-infused arm flows relative to the baseline preceding the drug infusion.34,35 Values
are means±SE. Training significantly increased the FBF response to the highest dose of ACh in the treated subjects (P<0.01). In the untreated subjects,
vasoconstriction to L-NMMA increased significantly following training (P=0.045).
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all groups of untreated hypercholesterolaemic subjects
would have such little depressed endothelial function. In
summary, the above findings support the concept that
our training protocol was not sufficient to improve rela-
tively normal vasodilator function but was sufficient to
improve depressed vasodilator function. In addition, the
current study does not exclude the possibility of improve-
ment in NO-dependent vasodilator function by exercise
in untreated hypercholesterolaemic subjects having
depressed endothelial function.

There are several potential limitations of the present
study. The treated subjects studied were on several
different HMG-CoA reductase inhibitors, rather than
being prospectively placed on a single drug. However,
subjects had been stable on medication typical of a
community group for a minimum of 3 months. As men-
tioned above, while LDL cholesterol had been effectively
lowered, FMD remained abnormal but it should be im-
pressed that the subjects were not selected as those
having residual depression of endothelial function. An-
other possible limitation arises with the use of cross-over
design, which allows intra-subject comparisons, but
raises the possibility of a carry-over effect in those
trained first. However, the results indicate that the order
of administering training had little effect on the outcome
and, additionally, that the effect of our short-term train-
ing programme does not persist for 8 weeks, conclusions
consistent with previous findings.22,24,30 Another possible
limitation of the study relates to the nature of the
exercise training protocol, which largely excluded
upper limb exercise but which emphasizes the general
nature of the beneficial vascular responses to exercise
as previously described.22–24,26 While the programme
used was predominantly gymnasium based, similar
programmes could be adapted for home use, although
it is possible that other training modalities, intensi-
ties and frequencies of exercise may elicit different
outcomes.

In conclusion, this the first study to report that exer-
cise training can improve aerobic capacity and conduit
and resistance vessel endothelium-dependent dilator
function in subjects currently treated for hypercholes-
terolaemia. In addition, subjects with untreated hyper-
cholesterolaemia demonstrated enhanced basal NO
bioactivity following a novel 8-week combined resistance
and aerobic training programme. The improvements in
vascular function occurred in the absence of any change
in plasma cholesterol, triglycerides or haemodynamic
variables and appear to be generalized throughout the
circulation. While this study and accumulated evidence
suggests that improvement is unlikely to be as substantial
when therapy has returned endothelial function to near
normal levels, these findings suggest that moderate
exercise training may have beneficial cardioprotective
effects in hypercholesterolaemic subjects, even in those
taking lipid-lowering medication.
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