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Abstract

Purpose of Review This review aims to synthesize the evidence linking exercise, redox regulation, and endothelial func-
tion. It considers the effects of different modes of regular exercise, acute exercise, and exercise combined with antioxidant
interventions. The review places particular emphasis on the molecular mechanisms and signaling pathways underlying the
effects of these approaches on oxidative stress and endothelial function.

Recent Findings Disrupted redox homeostasis is increasingly recognized as an important driver of endothelial dysfunc-
tion and subsequent cardiovascular disease progression. Exercise training may counteract this imbalance by strengthening
endogenous antioxidant defenses, limiting oxidative stress, and restoring endothelial redox homeostasis.

Summary Current evidence indicates that exercise helps preserve and enhance endothelial function by regulating redox
homeostasis. A deeper understanding of exercise-redox interactions may inform strategies for preventing and managing
cardiovascular diseases associated with endothelial dysfunction.

Graphical Abstract

Exercise and Endothelial Function: Insights from a Redox Perspective
Dose- and context-dependent balance between adaptive redox signaling and excessive oxidative stress
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Introduction

Regular physical activity is a key nonpharmacological strat-
egy for preventing and managing cardiovascular disease.
Increasing evidence indicates that exercise exerts multi-
faceted benefits on redox homeostasis. Oxidative stimuli
induced by moderate exercise can promote redox remodel-
ing, activate endogenous antioxidant defense systems, and
attenuate pathological oxidative stress, thereby conferring
cardiovascular protection [1, 2]. For example, treadmill
exercise has been reported to ameliorate atherogenesis and
vascular inflammation [3]. However, the mechanistic links
between exercise-induced oxidative stress and vascular
health remain incompletely understood. Elucidating how
exercise regulates redox homeostasis and endothelial func-
tion may therefore advance current understanding of cardio-
vascular disease pathogenesis and inform the development
of precision exercise prescriptions.

Endothelial cells (ECs) form a continuous monolayer
lining the entire vascular system and are aligned longi-
tudinally with the direction of blood flow. The vascular
endothelium separates blood from surrounding tissues
and serves as a key metabolic and endocrine organ [4].
It synthesizes and releases various bioactive mediators,
including growth factors, vasodilators, vasoconstrictors,
and factors involved in coagulation and anticoagula-
tion. Through these mediators, the endothelium regulates
vascular tone and hemostasis; limits platelet and leuko-
cyte activation and adhesion, inflammation, and smooth
muscle cell proliferation; promotes fibrinolysis; and pre-
serves vascular integrity [5]. Endothelial dysfunction is
characterized by reduced nitric oxide (NO) production or
bioavailability, an imbalance between vasodilatory and
vasoconstrictive factors, and a shift toward an inflam-
matory, pro-adhesive, and pro-thrombotic endothelial
phenotype [6]. This condition arises when ECs lose their
ability to adapt and respond to various stressors. Dietary
imbalance, pathogen exposure, alcohol consumption,
smoking, and physical inactivity can drive excessive
reactive oxygen species (ROS) production and oxidative
stress in ECs. These processes contribute substantially
to endothelial dysfunction and the development and pro-
gression of cardiovascular disease [7, 8]. In this context,
long-term aerobic exercise has been shown to facilitate
endothelial progenitor cell-mediated repair of endothe-
lial injury induced by metabolic stress [9]. This evidence
suggests that exercise may counteract endothelial dys-
function through redox-related molecular pathways.

This review synthesizes evidence from human studies
and animal models on how exercise regulates oxidative
stress, redox signaling, and endothelial function. It integrates
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findings on regular aerobic, resistance, combined, and high-
intensity interval training, as well as acute and strenuous
exercise, within a unified redox framework. It distinguishes
adaptive redox signaling from excessive oxidative stress
and examines how these context-dependent responses influ-
ence endothelial function. The review further considers the
reversibility of exercise-induced endothelial benefits after
detraining and whether antioxidant interventions enhance
vascular protection or blunt beneficial exercise adaptations.
Together, this synthesis provides a mechanistic framework
to inform individualized exercise prescriptions for endothe-
lial protection.

Methodology-Literature Search Strategy

For this narrative review, a structured literature search was
conducted in PubMed and Web of Science from database
inception through August 15, 2026, using combinations of
terms related to exercise (e.g., “aerobic exercise,” “resis-
tance exercise,” “combined training,” “high-intensity inter-
val training,” “acute exercise,” “strenuous exercise,” and
“detraining”), redox regulation (e.g., “oxidative stress,”
“reactive oxygen species,” “antioxidant defense,” “redox
homeostasis,” and “mitochondrial dysfunction”), endothe-
lial function (e.g., “endothelial dysfunction,” “nitric oxide,”
“endothelial nitric oxide synthase,” “flow-mediated dila-
tion,” and “endothelium-dependent dilation”), and anti-
oxidant interventions. Additional records were identified
by manually screening reference lists of relevant original
articles and reviews.

Studies were eligible if they examined exercise-related
changes in redox regulation and endothelial function
or investigated mechanisms linking these processes in
humans or experimental models, including studies of reg-
ular or acute exercise, detraining, and exercise combined
with antioxidant interventions. Studies were excluded if
they focused exclusively on exercise performance or non-
vascular outcomes, lacked relevant redox or endothelial
endpoints, or were published as conference abstracts, edi-
torials, protocols, or non-peer-reviewed reports.

2

Oxidative Stress in Endothelial Dysfunction

Endothelial dysfunction manifests at an early stage and
plays a significant role in the initiation and progression of
atherosclerosis and other cardiovascular disorders. Oxi-
dative stress is a principal mechanism driving damage to
the vascular endothelium [10]. At physiological levels,
ROS act as signaling mediators that modulate vascular
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tone, cellular proliferation and migration, and immune
defense [7]. In parallel, antioxidant defenses, including
catalase (CAT), superoxide dismutase (SOD), glutathi-
one peroxidase (GPx), peroxiredoxins, and thioredoxin
(TRX), work in concert to neutralize excessive ROS and
maintain vascular redox homeostasis. When ROS gen-
eration surpasses antioxidant capacity, a redox imbalance
occurs, leading to oxidative damage to nucleic acids, pro-
teins and lipids, thereby impairing endothelial function
[10, 11]. Risk factors for cardiovascular disease, includ-
ing diabetes, hyperlipidemia, hypertension, obesity,
smoking, and aging, disrupt redox balance by increasing
ROS production and weakening endogenous antioxidant
defenses [6]. The primary sources of ROS within the vas-
cular endothelium include leakage from the mitochon-
drial electron transport chain, NADPH oxidases (NOXs),
xanthine oxidase, uncoupled endothelial nitric oxide
synthase (eNOS), and myeloperoxidase (MPO) [12].
Notably, mitochondrial dysfunction, activation of NOXs,
and increased activity of xanthine oxidase contribute to
the enhanced production of superoxide anion (O2¢") and
hydrogen peroxide (H20:). In conditions characterized
by tetrahydrobiopterin (BH4) deficiency, limited avail-
ability of L-arginine, or an elevated oxidative environ-
ment, eNOS transitions from a coupled to an uncoupled
state, thereby converting from a NO-producing enzyme
to a source of O2¢", which exacerbates oxidative stress.
NO serves as a crucial mediator of endothelium-depen-
dent dilation (EDD) and exerts important vasoprotec-
tive effects. However, oxidative stress diminishes NO
bioavailability by promoting its reaction with O to
form peroxynitrite (ONOO~) and by oxidizing BH4,
which leads to eNOS uncoupling and impaired EDD
[13, 14]. In addition, excessive ROS activate signaling
pathways that involve NOD-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome, nuclear
factor-kappa B (NF-«kB), and matrix metalloproteinases
(MMPs). This activation results in the upregulation of
intercellular adhesion molecule-1 (ICAM-1), E-selectin,
vascular cell adhesion molecule-1 (VCAM-1) and mono-
cyte chemoattractant protein-1, thereby facilitating leu-
kocyte adhesion and transmigration. Consequently, the
endothelial phenotype shifts from an anti-inflammatory
and anticoagulant state to a pro-thrombotic, pro-adhe-
sive, and pro-inflammatory condition [15, 16]. Concur-
rently, the oxidative environment induces the conversion
of low-density lipoprotein (LDL) into its oxidized form
(ox-LDL), which further intensifies endothelial oxidative
stress and inflammation, perpetuating a deleterious cycle
that exacerbates endothelial dysfunction [17] (Fig. 1).

Exercise as a Regulator of Endothelial Redox
Homeostasis

Exercise provides a nonpharmacological approach to
enhancing vascular endothelial function. Clinical studies
and experimental disease models demonstrate that regular
physical activity improves flow-mediated dilation (FMD),
reduces arterial stiffness, and mitigates endothelial dysfunc-
tion. These benefits have been observed in hypertension,
diabetes, coronary artery disease, and heart failure [18, 19].
The underlying mechanisms of these effects include the acti-
vation of eNOS, increased bioavailability of NO, reduction
of vascular inflammation, and improved endothelial repair
capacity [20]. Emerging evidence indicates that the vaso-
protective benefits of exercise are intricately associated with
the preservation of endothelial redox homeostasis. Physi-
cal inactivity has been shown to upregulate the expression
and activity of vascular NOXs, resulting in excessive ROS
production and subsequent endothelial dysfunction [21]. By
contrast, regular exercise alleviates age-associated oxida-
tive stress within the vascular endothelium [22]. Moderate
physical exercise serves as a controlled physiological oxida-
tive stimulus that triggers adaptive antioxidant responses,
enhances endogenous antioxidant defenses, curtails exces-
sive accumulation of ROS, and maintains the integrity of
eNOS/NO signaling [23]. The slight increase in ROS pro-
duced during exercise also functions as a signaling cue that
activates the Kelch-like ECH-associated protein 1 (Keapl)/
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway,
thereby promoting antioxidant gene expression and enhanc-
ing endothelial antioxidant capacity [24]. In addition to
redox adaptations, ECs are highly responsive to hemody-
namic stimuli. Exercise-induced elevations in blood flow
and laminar shear stress activate multiple vasoprotective
signaling pathways [25, 26]. In particular, laminar shear
stress upregulates endothelial protective transcription fac-
tors such as Kriippel-like factor 2 (KLF2), promotes eNOS
phosphorylation and coupling, and augments NO-depen-
dent vasodilatory responses [27]. Furthermore, laminar
shear stress suppresses angiotensin II (Ang II) type 1 recep-
tor (AT1R) expression, thereby reducing NOX activity and
02+~ generation, limiting NO degradation, and preserving
NO bioavailability [28]. Exercise also disrupts the self-per-
petuating cycle between oxidative stress and inflammation,
thereby ameliorating endothelial dysfunction and decelerat-
ing disease progression [29, 30]. It facilitates mitochondrial
biogenesis and improves mitochondrial quality control,
which reduces ROS leakage from dysfunctional mitochon-
dria, further contributing to endothelial redox balance and
vascular health [31]. Collectively, these findings indicate
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Fig. 1 Oxidative stress-mediated endothelial dysfunction. Cardiovas-
cular risk factors increase ROS production and impair antioxidant
defenses, thereby reducing NO bioavailability, promoting eNOS
uncoupling, and activating inflammatory signaling. These changes

that exercise preserves endothelial function and delays the
progression of vascular injury by remodeling endothelial
redox homeostasis through multifaceted mechanisms.

Effects of Different Exercise Modalities on
Oxidative Stress and Endothelial Function

The impact of exercise on oxidative stress and endothelial
function varies with exercise modality, dose, and training
status. This section summarizes current evidence on how
aerobic exercise (AE), resistance exercise (RE), combined
aerobic and resistance training (CT), high-intensity interval
training (HIIT), acute and strenuous exercise, and detrain-
ing influence endothelial redox homeostasis and func-
tion (Fig. 2). Findings from human studies are detailed in
Table 1, while mechanistic evidence from experimental
models is summarized in Table 2.
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lead to endothelial activation, leukocyte recruitment, platelet activa-
tion, LDL oxidation, vasoconstriction, and vascular inflammation. Fig-
ure was drawn using BioRender (https://app.biorender.com/)

Regular AE Training

AE is an effective strategy for promoting vascular health.
Regular engagement in AE enhances endothelial function
and lowers oxidative stress. These endothelial benefits
are closely associated with higher total antioxidant capac-
ity [32]. Individuals who consistently participate in AE
demonstrate elevated levels of circulating eNOS and NO,
alongside reduced oxidative stress index (OSI) and ox-LDL
levels, in comparison to their inactive counterparts [33, 34].
Human studies showed that 20 weeks of moderate-intensity
AE reduces the markers of endothelial glycocalyx damage
in healthy sedentary young men by attenuating oxidative
stress and enhancing antioxidant defenses, thereby improv-
ing endothelial glycocalyx integrity at rest and during exer-
cise [35]. Even low-intensity regular AE, which is below
the minimum level recommended by current guidelines,
improves arteriolar endothelial function in overweight and


https://app.biorender.com/

Current Atherosclerosis Reports (2026) 28:83

Page50f23 83

Exercise

Adaptive Pathway Damaging Pathway SIRT1 /AMPKi

Shear Stress SIRT1 Mechanical No BFR BFR | PVAT Brownlng

l Tension&

Shear Stress ROS ¢
KLF2)--»UCP2 Acute ROS ROS Burst ((P&C-tal ) 10¢

l HO-1&PGC-1a) | NOX1  H3K9

PISK/AKT l J mlR 92a- 3p 3 -AR # NOSTSOD e SOD/CAT/GPxi
PPARS CAT activation overproduction
SOS/C;IT U Ad|ponect|n l B
. 2 LOX-1 NOX4 —— l NOX 1
AM PR TXNIP/ H;0,
NLRP3 Compensatory eNOS
@ Vasodilation
l uncoupling 1
l Ischemia/ NOT l
ERopess (L, 3 Reperfusion (eNOS/No) ( GSDMDN ) ol
(Ser1177) p38/NF-kB ‘ l antioxidant EPC number {
l IL-84, IL-101 Pyroptosm status Senescence T
l (' TXNIP/NLRP3 ) NO Bloavallablhty T 1 Transient
Endothelial NO!, FMD!
Endothelial Endothellal 0Os& Endothelial Endothelial Endothelnal Function Endothelial eNOS ! ET-11
Function T Dysfunction { Thrombosis { Function Function T Function T improvement Damage

Combined AE
and RE Training

o v Regular RE
Exercise

fa fa
0 o "eineie® ©

Fig. 2 Effects and potential pathways of different exercise modalities
on oxidative stress and endothelial function. Abbreviations: PI3K,
phosphoinositide 3-kinase; AKT, protein kinase B; Hsp90, heat shock
protein 90; HO-1, heme oxygenase-1; PPARS, peroxisome prolifera-
tor-activated receptor-8; H3K9, Histone H3 Lysine 9; p38, p38 mito-

obese postmenopausal women by enhancing endogenous
antioxidant enzyme activity [36]. In addition, a 12-week
regimen of either home-based or supervised interval walk-
ing AE has been shown to decrease serum-induced apopto-
sis of ECs in patients with symptomatic peripheral artery
disease. This exercise modality confers protective effects
by enhancing antioxidant capacity, promoting angiogenesis,
and reducing endothelial inflammation [37]. However, the
vascular benefits of AE are significantly modulated by its
intensity. High-intensity AE has been observed to lower cir-
culating antioxidant levels and impair endothelial function
in the forearm [38]. In healthy young men, a 12-week pro-
gram of moderate-intensity AE enhances EDD by increasing
NO production, whereas high-intensity exercise increases
oxidative stress markers and fails to improve endothelial
function [39]. These adverse effects may be attributed to
oxidative stress-induced uncoupling of eNOS and dimin-
ished NO bioavailability [40, 41]. Consequently, regular
low- to moderate-intensity AE may represent an effective
exercise strategy.

Animal studies have further elucidated the molecular
mechanisms through which AE ameliorates vascular oxi-
dative stress and enhances endothelial function. AMP-
activated protein kinase (AMPK) serves as a pivotal
regulatory node in this process [42]. Specifically, endo-
thelial AMPKal acts as a crucial molecular switch for
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e ’QDetraining

gen-activated protein kinase; PCSK9, proprotein convertase subtili-
sin/kexin type 9; GSDMD-N, N-terminal fragment of gasdermin D;
EPC, endothelial progenitor cells. Figure was drawn using BioRender
(https://app.biorender.com/)

e Acute and
Strenuous Exercise

exercise-induced vascular protection; its deletion negates
the beneficial effects of AE, such as increased NO bio-
availability and reduced oxidative stress, leading instead
to NOX2 upregulation, eNOS uncoupling, and endothe-
lial dysfunction [43]. Through an AMPKal-dependent
pathway, AE augments antioxidant defenses mediated by
heme oxygenase-1 and peroxisome proliferator-activated
receptor gamma coactivator-1la (PGC-1a), thereby reduc-
ing vascular ROS levels [44]. In diabetic and obese mice,
AE activates AMPK/peroxisome proliferator-activated
receptor-6 (PPARJ) signaling, which suppresses endo-
thelial endoplasmic reticulum (ER) stress and oxidative
stress, enhances NO bioavailability, and restores EDD
[45]. Moreover, AE activates AMPKo2, upregulates
eNOS expression and phosphorylation, and increases
aortic mitochondrial content along with MnSOD- and
CAT-mediated antioxidant capacity, thereby enhancing
vasodilatory function [46]. Mitochondrial homeosta-
sis is essential for maintaining endothelial antioxidant
capacity and vascular function [47]. Chronic AE pre-
serves aortic mitochondrial function, reduces oxidative/
nitrative stress, and enhances mitochondrial antioxidant
defenses, thereby improving EDD and reducing aortic
stiffness in aged rats [48]. AE also maintains endothe-
lial function by inhibiting mitochondrial ROS accumula-
tion and the associated inflammatory response [49]. In
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Table 1 Effects of different exercise modalities on oxidative stress and endothelial function in human studies

Exercise Study Population Training Protocol Oxidative Stress-  Endothelial Function- Ref
modality Related Effects Related Effects
AE Formerly pre- 16 weeks; 3 sessions/week; cycling at VO.AT- TAC?t RHIT [32]
eclamptic women based target HR MDA,
8-isoprostane|
AE Previously untrained 20 weeks; cycling; 40 min/session; 4 sessions/ Isoprostanes| Syndecan-1 and heparan [35]
healthy young men  week; ~50% VO2.max SOD21 sulfate at rest and after
exercise|
AE Overweight or obese 4 months; walking; 1 h/session; 2 sessions/ SOD, GPx? RHIT [36]
postmenopausal week; low intensity
women
AE Patients with symp- 12 weeks; intermittent walking; 3 sessions/ HORAC?T Endothelial cell apoptosis|  [37]
tomatic PAD week; to mild-to-moderate claudication pain VEGF-A?T
E-selectin]
AE Fit healthy young 3 months; running; 1 h/session; 4 sessions/ Circulating ACh-induced EDD| [38]
men week; 70-80% VO:max antioxidants | NO-dependent basal flow
AE Healthy young men 12 weeks; cycling; 30 min/session; 5—7 ses- 75% VO:max: 50% VO:max: ACh-induced [39]
sions/week; 25%, 50%, or 75% VO.max 8-OHdG, and NO-mediated EDD?
MDA-LDL?
RE Obese adult men 12 weeks; 3 sessions/week; circuit RE; TAS?T NO?T [64]
60-80% HRR OSsI} PWV|
RE Hypertensive elderly 10 weeks; 2—3 sessions/week; 9 machine-based MDA | Forearm blood flow and [65]
women exercises; OMNI-RES 5-7 TAC?T vascular conductance
RE Young healthy Habitual RE > 3 sessions/week for > 6 months SOD? FMD? [66]
adults hs-CRP|
RE Midlife/older adults  Inspiratory muscle strength training; 6 weeks; ROS| FMD1 [67]
with SBP > 120 30 breaths/day; 6 days/week; 75% maximal eNOS, NO?T
mmHg inspiratory pressure
RE Maintenance hemo- Respiratory muscle training; 8 weeks; 3 ses- MDA« Syndecan-1 [68]
dialysis patients sions/week during hemodialysis Angiopoietin-2 |
ET-1]
RE Maintenance hemo- 12 weeks; 3 sessions/week during hemodialy- TBARS| NO1t [69]
dialysis patients sis; 50 min/session; 3 sets of 8—12 repetitions; TAC?T ADMA |
OMNI-RES 6-8
RE Young African 6 weeks; 3 sessions/week; ~60 min/session; 8-IsoP|in African MMP-9in African Ameri-  [70]
American and Cau-  split-body RE American men can men
casian men
RE Competitive male 12 weeks; 4 sessions/week; 90—120 min/ses- Total peroxide PWV?t [71]
powerlifters sion; 60-90% 1-RM concentration,
OSIt
TAC|
AEvs.CT  Women with 3 months; 3 sessions/week; 60 min/session; AE: GSH, TAS|  No between-group difference [85]
abdominal obesity ~ AE: 50-70% HRmax; CT: RE + AE CT: GSH, TAS«+ in eNOS or PWV
AE vs.CT  Sedentary middle- 12 weeks; 3 sessions/week; AE: cycling at 65% Both: LPO, acute AE: FMD?{ [86]
aged men HRR; CT: cycling + RE GSSG/GSH CT: FMD«
response
CT: GSSG|
AE vs.CT  Women with obesity 3 months; 3 sessions/week; AE: cycling at AE: TBARS] AE: eNOS?T [87]
60—80% HRmax; CT: RE + AE CT: TBARS & CT: eNOS«—
HIIT vs. Stable CHD patients 2 weeks; 3 sessions/week; HIIT: 4 x 4 minat ~ HIIT: SOD3 HIIT: eNOS?T [94]
MICT after coronary 60-80% HRR; MICT: 29 min at 50-60% HRR MICT: SOD3| FMD?
stenting
HIT Young, sedentary 8 weeks; 3 sessions/week; 4 x 4-min treadmill H>0, NOX sub-  ACh-stimulated microvascu- [95]
obese adults intervals at 88-92% HRmax units p22phox and lar blood flow?
p67phox|
HIT HFrEF patients 12 weeks; cycling; 30 min/day; 3 days/week;  MPO| Endothelial microparticles| [96]
alternating 40% and 80% VOqpeak intervals IL-6] Vascular endothelial
shedding/damage|
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Table 1 (continued)

Exercise Study Population Training Protocol Oxidative Stress-  Endothelial Function- Ref
modality Related Effects Related Effects
HIIT vs. Type 2 diabetic 12 weeks; 3 sessions/week; treadmill walking; HIIT: MDA | HIIT: NOt [97]
MICT patients and seden-  HIIT: 80-85% VO:peak intervals; MICT: GPx?1 FMD1
tary older adults 50-65% VOqpeak Cutaneous reactive
hyperemia?
HIT Post-acute myo- 16 weeks; 2 sessions/week; low- or high- ox-LDL| FMD? [98]
cardial infarction volume HIIT
patients
Acute AE Healthy young men  Single bout; cycling; 30 min; 25%, 50%, or 75% VO:max: 50% VO:max: NO [108]
75% VO:max 8-isoprostane? bioavailability
Forearm blood flow?
Forearm vascular resistance |
Acute RE Healthy regularly Single bout; 300 unilateral eccentric knee- NAC attenuated  Placebo: FMD| [111]
trained young men  extension repetitions; NAC or placebo during  endothelial oxida- NAC: FMD—
8-day recovery tive stress
Detraining  Older healthy men > 30 years of endurance exercise followed by = TAC| CD34" cells| [119]

10 days of detraining

1-RM, one-repetition maximum; 8-OHdG, 8-hydroxy-2'-deoxyguanosine, ACh acetylcholine, A DMA asymmetric dimethylarginine. 4E aerobic
exercise, CHD coronary heart disease, CT combined training, £DD endothelium-dependent dilation; eNOS endothelial nitric oxide synthase,
ET-1 endothelin-1, FMD flow-mediated dilation, GPx glutathione peroxidase, GSH glutathione, GSSG oxidized glutathione; H-O, hydrogen
peroxide; HFrEF, heart failure with reduced ejection fraction, HIIT high-intensity interval training; HORAC, hydroxyl radical antioxidant
capacity; HR, heart rate; HRmax, maximal heart rate, HRR heart rate reserve, 4s-CRP high-sensitivity C-reactive protein; IL-6, interleukin-6;
IMST, inspiratory muscle strength training; L-NMMA4, NG-monomethyl-L-arginine, LPO lipid peroxidation; MDA, malondialdehyde, MDA-
LDL malondialdehyde-modified low-density lipoprotein, M/CT moderate-intensity continuous training, AMMP-9 matrix metalloproteinase-9,
MPO myeloperoxidase, NAC N-acetylcysteine; NO, nitric oxide, NOX, NADPH oxidase, OMNI-RES OMNI resistance exercise scale; OSI,
oxidative stress index, ox-LDL oxidized low-density lipoprotein; PAD, peripheral artery disease; PWV, pulse wave velocity, RE, resistance
exercise, RHI reactive hyperemia index, ROS reactive oxygen species, SBP systolic blood pressure, SH-groups sulfhydryl groups, SOD super-
oxide dismutase, SOD2 superoxide dismutase 2, SOD3 superoxide dismutase 3, 74C total antioxidant capacity, 74S total antioxidant status,
TBARS, thiobarbituric acid-reactive substances, VEGF-A vascular endothelial growth factor A, VO:AT oxygen uptake at anaerobic threshold,

VO:max maximal oxygen uptake, VO:peak, peak oxygen uptake

high-fat-diet-induced obese mice, voluntary AE restores
NO bioavailability by attenuating endothelial oxidative
stress and inhibiting the activation of the NLRP3 inflam-
masome in coronary arterioles [50]. This suggests that
the interruption of the reciprocal amplification between
oxidative stress and inflammation may be fundamental to
the endothelial protective effects of AE.

Sirtuin 1 (SIRT1) represents another key target
through which AE regulates oxidative stress and endo-
thelial function [51]. AE activates the SIRT1/AMPK
signaling pathway, inhibits oxidative stress mediated
by NOXI1/LOX-1, suppresses inflammation driven by
extracellular signal-regulated kinase (ERK)/NF-kB, and
reduces mitochondria-dependent endothelial apoptosis,
thereby mitigating aortic endothelial injury induced by
hyperhomocysteinemia [52]. In spontaneously hyperten-
sive rats, maternal AE during gestation downregulates
NOX4 transcription via SIRT1-mediated deacetylation
of histone H3 lysine 9, decreases vascular ROS produc-
tion in progeny, and enhances NO-mediated EDD, sug-
gesting a potential transgenerational protective effect
of AE against vascular oxidative stress and endothelial
dysfunction [53]. With long-term adaptation to AE, the
role of SIRT1 in EDD diminishes, and a SOD-centered

antioxidant defense mechanism becomes predominant,
indicating a shift in the vasculature from stress adapta-
tion to homeostatic remodeling [54]. As one of the earli-
est antioxidant enzymes to respond to intracellular ROS,
SOD is particularly responsive to AE stimulation [55,
56]. Regular AE enhances the expression of various vas-
cular SOD isoforms, including Cu/Zn-SOD (SOD1), Mn-
SOD (SOD?2), and extracellular SOD (EC-SOD/SOD3).
Concurrently, it downregulates the expression of NOX2
and diminishes vascular sensitivity to Ang II [57].
Recent evidence further indicates that AE upregulates
the shear stress-responsive transcription factor KLF2 in
the vascular endothelium of diabetic mice. KLF2 subse-
quently promotes eNOS coupling and phosphorylation
through the phosphatidylinositol 3-kinase/protein kinase
B (PI3K/Akt) signaling pathway and heat shock protein
90, thereby enhancing NO bioavailability, improving
EDD and FMD, and reducing arterial oxidative stress
[27]. Additionally, uncoupling protein 2 (UCP2), a cru-
cial mitochondrial antioxidant, is integral to AE-induced
endothelial protection. AE increases UCP2 expression and
NO production in the hearts of apolipoprotein E-deficient
(ApoE ") mice, suppresses ROS generation in coronary
arterioles, and reduces the expression of ER stress-related
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Table 2 Effects of different exercise modalities on oxidative stress and endothelial function in animal models

Exercise Animal Model  Training Protocol Oxidative Stress- Endothelial Function- Key Pathways/Targets  Ref
Modality Related Effects Related Effects
AE Endothelial-spe- 7 weeks; voluntary wheel run- WT: ROS, 3-NT, WT: NO bioavailabil- AMPKal-mediated [43]
cific AMPKal  ning; ~3 km/day NOX2| ity and ACh-induced  vascular protection
knockout mice Nrf2, HO-1, EDD?
and WT controls UCP-21 AMPKal deficiency:
AMPKal defi- eNOS uncoupling?
ciency: ROS,
NOX21
AE db/db diabetic 5 weeks; treadmill running; 30 ROS| Aortic ACh-induced =~ AMPK/PPARS axis [45]
mice and high-  min/day; 6 days/week; 5-8 m/ ER stress] EDD and mesenteric ~ activation
fat diet-induced  min; moderate intensity artery FMD?1
obese mice
AE AMPKa2 7/~ 6 weeks; treadmill running; WT: SOD2, CATT  WT: ACh-induced AMPKa2-mediated [46]
mice and WT 90 min/day; 5 days/week; 9 AMPKa2 defi- EDD, endothelial and mito-
controls m/min ciency: antioxidant  eNOS, p-eNOS? chondrial protection
adaptation abolished AMPKaoa?2 deficiency:
endothelial improve-
ment attenuated
AE Aged Fisher 344 12 weeks; treadmill running;  ROS, 3-NT, MDA| ACh-induced EDDt  Mitochondrial function [48]
rats 820 m/min; 30-60 min/day; = Mitochondrial PWV| maintenance
10° incline ROS|
SOD2, ALDH-21
AE Aged C57BL/6  3-27 months; voluntary wheel Aortic and mito- ACh-induced and Suppression of mito- [49]
mice with running chondrial ROS| NO-mediated EDD{  chondrial oxidative
normal chow or Pro-inflammatory ~ PWV|] stress and inflammation
Western diet cytokines|
AE HHcy C57BL/6 14 weeks; treadmill run- NOX1,LOX-1| ICAM-1,VCAM-1|  SIRT1/AMPK axis [52]
mice induced ning; 60 min/day; 5 days/ MDA | Bax/Bcl-2, activated  activation
by 1% week; 6-10 m/min; moderate  SOD?1 caspase-3|
L-methionine intensity
AE Pregnant SHR ~ GD1-GD20; swimming; NOX4, ROS| ACh-induced and SIRT1-mediated H3K9  [53]
rats and hyper- 60 min/day after gradual MDA | NO-mediated EDD1  deacetylation
tensive offspring adaptation GPx, SOD? eNOS, p-eNOS?T
AE Male C57BL/6] 2 weeks; voluntary wheel run- NOX2 sub- FMD? SOD/H20--dependent [57]
mice; adipose ning; ~6 km/day units gp91phox/ Ang II sensitivity | vasodilation
resistance p47phox|
arteries exposed SOD 1/2/31
to acute high
intraluminal
pressure
AE db/db diabetic 4 weeks; treadmill running; ROS| ACh-induced EDDT  KLF2/eNOS/NO axis [27]
mice 30 min/day; 6 days/week; 5-8 Nitrotyrosine| FMD? activation
m/min NO bioavailability?
AE Obese Zucker 8 weeks; treadmill running; tPVAT and aortic ACh-induced EDD?  Suppression of tPVAT  [61]
rats 60 min/day; 5 days/week; ROS| tPVAT-mediated vaso- oxidative stress and
60-70% maximal running NOX2| dilatory effectf inflammation
speed; 5% incline SOD?1 NO bioavailabilityt
Pro-inflammatory
cytokines|
AE db/db diabetic 8 weeks; treadmill running; tPVAT and aortic NO?t Suppression of tPVAT ~ [62]
mice 60 min/day; 5 days/week; 10 ROS| ICAM-1, VCAM-1]  oxidative stress and
m/min inflammation
RE Rat CRT model 8 weeks; ladder climbing; ROS| Endothelial oxidative miR-92a-3p [73]
5 days/week; 3 bouts/day; MDA | injury downregulation
2 min/bout; 10-70% body HO-11 CRT incidence]
weight tail load
RE Male Wistar 4 weeks; ladder climbing; 3 ROS| ACh-induced EDDT  NO/ROS balance [81]

rats with sham
or femoral arte-
riovenous BFR
model

sessions/week; 6 sets x 10
repetitions; 50% maximum
loaded weight
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Table 2 (continued)
Exercise Animal Model  Training Protocol Oxidative Stress- Endothelial Function- Key Pathways/Targets  Ref
Modality Related Effects Related Effects
CT Male Wistar rats 8 weeks; 5 days/week; 1 h/ tPVAT ROS| NO bioavailability? ~ NE/B3-AR/adiponec- [88]
with myocardial day; alternating treadmill AE ~ Pro-inflammatory ~ tPVAT anticontractile tin/AMPK/eNOS/NO
infarction- and ladder RE; AE: 50-60%  cytokines| functiont pathway
induced heart maximal speed; RE: 40-60%  IL-101 MCP-1]
failure maximal load
HIT ApoE’ mice 12 weeks; treadmill running;  SOD?T eNOS?T PCSK9/TRX/TXNIP/ [99]
with early 5 days/week; 60 min/session;  GPx? ACh-induced EDD1T  NLRP3/GSDMD-N
atherosclerosis ~ MICT: 45-55% maximal MDA| pathway
aerobic speed, 8—12 m/min;
HIIT: 70-80% maximal
aerobic speed, 15-25 m/min
intervals
HIT Spontaneously 12 weeks; treadmill running; ~ SOD, GPx, CAT?  p-eNOS/eNOS?t AMPKa/SIRT1 axis [100]
hypertensive rats 5 days/week; 60 min/session; NOX4| iNOS| activation
MICT: 45-55% VO:max, 8-OHdG| ACh-induced EDD?

14-16 m/min; HIIT: 70-80%

VO:max, 45-55 m/min

intervals
3-NT, 3-nitrotyrosine, 8-OHdG, 8-hydroxy-2'-deoxyguanosine, ACh acetylcholine, AE aerobic exercise, ALDH?2 aldehyde dehydrogenase 2,
AMPK, AMP-activated protein kinase, Ang II, angiotensin II; ApoE, apolipoprotein E; Bcl-2, B-cell lymphoma 2; BFR, blood flow restric-
tion, CAT catalase, CRT cerebral radiation-induced toxicity, CT combined training, EDD endothelium-dependent dilation; eNOS, endothelial
nitric oxide synthase, ER endoplasmic reticulum, FMD flow-mediated dilation, GD gestational day, GPx glutathione peroxidase, GSDMD-N
N-terminal gasdermin D, H>O: hydrogen peroxide, H3K9 histone H3 lysine 9; HFD, high-fat diet; HHcy, hyperhomocysteinemia, HIIT high-
intensity interval training, HO-1, heme oxygenase-1, [CAM-1 intercellular adhesion molecule-1, /L-10 interleukin-10, iNOS inducible nitric
oxide synthase; KLF2, Kriippel-like factor 2, LOX-1 lectin-like oxidized low-density lipoprotein receptor-1; MCP-1, monocyte chemoattractant
protein-1, MDA malondialdehyde, MICT moderate-intensity continuous training; miR, microRNA, NE norepinephrine; NLRP3, nucleotide-
binding oligomerization domain-like receptor family pyrin domain-containing 3, NO nitric oxide, NOX NADPH oxidase, Nrf2 nuclear factor
erythroid 2-related factor 2, PCSK9 proprotein convertase subtilisin/kexin type 9; p-eNOS, phosphorylated endothelial nitric oxide synthase;
PPARS, peroxisome proliferator-activated receptor 6, PWV pulse wave velocity, RE resistance exercise, ROS reactive oxygen species, SHR
spontaneously hypertensive rat, SIRT! silent information regulator 1; SOD, superoxide dismutase, SOD superoxide dismutase tPVAT thoracic
perivascular adipose tissue; TRX, thioredoxin; TXNIP, thioredoxin-interacting protein UCP2 uncoupling protein 2 VCAM-1 vascular cell

adhesion molecule-1, VO:max maximal oxygen uptake, WT wild-type, f3-ARP3-adrenergic receptor

proteins, components of the Trx-interacting protein
(TXNIP)/NLRP3 inflammasome pathway, and BCL-
2-associated X protein, thereby alleviating UCP2 defi-
ciency- and ER stress-associated endothelial dysfunction
[58]. The expression of endothelial UCP2 is modulated
by the upstream transcription factor KLF2 [59]; however,
the interplay between KLF2 and UCP2 in response to
AE training remains inadequately understood. Oxidative
stress and inflammation within perivascular adipose tissue
(PVAT) are increasingly recognized as important contrib-
utors to endothelial dysfunction [60]. AE improves aor-
tic endothelial function in rats with metabolic syndrome
by suppressing oxidative stress and inflammation in tho-
racic PVAT (tPVAT), enhancing eNOS/NO signaling, and
strengthening antioxidant defenses [61]. Furthermore, AE
also reduces the expression of endothelial adhesion mol-
ecules, including ICAM-1 and VCAM-1, by attenuating
oxidative stress and inflammation in tPVAT [62]. Collec-
tively, these findings suggest that regular AE enhances
vascular redox homeostasis and endothelial function
through multiple molecular pathways, underscoring its
potential as an effective vasoprotective intervention.

Regular RE Training

RE, a type of physical activity characterized by skeletal
muscle contraction against external resistance, enhances
antioxidant defenses and exerts favorable effects on endo-
thelial function [63]. In a study involving obese adult men,
a 12-week regimen of circuit RE training was found to
increase TAS and NO levels, while simultaneously reducing
OSI and arterial stiffness, thereby contributing to improved
vascular health [64]. Similarly, a 10-week RE program was
observed to mitigate oxidative stress in older women with
hypertension, enhance forearm vasodilation, and reduce
blood pressure both at rest and during static handgrip exer-
cise [65]. Furthermore, RE has been demonstrated to pre-
vent the decline in FMD following high-glucose or high-fat
meals, with this protective effect being closely linked to a
low baseline inflammatory status and elevated SOD activ-
ity in physically active individuals [66]. Beyond conven-
tional RE, respiratory muscle strength training may also
offer vascular benefits. In middle-aged and older adults with
above-normal baseline systolic blood pressure, a 6-week
program of high-resistance inspiratory muscle strength

@ Springer



83 Page 10 of 23

Current Atherosclerosis Reports (2026) 28:83

training improves blood pressure and endothelial function.
In vitro investigations utilizing human umbilical vein ECs
have found that exposure to post-training serum enhances
NO production, which is correlated with increased eNOS
activity and decreased ROS levels [67]. Another study
reported that respiratory muscle strength training attenuates
glycocalyx damage and abnormal angiogenesis in patients
undergoing maintenance hemodialysis, while also aiding in
blood pressure regulation by reducing endothelin-1 (ET-1)
levels; however, it does not significantly impact markers of
endothelial activation or oxidative stress [68]. Conversely,
a 12-week regimen of whole-body RE has been shown to
improve redox status and inflammatory profiles, enhance
NO bioavailability, and reduce asymmetric dimethylargi-
nine concentrations in these patients [69]. Additionally,
whole-body RE enhances muscle strength [69], which may
be an important contributor to endothelial improvement.
In young men, regular RE reduces oxidative stress and cir-
culating MMP-9 levels; gains in muscle strength, assessed
by one-repetition maximum, are positively associated with
reductions in MMP-9, suggesting that strength gains may
help maintain vascular health [70]. Although RE is gener-
ally considered safe for individuals with cardiovascular dis-
eases, caution is advised against excessive training intensity.
Evidence indicates that a 12-week regimen of high-intensity
RE can elevate total peroxide levels and reduce total anti-
oxidant capacity, thereby contributing to aortic stiffness
through the exacerbation of oxidative stress [71].

Animal studies directly examining the mechanisms by
which RE influences oxidative stress and endothelial func-
tion remain sparse. In hypertensive and ovariectomized rat
models, RE has been shown to lower arterial blood pressure
and oxidative stress by enhancing autonomic regulation and
increasing GPx activity, demonstrating greater efficacy than
AE in boosting GPx activity and reducing oxidized GSH
levels [72]. Furthermore, RE mitigates vascular oxidative
stress and thrombosis by downregulating miR-92a-3p,
upregulating HO-1, and inhibiting the p38 MAPK/NF-«xB
pathway [73]. Studies utilizing cardiovascular disease mod-
els, particularly those focusing on myocardial infarction,
have demonstrated that regular RE training modulates oxi-
dative stress through various molecular pathways, includ-
ing the TGF-B1/Smad2/3 [74], AMPK/PGC-1a [75], and
AMPK/SIRT1 axes [76]. While endothelial function is not
directly evaluated in these studies, the identified antioxidant
pathways offer significant mechanistic insights and neces-
sitate further validation in models of endothelial injury.

Low-load RE combined with blood flow restriction
(LLRE-BFR) has recently attracted considerable attention
as an alternative strategy for individuals in whom high-load
RE (HLRE) is contraindicated or poorly tolerated. Current
evidence indicates that LLRE-BFR induces acute increases
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in endogenous NO production comparable to those elicited
by HLRE, while eliciting a relatively attenuated oxidative
stress response [77]. However, other studies have reported
that a single session of LLRE-BFR does not alter NO bio-
availability nor induce redox imbalance, although SOD
activity remains significantly lower than that observed fol-
lowing HLRE [78]. Regarding the degree of BFR, LLRE
with partial BFR exerts more favorable effects on oxidative
stress regulation compared to either HLRE or total BFR [79].
Consistent with this observation, partial BFR increases oxi-
dative stress under resting conditions and amplifies the oxi-
dative stress response to moderate-intensity RE; however,
when combined with LLRE, it attenuates oxidative stress
[80]. Animal studies further demonstrated that 4 weeks of
LLRE, with or without the incorporation of BFR, improves
aortic endothelial function. The protective effect observed
with BFR appears to be primarily mediated by a reduction
in ROS production, whereas the benefits associated with
LLRE are largely attributed to increased NO production
[81]. Taken together, available findings do not yet establish
whether BFR-assisted RE is more effective at reducing oxi-
dative stress and enhancing endothelial function, warranting
further investigation.

Combined AE and RE Training

Combined training (CT), which integrates AE and RE,
emerges as a promising approach for enhancing endothe-
lial function and vascular health. Current physical activ-
ity guidelines recommend supplementing regular AE with
muscle-strengthening exercises targeting all major muscle
groups at least twice weekly. This combined prescription
reflects the complementary contributions of AE and RE to
chronic disease prevention and management [82]. In indi-
viduals with peripheral artery disease, a single session of
either AE or CT yields similar improvements in lower-limb
blood flow and vascular resistance; however, CT exerts a
greater effect on reducing oxidative stress [83]. In obese
women, an §-week CT program proves more effective than
either AE or RE alone in improving body composition and
vascular elasticity, showing endothelial benefits associated
with reduced interleukin-8 (IL-8) and increased IL-10 levels
[84]. Among women with abdominal obesity, CT prevents
the reductions in GSH and TAS observed after AE, despite
its comparable effects on endothelial function and arte-
rial stiffness [85]. This observation suggests that CT may
enhance vascular health without significantly depleting anti-
oxidant defenses. Nonetheless, the evidence remains incon-
sistent. In middle-aged men, AE is more effective than CT
in improving FMD, although CT more strongly attenuates
acute exercise-induced oxidative stress and monocyte/mac-
rophage inflammatory activity [86]. In obese women, both
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AE and CT improve lipid metabolism, yet only AE reduces
thiobarbituric acid-reactive substances and increases eNOS
activity [87]. Evidence from an animal study shows that 8
weeks of CT reinstates the protective anticontractile func-
tion of tPVAT in rats with myocardial infarction-induced
heart failure [88]. This restoration is linked to adipocyte
browning, reduced oxidative stress and inflammation, and
activation of the norepinephrine (NE)/B3-adrenoceptor (3-
AR)/adiponectin/AMPK/eNOS/NO signaling pathway [88].
However, the study does not provide a direct comparison of
CT with either AE or RE alone. Overall, CT may offer com-
plementary redox and vascular advantages; nonetheless,
whether it surpasses single-modality exercise in reducing
oxidative stress and enhancing endothelial function remains
to be conclusively determined.

High-Intensity Interval Training

HIIT involves alternating short bursts of intense exercise
with recovery periods. As a form of AE, HIIT may provide
a time-efficient alternative or complement to traditional
moderate-intensity continuous training (MICT). Accumu-
lating evidence suggests that HIIT exerts effects compa-
rable to or even superior to those of MICT in improving
vascular endothelial function [89-91], potentially due to its
beneficial regulation of oxidative stress [92]. Acute HIIT
elicits lower pro-oxidant and pro-thrombotic responses than
MICT, indicating a more favorable vascular-adaptive and
protective profile [93]. For those with stable coronary artery
disease, a 2-week regimen of HIIT following stenting has
been shown to increase eNOS expression more effectively
than MICT, while preserving SOD3 activity and FMD [94].
Furthermore, long-term HIIT confers vascular benefits. In
young sedentary adults with obesity, obesity-related skeletal
muscle microvascular endothelial dysfunction is associated
with excessive NOX-derived H202 and O2*~ production; an
8-week HIIT program reduces ROS levels by downregulat-
ing NOX subunit expression and restores microvascular
endothelial function to levels comparable to those in lean
individuals [95]. In patients suffering from heart failure with
reduced ejection fraction, a 12-week regimen of HIIT has
been shown to decrease levels of MPO and IL-6, thereby
attenuating oxidative stress, suppressing systemic inflam-
mation, and alleviating endothelial injury [96]. Similarly, in
individuals with type 2 diabetes, a 12-week HIIT program
has been demonstrated to enhance FMD, reduce oxidative
stress, and improve NO bioavailability more effectively
than MICT [97]. In patients who have experienced an acute
myocardial infarction, a 16-week HIIT intervention results
in dose-dependent increases in FMD, reductions in ox-LDL
levels, and decreases in carotid intima-media thickness, with
improvements in FMD inversely correlated with ox-LDL

levels. Notably, low-volume HIIT, involving less than 10
min of high-intensity exercise per session, is sufficient to
initiate protective endothelial adaptations [98]. Mechanistic
evidence from animal studies further supports these findings.
In ApoE™" mice with early atherosclerosis, both 12-week
HIIT and MICT improve vascular endothelial function by
downregulating proprotein convertase subtilisin/kexin type
9 expression, reducing oxidative stress, and suppressing the
TRX/TXNIP/NLRP3/gasdermin D N-terminal inflamma-
tory pathway. Notably, HIIT more effectively upregulates
eNOS expression and enhances EDD [99]. In spontane-
ously hypertensive rats, both a 12-week HIIT regimen and
a 12-week MICT regimen ameliorate endothelial dysfunc-
tion by inhibiting NLRP3-mediated pyroptosis, with HIIT
demonstrating superior antioxidant effects through a more
pronounced activation of the AMPKo/SIRT1 signaling
pathway [100].

Acute and Strenuous Exercise

Acute or strenuous exercise exerts bidirectional and dose-
dependent effects on oxidative stress and endothelial func-
tion. A single bout of acute exercise may transiently increase
oxidative stress, as evidenced by a temporary reduction
in antioxidant capacity and an increase in oxidative dam-
age markers [101]. However, these alterations are gener-
ally short-lived and reversible, returning to baseline levels
within several hours [102]. Within a physiological range,
exercise-induced redox perturbations may serve as adaptive
stimuli, activating endogenous antioxidant defense systems
and facilitating the remodeling of redox homeostasis [103].
For instance, animal studies have demonstrated that a single
bout of moderate-intensity AE improves aortic EDD by
increasing NO bioavailability, accompanied by controlled
ROS generation and elevated activities of SOD and CAT
[104, 105]. Research on human subjects has demonstrated
that sedentary individuals exhibit elevated NOX-dependent
02 levels and diminished eNOS expression in CD34"* cir-
culating progenitor cells in comparison to those who engage
in endurance training. Notably, a single bout of moderate-
intensity AE can mitigate the abnormal elevation of Oz~
within these cells [106]. In addition, engaging in a single
bout of AE on the day prior has been shown to prevent oxi-
dative stress induced by a high-fat meal in CD31* circulat-
ing angiogenic cells. This suggests that acute exercise may
contribute to the maintenance of endothelial homeostasis by
protecting endothelial repair-related circulating cells [107].

However, when the intensity of exercise surpasses an
individual’s adaptive capacity, oxidative stress may be
exacerbated and adversely affect endothelial function. In
healthy young men, acute moderate-intensity AE has been
observed to enhance forearm blood flow and decrease
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vascular resistance by increasing NO bioavailability. In
contrast, high-intensity AE significantly increases the
oxidative stress marker 8-isoprostane [108]. In healthy
trained individuals, a single bout of exhaustive high-
intensity AE increases the markers of endothelial glyco-
calyx shedding and circulating ECs. These alterations are
closely associated with a post-exercise reduction in total
antioxidant capacity [109]. The oxidative stress induced
by acute AE appears to be primarily dependent on exercise
intensity, and improvements in FMD are strongly associ-
ated with achieving a sufficient level of energy expen-
diture, such as the caloric equivalent of 30 min at 50%
VOqpeak [110]. These findings indicate that the effects
of acute AE on oxidative stress and endothelial function
are jointly regulated by exercise intensity and energy
expenditure. Furthermore, a single bout of high-intensity
eccentric RE significantly reduces FMD within 48 h post-
exercise in healthy young men. However, pretreatment
with the antioxidant N-acetylcysteine partially attenuates
this decline, indicating the contributory role of oxidative
stress in acute RE-induced endothelial dysfunction [111].
The ability to maintain endothelial function in response
to acute high-intensity exercise is strongly influenced by
the training status of the individual. Subcutaneous adi-
pose microvascular EDD is preserved after a single bout
of high-intensity RE in individuals with chronic train-
ing, whereas it is significantly compromised in sedentary
individuals. This protective effect may be attributed to a
transition from NO-mediated to H.O.-mediated vasodila-
tion [112]. A similar phenomenon is observed after AE
training. An 8-week AE regimen induces a transition from
NO-dependent to H202-dependent microvascular dilation
in overweight and obese sedentary adults, thereby pre-
serving endothelial function after acute high-load exer-
cise [113]. Moreover, following a single high-intensity
AE session, there is an increase in NO bioavailability
and antioxidant status in both endurance-trained and sed-
entary healthy men. However, the NO response is more
sustained in endurance-trained individuals, which is asso-
ciated with a larger brachial artery diameter and higher
peak blood flow [114]. Overall, these findings indicate
that the adverse oxidative and endothelial responses to
acute exercise intensify with increasing exercise intensity
but are mitigated in better-trained individuals.

Detraining

Detraining is defined as the partial or complete loss of
physiological adaptations acquired through exercise train-
ing, occurring after the cessation of regular exercise or a
significant reduction in training load. Current evidence
suggests that the improvements in endothelial function
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induced by exercise training are not permanently sus-
tained [115]. The endothelial protective effects of AE, RE,
and CT can disappear after 1 month of detraining [116]. In
healthy young adults, the increase in NO and the decrease
in ET-1 following 8 weeks of AE are maintained for up
to 4 weeks after training cessation, but revert to base-
line levels after 8 weeks of detraining [117]. In patients
with atrial fibrillation, 6 months of aerobic interval train-
ing reduces circulating von Willebrand factor and IL-1j3
levels, thereby enhancing endothelial function. Although
these benefits are maintained with continued training for
up to | year, the thrombogenic markers return to baseline
levels following detraining [118]. From a mechanistic
perspective, short-term detraining may diminish the vas-
cular protective effects of long-term exercise by reducing
antioxidant capacity, disrupting redox homeostasis, and
altering the abundance and senescence status of CD34+/
VEGFR2* endothelial progenitor cells [119].

The impact of detraining on adaptations related to oxi-
dative stress is influenced by the type of exercise and the
presence of disease. In healthy older adults, a 12-week
period of detraining does not fully negate the enhance-
ments in oxidative stress biomarkers and NO bioavail-
ability achieved through 12 weeks of RE [120, 121]. This
suggests that the antioxidant adaptations induced by RE
may persist beyond the cessation of training. Conversely,
in healthy older men, the protective effects against oxida-
tive stress conferred by 16 weeks of AE are entirely lost
following a similar period of detraining [122]. This indi-
cates that the antioxidant adaptations resulting from RE
may be more enduring than those from AE in healthy pop-
ulations. However, exercise-induced redox adaptations
appear to be highly reversible in the presence of diseases.
For instance, in older patients with chronic obstructive
pulmonary disease, the beneficial effects of 12 weeks of
RE on systemic oxidative damage and antioxidant capac-
ity are not maintained after detraining [123]. In individu-
als with coronary artery disease, an 8-month regimen of
regular exercise training significantly enhances health
outcomes; however, a mere 3-month period of detraining
is adequate to negate these positive effects [124]. These
findings collectively indicate that the antioxidant and
endothelial protective benefits conferred by exercise are
highly reversible, especially in the context of pathologi-
cal conditions such as cardiovascular diseases, thereby
underscoring the critical importance of sustained exercise
adherence for maintaining vascular health. Additionally,
animal studies have demonstrated that exercise-induced
antioxidant adaptations are more enduring in male rats
[125], suggesting that sex differences may influence
detraining-related changes in redox homeostasis. This
issue requires further investigation.
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Combined Effects of Exercise and
Antioxidant Interventions on Oxidative
Stress and Endothelial Function

Regular exercise enhances vascular endothelial function by
strengthening antioxidant defenses and reducing oxidative
stress; specific antioxidant interventions may further influ-
ence exercise-related vascular adaptations. Research sug-
gests that acute elevations in oxidative stress or oscillatory/
retrograde shear stress induced by exercise can temporarily
impair post-exercise FMD, while acute vitamin C adminis-
tration can prevent this decline [126, 127]. Pre-exercise sup-
plementation with polyphenol-rich jaboticaba berry juice
has been shown to maintain GSH levels and limit excessive
ROS production, thereby attenuating transient macrovas-
cular and microvascular dysfunction within 48 h follow-
ing eccentric exercise [128]. In healthy trained individuals,
short-term supplementation with reduced coenzyme Q10
enhances antioxidant capacity, mitigates strenuous exercise-
induced oxidative damage, and preserves NO homeostasis
[129]. Lycium barbarum polysaccharide supplementation
activates Nrf2 antioxidant signaling and upregulates its
downstream targets, including GCLC, NQO1, and GCLM,
while reducing serum malondialdehyde (MDA), Ang II, and
tumor necrosis factor-o (TNF-a) levels, thereby attenuating
oxidative stress, inflammation, and apoptosis in the tho-
racic aorta and myocardium of rats subjected to exhaustive
exercise [130]. These results indicate that antioxidant inter-
ventions could potentially alleviate oxidative stress-medi-
ated endothelial injury under acute or strenuous exercise
conditions.

The combination of exercise with antioxidant-based
nutritional strategies may offer synergistic vascular protec-
tion. In healthy postmenopausal women, an §8-week regi-
men of RE combined with fish oil supplementation has been
found to more effectively reduce blood pressure, triglycer-
ides, TNF-a, IL-6, and oxidative stress markers more effec-
tively than RE alone [131]. Additionally, in women with
type 2 diabetes, an 8-week program of CT with astaxanthin
supplementation proves more efficacious than either inter-
vention alone in decreasing oxidative stress, inflammation,
and metabolic dysfunction. These benefits may be attributed
to the upregulation of humanin and the microRNA-mediated
regulation of mitochondrial function, insulin signaling, lipid
metabolism, and homeostasis [132]. Animal studies have
demonstrated that AE combined with polyphenol antioxi-
dant nutrition provides vascular protection superior to that
provided by either intervention alone. This is evidenced by
decreased aortic MDA and protein carbonyl levels; increased
activities of antioxidant enzymes, including SOD, CAT, and
GPx; and enhanced eNOS/NO signaling, thereby mitigating
oxidative stress and improving endothelial function [133,

134]. In aged rats with type 2 diabetes, an 8-week regimen
of AE or RE combined with ursolic acid supplementation
modulates the SIRT1-eNOS signaling pathway and elevates
total antioxidant capacity, partially reversing increased aor-
tic oxidative stress and diminished NO bioavailability [135].
Furthermore, in aged rats with diet-induced atherosclerosis,
an 8-week program of AE combined with Korean red gin-
seng supplementation suppresses the NF-kB/TNF-o/IL-6/
cyclooxygenase-2 inflammatory cascade, enhances eNOS/
NO signaling, and reduces the expression of 4-hydroxynon-
enal, ICAM-1, and VCAM-1. This combined intervention
appears to yield more favorable endothelial outcomes com-
pared with either intervention alone [136].

Nonetheless, the combination of exercise and antiox-
idant-based nutritional interventions does not invariably
yield additional benefits. In rats with metabolic disorders,
a regimen of 7 weeks of AE or supplementation with 2%
taurine independently enhances aortic SOD3, decreases
02+~ production and vascular oxidative stress, and improves
EDD; however, their combination fails to confer additional
improvement [137]. Moderate exercise-induced oxidative
stress facilitates adaptive vascular protection by upregu-
lating CAT and eNOS expression. In contrast, vitamin E
supplementation negates exercise-induced increases in
antioxidant enzyme levels and eNOS expression, suggest-
ing that excessive antioxidant supplementation may disrupt
beneficial exercise-mediated redox adaptations [138, 139].
Previous studies reported that antioxidant supplementation
can attenuate some health-promoting effects of exercise in
humans [140]. This observation does not detract from the
potential benefits of antioxidant-rich nutrition; instead, it
underscores the critical importance of considering timing,
dosage, and physiological context. In summary, the integra-
tion of exercise with targeted antioxidant-based nutritional
interventions may offer synergistic vascular protection;
however, it also poses the potential risk of disrupting ben-
eficial exercise-induced redox adaptations. Consequently, a
dietary approach rich in phytonutrients may be more suit-
able during exercise training than high-dose antioxidant
supplementation.

Clinical Implications

Exercise-induced changes in endothelial function reflect
a dose- and context-dependent balance between adaptive
redox signaling and excessive oxidative stress. The evi-
dence synthesized in this review supports regular, appro-
priately dosed exercise as a core strategy for improving
endothelial function. Low-to-moderate-intensity AE has
the most consistent support from clinical studies, whereas
HIIT may offer an alternative aerobic strategy to MICT for
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selected individuals [37, 94, 97]. RE and CT may also be
considered according to individual needs; however, avail-
able trials have not established their superiority over AE or
identified a single optimal exercise dose across populations
[64, 85]. Exercise modality and dose should therefore be
individualized according to training status, disease burden,
functional capacity, and tolerance. Exercise progression
should be carefully managed to prevent workloads from
exceeding individual adaptive capacity. Acute exhaustive
exercise and prolonged strenuous exercise warrant particu-
lar caution, especially in untrained or clinically vulnerable
individuals [38, 111, 112]. Sustained training is important
because endothelial benefits may diminish after detrain-
ing [116]. Routine antioxidant supplementation solely to
enhance exercise-induced endothelial adaptations is not
supported by consistent evidence, and some regimens may
attenuate beneficial redox adaptations [126, 140]. The
characteristics and principal findings of the randomized
controlled trials informing these clinical implications are
summarized in Table 3.

Limitations

Although we used a structured search, prespecified eli-
gibility criteria, and manual reference screening, the
synthesis remained narrative. It lacked formal risk-of-
bias and evidence-certainty assessments and meta-anal-
ysis, precluding pooled effect estimates. Subjectivity
in study selection and interpretation, as well as selec-
tion and publication bias, cannot be excluded. Substan-
tial heterogeneity in participant characteristics, baseline
training status, exercise protocols, follow-up duration,
sampling time points, and redox and endothelial assess-
ments limits cross-study comparisons, generalizability,
and dose-response inference. Evidence is uneven, with
fewer studies of RE (with or without BFR), CT, detrain-
ing, and exercise combined with antioxidant interventions
than of AE. Direct modality comparisons are limited,
and some studies lack endothelial function measures.
Mechanistic evidence derives mainly from animal mod-
els, whereas human studies generally have small samples
and short intervention and follow-up periods. They also
rely largely on circulating biomarkers and vascular func-
tion measures as surrogate endpoints and rarely assess
major cardiovascular events. Consequently, causal links
between endothelial cell-specific redox changes and long-
term cardiovascular benefits remain uncertain. Findings
on detraining and antioxidant interventions also vary
with exercise protocols and individual characteristics.
Accordingly, our conclusions should be interpreted cau-
tiously when extrapolated to specific populations or used
to inform precision exercise prescriptions.

@ Springer

Knowledge Gaps

A key remaining knowledge gap concerns the exercise
dose at which redox responses shift from adaptive signal-
ing to excessive oxidative stress in different populations.
How exercise modality and dose determine this transition,
and how age, sex, disease status, baseline redox status,
and baseline training status modify this threshold, remain
unclear. The relative effects of different exercise modali-
ties also remain uncertain. Direct comparative evidence is
currently insufficient to determine which single exercise
modality or combination of modalities most effectively
improves redox homeostasis and endothelial function. A
further uncertainty is whether circulating redox biomark-
ers accurately reflect local endothelial redox status and
whether the observed molecular changes causally medi-
ate exercise-induced endothelial adaptation or merely
accompany it. The persistence of exercise-induced redox
adaptations and endothelial benefits after detraining,
its variation across modalities, and the minimum exer-
cise dose required to sustain these effects remain poorly
characterized. For antioxidant-based nutritional inter-
ventions, the populations most likely to benefit and the
optimal nutrient type, dose, and supplementation timing
have not been established. The conditions under which
these interventions may blunt beneficial exercise adapta-
tions also remain uncertain. More importantly, long-term
evidence remains insufficient to determine whether short-
term improvements in endothelial redox homeostasis and
function translate into a reduced risk of major cardiovas-
cular events.

Future Directions

Future research should advance across three intercon-
nected domains: mechanistic validation, study design,
and clinical translation. Mechanistically, endothelial cell-
specific models should be integrated with multi-omics
approaches, including single-cell transcriptomics, spa-
tial transcriptomics, and redox proteomics, to define the
exercise dose threshold at which adaptive redox signaling
shifts to excessive oxidative stress. Targeted perturbation
studies within these models should then identify the redox
pathways that drive endothelial adaptation. Studies should
also determine how exercise-induced redox responses
influence endothelial glycocalyx integrity, endothelial
progenitor cell function, microcirculatory responses, and
perivascular adipose tissue homeostasis, and whether
these early changes can serve as sensitive indicators of the
endothelial protective effects of exercise.

With respect to study design, adequately powered mul-
ticenter randomized controlled trials with standardized
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Table 3 Characteristics and principal findings of randomized controlled trials on exercise, redox status, and endothelial function

Exercise Population and RCT Intervention, comparator, Outcomes assessed Principal findings

intervention  randomized design and duration
sample

Exercise-only trials

Regular AE  Symptomatic Parallel- Home-based or supervised Redox: H-O., HORAC,  Both walking programs reduced

(walking) PAD; N=114 group intermittent walking vs. ox-LDL; Endothe- endothelial-cell apoptosis vs. control

[37] randomized (38/ RCT attention control; 12 weeks; lial: Serum-induced and prevented the control-group

group); 100 >3 sessions/week; walking  endothelial-cell apopto-  increase in NF-kB activity. Pooled
completed to mild-to-moderate claudi- sis; NF-kB; E-selectin; exercise improved HORAC, VEGF-
cation pain VEGF-A A, and E-selectin, whereas H.02 and
ox-LDL were unchanged.

Regular RE ~ Men with obesity, Parallel-  Circuit RE vs. no exercise; Redox: TAS, TOS, OSI;  RE increased NO and improved

(circuit train- N=25 group 12 weeks Endothelial/vascular: NO, redox status, with a reduction in

ing) [64] RCT baPWV baPWV.

Regular RE  Older women Parallel-  Machine-based RE vs. Redox: MDA, TAC; RE reduced MDA and increased

[65] with hyperten- group usual activity; 10 weeks Endothelial/vascu- TAC, accompanied by improved FBF

sion, N=25 RCT lar: FBF, vascular and vascular conductance.
conductance

Inspira- Adults with ele-  Parallel-  High-resistance inspiratory ~Redox: ROS; Endothe- Training improved FMD and

tory muscle  vated SBP, N=38; group muscle strength training vs. lial: FMD; serum-treated increased endothelial-cell NO/eNOS

strength 36 analyzed RCT sham; 6 weeks endothelial-cell NO and ~ while reducing ROS.

training [67] eNOS

Respiratory- Maintenance Parallel-  Intradialytic respiratory- Redox: MDA; Endothe- ~ Syndecan-1, angiopoietin-2, and

muscle train- hemodialysis group muscle training vs. usual lial: Syndecan-1, angio-  ET-1 decreased, whereas MDA was

ing [68] patients, N=56;  RCT care; 8 weeks poietin-2, ET-1, and other unchanged.
41 analyzed endothelial biomarkers

Whole-body Men receiving Parallel-  Intradialytic whole-body Redox: TBARS, TAC; RE increased nitrite and TAC and

RE [69] maintenance group RE vs. control; 12 weeks Endothelial: Nitrite, reduced ADMA and TBARS, sup-
hemodialysis, RCT ADMA porting favorable redox and vascular
N=55 effects.

Acute RE Physically active Random- Low-load RE (30% 1-RM) Redox: SOD, catalase; NOx did not change within condi-

with or healthy young ized with BFR, low-load RE Endothelial: Plasma NOx tions and was lower after high-load

without BFR  men, N=11 crossover without BFR, and high- (surrogate); no direct RE than after BFR-assisted RE.

[78] RCT load RE (80% 1-RM); functional endothelial Antioxidant-enzyme responses dif-
randomized order; 72-hour  endpoint fered across conditions, precluding a
separation consistent endothelial benefit.

Acute CT vs. Symptomatic Random-  Approximately 50-min Redox: MDA; Endo- Both sessions similarly increased

AE (walking) PAD, N=13 (4 ized walking session vs. com- thelial/vascular: Plasma  blood flow and reduced vascular

[83] men/9 women) crossover bined session comprising nitrite; lower-limb blood  resistance; reactive hyperemia was

RCT eight RE exercises plus flow; vascular resistance; unchanged. CT produced a greater
walking; randomized order; reactive hyperemia reduction in MDA and uniquely
>2-day separation increased nitrite.

Regular CT ~ Postmenopausal  Parallel-  Supervised AE vs. CT Redox: GSH, SOD, TAS; No significant between-modality dif-

vs. AE [85]  women with group (RE+AE); 3 sessions/ Endothelial/vascular: ference in endothelial outcomes was

abdominal obe- RCT week for approximately Endothelial biomarkers;  detected. GSH and TAS decreased
sity, N=101; 85 12 weeks; no nonexercise PWA/PWV after AE.
analyzed control
Regular CT ~ Untrained seden- Parallel-  Periodized CT (cycling Redox: GSH, GSSG, FMD increased within the AE group
vs. AE [86]  tary middle-aged group plus eight RE exercises) vs. GSSG/GSH, LPO; Endo- but was unchanged after CT; a direct
men, N=20 (CT RCT moderate-intensity cycling  thelial: Brachial FMD between-group comparison of FMD
10; AE 10) AE; 12 weeks; 3 sessions/ change was not clearly reported.
week Both regimens reduced basal LPO
and attenuated the acute GSSG/GSH
response; CT also reduced GSSG.
Regular CT ~ Women with Parallel-  Supervised AE vs. CT Redox: TBARS, TAC; No significant between-modality
vs. AE [87]  obesity, N=44; 39 group (RE+AE); 3 sessions/ Endothelial: eNOS, difference in endothelial outcomes

analyzed

RCT

week for approximately
12 weeks; no nonexercise
control

VEGF

was detected. Within-group eNOS
and TBARS changes in AE did not
establish superiority over CT.

@ Springer
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Table 3 (continued)

Exercise Population and RCT Intervention, comparator, Outcomes assessed Principal findings
intervention  randomized design and duration
sample
HIIT vs. Stable CHD after Random- Energy-matched HIIT vs. Redox: Extracellular HIIT maintained FMD and extracel-
MICT [94] coronary stenting, ized MICT; 2 weeks per condi-  SOD; Endothelial: FMD, lular SOD and increased eNOS, with
N=11 crossover tion, separated by a 2-week eNOS more favorable post-intervention
RCT washout values than MICT.
Interval AE ~ Type 2 diabe- Parallel-  Interval treadmill AE vs. Redox: MDA, GPx, SOD; Both interval and continuous AE
vs. continu-  tes; N=45, 43 group continuous treadmill AE Endothelial/vascular: improved FMD and reactive hyper-
ous AE [97] analyzed RCT and sedentary control; 12 FMD; cutaneous reactive  emia, with larger improvements and
weeks hyperemia; NO; von Wil- a more favorable redox profile after
lebrand factor interval AE.
Low- vs. Post-acute myo-  Parallel-  Low-volume vs. high- Redox: ox-LDL; Endo- Both HIIT volumes improved FMD
high-volume cardial infarction, group volume HIIT and active- thelial/vascular: FMD, and ox-LDL vs. active control, with
HIIT [98] N=80; FMD/ RCT control advice; 16 weeks carotid intima—media larger changes after high-volume
ox-LDL assessed thickness HIIT.
inn=78
Acute AE Healthy untrained Random- 30-min cycling at 25%, Redox: 8-isoprostane; Moderate-intensity exercise increased
at different ~ young men, N=8 ized 50%, and 75% VO.max in  Endothelial/vascular: NO-dependent forearm vasodilation
intensities within- randomized order; 1-week  FBF, forearm vascular without increasing 8-isoprostane.
[108] subject separation; L-NMMA resistance High-intensity exercise increased
crossover testing during the moderate- 8-isoprostane; FBF could not be mea-
RCT intensity condition sured during that condition, limiting

Exercise combined with antioxidant interventions

Acute eccen- Trained healthy

tric RE with  young men,

NACredox N=10

modulation

[111]

Maximal Intermittent clau-

walk- dication, N=31;

ing+vitamin vitamin C/saline

C[126] comparison in
maximal-exercise
subgroup, n=16

Cycling/ Aerobically active

shear chal- healthy men,

lenge+vita- N=12

min C [127]

Eccentric Healthy young

exer- adults, N=24

cise+jabo-

ticaba juice

[128]

Random-
ized
crossover
RCT

Parallel-

group
RCT

Random-
ized
crossover
RCT
Parallel-

group
RCT

Eccentric RE followed by
oral NAC or placebo during
an 8-day recovery period

Intravenous vitamin C
vs. saline before maximal
walking

Oral vitamin C vs. placebo
before cycling with forearm
cuff compression

Jaboticaba juice vs. placebo
for 6 days surrounding
eccentric exercise

Redox: Oxidative-
stress-related responses;
Endothelial/vascular:
FMD, PWV

Redox: TBARS; Endo-
thelial: FMD, sICAM-1

Redox: Not directly
assessed; Endothelial/vas-
cular: FMD; shear indices

Redox: GSH; Endo-
thelial/vascular: FMD;
hyperemic blood flow;
tissue-oxygen reperfusion

direct vascular comparison.

NAC preserved postexercise FMD,
whereas PWV was unchanged; a
direct treatment-by-time comparison
for FMD was not reported.

The postexercise reduction in

FMD and increases in TBARS and
SICAM-1 observed with saline

were not observed with vitamin C;
however, a direct between-group
interaction was not reported.
Vitamin C prevented the reduction in
FMD associated with the experi-
mentally augmented adverse shear
pattern.

Jaboticaba juice preserved GSH and
attenuated postexercise impair-
ments in FMD and microvascular
responses.

Notes: Sample sizes refer to randomized or allocated participants; parent-study, analyzed, or outcome-specific samples are specified where
applicable. Between-group or between-condition comparisons were prioritized when available; otherwise, within-group findings are reported.
Some studies assessed endothelial effects using surrogate biomarkers or indirect endothelial assays rather than direct functional endpoints

1-RM, one-repetition maximum, 4DMA asymmetric dimethylarginine, AE aerobic exercise, AMI acute myocardial infarction; baPW'V, bra-
chial-ankle pulse-wave velocity, BFR blood flow restriction, CHD coronary heart disease, CT combined training; eNOS, endothelial nitric oxide
synthase, ET-1 endothelin-1; FBF, forearm blood flow, FMD flow-mediated dilation, GPx glutathione peroxidase, GSH glutathione, GSSG oxi-
dized glutathione, HIIT high-intensity interval training; HORAC, hydroxyl radical antioxidant capacity, L-NMMA, NG-monomethyl-L-argi-
nine, LPO, lipid peroxidation, MDA malondialdehyde; MICT, moderate-intensity continuous training, NAC N-acetylcysteine, NF-xB nuclear
factor-kappa B, NO nitric oxide, NOx nitrate plus nitrite, OSI oxidative stress index, ox-LDL oxidized low-density lipoprotein, PAD peripheral
artery disease, PWA pulse-wave analysis, PWV pulse wave velocity; RE, resistance exercise, ROS reactive oxygen species, SBP systolic blood
pressure, sICAM-1 soluble intercellular adhesion molecule 1, SOD superoxide dismutase; TAC, total antioxidant capacity, T7AS total antioxi-
dant status, TBARS thiobarbituric acid-reactive substances, TOS total oxidant status, VEGF-A vascular endothelial growth factor A, VO:max

maximal oxygen uptake

@ Springer
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reporting of exercise prescriptions, harmonized sampling
time points, and consistent assessments of redox status
and endothelial function are needed. Direct compari-
sons of exercise modalities and dose-response studies
are needed to determine the relative effects of differ-
ent modalities and identify safe and effective exercise
dose ranges across populations. Evaluations of detrain-
ing and maintenance phases should clarify the durabil-
ity of modality-specific adaptations and determine the
minimum exercise dose required to sustain endothelial
protection.

For clinical translation, long-term follow-up should
determine whether exercise-induced redox adaptations
and improvements in endothelial function persist and
translate into long-term cardiovascular benefits. Accord-
ingly, study endpoints should extend beyond short-term
circulating biomarkers to include macrovascular and
microvascular endothelial function, vascular structural
changes, and major cardiovascular events. Studies com-
bining exercise with antioxidant-based nutritional inter-
ventions should use stratified or factorial designs to
identify populations most likely to benefit, determine the
optimal nutrient type, dose, and supplementation timing,
and define the conditions under which these interventions
enhance endothelial protection or blunt beneficial exer-
cise adaptations. Such evidence will support the develop-
ment of individualized exercise prescriptions.

Conclusions
Overall, current evidence indicates that regular,
appropriately dosed exercise improves endothelial

function through adaptive redox remodeling. This remod-
eling involves enhancement of endogenous antioxidant
defenses, preservation of eNOS/NO signaling, improve-
ment of mitochondrial homeostasis, and attenuation of
crosstalk between oxidative stress and inflammation. The
direction and persistence of exercise-induced redox and
endothelial responses vary with exercise modality and
dose, training status, disease state, nutritional context,
and whether training is sustained. By contrast, exercise
loads that exceed individual adaptive capacity may pro-
voke excessive oxidative stress and endothelial dysfunc-
tion. Taken together, these findings support sustained,
individualized exercise as a strategy to promote endo-
thelial redox homeostasis and function. Further research
is needed to define safe and effective exercise regimens
across populations and determine whether these benefits
translate into a reduced risk of major cardiovascular
events.
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