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Objective: This study systematically evaluated the effects of high-intensity
interval training (HIIT) on circulatory indicators in sedentary populations.
Following the framework of systematic review and meta-analysis, it synthesized
current evidence to support the evidence-based application of HIIT in exercise
interventions for sedentary individuals.

Methods: This systematic review and meta-analysis followed PRISMA guidelines
and was registered on PROSPERO. We searched PubMed, Web of Science,
Embase, and CNKI for studies published between January 2000 and July 2025.
Inclusion criteria used the PICOS framework: Participants (sedentary individuals),
Intervention (HIIT), Comparison (control), Outcomes (blood pressure, pulse
wave velocity, flow-mediated dilation, heart rate), and Study type randomized
controlled trials. The search yielded 434 records. After duplicate removal and
screening, 14 RCTs (500 participants) were included. The Cochrane Risk of Bias
tool assessed study quality, and analyses used RevMan 54.

Results: Significant differences were observed between the HIIT and control
groups in several outcomes: systolic blood pressure (SBP) (MD = -5.02, 95%
Cl: =7.29 to —2.76, P < 0.0001), diastolic blood pressure (DBP) (MD = -2.43, 95%
Cl: —4.08 to —0.79, P = 0.004), pulse wave velocity (PWV) (MD = -0.28, 95%
Cl: =0.56 to -0.01, P = 0.04), flow-mediated dilation (FMD) (SMD = 1.12, 95%
Cl: 0.32-1.92, P = 0.006), and heart rate (MD = -0.36, 95% CI. -0.69 to —0.03,
P = 0.03). Subgroup analysis of FMD revealed no heterogeneity in studies with
a mean participant age of >30 years (P = 0.38, I = 0%). However, substantial
heterogeneity remained in studies with a mean age <30 years (P = 0.0003, I° =
79%), suggesting age may be a major source of heterogeneity.

Conclusion: HIIT effectively improves key circulatory indicators in sedentary
populations, including blood pressure, vascular elasticity, and endothelial
function, making it a valuable exercise strategy for vascular health management.
However, further high-quality and standardized clinical trials are needed to
confirm its long-term efficacy and safety.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_
record.php?, identifier CRD420251106079.

high-intensity interval training, sedentary population, blood pressure, pulse wave
velocity, endothelial function, meta-analysis
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1 Introduction

With the rapid progress of modern science and technology,
sedentary behavior has become a major global public health
concern. Sedentary behavior has significantly contributed to the
increase in the incidence of obesity, diabetes and cardiovascular
diseases (WHO, 2020). Projections indicate that by 2035, more
than half of the world’s population will be overweight or obese
(Delfan et al., 2024). Sedentary behavior is defined as any
waking activity with an energy expenditure of <1.5 metabolic
equivalents (METs) performed in a sitting, reclining, or lying posture
(WHO, 2020), and it accounts for a substantial part of adults’
daily lives. Numerous epidemiological studies have shown that
sedentary behavior is strongly associated with higher risks of chronic
diseases, particularly cardiovascular disease and type 2 diabetes
(Chen et al., 2025). According to the World Health Organization,
over 80% of adolescents and 27.5% of adults worldwide fail to meet
recommended physical activity levels, making sedentary behavior a
major determinant of global health (WHO, 2024).

The circulatory system, essential for maintaining normal organ
function, is highly sensitive to environmental changes. Sedentary
behavior can trigger maladaptive responses in the circulatory
system, such as impaired endothelial function, increased arterial
stiffness, and elevated blood pressure (Shruthi et al., 2024;
Silva et al., 2024). Specifically, these responses include elevated
systolic and diastolic blood pressure, increased resting heart
rate, accelerated pulse wave velocity, endothelial dysfunction,
reduced cardiac output, altered arterial diameter, and abnormal
levels of vascular endothelial growth factors. These indicators
are not only early markers of cardiovascular disease onset and
progression but also key outcomes for evaluating intervention
effectiveness (Tomiyama, 2023).

In recent years, high-intensity interval training (HIIT) has
gained widespread attention as an exercise intervention because
of its efficiency, short duration, and ease of implementation.
HIIT typically involves alternating bouts of high-intensity
exercise with intervals of low-intensity recovery or rest, usually
within a short session. Evidence shows that HIIT significantly
enhances cardiorespiratory fitness, improves metabolic status, and
benefits vascular health (Batacan et al., 2017; Sawyer et al., 2020;
Ko et al, 2025). Compared with moderate-intensity continuous
training (MICT), HIIT improves maximal oxygen uptake
more effectively and shows equal or greater benefits for blood
pressure, heart rate, vascular elasticity, and endothelial function
(Chin et al., 2020; Poon et al., 2021; Shishira et al., 2024).

For sedentary populations, time constraints and low motivation
remain key barriers to exercise interventions. HIIT, characterized by
“brief, repeated, and efficient sessions,” provides a feasible strategy
for sedentary individuals. Studies suggest that HIIT can improve
key circulatory indicators in physically inactive populations, such
as systolic and diastolic blood pressure, resting heart rate, pulse
wave velocity, and endothelial function (Tang et al., 2022). Moreover,
HIIT’s effects on cardiac output, arterial stiffness, arterial diameter,
and vascular endothelial growth factors are gaining increasing
attention. However, findings remain inconsistent, partly due to small
sample sizes and variable study quality.

Although several systematic reviews and meta-analyses have
addressed HIIT’s effects on cardiovascular health in general adults or
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specific patient groups, few have focused on sedentary populations,
especially on multiple circulatory outcomes. Sedentary populations
have unique health risks, and their vascular responses to exercise
interventions may differ from those of the general population.
Systematically synthesizing and quantifying HIIT’s effects on
circulatory indicators in sedentary populations will enrich the
theoretical framework and provide evidence-based guidance for
developing more scientific and individualized interventions.

Notably, as understanding of exercise interventions continues
to deepen, high-intensity interval training (HIIT)—a time-
efficient exercise approach involving alternating short bursts of
vigorous activity with brief recovery periods—has been shown
to significantly enhance skeletal muscle glucose uptake, improve
insulin sensitivity, and upregulate GLUT-4 expression while
reducing overall training time (Delfan et al., 2022). Furthermore,
investigation into the synergistic effects of HIIT combined
with other exercise modalities—such as resistance training—or
nutritional interventions—such as spirulina and spinach-derived
thylakoids—has become a growing research focus. These integrated
approaches are anticipated to yield greater benefits in modulating
adipokine activity, enhancing lipid metabolism, and attenuating
chronic inflammation (Saeidi et al., 2023a; Saeidi et al., 2023b).
Therefore, systematic evaluation of the effects of HIIT on
circulatory parameters in sedentary individuals will establish an
evidence-based foundation for designing comprehensive health
promotion programs that incorporate multiple forms of physical
activity, including aerobic, resistance, and flexibility training
(Ghanbari-Niaki et al., 2019; Tourny et al., 2023).

Therefore, this study conducts a meta-analysis of randomized
controlled trials and intervention studies to systematically evaluate
HIIT’s effects on multiple circulatory outcomes in sedentary
populations, including systolic and diastolic blood pressure, heart
rate, pulse wave velocity, endothelial function, cardiac output,
arterial stiffness, arterial diameter, and vascular endothelial growth
factors. By quantitatively analyzing HIIT’s benefits and underlying
mechanisms, this study provides theoretical evidence and practical
guidance for public health policymaking, exercise prescription, and
future research.

Building on this premise, the present review aims to address
a central research question: Can high-intensity interval training
(HIIT) significantly improve key cardiovascular markers in
sedentary populations, including blood pressure, arterial stiffness
(measured by pulse wave velocity), endothelial function (assessed
by flow-mediated dilation), and resting heart rate? The primary
objective of this review is to perform a meta-analysis of randomized
controlled trials (RCTs) to systematically evaluate the overall
impact of HIIT on the aforementioned cardiovascular outcomes
in sedentary individuals. Secondly, this review aims to explore how
factors such as age influence intervention effects through subgroup
analyses and to elucidate the underlying physiological mechanisms.
These findings are expected to offer theoretical evidence and
practical guidance for public health policy, exercise prescription,
and future research.

This study was originally designed to comprehensively evaluate
a wide range of circulatory parameters through a systematic
search, including cardiac output, arterial stiffness, arterial diameter,
and vascular endothelial growth factor (VEGF). However, the
final meta-analysis was restricted in scope. Because data were
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scarce or inconsistently reported for several parameters among the
included randomized controlled trials, reliable statistical analyses
were feasible only for five outcomes with sufficient and consistent
data: systolic blood pressure (SBP), diastolic blood pressure (DBP),
heart rate (HR), pulse wave velocity (PWV), and flow-mediated
dilation (FMD).

2 Materials and methods

This meta-analysis followed the PRISMA 2020 Statement:
Updated  Guidelines Reporting  Systematic
(Page et al., 2021), and the protocol was registered on the
PROSPERO platform (CRD420251106079).

for Reviews

2.1 Data sources

2.1.1 Researchers

Two researchers (the first and second authors) independently
and blindly conducted the literature search to ensure objectivity and
consistency in study selection.

2.1.2 Databases
The search encompassed major Chinese and English databases,
including CNKI, Wanfang, PubMed, Web of Science, and Embase.

2.1.3 Search terms

The English search terms were: (“High-Intensity Interval
Training” OR “HIIT” OR “Interval Training”) AND (“Sedentary
Population” OR “Sedentary Behavior” OR “Sedentary Lifestyle”
OR “Sedentary Adults”) AND (“Circulatory System” OR
“Cardiovascular System” OR “Cardiovascular Health” OR “Vascular
Function” OR “Blood Pressure” OR “Heart Rate” OR “Arterial
Stiffness” OR “Blood Lipids”). The Chinese search terms were:
(“FRRIE A EUIZR” OR “Fyoi /¥ EiZ3> OR “HIIT” OR
“[AIEKIZ5)”) AND (“ALE” OR “AAEATN” OR “AMAHE” OR
HAERETTAY) AND  (CIURJEMR RS OR Lo R4
OR “MMEFThAE” OR “LMUE A OR “fifE” OR “0¥” OR
BB OR “ILIR").

2.1.4 Search period
The search period extended from 1 January 2000 to 10 July 2025.

2.1.5 Search strategy
The PubMed search strategy is provided as an example (Figure 1).

2.2 Inclusion and exclusion criteria

The inclusion and exclusion criteria were defined using
the PICOS framework of evidence-based medicine: Population,
Intervention, Comparison, Outcomes, and Study design. Two
researchers independently conducted the screening process.
Disagreements were resolved through discussion, and a third
researcher adjudicated unresolved issues.
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2.2.1 Inclusion criteria

® Participants: Individuals of any nationality, region, or
sex who met the definition of sedentary behavior were eligible.
Sedentary behavior was defined as any waking activity with an
energy expenditure of <1.5 METs performed in a sitting, reclining,
or lying posture (WHO, 2020). @ Intervention: High-Intensity
Interval Training (HIIT), defined as alternating bouts of high-
intensity exercise (typically 80%-95% of maximal heart rate or
>80% of maximal oxygen uptake) with periods of low-intensity
active or passive recovery. High-intensity bouts generally lasted
seconds to a few minutes, with recovery intervals of similar or
slightly longer duration. Total sessions typically lasted 10-30 min,
aiming to elevate heart rate and oxygen consumption and to
induce greater metabolic, cardiovascular, and neuromuscular
(Gibala and McGee, 2008; ACSM, 2021). ®
Comparison: Control interventions were not restricted, with no

adaptations

specific requirements for frequency or duration. ® Outcomes:
Pre- and post-intervention measures of systolic blood pressure
(SBP), diastolic blood pressure (DBP), pulse wave velocity
(PWV), flow-mediated dilation (FMD), and heart rate (HR).
® Study Design: Only randomized controlled trials (RCTs)
were included.

2.2.2 Exclusion criteria

Studies were excluded if they met any of the following criteria:
non-Chinese or non-English publications, duplicate reports, animal
experiments, non-randomized or non-parallel design studies, acute
trials, studies involving non-sedentary populations, studies not
using HIIT as the main intervention, or studies lacking full-text
availability or valid outcome data.

2.3 Literature screening and data
extraction

A total of 434 Chinese and English articles were imported
into EndNote 20 for duplicate detection and removal. Two
reviewers independently screened studies and extracted data,
cross-checking results for consistency. Discrepancies were resolved
through discussion, with a third reviewer making the final
decision if needed. For missing data, the original authors were
contacted to obtain supplementary information. A standardized
extraction form was developed and systematically applied to
ensure consistency across all included studies. The literature
screening process strictly followed the PRISMA 2020 statement
(Page et al, 2021), and the screening process is detailed in
Figure 2. Screening consisted of preliminary review, title and
abstract screening, and full-text evaluation. Ultimately, 14 studies
on HIIT and circulatory indicators in sedentary populations met
the inclusion criteria, comprising 500 participants (Table 1 for study
characteristics).

Extracted data included: study characteristics (first author,
year), participant characteristics (sex, age), intervention details
(protocol, duration, frequency), sample size, sex ratio, mean
age, and body weight. Primary outcomes included SBP,
DBP, HR, PWV, FMD, cardiac output (CO), and arterial
stiffness (AS).
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lifestyle™[Title/Abstract])

“RCT” [Title/Abstract])

#1 (“high intensity interval training”[ Title/Abstract] OR
“HIT"[Title/Abstract] OR “interval training”[ Title/Abstract] OR
“high-intensity interval exercise™[Title/Abstract] OR “aerobic
interval training™[ Title/Abstract])

#2 (“sedentary”[Title/Abstract] OR “sedentary
population”[Title/Abstract] OR “sedentary adults”[ Title/Abstract]
OR “sedentary behavior™[ Title/Abstract] OR “sedentary

#3 (“blood pressure™[Title/Abstract] OR “systolic blood
pressure”[ Title/Abstract] OR “diastolic blood

pressure”[ Title/Abstract] OR “vascular function”[Title/Abstract)
OR *“artenal stiffness™[ Title/Abstract] OR “pulse wave
velocity”[Title/Abstract] OR “endothelial

function™[ Title/Abstract] OR “FMD"[Title/Abstract] OR “heart
rate”[ Title/Abstract] OR “cardiovascular”[Title/Abstract])

#4 (“randomized controlled trial” [Title/Abstract] OR

#5 #1 AND #2 AND #3 AND #4

FIGURE 1
Search strategy diagram for PubMed database.

2.4 Quality assessment

The methodological quality of included studies was
independently assessed by two researchers using the Cochrane
risk of bias tool. A third researcher resolved disagreements.
The assessment covered randomization, allocation concealment,
blinding, data completeness, selective reporting, and other

potential biases.

2.5 Outcome measures

The primary outcomes were systolic blood pressure (SBP),
diastolic blood pressure (DBP), pulse wave velocity (PWV), flow-
mediated dilation (FMD), and heart rate (HR). Among these, SBP,
DBP, PWV, and FMD were classified as vascular function-related
indicators.

Frontiers in Physiology

2.6 Statistical analysis

RevMan 5.4 software was used for data synthesis, subgroup
analyses, and the creation of forest plots. Data from all included
studies were systematically extracted and analyzed. The mean
difference was computed as: M0 = Minar = Myagetine)s  and
the standard deviation of the difference was computed as:

2 2
SDchange = \/SDhaseline + SDfinal - 2XRx SDbaseline X SDfinal’
R represents the correlation coefficient, M,,;,, represents the

where

average value of the pre-test, My, represents the average
value of the post-test, and SD as defined above, with R = 0.5
(Higgins and Deeks, 2023). Because the original individual-
level data were unavailable, this study assumed a correlation
coefficient of R = 0.5, a commonly used value for calculating
the standard deviation of change scores. This assumption is
generally regarded as reasonable in studies involving physiological
parameters. However, varying the correlation coeflicient (e.g., R
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Identification of studies via PubMed, Web of Science, EMBASE, and CNKI databases
Search terms: (“High-Intensity Interval Training” OR “HIIT”) AND (“Arterial stiffness”
OR “Pulse wave velocity”)
5 Records identified:
ﬁ EMBASE (n=109), Records removed before screening:
O PubMed (n=207), Duplicate records removed (n=89)
= Web of Science (n=114), ™ Records removed for other reasons
g CNKI (n=4) (n=185)
o] Total records identified (n =434)
)
A 4
Full-text articles excluded:
Records screened (n =160) > Not relevant to topic or insufficient
o outcome data (n=78)
‘c
3 4
3 Full-text articles excluded:
eligibility (n=82) " | outcomes not meeting inclusion
criteria (n=68)
—
A 4
E Studies included in qualitative and
= quantitative synthesis
E (meta-analysis) (n=14)
FIGURE 2

PRISMA flow diagram of the study selection process.

= 0.3 or R = 0.7) may slightly influence the estimated variance
without affecting the overall interpretation of the findings. For
continuous variables, MD was used when measurement units were
consistent across studies; otherwise, standardized mean difference
(SMD) was applied (Zhang et al., 2025). All outcomes were
continuous measures. Systolic blood pressure (mmHg), diastolic
blood pressure (mmHg), pulse wave velocity (m/s), and heart rate
(bpm) were consistently reported across studies and expressed as
mean differences. Flow-mediated dilation (FMD) was reported
as a standardized mean difference because of inconsistent units
across studies.

Heterogeneity was assessed using the Q test and the I? statistic.
Conventionally, I> <25% indicates low heterogeneity, 25%-50%
indicates moderate heterogeneity, and >50% indicates substantial
heterogeneity (Higgins and Deeks, 2023). Given the potential for
clinical and methodological diversity among included studies, a
random-effects model was employed as the primary analytical
approach for all meta-analyses to provide more conservative and
generalizable estimates. A fixed-effects model was considered only
when heterogeneity was negligible (I* = 0%). When significant
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heterogeneity was detected, subgroup or sensitivity analyses were
conducted to explore potential sources; if unresolved, descriptive
analysis was performed. Statistical Significance of pooled effect
sizes was set at a = 0.05. Publication bias was assessed using

funnel plots.

3 Results

As outlined in the Methods section, this review systematically
identified studies that reported various cardiovascular parameters.
However, as detailed in Section 3.1, sufficient data were available for
meta-analysis only for five key indicators: systolic blood pressure
(SBP), diastolic blood pressure (DBP), pulse wave velocity (PWV),
flow-mediated dilation (FMD), and heart rate (HR). Therefore,
the quantitative results presented in this section focus exclusively
on these indicators. Data for other prespecified indicators—such
as cardiac output, arterial diameter, and vascular endothelial
growth factor—were too limited in the included studies to permit
meaningful quantitative or descriptive synthesis.

frontiersin.org


https://doi.org/10.3389/fphys.2025.1702247
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

10.3389/fphys.2025.1702247

(a8ed Surmo(oj a1y} uo panunuoD)

(100 > d) 12y81y
ApueoyruSts pazoss dnoxd yuswuoiaua
PI02 3YT, (S A) 1891 due[eq X
(50°0 > d) paseandap Apueoyrudrs dnord
JUSUWIUOIIAUD P[0d AT, :a3ejuadiad jej
Apog :£1Iqe oueeq pue uonsodwod
Apog {(%6'8T+) TIN 1481 pue (%1°7¢+)
DINS/OIN Y[ 93 Ul paseaiour
ApueoyruSrs dnoi8 jusuruoriaus
PI02 24, :(LqH) uiqo[Souway [e1o],
(500> d) (%L '67+) OAdIA W81
PUe (%8'8€+) TIN YO 9u3 Ut paseatout
Apueoyrudis dnoid juswruoraus
PI02 24, :(OqH) wiqo[Soway
pajeuaSAx( sorwreuLpoway
[e1qa197) ¢paseandurt Apuesyrudis dnord
[o1u0d 3y} oIyMm (50°0 > d) pasearap
Apueoyrudis dnoid juswruoraus
P12 94T, :(dd) 2imssaxd asing o8uerpd
ou pamoys dnoid armyerodwa) fewrou
ayy afrym (50°0 > d) 911 £q paseardap
Apueoyrudis dnoid juswruoraua
P10 YT, :(AMdeq) L1074 2aEM 2snd
[eryoeaq-apuy ‘dnoid armjeraduray
[eULIOU 3Y) UBY) $1099 19)19q
PIM (%8°8€ | OqH) drureukpoway
[81Q2190 pUe (F7'T = p dZIs
19952) A Mdeq saaoxdur Apuesyrudg
:10112dns ST [ [TH JUSUIUOIIAUD P[OD)

Kep e 201M] YoM € 2dUQ

(kep 1od y 9
Jseaf Je 10) [ns Surprs
JO JIQeY AU} UTeJUTEA]

RERRIRIE)
U22M)2q 1821 UTW-§ (M
‘(XeunyH JO %08-%SL)
Suruuna urw-§
JO $398 ¥\ LITH

TL8FSTH9/SL°0
F 6/°¢ :dno1d jonuo)y
sT'6
F0'99/70°1 F 0°%C “LIIH

21:0/21/dnoig jonuo)
CI:0/TT/LLIH

‘Arejuapas
212 0gm (O VdI)
aIreuuonsang) Ajanoy
[ea1sAy g [euoneuIa U]
a1} Uo paseq
Ayranoe reorsAyd jo [aas)
mo[ e Sutaey se payrsse[d
Pue ‘61-AIAOD
Jjo swoydwis
9)LIIPOW 0 P[II AIOUL
10 om} Supuarradxa
9pIs yueUTWIOP
a3 se 37 JySur oy yum
‘9z pue 6T u2amiaq pade
sjuapn)s a3a[[00 o[,

(¥207) e 12 uayD

‘uroyyed reays o) adueyp Apueoyrudis
Jou prp pue QA paaoxdur &pySiys
A[uo dnoi3 1IND YL *(%€S+) [249]

XON 213 pajeadpo Apueoyruis pue

(%S1-) ISO Paanpa1 pue (%7z~) e
TBIYS ISIIAII ) PASeAINIP (%YE+)
9)BI 1e3YS PIEM.IO] A1) PISBAIOUT OS[E
M (%9ETF %I8H OF %ET'T F %ESE

woiy) (LIND) Sururen snonunuod
Ayisudur-ajerapowr o3 Jorradns

SEM IPIYM (G000 > d “%9°€ F %6€°L 0)
%L6°0 F %SH'€ Wolj) (AL pasearout
Apueoyrusis [ITH-AT J29M-ZT YL,

Yo9M B ST ¢ ‘SYaM T

UOT)UAIIIUT
3SI019%2 Aue Jnoyym
SONIATIO® A[Tep UTeUTe

dnoub jo1uo0)

‘(xeurgH
9%09-%SS) £19A0001
Ayrsuayur-mof urw-g

ILM pajeuIa)[e (XeunyH
%06-%S8) SurpAd
Kysuayur-ySry unw-6°1
JO $398 TT - LITH-AT

dnoub
uonUBAIRIU|

8G°0T F €T°T8/19°S

F $7°ps :dnoad jonuo)y
€TTT +8€°98/61°9
F8LVS ALITH-AT

8:6/L1/dno13 onuo)
6:6/81/LLIH-AT

(1w}
:9)ew) oned
Japuab/azis

‘sypuowt 9 ysed
a1} ut Surturer) aS1OIXd
JuoS1apun jou Aey
oym pue ‘uorsualradAy
JUDLIND 10 A103STY
B M s1eak 09-GF
pade ‘99< [943]
(>1vqH) wiqofSoway
pajeaf[3 e yaim ‘sreak ¢
1SBI] 18 10§ SA)2qeIp
7 2d£y yam syusneq

(8107) "Te 32 1503y

frontiersin.org

06

Li and Dong

uonejndod
¥3(gng

Apnis
9y} Ul pspn)du|

(B3) uB1aM/(A)
abe a)dwes

9)dwes/sainsesw
uonuaAIdu|

Aouanbauy

sbuipuy Alewd pue uoneing ue)d uonuanIaU|

*24n3eJa}) PapNIdUl JO sonsHdYdRIRYD DIseg T 319VL

Frontiers in Physiology


https://doi.org/10.3389/fphys.2025.1702247
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

10.3389/fphys.2025.1702247

Li and Dong

(a8ed Surmo(oy a1y} uo panunuo))

(BHWW pET ¢ €€T
:dnoi3 uonyuaaiayur) sfueyp Jueoyrudis
ou pamoys a1nssaid Poo[q dI[0ISAS «—
£(100°0 > d Byy/urwy/Tur 98z
< $'9¢ :dnoxd uonuaaayur)
paseanur Apuedsyrudis xew‘QA |
090=ds/weL
< '8 :dnoid [onuod 'sA s/w '8
< 1'8 :dnoid uonuaazayur) A Md
aaoxduir Jou pIp LITH YooM-T[ «—

M99M B SIWIT) ¢ ‘SHaM 7T

“kyranoe resrsdyd
10§ SUOTJEPUSUILIOdAI
prepuejs
aty 3daooe A[uQ

*$[99M ()] XU A} 10§
AJ[e1d10 IO PALLILd ST 1
UQY[} PUB ‘peO] ISIDIIXD
a1 0] 1depe syuedionied
Axeyuapas dppy
0} SYPaM T ISITJ ) 19A0
paseanur A[enpead st
Ayisuayur ay, *(Xeung
%0L-%09) A1940221
QAR UIW-¢ YJIM
pasiadsiayur (xeurgHq
9%06-%08) S[eAIaIUT
Aysuayur-ySry urw-§
JO 5198
¥ JO SISISU0D 1 “Junyfem
JIPION UO paseq ;LITH

6'¢T +5°56/9 F8S

61:11/0¢/dno1s fonuo)
81:07/8€/LITH

‘s1ayows
JUSLIND 318 IO S10]08]
STI IeNdSeAOIpIED
2I0W 10 OM] dARY
oyMm “plo s1eak og pue
05 usamaq pade asoyq,

(6102) ‘Te 39 YroI3s1Qq

'S}youaq [euonIppe
MOUs Jou pIp (LIH-V) A19A0221 2ATIOY
‘dnoxd
LIH-V o) u1 93ueyd ou sem 219y}
nq (50°0 s d ‘sw p1-£|) paroxdurr
Apueoyrudis sdnoxd 11H-d pue IDIN
Y} Ul (103BdIPUT AYH B) NNAS YL
*(100°0 > d ‘s 06-29]) uoneINp
aspIaxa pue (50°0 > d ‘%6 F-%F¢|)
QN (10070 > d ‘ura/3y/Tw 1°6-1°¢])
%68 £q COA pasearour Apuesyrudis
(LIH-V/LIH-d/IOIN) sdnoid asioaxa
[[® “UOTIUAIIUI JO SYIIM T oYV

Yo9M B S ¢ ‘SYOM T

“Aranoe
A[rep 3o [2A3] JuaLmMd
A1) urejUTEW pUE
paSueypun syiqey Sunea
reurduio o4 doay

(soom g L1049
12 [RUOTIIPPE AUO )M
uorssas 1ad $33s O] 03
uorssas 1ad s3as § woiy
Sursearour) £10A40091
aarssed jo utw 67
+ (9)e1 JIBdY WNWIKEU!
J0 %68 3e) Sururen
Teazayut Ayisuajur-ydry
Jos0¢-LIH-d

ICLF¥'68/L
F 7’16 :dnoid jonuo)
ot
F8Y6/T'S + €LY LIH-d

0:%1/p1/dnois onuo)
0:ST/ST/LIH-d

“(sypuowr g1 Ised
o) Ut as119Xa pauue[d
ou aAey pue “yoam 1od
sAep g uel) ssa[ ISIAX)
auim) jo sporrad Suof
10 IS OYM UaW AYI[eapy

(£207) Te 32 sur[jon

(500
> d ‘urw/Sy/Tu F€9T < 01°07) %1T £q
paseanout dnoid J[TH oY1, :(xewQA)
ayyeydn uafAxo wnwrxeyy ssoupns
[euayae ur juawaaoxdur ue uroapar
“(50°0 > d “16°S < 6€°9) pasea1dop
Apueoyrugis dnoid [11H 2YL :(IAVD)
Nw.m:uw HN#EU@NKV O%Nn%.muuh.m ﬁmhuﬁuu
£28°0 = P JO 271 1932 Ue 1M (500
>d ‘%I0FI < %9T°6) Juawasorduwr
jueoyruSts e pamoys dnoid [11H aYI,
:(CTJALI) UOTIB[IP PIJBIPIUWI-MO]) POO[T

sbuipuy Alewid

YoM B SWT) ¢ ‘SYaM 9

Aouanbauy
pue uoneing

“Aranoe
A[rep 3o [2A3] JuaLMd
9 urejUTRW pue
paSueypun syiqey Sunea
reurduio o4 doay

dnoub jonuo)

“UOISSAS (DB UIIMIDq
potrad jsax utwu-g
® (3Im ‘oxIq Jomod e
UO ]I 113y WNUWITXBUL
JO 9%58-%08 Je SUOIssas
(LLIH) Surures [eazayur
Aysuayur-ySry urw-
§ wiop1ad {LITH

dnoub
UOIUSAIDIU|

ue)d uonuanIaU|

vl
F 81'55:dnoid jonuoy
et
F €£°SS 1LITH YySom
€0L°0 F LT'17 98y

(63) 3ubram/(K)
abe ajdwes

11:0/11/dno1d onuoy
1T:0/T1/LIIH

(EIEVEN
:9)ew) oneu
SETIVETSYEYAN

9)dwes/sainsesw
UOIUBAIDIU|

'SI9PIOSIP
J1[0qEIaW IAYJO 10
SISLASIP TL[NISBAOIPIED
Jo L1031y snoraaxd ou
M 9s1DIXA [edtshyd
ren3ar ur ofeSus
Jou 0p OyM ‘9781
pade uowrom Ayjeapy

uonejndod
13[gns

(0202) "Te 32 Youpryd

Apnas
9y} Ul pspn)du|

*24nje4a}l) PapN|dUl JO SONISIBORIRYD Diseq (panuiuo)) T 319Vl

frontiersin.org

07

Frontiers in Physiology


https://doi.org/10.3389/fphys.2025.1702247
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

10.3389/fphys.2025.1702247

Li and Dong

(a8ed Surmo(oj ay) uo panunuo))

‘safuerpd
jueoyrudis ou pamoys amssaxd poojq
A1011e [RTYORIQ A1) pue aInssaxd poo[q
snI0e d) ylog :amssard poorq «—
‘dnoid 1NOD a3 pue dnoid
LITH 2y ur safuerp jueoyrudis ou
9I0M I3[, 'S/W G'0— JO JuawaAoxdwr
jueoyrudts e pamoys dnoid 1D
o) ATuQ :A100[0A 2ABM 2SN «——>

N39M B SAWT) F ‘SHoM §

“Bunys
paduoroxd jo yiqey
snoraaxd ay) urejurejy

"UMOP-]00D JO UTW §
‘5198 U2aM}aq 151
Jo urwr ¢ ‘sowry § jeadax
9as 1ad utwr § urphd
£poq 1amo] ‘s1eqafpuey
Surysnd/3urnd £poq
1addn qrrurpearn Sunyerq
e 3urreaq-jydom-uou
Apoq-ny
e 3ursn ‘9jer jreay
yead 90, e dn-urrem
JO urw o1 {LITH

€V FT89/T
F ¢9 :dnoid jonuo)
0% F6CL/TFS9:LIIH

-/11/dnoid
[onuod-/41/LIIH

“(9sDI9%3
J1qOIde JO UTW ()¢ ey}
$S3] UOISSIS OB oM
Tod sawun g uey) a1owr
ou ‘stjey)) sypuow 71

15®3] 18 10J Sururen
3S1019X3 J1qoI9e Ten3ar
suodrspun jou pey
.»uﬁ “QUIW[[OIUD 210Jog
*(aseastp Loupny pue
9SBISIP IIAI[ ‘S9)qQRIP
S (ONS) SIIPIOSIP
[es1urpo Jofew 1310 pue
SISBASIP TR[NOSBAOIPIED
JuedyTu§is Jnoym
Sunjows jo £10)s1y €
INOYIIM ‘pJo SIL 6/-GG

(£107) Te 10 wny

*(50°0 < d) saSueyp yueoyrudis
OU PIMOYS SI0JedTPUT UOTIeIA[S
e <(50°0 > d Byj/urw/qui g |
xewr‘QA) uonouny Arevownd-orpres
1oy pasoxdur dnoid ys oy ySnoyye
UOTIUIAIANUT T JTH JO YoM 7T 1YY
(29°0-F€°0 1D %56 ‘8%°0 = §) TIND
M paje[a11od Ajpanisod sem Xew‘QA
‘(7/10wm 6°0 F 97 ~gS) dnoid Lreyuapas
sL-ySiy ayy pue (5070 > d “J/jowr 90
F9'¢'SAG0F ' :SH) dnoid Lreyuapas
ayy ur ey uey) 1oySiy Apueoyrudis
sem (VH) dnoid aanoe pue Lypeay
AU} UI [2A3] TIND punoq-urjoxd ayf,

sbuipuy Aiewiid

N[O9M B SN ¢ ‘SYIOM T

Aousnbauy
pue uoneing

1 S9seaSI(]
Ie[nOseAOIpIR)

JO UOTJU2ARI{ A} 10]
saurpepmo ueadoany,
1) UI pauI)no
SE SUOIEPUIWO0021
asp1ax2 Surpuodsariod
AU} MOT[O]

dnoub jonuo)

(xeuryH
%06-%08) WX
a1} 0} paseardur
Arenpexd st Lyisuajur a1y
‘SPIEMUO Y29M PU0IIS
9Y) WOl pue {(XeunyHq
%) portad uonerdepe
AU} ST Y29M ISIY Y],
“Kyrsuayur oty Sursearour
Aqrenpeas «(xeurgHq
%0L-%09) £19A0221
9ATIOR UTW-¢ YITM
pasiadsiayur (xeurgHq
%06=%08) S[eAIaUT
Aysuur-yry urw-§
J0 5398 § ‘Sunyrem
SIpION U0 paseq LIIH

dnoub
UONUSAIDIU|

ue)d uonuanIaU|

-/9°9 F L'8S

(63) 3ybram/()
abe ajdwes

-/0%/dnoid
[01U0D -/%¢/LITH

(918w}
:9)ew) onel
19puab/azis

9)dwes/sainsesaw
UOIUBAIDIU|

‘s19Ous
JUILIND JIE IO SI0J0R]
[SLI IB[NOSLAOIPILD
2I0UI 1O OM) dARY
oyMm plo s1eak g pue
0§ usamiaq pade asoy,

uonejndod
33[qns

0207) Te 12 9puky uop uep

Apnis
3U3 Ul pspn)ouj

*24N}e43}I) PaPN|dUI JO SONISIISdRIRYD DIseq (panuiuo)) T 319VL

frontiersin.org

08

Frontiers in Physiology


https://doi.org/10.3389/fphys.2025.1702247
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

10.3389/fphys.2025.1702247

Li and Dong

(a8ed Surmorjog ay) uo panunuo)))

‘sdnoid e ur saSueypd
JuedyruSIs ou a1am 1YL, ‘A Md «—
(%8°1T) $29M 71 e puaI) pIeMUMOp

® Sem 219 pue 93ueyd Juedyrudis
ou sem a1ay7, :dnoid 1S a1y ug
SYoaM 71
e [9A3] AUT[ISBQ ) 0) PAUINIAI
INq ‘oM 9 TaYe (%7'7]) pasearour
Apueogrugis i1 :dnoxd 1OV a3 Uy
(NI UOT)OUNJ [BI[AYJOPUS TR[NISBA

“oom
3£ 2y ur owy | A[uo
IM 19)JeaIdY) oM

OB SAWI) ¢ Y9am pug
) UT SAWT) 7 Y29M IST
AU} Ur aW) T ‘SY9M 7T

“Bumys
paduojoid jo yiqey
snoraaxd ay) urejurejy

'$)98 U2aM}aq
1591 UTW-¢ YIIM ‘S 0T
Sumsey 1as [oea 5198 ¢
10§ SurpoAo Jurxds no-re
wrI0jI9( 1ySram £poq jo
094G PeO[ DURISISNY 11IS

STF8L/8
F 9¢ :dnoi3 jonuon
€TFV8/LF LT LIS

0:9/9/dno13 jonyuoy
0:6/6/.L1S

ey
pooS ur are ynq sporrad
Suof 105 315 Aensn
oyMm ‘pH-61 pade Uy

(£107) 'Te 32 epnouays

(2000
=d€19:0 = ;) uoneIE[P d1I0E YUIM
P1e[21100 AJUBdYTUSIS 2TOM SSAUYNS
snaoe ur saduep ayf, (150°0 = d
‘9'z]) Xopul ssaupns J11I0E AY) PadNpPat
pue (1€0°0 = d 01+, _udp- ,un 1°7])
uonee[p dn0e a4 (€20°0 = d %6'8 ]
uren}s porrad aATIONPUOD (€00 =
d “946'¢1] urens porrad aA19s1) UATN]
11I0€ 31} JO UOTIIUNJ [EITURYDIU 3]}
pasoxdurr Apuesyrusis (111H) Suturern
[eazayut A)1suaur-ySIy Jo $Y9aM INo,J

M39M B SIWIT) ¢ ‘SHIIM F

'sjIqey A1eja1p pue
Ayanoe reorsAyd jo [aas]
snoraaxd ay) urejurejy

‘peor oYM
pousad 3sa1 urw-z e 4q
pamorioj ‘(ysram £poq

JO 9%G°£ JO ddURISISaI
e M) Surpho
INO-[[B $-0€ JO $19S 1Y}
wrojaad 9o1A9p Sururen
AIGNeM 23 uQ

6'STFETLISE
F 7¢ :dnoid jonuon
At
F6'€L/LTFITLLIH

-/0g/dnoid
[onuod-/1¢/LIIH

*2s1019%a [eatsAyd yoe[
oym syuedronred arewdy
pue aewr Ayjeoy

(0207) 'Te 32 udapnere(

quawrasoxduur JySis
© A[u0 pamoys gy d[ym ‘pasordur
Apuesyrudts 1OTN pue LITH QN T
‘pasnpar IDIN Pue LITH ‘AMJIRT

sbuipuy Alewid

No9M B ST ¢ ‘SHOOM §

Aousnbauy
pue uoneinqg

“Bunyis
paduoroxd jo yiqey
snoraxd ay) urejurey

dnoib jonuo)

8198
01 I0 pajeada st sty)
pue ‘urw g 10j $1se[ 198
yoeg “(Xew oA %05 Ie)
3S1019X3 A)ISUSIUI-MO]
Jo uruwr [ £q pamoyjoy
(xewOA %06 1°)
as119%a Aysuaur-ySry
Jo utw T wrojrad 9vIq
1omod o) uQ LITH

dnoub
UonUaAIDU|

ue)d uonuanIaU|

0T #TST9/TS'1
F 61°¢ :dnoid jonuoy
6ELF
6€°09/€6'1 F ¥ 1T " LIIH

(63) ybram/()
abe ajdwes

6:£/91/dno1d jonuo)
8:8/91/LIIH

(91ewWsy
:9)ew) onel
19puab/azis

O._QEMm\mO\_SwmwrC

UOIUBAIBU|

-sjuawarreduwr
aAnuSos aey
JOU Op PUE ‘SSaUPUIq
10702 WOIJ I9PNS J0U
op JYSromI2A0 Jou d1e
S9SBISIP JR[NOSBAOIPIED
2ARY] J0U Op
‘S)IqeY 9S1OIAXA JenSari
aaey ‘sporrad Suoy
10§ 31s oym syuedonreg

uonejndod
13[gns

(5207) Te 32 Sueny

Apnis
3U3 Ul pspn)duj

*24N3e43}) PaPN|dUI JO SONIsIISdRIRYD DIseq (panuiuo)) T 319VL

frontiersin.org

09

Frontiers in Physiology


https://doi.org/10.3389/fphys.2025.1702247
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

10.3389/fphys.2025.1702247

(a8ed Surmo(oj ay) uo panunuo))

‘paonpai Apuesyrudis
a1om dnoid 1 11H 2y ur samssaxd
POOIq I[0ISBIP pUE JT[0ISAS YT,

No9M B ST ¢ ‘SHOOM §

‘s)1qey A1ejarp pue
Ayranoe resrsAyd jo [aaag
snoraaid 9y urejurey

“urw g
uryym suonnadax
¥ 03 17 2[dwo)
‘Sunjrem £12A0a1
2ATI9® JO S ¢ Aq
pamojoj jurids Jno-[re
s-01 :syeam IySra
01 yyy 2y} 104 “Fupjiem
A19A0091 QATIO® JO
s ¥ £q pamorjoj jutids
JNO-[[E -8 :SIIM [[}IN0J
0} 811J 3Y) 10 el
JIe3Y WINWIXEW Y[}
30 %S6-%S8 2q pnoys
Aysuyut ay7, ;I LIH

Ry
F 6'¢6 :dnoid jonuo)
'S ¥ 779 {LITH IYSom
€07 58138y

-/9/dnoi8
[01u0D-/9/LITH

“JySTom [ewrIou € sey
pue Ayyeay st ‘sporrad
Suoy 10§ s315 oYM
AyszaAtun) [ermymoLSy
Sur(ueN woiy juapnis y

(¥207) T8 39 ung

“a3ue Jueoyrudis
OU Pamoys (BaIeJ A /XBW(IA)
S[9SSIA SNOUDA JO AJIAT}ORI AU,
cuomnpduny
Je[noseAoIdTw ur safueyd oY) pue (330
“IQT ‘TING) ST0}O®] YSLI TR[NISLAOTPILY
o1sse Jo JuawaAoxdwr o) usamlaq
UOTIR[O1I0D 1DAITP OU SeM dII],
{(Boy/urey/ Tu/%z 10
= 1) yead?QA ur asearour
A1) M paje[ariod Apueoyrudrs
sem pue (€00 = d 5,9%.'L€
< 9°7€) paseaIdur (earey) 2AIND
UOTE[IP [LLId)IE 3]} JOPUN BaIR YT, |
«dnoi3 onuoy) ayy ur afueyd ou sem
219 A[1yM (£20°0 = d %0°¢ < %L7T)
pasoxdur Apueoyrudis dnoxd 1 11H
1) UT SA[OLI2)IE [RUIIAT ) JO (XeW (V)
spmdure uone[ip wnwIxew ayf, |

N[O9M B SN ¢ ‘SYIOM T

(Kyrsuayur
ySry e Lep 1od urw g1
J0 AyIsuajur ayeIdpour
Je Aep 1ad urw ()¢ s3]
Je) saurppms ueadorng
LM 2DUBPIOIIE
ur sanianoe [esrsAyd
rengar jno L1re)

dnoub jonuo)

UMOP-[00 JO UTW (]
< (xeuryH %0£-%09)
K12A0001 2AT)0®
Jourw ¢ < (xeurnyHq
%06=%08) S[eAIaUT
Aysuayur-ySry urw-§
JO 8198 § ¢ (XeungyH
9%0L-%09) dn-uwwrem
Jo urw o7 :dno1d 111H

dnoub
UONUSAIDIU|

9V1 F67T6/L
F g6 :dnoid jonjuon
€l
F9'S6/S F 8S \LLIH

61:71/¢¢/dno1s fonuo)
91:0¢/9¢/LLIH

(918w}
:9)ew) onel
19puab/azis

'$10J00)
SSLI IB[NOSBAOIPIED
7 ISe3 18 YIIM ‘p[O
s1eak ()8 pue (G USaMIaq
pade azom pue Sums
paduorod jo L1031y
& pey oym syuedpnaeq

(0207) 'Te 32 2s9amg

frontiersin.org

10

Li and Dong

Apnis
3U3 Ul pspn)ouj

uonejndod
33[qns

(63) 3ybram/()
abe ajdwes

a1dwes/sainseawl
UOIUSAISU|

Aousnbauy

sbuipuy Aiewiid pue uoneing ue)d uonuanIaU|

*24N}e43}I) PaPN|dUI JO SONISIISdRIRYD DIseq (panuiuo)) T 319VL

Frontiers in Physiology


https://doi.org/10.3389/fphys.2025.1702247
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

10.3389/fphys.2025.1702247

Li and Dong

(100°0 = d) %76 £q pasearour dnoid
IO 243 pue (1000 > d) %1°TI
£q paseanur dnoid [ITH oYT, :Xew‘QA
a[qe)s paurewar aanssaid
Ppooiq orjo3serp/o1[03s4g :aanssaxd poorg
safuerp jueoyrudrs
ON :((JA]) uonduny [eIRYIopuyg
*2)9 ‘Xopur epnsjejy
NUI-VINOH ur sauerp jueoyrusrs
OU 2I9M 212, :AJADISUIS UINSU]
(1000 =d) %957 4q
paseanap DAy asoond 15O sdnoid
[01u0d Y7, :asuodsax asoono) T
suYSNop wWoij NeIUT ALIO[LD A}
30 9%%8 Sumasyo (50°0 = d) Lep 1od
e 6£¢ paonpai Ajsnoauejuods dnord
[onuod ayJ, :uonesuadurod £Sroug T
a8ueyd ou pamoys sdnoid ratjo
aym (30°0 = d) 9%¥°9 4q paseanut
dnoi3 [ITH YT, :7ej [eI0SIA |
(z0'0 = d) 8 ¢'1 4q paseanur dnoid
LITH 243 o[1ym 98ueyd ou pamoys
dnoi8 onuoo ayy, :a8ueypd Jydopm |

YoM © SaW) F ‘SI9M F

*a[A1say1] ATRJUIPOS
snoraaxd ay) urejurejy
UOTJUIATUT dSIIIIXF

851878
3 9891 sarerpAyoqred
2301 (1eSns + jej

9%02) Aep 1ad [22 009

T8> 0051 Jo et
[eUOnIpPE (SYooM /8
18301) £ep 1od synuySnop
7 :uonuaAIaur A1e)d1(]

121 JO UTW [ + (XeUurgH
9%S6-%06) SurpPA>
Aysuayur-ySry jo utwr
{UOTJUIAIIUT ISIOIIXY
8c181%)

3 9891 sareIpAyoqres
[e30) “(1eSns + Jej
9%0.) &ep 12d 1223} 009
TeaY 00SFT Jo ayejut
[EUOTIPPE (So9M /8%
[e103) £ep 1od surgnux
7 ‘uonuaAIajuL A1e391(]

STIF1'€6/6
F 8¢ :dnoid jonuon
L'LF096/LF 0¢ :LLIH

0:6/6/dno13 joryuoy
0-:0T/0T/LLIH

SPIM F
UIIIM Yoom e sAep 9
10§ Lep L1949 synuySnop
OM) JWNSTOD 0)
Surpqim axe pue ‘sajoqerp
10 uorsuajradAy
‘S9SBASIP TL[NISLAOTPILD
10J SUOTIEIIPAW 10
syuawraddns Arejarp Aue
USYE) JOU JARY] (ISIDIIXD
snoroSa ur SurdeSus jo
aqedes are nq Ly1anoe
Tearsdyd ey Apuaimd
oym K103s1Y] Sunjowrs
ou m (G-8T pade udwr
9530 10 JySromMIaAQ

(1207) "Te 32 230,

*sdnoi8 a1} usamIaq sadUIDYIP
ou a19M 2191} Inq APYS1[s paseardap
e AMd PUE YH ‘d4a d4s T
£(az1s 1992 winIpaw) (JJ) aanssaxd
as[nd ur 2sea19p 9%96°L © PUL (JSD)
anssaxd o1j0)sAs [e1)Uad UL 25BIIIP

%6'F & pamoys dnoid JITHAT oYL,
{UONOUNJ IR[NISLAOIPIRD JO suL1d) uf T

sbuipuy Alewiid

J[99M © SWT) ¢ ‘SYoaM 7T

Aouanbauy
pue uoneing

Sk
snoraaxd oA urejurejy

dnoub jonuo)

‘pajorduwon
T §19S / [[e UaYyM YoM
IS ) [HUN Y22M [
19s T £q aseaour uayy)
‘5)3S ¢ O “JaM 1s11J
U} U] 1198 D U22M)Dq
1531 J0 S 09 M ‘SawT)
£ yeadoar ‘(e yaeay
wmurxeur .mkuu:vvhnm
%58 Z ¥8) $ 0€ 10}
apu 9[04o1q A1eUOTIR)S
® uQ JLITH-AT

dnoub
UONUBAIDIU|

ue)d uonuaAIRIU|

STTF LS/STT
F £6 :dnoid jonuon
6’11
F8V/6°'T1 + 8% ‘LIIH-AT

(B3) uB1aMm/(A)
abe ajdwes

Z1:0/21/dno1s onuo)
PTO/PT/LITH-AT

(91eWay
:9Jew) oneu
Japuab/azis

w._QC.\_mm\mw‘_:mmwg_

uonRUaAIRIU|

‘stsouSerp 1aoued 1a)5e
SYIUOW 7 UTYIM [9pour
Juawiean) (OVHd)
Suaned 190ue)

10§ A31A10Y Apog
3[0Y M, 3 Jo a3e)s 1aje|
) ut pue £1ejuapas
are oym ardoag

uonejndod
pL](e[gI

(8102) 4ayo0,

Apnis
92U} Ul pspn)ou|

*24N}e43}I) PapPN|dUI JO SO1ISIBORIRYD Diseq (panuiuo)) T 319Vl

frontiersin.org

11

Frontiers in Physiology


https://doi.org/10.3389/fphys.2025.1702247
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Li and Dong

3.1 Search results and study characteristics

Fourteen studies were included in the meta-analysis (Table 1),
evaluating the effects of high-intensity interval training (HIIT)
on multiple cardiovascular outcomes in sedentary populations.
Primary outcomes were systolic and diastolic blood pressure,
whereas secondary outcomes included pulse wave velocity,
endothelial function, and resting heart rate (Figure 2). Notably,
despite employing a comprehensive search strategy, the number
of studies reporting data on cardiac output, arterial diameter, and
vascular endothelial growth factor was insufficient for quantitative
synthesis (meta-analysis). The included studies mainly focused
on five parameters analyzed in this meta-analysis: systolic blood
pressure, diastolic blood pressure, pulse wave velocity, flow-
mediated vasodilation, and heart rate. Accordingly, the subsequent
analysis and discussion in this study concentrate on these
parameters with sufficient data.

3.2 Characteristics of HIIT protocols
included in the studies

To provide a comprehensive overview of the intervention
protocols, this study summarizes the key parameters of the
HIIT regimens employed in the 14 included randomized
controlled trials (Table 2). The summarized parameters include
exercise modality, duration and intensity of the high-intensity phase,
duration and pattern of the recovery phase, total session duration,
training frequency, and overall intervention period. Importantly,
the HIIT protocols included in the studies exhibited substantial
variation in exercise modality, intensity, interval duration, recovery
method, and intervention duration, which may represent potential
sources of heterogeneity in this meta-analysis.

3.3 Study characteristics and quality
assessment

Risk of bias was assessed using the Cochrane risk of bias tool,
and the overall distribution is shown in Figure 3.

3.4 Meta-analysis results

3.4.1 Effects of high-intensity interval training on
vascular function indicators
3.4.1.1 Systolic blood pressure (SBP)

Eleven of the 14 studies compared HIIT with a control group for
systolic blood pressure. Heterogeneity testing showed P = 0.50 and
1% = 0%, indicating no heterogeneity; thus, a fixed-effects model was
used. Meta-analysis showed that SBP was significantly lower in the
HIIT group than in the control group (MD = -5.02, 95% CI: =7.29
to —2.76, P < 0.0001) (Figure 4).

3.4.1.2 Diastolic blood pressure (DBP)

Eleven of the 14 studies compared HIIT with a control group
for diastolic blood pressure. Heterogeneity testing showed P = 0.10
and I* = 37%, indicating moderate heterogeneity. Accordingly, a
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random-effects model was applied. Meta-analysis showed that DBP
was significantly lower in the HIIT group than in the control group
(MD = -2.35,95% CI: —4.49 to —0.21, P = 0.03) (Figure 5).

3.4.1.3 Pulse wave velocity (PWV)
Four of the 14 studies compared HIIT with a control group

for pulse wave velocity. Heterogeneity testing showed P = 0.13 and
I? = 47%, indicating moderate heterogeneity. Therefore, a random-
effects model was used. The meta-analysis showed that the reduction
in PWV in the HIIT group was not statistically significant (MD =
-0.20, 95% CI: —0.60 to 0.21, P = 0.35) (Figure 6).

3.4.14 Flow-mediated dilation (FMD)
Six of the 14 studies compared HIIT with a control group for

endothelial function. Heterogeneity testing showed P = 0.0003 and I*
= 79%, indicating high heterogeneity; thus, a random-effects model
was used. Meta-analysis showed that HIIT significantly improved
FMD (SMD = 1.12, 95% CI: 0.32-1.92, P = 0.006) (Figure 7).

3.4.2 Effects of high-intensity interval training on
heart rate

Resting Heart Rate (HR): Four of the 14 studies compared HIIT
with a control group for resting heart rate. Heterogeneity testing
showed P = 0.93 and I* = 0%, indicating no heterogeneity; thus, a
fixed-effects model was used. Meta-analysis showed that resting HR
was significantly lower in the HIIT group than in the control group
(MD = —0.36, 95% CI: —0.69 to —0.03, P = 0.03) (Figure 8).

3.5 Subgroup analysis results

For flow-mediated dilation (FMD), variation in participant
age may be a key source of heterogeneity. Six studies reporting
FMD outcomes were stratified into two subgroups—mean age
>30 years and mean age <30 years—for further analysis (Figure 9).
Two studies included participants with a mean age of>30 years,
and four included participants with a mean age of <30 years. The
>30 years subgroup showed no heterogeneity (P = 0.38, I* = 0%),
whereas the <30 years subgroup showed high heterogeneity (P =
0.0003, I? = 79%), suggesting that age may be a major source of
heterogeneity (Figure 9).

3.6 Publication bias analysis

Funnel plots were generated for each outcome to assess
publication bias (Figures 10-14). The plots showed an approximately
symmetric distribution, indicating no obvious publication bias or
other systematic bias.

3.7 Sensitivity analysis

To test the robustness of the primary findings, sensitivity
analyses were performed by sequentially excluding each of the
14 studies and re-pooling the data. The analyses showed that the
effects of HIIT on SBP, DBP, FMD, and HR remained consistent
after sequential exclusions, indicating stable and reliable results.
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FIGURE 4
Meta-analysis forest plot of the effects of HIIT intervention (experimental group) and the blank control group on systolic blood pressure.
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FIGURE 5

Meta-analysis forest plot showing the effects of HIIT intervention (experimental group) and the blank control group on diastolic blood pressure.
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FIGURE 6
Meta-analysis forest plot showing the effects of HIIT intervention (experimental group) and the blank control group on pulse wave velocity.
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FIGURE 8
Meta-analysis forest plot showing the effects of HIIT intervention (exper
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imental group) and the blank control group on heart rate.

For PWYV, excluding the study by Huang et al. (2025) changed
heterogeneity from moderate (P = 0.13, I* = 47%) to high (P
= 0.07, > = 62%), indicating a notable influence on the overall
effect size (Figure 15).

4 Discussion
4.1 Summary of evidence

Fourteen studies were included, systematically evaluating the
effects of high-intensity interval training (HIIT) on key circulatory

indicators in sedentary populations, including systolic blood
pressure (SBP), diastolic blood pressure (DBP), pulse wave velocity

Frontiers in Physiology

(PWYV), flow-mediated dilation (FMD), and heart rate (HR). The
meta-analysis showed that HIIT significantly reduced SBP and
DBP, enhanced FMD, and had a modest effect on HR. However,
when a more conservative random-effects model was applied to
account for moderate heterogeneity, the reduction in PWV was no
longer statistically significant. Specifically, 11 studies reported that
HIIT significantly reduced SBP (MD = —5.02, 95% CI: -7.29 to
—2.76), and 11 showed significant reductions in DBP (MD = -2.35,
95% CI: —4.49 to —0.21). Four studies found that HIIT effectively
reduced PWV (MD = -0.20, 95% CI: —0.60 to 0.21). Six studies
demonstrated significant improvements in FMD (SMD = 1.12, 95%
CIL: 0.32-1.92), indicating enhanced vascular function. For HR,
five studies showed a modest reduction after HIIT (MD = —0.36,
95% CI: —0.69 to —0.03).
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Meta-analysis forest plot of subgroup analysis of vascular endothelial function by different age groups.
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Funnel plot of publication bias based on systolic blood pressure as the outcome indicator.

Collectively, these findings suggest that HIIT provides multiple
benefits for circulatory indicators in sedentary populations, with
particularly strong effects on blood pressure, vascular elasticity, and
endothelial function. These results offer empirical support for HIIT
as an effective strategy to improve cardiovascular health in sedentary
individuals.
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The inconsistencies observed in the findings across studies
can be partly explained by the methodological limitations
of the included trials, as identified by our Cochrane risk-
of-bias assessment (see Section2.4; Figure 3). Specifically,
the lack of allocation concealment and blinding in several
studies

may have introduced performance and detection
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Funnel plot of publication bias based on diastolic blood pressure as the outcome indicator.
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Funnel plot of publication bias based on the outcome measure of pulse wave velocity.

bias, contributing to the heterogeneity in the pooled

estimates.

4.1.1 Mechanisms by which HIIT improves
vascular function indicators in sedentary
populations

Sedentary behavior is a major risk factor for cardiovascular
disease, negatively affecting vascular health, blood pressure, arterial
elasticity, and autonomic regulation (Ekelund et al., 2016). HIIT,
due to its efficiency, short duration, and broad applicability, offers
unique advantages for improving circulatory function in sedentary
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populations. Findings from the included studies, consistent with
prior research, confirm the beneficial effects of HIIT on endothelial
function, blood pressure, PWV, and HR, reinforcing the reliability
of these results. The mechanisms by which HIIT improves
circulatory indicators in sedentary populations can be summarized
in four aspects.

4.1.1.1 Regulation of systolic and diastolic blood pressure
HIIT regulates SBP and DBP through multiple mechanisms.

High-intensity parasympathetic  activity
while suppressing sympathetic tone, contributing to blood

exercise enhances
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This figure shows the publication bias funnel plot with vascular endothelial function as the outcome indicator.
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FIGURE 14

Funnel plot of publication bias based on heart rate as the outcome indicator.

pressure reduction (Shi et al., 2024). HIIT also improves insulin
sensitivity and promotes glucose and lipid metabolism, indirectly
reducing the risk of atherosclerosis and supporting long-term
blood pressure control (Shahiddoust and Monazzami, 2025).
In addition, HIIT facilitates reductions in body weight and
fat mass, further contributing to blood pressure reduction
(Delgado-Floody et al., 2020). Evidence suggests that as little
as 6weeks of HIIT can effectively reduce SBP and DBP
in sedentary individuals, with greater reductions in SBP
compared to equivalent volumes of moderate-intensity continuous
training (MICT) (Gongalves et al., 2024).
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4.1.1.2 Improvement of pulse wave velocity (PWV) and
arterial elasticity
Pulse wave velocity (PWYV) is a sensitive marker of arterial

stiffness and directly reflects vascular elasticity. Sedentary
elevated PWV and increased
2020). High-intensity
interval training (HIIT) has been shown to reduce PWV

behavior is associated with

cardiovascular risk (Alansare et al,
and improve arterial elasticity through multiple synergistic
biological mechanisms. First, HIIT promotes vascular structural
remodeling by enhancing elastin and collagen metabolism in
the arterial wall (Maurer and Clayton, 2022; Shi et al., 2022).

frontiersin.org


https://doi.org/10.3389/fphys.2025.1702247
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

10.3389/fphys.2025.1702247

Mean Difference Mean Difference

Li and Dong
HIT Control
Study or Subgroup  Mean  SD Total Mean SD Total Weight
Deiseroth2019 -0.1 118 3 03 16 30 246%
Huang2025 -0.86 0.75 16 -0.14 0.61 16 0.0%
Kim2018 0 0.31 14 0.5 066 11 B37%
Toohey2018 -0.1 1.37 24 -06 145 12 11.7%
Total (95% CI) 76 53 100.0%

Heterogeneity: Chi*= 520, df= 2 (P=0.07), F=62%
Testfor averall effect Z=1.23 (P=0.22)

FIGURE 15

IV, Fixed, 95% CI IV, Fixed, 95% CI
0.20 [0.48, 0.58] —
-0.42 [-0.89, 0.05]
-0.50 [-0.92, -0.08] ——
0.50 [-0.48, 1.49] S
-0.21[-0.55, 0.13] q
-2 -1 0 1 2

Favours [HIIT] Favours [control]

Meta-analysis forest plot (sensitivity analysis) of the effects of HIIT intervention (experimental group) and the blank control group on pulse

wave velocity.

Specifically, it promotes elastin synthesis and repair while regulating
matrix metalloproteinase activity, which reduces abnormal
collagen accumulation and cross-linking (Wang et al, 2021;
Fu et al, 2024). Second, HIIT-induced hemodynamic shear
endothelial synthase (eNOS),
increases nitric oxide bioavailability, and enhances endothelium-

stress activates nitric oxide
dependent vasodilation, thereby counteracting vascular stiffening
(El Karsh, 2021; Srejovic et al., 2023). Furthermore, HIIT attenuates
systemic inflammation by reducing inflammatory cytokine
levels, which mitigates inflammation-induced endothelial injury
and collagen cross-linking, thereby slowing the progression
of arterial stiffness (Munk et al, 2011). In summary, through
coordinated effects on vascular structure, endothelial function,
and inflammatory pathways, HIIT effectively reduces PWV and
enhances arterial elasticity. Moreover, HIIT alleviates endothelial
injury and inflammation, thereby slowing the progression of
arterial stiffening (Boff et al, 2019; Koénigstein et al, 2022).
Multiple experimental studies have shown that 8-12 weeks of
HIIT significantly reduces PWV and improves arterial elasticity

(Way et al., 2020; Melo et al., 2021).

4.1.1.3 Mechanisms underlying the improvement of
endothelial function

HIIT enhances nitric oxide (NO) synthesis in the vascular
endothelium, promotes vasodilation, and markedly improves
endothelial function. During exercise, increased shear stress
stimulates endothelial nitric oxide synthase (eNOS) expression and
activity, thereby improving endothelium-dependent vasodilation
(Man et al., 2020; Li et al., 2023). Furthermore, HIIT upregulates
antioxidant enzyme activity, reduces oxidative stress, and mitigates
endothelial damage (Freitas et al., 2018). Some studies have found
that HIIT suppresses inflammatory responses and reduces the
release of pro-inflammatory mediators, further protecting the
endothelium (Allen etal., 2017; Zhang et al., 2024). These synergistic
mechanisms render HIIT particularly effective in improving
endothelial function in sedentary populations. Additionally,
comparative studies between HIIT and MICT in obese male college
students showed that both interventions significantly improved
endothelial function after 8 weeks of training. However, the mean
reactive hyperemia index (RHI) was significantly higher in the
HIIT group (Shi et al., 2024).
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4.1.2 Mechanisms by which HIIT regulates heart
rate in sedentary populations

HIIT reduces resting HR and increases HR variability, reflecting
improved cardiac autonomic regulation (Coswig et al., 2020;
Navarro-Lomas et al., 2022). It increases vagal tone and
decreases sympathetic activity, reducing cardiac workload at rest
(Coretti et al., 2025). Moreover, HIIT increases stroke volume,
strengthens myocardial function, and improves cardiorespiratory
fitness (Crozier et al., 2018; Kumar et al., 2024). Evidence indicates
that HIIT lowers both resting and maximal HR, accelerates recovery,
and enhances cardiovascular adaptability in sedentary individuals
(Schmitz et al., 2018; Songsorn et al.,, 2022). Recent studies also
show that polygenic risk scores, baseline exercise HR, sex, and age
can predict variability in HR response to HIIT, providing evidence
for personalized exercise interventions (Yang et al., 2023).

4.1.3 Further exploration of the heterogeneity in
FMD outcomes

The subgroup analysis identified the participants’ mean age as a
primary factor contributing to the heterogeneity of flow-mediated
dilation (FMD) outcomes. Notably, a high degree of heterogeneity
(I* = 79%) was observed among younger participants (<30 years).
To further clarify the potential heterogeneity factors, we conducted
additional exploratory subgroup analyses based on factors such as
gender, baseline health status, and comorbidities.

However, none of these additional subgroup analyses showed a
significant effect on heterogeneity (data not shown). This “negative
finding” may be explained by several factors: ® Data limitations:
The original studies reported these variables inconsistently or
incompletely, resulting in insufficient data for detailed subgroup
analyses and, consequently, limited statistical power. @ Dominant
age effect: In sedentary populations, age-related vascular changes
may exert such a strong influence that they mask the independent
effects of other variables within the available data. As individuals
age, the decrease in circulating endothelial progenitor cells and the
increase in arterial stiffness cause systematic changes in the pattern
and magnitude of vascular responses to exercise interventions
(Gollie and Sen, 2022; Lan et al., 2023). Our findings indicate that,
in sedentary individuals, age is likely a more decisive factor than
sex or baseline health status in determining the efficacy of high-
intensity interval training (HIIT) for improving vascular endothelial
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function. ® Population homogeneity: Although all studies in this
meta-analysis involved sedentary populations, most participants
were relatively healthy, and few studies included individuals with
severe comorbidities such as clinically diagnosed hypertension
or diabetes. This relatively homogeneous baseline health profile
may have constrained our ability to detect significant differences
among subgroups defined by comorbid conditions. Beyond age-
related factors, the considerable heterogeneity observed in the
younger subgroup (<30 years; I* = 79%) may be largely attributed
to marked variations in HIIT protocols among the four studies
in this category (see Tables 1 and 2). For example, these studies
implemented either sprint interval training (SIT) protocols featuring
all-out sprints (Jalaludeen et al., 2020) or traditional aerobic interval
training (AIT) protocols conducted at higher intensities relative
to VO,max or HRmax (Huang et al., 2025). These fundamentally
different training stimuli—SIT emphasizing neuromuscular and
anaerobic adaptations, and AIT focusing on cardiopulmonary and
aerobic adaptations—likely induce distinct physiological responses
and temporal patterns of endothelial adaptation. Compared with
older adults, whose vascular responses tend to be constrained
by age-related physiological decline, younger individuals with
greater physiological plasticity may show greater variability in FMD
responses to these different training stimuli. The interaction between
participant age and training protocol type represents an important
direction for future research to clarify the sources of heterogeneity
and optimize exercise prescription.

4.1.4 Influence of HIIT protocol variations on
outcomes

The studies included in this meta-analysis showed substantial
differences in their HIIT protocols (Table 2), which may partly
explain the high heterogeneity observed for certain outcomes, such
as flow-mediated dilation (FMD).

First, with respect to exercise intensity, most studies prescribed
75%-95% of maximal heart rate (HRmax), whereas others used
maximal oxygen uptake (VO,max) or an “all-out sprint” These
inconsistencies in defining intensity directly affect the absolute
workload imposed during training.

Second, the structure of the intervals varied widely, with
high-intensity bouts lasting from 10 s to 4 min. These durations
correspond to two primary modalities—sprint interval training
(SIT) and aerobic interval training (AIT)—which may elicit distinct
physiological adaptations (Bidhuri et al., 2025).

Notably, the subgroup analysis of FMD revealed substantial
heterogeneity (I = 79%) among studies with a mean participant
age of 30 years or younger. Examination of these studies showed
that they employed both the traditional 4 x 4 min AIT protocol and
short-sprint SIT protocols. Evidence indicates that different HIIT
modalities may vary in both their underlying mechanisms and their
efficacy in enhancing endothelial function (Fuertes et al., 2023).
Therefore, an interaction likely exists between participant age
and the HIIT protocol type, as younger individuals may respond
differently to distinct training modalities—potentially contributing
to the observed heterogeneity.

Additionally, differences in intervention duration (ranging
from 4 to 12 weeks) and per-session workload may influence the
magnitude of cumulative adaptations. Therefore, the substantial
heterogeneity observed in parameters such as flow-mediated
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dilation (FMD) may stem not only from participant characteristics
but also from variations in the high-intensity interval training
(HIIT) protocols used across the included studies. Despite these
variations, the meta-analysis consistently demonstrated that HIIT
has positive effects on cardiovascular parameters, suggesting its
general applicability as an effective training approach. Future
studies and clinical practice should prioritize the standardization
and detailed reporting of HIIT protocol parameters to identify
which approaches are most effective for specific populations and
target outcomes.

4.1.5 Interpretation of PWV results

The robustness of our findings regarding the effect of HIIT on
pulse wave velocity (PWV) is limited. This was demonstrated by the
loss of statistical significance when applying a more conservative
random-effects model to account for moderate heterogeneity (I*
= 47%). Critically, sensitivity analysis confirmed this instability,
revealing that the pooled result was heavily dependent on the
inclusion of a single study (Huang et al, 2025). This over-
reliance on one study is fundamentally attributable to the small
number of studies included in the analysis (only four). With
such a limited evidence base, the influence of any individual
study with a distinct effect size—potentially due to unique
participant characteristics, specific HIIT protocol parameters, or
PWV measurement methodologies—becomes disproportionately
large, thereby destabilizing the overall pooled estimate. The clear
implication is that while a statistically significant improvement in
PWYV was observed under a fixed-effects model, this conclusion is
fragile. Therefore, the evidence for HIIT improving arterial stiffness
in sedentary populations is less robust compared to the findings for
blood pressure and endothelial function, which are supported by a
larger and more consistent body of evidence. This outcome should be
interpreted as preliminary and highlights the need for future high-
quality studies with larger sample sizes to provide a more definitive
and stable estimate.

4.2 Strengths and limitations
4.2.1 Strengths

This
strengths. First, to the best of our knowledge, this is the first

systematic review demonstrates several significant
meta-analysis focusing exclusively on sedentary individuals and
comprehensively evaluating the effects of high-intensity interval
training (HIIT) on multiple cardiovascular outcomes—including
blood pressure, arterial stiffness, endothelial function, and heart
rate—thus addressing a critical gap in the existing evidence base.
Second, the study followed rigorous methodological standards,
including prospective registration in the PROSPERO database, strict
adherence to the PRISMA reporting guidelines, a comprehensive
bilingual search strategy (English and Chinese databases), and
independent screening and quality assessment by two reviewers,
thereby ensuring methodological transparency and reliability of
the results. Third, an in-depth subgroup analysis was performed to
investigate the substantial heterogeneity observed in flow-mediated
dilation (FMD), identifying age as a potential moderating factor.
These findings offer valuable insights into population-specific
differences in HIIT responses.
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4.2.2 Limitations

Notwithstanding these strengths, several limitations warrant
consideration. ® Grey literature and studies published in languages
other than Chinese and English were excluded, which may have
led to the omission of relevant studies. @ Although all participants
were categorized as sedentary, some had comorbid type 2 diabetes
or cardiovascular risk factors, which could have introduced bias.
(® Variations in HIIT protocols, exercise intensity, and intervention
duration among the included studies may have contributed to
inter-study heterogeneity. @ The absence of original data for some
outcome measures may have reduced the accuracy of the estimated
effect sizes. ® Although the funnel plot analysis indicated no
obvious publication bias, its potential presence cannot be completely
ruled out. ® The conclusions regarding PWYV in this study were
based on alimited number of trials, and the point estimates exhibited
fluctuations in the sensitivity analysis, suggesting that the stability
of this effect warrants further confirmation in future research. @
This meta-analysis employed several standard statistical methods
during data synthesis, including imputing missing change standard
deviations by assuming R = 0.5. While these methods are commonly
applied, their potential influence on the results should be recognized.

4.3 Long-term efficacy, safety, and future
directions

4.3.1 Gaps in long-term efficacy and safety
considerations

Most clinical trials included in this study had short intervention
periods (typically 8-12 weeks) and lacked long-term follow-up data.
Although existing evidence clearly shows that HIIT significantly
improves circulatory parameters during the intervention period,
the long-term maintenance of these benefits remains unclear.
Because sedentary behavior constitutes a long-term lifestyle pattern,
assessing both adherence to and maintenance of exercise-induced
effects is essential. Currently, few studies have examined how long
the beneficial effects of HIIT on blood pressure, vascular elasticity,
and endothelial function persist after the intervention. This lack of
evidence on long-term effects limits the ability to comprehensively
evaluate HII'T’s potential as a sustainable public health intervention.
While HIIT is widely recognized for its effectiveness, its potential
risks should not be underestimated—especially among sedentary
individuals with increased cardiovascular risk. Although the
randomized controlled trials included in this study did not report
any serious adverse events, this finding may be explained by the
exclusion of participants with severe cardiovascular disease, the use
of supervised exercise settings, and relatively small sample sizes.
HIIT can induce rapid, short-term elevations in heart rate and
blood pressure, which may theoretically precipitate cardiovascular
events such as arrhythmias or myocardial ischemia. For individuals
with undiagnosed or subclinical cardiovascular conditions—which
are relatively prevalent among sedentary populations—medical
screening and risk assessment before initiating high-intensity
exercise are essential. Therefore, when promoting HIIT among
sedentary populations, it is crucial to emphasize progressive
adaptation and individualized program design. For middle-aged and
older adults, as well as individuals with known cardiovascular risk
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factors, training should begin under professional supervision and
medical oversight.

4.3.2 Future research directions

Building on the findings of this study and the preceding
discussion, future research should address the following areas:
® Long-term follow-up studies: Randomized controlled trials
with longer intervention durations (e.g., =6 months) and post-
intervention follow-ups are urgently required. These studies are
crucial to assess the persistence and decline of HIIT benefits and
to identify the optimal training frequency and intensity needed
to maintain these health gains. @ Safety and special population
studies: Future research should systematically monitor and report
adverse events while intentionally recruiting sedentary participants
with varying cardiovascular risk profiles. This approach can help
define the safety margins and efficacy limits of HIIT across different
risk levels and guide the development of safe and evidence-based
exercise prescriptions. ® Personalized and optimized protocols:
Future studies should identify HIIT protocols that best balance
efficacy, safety, and adherence. Given this study’s indication that
age may contribute to heterogeneity, future research should further
investigate how age, sex, and baseline health status influence
individual responses to HIIT, thereby supporting the development
of precision exercise prescriptions. ® Combined intervention
strategies: Future research should examine whether combining HIIT
with other lifestyle interventions can produce synergistic effects,
thereby providing sedentary populations with more comprehensive
and sustainable strategies for health promotion.

5 Conclusion

In summary, this meta-analysis demonstrates that high-
intensity interval training (HIIT) effectively enhances key
cardiovascular outcomes in sedentary individuals, producing
significant improvements in blood pressure, vascular elasticity,
and endothelial function. Therefore, HIIT should be recognized
as an effective and practical exercise strategy for improving vascular
health in sedentary populations. Given the limitations of existing
evidence, additional well-designed, long-term clinical trials are
required to confirm the sustained efficacy and safety of HIIT and
to facilitate its individualized and precision-based applications.
Considering the substantial heterogeneity observed in flow-
mediated dilation (FMD) outcomes among younger participants
and the sensitivity of pulse wave velocity (PWV) results, future
studies should focus on standardizing HIIT variables such as
training intensity, interval structure, and intervention duration
to improve comparability across studies. Moreover, long-term
follow-up should be implemented to confirm the durability of these
circulatory improvements.

Data availability statement
The original contributions presented in the study are included in

the article/supplementary material, further inquiries can be directed
to the corresponding author.

frontiersin.org


https://doi.org/10.3389/fphys.2025.1702247
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Li and Dong

Author contributions

GL: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Software, Writing - original draft.
DD: Conceptualization, Formal Analysis, Investigation, Software,
Supervision, Validation, Writing - review and editing.

Funding

The authors declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

ACSM (2021). ACSM’s guidelines for exercise testing and prescription. Philadelphia.

Afousi, A. G., Izadi, M. R., Rakhshan, K., Mafi, E, Biglari, S., and Bagheri, H. G.
(2018). Improved brachial artery shear patterns and increased flow-mediated dilatation
after low-volume high-intensity interval training in type 2 diabetes. Exp. Physiol. 103
(9), 1264-1276. doi:10.1113/ep087005

Alansare, A. B., Kowalsky, R. ], Jones, M. A., Perdomo, S. J., Stoner, L., and Gibbs,
B. B. (2020). The effects of a simulated workday of prolonged sitting on seated versus
supine blood pressure and pulse wave velocity in adults with overweight/obesity and
elevated blood pressure. J. Vasc. Res. 57 (6), 355-366. doi:10.1159/000510294

Allen, N. G., Higham, S. M., Mendham, A. E., Kastelein, T. E., Larsen, P. S., and
Duffield, R. (2017). The effect of high-intensity aerobic interval training on markers
of systemic inflammation in sedentary populations. Eur. J. Appl. Physiol. 117 (6),
1249-1256. doi:10.1007/s00421-017-3613-1

Batacan, R. B,, Jr., Duncan, M. ], Dalbo, V. ]., Tucker, P. S., and Fenning, A. S. (2017).
Effects of high-intensity interval training on cardiometabolic health: a systematic
review and meta-analysis of intervention studies. Br. J. Sports Med. 51 (6), 494-503.
doi:10.1136/bjsports-2015-095841

Bidhuri, D, Kalra, S., Saher, T., Parveen, A., Ajmera, P,, and Miraj, M. (2025). Current
concepts of high intensity interval training: a clinical commentary. Comp. Exerc. Physiol.
21 (1), 1-15. doi:10.1163/17552559-00001073

Boff, W,, da Silva, A. M., Farinha, J. B., Rodrigues-Krause, J., Reischak-Oliveira, A.,
Tschiedel, B., et al. (2019). Superior effects of high-intensity interval vs. moderate-
intensity continuous training on endothelial function and cardiorespiratory fitness in
patients with type 1 diabetes: a randomized controlled trial. Front. Physiol. 10, 450.
doi:10.3389/fphys.2019.00450

Chen, X. Y, Hu, N. Y, Han, H. E, Cai, G. L, and Qin, Y. (2024).
Effects of high-intensity interval training in a cold environment on arterial
stiffness and cerebral hemodynamics in sedentary Chinese college female
students post-COVID-19. Front. Neurol. 15, 1466549. doi:10.3389/fneur.2024.
1466549

Chen, Q, Li, C. F, and Jing, W. (2025). Research progress on the effects of sedentary
behavior and physical activity on diabetes mellitus. Sheng Li Xue Bao 77 (1), 62-74.
doi:10.13294/j.aps.2024.0065

Chidnok, W., Wadthaisong, M., lamsongkham, P., Mheonprayoon, W., Wirajalarbha,
W,, Thitiwuthikiat, P, et al. (2020). Effects of high-intensity interval training on vascular
function and maximum oxygen uptake in young sedentary females. Int. J. Health
Sciences-Ijhs 14 (1), 3-8.

Chin, E. C, Yu, A. P, Lai C. W, Fong, D. Y, Chan, D. K, Wong, S.
H., et al. (2020). Low-frequency HIIT improves body composition and aerobic
capacity in overweight men. Med. Sci. Sports Exerc. 52 (1), 56-66. doi:10.1249/mss.
0000000000002097

Collins, B. E. G., Donges, C., Robergs, R., Cooper, ], Sweeney, K., and
Kingsley, M. (2023). Moderate continuous- and high-intensity interval training
elicit comparable cardiovascular effect among middle-aged men regardless of
recovery mode. Eur. J. Sport Sci. 23 (8), 1612-1621. doi:10.1080/17461391.2023.
2171908

Frontiers in Physiology

10.3389/fphys.2025.1702247

Generative Al statement

The authors declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Coretti, M., Donatello, N. N., Bianco, G., and Cidral, F J. (2025). An integrative review
of the effects of high-intensity interval training on the autonomic nervous system. Sports
Med. Health Sci. 7 (2), 77-84. doi:10.1016/j.smhs.2024.08.002

Coswig, V. S., Barbalho, M., Raiol, R., Del Vecchio, E B., Ramirez-Campillo, R.,
and Gentil, P. (2020). Effects of high vs moderate-intensity intermittent training on
functionality, resting heart rate and blood pressure of elderly women. J. Transl. Med.
18 (1), 88. doi:10.1186/s12967-020-02261-8

Crozier, J., Roig, M., Eng, J. ], MacKay-Lyons, M., Fung, J., Ploughman, M.,
et al. (2018). High-intensity interval training after stroke: an opportunity to promote
functional recovery, cardiovascular health, and neuroplasticity. Neurorehabilitation
Neural Repair 32 (6-7), 543-556. doi:10.1177/1545968318766663

Deiseroth, A., Streese, L., Kochli, S., Wiist, R. S., Infanger, D., Schmidt-Trucksiss,
A, et al. (2019). Exercise and arterial stiffness in the elderly: a combined cross-
sectional and randomized controlled trial (EXAMIN AGE). Front. Physiol. 10, 1119.
doi:10.3389/fphys.2019.01119

Delfan, M., Vahed, A., Bishop, D. J., Juybari, R. A., Laher, L, Saeidi, A., et al.
(2022). Effects of two workload-matched high intensity interval training protocols on
regulatory factors associated with mitochondrial biogenesis in the soleus muscle of
diabetic rats. Front. Physiol. 13, 927969. doi:10.3389/fphys.2022.927969

Delfan, M., Saeidi, A., Supriya, R., Escobar, K. A., Laher, L., Heinrich, K. M., et al.
(2024). Enhancing cardiometabolic health: unveiling the synergistic effects of high-
intensity interval training with spirulina supplementation on selected adipokines,
insulin resistance, and anthropometric indices in Obese males. Nutr. Metabolism 21 (1),
11. doi:10.1186/s12986-024-00785-0

Delgado-Floody, P, Izquierdo, M., Ramirez-Vélez, R., Caamano-Navarrete, F.,, Moris,
R, Jerez-Mayorga, D., et al. (2020). Effect of high-intensity interval training on body
composition, cardiorespiratory fitness, blood pressure, and substrate utilization during
exercise among prehypertensive and hypertensive patients with excessive adiposity.
Front. Physiol. 11, 13. doi:10.3389/fphys.2020.558910

Ekelund, U,, Steene-Johannessen, J., Brown, W. J., Fagerland, M. W,, Owen, N.,
Powell, K. E., et al. (2016). Does physical activity attenuate, or even eliminate, the
detrimental association of sitting time with mortality? A harmonised meta-analysis
of data from more than 1 million men and women. Lancet 388 (10051), 1302-1310.
doi:10.1016/s0140-6736(16)30370-1

El Karsh, Z. (2021). Exercise training improves cerebrovascular oxidative stress
regulation and insulin stimulated vasodilation in juvenile and mature pigs. PhD thesis.
Saskatoon, SK: University of Saskatchewan.

Freitas, D. A., Rocha-Vieira, E., Soares, B. A., Nonato, L. E, Fonseca, S. R,
Martins, J. B, et al. (2018). High intensity interval training modulates hippocampal
oxidative stress, BDNF and inflammatory mediators in rats. Physiol. Behav. 184, 6-11.
doi:10.1016/j.physbeh.2017.10.027

Fu, Y., Zhou, Y., Wang, K., Li, Z. E, and Kong, W. (2024). Extracellular matrix
interactome in modulating vascular homeostasis and remodeling. Circulation Res. 134
(7), 931-949. doi:10.1161/circresaha.123.324055

Fuertes, K. L., Manresa, R. A, Blasco, P. C., Ribeiro, F, Sempere R, N., Sarabia, J. M.,
et al. (2023). Effects and optimal dose of exercise on endothelial function in patients

frontiersin.org


https://doi.org/10.3389/fphys.2025.1702247
https://doi.org/10.1113/ep087005
https://doi.org/10.1159/000510294
https://doi.org/10.1007/s00421-017-3613-1
https://doi.org/10.1136/bjsports-2015-095841
https://doi.org/10.1163/17552559-00001073
https://doi.org/10.3389/fphys.2019.00450
https://doi.org/10.3389/fneur.2024.1466549
https://doi.org/10.3389/fneur.2024.1466549
https://doi.org/10.13294/j.aps.2024.0065
https://doi.org/10.1249/mss.0000000000002097
https://doi.org/10.1249/mss.0000000000002097
https://doi.org/10.1080/17461391.2023.2171908
https://doi.org/10.1080/17461391.2023.2171908
https://doi.org/10.1016/j.smhs.2024.08.002
https://doi.org/10.1186/s12967-020-02261-8
https://doi.org/10.1177/1545968318766663
https://doi.org/10.3389/fphys.2019.01119
https://doi.org/10.3389/fphys.2022.927969
https://doi.org/10.1186/s12986-024-00785-0
https://doi.org/10.3389/fphys.2020.558910
https://doi.org/10.1016/s0140-6736(16)30370-1
https://doi.org/10.1016/j.physbeh.2017.10.027
https://doi.org/10.1161/circresaha.123.324055
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Li and Dong

with heart failure: a systematic review and meta-analysis. Sports Medicine-Open 9 (1),
18. doi:10.1186/540798-023-00553-2

Ghanbari-Niaki, A., Saeidi, A., Kolandouzi, S., Aliakbari-Baydokhty, M., Ardeshiri,
S., Abderrahnnan, A. B., et al. (2019). Effect of crocus sativus linnaeus (saffron)
supplementations combined with circuit resistance training on total creatine kinase,
lactate dehydrogenase and creatine kinase MB levels in young untrained men. Sci. Sports
34 (1), E53-E58. doi:10.1016/j.scispo.2018.10.004

Gibala, M. J., and McGee, S. L. (2008). Metabolic adaptations to short-term high-
intensity interval training: a little pain for a lot of gain? Exerc. Sport Sci. Rev. 36 (2),
58-63. doi:10.1097/JES.0b013e318168eclf

Gollie, J. M., and Sen, S. (2022). Circulating endothelial progenitor and mesenchymal
stromal cells as biomarkers for monitoring disease status and responses to exercise. Rev.
Cardiovasc. Med. 23 (12), 396. doi:10.31083/j.rcm2312396

Gongalves, C., Raimundo, A., Abreu, A., Pais, J., and Bravo, J. (2024). Effects of
high-intensity interval training vs moderate-intensity continuous training on body
composition and blood biomarkers in coronary artery disease patients: a randomized
controlled trial. Rev. Cardiovasc. Med. 25 (3), 102. doi:10.31083/j.rcm2503102

Higgins, J. P. T. L. T, and Deeks, J. J. (2023). Cochrane Handbook for systematic
reviews of interventions version 6.4. Available online at: www.training.cochrane.org/
handbook (Accessed August 27, 2023).

Huang, J. L., Leng, L., Hu, M,, Cui, X. Y, Yan, X,, Liu, Z. Q, et al. (2025).
Comparative effects of different exercise types on cardiovascular health and executive
function in sedentary young individuals. Med. Sci. Sports Exerc. 57 (6), 1110-1122.
doi:10.1249/mss.0000000000003645

Jalaludeen, N., Bull, S. J., Taylor, K. A., Wiles, J. D., Coleman, D. A., Howland, L.,
et al. (2020). Left atrial mechanics and aortic stiffness following high intensity interval
training: a randomised controlled study. Eur. J. Appl. Physiol. 120 (8), 1855-1864.
doi:10.1007/s00421-020-04416-3

Kim, H. K., Hwang, C. L., Yoo, J. K., Hwang, M. H., Handberg, E. M., Petersen, ]. W.,
et al. (2017). All-extremity exercise training improves arterial stiffness in older adults.
Med. Sci. Sports Exerc. 49 (7), 1404-1411. doi:10.1249/mss.0000000000001229

Ko, J. M., So, W. Y., and Park, S. E. (2025). Narrative review of high-intensity
interval training: positive impacts on cardiovascular health and disease prevention. J.
Cardiovasc. Dev. Dis. 12 (4), 158. d0i:10.3390/jcdd12040158

Konigstein, K., Meier, J., Angst, T., Maurer, D. J., Kropfl, ]. M., Carrard, J., et al. (2022).
VascuFit: vascular effects of non-linear periodized exercise training in sedentary adults
with elevated cardiovascular risk - protocol for a randomized controlled trial. Bmc
Cardiovasc. Disord. 22 (1), 449. d0i:10.1186/s12872-022-02905-1

Kumar, A., Gupta, M., Kohat, A. K., Agrawal, A., Varshney, A., Chugh, A, et al.
(2024). Impact of high-intensity interval training (HIIT) on patient recovery after
myocardial infarction and stroke: a fast track to fitness. Cureus 16 (11), €73910.
doi:10.7759/cureus.73910

Lan, Y. S., Khong, T. K., and Yusof, A. (2023). Effect of exercise on arterial stiffness
in healthy young, middle-aged and older women: a systematic review. Nutrients 15 (2),
308. doi:10.3390/nu15020308

Li, Q. Q. Qin, K. R,, Zhang, W,, Guan, X. M., Cheng, M., and Wang, Y. X. (2023).
Advancements in the regulation of different-intensity exercise interventions on arterial
endothelial function. Rev. Cardiovasc. Med. 24 (11), 306. doi:10.31083/j.rcm2411306

Man, A. W. C,, Li, H. G., and Xia, N. (2020). Impact of lifestyles (diet and exercise) on
vascular health: oxidative stress and endothelial function. Oxidative Med. Cell. Longev.
22, 1496462. doi:10.1155/2020/1496462

Maurer, G. S., and Clayton, Z. S. (2022). Favourable alterations in adipose
remodelling induced by exercise training without weight loss: exploring the role
of microvascular endothelial function. J. Physiology-London 600 (16), 3647-3650.
doi:10.1113/jp283091

Melo, X., Pinto, R., Angarten, V., Coimbra, M., Correia, D., Roque, M., et al. (2021).
Training responsiveness of cardiorespiratory fitness and arterial stiffness following
moderate-intensity continuous training and high-intensity interval training in adults
with intellectual and developmental disabilities. J. Intellect. Disabil. Res. 65 (12),
1058-1072. doi:10.1111/jir.12894

Munk, P. S., Breland, U. M., Aukrust, P, Ueland, T., Kvaloy, J. T, and Larsen,
A. 1. (2011). High intensity interval training reduces systemic inflammation
in post-PCI patients. Eur. J. Cardiovasc. Prev. Rehabilitation 18 (6), 850-857.
doi:10.1177/1741826710397600

Navarro-Lomas, G., Dote-Montero, M., Alcantara, J. M. A., Plaza-Florido, A.,
Castillo, M. J., and Amaro-Gahete, F. J. (2022). Different exercise training modalities
similarly improve heart rate variability in sedentary middle-aged adults: the FIT-
AGEING randomized controlled trial. Eur. J. Appl. Physiol. 122 (8), 1863-1874.
doi:10.1007/s00421-022-04957-9

Page, M. ]., McKenzie, J. E,, Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow,
C. D, et al. (2021). The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. Int. J. Surg. 88, 105906. doi:10.1016/j.ijsu.2021.105906

Poon, E. T. C., Wongpipit, W,, Ho, R. S. T,, and Wong, S. H. S. (2021). Interval
training versus moderate-intensity continuous training for cardiorespiratory fitness
improvements in middle-aged and older adults: a systematic review and meta-analysis.
J. Sports Sci. 39 (17), 1996-2005. doi:10.1080/02640414.2021.1912453

Frontiers in Physiology

23

10.3389/fphys.2025.1702247

Saeidi, A., Saei, M. A., Mohammadi, B., Zarei, H. R. A., Vafaei, M., Mohammadi,
A. S, et al. (2023a). Supplementation with spinach-derived thylakoid augments
the benefits of high intensity training on adipokines, insulin resistance and lipid
profiles in males with obesity. Front. Endocrinol. 14, 1141796. doi:10.3389/fendo.2023.
1141796

Saeidi, A., Seifi-Ski-Shahr, E, Soltani, M., Daraei, A., Shirvani, H., Laher, 1.,
et al. (2023b). Resistance training, gremlin 1 and macrophage migration inhibitory
factor in obese men: a randomised trial. Arch. Physiol. Biochem. 129 (3), 640-648.
doi:10.1080/13813455.2020.1856142

Sawyer, A., Cavalheri, V., and Hill, K. (2020). Effects of high intensity interval training
on exercise capacity in people with chronic pulmonary conditions: a narrative review.
BMC Sports Sci. Med. Rehabilitation 12 (1), 22. doi:10.1186/s13102-020-00167-y

Schmitz, B., Rolfes, E, Schelleckes, K., Mewes, M., Thorwesten, L., Kriiger, M.,
et al. (2018). Longer work/rest intervals during high-intensity interval training
(HIIT) lead to elevated levels of miR-222 and miR-29c. Front. Physiol. 9, 395.
doi:10.3389/fphys.2018.00395

Shahiddoust, F, and Monazzami, A. A. (2025). Exercise-induced changes in insulin
sensitivity, atherogenic index of plasma, and CTRP1/CTRP3 levels: the role of combined
and high-intensity interval training in overweight and obese women. BMC Sports Sci.
Med. Rehabilitation 17 (1), 73. d0i:10.1186/s13102-025-01123-4

Shenouda, N., Gillen, J. B, Gibala, M. J., and MacDonald, M. J. (2017). Changes
in brachial artery endothelial function and resting diameter with moderate-intensity
continuous but not sprint interval training in sedentary men. J. Appl. Physiol. 123 (4),
773-780. doi:10.1152/japplphysiol.00058.2017

Shi, W. X,, Chen, J. A,, He, Y. E, Su, P, Wang, M. Y, Li, X. L, et al. (2022). The
effects of high-intensity interval training and moderate-intensity continuous training
on visceral fat and carotid hemodynamics parameters in obese adults. J. Exerc. Sci. Fit.
20 (4), 355-365. doi:10.1016/j.jesf.2022.09.001

Shi, W. X,, Xie, ], He, Y. E, Li, X. L,, and Tang, D. H. (2024). The effects of high-
intensity interval training and moderate-intensity continuous training on vascular
endothelial function and blood flow shear stress in obese male college students. Chin.
Sports Sci. Technol. 60 (07), 3-11+78. d0i:10.16470/j.csst.2024071

Shishira, K. B., Vaishali, K., Kadavigere, R., Sukumar, S., Shivashankara, K. N.,
Pullinger, S. A., etal. (2024). Effects of high-intensity interval training versus moderate-
intensity continuous training on vascular function among individuals with overweight
and obesity-a systematic review. Int. J. Obes. 48 (11), 1517-1533. d0i:10.1038/s41366-
024-01586-4

Shruthi, P. P, Chandrasekaran, B., Vaishali, K., Shivashankar, K. N., Sukumar, S.,
Ravichandran, S., et al. (2024). Effect of physical activity breaks during prolonged
sitting on vascular outcomes: a scoping review. J. Educ. Health Promot. 13 (1), 294.
doi:10.4103/jehp.jehp_1773_23

Silva, J., Meneses, A. L., Silva, G. O., O’Driscoll, ]. M., Ritti-Dias, R. M., Correia, M. A.,
etal. (2024). Acute effects of breaking up sitting time with isometric wall squat exercise
on vascular function and blood pressure in sedentary adults randomized crossover trial.
J. Cardiopulm. Rehabilitation Prev. 44 (5), 369-376. doi:10.1097/hcr.0000000000000877

Songsorn, P,, Somnarin, K., Jaitan, S., and Kupradit, A. (2022). The effect of whole-
body high-intensity interval training on heart rate variability in insufficiently active
adults. J. Exerc. Sci. Fit. 20 (1), 48-53. doi:10.1016/j.jesf.2021.10.003

Srejovic, I. M., Zivkovic, V. L, Nikolic Turnic, T. R., Dimitrijevic, A. B., and
Jakovljevic, V. L. (2023). “Exercise induced NO modulation in prevention and treatment
of cardiovascular diseases,” in Nitric oxide: from research to therapeutics (Cham: Springer
International Publishing), 83-110.

Streese, L., Kotliar, K., Deiseroth, A., Infanger, D., Gugleta, K., Schmaderer,
C., et al. (2020). Retinal endothelial function in cardiovascular risk patients: a
randomized controlled exercise trial. Scand. J. Med. Sci. Sports 30 (2), 272-280.
doi:10.1111/sms.13560

Sun, E C.,, Williams, C. A,, Sun, Q, Hu, F, and Zhang, T. (2024). Effect of
eight-week high-intensity interval training versus moderate-intensity continuous
training programme on body composition, cardiometabolic risk factors in sedentary
adolescents. Front. Physiol. 15, 1450341. doi:10.3389/fphys.2024.1450341

Tang, S. X., Huang, W. W,, Wang, S., Wu, Y. Y., Guo, L. M., Huang, J. H,, et al. (2022).
Effects of aquatic high-intensity interval training and moderate-intensity continuous
training on central hemodynamic parameters, endothelial function and aerobic fitness
in inactive adults. J. Exerc. Sci. Fit. 20 (3), 256-262. d0i:10.1016/j.jesf.2022.04.004

Tomiyama, H. (2023). Vascular function: a key player in hypertension. Hypertens.
Res. 46 (9), 2145-2158. doi:10.1038/s41440-023-01354-3

Toohey, K. L. (2018). Does low volume high-intensity interval training elicit superior
benefits to continuous low to moderate-intensity training in cancer survivors? Med. Sci.
Sports Exerc. 50 (5), 374. d0i:10.1249/01.mss.0000536316.86650.b7

Tourny, C., Zouita, A., El Kababi, S., Feuillet, L., Saeidi, A., Laher, I, et al. (2023).
Endometriosis and physical activity: a narrative review. Int. J. Gynecol. Obstetrics 163
(3), 747-756. doi:10.1002/ijgo.14898

Tucker, W. J., Jarrett, C. L., D’Lugos, A. C., Angadi, S. S., and Gaesser, G. A. (2021).
Effects of indulgent food snacking, with and without exercise training, on body weight,
fat mass, and cardiometabolic risk markers in overweight and obese men. Physiol. Rep.
9(22),17. doi:10.14814/phy2.15118

frontiersin.org


https://doi.org/10.3389/fphys.2025.1702247
https://doi.org/10.1186/s40798-023-00553-z
https://doi.org/10.1016/j.scispo.2018.10.004
https://doi.org/10.1097/JES.0b013e318168ec1f
https://doi.org/10.31083/j.rcm2312396
https://doi.org/10.31083/j.rcm2503102
http://www.training.cochrane.org/handbook
http://www.training.cochrane.org/handbook
https://doi.org/10.1249/mss.0000000000003645
https://doi.org/10.1007/s00421-020-04416-3
https://doi.org/10.1249/mss.0000000000001229
https://doi.org/10.3390/jcdd12040158
https://doi.org/10.1186/s12872-022-02905-1
https://doi.org/10.7759/cureus.73910
https://doi.org/10.3390/nu15020308
https://doi.org/10.31083/j.rcm2411306
https://doi.org/10.1155/2020/1496462
https://doi.org/10.1113/jp283091
https://doi.org/10.1111/jir.12894
https://doi.org/10.1177/1741826710397600
https://doi.org/10.1007/s00421-022-04957-9
https://doi.org/10.1016/j.ijsu.2021.105906
https://doi.org/10.1080/02640414.2021.1912453
https://doi.org/10.3389/fendo.2023.1141796
https://doi.org/10.3389/fendo.2023.1141796
https://doi.org/10.1080/13813455.2020.1856142
https://doi.org/10.1186/s13102-020-00167-y
https://doi.org/10.3389/fphys.2018.00395
https://doi.org/10.1186/s13102-025-01123-4
https://doi.org/10.1152/japplphysiol.00058.2017
https://doi.org/10.1016/j.jesf.2022.09.001
https://doi.org/10.16470/j.csst.2024071
https://doi.org/10.1038/s41366-024-01586-4
https://doi.org/10.1038/s41366-024-01586-4
https://doi.org/10.4103/jehp.jehp_1773_23
https://doi.org/10.1097/hcr.0000000000000877
https://doi.org/10.1016/j.jesf.2021.10.003
https://doi.org/10.1111/sms.13560
https://doi.org/10.3389/fphys.2024.1450341
https://doi.org/10.1016/j.jesf.2022.04.004
https://doi.org/10.1038/s41440-023-01354-3
https://doi.org/10.1249/01.mss.0000536316.86650.b7
https://doi.org/10.1002/ijgo.14898
https://doi.org/10.14814/phy2.15118
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Li and Dong

Van den Eynde, M. D. G., Streese, L., Houben, A., Stehouwer, C. D. A., Scheijen,
J., Schalkwijk, C. G., et al. (2020). Physical activity and markers of glycation in older
individuals: data from a combined cross-sectional and randomized controlled trial
(EXAMIN AGE). Clin. Sci. 134 (9), 1095-1105. doi:10.1042/cs20200255

Wang, K. K., Meng, X. G., and Guo, Z. K. (2021). Elastin structure, synthesis,
regulatory mechanism and relationship with cardiovascular diseases. Front. Cell Dev.
Biol. 9, 596702. doi:10.3389/fcell.2021.596702

Way, K. L., Sabag, A., Sultana, R. N., Baker, M. K., Keating, S. E., Lanting, S., et al.
(2020). The effect of low-volume high-intensity interval training on cardiovascular
health outcomes in type 2 diabetes: a randomised controlled trial. Int. J. Cardiol. 320,
148-154. doi:10.1016/j.ijcard.2020.06.019

WHO (2020). WHO guidelines on physical activity and sedentary behaviour. Geneva:
World Health Organization.

Frontiers in Physiology

24

10.3389/fphys.2025.1702247

WHO (2024). Physical activity. Available online at: https://www.who.int/news-
room/fact-sheets/detail/physical-activity (Accessed June 26, 2024).

Yang, X. L, Li, Y. C,, Bao, D. P, Mei, T, Zhou, D. Q., Wuyun, G. R,, et al. (2023).
Genome-wide association analysis and prediction model construction for the effect
of high-intensity intermittent exercise on heart rate during quantitative load exercise.
Chin. ]. Sports Med. 42 (07), 505-517. doi:10.16038/j.1000-6710.2023.07.007

Zhang, B. R., Zheng, C., Hu, M., Fang, Y., Shi, Y., Tse, A. C. Y,, et al. (2024). The
effect of different high-intensity interval training protocols on cardiometabolic and
inflammatory markers in sedentary young women: a randomized controlled trial. J.
Sports Sci. 42 (8), 751-762. doi:10.1080/02640414.2024.2363708

Zhang, Z.X., Xu, Y. L., Wy, S. K., and Wang, X. Y. (2025). Meta-analysis of the effects
of blood flow restriction training combined with resistance training on muscle-related
indicators of athletes. Chin. Tissue Eng. Res. 29 (08), 1705-1713. d0i:10.12307/2025.313

frontiersin.org


https://doi.org/10.3389/fphys.2025.1702247
https://doi.org/10.1042/cs20200255
https://doi.org/10.3389/fcell.2021.596702
https://doi.org/10.1016/j.ijcard.2020.06.019
https://www.who.int/news-room/fact-sheets/detail/physical-activity
https://www.who.int/news-room/fact-sheets/detail/physical-activity
https://doi.org/10.16038/j.1000-6710.2023.07.007
https://doi.org/10.1080/02640414.2024.2363708
https://doi.org/10.12307/2025.313
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Data sources
	2.1.1 Researchers
	2.1.2 Databases
	2.1.3 Search terms
	2.1.4 Search period
	2.1.5 Search strategy

	2.2 Inclusion and exclusion criteria
	2.2.1 Inclusion criteria
	2.2.2 Exclusion criteria

	2.3 Literature screening and data extraction
	2.4 Quality assessment
	2.5 Outcome measures
	2.6 Statistical analysis

	3 Results
	3.1 Search results and study characteristics
	3.2 Characteristics of HIIT protocols included in the studies
	3.3 Study characteristics and quality assessment
	3.4 Meta-analysis results
	3.4.1 Effects of high-intensity interval training on vascular function indicators
	3.4.1.1 Systolic blood pressure (SBP)
	3.4.1.2 Diastolic blood pressure (DBP)
	3.4.1.3 Pulse wave velocity (PWV)
	3.4.1.4 Flow-mediated dilation (FMD)

	3.4.2 Effects of high-intensity interval training on heart rate

	3.5 Subgroup analysis results
	3.6 Publication bias analysis
	3.7 Sensitivity analysis

	4 Discussion
	4.1 Summary of evidence
	4.1.1 Mechanisms by which HIIT improves vascular function indicators in sedentary populations
	4.1.1.1 Regulation of systolic and diastolic blood pressure
	4.1.1.2 Improvement of pulse wave velocity (PWV) and arterial elasticity
	4.1.1.3 Mechanisms underlying the improvement of endothelial function

	4.1.2 Mechanisms by which HIIT regulates heart rate in sedentary populations
	4.1.3 Further exploration of the heterogeneity in FMD outcomes
	4.1.4 Influence of HIIT protocol variations on outcomes
	4.1.5 Interpretation of PWV results

	4.2 Strengths and limitations
	4.2.1 Strengths
	4.2.2 Limitations

	4.3 Long-term efficacy, safety, and future directions
	4.3.1 Gaps in long-term efficacy and safety considerations
	4.3.2 Future research directions


	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

