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The Effects of Endurance, Resistance, and Walking Exercise on Nitric Oxide Levels and
Endothelial Function in Adults: A Systematic Review and Meta-Analysis
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Extended Abstract

Introduction:

The cardiovascular system plays a fundamental role in supplying oxygen and nutrients to all body tissues.
The endothelial layer, as a semipermeable barrier between blood and tissues, is an active endocrine organ
with multiple functions, including regulation of vascular tone, platelet activity, and inflammatory processes
[1, 2]. Endothelial dysfunction is recognized as an early and key step in the pathogenesis of cardiovascular
diseases such as atherosclerosis, hypertension, type 2 diabetes, heart failure, and coronary artery disease [5,
6]. At the center of normal endothelial function is nitric oxide (NO), produced by endothelial nitric oxide
synthase (eNOS) from L-arginine [9, 10]. NO induces vasodilation, reduces vascular resistance, increases
blood flow, inhibits platelet aggregation and adhesion, prevents leukocyte adhesion to endothelium, and
inhibits smooth muscle cell proliferation [11, 12]. Reduced NO bioavailability due to decreased eNOS
activity, increased degradation by reactive oxygen species (ROS), or reduced substrate availability is a
major mechanism of endothelial dysfunction [13, 14]. Vascular cell adhesion molecule-1 (VCAM-1) is a
key marker of endothelial activation and dysfunction, expressed on endothelial cell surfaces in response to
inflammatory cytokines [18, 19]. Exercise training is recognized as one of the most effective non-
pharmacological interventions for improving vascular health and preventing cardiovascular diseases [22,
23]. Despite extensive evidence, significant uncertainties remain regarding the effects of different types of
exercise training on NO bioavailability and endothelial function markers. Therefore, this study aimed to
systematically and quantitatively investigate the effects of various exercise modalities (endurance,
resistance, and walking) on nitric oxide bioavailability and endothelial function with emphasis on VCAM-
1 in adults.

Methodology:

This systematic review and meta-analysis was conducted according to the PRISMA 2020 statement and
registered in PROSPERO (CRD420251144669). A systematic search was performed in PubMed, Scopus,
and Web of Science databases from January 2000 to September 2025. Human studies with clinical trial
designs examining the effects of structured exercise training on NO and VCAM-1 levels were included.
The PICO framework guided the research questions: Population (adults with various health conditions),
Intervention (structured exercise training), Comparison (control or no intervention), and Outcomes (NO
bioavailability and VCAM-1). Studies were excluded if they did not examine exercise interventions or
target outcomes, focused on drug/nutritional interventions as primary interventions, were in-vitro/ex-vivo
studies without in-vivo training protocols, were review articles, editorials, case reports, conference
abstracts, non-English publications without available translation, lacked control groups, or did not report
sufficient data for effect size calculation. Two independent reviewers screened titles/abstracts and full texts,
with disagreements resolved through discussion or third reviewer consultation. Data extraction included
study characteristics, population features, intervention details, and outcome measures. Statistical analysis
was performed using a random-effects model (Restricted Maximum Likelihood method) with
Comprehensive Meta-Analysis (CMA) version 4. Effect sizes were calculated as standardized mean
difference (Hedges' g) with 95% confidence intervals. Subgroup analyses were conducted based on exercise
type, duration, and intensity.

Findings:

After screening 2050 records from databases and 22 from manual searches, 26 human studies with 1034
participants were included in the meta-analysis for NO, and 3 studies with 156 participants for VCAM-1.
Exercise training significantly increased NO bioavailability (SMD = 1.30, 95% CI: 0.67 to 1.93, p=10.001),
representing a large effect size. However, significant heterogeneity was observed (I? = 95.04%, 1> = 2.44).
Subgroup analyses revealed that walking had the greatest effect on increasing NO (SMD =6.01, p=0.019),
while aerobic training (SMD = 1.02, p = 0.16) and resistance training (SMD = 0.27, p = 0.52) did not show
significant effects. Regarding exercise duration, both short-term (< 6 weeks) and long-term (> 6 weeks)
programs significantly increased NO, with long-term programs showing slightly larger effects (SMD =
1.51, p = 0.001 vs. SMD = 1.56, p = 0.021). Meta-regression revealed no significant linear relationship
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between training duration and NO effect size (p = -0.035, p = 0.735). Intensity subgroup analysis showed
that high-intensity (SMD = 1.40, p = 0.034) and moderate-intensity (SMD = 3.35, p = 0.002) training
significantly increased NO, while low-intensity training had no significant effect (SMD = 1.40, p = 0.14).
Exercise training significantly reduced VCAM-1 levels (SMD = -0.96, 95% CI: -1.41 to -0.52, p = 0.001)
with complete homogeneity (I* = 0.00%, t* = 0.00). Sensitivity analysis using the leave-one-out method
confirmed the robustness of VCAM-1 findings, with effect sizes ranging from -0.87 to -1.02. Publication
bias assessment using Egger's test (p = 0.35) and Begg's test (p = 0.60) showed no evidence of publication
bias. Fail-safe N analysis indicated that 12 studies with null results would be needed to render the VCAM-
1 finding non-significant.

Discussion:

The findings of this meta-analysis demonstrate that structured exercise training significantly increases NO
bioavailability with a large effect size, consistent with previous studies reporting increased NO following
various training protocols. Among different exercise modalities, walking showed the greatest effect on
increasing NO, which can be attributed to its moderate intensity, rhythmic nature, and accessibility for most
populations. The superior effect of walking compared to other exercise types may be related to the sustained
shear stress during walking, optimal stimulation of eNOS, and favorable impact on oxidative stress
reduction. The non-significant effect of aerobic training in our analysis may be explained by the high
variability in protocols, including differences in intensity, duration, and frequency, as well as the
heterogeneity in study populations ranging from healthy young adults to patients with advanced
cardiovascular disease. Similarly, resistance training showed the smallest effect on NO, which may be due
to the intermittent nature of blood flow during resistance exercises, lower shear stress compared to aerobic
activities, and potential increases in blood pressure during heavy resistance training that may temporarily
reduce eNOS activity. Regarding training duration, both short-term and long-term programs were effective,
with longer programs showing greater effects. However, the absence of a linear relationship between
training duration and NO response suggests that factors such as intensity, exercise type, and population
characteristics play more critical roles in determining NO response than duration alone. The significant
reduction in VCAM-1 following exercise training provides strong evidence for the anti-inflammatory
effects of exercise on the endothelium. The complete homogeneity observed for VCAM-1 findings (I> =
0.00%) suggests a consistent and robust effect across different populations and protocols. The high
heterogeneity observed in most analyses (I> > 90%) reflects the considerable variability in training
protocols, study populations, and measurement methods across studies, highlighting the need for
standardized protocols in future research.

Conclusion:

Based on the findings from 19 human studies included in this systematic review and meta-analysis,
structured exercise training with a large effect size increases nitric oxide bioavailability (SMD = 1.30) and
reduces the endothelial adhesion marker VCAM-1 (SMD = -0.96). Among different exercise modalities,
walking with a very large effect size (SMD = 6.01) showed the greatest impact on increasing NO, while
aerobic and resistance training showed non-significant and small effects, respectively. Both moderate-
intensity (SMD = 3.35) and high-intensity (SMD = 1.40) training were effective, but moderate intensity
was more than twice as effective as high intensity in increasing NO, and low intensity showed no significant
effect. Both short-term (< 6 weeks) and long-term (> 6 weeks) training programs were effective, but
programs lasting more than 6 weeks showed greater effects, although no linear relationship between
duration and NO response was observed. Both age groups < 50 years and > 50 years showed significant
increases in NO, indicating vascular adaptability across all ages. Given the high heterogeneity (12 > 90%)
indicating considerable variability in training protocols, study populations, and measurement methods,
further studies with standardized training protocols and consistent measurement methods are recommended
to confirm these findings. However, existing evidence strongly emphasizes that exercise training,
particularly moderate-intensity walking in long-term programs, is an effective and safe strategy for
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improving endothelial function and reducing cardiovascular disease risk through increased nitric oxide
bioavailability and decreased endothelial activation.
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Study name Statistics for each study Std diff in means and 95% CI

Std diff  Standard Lower Upper Relative

in means error Variance  limit limit  Z-Value p-Value weight
Reia et al(2021) 1.577 0.225 0.051 1.136 2.018 7.010 0.000 L. 4.15
Majerczek et al.(2019)Y 0.894 0.365 0.133 0.178 1610 2448 0.014 4.01
Majerczek et al.(2019)o 1 -1.277 0.382 0.146 -2.026 -0.528 -3.342 0.001 ] 3.99
Djindjic et al.(2017) 7.472 0.675 0456 6.149 8.796 11.066 0.000 - 3.57
soon et al.(2025) 5.281 0.847 0718 3620 6.942 6.232 0.000 i 327
puga et al.(2016) 0.000 0.354 0.125 -0.693 0.693 0.000 1.000 4.03
salmanpour et al.(2022) 0.531 0.360 0.129 -0.174 1236 1477 0.140 E 4.02
salmanpour et al.(2022) e 0.844 0.369 0.136 0.121 1.567 2287 0.022 4.01
Findikoglu et al.(2015) 3.555 0.587 0.344 2406 4.705 6.062 0.000 iR 3.7
Findikoglu et al.(2015) low 8.686 1:179 1.391 6.374 10.997 7.365 0.000 - 270
Ardakani et al.(2018) 6.663 1.045 1.092 4615 8711 6.377 0.000 —— 2.92
Boeno et al.(2020) 1.565 0.442 0.195 0.698 2.431 3.540 0.000 = 3.92
Tomeleri et al.(2023) -4.164 0.661 0.437 -5460 -2.868 -6.299 0.000 Y 3.59
Tomeleri et al.(2023)m -2.774 0.520 0271 -3.794 -1.754 -5.331 0.000 & 3.81
wong et al.(2017) 1.774 0.431 0.186 0929 2618 4.115 0.000 [ 3.93
Rosa et al.(2021) 0.526 0.176 0.031 0.182 0.871 2994 0.003 1 4.18
Rosa et al.(2021) d 1.397 0.196 0.038 1.014 1.781 7.142 0.000 O 4.17
Pan et al.(2015) 1.461 0.362 0.131 0752 2170 4.039 0.000 B 4.02
Pan et al.(2015)12 3.143 0.477 0.228 2208 4.078 6.588 0.000 i) 3.87
Neves et al.(2024) 1.168 0.378 0.143 0427 1.909 3.080 0.002 ) 4.00
Delaney et al.(2014) -1.692 0.394 0.155 -2.465 -0.920 -4.295 0.000 B 3.98
Reia et al(2021) 1 -0.586 0.282 0.079 -1.138 -0.035 -2.083 0.037 4.10
Majerczek et al.(2019)Y 3 -0.367 0.348 0.121 -1.049 0314 -1.056 0.291 4.03
Majerczek et al.(2019)o 2 1.386 0.460 0211 0485 2287 3.014 0.003 [ 3.90
Djindjic et al.(2017) 1 0.358 0.340 0.116 -0.308 1.025 1.054 0.292 4.04
soon et al.(2025) 1 1.305 0.298 0.089 0720 1.889 4.378 0.000 | 3 4.08
Pooled 1.304 0.321 0.103 0.675 1.934 4.059 0.000 &
Prediction Interval 1.304 -1.987 4.596 \
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Std diff Standard Lower Upper Relative Relative

inmeans error  Variance limit limit Z-Value p-Value weight  weight
Findikoglu et al.(2015) -1.165 0.395 0.156 -1.939 -0.391 -2.950 0.003 -.— 33.28
Findikoglu et al.(2015) |  -0.636 0.374 0.140 -1.370 0.098 -1.699 0.089 37.06
Boeno et al.(2020) -1.162 0.418 0.175 -1.982 -0.342 -2.777 0.005 —.—- 29.66
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Prediction Interval i

-8.00 -4.00 0.00 4.00 8.00

Favours exercise Favours control

An o oLt 1y (VCAM-1) V= By 0 sla Sl (St JsS0g0 oo 2 (o509 20 80 iz Jlages Y SIS0

& : ) _i

NO (o iwdgns 1 (o359 s yod (IS 36 -V-€

) LLS1CG 15 e yiwdge (SMD = 1.30) S5 5l o5l b asl kil (35,9 Slo yoi a5 ol olis jJUTke (claasily
Djindji¢ asllles a5 (5155 & sl gamo V Jodz 5 Olelllas (sladidl b dons cpl iz o ]38l JlS )5 Cazes 52
uwl)sl % dl> Ob)“’ K9y P [O] O‘)K.o.m 9 Son 4l .))5 ui‘;)l}f I)NO uwl)sl IHD d‘)lﬁ.ﬁ S9y ¥ [ﬂ O‘)Ko.b 9
@ [y NOX gduoyd £o iolidl ¢ opiiSpola audl U5 g9y 0 [V ] ol,Ken ¢ Zarost ddlles ¢ pien 3 Lis [)]NO
NO iolidl 50 i yola 3y 59y [VV] o), g Salmanpour asllles 535" 15,155 (g5lgn oy ped atan V¥ JUid
9539 Sl ped a8 D o i Bl pl by Hlis eglie il ped Lol pen YU sl b 0gls Sl yod 09,5 10 il |
€55 ol i (2 = 95.04%) Glallas (4o (oYL Ked (Jbb ol bbb o audly U5 9 Salie o low ¢ gy

Al oo 0dS frdni (ol puiio )5 3.8 o)y Mol &S Canl (e o sl )3 v g5 B

D USTSG Jhd (o pawrdgns 32 (2 505 E95 30 -V L
21y 56 et (SMD = 6.01) 5335 s 31 o3l b (spp00k & 315 oL oyo5 55 bl s Lnog S5 b
oy 2 [¥e] o) g Otsuki aalllas ol Jouo | dalllas 95 wlwl o a8l cpl .5l LLSTCG yis o ptwd g il 58l
Pan adlao 5,5 (5,155 1, NOX jiol38l g 5, 415 4 |, HRmax ZV0-5+ us b sjlan (900l aian & a5 il
il g 0,8 sl i wla hlew (g9, 2 |y HRmaAx 78+ dgds il b (> U opyed atén VY &S [YF] oK 4
P=) 395 bgne bl s il Liulsal ol bl ksl NO ol b (gjlen @l yoi ¢ Jlio 55 0 ol |]NO
&S ol s BB Syl hlew g9y 2 VY] )52 5 AkSOY adllas ) oyl Jodo (gilsn Slalllas le . (0.16
356 (CAE) diwgy (s5lgn by yo5 Lol and oo 2381 INO < VOapeak/¥o-0+ cuis b (IAE) (sjlon (ools @l yo
Ooped £ 93 s aS db L W Gles e g9y o [VA] o) Ken o Hasegawa asllas ¢ piorod bl  polis



Y 5 Lo & 093 £V €00 liuns

0B ooy S D559 (S59gr 5 i

8 Ol ol oo 3 ()l ghme a4y (oo el 55 (aljBl cnl dia pe it NOX ol 4y )36 (gl oHIIT
Ooped dan A ol 4wl oUj sy 2 [WW] o )Son 5 Behjati Ardakani adllas .i3ls Lis NO 3 1) 556 o 208
2 [YV] o, g Teixeira dalllas ¢ yian 9,5 5,55 [y NO ioliél g 5,8 |al 1y Z50-Fe cad b gloply  toglio
ol FA L1, NO I3l 555 ) a1, 70V e b b 53550 @l (haglie 05 ande Sy ettalls 3l o5 55,
sioglie @l o3 s o 3 oLi5 silbagan ohlow 59y 2 V-] olon 5 Rosa adllas oJls ool b o (i
o glis sl g)blixe 15U Jgene (eglie il pe g ditun NO iulj8l & ;38 8-A RPE L (DRT) (¢5JL39,

e 32 (e F I 2B o pe8 95 Bl dad g Lt & (p = 0.001) 392 )13 ine (sylel Jlai 51 2505 95 (51009 S 1
S olelid (505 €95 (n b Oleis 4 g9 00ly 9 2 NO il

NO (o yiawdon 33 (33 yod S0 )y;l}' -¥-£

il 38 (axae £ <) Caedils g (dthn £ =) GdeolisS (o ped doly 93y aS 0l Hlis oy el Sde bl o oy )3y 5 oo
Ui O b Ol yed dad oo yUid 48 (p = 0.001) il 3939 Lsl o 61 sine rglis Lol s )ls ol yos ay |, NO I3 _jino
O 1, NO I3l (jlgn e atin 5 L [F] Ko 9 Djindjic aalllae 5,5 NO ol o (st b azim 5§
3)S iliS 1y NOX (ill (g9y00ly aim £ b 35 [F+] o], g Otsuki axlllas ¢ 3l

NO (g yuwrdgad 33 (3 303 Crdnnd ).y;b" -£-¢

s 4 (p=10.002) lawgio s 9 (p=0.034) YU cud b Ol yod a8 ol LS o yod s bl g og S 5 Juloo
aslllas (p = 0.14) 2l (gl sxe 55 Omb Gad b ol yei a8 Jb jd im0 il ) NO o yiwdgn (615 size
Iy NOX oA+ cus LHIIT oy ye5 dtan A a8 ol oL opiispole g Sglie pydiw ohhlew g9, 2 [VV] o, g JO
5 Ghardashi Afousi adlas .cuilis (g ylsline 3l 75+ nd b lawgio @bd b @l s &S Jlo 55 da3 o ioljél
TRe—AD as b oS poes b YL il b (o9l opyed atam VY a8 0 LS Y g by hlew ) 2 [YF] o,
adllas sl glais o5b HRmax V- @nd b lwgio nd b ol yei 48 Jls 55 03 0 Lial33l |, NOx HRmax
Sl o b ol yos HRMaxX 728+ —A+ s L YL @i b (o9l Ol yod g5 a5 sl lis 35 [VV] ), ¢ Salmanpour
oglie il e b ol yo HRMaX 72V+—F+ s b Joome il b (gilon il o3 g At NO i l38] 4y 318 ¢ ioglio
29l Ol s a8 3l ol B Slo)b hlew 59y 52 VY] o) Sen 9 AksOy addllas « blie )3 cuilss (g ol 3l
And o il3l 1, NO « VOzpeakZ Vo0 wus b gjlan

VCAM-1 g ois} 59 Uy yoi puili-0-€
GilS VLS 55 50 |, VEAM-T zabaus (gl e yobo ds (59 liy ya 45 315 5L 0088 15 108 ggme b llllie
SialS LVCAM-1 (gjlgn o pes atan & a8 ol Wi THD s 9y » [¥] o}en ¢ Djindjic adlae .aim o
Ve S ol L BB byl hlew g9y 0 VY] o) Sen g AkSOY dslllas 359 ol yo NO  isl581 b ialS oyl g a2 0
ohywa NO iol38l b Lials ol g sad o ials LZVCAM-1 « VO2peak/Vo—-0- cuis b sjlon (o9ls oy ped atén
il YWS, 5 oy 2 VF] ohSen g Boeno adllas .cuilys golie psl diwgy (sjlop @l o5 &8 Jbs 3 o



0Pl loog)S (5559 (Gl 4yl ¥ 05lod 72593 V€00 ylinsly

NOX )38l b jials opl g amd o ialS HZVCAM-1 ¢ HRRZA-=F+ &us b (g5lon o pes atan VY a5 oy i
Leave-one- yog) b Coumwlus Juloo .l 4l opl YU ols oaimd lis adllas dw cpl oo JolS e 095 ol yon
ool g Ndg Y bxe (Ko a5 dg yurio =NV B =+ AV o S 5l ojluil cldllas 51 S e Bls b aS oy LS out

Casladidly YU plSouwl simd lis

6 35 4o

Aol b bl lislo (o5y9 ©la o GlUlILe g wiapllas 950 cpl )3 045 3)ly Slusl ldllas I Jols (glaaily ol 5
xm3 o Sl 1y (VCAM-1) Jubisnl Siius ;5L o (SMD = 1.30) Liglsdl 1) SISy (o yodsn )i
Sl 1y 5 i (SMD = 6.01) <5 34 Jlans 51 0511 b (55005 oyt yod cilisio glgil o 51 .(SMD = -0.96)
bawgio @i b Olyyed 3l Ui (SogS g blimept w8l cip 4 (5,8 5 sjlor Sliuyes 5 Jb 55 )b NO
55 NO Lial33l 15 YU il 90 51 i bawsio < Lol adisiaads 350 95y (SMD = 1.40) Y|, 4 (SMD = 3.35)
Lol <5595 %0 (dtin & <) Cdodily g (atad & =) GdeolisS s pod doly 93y .Cudlls (g)l> dme 356 b @nd g 2
2 49 b8 g5 oxim s oS (P> 90%) Vb Keb & dog b aizdly (ot pob ain & 5 o @ote b @l poi
S5 silosylulial b yude Sldlas plxl awl 5 pSojlil (sl by, g aallas )90 (Slacumes ¢ o3 SS90
Glamez Cilisee (slaog,S sl 5383 snog @) g aaisl cpl dal (slp (5 pSo3INl slagg) (silepless 5 (S pes
23 bausgio G L (g9 00l 09 4 csbyg Sliz o3 4 A 00 1T (558 pobo & 25250 Amlsd (o ol b 350 Ao
Gl 3l B9yl ssilow Jhd (1ol g JUWbguil s )Slos dgu0 sl ol 9 50 il o arantdy slaacl
el JLbgl (g5l Jlad Al 5 HLuSTS i o paodgm ol 38l

:é.él;o slas
plogl i yobo 4y dnllas ol 3,15 399 dllie ol Uil U ol 55 blio 2Ly 365 guut 45 15,15 00 pMlel b g
) 423185 5 il s b modls Ll ¢ gy AT 5 5 e b o dla b 5 sl o3

“_4-;,3)-\5 9 M““
63wl 233905 481,11 395 Colos g losnly g auT )b Jobo 13 a5 e wlul g ) Ken I pioman 5,15 0 510
ol ot 40 6 la] sl oo g 6,52 dmols 6 pgles y3 dibiyl 8 Lo > 4 Loy o 5 0z S 2295 o0

b ol
ol 03,55 2> e linld b ()8 (5> slais 53 A9 018 (el Blag e I (Lo S8 W58 un imgl )
sl 015 plool Codlad e dunnshe LISl 5 Mg s qobio ) oolizl b axlllas

I, Acknowledgments
2 Funding



A b)‘.ows ¥ b)sb g+0 C,l:.wls uol> L;lbos)f L&'“’))B 6)919)).\3 4-‘)“.\)

T o S o 85 Lino
Ao u»)lia 9 ol yawds cd)bi PRESAEYNN Elp’@l Wdiopllas (goomivwe sk}i‘@){. dxg cds)llao L;sl).lo & lwporie
Alds 4yl

References

1. Widlansky, M. E., Gokce, N., Keaney, J. F., & Vita, J. A. (2003). The clinical implications of endothelial
dysfunction. Journal of the American College of Cardiology, *42*(7), 1149-
1160. https://doi.org/10.1016/S0735-1097(03)00994-X

2. Deanfield, J. E., Halcox, J. P., & Rabelink, T. J. (2007). Endothelial function and dysfunction: Testing and
clinical relevance. Circulation, *115%*(10), 1285—
1295. https://doi.org/10.1161/CIRCULATIONAHA.106.652859

3. Cai, H., & Harrison, D. G. (2000). Endothelial dysfunction in cardiovascular diseases: The role of oxidant
stress. Circulation Research, *87*(10), 840—844. https://doi.org/10.1161/01.RES.87.10.840

4. Landmesser, U., Hornig, B., & Drexler, H. (2004). Endothelial function: A critical determinant in
atherosclerosis? Circulation, *109*(21 Suppl. 1), 11-27-11-
33. https://doi.org/10.1161/01.CIR.0000129506.38638.5A

5. Forstermann, U., & Miinzel, T. (2006). Endothelial nitric oxide synthase in vascular disease: From marvel to
menace. Circulation, ¥*113*(13), 1708—1714. https://doi.org/10.1161/CIRCULATIONAHA.105.602532

6. Green, D. J., Hopman, M. T., Padilla, J., Laughlin, M. H., & Thijssen, D. H. (2017). Vascular adaptation to
exercise in humans: Role of hemodynamic stimuli. Physiological ~Reviews, *97*(2), 495-
528. https://doi.org/10.1152/physrev.00014.2016

7. Laughlin, M. H., Bowles, D. K., & Duncker, D. J. (2012). The coronary circulation in exercise
training. American Journal of Physiology-Heart and Circulatory Physiology, *302%(1), H10-
H23. https://doi.org/10.1152/ajpheart.00574.2011

8. Balligand, J.-L., Feron, O., & Dessy, C. (2009). eNOS activation by physical forces: From short-term
regulation of contraction to chronic remodeling of cardiovascular tissues. Physiological Reviews, *§9%(2),
481-534. https://doi.org/10.1152/physrev.00042.2007

9. Powers, S. K., & Jackson, M. J. (2008). Exercise-induced oxidative stress: Cellular mechanisms and impact
on muscle force production. Physiological Reviews, *88*(4), 1243—
1276. https://doi.org/10.1152/physrev.00031.2007

10.Robinson, A. T., Fancher, 1. S., Mahmoud, A. M., & Phillips, S. A. (2018). Microvascular vasodilator
plasticity  after acute  exercise. Exercise  and  Sport  Sciences  Reviews, *46*(1), 48—
55. https://doi.org/10.1249/JES.0000000000000130

11.Karisa, P., Sylviana, N., Rosdianto, A. M., Goenawan, H., Syamsunarno, M. R. A. A., & Setiawan. (2026).
Different types of exercise and myocardial angiogenesis regulation: A scoping review of cardiac-specific
evidence in animal models. Physiological Reports, *14*(5), €70775. https://doi.org/10.14814/phy2.70775

12.Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, 1., Hoffmann, T. C., Mulrow, C. D., ... Moher, D.
(2021). The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM.J, ¥372*,
n71. https://doi.org/10.1136/bmj.n71

13.Hooijmans, C. R., Rovers, M. M., De Vries, R. B., Leenaars, M., Ritskes-Hoitinga, M., & Langendam, M.
W. (2014). SYRCLE'’s risk of bias tool for animal studies. BMC Medical Research Methodology, *14*(1),
43. https://doi.org/10.1186/1471-2288-14-43

14.Dargel, A. A., Godin, O., Kapczinski, F., Kupfer, D. J., & Leboyer, M. (2015). Meta-Analysis. J Clin
Psychiatry, *76*(2), 142—150. https://doi.org/10.4088/JCP.13r08870

15.Petitti, D. B. (2001). Approaches to heterogeneity in meta-analysis. Statistics in Medicine, ¥20*(23), 3625—

3 Author Contributions



https://doi.org/10.1016/S0735-1097(03)00994-X
https://doi.org/10.1161/CIRCULATIONAHA.106.652859
https://doi.org/10.1161/01.RES.87.10.840
https://doi.org/10.1161/01.CIR.0000129506.38638.5A
https://doi.org/10.1161/CIRCULATIONAHA.105.602532
https://doi.org/10.1152/physrev.00014.2016
https://doi.org/10.1152/ajpheart.00574.2011
https://doi.org/10.1152/physrev.00042.2007
https://doi.org/10.1152/physrev.00031.2007
https://doi.org/10.1249/JES.0000000000000130
https://doi.org/10.14814/phy2.70775
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.4088/JCP.13r08870

0Pl loog)S (5559 (Gl 4yl ¥ 05lod 72593 V€00 ylinsly

3633. https://doi.org/10.1002/sim.1091

16.Thornton, A., & Lee, P. (2000). Publication bias in meta-analysis: Its causes and consequences. Journal of
Clinical Epidemiology, *53*(2), 207-216. https://doi.org/10.1016/S0895-4356(99)00161-4

17.Shojah-anzabi, B., et al., Impact of resistance, endurance, and combined exercise training on lipid profile,
apolipoprotein A-1, and nitric oxide synthase expression in women with type 2 diabetes: A randomized
controlled trial. Human Nutrition & Metabolism, 2026. 44: p. 200360. [In Pershian].

18.Guizoni, D. M., Dorighello, G. G., Oliveira, H. C., Delbin, M. A., Krieger, M. H., & Davel, A. P. (2016).
Aerobic exercise training protects against endothelial dysfunction by increasing nitric oxide and hydrogen
peroxide production in LDL receptor-deficient mice. Journal of Translational Medicine, *14*(1),
213. https://doi.org/10.1186/s12967-016-0972-7

19.Mendonga, A. A. S., Gongalves, R. V., Souza-Silva, T. G., Maldonado, 1., Talvani, A., Natali, A. J., ... Silva,
P. M. (2019). Concomitant exercise training attenuates the cardioprotective effects of pharmacological
therapy in a murine model of acute infectious myocarditis. Life Sciences, *230%*, 141-
149. https://doi.org/10.1016/].1fs.2019.05.067

20.Sun, A., Huang, A., Kertowidjojo, E., Song, S., Hintze, T. H., & Sun, D. (2017). Divergent outcomes of
fructose consumption on exercise capacity of rats: Friend or foe. Journal of Applied Physiology
(1985), *122*(2), 368—375. https://doi.org/10.1152/japplphysiol.00546.2016

21.Monnier, A., Garnier, P., Quirie, A., Pernet, N., Demougeot, C., Marie, C., ... Martin, A. (2017). Effect of
short-term exercise training on brain-derived neurotrophic factor signaling in spontaneously hypertensive
rats. Journal of Hypertension, *35%(2), 279-290. https://doi.org/10.1097/HJH.0000000000001167

22.Mota, M. M., Silva, T., Macedo, F. N., Mesquita, T. R. R., Quintans, L. J. J., Santana-Filho, V. J., ... Santos,
M. R. V. (2017). Effects of a single bout of resistance exercise in different volumes on endothelium
adaptations in  healthy  animals. Arquivos  Brasileiros de  Cardiologia, *108*(5), 436—
442. https://doi.org/10.5935/abc.20170055

23.Battault, S., Singh, F., Gayrard, S., Zoll, J., Reboul, C., & Meyer, G. (2016). Endothelial function does not
improve with high-intensity continuous exercise training in SHR: Implications of eNOS
uncoupling. Hypertension Research, *39%(2), 70-78. https://doi.org/10.1038/hr.2015.112

24.Tanaka, L. Y., Bechara, L. R., dos Santos, A. M., Jordao, C. P., de Sousa, L. G., Bartholomeu, T., ... Ramires,
P. R. (2015). Exercise improves endothelial function: A local analysis of production of nitric oxide and
reactive oxygen species. Nitric Oxide, *45%, 7-14. https://doi.org/10.1016/j.ni0x.2014.12.006

25.Zimmer, A., Teixeira, R. B., Bonetto, J. H., Siqueira, R., Carraro, C. C., Donatti, L. M., ... Bello-Klein, A.
(2017). Effects of aerobic exercise training on metabolism of nitric oxide and endothelin-1 in lung
parenchyma of rats with pulmonary arterial hypertension. Molecular and Cellular Biochemistry, *429%(1—
2), 73-89. https://doi.org/10.1007/s11010-017-2937-1

26.0liveira, P. R., Oliveira, P. B., Rossignoli, P. S., Spadella, M. A., & Chies, A. B. (2020). Exercise training
attenuates angiotensin II-induced vasoconstriction in the aorta of normotensive but not hypertensive
rats. Experimental Physiology, *105%(4), 732—742. https://doi.org/10.1113/EP088094

27.de Oliveira, S. G., Claudio, E. R. G., de Almeida, S. A., Mengal, V., da Silva, F. B, Silva, N. F., ... Abreu,
G. R. (2019). Exercise training improves vascular reactivity in ovariectomized rats subjected to myocardial
infarction. PLoS One, ¥*14*(4), €0215568. https://doi.org/10.1371/journal.pone.0215568

28.Couto, G. K., Paula, S. M., Gomes-Santos, I. L., Negrdo, C. E., & Rossoni, L. V. (2018). Exercise training
induces eNOS coupling and restores relaxation in coronary arteries of heart failure rats. American Journal of
Physiology-Heart and Circulatory Physiology, *314*(4), H878—
H887. https://doi.org/10.1152/ajpheart.00645.2017

29.Lavier, J., Beaumann, M., Menétrey, S., Bouzouréne, K., Rosenblatt-Velin, N., Pialoux, V., ... Ponsot, E.
(2021). High-intensity exercise in hypoxia improves endothelial function via increased nitric oxide
bioavailability in C57BL/6 mice. Acta Physiologica (Oxf), *¥233*(2),
€13700. https://doi.org/10.1111/apha.13700

30.Nogueira, M. E., Sousa Neto, I. V., Motta-Santos, D., Cantuaria, A. P. C., Lima, S. M. F., Rezende, T. M.
B., ... Franco, O. L. (2022). High-protein diet associated with resistance training reduces cardiac TNF-a
levels and up-regulates MMP-2 activity in rats. Archives of Physiology and Biochemistry, *128%(6), 1630—



https://doi.org/10.1002/sim.1091
https://doi.org/10.1016/S0895-4356(99)00161-4
https://doi.org/10.1186/s12967-016-0972-z
https://doi.org/10.1016/j.lfs.2019.05.067
https://doi.org/10.1152/japplphysiol.00546.2016
https://doi.org/10.1097/HJH.0000000000001167
https://doi.org/10.5935/abc.20170055
https://doi.org/10.1038/hr.2015.112
https://doi.org/10.1016/j.niox.2014.12.006
https://doi.org/10.1007/s11010-017-2937-1
https://doi.org/10.1113/EP088094
https://doi.org/10.1371/journal.pone.0215568
https://doi.org/10.1152/ajpheart.00645.2017
https://doi.org/10.1111/apha.13700

A D)Low:} ¥ b)sb g+0 C,UML? uol> L;Lmos)f st))ﬂ d)?"?’)‘ﬂ AJ)M\)

1636. https://doi.org/10.1080/13813455.2020.1777167

31.Shoja Anzabi, B., Farzizadeh, R., Seifi-askishahr, F., & Nejati-afkham, A. (2026). The effect of resistance
and endurance training on triglyceride, cholesterol, and apolipoprotein A-1 levels in women with type 2
diabetes: a randomized controlled trial. Sport Physiology, 18(69), 81-98. [In Pershian].

32.Wang, B., Xu, M., Li, W., Li, X., Zheng, Q., & Niu, X. (2017). Aerobic exercise protects against pressure
overload-induced cardiac dysfunction and hypertrophy via B3-AR-nNOS-NO activation. PLoS
One, ¥12%(6), e0179648. https://doi.org/10.1371/journal.pone.0179648

33.Luo, J. Y., Cheng, C. K., Gou, L., He, L., Zhao, L., Zhang, Y., ... Huang, Y. (2023). Induction of KLF2 by
exercise activates eNOS to improve vasodilatation in diabetic mice. Diabetes, *72%(9), 1330-
1342. https://doi.org/10.2337/db23-0026

34 Farah, C., Nascimento, A., Bolea, G., Meyer, G., Gayrard, S., Lacampagne, A., ... Reboul, C. (2017). Key
role of endothelium in the eNOS-dependent cardioprotection with exercise training. Journal of Molecular
and Cellular Cardiology, *102%*, 26-30. https://doi.org/10.1016/j.yjmcc.2016.10.018

35.Garcia, N. F., de Moraes, C., Rebelo, M. A., de Castro, F. M. P., Peters, S., Pernomian, L., ... Oliveira, E.
M. (2022). Low load strength training, associated with or without blood flow restriction increased NO
production and decreased production of reactive oxygen species in rats aorta. Life Sciences, *294%*,
120350. https://doi.org/10.1016/1.1£5.2022.120350

36.Al-Dhuhli, F., Al-Siyabi, S., Al-Maamari, H., Al-Farsi, S., & Albarwani, S. (2022). Moderate-intensity
exercise training reduces vasorelaxation of mesenteric arteries: Role of BKCa channels and nitric
oxide. Physiological Research, *71*(1), 67-77. https://doi.org/10.33549/physiolres.934834

37.Guzzoni, V., Cunha, T. S., das Neves, V. J., Briet, L., Costa, R., Moura, M., ... Marcondes, F. K. (2018).
Nandrolone combined with strenuous resistance training reduces vascular nitric oxide bioavailability and
impairs endothelium-dependent vasodilation. Steroids, ¥*131%, 7—
13. https://doi.org/10.1016/j.steroids.2018.01.001

38.Burgos, J. I, Yeves, A. M., Barrena, J. P., Portiansky, E. L., Vila-Petroff, M. G., & Ennis, I. L. (2017). Nitric
oxide and CaMKII: Critical steps in the cardiac contractile response to IGF-1 and swim training. Journal of
Molecular and Cellular Cardiology, *112*, 16-26. https://doi.org/10.1016/j.yjmcc.2017.08.012

39.Ren, J.,, Yang, L., Tian, W., Zhu, M., Liu, J., Lu, P., ... Li, Y. (2015). Nitric oxide synthase inhibition
abolishes exercise-mediated protection against isoproterenol-induced cardiac hypertrophy in female
mice. Cardiology, *130%(3), 175—-184. https://doi.org/10.1159/000371546

40.Sousa, A. S., Sponton, A. C. S., & Delbin, M. A. (2021). Perivascular adipose tissue and microvascular
endothelial dysfunction in obese mice: Beneficial effects of aerobic exercise in adiponectin receptor
(AdipoR1) and peNOS(Ser1177). Clinical and Experimental Pharmacology and Physiology, *48*(10),
1430-1440. https://doi.org/10.1111/1440-1681.13506

41.Cheang, W. S., Wong, W. T., Zhao, L., Xu, J., Wang, L., Lau, C. W., ... Huang, Y. (2017). PPARGS is required
for exercise to attenuate endoplasmic reticulum stress and endothelial dysfunction in diabetic
mice. Diabetes, *66*(2), 519-528. https://doi.org/10.2337/db16-0908

42.Brooks, S., Branyan, K. W., DeVallance, E., Skinner, R., Lemaster, K., Sheets, J. W., ... Frisbee, J. C. (2018).
Psychological stress-induced cerebrovascular dysfunction: The role of metabolic syndrome and
exercise. Experimental Physiology, *103*(5), 761-776. https://doi.org/10.1113/EP086731

43.Araujo, J. E. S., Santos, R. M. D., Oliveira, D. P. M., Macedo, F. N., Quintans, J. S. S., Barreto, R. S. S., ...
Santos, M. R. V. (2021). Resistance training increases insulin-induced vasodilation in the mesenteric artery
of  healthy rats. Anais da Academia Brasileira de Ciéncias, *93*(Suppl. 4),
€20210222. https://doi.org/10.1590/0001-3765202120210222

44.La Favor, J. D., Kraus, R. M., Carrithers, J. A., Roseno, S. L., Gavin, T. P., & Hickner, R. C. (2014). Sex
differences with aging in nutritive skeletal muscle blood flow: Impact of exercise training, nitric oxide, and
a-adrenergic-mediated mechanisms. American  Journal of Physiology-Heart and  Circulatory
Physiology, *307*(4), H524-H532. https://doi.org/10.1152/ajpheart.00895.2013

45.Faria, T. O., Angeli, J. K., Mello, L. G. M., Pinto, G. C., Stefanon, 1., Vassallo, D. V., & Figueroa, D. R.
(2017). A single resistance exercise session improves aortic endothelial function in hypertensive
rats. Arquivos Brasileiros de Cardiologia, *108*(3), 228-236. https://doi.org/10.5935/abc.20170022



https://doi.org/10.1080/13813455.2020.1777167
https://doi.org/10.1371/journal.pone.0179648
https://doi.org/10.2337/db23-0026
https://doi.org/10.1016/j.yjmcc.2016.10.018
https://doi.org/10.1016/j.lfs.2022.120350
https://doi.org/10.33549/physiolres.934834
https://doi.org/10.1016/j.steroids.2018.01.001
https://doi.org/10.1016/j.yjmcc.2017.08.012
https://doi.org/10.1159/000371546
https://doi.org/10.1111/1440-1681.13506
https://doi.org/10.2337/db16-0908
https://doi.org/10.1113/EP086731
https://doi.org/10.1590/0001-3765202120210222
https://doi.org/10.1152/ajpheart.00895.2013
https://doi.org/10.5935/abc.20170022

0Pl loog)S (5559 (Gl 4yl ¥ 0jlond Y 2593 V€20 ylnsls

46.Souza, L. R., Vicente, J. B., Melo, G. R., Moraes, V. C., Olher, R. R., Sousa, I. C., ... Martins, R. A. L.
(2018). Acute hypotension after moderate-intensity handgrip exercise in hypertensive elderly
people. Journal of Strength and Conditioning Research, *32%(10), 2971-
2977. https://doi.org/10.1519/JSC.0000000000002645



https://doi.org/10.1519/JSC.0000000000002645

