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The Effects of Endurance, Resistance, and Walking Exercise on Nitric Oxide Levels and
Endothelial Function in Adults: A Systematic Review and Meta-Analysis
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study aimed to investigate the effects of exercise training on NO
bioavailability and endothelial function in adults.

Review Methods and Data Sources:

A systematic search was conducted in PubMed, Scopus, and Web of
Science for studies published between January 2000 and September 2025.
Human clinical trials examining the effects of exercise on NO and
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Sixteen studies were included in the meta-analysis of NO and VCAM-1
outcomes. Exercise training significantly increased NO bioavailability
(standardized mean difference [SMD] = 1.30; 95% confidence interval
[CI], 0.67-1.93; p = 0.001). In the subgroup analysis, walking had the
greatest effect on NO levels (SMD = 6.01; p = 0.019), whereas aerobic
exercise (SMD = 1.02; p = 0.16) and resistance exercise (SMD = 0.27; p
= (.52) did not have statistically significant effects. Exercise training also
significantly reduced VCAM-1 levels (SMD = —0.96; 95% CI, —1.41 to
—0.52; p=0.001). Training programs lasting more than six weeks (SMD
=1.51; p=0.001) and programs performed at high intensity (SMD = 1.40;
p = 0.034) or moderate intensity (SMD = 3.35; p = 0.0002) were
associated with significant increases in NO.

Conclusion:

Exercise training, particularly walking and programs lasting more than six
weeks and performed at moderate-to-high intensity, increases NO
bioavailability and reduces the endothelial adhesion marker VCAM-1.
These findings highlight the potential role of exercise in improving
endothelial function. However, the high heterogeneity among the
included studies indicates that further research using standardized
exercise protocols is needed.
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Extended Abstract

Introduction:

The cardiovascular system supplies oxygen and nutrients to all body tissues. The endothelium, a
semipermeable barrier between the blood and tissues, is an active endocrine organ involved in the regulation
of vascular tone, platelet activity, and inflammatory processes (1,2). Endothelial dysfunction is recognized
as an early and important step in the pathogenesis of cardiovascular diseases such as atherosclerosis,
hypertension, type 2 diabetes, heart failure, and coronary artery disease (5,6). Nitric oxide, produced by
endothelial nitric oxide synthase (eNOS) from L-arginine, is central to normal endothelial function (9,10).
NO induces vasodilation, reduces vascular resistance, increases blood flow, inhibits platelet aggregation
and adhesion, prevents leukocyte adhesion to the endothelium, and inhibits smooth-muscle-cell
proliferation (11,12). Reduced NO bioavailability resulting from decreased eNOS activity, increased
degradation by reactive oxygen species, or reduced substrate availability is a major mechanism underlying
endothelial dysfunction (13,14). Vascular cell adhesion molecule 1 (VCAM-1) is an important marker of
endothelial activation and dysfunction. It is expressed on the surface of endothelial cells in response to
inflammatory cytokines (18,19). Exercise training is recognized as an effective non-pharmacological
intervention for improving vascular health and preventing cardiovascular disease (22,23). Despite extensive
evidence, uncertainty remains regarding the effects of different exercise modalities on NO bioavailability
and markers of endothelial function. Therefore, this study systematically and quantitatively investigated
the effects of endurance, resistance, and walking exercise on NO bioavailability and endothelial function,
with particular emphasis on VCAM-1, in adults.

Methodology:

This systematic review and meta-analysis was conducted in accordance with the PRISMA 2020 statement
and registered in PROSPERO (CRD420251144669). A systematic search was performed in PubMed,
Scopus, and Web of Science for studies published between January 2000 and September 2025.

Human clinical trials examining the effects of structured exercise training on NO and VCAM-1 levels were
eligible for inclusion. The research questions were structured according to the PICO framework: the
population consisted of adults with various health conditions; the intervention was structured exercise
training; the comparison was a control condition or no intervention; and the outcomes were NO
bioavailability and VCAM-1 levels. Studies were excluded if they did not examine an exercise intervention
or either of the target outcomes; focused primarily on drug or nutritional interventions; were in vitro or ex
vivo studies without an in vivo training protocol; were review articles, editorials, case reports, or conference
abstracts; were published in a language other than English without an available translation; lacked a control
group; or did not provide sufficient data for calculating an effect size. Two independent reviewers screened
titles and abstracts and then assessed the full texts. Disagreements were resolved through discussion or
consultation with a third reviewer. Extracted data included study characteristics, participant characteristics,
intervention details, and outcome measures. Statistical analyses were performed using a random-effects
model and the restricted maximum-likelihood method in Comprehensive Meta-Analysis version 4. Effect
sizes were calculated as standardized mean differences using Hedges' g, with 95% confidence intervals.
Subgroup analyses were conducted according to exercise type, intervention duration, and exercise intensity.

Findings:

Following the screening of 2,050 database records and 22 records identified through manual searches, 26
human studies involving 1,034 participants were included in the NO meta-analysis, and three studies
involving 156 participants were included in the VCAM-1 meta-analysis. Exercise training significantly
increased NO bioavailability (SMD = 1.30; 95% CI, 0.67—-1.93; p = 0.001), representing a large effect.
However, substantial heterogeneity was observed (I = 95.04%; 12 = 2.44). Subgroup analyses showed that
walking produced the largest increase in NO (SMD = 6.01; p = 0.019), whereas aerobic exercise (SMD =
1.02; p = 0.16) and resistance exercise (SMD = 0.27; p = 0.52) did not produce statistically significant
effects. Regarding exercise duration, both short-term programs lasting six weeks or less and long-term
programs lasting more than six weeks significantly increased NO. The reported effects were SMD = 1.51
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(p =0.001) for long-term programs and SMD = 1.56 (p = 0.021) for short-term programs. Meta-regression
revealed no significant linear association between training duration and the effect size for NO (B = —0.035;
p = 0.735). Subgroup analysis by exercise intensity showed that high-intensity (SMD = 1.40; p = 0.034)
and moderate-intensity (SMD = 3.35; p = 0.002) training significantly increased NO, whereas low-intensity
training did not (SMD = 1.40; p = 0.14). Exercise training significantly reduced VCAM-1 levels (SMD =
—0.96; 95% CI, —1.41 to —0.52; p = 0.001), with no observed heterogeneity (I = 0.00%; 1> = 0.00%). Leave-
one-out sensitivity analysis confirmed the robustness of the VCAM-1 finding, with effect sizes ranging
from —0.87 to —1.02. Egger's test (p = 0.35) and Begg's test (p = 0.60) provided no evidence of publication
bias. Fail-safe N analysis indicated that 12 studies with null results would be required to render the VCAM-
1 finding statistically nonsignificant.

Discussion:

The findings of this meta-analysis demonstrate that structured exercise training significantly increases NO
bioavailability, with a large overall effect size, and are consistent with previous reports of increased NO
following various training protocols. Among the exercise modalities examined, walking produced the
largest increase in NO. This finding may be attributable to its moderate intensity, rhythmic nature, and
accessibility across populations. The apparently greater effect of walking may be related to sustained shear
stress, optimal stimulation of eNOS, and reductions in oxidative stress. The nonsignificant effect of aerobic
exercise in this analysis may be explained by substantial variation in exercise protocols, including
differences in intensity, duration, and frequency, as well as differences in study populations, which ranged
from healthy young adults to patients with advanced cardiovascular disease. Resistance exercise produced
the smallest effect on NO, possibly because of the intermittent changes in blood flow during resistance
exercise, lower shear stress than that generated by continuous aerobic activity, and transient increases in
blood pressure during high-load resistance exercise. Both short-term and long-term programs significantly
increased NO, with a somewhat larger effect reported for longer programs. However, the absence of a linear
relationship between training duration and the NO response suggests that factors such as exercise intensity,
exercise type, and participant characteristics may be more important determinants of the NO response than
duration alone. The significant reduction in VCAM-1 following exercise provides evidence of an anti-
inflammatory effect on the endothelium. The absence of observed heterogeneity in the VCAM-1 analysis
suggests a consistent effect across the included populations and protocols. In contrast, the high
heterogeneity observed in most NO analyses reflects substantial variability in training protocols, participant
characteristics, and measurement methods. This finding underscores the need for standardized protocols in
future research.

Conclusion:

Based on the findings from the human studies included in this systematic review and meta-analysis,
structured exercise training increases NO bioavailability with a large effect size (SMD = 1.30) and reduces
the endothelial adhesion marker VCAM-1 (SMD =—0.96). Among the exercise modalities, walking showed
the largest effect on NO (SMD = 6.01), whereas aerobic and resistance exercise showed nonsignificant and
small effects, respectively. Both moderate-intensity (SMD = 3.35) and high-intensity (SMD = 1.40) training
were effective, although the reported effect was greater for moderate-intensity training. Low-intensity
training did not produce a statistically significant effect. Both short-term programs lasting six weeks or less
and long-term programs lasting more than six weeks were effective, although the reported effect estimates
should be interpreted in light of the substantial heterogeneity. No linear relationship was observed between
training duration and the NO response. Both participants aged 50 years or younger and those older than 50
years showed significant increases in NO, suggesting that vascular adaptations to exercise may occur across
age groups. Given the high heterogeneity observed in the NO analyses, further studies using standardized
training protocols and consistent measurement methods are needed. Nevertheless, the available evidence
suggests that exercise training—particularly moderate-intensity walking performed over longer periods—
may be an effective and safe strategy for improving endothelial function and reducing cardiovascular risk
through increased NO bioavailability and decreased endothelial activation.
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Study name Statistics for each study Std diff in means and 95% CI

Std diff  Standard Lower Upper Relative

in means error Variance  limit limit  Z-Value p-Value weight
Reia et al(2021) 1.577 0.225 0.051 1.136 2.018 7.010 0.000 L. 4.15
Majerczek et al.(2019)Y 0.894 0.365 0.133 0.178 1610 2448 0.014 4.01
Majerczek et al.(2019)o 1 -1.277 0.382 0.146 -2.026 -0.528 -3.342 0.001 ] 3.99
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Findikoglu et al.(2015) 3.555 0.587 0.344 2406 4.705 6.062 0.000 iR 3.7
Findikoglu et al.(2015) low 8.686 1:179 1.391 6.374 10.997 7.365 0.000 - 270
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Boeno et al.(2020) 1.565 0.442 0.195 0.698 2431 3.540 0.000 = 3.92
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Rosa et al.(2021) d 1.397 0.196 0.038 1.014 1.781 7.142 0.000 O 4.17
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Pooled 1.304 0.321 0.103 0.675 1.934 4.059 0.000 &
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inmeans error  Variance limit limit Z-Value p-Value weight  weight
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