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Abstract
Reduced nitric oxide (NO) production and bioactivity is a major contributor to endothelial
dysfunction. Animal data suggests that improvements in endothelial function in response to aerobic
exercise training may depend on the duration of the training program. However, no studies have
examined changes in NO (as assessed by the major NO metabolites, nitrate and nitrite, NOx) after
long-term training in humans. In addition, aging may impair the ability of the vasculature to increase
NO with exercise. Thus, we determined whether 24 weeks of aerobic exercise training increases
plasma NOx levels in sedentary older adults. We also examined changes in forearm blood flow (FBF)
at rest and during reactive hyperemia as a measure of vasomotor function. Plasma NOx levels were
measured in 82 men and women using a modified Griess assay. FBF was assessed in a subset of
individuals (n=15) using venous occlusion plethysmography. After 24 weeks of exercise training,
there were significant improvements in maximum oxygen consumption, HDL cholesterol,
triglycerides, and body fat. Changes in plasma NOx levels ranged from −14.83 to +16.69 μmol/L;
however, the mean change overall was not significant (−0.33±6.30 μmol/L, p=0.64). Changes in
plasma NOx levels were not associated with age, gender, race, HDL cholesterol, triglycerides, body
weight, body fat, or maximal oxygen consumption. There were also no significant changes in basal
FBF, peak FBF, hyperemic response, total hyperemic flow, or minimum forearm vascular resistance
with exercise training. In conclusion, improvements in plasma NOx levels and FBF are not evident
after long-term training in older adults.
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INTRODUCTION
The endothelium plays a major role in vascular homeostasis through the release of various
vasoactive and thromboregulatory substances, signaling molecules, and growth factors [1].
Owing to the seminal studies of Robert Furchgott [2], it is now well established that nitric oxide
(NO) is one of the most important endothelium-derived substances, as this free radical signaling
molecule mediates many of the protective effects of the vascular wall [3]. Reduced NO
bioactivity is a major mechanism for endothelial dysfunction and commonly results from
increased oxidative stress, which ultimately can lead to decreased NO production and/or
increased NO degradation [3]. Endothelial dysfunction is considered an early marker of
atherosclerosis, often preceding clinical evidence of atherosclerotic plaques [3]. In general,
endothelial dysfunction is characterized by reduced plasma concentrations of the major NO
metabolites, nitrate and nitrite (NOx), and/or impaired endothelium-dependent vasodilation in
response to physiological or pharmacological stimuli [1].

Moderate-intensity exercise can not only help to slow, halt, and even reverse the progression
of atherosclerosis, but may also reduce the incidence of all-cause mortality, particularly deaths
due to cardiovascular disease (CVD) [4]. The beneficial effects of exercise training on CVD
risk are partly mediated through improvements in endothelial function. Studies have
consistently shown that short-term training (<12 weeks) increases endothelium-dependent
vasodilation across multiple patient populations, as reviewed previously by Green et al [5].
Similarly, a few studies have reported increases in plasma NOx levels after short-term exercise
training [6–8]. On the other hand, long-term training studies (≥16 weeks) have shown variable
changes in NO-related vasomotor function [5;9–11]. In addition, one study found that 18 weeks
of graduated swimming significantly increased plasma NOx levels in hypercholesterolemic
mice [12]. However, to our knowledge, no studies have determined whether plasma NOx levels
are changed after long-term training in humans. It has also recently been shown that older
persons may have an impaired ability to increase plasma nitrite levels in response to
physiological stimuli such as exercise [13]. Thus, the primary aim of this study was to examine
the effects of a 24-week exercise training intervention on plasma NOx levels in older men and
women. We also examined changes in forearm blood flow (FBF) at rest and during reactive
hyperemia in a subset of individuals as a measure of vasomotor function.

METHODS
Subjects

The study population included 41 men and 41 women who were participants of a larger study
designed to examine the influence of genetic polymorphisms on changes in CVD risk factors
in response to an exercise training intervention. The training-induced changes in plasma lipid
levels and body fat have been reported previously [14]. All subjects were 50–75 yrs old,
sedentary, non-smokers, non-diabetic, and free of cardiovascular, liver, kidney, and lung
disease. Subjects also had at least one National Cholesterol Education Program lipid
abnormality (total cholesterol > 200 mg/dL, LDL cholesterol > 130 mg/dL, HDL cholesterol
< 40 mg/dL, or triglycerides > 200 mg/dL). No subjects were on lipid-lowering medications
and subjects using anti-hypertensive medications underwent a medication tapering process
recommended by their personal physician and supervised by the study physician. All women
were postmenopausal (>2 years) and agreed to maintain their hormone replacement therapy
(HRT) regimen, either on or not on HRT, for the duration of the study. Subjects were informed
of the study requirements and provided their written consent. This study was approved by the
University of Maryland at College Park Institutional Review Board.
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Screening
Subjects reported to the laboratory in the morning after a 12-hour overnight fast. During this
visit height and weight were measured and blood was drawn for various blood chemistries.
Subjects with a body mass index (BMI) > 37 kg/m2, fasting triglycerides > 400 mg/dL, and
fasting or postprandial glucose levels > 126 mg/dL or > 200 mg/dL, respectively, were excluded
from the study. Qualified subjects then underwent a maximal graded exercise test to detect any
cardiovascular, pulmonary, or other chronic diseases that would preclude exercise testing or
training [15]. Subjects with tests indicating signs or symptoms of CVD were excluded from
the study.

Dietary Stabilization
Subjects completed 6 weeks of dietary instruction with a registered dietitian, which consisted
of two 1-hour classes per week on the American Heart Association Dietary Guidelines for the
General Population [16]. Subjects were required to follow the diet and remain weight stable
(maintain ±5% of initial body weight) for more than 3 weeks before undergoing baseline
testing. The diet and body weight requirements were enforced throughout the study to eliminate
the potentially confounding effects of diet and weight loss on the outcome variables. To monitor
adherence, body weight was measured weekly and dietary intake was assessed every 8 weeks
via 7-day food records and food frequency questionnaires. Caloric intake was increased as
necessary to maintain body weight.

Baseline Testing
After the dietary stabilization period, subjects underwent baseline testing to assess the main
outcome variables before exercise training. Blood was drawn into EDTA tubes in the morning
after a 12-hour overnight fast and centrifuged at 3000 rpm at 4°C for 20 min. Frozen plasma
aliquots were stored at −80°C until further analysis. Blood samples for plasma lipoprotein-
lipid levels were analyzed on at least 2 separate days and averaged. Total cholesterol and
triglyceride levels were measured enzymatically on a Hitachi 717 Autoanalyzer. HDL
cholesterol was measured after precipitation with dextran sulfate [17] and LDL cholesterol was
calculated using the Friedewald equation [18]. Total body fat was measured using dual energy
x-ray absorptiometry (DPX-L, Lunar Corp, Madison, WI). Maximum oxygen consumption
(VO2 max) was determined during a graded exercise treadmill test, and standard criteria were
used to verify that VO2 max was achieved [19].

Plasma NOx Levels—Plasma samples were deproteinized using centrifugal filter units
(Ultrafree-MC, Millipore Corporation, Billerica, MA) at 9000 rpm at 4°C for 40–50 min, and
NOx levels were quantified via a modified Griess assay [20]. The intra-assay and inter-assay
coefficients of variation (CVs) were 3.3% and 4.9%, respectively.

Forearm Blood Flow—FBF was measured in the non-dominant arm using venous occlusion
plethysmography, as previously described [21]. All studies were conducted between 7:00 a.m.
and 9:00 a.m. in the morning after a 12-hour overnight fast. Basal FBF was measured 3 times
and the average of these values was used for analysis. Reactive hyperemia was induced by
inflating an upper arm cuff to 50 mmHg above the systolic blood pressure for 5 minutes. After
the cuff was released, FBF was measured every 15 seconds for 3 minutes. Three parameters
were obtained from the FBF curve: peak FBF; minimum forearm vascular resistance (FVR)
calculated from peak FBF and mean blood pressure measured just after cuff release; and total
hyperemic flow, determined from the area under the curve.
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Exercise Training Intervention
Subjects attended supervised exercise sessions 3 days/week for 24 weeks. In the initial sessions,
subjects exercised for 20 minutes at 50% VO2 max. Exercise duration and intensity were
gradually increased such that by week 10, subjects were exercising for 40 min per day at 70%
VO2 max. A fourth unsupervised exercise session was added during the last 14 weeks of
training. Exercise intensity was assessed using heart rate monitors (Polar, Brooklyn, NY). The
average compliance over the 24-week training period was 91 ± 4%.

Final Testing
At the completion of the exercise training intervention, subjects underwent the same tests as
at baseline. Subjects continued training until all final tests were complete. All final tests were
completed 24–36 hours after exercise.

Statistical Analyses
All analyses were performed using SAS version 9.1 (SAS Institute, Cary, NC). Data are
presented as mean ± standard deviation (SD). Paired t-tests were used to determine changes
with exercise training. Pearson correlation coefficients were examined to determine whether
changes in plasma NOx levels and FBF variables are related to changes in CVD risk factors,
including lipid levels, body weight, body fat, and VO2 max. Analysis of variance was used to
determine the effect of gender, race, and HRT status on changes in plasma NOx with training.
Significance was set at p ≤ 0.05.

RESULTS
On average the study population was 58.3 ± 6.0 yrs old and had a mean BMI of 27.8 ± 4.1 kg/
m2. Approximately 70% of subjects were White, and 39% of women were on HRT. Body
weight, body fat, VO2 max, lipids, and NOx levels before and after training are shown in Table
1. After 24 weeks of moderate-to-vigorous intensity aerobic exercise training, there was a 15%
increase in VO2 max (p<0.0001). All participants remained within ±5% of their baseline
weight, with an average change of −1.2 ± 2.4% (range: −4.9% to +4.7%). Despite remaining
weight stable, there was a significant decrease in total body fat with training (p<0.0001).
Aerobic exercise training also reduced triglyceride levels by 12% (p<0.0001) and increased
HDL cholesterol by 9% (p<0.0001). There was no significant change in total or LDL
cholesterol.

Changes in plasma NOx levels with exercise training ranged from −14.83 μmol/L to +16.69
μmol/L. However, the overall mean change was not significant (−0.33 ± 6.30 μmol/L, p=0.64),
and did not differ by gender (p=0.36), race (p=0.58), or HRT status in women (p=0.91).
Changes in plasma NOx levels were not associated with changes in body weight (r=−0.16,
p=0.16), total body fat (r=0.08, p=0.46), VO2 max (r=−0.03, p=0.81), HDL cholesterol (r=
−0.01, p=0.90), or triglycerides (r=0.14, p=0.21). Changes in plasma NOx levels were also not
associated with age (r=0.02, p=0.85). There was, however, a positive correlation between
changes in plasma NOx levels and changes in both total cholesterol (r=0.30, p=0.007) and LDL
cholesterol (r=0.26, p=0.02).

Among the 15 participants with FBF measurements, there were no significant changes in any
of the FBF variables in response to exercise training (Table 2). In addition, the hyperemic FBF
response curves before and after training were virtually identical (Figure). In correlation
analyses, changes in FBF variables were unrelated to changes in plasma NOx levels. In
addition, there were no significant associations with any of the CVD risk factors.
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DISCUSSION
There is strong evidence to support a beneficial effect of exercise training on endothelial
function, as measured by endothelium-dependent vasodilation [5;22;23]. On the other hand,
although reduced NO production and bioactivity is a major contributor to endothelial
dysfunction, less is known regarding the effects of exercise training on NOx levels. Cross-
sectional studies generally show that urinary and plasma NOx levels are higher in trained vs.
untrained persons [24;25]. In the few intervention studies that exist, NOx levels were increased
after 3 to 12 weeks of exercise training [6–8;26]. In contrast, the major finding of the present
study is that plasma NOx levels are unchanged after 24 weeks of aerobic exercise training in
older adults. In addition, long-term exercise training had no effect on vasomotor function, as
assessed by changes in the FBF hyperemic response.

Endothelial dysfunction can be assessed in plasma and urine samples by measuring circulating
markers of NO metabolism (i.e. NOx) or markers of endothelial injury, such as soluble adhesion
molecules [1]. Alternatively, functional methods can be used to measure NO-related
vasomotion in response to pharmacological or physiological stimuli. NO regulates various
functions of the cardiovascular system, including vascular tone, platelet activation, and cell
proliferation. As such, decreased NO bioactivity may be one of the earliest detectable findings
during the development of cardiovascular diseases [1]. It has been suggested that because
plasma NOx levels may not reflect biologically active NO and are not solely endothelium-
dependent, these measurements should be made in combination with functional assessments.
In the present study we examined both plasma NOx levels and FBF at rest and during reactive
hyperemia, and data from both measures indicate that long-term training does not improve
endothelial function in older adults.

Our study examined 82 older (mean age = 58 yrs), overweight (mean BMI = 28 kg/m2) men
and women with CVD risk factors including dyslipidemia and hypertension. Mean baseline
plasma NOx levels were ~19 μmol/L and were unchanged after dietary stabilization and a 24-
week exercise intervention consisting of aerobic exercise at 70% VO2 max for 40 min/day, 3–
4 days/wk. In a previous study, Roberts et al. reported that a 3-week diet and exercise
intervention increased urinary NOx levels in 11 men with CVD risk factors [26]. The study
population, which included 7 hypertensives and 2 diabetics, were 38 to 72 yrs old and
predominately obese (mean BMI = 37.6 kg/m2). The subjects followed a low-fat (~10% of
calories), high-carbohydrate (~70–75% of calories) diet and walked daily for 45–60 min at 70–
85% VO2 max. With such an intensive dietary intervention, it is not clear if the improvement
in NOx levels was due primarily to the dietary intake, the exercise training, or both. It is also
not clear if age had any effect on the training-induced changes in NOx levels. Moreover, the
measurement of NOx in plasma vs. urine may reflect different aspects of NO metabolism
[27]. Another study reported that 8 weeks of aerobic exercise training increased plasma NOx
levels by 58% in 8 young healthy subjects (mean age = 20 yrs) who exercised at 70% VO2
max for 1 hr/day, 3–4 days/week [7]. Differences in the age and health status of the study
population may account for some of the varying results. Thus, while previous studies examined
only a small number of subjects after a short-term training intervention, this study provides the
first examination of changes in plasma NOx levels after long-term training in an older
population.

Changes in NO levels after exercise not only depend on the duration of the training program,
but may also be influenced by age. Recently, Lauer et al. reported that among healthy subjects
with no CVD risk factors, older persons (mean age = 58 yrs) had an impaired capacity to
increase plasma nitrite levels after acute exercise compared to younger persons (mean age =
25 yrs) [13]. Consistent with this, Gomes et al. found that cycling for 45 min/day, 3 days/week,
for 12 weeks at a heart rate corresponding to the anaerobic threshold did not improve plasma
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nitrite levels in 18 patients with metabolic syndrome (mean age = 46 yrs) [28]. On the other
hand, 12 weeks of cycling at ~50% VO2 max for 30 min/day, 5 days/week increased plasma
NOx levels by 54% (from ~28 to 43 μmol/L) in 10 elderly women (mean age = 63 yrs) who
were normotensive, non-obese, and not on any medications including HRT. Besides the
difference in health status, differences in the measurement of NO (nitrite only vs. nitrite +
nitrate) make it difficult to compare these results. However, in the present study subjects
exercised not only for a longer duration, but also at a higher intensity. It is possible that the
higher exercise intensity in our study negatively affected the plasma NOx response to exercise,
as 12 weeks of aerobic exercise training at 75% VO2 max has been shown to impair training-
induced improvements in endothelial function in young healthy men (mean age = 25 yrs), most
likely due to increased oxidative stress [29]. In contrast, training at 50% VO2 max augmented
endothelial function through increased NO production. Older individuals may be particularly
vulnerable to the adverse effects of high-intensity training. Taken together, these studies
highlight the need to clarify the effect of aerobic exercise training on NO levels in older adults.
Although in our study age was not associated with changes in plasma NOx levels with training,
it is likely that the aging process per se alters NO-related adaptations to long-term exercise
training.

To our knowledge, only 3 other studies have examined endothelial vasomotor function after
long-term training in humans. Hambrecht et al. found that in chronic heart failure patients
(mean age = 56 yrs), 24 weeks of exercise training at 70% VO2 max for 40–60 min/day, 5–6
days/week significantly increased acetylcholine-induced blood flow in the femoral artery
[11]. In addition, 16 weeks of aerobic exercise training enhanced flow-mediated dilation in the
brachial artery and blood flow in ocular resistance vessels in diabetics (mean age = 42 yrs)
[9]. In the third study, 4 weeks of a hospital-based exercise training program (at 80% VO2 max
for 60 min/day, 6 days/week), followed by 20 weeks of a home-based program (at 80% VO2
max for 20 min/day, 7 days/week), significantly improved coronary blood flow in patients with
coronary artery disease (mean age = 60 yrs) [10]. In our population of older men and women
free of clinical CVD and diabetes, there was no improvement in blood flow in forearm
resistance vessels with exercise training. Differences in the study population, the vascular bed
examined, and the measurement of endothelial function may account for the differences in our
results.

As mentioned previously, most studies demonstrate that training programs of 12 weeks or less
elicit significant improvements in NO-related vasomotor function. However, these adaptations
appear to be transient and may disappear in the longer term [5]. Improvements in endothelial
function in the short term are largely due to shear stress-induced changes in endothelial NO
synthase expression, phosphorylation status, and enzyme activity [5;22;23]. In contrast,
prolonged exercise training may lead to structural enlargement of blood vessels [30–32], and
over time an increase in arterial diameter may occur that reduces the shear stress signal
associated with a given exercise-induced elevation in blood flow and allows NO bioactivity to
return towards pre-training levels [33–35]. These structural changes are consistent with the
restoration of endothelial NO synthase expression, NO production, and endothelial-dependent
vasodilation to control levels in the fully trained state [11;35–37]. While these findings are
supported by both animal and human data, more studies are needed to identify factors that may
influence long-term training adaptations, such as characteristics related to the study population
(i.e. age, gender, and health status) and the training program (i.e. exercise mode, frequency,
intensity, and duration).

Limitations
Although the number of subjects in this study with plasma NOx levels was larger than in
previous studies, we had limited power to detect changes with training for the FBF variables.
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In addition, because we did not have a non-exercise control group, we cannot rule out the
possibility that exercise training simply prevented a decline in NOx levels and FBF. Similarly,
because this study only included 50–75 yr-olds, we do not know if our exercise intervention
would have improved plasma NOx levels and FBF in younger persons. We also cannot
determine whether an increase in plasma NOx levels occurred earlier in the intervention (i.e.
within the first 12 weeks of training). Finally, because we did not distinguish between
endothelial-dependent and endothelial-independent vasodilation, we cannot determine
whether the role of NO in the reactive hyperemic response is altered by exercise training.
Nevertheless, measuring reactive hyperemia using venous occlusion plethysmography is a
commonly used method to assess endothelial function in resistance arteries and correlates well
with more invasive measures using intra-arterial drug infusions [38].

Summary and Conclusion
This is the first study to demonstrate that 24 weeks of aerobic exercise training does not increase
plasma NOx levels or augment FBF in older men and women. Despite the limitations
mentioned above, participants in our study were carefully monitored to keep their diet,
medications, and body weight constant during the progressive, well-standardized exercise
training program. We also followed standard procedures to ensure that blood samples for the
measurement of NOx were drawn in the morning after an overnight fast and within 24–36 hrs
after exercise. In addition, plasma samples were deproteinized before analysis to minimize
experimental artifacts. While our results are consistent with the idea that improvements in NO
production and endothelial function with exercise are transient and may be lost over time, more
long-term training studies with repeated assessments of NO production and endothelial
function are needed to better characterize the time course of vascular adaptations to exercise
training. In addition, future studies will need to clarify the effect of aging on pathways involved
in these adaptive responses.
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Figure.
Time course of forearm blood flow at rest and during reactive hyperemia measure before and
after aerobic exercise training
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Table 1

Subject characteristics before and after exercise training (n=82)

Before Training After Training Change P-value

Weight (kg) 81.7 ± 15.8 80.6 ± 15.2 −1.1 ± 1.9 <0.0001

Total body fat (%) 34.7 ± 9.3 33.1 ± 9.4 −1.5 ± 2.1 <0.0001

VO2 max (mL/kg/min) 25.5 ± 4.7 29.3 ± 6.3 3.8 ± 3.3 <0.0001

Total Cholesterol (mg/dL) 196.6 ± 32.9 197.0 ± 35.3 0.4 ± 20.0 0.87

HDL cholesterol (mg/dL) 45.3 ± 13.0 49.4 ± 13.4 4.2 ± 5.5 <0.0001

LDL cholesterol (mg/dL) 122.0 ± 28.5 121.6 ± 29.7 −0.3 ± 18.8 0.88

Triglycerides (mg/dL) 139.8 ± 69.7 123.0 ± 60.4 −16.8 ± 32.5 <0.0001

NOx (μmol/L) 18.67 ± 4.83 17.71 ± 4.91 −0.33 ± 6.30 0.64

Table values are means ± SD. VO2 max, maximum oxygen consumption; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; NOx, nitrates/nitrites
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Table 2

Forearm blood flow variables before and after exercise training (n=15)

Before Training After Training P-value

Basal FBF (mL/100 mL/min) 2.08 ± 0.81 1.87 ± 0.72 0.25

Peak FBF (mL/100 mL/min) 11.34 ± 4.18 10.61 ± 3.03 0.48

Hyperemic response (%) 532.0 ± 357.7 570.0 ± 372.1 0.75

Total hyperemic flow (ml/100 mL) 5.98 ± 1.83 5.62 ± 1.94 0.57

Minimum FVR (mmHg/mL/min/100
mL)

10.09 ± 4.01 9.88 ± 3.12 0.85

Table values are mean ± SD. FBF, forearm blood flow; FVR, forearm vascular resistance
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