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ABSTRACT
Asano RY, Sales MM, Coelho JMO, Moraes JFVN, Pereira LA,
Simões HG. Exercise, Nitric Oxide, and Endothelial Dysfunction: A
Brief Review. JEP online 2012;15(1):76-86. Nitric oxide (NO) is
biosynthesized from the amino acid L-arginine, oxygen, and a variety
of co-factors mediated by nitric oxide synthase (e-NOS). Nitric oxide is
referenced as a relaxing factor in the endothelium, acting as a potent
vasodilator that plays an important role in controlling vascular tone.
Studies have demonstrated the role of NO in preserving the functional
capacity of the endothelium, preventing atherosclerosis, vascular
injury, and hypertension. Moreover, genotypic and/or phenotypic
factors may adversely influence the bioavailability of NO, resulting in
severe endothelial dysfunction and increased peripheral vascular
resistance. Studies have shown exercise as an effective intervention to
increase the bioavailability of NO acutely and chronically, for exercise
may provide improvement in musculoskeletal and circulatory systems
by increasing local blood flow and, therefore, preventing illness or
increase performance. Thus, the purpose of this brief review was to
elucidate the molecular mechanisms involved in the synthesis and
regulation of NO, demonstrating the advances of scientific knowledge
related to its bioavailability mediated by exercise and the impact of this
phenomenon on endothelial dysfunction. To achieve this objective, we
reviewed the scientific literature published in the following databases:
Scielo, Medline, Pubmed, WebScience, SCOPUS and SportDiscuss
(EBSCO), using the keywords: “nitric oxide” and “exercise.”
.
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INTRODUCTION
Vascular smooth muscle cells mediate the relaxation of the endothelium (vasodilation) to maintain
basal vascular tone through various vasodilators of which nitric oxide (NO) is the most potent one
(29). It plays an important role in blood flow regulation by vasodilating and decreasing the peripheral
vascular resistance in several tissues and organs (28).
Endothelium derived NO is produced by the endothelial nitric oxide synthase (eNOS). The expression
of eNOX increases the metabolism of the L-arginine, which enhances the formation of L-citruline in
the NO of endothelial cells. Afterwards, the NO migrates to the vascular smooth muscle cells and
activates guanylate cyclase that decreases the amount of intracellular calcium and, consequently,
relaxing the vascular smooth musculature (19).
The occurrence of endothelial dysfunction is primarily the result of the decrease in the bioavailability
of NO (18,27). Recent studies have associated this phenomenon with numerous diseases related to
the endothelium that include, but not limited to, atherosclerosis (23), vasospasm and thrombosis (29),
vascular injury (9), diabetes mellitus (26), hypercholesterolemia (30), cardiac fibrosis (25),
osteoporosis (10), colon cancer (2), autonomic cardiac deficit (24), myocardial infarction (5), and
hypertension (11).
The bioavailability of NO is influenced by genotypic and phenotypic factors. Several studies have
approached the influence of genetics in the production of NO, since the gene T786C of the NO
synthase (NOS) presents polymorphisms and is associated with hypertension (3). On the other hand,
recent studies have also demonstrated that lifestyle, which includes regular physical exercise, has
strong association with the preservation of the functional capacity of the endothelium and the capacity
to produce NO (7,10,17,25).
Based on the evidence described, the aim of the present study was to review the literature related to
the effects of exercise in the production and bioavailability of NO in the prevention and treatment of
vascular dysfunction. We conducted a bibliographical research in the following databases: SCIelo,
Medline, Pubmed, WebScience, SCOPUS and SportDiscuss (EBSCO) using the keywords “nitric
oxide” and “exercise.”
Acute Effects of Exercise in the Bioavailability of NO
One acute exercise session can increase NO and its biomarkers in the plasma that result in
vasodilation of the endothelium during and after exercise. This has been shown in studies using both
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animal and human models. A recent study in our group (20) showed that after a single aerobic
exercise session (e.g., 20 min at 90% of the anaerobic threshold) the activity of plasma kallikrein
augmented. In addition, it is known that this substance mediates positively the reaction that releases
NO in the bloodstream.
Faria et al. (11) submitted hypertensive rats to a squat session using weight vests, the authors
observed a decrease in blood pressure (BP), a lower vascular reactivity, and an endothelial
dependent relaxation mediated by NO after exercise. Yang et al. (31), with the purpose to investigate
the effects of an aerobic exercise session on the vasodilatory effects of insulin and IGF-1 by
stimulating NOS and PI3K submitted hypertensive rats to an aerobic exercise bout in a treadmill at a
speed of 21 m•min-1 for 1 hr. The authors observed an increase of the endothelium dependent
vasodilation through the mechanism described.
Long et al. (15) examined the preventive effects of exercise in coronary blood flow and macrovascular
atherosclerosis. They aerobically trained Yucatan pigs and submitted them to a high fat and
cholesterol diet during 36 weeks. After this period of hypercholesterolemia, the animals were
submitted to a short term aerobic training, which preserved the endothelium independent (adenosine)
coronary microvascular responses and enhanced the endothelium dependent coronary responses
through the action of bradikinin, which is a mediator of NO production and reducer of the possibility of
macrovascular atheroma in aerobically trained pigs.
Physical training in rats adapts the Porta Vein to vigorously respond to sympathetic stimuli, even
when the animals are exposed successively to exercise. Based on this point of view, Chies et al. (6)
evaluated the effects of angiotensin II in the Porta Vein and the Vena Cava in sedentary rats and
trained rats while they were at rest or after an exercise bout. The exposure of trained animals to
consecutive bouts of acute exercise in the treadmill improved the responses of the Porta Vein in rats
with the presence of angiotensin II. This improvement seems to be specific to the Porta Vein, since
there were no alterations in the Vena Cava. The authors, therefore, concluded that these adaptations
were influenced by NO, endothelin and vasodilating prostanoids.
The eNOS is associated with several physiological regulations related to muscular metabolism, such
as muscular signaling and the use of resources during exercise. However, the real role played by
eNOS is still poorly understood. Lee-Young et al. (14) found that in sedentary mice without the
presence of eNOS, ATP stocks were reduced in 40%. Consequently, the tolerance to exercise was
badly impaired during an aerobic exercise session. One observed effect that is eNOS dependent,
cited by the authors, was related to the AMP Kinase protein, activated in muscular signaling and
perfusion. In addition, the authors showed that muscular glucose uptake, long chain fatty acids and
glucogenolysis, and hepatic muscular functions were augmented during exercise in mice with
absence of eNOS when compared to mice with partial presence of eNOS and to wild mice. The
finding that a partial decrease in the expression of eNOS is enough to induce physiological alterations
in ATP production, NO release and, therefore, intolerance to exertion makes it possible to conclude
that the decrease in eNOS expression can lead to metabolic chronic diseases such as obesity and
insulin resistance.
Lasta et al. (13) tested the hypothesis that the inhibition of NOS alters the responses of arterial and
venous vessels of the retina in healthy adults during the performance of isometric exercise. This
hypothesis is based on the theory that blood flow in the retina is self-regulated, which means that the
flow does not depend on perfusion pressure. The authors concluded that NO plays an important role
in the control of the vascular tone of the retina since the vascular response to isometric exercise was
less pronounced when NOS was inhibited.
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Crecelius et al. (8) investigated whether the increase in muscular blood flow, induced by ascorbic acid
(AA), during dynamic exercise in an elderly population, occurred through endothelium dependent
vasodilation mediated by NO or prostaglandins. Fourteen elderly volunteers used an ultrasonography
Doppler during a handgrip exercise at an intensity of 10% of the maximum voluntary contraction.
Afterwards, the same subjects repeated the procedure using a NOS inhibitor. As a result, the authors
found that AA coupled with the NOS inhibitor reduced the blood flow in 20%, but no significant
changes were observed with the prostaglandins. The authors concluded that the administration of AA
in the elderly augments the blood flow due to the increase in NO bioavailability during dynamic
exercise and not due to prostaglandins.
It has recently been shown that supplementary diets with nitrite increases its levels in blood plasma.
Nitrite is a well known marker of bioavailability of NO in blood plasma which enhances the efficiency
and tolerance to exercise in healthy adults. Bailey et al. (4) hypothesized that the supplementation
with L-arginine, which is a substrate of NOS, could reveal similar results as nitrite supplementation.
The authors administered L-arginine to 9 healthy adults and, 1 hr later, submitted them to moderate
and high intensity exercise. The results showed that plasma nitrite was significantly higher in the
group that ingested L-arginine. There was also a decrease in systolic blood pressure (SBP). The
submaximal VO 2 was 7% lower in the moderate intensity exercise session, and the high intensity
exercise resulted in smaller amplitude of the slow component and an extended time until exhaustion.
They concluded that L-arginine does present similar results when compared to nitrite, increasing the
bioavailability of NO and time until exhaustion during high intensity exercise, and reducing the oxygen
cost during moderate intensity exercise.
Cubbon et al. (9) studied the association of the NO induced by exercise in the proliferation and
mobilization of circulating progenitor cells (CPC), which is a potential mediator of muscle repair. The
CPC mobilization is critically dependent on NO, and South Asians are associated with low CPC. The
purpose of their study was to determine the response of CPC mobilization during a moderate intensity
exercise, the role of NO in CPC mobilization, and to compare the results between South Asians and
white Europeans. The findings showed that vasodilating mediators and CPC were lowered in South
Asians when compared to white Europeans. A decrease in the bioavailability of NO can contribute to
an inadequate balance between vascular injury and muscle repair mechanisms.
In summary, the recent studies show that a single bout of exercise can increase the bioavailability of
NO in blood plasma and, therefore, acutely augment the blood flow to several organs. In addition,
exercise is a useful tool (among others) in the prevention of hypertension, hypercholesterolemia, and
diabetes mellitus. It also increases peripheral blood flow and helps with the repair of vascular muscle
tissue.
Chronic Effects of Exercise in Endothelial Dysfunction Mediated by NO
Recent studies have demonstrated that exercise is an efficient non-pharmacological treatment to
dysfunctions in the endothelium, especially because of its chronic effects in the enhancement of
eNOS and subsequent NO production (23,29).
Studies related to the chronic effects of exercise and the bioavailability of NO have approached
several tissues and organs. In the cardiac tissue, Souza et al. (25) studied the effects of an 8-week
aerobic training (swimming) program on rats with NOS inhibition. At first, the NOS inhibited rats were
characterized as hypertensive, but after the training period the increase in BP in NOS inhibited rats
was significantly smaller when compared to other NOS inhibited rats that remained sedentary. In
addition, the trained rats presented higher cardiac weight index, macroscopic cardiac area, and
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cardiac fibrosis than the control group. The authors concluded that a short term blockage of NOS in
sedentary rats could induce hypertension. On the other hand, after exercise the inhibition of the
synthesis of NO attenuated hypertension and promoted cardiac hypertrophy with a significant
increase in cardiac muscle fibrosis. This suggests that NO plays an important role in the adaptations
of cardiac tissues induced by aerobic physical training.
The blocking of the NO synthesis is characterized by the increase in cardiac sympathetic activity.
However, exercise promotes the decrease of sympathetic activity. Therefore, Rossi and colleagues
(24) investigated the effects of NO synthesis blockage on the autonomic cardiac control of Wistar rats
that were submitted to a 10-week aerobic training period. The trained rats were treated with the NOS
inhibitor (L-NAME) only during the last week of training. After the total training period, the authors
observed that exercise prevented the deficit of autonomic cardiac control induced by the NOS
inhibition. However, it did not prevent the increase in systolic blood pressure variability.
Exercise is a known method to improve functional capacity and life quality in patients that suffer from
peripheral arterial insufficiency. However, it is still not known how exercise influences the collateral
veins. Colleran et al. (7) studied the effects of exercise on the vasomotor properties of the isolated
peripheral collateral arteries. Specifically, they used rats submitted to a femoral artery occlusion
surgery that performed 3 months of aerobic exercise in a treadmill. The authors showed that exercise
did augment the vasodilation of the collateral artery’s endothelium, apparently due to the increase of
the production of hyperpolarizing factors derived from the endothelium. According to the authors,
these findings can contribute to increases in the collateral artery’s functions and to develop a better
tolerance to exercise during the training period.
Exercise performance is limited by peripheral artery diseases due to the decrease in local blood flow,
which results in less O2 availability. Nitrite is the biggest product of NO oxidation, and has recently
been suggested as a donor of NO to tissues with hypoxia, providing vasodilation by the mediation of
endocrine functions. Allen et al. (1) hypothesized that chronic exercise could enhance endothelial
function and nitrite levels in blood plasma. The authors submitted peripheral arterial disease carriers
to 3 months of daily activity exercises. After the intervention, the aut hors found an increase in time to
the beginning of limping (feel pain during walking due to insufficient O2 irrigation to muscles), increase
in peak time of walking and peak VO 2, increase in brachial blood flow due to vasodilation and nitrite
increase in blood plasma. However, there were no significant changes in the peripheral arterial
disease. According to the authors, the results suggest that alterations of nitrite levels in blood plasma
are related to endothelial function and predict exercise performance in peripheral arterial disease
carriers.
In regards to bone tissue, Domingues and colleagues (10) researched the association between
endurance exercise and the bone vasculature function. Because there is a decrease in blood flow in
the elderly, there is also a commitment to vasodilation mediated by NO. On the other hand,
endurance training is associated with the restoration of several vascular runways and improves bone
properties. The authors submitted 344 elderly Fischer rats to treadmill exercise for a 12-week period.
The results showed that the exercise resulted in an increase in bone and medullary blood flow. Also,
there was an increase in the femur’s trabecular volume which was associated with NOS signaling.
The chronic effects of exercise are also related to cancer. Several epidemiological studies have
suggested that exercise can prevent colon cancer. However, it is not at all clear how this mechanism
works. Frequent high expressions of immune cell NO synthase (iNOS) are initial symptoms of tumor
genesis and development of colon-rectal cancer. Aoi et al. (2) investigated the effect of exercise in
the genesis of colon tumors, associated with iNOS, in mice. The authors observed that 6-weeks of
aerobic training (treadmill) reduced iNOS and tumor necrosis factor-a (TNF-a) in the colon and blood
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plasma. Therefore, they concluded that regular exercise can prevent the genesis of tumors in the
colon, in part, by suppressing the iNOS expression.
Nitric oxide is also associated with the concentration of satellite cells and skeletal muscle cells, once
it is capable of activating the proliferation of satellite cells. In the muscle, NO is produced by nNOS,
which enhances its activity during muscular contractions. It is still not known if NO levels are
decreased during muscle functional discharge and if this reduction is associated with muscle atrophy
and satellite cell reduction. Using rats supplemented with L-arginine for 14 days, Kartashkina et al.
(12) investigated whether muscular atrophy and decrease in satellite cells during functional discharge
could be related to a decrease in NO muscle levels. The results showed a negative association
between the increase in muscle NO levels and a decrease in atrophy during functional discharge.
Therefore, the authors concluded that there really is an association between the proliferation of the
satellite cells and the increase in NO levels.
In summary, exercising on a regular basis seems to be associated with higher availability of NO and a
higher blood flow to bone, cardiac tissues, and muscles, This is in addition to enhancing the
endothelial wall function, which is primordial to coronary disease prevention. However, more research
is needed to clarify the association between endothelial dysfunction and NO, since McAllister and
Price (17) related that the increase in the expression of eNOS during chronic aerobic training did not
accompany an enhancement of its vascular function and sensibility to NO.
NO Decrease in Peripheral Tissues in Diabetes Mellitus
Type 2 diabetes mellitus can induce dysfunctions in capillary and arterial endothelium that are close
to insulin sensitive and metabolic active tissues, such as the skeletal muscle. A decrease in
vasodilation due to NO can result in a reduction of insulin, which can promote peripheral resistance to
insulin. Until recently, NO was considered limited in the vascular endothelium where it was produced,
for the NO is easily inactivated in the vasculature (26).
In diabetes, hyperglycemia reduces the endothelium’s products that are derived from NO via NOS,
and the inactivation of NO by the final products of advanced glycation and oxygen reactive species.
This inability to carry NO from other distant sites can help in the development of cardiovascular
diseases and microvascular commitments in diabetics (16,23). In fact, preliminary data from Stabler
et al. (26) showed that the difficulty of transportation of NO and transport mechanisms in the red
blood cells in blood plasma can be present in diabetics. This could enhance the peripheral reduction
of tissue blood flow and oxygen transport, and therefore, contribute to the increase in the incidence of
diseases in the vasculature of diabetics.
Nitric oxide reduction in diabetics can result in platelet aggregation, lack of adherence, and smooth
cell proliferation and, therefore, to atherosclerosis (26). In addition, the nitric autonomic and
endothelial function show dysfunctions in diabetic animals and humans, resulting in a decrease of
regional blood flow. However, the pathological phenomenon is caused by the reduction of NO or by
the activity or availability of NO, by the increase in the production of oxygen reactive species and
endogenous inhibitors of NO, and also by the action of vasoconstrictive factors.
In summary, the evidence indicates the efficiency in the increase of the bioavailability of NO due to
exercise. But, even though the mechanism as to how exercise affects the production of NO in
diabetics is still inconclusive, it seems reasonably clear that diabetics can benefit from the regular
exercise in the treatment or prevention of the possible endothelial dysfunctions induced by the
disease.
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Genetic Studies on the Effects of Exercise in the Production of NO
The association between exercise and NO has been being studied under the genetics’ point of view.
The T786C gene of eNOS shows a polymorphism that can reduce the production and bioavailability
of NO and also be associated with hypertension (3). Zago et al. (32) investigated the effects of
aerobic training in the connection between the eNOS polymorphisms (T786C and G894T), and in
blood pressure and oxidative stress in pre-hypertensive elderly women, once the C allele produces
less eNOS activity than the T allele. The authors submitted volunteers to a 6-month aerobic training
program at 70% of VO2 max. Before the 6-month intervention, the women with both polymorphisms
(T786C and G894C) had less products derived from NO metabolism (NOx) than the subjects that did
not show any polymorphisms or than the ones who showed only the G894T polymorphism. After the
training period, NOx increased in the group with both polymorphisms and there was a decrease in
blood pressure. The group that only had the T786C polymorphism, no polymorphism, and both
polymorphisms presented improvements in oxidative stress. Aerobic exercise also improved oxidative
stress and NOS activity in the allele T (T786C) and allele C (G894T) carriers. The authors concluded
that the effects of exercise in the production of NO were not influence by eNOS polymorphisms.
Another study by Zago et al. (33), investigated the influence of 6 months of aerobic training and the
T786C polymorphism in the levels of NOx, blood flow (BF), and blood pressure in pre-hypertensive
elderly women. The pre-intervention evaluations showed that the NOx levels were lower in the
carriers of the alleles TC+CC when compared to the TT. The TT group showed association between
NOx and BF-0 (r = 0.60), and between diastolic blood pressure (DBP) and BF-0 ( r= -0.70). However,
there were no associations in the TC+CC group. After the intervention, the results in the TT group
remained significant, and the TC+CC group showed associations between DBP and BF-1 (r = -0.80),
DBP and BF-2 (r = -0.60) and DBP and BF-3 (r = -0.60). There were also significant associations
between NOx and BF-1 (r = 0.80) and between NOx and DBP (r = -0.70). The authors concluded that
6 months of aerobic training can contribute to increase the associations that exist between NO, blood
pressure, and BF in elderly women that carry the C allele.
On the other hand, the allele T of eNOS has been associated with the increase of coronary heart
disease mortality and the susceptibility of endothelial dysfunction. Augeri et al. (3) examined the
influence of the T786C of eNOS in post-exercise hypotension and NO after a low intensity exercise
session at 40% of VO2 max, a moderate intensity exercise session at 60% of VO2 max, and a control
session using a cycle ergometer in pre-hypertensive caucasian volunteers. They found that 9 hrs
after exercise the TT allele carries had less post-exercise hypotension than the heterozygous
subjects.
Negrão et al. (21) investigated if exercise induced muscular vasodilation is attenuated in homozygous
allele T carriers, and if training augments muscular vasodilation in response to exercise in the same
population. The subjects were divided in two groups (homozygous TT allele carriers and TC+CC
carriers) that underwent 18 weeks of exercise at an intensity that corresponded to their anaerobic
threshold. Forearm’s vascular conductance and mean blood pressure were the same between the
groups. However, during the handgrip exercise, vascular conductance was smaller in the TT group.
Oxygen uptake was improved in both groups. The intervention increased the forearm’s vascular
conductance in response to the handgrip exercise in the TT group, but not in the TC+CC group. The
authors concluded that training improved muscular vasodilation in response to exercise in the TT
allele carries, suggesting that genetic variations can influence the outcome of interventions.
In summary, the exercise responses of the T786C gene polymorphisms are still inconclusive.
However, there is an effort to enhance the research related to this topic so there can be a solid
foundation to aid future studies.
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CONCLUSIONS
The recent studies presented in this paper suggest that both the acute and chronic effects of exercise
are a potential factor to augment the availability of NO in blood plasma, thus increasing the blood flow
to several tissues such as: cardiac, bone, muscular, retina, and others. In each tissue, the production
of NO induced by exercise can act as a protective agent against atherosclerosis, including in
individuals that have hypertension and diabetes, since they are more likely to develop endothelial
dysfunctions.
Genetic studies are advancing to elucidate the influence of exercise in the expression and activity of
the proteins present in the polymorphisms of eNOS. However, future researches are needed to better
clarify the results found and aid in the prescription of regular exercise. There is also a need to amplify
the studies that associate the use of proteomics, since the increase in the bioavailability of NO
derived from exercise is not accompanied by an improvement of the sensibility of the endothelium’s
smooth muscle cells to NO.
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