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ABSTRACT
Endothelial function is critical to cardiovascular health, regulating blood vessel function through the release of vasodilators and
constrictors—namely, nitric oxide—controlling redox balance, platelet activation and aggregation, leukocyte adhesion, and prolifera-
tion of vascular smooth muscle. Vascular dysfunction, characterized by impaired endothelial function, significantly increases cardiovas-
cular disease (CVD) risk. CVD is the leading cause of death in the United States and most of the world. Advancing age is a primary risk
factor; however, several health behaviors influence vascular aging. Risk factors such as poor diet, a sedentary lifestyle, and poor sleep
can reduce endothelial function, even early in life. Exercise has emerged as a protective factor that can potentially confer vascular pro-
tection in the context of negative health behaviors. In this review, we seek to address the importance of endothelial function for cardio-
vascular health, identify key risk factors andmechanisms that contribute to endothelial dysfunction, summarize the protective effects of
exercise against endothelial dysfunction (including mechanisms), and highlight key knowledge gaps and future directions.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death in the
United States and most of the world (1). Aging is the leading risk
factor for CVD, and CVD risk with aging is further amplified by
the presence of modifiable comorbidities such as obesity and
cardiovascular–kidney–metabolic syndrome (1,2). These comor-
bidities and negative health behaviors such as poor diet, sedentary
lifestyle, and poor sleep also accelerate vascular aging and CVD
risk (2,3). Vascular aging refers to progressive structural and func-
tional changes in the vasculature that occur with age, including in-
creased arterial stiffness and endothelial dysfunction. These
changes are characterized by reduced nitric oxide (NO) produc-
tion and bioavailability, which impairs the ability of blood vessels
to dilate and effectively deliver blood to tissues (4). Together, these
alterations contribute to the development and progression of
CVD. Alarmingly, the declining CVD mortality rates achieved
over the last few decades recently began reversing, particularly in
high-income countries (5). The aging global population and rising
chronic disease rates are expected to contribute to further increases
in CVD prevalence over the coming decades (1,4). As we grapple
with strategies to reduce the incidence of CVD, vascular endothe-
lial function has become a critical mechanistic target.
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As noted above, vascular dysfunction or vascular aging is a well-
established contributor to CVD (6). Impaired vascular function
includes stiffening of the large elastic arteries and endothelial
dysfunction characterized by reduced NO bioavailability (4). The
primary source of NO is endothelial NO synthase (eNOS). As has
been discussed at length in prior reviews (6,7), there are several va-
sodilators beyond NO, but their contributions are often context-
specific, depending on health or disease, or occur within specific
vascular beds. Under healthy conditions, NO is the primary medi-
ator of vasodilation in most vascular beds (6). Although arterial
stiffening and endothelial dysfunction both contribute to impaired
blood flow, increased end-organdamage, augmented cardiac afterload
(leading to heart damage), and ultimately CVD risk (7,8), this review
will focus specifically on endothelial dysfunction.
To develop successful interventions to prevent and reverse vas-

cular dysfunction, we must identify contributing pathophysiologi-
cal mechanisms. One such intervention is regular exercise. Regular
exercise has numerous beneficial health effects across several or-
gan systems (6,9). It is well established that regular exercise im-
proves health span and lifespan, in part due to its beneficial effects
on cardiovascular health. The benefits of exercise from a CVD-
risk perspective supersede the estimated protection that would be
conferred from reducing conventional risk factors alone (10).
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Emerging evidence demonstrates that exercise improves endothe-
lial function in the context of aging and comorbidities such as obe-
sity and hypertension (11,12), and protects against negative health
behaviors such as poor diet (2,6,9). The purpose of this review is to
summarize the existing data on the ability of exercise to prevent
endothelial dysfunction due to negative health behaviors, in-
cluding poor diet, sedentary lifestyle, and poor sleep health.
We will briefly discuss methods used to assess endothelial func-
tion in humans and mechanisms contributing to endothelial dys-
function to contextualize findings and elucidate how exercise is
protective. Lastly, we will highlight knowledge gaps and poten-
tial future directions.

TAKINGA PULSEONARTERIAL HEALTH: ASSESSING
ENDOTHELIAL FUNCTION

Ultrasound-based flow-mediated dilation (FMD) is the most com-
mon technique used to assess macrovascular endothelial function
in humans. First described by Anderson and Mark (13), the
FMD technique uses vascular ultrasonography to measure shear
stress-mediated increases in conduit artery diameter induced by re-
active hyperemia following an ischemic challenge, a process that is
Figure 1. Comparison of functional (left) versus dysfunctional endothelium (right). Va
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at least partially NO dependent (14). Importantly, FMD correlates
strongly with coronary artery vasodilatory function and is prog-
nostic of future CVD risk (14). Most of the data we will focus on
in this paper are derived from studies using FMD.
Although a full description of microvascular function assess-

ments is outside the scope of this review, this topic has been re-
viewed at length (7). Briefly, microvascular endothelial function
is often assessed using non- or semi-invasive methods, such as ul-
trasonography or strain-gauge plethysmography, to measure fore-
arm blood flow in response to reactive hyperemia or intra-arterial
pharmacological agents. Another common technique is laser
Doppler flowmetry (LDF) to assess cutaneous microvascular func-
tion. Briefly, LDF assesses variation in the frequency of Doppler
shift produced by the movement of blood cells under a laser probe
placed on the skin (15). LDF assessment may utilize both physio-
logical (e.g., heating or hyperemia) and pharmacological stimuli
(acetylcholine and sodium nitroprusside), typically delivered
through microdialysis fibers or via iontophoresis, to evaluate
blood flow dynamics and mechanisms (15). It is also pertinent to
highlight that microvascular function is predictive of CVD-
related events (16). For example, there are data suggesting that
the reactive hyperemic response (microvascular reactivity) during
rious health behaviors can promote functional endothelial health through multiple
arterial system and thus shear stress against the artery wall. Shear stress causes
sensitive to the physical displacement of hemodynamic shear stress. Stimulation
roduction by endothelial NO synthase (eNOS) and L-arginine. On the other hand,
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FMD is an even stronger predictor of CVD risk than the brachial
artery dilator response (17).

BREAKING BAD: THE BIOCHEMICAL PATH TO
ENDOTHELIAL DYSFUNCTION

Several mechanisms have been proposed to contribute to endothe-
lial dysfunction, including increased production of reactive oxygen
species (ROS) leading to oxidative stress (see Fig. 1). Oxidative
stress characterized by greater superoxide (O2

•−) production can di-
rectly reduce NO bioavailability by scavenging free NO to form
the highly reactive oxidant peroxynitrite (ONOO−) (18). There
are several sources of ROS production in the endothelium, includ-
ing the nicotinamide adenine dinucleotide phosphate oxidase
(NOX) family of enzymes, xanthine oxidase, mitochondria,
lipoxygenase, and uncoupled eNOS (6,12,18,19). There is an in-
terplay between these mechanisms and oxidative stress that plays
a role in switching eNOS from a NO-producing enzyme to an
O2

•−-producing enzyme via eNOS uncoupling. This process is
caused in part by oxidation of the eNOS cofactor tetrahydrobiopterin
to dihydrobiopterin (20). Other mechanisms of reducing NO include
increased asymmetric dimethyl-L-arginine, a compound that com-
petes with L-arginine at eNOS, resulting in reduced NO production
(21). Another mechanism involves the suppression of the upstream
eNOS activator phosphatidylinositol 3-kinase (22), which is particu-
larly relevant in the context of dysregulated vascular insulin signaling
caused by energy surplus from poor diet and sedentary behavior.
Figure 2. Regular exercise and physical activity increase blood flowwithin the arteries
of the artery, to a frictional force called shear stress. Shear stress triggers a cascad

bioavailability, reduced inflammation, increased antioxidant capacity, angiogenesis, a
risk for multiple cardiovascular diseases. On the other hand, physical inactivity resu
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EXERCISE: THE HERO THE ENDOTHELIUM DID NOT
KNOW IT NEEDED

Exercise reduces CVD-related and all-cause mortality in a dose-
dependent manner (23). The benefits of exercise on endothelial
function are imparted by habitual, transient increases in blood
flow that increase laminar shear stress, eNOS activation, and
NO production (6). Both resistance training (RT) and aerobic ex-
ercise training (AT) involve transient periods of ischemia during
muscle contraction and sustained increases in shear stress during
the bout, with the former experienced to a greater extent during
RT and the latter to a greater extent during AT. Exercise counter-
acts many of the mechanisms discussed in the preceding section to
prevent endothelial dysfunction (see Fig. 2). For example, regular
exercise leads to decreased vascular NOX expression and in-
creased expression of the endogenous antioxidant superoxide dis-
mutase (SOD), which catalyzes the formation of O2

•− to hydrogen
peroxide (H2O2). Importantly, H2O2 is less reactive than O2

•−, can
be used as an alternative vasodilator to compensate for impaired
NO-mediated vasodilation in some contexts (12,24), and can be
further reduced to water by the antioxidant glutathione (4). The
next section will highlight several negative modifiable health be-
haviors that contribute to endothelial dysfunction, including poor
diet, sedentary lifestyle, and poor sleep health (see Fig. 3) and will
discuss evidence on the ability of exercise to counteract these fac-
tors (see Fig. 4). Apart from FMD- and LDF-based studies, several
studies have used biomarkers of endothelial function (e.g.,
. This increase in blood flow subjects the endothelial cells, which line the inner wall
e of downstream cellular mechanisms that result in improved nitric oxide (NO)
nd improved metabolic function. The sum of these effects reduces an individual’s
lts in drastically lower levels of shear stress and thus the opposite effect. BH4,
LU, glucose; O2

−, superoxide; SOD, superoxide dismutase.



Figure 3. Negative health behaviors that contribute to vascular endothelial dysfunction. There are several negative physiological processes that result from these
lifestyle factors, and they all result in the overproduction of reactive oxygen species (ROS) and decreased antioxidant capacity. The imbalance between ROS and

antioxidants results in oxidative stress, which reduces nitric oxide bioavailability and results in endothelial dysfunction. Cu, copper; GLU, glucose; NOX, nicotinamide
adenine dinucleotide phosphate oxidase; O2

−, superoxide; RAC, Ras-related C3 botulinum toxin substrate; Zn, zinc.
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endothelial progenitor cells) inmultiple clinical populations suffer-
ing from cardiometabolic diseases to demonstrate the efficacy of
exercise for improving vascular health (25).

ENDOTHELIAL SABOTAGE: HOW PROCESSED
FOODS UNDERMINE VASCULAR HEALTH

Processed foods account for nearly 60% of energy intake in the
American diet and are linked to increased CVD risk factors, such
as obesity and hypertension (2). There are many facets of processed
foods that make them unhealthful, but in the context of this review,
we will specifically focus on their high salt, added sugar, and fat con-
tents. High salt, sugar, and added fat, common components of proc-
essed foods, negatively impact endothelial function (2). These dietary
factors contribute to vascular dysfunction by increasing oxidative
stress and reducing NO bioavailability (see Fig. 3) (3).
High dietary salt reduces vascular function in rodents and

humans, including large and small artery function (reviewed in
depth previously (2,19)). High dietary salt impairs vascular func-
tion through several mechanisms, but notable pathways include
increasing oxidative stress and reducing NO bioavailability.
Briefly, high salt intake increases vascular oxidative stress, which
results in NO being scavenged to form ONOO− (see Fig. 1), and
can disrupt the glycocalyx which results in less shear stress-
induced NO production. Specifically, rodent data indicate that
high dietary salt increases NOX expression (26). Additionally,
4

high dietary salt suppresses angiotensin II, a transcription factor
for SOD (19). Evidence linking high dietary salt to oxidative stress
and reduced NO bioavailability, both of which cause endothelial
dysfunction, is consistently demonstrated in human studies. For
example, apocynin (antioxidant) and tempol (SOD mimetic) pre-
vent high-dietary-salt-induced reductions in cutaneous vasodilator
function assessed via LDF (2). Also, high dietary salt blunts micro-
circulatory responses to eNOS inhibition, suggesting reduced NO
bioavailability (2).
Cross-sectional data suggest that habitual physical activity (self-

reported) is inversely related to salt-sensitive blood pressure and
several months of AT reduces the incidence of salt-sensitive blood
pressure in older adults with hypertension (27,28). To our knowl-
edge, there are no human data on the protective effects of exercise
against high salt on the endothelium. However, voluntary wheel run-
ning in rodents prevents high-dietary-sodium-induced endothelial
dysfunction and arterial stiffening (26). The mechanisms included
AT preventing increases in NOX and decreases in SOD expres-
sion within the vasculature (26). Additional studies are needed
to determine whether these findings translate to human partici-
pants and whether RT protects against high-salt-induced endothe-
lial dysfunction.
The effect of acute meal consumption on brachial artery FMD

has been well summarized (29). Acute consumption of complex
carbohydrate- and fat-rich foods generally regarded as healthful,
such as whole grains and nuts, does not appear to reduce FMD



Figure 4. The role of exercise in counteracting the effects of negative health behaviors on endothelial function. Although strong evidence supports the ability of exercise
to counteract the vascular impairments induced by high-fat and high-sugar diets, there is limited tomoderate evidence suggesting that exercise can offset the effects of
high dietary salt intake and a sedentary lifestyle. There is scant evidence that exercise can counteract the adverse vascular effects of poor sleep quality or duration.

These findings highlight the need for further research on the role of exercise as a protective intervention against lifestyle-driven endothelial dysfunction. BH4,
tetrahydrobiopterin; eNOS, endothelial nitric oxide synthase; GLU, glucose; NO, nitric oxide; O2

−, superoxide; SOD, superoxide dismutase.
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(3,30). However, acute consumption of meals high in simple
sugars and added dietary fat (e.g., processed food with added oils)
reduce FMD via a combination of hyperglycemia and hyperlipid-
emia, vascular oxidative stress and inflammation, and reduced
NO bioavailability (see (3)). Regarding the ability of exercise to
counteract high-sugar and high-fat consumption, acute AT several
hours prior to consuming a high-sugar meal prevents reduced en-
dothelial function (3). Both acute moderate- and high-intensity
aerobic interval exercises prevent postprandial FMD impairment
following a high-fat mixedmeal (3). Although not specific to endo-
thelial function, acute RT prevents increased arterial stiffness fol-
lowing a high-fatmixedmeal, an effect likelymediated by blunting
transient functional changes, such as heightened sympathetic out-
5

flow influencing vascular tone, rather than by immediate struc-
tural alterations in the arterial wall. Our groupwas among the first
to demonstrate that regular exercisers, whether primarily engaged
in AT, RT, or cross-training, appeared to be protected against
postprandial reduction in FMD following an ultra-processed,
high-sugar, high-fat mixed meal (3).

SITTING DUCKS: SEDENTARY BEHAVIOR WREAKS
HAVOC ON ENDOTHELIAL CELL HEALTH

Sedentary behavior is defined as any waking activity in a sitting or
reclined positionwith an energy expenditure ≤1.5metabolic equiv-
alents, and its cardiovascular consequences have been known since
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the 1950s when seminal work reported bus drivers exhibited twice
the CVD incidence of bus conductors (31). In the past several de-
cades, sedentary time has increased and physical activity rates have
decreased due to the modern nature of transportation, work, and
social settings. Importantly, one can exercise daily and still lead
an overall sedentary lifestyle (32). For example, someonewho goes
to the gym for an hour eachmorning but then spends the rest of the
day sitting in their car, at a desk, and on a couch/recliner would be
classified as a sedentary habitual exerciser. The high amount of
sedentary behavior in this scenario still poses a risk compared to
leading a more active life outside of the gym (32), likely due to ex-
cess sitting, as noted in a previous review (33). Indeed, evidence
from more than one million adults indicates that physical activity
eliminates the increased mortality risk associated with sedentary
behavior only if at least 60–75min·d−1 ofmoderate-intensity activ-
ity is performed, which is three times greater than current physical
activity recommendations (34).
As little as 1 h of sedentary behavior results in a reduction in

laminar shear stress (33), leading to a physiological cascade
resulting in transiently impaired endothelial function. However,
there are findings that apparently young and healthy female partic-
ipants may be protected from endothelial dysfunction after pro-
longed sitting compared with age-matched male participants
(35). Similar studies are needed in older adults because the protec-
tionmay not exist in postmenopausal females. Nonetheless, seden-
tary behavior results in additional metabolic disturbances, includ-
ing vascular insulin resistance, hyperglycemia, and dyslipidemia,
all of which exacerbate endothelial dysfunction (33). Because reduc-
tions in endothelial shear stress due to sedentary behavior are thought
to cause impairments in endothelial function, augmenting endothelial
shear stress patterns holds promise as an effective strategy to improve
endothelial function and augment nutrient-stimulated skeletal muscle
blood flow (36). Interestingly, the interruption of sedentary behavior
by periodic movements, such as just a few minutes of body-weight
RT, walking, or fidgeting, can effectively combat the detrimental ef-
fects of sedentary behavior on vascular endothelial function (33,37).
Generally speaking, shear stress is the most important factor when
combating the effects of sedentary behavior on endothelial function
(38), so any activity that disrupts long periods of low shear stress
(e.g., leg heating) likely will improve endothelial function and
long-term cardiovascular health (see Fig. 4). Nonetheless, due to
the pluripotent benefits of physical activity, we would recommend
strategies that periodically result in physical activity, if possible.

RESTLESS NIGHTS, TROUBLED VESSELS: IMPACT
OF POOR SLEEP ON ENDOTHELIAL HEALTH

Sleep is essential for health, yet nearly one-third of US adults sleep
less than the recommended 7–9 h per night and 30% experience in-
somnia, characterized by difficulty falling asleep, nighttime awaken-
ings, and early waking (39,40). There are multiple dimensions of
sleep, such as sleep duration (time spent asleep), efficiency (percent-
age of time spent asleep relative to the total time spent in bed), and
variability (fluctuations in sleep patterns over time, including
changes in sleep duration, bedtime, wake time, and sleep efficiency
from night to night). Short sleep duration, poor sleep efficiency,
and high sleep variability have collectively been linked to increased
cardiometabolic disease risk (e.g., CVD, cardiovascular–kidney–
metabolic syndrome, type 2 diabetes), whether it be premature en-
dothelial dysfunction in younger to middle-aged adults or increased
risk of disease outcomes (39–41). Thus, a growing body of evidence
has sought to examine the mechanisms by which these sleep behav-
6

iors may promote increased CVD risk, with a focus on the vascular
endothelium as a potential pathophysiological nexus.
Interestingly, both micro- and macrovascular endothelial func-

tions are reduced by total sleep deprivation, such as 24 h without
sleep, but appear to be relatively resistant to acute experimental
manipulation of sleep duration using partial sleep restriction over
short durations (e.g., 1–2 nights) (42). Evidence from well-
controlled experimental studies using short-term to chronic partial
sleep restriction (i.e., 8 d–6 wk) has mostly demonstrated that
short sleep leads to impaired FMD (see Shah et al. (41)). These
functional impairments are accompanied by increased endothelial
inflammation (nuclear factor-kappa B nuclear fluorescence) in iso-
lated, venous endothelial cells (41). Exercise may protect against
poor sleep in the first place, or exercise may protect endothelial
function in the context of poor sleep, but there are very limited
data regarding the latter.
There is strong evidence to suggest that exercise decreases sleep

onset time and increases sleep health (43). Exercise represents a
powerful stimulus that regulates circadian rhythms or zeitgeber
(reviewed briefly in Rogers et al. (39)), and because variability in
sleep timing may increase CVD risk by disruption to circadian en-
trainment, it stands to reason that exercise could help with sleep
variability. However, it is unclear whether exercise-related effects
on poor sleep health (i.e., duration, efficiency, variability) extend
to protecting endothelial function (see Fig. 4). Some preliminary
evidence exists to suggest that exercise may decrease markers of
endothelial activation and adhesion proteins in night shift workers
(44). Additionally, epidemiologic data from the United Kingdom
Biobank cohort suggest that middle-aged and older adults with
short sleep (defined as <6 h per night) are at increased risk for
all-cause and CVD-related death (45). However, this risk is attenu-
ated among individuals who achieve objectively measured physical
activity in accordance with World Health Organization guidelines
(45). Given the scant data on exercise and endothelial function spe-
cifically, future experimental studies are needed to examine the abil-
ity of exercise to prevent or restore vascular function in the face of
poor sleep, with careful consideration of the different dimensions
of sleep, such as duration and variability. For example, studies ex-
aminingwhether habitual exercise can improve endothelial function
in individuals with substantial variability in sleep timing, such as
shift workers, will be an important avenue for future research.

CONCLUSION

Endothelial dysfunction is a key antecedent of CVD.As the leading
cause of death worldwide, CVD prevention requires targeted strat-
egies to maintain vascular health across the lifespan and in varied
life circumstances. Regular exercise is a powerful intervention, im-
proving endothelial function through mechanisms that enhance
NO bioavailability and reduce inflammation and oxidative stress.
By addressing endothelial dysfunction directly, exercise helps mit-
igate both the onset and progression of CVD, supporting its role as
a cornerstone of cardiovascular health. Despite the robust evi-
dence supporting exercise as a protective strategy against endothe-
lial dysfunction, several important questions remain. Future work
should examine the optimal types, intensities, and volumes of exer-
cise needed tomitigate endothelial dysfunction in populations with
distinct risk profiles, such as older adults, individuals with obesity,
and those with less modifiable yet poor sleep (e.g., shift workers).
Additionally, more research is needed to clarify how sex and gender
differences influence the vascular benefits of exercise in the context
of other negative health behaviors. For instance, future work
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prioritizing understanding how the menopause transition influences
sleep-related endothelial dysfunction is needed because this period
represents a particularly vulnerable time for female cardiovascular
health. Investigating whether exercise can mitigate vascular impair-
ments during this transitional stage may be especially valuable. Fi-
nally, mechanistic studies linking molecular changes within the endo-
thelium to clinically meaningful improvements in vascular function
will help refine exercise prescriptions and identify complementary
therapies to further enhance cardiovascular health.

ACKNOWLEDGMENTS

The figures were created using BioRender.com. The results of this
study do not constitute endorsement by the American College of
Sports Medicine.
We acknowledge that, due to reference limits, we were unable to

cite dozens of original research articles that have contributed signifi-
cantly to this field. We sincerely appreciate the efforts of all authors
whose work has advanced our understanding of these topics. Where
possible, we have directed readers to review papers, research updates,
and state-of-the-field articles that cite relevant original research.
Additionally, we extend our gratitude to our laboratory col-

leagues and collaborators who contributed to the self-cited work
included in this review. Their efforts and insights have been invalu-
able in shaping our research and advancing our collective under-
standing of vascular health.

CONFLICTSOF INTEREST AND SOURCEOF FUNDING

The authors have no conflicts of interest to report.
The following National Institutes of Health grants funded the

authors: National Heart, Lung and Blood Institute (NHLBI) grant
K01HL147998,National Institute onAging grant R21AG087524 to
A.T.R., and NHLBI grants R01HL167788 and 2L30HL149066-02
to N.D.M.J. The following American Heart Association grant also
funded the authors: 24TPA1290435 to N.D.M.J.

REFERENCES

1. Martin SS, AdayAW,AlmarzooqZI, et al. 2024Heart Disease and Stroke Sta-
tistics: a report ofUSandglobal data from theAmericanHeartAssociation.Cir-
culation. 2024;149(8):e347–913. doi:10.1161/CIR.0000000000001209.

2. Watso JC, Fancher IS, GomezDH, et al. The damaging duo: obesity and ex-
cess dietary salt contribute to hypertension and cardiovascular disease.
Obes Rev. 2023;24(8):e13589. doi:10.1111/obr.13589.

3. Das EK, Lai PY, Robinson AT, et al. Regular aerobic, resistance, and cross-
training exercise prevents reduced vascular function following a high sugar
or high fat mixedmeal in Young healthy adults. Front Physiol. 2018;9:183.
doi:10.3389/fphys.2018.00183.

4. Kirkman DL, Robinson AT, Rossman MJ, et al. Mitochondrial contribu-
tions to vascular endothelial dysfunction, arterial stiffness and cardiovascu-
lar diseases. Am J Physiol Heart Circ Physiol. 2021;320(5):H2080–100.
doi:10.1152/ajpheart.00917.2020.

5. Roth GA, Johnson C, Abajobir A, et al. Global, regional, and national bur-
den of cardiovascular diseases for 10 causes, 1990 to 2015. J Am Coll
Cardiol. 2017;70(1):1–25. doi:10.1016/j.jacc.2017.04.052.

6. RobinsonAT, Fancher IS,MahmoudAM, Phillips SA.Microvascular vaso-
dilator plasticity after acute exercise. Exerc Sport Sci Rev. 2018;46(1):
48–55. doi:10.1249/JES.0000000000000130.

7. Jones R, Robinson AT, Beach LB, et al. Exercise to prevent accelerated vas-
cular aging in people living with HIV. Circ Res. 2024;134(11):1607–35.
doi:10.1161/CIRCRESAHA.124.323975.

8. Yeboah J, Crouse JR, Hsu F-C, et al. Brachial flow-mediated dilation predicts in-
cident cardiovascular events inolder adults: the cardiovascularhealth study.Circu-
lation. 2007;115(18):2390–7. doi:10.1161/CIRCULATIONAHA.106.678276.

9. Phillips SM, JoynerMJ. Out-running ‘bad’ diets: beyondweight loss there is
clear evidence of the benefits of physical activity. Br J Sports Med. 2019;
53(14):854–5. doi:10.1136/bjsports-2018-100226.
7

10. Green DJ, Spence A, Halliwill JR, et al. Exercise and vascular adaptation in
asymptomatic humans. Exp Physiol. 2011;96(2):57–70. doi:10.1113/
expphysiol.2009.048694.

11. Banks NF, Rogers EM, Stanhewicz AE, et al. Resistance exercise lowers
blood pressure and improves vascular endothelial function in individuals
with elevated blood pressure or stage-1 hypertension. Am J Physiol
Heart Circ Physiol. 2024;326(1):H256–69. doi:10.1152/ajpheart.
00386.2023.

12. Robinson AT, Franklin NC, Norkeviciute E, et al. Improved arterial flow-
mediated dilation after exertion involves hydrogen peroxide in overweight
and obese adults following aerobic exercise training. J Hypertens. 2016;
34(7):1309–16. doi:10.1097/HJH.0000000000000946.

13. Anderson EA,MarkAL. Flow-mediated and reflex changes in large periph-
eral artery tone in humans. Circulation. 1989;79(1):93–100. doi:10.1161/
01.cir.79.1.93.

14. Holder SM, Bruno RM, Shkredova DA, et al. Reference intervals for bra-
chial artery flow-mediated dilation and the relation with cardiovascular risk fac-
tors. Hypertension. 2021;77(5):1469–80. doi:10.1161/HYPERTENSIONAHA.
120.15754.

15. Holowatz LA, Thompson-Torgerson CS, Kenney WL. The human cutane-
ous circulation as amodel of generalizedmicrovascular function. JAppl Phys-
iol (1985). 2008;105(1):370–2. doi:10.1152/japplphysiol.00858.2007.

16. Young A, Garcia M, Sullivan SM, et al. Impaired peripheral microvascular
function and risk of major adverse cardiovascular events in patients with
coronary artery disease. Arterioscler Thromb Vasc Biol. 2021;41(5):
1801–9. doi:10.1161/ATVBAHA.121.316083.

17. Anderson TJ, Charbonneau F, Title LM, et al. Microvascular function pre-
dicts cardiovascular events in primary prevention: long-term results from
the Firefighters and Their Endothelium (FATE) study. Circulation. 2011;
123(2):163–9. doi:10.1161/CIRCULATIONAHA.110.953653.

18. Sessa WC. eNOS at a glance. J Cell Sci. 2004;117(Pt 12):2427–9. doi:10.
1242/jcs.01165.

19. RobinsonAT, Edwards DG, FarquharWB. The influence of dietary salt be-
yond blood pressure. Curr Hypertens Rep. 2019;21(6):42. doi:10.1007/
s11906-019-0948-5.

20. Bagi Z, Koller A. Lack of nitric oxide mediation of flow-dependent arterio-
lar dilation in type I diabetes is restored by sepiapterin. J Vasc Res. 2003;
40(1):47–57. doi:10.1159/000068938.

21. Xuan C, Tian Q-W, Li H, et al. Levels of asymmetric dimethylarginine
(ADMA), an endogenous nitric oxide synthase inhibitor, and risk of coro-
nary artery disease: a meta-analysis based on 4713 participants. Eur J Prev
Cardiol. 2016;23(5):502–10. doi:10.1177/2047487315586094.

22. Mahmoud AM, SzczurekMR, Blackburn BK, et al. Hyperinsulinemia aug-
ments endothelin-1 protein expression and impairs vasodilation of human
skeletal muscle arterioles. Physiol Rep. 2016;4(16):e12895. doi:10.14814/
phy2.12895.

23. Ballantyne CM, Davis JW. Exercise and mortality in heart disease cohorts:
meta-analysis to augment available evidence. J Am Coll Cardiol. 2022;
79(17):1701–3. doi:10.1016/j.jacc.2022.02.037.

24. RobinsonAT, Fancher IS, Sudhahar V, et al. Short-term regular aerobic ex-
ercise reduces oxidative stress produced by acute high intraluminal pressure
in the adipose microvasculature. Am J Physiol Heart Circ Physiol. 2017;
312(5):H896–906. doi:10.1152/ajpheart.00684.2016.

25. Ashor AW, Lara J, Siervo M, et al. Exercise modalities and endothelial
function: a systematic review and dose-response meta-analysis of random-
ized controlled trials. Sports Med. 2015;45(2):279–96. doi:10.1007/s40279-
014-0272-9.

26. Guers JJ, Kasecky-Lardner L, FarquharWB, et al. Voluntary wheel running
prevents salt-induced endothelial dysfunction: role of oxidative stress. J Appl
Physiol (1985). 2018;126(2):502–10. doi:10.1152/japplphysiol.00421.2018.

27. Rebholz CM,GuD, Chen J, et al. Physical activity reduces salt sensitivity of
blood pressure: the genetic epidemiology network of salt sensitivity study.
Am J Epidemiol. 2012;176(Suppl 7):S106–13. doi:10.1093/aje/kws266.

28. DengelDR, BrownMD,ReynoldsTH, et al. Effect of aerobic exercise train-
ing on blood pressure sensitivity to dietary sodium in older hypertensives. J
Hum Hypertens. 2006;20(5):372–8. doi:10.1038/sj.jhh.1001989.

29. ThomNJ, Early AR,Hunt BE, et al. Eating and arterial endothelial function:
ameta-analysis of the acute effects ofmeal consumption on flow-mediated dila-
tion.Obes Rev. 2016;17(11):1080–90. doi:10.1111/obr.12454.

30. Cortés B, Núñez I, Cofán M, et al. Acute effects of high-fat meals enriched
with walnuts or olive oil on postprandial endothelial function. J Am Coll
Cardiol. 2006;48(8):1666–71. doi:10.1016/j.jacc.2006.06.057.

31. Morris JN, Crawford MD. Coronary heart disease and physical activity of
work; evidence of a national necropsy survey. Br Med J. 1958;2(5111):
1485–96. doi:10.1136/bmj.2.5111.1485.



Exercise, Sport, and Movement
32. Kraus WE, Bittner V, Appel L, et al. The National Physical Activity Plan: a
call to action from the American Heart Association. Circulation. 2015;
131(21):1932–40. doi:10.1161/CIR.0000000000000203.

33. Ferreira-Santos L, Martinez-Lemus LA, Padilla J. Sitting leg vasculopathy:
potential adaptations beyond the endothelium. Am J Physiol Heart Circ
Physiol. 2024;326(3):H760–71. doi:10.1152/ajpheart.00489.2023.

34. Ekelund U, Steene-Johannessen J, Brown WJ, et al. Does physical activity
attenuate, or even eliminate, the detrimental association of sitting time with
mortality? A harmonised meta-analysis of data from more than 1 million
men and women. Lancet. 2016;388(10051):1302–10. doi:10.1016/S0140-
6736(16)30370-1.

35. Vranish JR, Young BE, Kaur J, et al. Influence of sex on microvascular and
macrovascular responses to prolonged sitting. Am J Physiol Heart Circ
Physiol. 2017;312(4):H800–5. doi:10.1152/ajpheart.00823.2016.

36. Green DJ, HopmanMTE, Padilla J, et al. Vascular adaptation to exercise in
humans: role of hemodynamic stimuli. Physiol Rev. 2017;97(2):495–528.
doi:10.1152/physrev.00014.2016.

37. Rogers EM, Banks NF, Trachta ER, et al. Resistance exercise breaks during
prolonged sitting augment the blood flow response to a subsequent oral glu-
cose load in sedentary adults. Exp Physiol. 2024. doi:10.1113/EP091535.

38. Carter HH, Spence AL, Ainslie PN, et al. Differential impact of water im-
mersion on arterial blood flow and shear stress in the carotid and brachial
arteries of humans. Physiol Rep. 2017;5(10):e13285. doi:10.14814/phy2.
13285.
8

39. Rogers EM, Banks NF, Jenkins NDM. The effects of sleep disruption on
metabolism, hunger, and satiety, and the influence of psychosocial stress
and exercise: a narrative review. Diabetes Metab Res Rev. 2024;40(2):
e3667. doi:10.1002/dmrr.3667.

40. CulverMN, Linder BA, LyonsDE, et al. Do not sleep on vitaminD: vitamin
D is associated with sleep variability in apparently healthy adults. Am J
Physiol Regul Integr Comp Physiol. 2025;328(3):R262–73. doi:10.1152/
ajpregu.00168.2024.

41. Shah R, St-Onge M-P, Emin M, et al. Sleep deprivation impairs vascular
function in healthy women: a clinical trial. Ann Am Thorac Soc. 2022;
19(12):2097–100. doi:10.1513/AnnalsATS.202205-406RL.

42. Cherubini JM, Cheng JL, Armstrong CM, et al. Acute partial sleep restric-
tion does not impact arterial function in young and healthy humans. Exp
Physiol. 2024;109(9):1492–504. doi:10.1113/EP091699.

43. AlnawwarMA, AlraddadiMI, AlgethmiRA, et al. The effect of physical ac-
tivity on sleep quality and sleep disorder: a systematic review.Cureus. 2023;
15(8):e43595. doi:10.7759/cureus.43595.

44. Lim S-T, Min S-K, Kwon Y-C, et al. Effects of intermittent exercise on bio-
markers of cardiovascular risk in night shift workers. Atherosclerosis.
2015;242(1):186–90. doi:10.1016/j.atherosclerosis.2015.06.017.

45. Liang YY, Feng H, Chen Y, et al. Joint association of physical activity and
sleep duration with risk of all-cause and cause-specific mortality: a
population-based cohort study using accelerometry. Eur J Prev Cardiol.
2023;30(9):832–43. doi:10.1093/eurjpc/zwad060.


