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Can molecular hydrogen
supplementation reduce
exercise-induced oxidative stress
in healthy adults? A systematic
review and meta-analysis
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Yan Huang?, Kaixiang Zhou®*, Dapeng Bao®* and
Junhong Zhou’

!College of Sports Medicine and Rehabilitation, Beijing Sport University, Beijing, China, 2College of
Sports Coaching, Beijing Sport University, Beijing, China, *College of Physical Education and Health
Management, Chongging University of Education, Chongging, China, “Shichahai Sports School,
Beijing, China, *College of Physical Education and Health Science, Chongging Normal University,
Chongging, China, *China Institute of Sport and Health Science, Beijing Sport University, Beijing,
China, "Hebrew SeniorLife Hinda and Arthur Marcus Institute for Aging Research, Harvard Medical
School, Boston, MA, United States

Objective: Exercise-induced oxidative stress affects multiple neurophysiological
processes, diminishing the exercise performance. Hydrogen (H,) can selectively
reduce excessive free radicals, but studies observed its “dual effects” on
exercise-induced oxidative stress, that is, increasing or decreasing the oxidative
stress. Therefore, we here conducted a systematic review and meta-analysis to
quantitatively assess the influence of H, on exercise-induced oxidative stress in
healthy adults.

Methods: We conducted asystematic review of publicationsacross five databases.
The following keywords were used for search strategy: ["hydrogen’[Mesh] or
“molecular hydrogen” or "hydrogen rich water” or "hydrogen-rich water” or
"hydrogen rich saline”] and ['Oxidative Stress’[Mesh] or “Antioxidative Stress”
or "Oxidative Damage” or “Oxidative Injury” or "Oxidative Cleavage’] and
['randomized controlled trial"[Mesh] or “randomized” or "RCT"]. We included
trials reporting the effects of H, on exercise-induced oxidative stress and
potential antioxidant capacity post-exercise in healthy adults. Additionally,
subgroup analyses were conducted to explore how various elements of the
intervention design affected those outcomes.

Results: Six studies, encompassing seven experiments with a total of 76
participants, were included in our analysis. Among these studies, hydrogen-
rich water, hydrogen bathing, and hydrogen-rich gas were three forms used
in H, administration. The H, was applied in different timing, including before,
during, or after exercise only, both before and after exercise, and repeatedly
over days. Single-dose, multi-dose within 1day and/or multiple-dose over days
were implemented. It was observed that compared to placebo, the effects of
H, on oxidative stress (diacron-reactive oxygen metabolites, d-ROMs) was not
significant (SMD =-0.01, 95%CI-0.42 to 0.39, p =0.94). However, H, induced
greater improvement in antioxidant potential capacity (Biological Antioxidant
Potential, BAP) (SMD =0.29, 95% CI 0.04 to 0.54, p=0.03) as compared to
placebo. Subgroup analyses revealed that H, supplementation showed greater
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improvement (SMD =0.52, 95%CI| 0.16 to 0.87, p=0.02) in the antioxidant
potential capacity of intermittent exercises than continuous exercise.

Conclusion: H, supplementation can help enhance antioxidant potential
capacity in healthy adults, especially in intermittent exercise, but not directly
diminish the levels of exercise-induced oxidative stress. Future studies with
more rigorous design are needed to examine and confirm these findings.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/

display_record.php?RecordID=364123, Identifier CRD42022364123.
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1 Introduction

Physical exercise affects the redox state by activating the generation
of free radicals, such as reactive oxygen species (ROS), and then the body’s
antioxidant defense system up-regulates the endogenous antioxidant
systems to maintain the redox state (1). Oxidative stress is characterized
by an imbalance in the redox state of a cellular environment, which means
the rate of ROS generation surpasses the rate of antioxidant defense (2).
However, individuals may experience different degrees of oxidative stress
at different intensity levels of physical exercise (3). For instance, the
prolonged moderate-intensity exercise can help reduce the oxidative stress
(1), and conversely, high-intensity exercise may induce a surge in ROS
and reduce the production of antioxidant enzymes in the short term (4).
The excessive levels of ROS production alter multiple neurophysiological
processes, leading to the muscle fatigue, damage and inflammation (5).
Therefore, the supplementation of exogenous antioxidants in high-
intensity exercise may help eliminate the ROS (6, 7).

Different conventional antioxidant supplementations (e.g.,
vitamin C, vitamin E, resveratrol) have been implemented to reduce
the ROS for athletes and other populations (8-11). However, it has
been shown that supplementing these types of antioxidants may
induce some side effects, such as the reduction in muscle contractile
strength and exercise adaptation (12-15), which may potentially
because these antioxidants may exacerbate redox dysregulation and
induce over-removal of ROS, of which an appropriate level is actually
helpful for the maintenance of physiological function, activation of
signaling pathways and initiation of multiple biological processes (16,
17). Given the limitations of conventional antioxidants, a novel
antioxidant that can effectively combat oxidative stress without
interfering with other important functions is highly demanded.

Molecular hydrogen (H,) is a potential antioxidant to alleviate
exercise-induced oxidative stress (16, 18, 19). H, can selectively
reduce -OH and -ONOO without reacting to other important
signaling oxidants (e.g., H,0,) (20, 21). Notably, previous meta-
analysis about the effects of hydrogen in oxidative stress have
primarily focused on populations suffering from diseases (e.g.,
periodontal, diabetes mellitus type 2, hypercholesterolemia) (19,
22). Recently, more research efforts have been focused on exploring
the effects of H, on oxidative stress in healthy cohorts. However,
research on the efficacy of H, supplementation for oxidative stress
shows dual effects. For instance, one study discovered that
consuming hydrogen-rich water (HRW) for 3 days could lead to a
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decrease in Biological Antioxidant Potential (BAP) and diacron-
reactive oxygen metabolites (d-ROMs) (23); while in another study,
increasing the concentrations of d-ROMs was observed following
one-week intake of HRW (24). In addition, it was observed that
2weeks of continuous HRW intake did not produce any notable
changes in the oxidative stress and antioxidant responses of
participants (25). These conflicting results could be attributed to
substantial variations in study designs, such as the types of exercises,
the administration of H, and the participant characteristics (e.g.,
training level). Consequently, there is a pressing need to more
explicitly characterize the efficacy of H, on the exercise-induced
oxidative stress and antioxidant levels in humans. In addition, it
remains to be further explored whether H, promotes the
establishment of redox state by eliminating oxidants or enhancing
the antioxidant capacity.

This study aims to quantitatively evaluate the effects of H, on
exercise-induced oxidative stress in healthy adults through a
systematic review and meta-analysis of peer-reviewed publications.
The findings will offer novel and essential insights into the benefits of
H, intake for reducing oxidative stress related to exercise and will
guide the meticulous design of future research in this area.

2 Methods

This study was conducted by the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) guidelines. This
study was registered with PROSPERO (CRD42022364123).

2.1 Literature search

Two authors, RB and ML, independently conducted searches
in the PubMed, Web of Science, Medline, SportDiscus, and
PsycINFO databases, covering all records from their inception
until February 10, 2024. The following Medical Subject Headings
(MeSH) terms and keywords were used for search strategy:
[“hydrogen”[Mesh] or “hydrogen rich water” or “hydrogen-rich
water” or “hydrogen rich saline”] and [“Oxidative Stress”[Mesh]
or “Antioxidative Stress” or “Oxidative Damage” or “Oxidative
Injury” or “Oxidative Cleavage”] and [“randomized controlled
trial’ [Mesh] or “randomized” or “RCT”]. The comprehensive
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search strategy was shown in Supplementary Table S1. Manual
searches of the reference lists of included studies and reviews were
also performed.

Studies were selected based on the following inclusion criteria
according to the PICOS principle: (1) Participants: participants were
healthy adults with a mean age of 18years or older, with no history of
H, supplementation or usage of performance-enhancing dietary
supplements or medications; (2) Interventions: the intervention
involved participants ingesting molecular hydrogen, with methods
including inhalation of H,-rich gas (HRG), tube feeding of H,-rich
solutions, intravenous injection of H,-rich saline, hydrogen bathing,
consuming hydrogen-producing tablets, or drinking HRW; (3)
Comparison: the presence of a control group receiving a placebo; (4)
Outcomes: the measurement of outcomes included at least one
indicator of oxidative stress (e.g., d-ROMs) or antioxidant potential
(e.g., BAP) relate to exercise; (5) Study design: the study employed a
randomized crossover design or a randomized controlled trial.

Articles were excluded for the following reasons: (1) the study was
an animal trial; (2) it was impossible to obtain outcome data; (3) the
publication was a review paper or a conference article; and (4) the
publication was a duplicate of another already considered.

2.2 Data extraction, outcomes, and risk of
bias assessment

Two independent reviewers (ML and RB) extracted relevant data
from each included study (26). They compiled details from the
publications, such as the study’s authors and year of publication,
sample size, participant demographics (age, height, weight, sex,
performance levels), methods of H, administration, exercise
interventions, and the specific outcome measures assessed. In
instances of disagreement on any outcome measures, the two
reviewers consulted with two additional authors, KZ and DB, and
continued discussions until they reached a unanimous decision.

The primary outcomes were BAP (uM) and d-ROMs (UCARR).
If the post-test values for these two indicators were unavailable, they
were calculated using the provided formulas, where the correlation
coeflicient (Corr) was set at 0.5 (26, 27).

Meanpost = Meanpre + Meanchange

4x Corr® x SDpre2 -4
X ( SDpre2 - SDchcmge2 )
2

2 x Corr x SDpre +

SDpo =

If any relevant data was missing, we tried to contact the
corresponding author or other authors of that study via email to
request it (26).

Two investigators (RB and ML) independently assessed the
risk of bias in the included studies using the Cochrane
Collaboration’s tool (28), which contains the following criteria: (1)
selection bias; (2) performance bias; (3) detection bias; (4)
attrition bias; (5) reporting bias; and (6) other sources of bias.
Studies were categorized based on the risk of bias as follows: those
with one or more items evaluated as having a high risk of bias were
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classified as high risk; studies were deemed low risk if all items
were assessed and found to have a low risk of bias. Studies not
meeting either criterion were considered to have a moderate risk
of bias.

2.3 Data synthesis and grading the
evidence

Data synthesis and analysis were performed using Revman 5.3
software (Cochrane Collaboration, Oxford, United Kingdom) and
Stata version 16.0 (Stata Statistical Software, release 16; Stata Corp.,
College Station, TX, United States). Due to the small sample size of
each study, the Hedges'g was determined by subtracting the mean
difference in outcomes of the control group from that of the
intervention group post-intervention. Effect sizes were classified as
trivial (<0.2), small (0.2~0.5), moderate (0.5~ 0.8), or large (>0.8)
(29). We assessed heterogeneity by measuring the inconsistency among
the trial effects using the I statistic. This level of heterogeneity was
categorized using the Cochrane Collaboration’s guidelines: trivial if less
than 25%, low for 25 to 50%, moderate between 50 and 75%, and high
ifabove 75% (30). Due to the small sample size of each study and small
number of included studies, continuous data were performed with the
DerSimonian-Laird random-effects model with Hartung-Knapp-
Sidik-Jonkman variance correction (31, 32). Publication bias was
evaluated with a funnel plot and Egger’s test. To identify potential
sources of heterogeneity, subgroup analyses were conducted based on
variables such as training level, the duration of H, supplementation,
and types of exercise. The Trim and Fill method was employed to
perform sensitivity analysis of the results when significant asymmetry
was found (33). All the statistical significance was set at p<0.05.

Furthermore, we assessed the quality of evidence (e.g., very low,
low, moderate, or high) for the outcomes by utilizing the Grading of
Recommendations Assessment, Development and Evaluation
(GRADE) approach. This method appraises the quality of evidence
considering study limitations, imprecision, inconsistency, indirectness,
and potential publication bias (34, 35). Study quality was downgraded
for a high risk of bias (poor internal validity), inconsistency in data
(significant heterogeneity), indirectness in relation to interventions
and outcomes of interest, the imprecision of results (wide CIs), and
the likelihood of publication bias (36).

3 Results
3.1 Study selection

Figure 1 presents a flow diagram that summarizes the study
identification and selection process. Our systematic search across
various databases yielded a total of 1,181 records, broken down as
follows: 597 from PubMed, 173 from Web of Science, 199 from
SPORTDiscus, 196 from MEDLINE, 14 from PsycINFO, and 2 from
manual searches. After the exclusion of 443 duplicate publications,
we screened 738 articles. A further exclusion of 719 articles based on
title and abstract reviews left us with 19 publications. Upon detailed
evaluation of the full text of these 19 articles, 13 were excluded,
ultimately resulting in 6 publications to be included in this systematic
review and meta-analysis.
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Study flowchart

3.2 Participant characteristics

The sample size of the intervention groups ranged from 8 to 20
and a total of 76. One study recruited both men and women (25), and
other studies only recruited male participants (23-25, 37-39). The
mean ages of the participants ranged from 18.8 to 25years. For the
training status, one study focused on participants in recreationally
trained soccer players (24); five studies focused on participants in
untrained participants (23, 25, 37-39).

3.3 Intervention characteristics

The design of H, administration, including the types of H,, timing
to apply the H,, and its dosage was different across studies. Three types
of H, administration were used: three studies used drinking of HRW
(23-25), one study used hydrogen bathing (39), and two utilized
inhalation of HRG (37, 38). The timing of implementing/intaking H,
were: before (n =2) (24, 25), during (n =1) (38), or after exercise only
(n =2) (37, 39), both before and after exercise (n =1) (23), and
repeatedly daily over multiple days (n =1) (25). For the dosage of
intervention, four studies used single dose, one study used multiple
doses within 1day, and two studies used multiple doses over 3 days.
The single dose included 500 mL HRW (1 =1) (25), 30 min (n =1) (38)
or 60min (n =1) (37) HRG, and 20 min hydrogen bathing (n =1) (39).
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One study applied three doses of 500mL HRG within 1day (n =1)
(24). The multiple doses included continuous intake of 500 mL HRW
for 3days (n =1) (23) or over 2weeks (n =1) (25). Details regarding
the intervention characteristics were presented in Table 1.

The studies incorporated two types of exercise, continuous and
intermittent, to induce oxidative stress. Specifically, one study
employed continuous incremental load exercise tests (25), four studies
utilized continuous fixed-load exercise tests (24, 37-39), and one
study conducted intermittent sprint exercises (23).

3.4 Outcome measurements

Six studies (seven experiments) used d-ROMs to assess oxidative
stress levels (23-25, 37-39) and BAP (23-25, 37-39) to assess
participants’ antioxidant potential capacity (Table 1). Four
experiments conducted assessments immediately post-exercise (24,
25, 38); one at 16 h after exercise (23); one after post-exercise intaking
of HRG for 60 min (37); and one after a 20 min post-exercise hydrogen
bathing (39).

For d-ROMs, one study showed that molecular hydrogen
supplementation significantly reduced d-ROMs as compared to the
placebo (25), and the other six studies did not observe significant
difference between molecular hydrogen supplementation and placebo

23-25, 37-39).
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TABLE 1 Characteristics of the included studies (n = 6).

Participants’ characteristics

Height
(cm)

Weight
(kg)

%F

People

Methods of H,
administration

Exercise
interventions

Outcome measures

HRW (H, Cycling for 30 min at
Recreationally Oxidative stress markers: d-ROMs—; BAP—
conc.:0.92 ~1.02mg/L) 75% VO, and
Aoki et al. (24) RCD 10 20.9 (1.3) 172.0 (3.8) 67.1(5.2) 0 trained soccer Others: BLA |; CK—; Peak torque—; MF|;
Three 500 mL doses before maximal knee extension
players ) . MPF|
exercise exercise
HRW (Temp:4°C; H,
Oxidative stress markers: d-ROMs—; BAP—;
Untrained conc.:5.14mg/L)
Dobashi et al. 6min repeated sprint BAP/d-ROMs 1
RCT 8 19.4 (0.85) 174.3 (6.8) 67.6 (6.2) 0 physically active 500 mL within 5 min before
(23) cycling exercise Others: BLA—; CMJ—; MVIC—; Pmax; Pm
participants and after the exercise for
for 10-s—
3days
30 min Treadmill Oxidative stress markers: d-ROMs—; BAP—;
Untrained
Shibayama et al. HRG (68% H,) running (75%VO2max) BAP/d-ROMs |
RCD 8 20.9 (0.3) 171.8 (1.6) 61.6 (1.5) 0 physically active
(37) 60 min after exercise and squat jump 5x 10 Others: CMJ1; MVIC—; Pmax—; USER|;
participants
rep. CKa—; LDa—; White blood cells—; Pm—
Oxidative stress markers: d-ROMs—; BAP—
Untrained healthy HRG (1% H,) Cycling for 30 min at Others: VCO,1; VET;HRavg—;Vacetonet;
Hori et al. (38) RCD 12 21.8 (5.8) 174.5 (6.0) 67.7 (7.6) 0
participants 30min during exercise 60% VO2peak VO2 rest—; VCO, rest—; VE rest—;Recovery
HR —;Vacetone rest—; VO2peak?
Oxidative stress markers: d-ROMs—; BAP—
HRW (H, conc.:4.3 mg/L)
Hori et al. Untrained Incremental cycling test Anti-fatigue: RPE—; BLA—
RCD 9 19.9 (1.2) 169.6 (9.0) 63.7 (12.3) 333 500mL doses at 35min
(Exp.1) (25) university students to exhaustion Others: Resting HR—; Pmax—; CDO—;
before exercise
RER—; VE—; HRmax—; VO2peak—
Oxidative stress markers: d-ROMs|; BAP1
69.9 HRW (H, conc.:5.9mg/L)
Hori et al. 20 20.3 (1.3)/20.4 175.5 Untrained Incremental cycling test Anti-fatigue: RPE—; BLA—
RCT (7.3)/67.8 0 500 mL on all weekdays for
(Exp.2) (25) (H:10/P:10) (4.7) (4.7)/172.6 (6.6) (4.4) university students weck to exhaustion Others: Pmax—; CDO—; RER—; VE—;
. weeks
Resting HR—; HRmax—; VO2peak—;
Untrained Hydrogen Bathing
Kawamura et al. 30 min Downhill Oxidative stress markers: d-ROMs—; BAP1
RCD 9 25(3) 174.0 (3.3) 66 (6.7) 0 physically active Hydrogen water bathing for
(39) Running Others: CK—; Blood lactate—
participants 20 min after exercise

RCD, randomized crossover design; RCT, randomized controlled trial; BAP, biological antioxidant potential; d-ROMs, diacron-reactive oxygen metabolites; BLA, blood lactate; CK, creatine kinase; CKa, creatine kinase activity; CMJ, countermovement jump; CDO,
carbon dioxide output; Exp., experiment; HRW, hydrogen-rich water; HRG, hydrogen-rich gas; HR, heart rate; HR,,,, average heart rate; HR,,,, maximum heart rate; LDa, lactate dehydrogenase activity; ME, median frequency; MPE, mean power frequency; MVIS,
maximal voluntary isometric strength; RER, respiratory exchange ratio; P,,, mean power; P, maximum power; VE, ventilation volume; VO,,.., peak oxygen uptake; VO,, oxygen uptake; |, H, significantly (p <0.05) reduced the outcome compared to placebo; 1, H,
significantly (p<0.05) improved the outcome compared to placebo; —, no significant difference (p>0.05) between H, and placebo.
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FIGURE 2
Risk of bias in the included studies.

For BAP, two studies showed that molecular hydrogen
supplementation significantly improved BAP compared to the placebo
(25, 39), and the other five studies did not observe significant
difference between the group of molecular hydrogen supplementation
and placebo (23-25, 37, 38).

Two studies used BAP/d-ROMs (23, 37) to assess total antioxidant
potential in serum. One study showed that molecular hydrogen
supplementation significantly reduced BAP/d-ROMs compared to the
placebo (23), and the other did not observe significant differences.

3.5 Risk of bias

Figure 2 displays the quality assessment results of the six
included studies, comprising seven experiments. Four studies
utilized a randomized crossover design, while the others adopted a
randomized, double-blind, placebo-controlled design. The
experiments were evaluated for potential bias and categorized as low,
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moderate, or high risk. Specifically, one study (17) was deemed to
have a high risk of bias, four studies (16, 17, 28, 39) were classified as
having a moderate risk, and the remainder were considered to have
a low risk of bias.

3.6 Meta-analysis

We analyzed the effect of H, on oxidative stress (d-ROM:s) and its
effect on antioxidant potential capacity (BAP). Because the two studies
(23, 37) that included BAP/d-ROMs measured BAP/d-ROMs at
different time points, we did not perform the analysis on this outcome.

Considering the observed heterogeneity, subgroup analyses were
conducted for d-ROMs and BAP. These analyses compared the effects
between different performance levels (untrained versus trained),
varied periods of H, implementation (single or multiple doses within
a single day, and multiple doses extending beyond 1 day), and types of
exercise (continuous versus intermittent).
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Treatment Control Hedges's g Weight
Study N Mean SD N Mean SD with 95% CI (%)
Hori et al. 2020a (Exp.1) 9 270 39 9 281 9% —B— -0.14( -1.02, 0.74) 1417
Hori et al. 2020a (Exp.2) 9 270 3222 9 28618 4947 ——— -0.37( -1.26, 052) 1395
Aoki et al. 2012 10 3035 463 10 2857 523 —— 0.35( -0.50, 1.19) 1536
Dobashi et al. 2020 8 3035 4045 8 27395 26.87 —@— 081( -0.15, 1.78) 11.73
Shibayama et al. 2020 8 1964 379 8 196.8 3422 —— -0.01( -094, 092) 12.81
Hori et al. 2020b 12 26391 24.0755 12 28565 512 —.— -052( -1.31, 026) 17.78
Kawamura et al. 2016 9 426 53 9 424 76 —— 0.03( -0.85, 0.91) 14.21
Overall e -0.01( -0.42, 0.39)
Heterogeneity: T = 0.00, I = 0.00%, H’ = 1.00
Testof 8, =6 Q(6)=5.82, p=0.44
Test of 8 = 0: t(6) =-0.08, p = 0.94
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Random-effects DerSimonian-Laird model
Knapp-Hartung standard errors
FIGURE 3
The pooled effect size of H; intake on oxidative stress.
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FIGURE 4
Funnel plots: (A) d-ROMs; (B) BAP.
3.6.1 Effects of H, on oxidative stress 3.7 GRADE assessment

The pooled ES of oxidative stress (d-ROMs) was not significant
(SMD =-0.01, 95%CI-0.42 to 0.39, p =0.94, Figure 3) and with low
heterogeneity (I* =0%, p =0.44). The assessment of publication bias
using a funnel plot (Figure 4A) and Egger’s test (f =1.62, p =0.11)
revealed no significant bias. Similarly, subgroup analyses showed no
significant discrepancies (Table 2).

3.6.2 Effects of H, on antioxidant potential
capacity

The pooled ES of antioxidant potential capacity (BAP) was
significant (SMD =0.29, 95% CI 0.04 to 0.54, p =0.03, Figure 5) and
with no heterogeneity (I* =0%, p =0.90). The funnel plot (Figure 4B)
and Egger’s test (t =0.92, p =0.36) indicated that there was no
publication bias. The subgroup analysis demonstrated that molecular
hydrogen supplementation showed greater improvement (SMD =0.52,
95%CI 0.16 to 0.87, p =0.02) in the antioxidant potential capacity of
intermittent exercises (Table 2).
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The quality of evidence for the outcomes has been assessed as
moderate. For a detailed evaluation according to the GRADE
framework, please refer to Supplementary Table S2.

4 Discussion

To the best of our knowledge, this systematic review and meta-
analysis is the inaugural exploration into the impact of H,
supplementation on exercise-induced oxidative stress in healthy
adults. The findings indicate that H, supplementation holds potential
as an effective means to enhance antioxidant capacity, although it does
not seem to directly mitigate oxidative stress levels. Further, subgroup
analysis has shown that the type of exercise influences the efficacy of
H, on enhancing antioxidant potential. The overall quality of the
evidence gathered is moderate. Through quantitative analysis, our
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TABLE 2 Subgroup analysis results regarding the effects of H, on anti-oxidative stress.

Outcomes Variables NO.' o HedgeS’ 9 [ B ANy
experiments (95%Cl) p value 2 (%)
Performance levels
Untrained 6 ~0.08 (~0.55, 0.39) 0.69 0 0.42 0.11
Recreationally trained 1 0.35 (=0.50, 1.19) - 0
Period of H,implementation
d-ROMs Single or multiple doses in 1 day 5 —0.08 (—0.49, 0.34) 0.63 0 0.58 0
Multiple doses lasting more than 1 day 2 0.21 (=7.31,7.72) 0.79 0.47 0.08 67.87
Exercise types
Continuous exercises 4 ~0.06 (—0.67, 0.54) 0.76 0 0.52 0
Intermittent exercises 3 0.08 (—1.46, 1.61) 0.85 0.15 0.18 41.64
Performance Levels
Untrained 6 0.30 (—0.00, 0.61) 0.05 0 0.83 0
Recreationally trained 1 0.19 (—0.65, 1.03) - 0
Period of H,implementation
BAP Single or multiple doses in 1day 5 0.18 (=0.99, 0.44) 0.14 0 0.92 0
Multiple doses lasting more than 1day 2 0.59 (—0.13,1.32) 0.06 0 0.86 0
Exercise types
Continuous exercises 4 0.13 (=0.21, 0.47) 0.31 0 0.87 0
Intermittent exercises 3 0.52 (0.16, 0.87) 0.02 0 0.91 0
Treatment Control Hedges's g Weight
Study N  Mean SD N Mean SD with 95% CI (%)
Hori et al. 2020a (Exp.1) 9 2778 165 9 2720 132 —B— 037 ( -0.52, 1.26) 13.71
Hori et al. 2020a (Exp.2) 10 2756 186 10 2621.02 213 —— 065 ( -0.22, 1.51) 1452
Aoki et al. 2012 10 23564 1437 10 23218 1969 —l—— 0.19 ( -0.65, 1.03) 15.28
Dobashi et al. 2020 8 22335 18385 8 2136 161.79 —— 0.53 ( -0.41, 1.48) 1212
Shibayama et al. 2020 8 22296 52411 8 21649 50261 —W—— 0.12 ( -0.81, 1.05) 12.58
Hori et al. 2020b 12 244458 1668 12 246852 24377 ——— -0.11 ( -0.88, 0.66) 18.10
Kawamura et al. 2016 9 28036 3721 9 26848 1735 —— 0.39 ( -0.50, 1.28) 13.69
Overall < 029 ( 0.04, 0.54)
Heterogeneity: T = 0.00, I” = 0.00%, H’ = 1.00
Test of 6, = 6;: Q(6) = 2.20, p = 0.90
Testof 6 =0:1(6) =2.82, p=10.03
40 1 2
Koo g g e
FIGURE 5
The pooled effect size of H, intake on antioxidant potential capacity.

study contributes valuable insights into the capability of H,
supplements to diminish oxidative stress provoked by exercise.

4.1 Research gap

Based upon the results from animal studies only, previous studies
have suggested the effects of hydrogen on the alleviation
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exercise-induced oxidative stress (2). However, such effects of H, in
humans remain unclear. In a recent meta-analysis, Zhou et al,,
observed differences in the alleviation of exercise-induced fatigue by
hydrogen across different training levels and types of exercise. Taken
together, such benefits of H, may be associated with its antioxidative
capacity (40), which, however, was not explicitly examined. Recent
research efforts have been put to explore the effects of H, on oxidative
stress in humans (23, 37). However, varied or even controdictoray
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observations were reported (24, 37). This inconsistency may arise
from the variance in the design of study protocol, and the potential
“dual effects” of H, on oxidative stress. Therefore, to bridge the current
research gap in this field, we performed this work to comprehensively
characterize the effects of H, oxidative stress in humans, and more
importantly, to explore the influences of the protocol parameters of
implementing H, on such effects.

No significant reduction in exercise-induced oxidative stress levels
in healthy adults as induced by H, supplementation was observed here.
One possible reason is that H, possesses a multifaceted role beyond
merely scavenging ROS. Studies have suggested that H, is capable of both
neutralizing ROS and augmenting oxidative stress levels to maintain a
balanced oxidative state (i.e., dual effects) (16). Such dual effect may
induce bi-directional effects on the exercise performance. Specifically,
the decrease of ROS can help alleviate fatigue but may affect the
adaptation to the exercise load (41); while the increase of ROS may boost
such adaptation to exercise, but may diminish the exercise performance
(17, 42). Similarly, studies also showed the varied effects of H, on the
ROS related to disease (43, 44). For example, Honirayama et al., showed
that inhalation of HRG increased urinary 8-hydroxy-2’deoxyguanine
(8-OHAQG) levels, a marker of DNA oxidation, in people with Parkinson’s
disease (45); while Yoritaka et al., observed no significant increase of
8-OHJG after the inhalation of HRG with large dose (46). Therefore, the
effects of H, on ROS should be taken with cautious. Recent studies have
provided preliminary evidence that such dual effects may be related to
the dose of H,. For example, Murakami et al. observed that compared to
3h of pretreatment of H,, lower doses (i.e., 1 h of pretreatment) of H, can
induce superoxide production (47), inducing greater level of ROS; while
Xue et al. suggested that the HRW with higher doses (i.e., 0.82mg/L) of
hydrogen can significantly inhibit the activity of myeloperoxidase (MPO)
than that of lower doses (i.e., 0.22mg/L) (48). Future studies are thus
highly demanded to explicitly characterize the relationship between the
protocol of H, supplementation and its effects on ROS, which will
ultimately inform the appropriate design of interventions using H, to
alter the antioxidant capacity in humans.

It is observed that the hydrogen supplementation can
significantly enhance the antioxidant capacity as captured by
increased BAP levels after the inhalation of H,. This enhancement
may be attributed to the activation of Nrf2 under oxidative stress
conditions, leading to a rise in antioxidant enzymes such as
superoxide dismutase and catalase. Previous research indicated that
H, reduced intracellular ROS accumulation in vitiligo specimens,
concomitant with the enhancement of antioxidant enzyme activity
(49). The subgroup analysis revealed that H, is more effective in
enhancing BAP level following HIIT. Compared to low-intensity
continuous exercise, HIIT has been substantiated to generate a
greater volume of free radicals, thereby inducing heightened
oxidative stress (50). The effects of H, on BAP level may be related
to the amount of ROS produced, and the potentiating effect of
hydrogen on antioxidant enzymes is influenced by the degree of
oxidative stress. Therefore, the increased amount of oxidative stress
in HIIT may augment the potentiating effect of hydrogen (49),
suggesting the great promise of using H, for the recovery from HIIT.

4.2 Limitation

It is important to acknowledge several limitations of this study.
The number of included studies is still relatively small, limiting the
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power of evidence and the number of sub-group analyses. Due to
the limited number of relevant studies, our research did not
perform the sub-group analysis on several outcomes (e.g., BAP/d-
ROMs). Additionally, our study did not conduct subgroup analyses
between the modes of hydrogen gas administration (e.g., H,
dissolved in saline), limiting the discussion on the influences of the
intaking mode of H, on its antioxidant effects. Moreover, some of
the included studies were not double-blinded, possibly leading to
bias in the observations. Lastly, among the included studies, the
longest duration of H, intake was 14 days. This prevents us from
examining the long-term effects of H, on oxidative stress. To
solidify the findings of this research and to uncover the long-term
effects of H, on exercise-induced oxidative stress, future studies
should employ more rigorous designs and larger sample sizes. In
addition, the inconsistent sampling time points may lead to
variations in oxidative stress levels, thus the results of analysis
should be concluded with caution.

5 Conclusion

H, supplementation can help enhance potential antioxidant
capacity in healthy adults but not via directly lower the levels of
exercise-induced oxidative stress, especially in intermittent exercise.

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 authors.

Author contributions

YL: Conceptualization, Methodology, Software, Writing — original
draft. RB: Conceptualization, Formal analysis, Methodology, Software,
Writing - original draft. ML: Data curation, Formal analysis, Writing
- original draft. ZS: Data curation, Validation, Writing - original draft.
YH: Supervision, Writing - review & editing. KZ: Conceptualization,
Formal analysis, Supervision, Writing - review & editing. DB: Funding
acquisition, Methodology, Supervision, Writing - review & editing.
JZ: Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by Key Research and Development Projects of the
Ministry of Science of China,

number 2018YFC2000602.

and Technology grant

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.

frontiersin.org


https://doi.org/10.3389/fnut.2024.1328705
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Lietal.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

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

References

1. LuZ, Xu 'Y, Song Y, Bir6 I, Gu Y. A mixed comparisons of different intensities and
types of physical exercise in patients with diseases related to oxidative stress: a systematic
review and network Meta-analysis. Front Physiol. (2021) 12:700055. doi: 10.3389/
fphys.2021.700055

2. Kawamura T, Higashida K, Muraoka I. Application of molecular hydrogen as a
novel antioxidant in sports science. Oxid Med Cell Longev. (2020) 2020:2328768. doi:
10.1155/2020/2328768

3. Kawamura T, Muraoka I. Exercise-induced oxidative stress and the effects of
antioxidant intake from a physiological viewpoint. Antioxidants. (2018) 7:119. doi:
10.3390/antiox7090119

4. Pingitore A, Lima GPP, Mastorci E Quinones A, Iervasi G, Vassalle C. Exercise and
oxidative stress: potential effects of antioxidant dietary strategies in sports. Nutrition.
(2015) 31:916-22. doi: 10.1016/j.nut.2015.02.005

5. Radak Z, Ishihara K, Tekus E, Varga C, Posa A, Balogh L, et al. Exercise, oxidants,
and antioxidants change the shape of the bell-shaped hormesis curve. Redox Biol. (2017)
12:285-90. doi: 10.1016/j.redox.2017.02.015

6. Gaur P, Prasad S, Kumar B, Sharma SK, Vats P. High-altitude hypoxia induced
reactive oxygen species generation, signaling, and mitigation approaches. Int J
Biometeorol. (2021) 65:601-15. doi: 10.1007/s00484-020-02037-1

7. Clemente-Suarez V], Bustamante-Sanchez A, Mielgo-Ayuso J, Martinez-Guardado
I, Martin-Rodriguez A, Tornero-Aguilera JE. Antioxidants and sports performance.
Nutrients. (2023) 15:2371. doi: 10.3390/nu15102371

8. Suzuki K. Recent Progress in applicability of exercise immunology and
inflammation research to sports nutrition. Nutrients. (2021) 13:4299. doi: 10.3390/
nul3124299

9. Arazi H, Eghbali E, Suzuki K. Creatine supplementation, physical exercise and
oxidative stress markers: a review of the mechanisms and effectiveness. Nutrients. (2021)
13:869. doi: 10.3390/nu13030869

10. Fernandez-Lazaro D, Fernandez-Lazaro CI, Mielgo-Ayuso J, Navascués LJ,
Coérdova Martinez A, Seco-Calvo J. The role of selenium mineral trace element in
exercise: antioxidant defense system, muscle performance, hormone response, and
athletic performance. A systematic review. Nutrients. (2020) 12:1790. doi: 10.3390/
nul2061790

11. Morrison D, Hughes ], Della Gatta PA, Mason S, Lamon S, Russell AP, et al.
Vitamin C and E supplementation prevents some of the cellular adaptations to
endurance-training in humans. Free Radic Biol Med. (2015) 89:852-62. doi: 10.1016/j.
freeradbiomed.2015.10.412

12. Braakhuis AJ, Hopkins WG. Impact of dietary antioxidants on sport performance:
a review. Sports Med. (2015) 45:939-55. doi: 10.1007/s40279-015-0323-x

13.Li S, Fasipe B, Laher I. Potential harms of supplementation with high doses of
antioxidants in athletes. J Exerc Sci Fit. (2022) 20:269-75. doi: 10.1016/j.jesf.2022.06.001

14. Close GL, Ashton T, Cable T, Doran D, Holloway C, McArdle E, et al. Ascorbic acid
supplementation does not attenuate post-exercise muscle soreness following muscle-
damaging exercise but may delay the recovery process. Br ] Nutr. (2006) 95:976-81. doi:
10.1079/BJN20061732

15. Gomez-Cabrera MC, Domenech E, Romagnoli M, Arduini A, Borras C, Pallardo
FV, et al. Oral administration of vitamin C decreases muscle mitochondrial biogenesis
and hampers training-induced adaptations in endurance performance. Am J Clin Nutr.
(2008) 87:142-9. doi: 10.1093/ajcn/87.1.142

16. LeBaron TW, Laher I, Kura B, Slezak J. Hydrogen gas: from clinical medicine to
an emerging ergogenic molecule for sports athletes 1. Can J Physiol Pharmacol. (2019)
97:797-807. doi: 10.1139/cjpp-2019-0067

17. Schieber M, Chandel NS. ROS function in redox signaling and oxidative stress.
Curr Biol. (2014) 24:R453-62. doi: 10.1016/j.cub.2014.03.034

18. Ostojic SM. Hydrogen gas as an exotic performance-enhancing agent: challenges
and opportunities. Curr Pharm Des. (2021) 27:723-30. doi: 10.2174/13816128266
66200922155242

Frontiers in Nutrition

10.3389/fnut.2024.1328705

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.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1328705/
full#supplementary-material

19. Bai Y, Wang C, Jiang H, Wang L, Li N, Zhang W, et al. Effects of hydrogen rich
water and pure water on periodontal inflammatory factor level, oxidative stress level and
oral flora: a systematic review and meta-analysis. Ann Transl Med. (2022) 10:1120-0.
doi: 10.21037/atm-22-4422

20. Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, Yamagata K, et al.
Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic oxygen
radicals. Nat Med. (2007) 13:688-94. doi: 10.1038/nm1577

21.Hong Y, Chen S, Zhang JM. Hydrogen as a selective antioxidant: a review of
clinical and experimental studies. J Int Med Res. (2010) 38:1893-903. doi:
10.1177/147323001003800602

22. Todorovic N, Fernandez-Landa J, Santibafiez A, Kura B, Stajer V, Korovljev D, et al.
The effects of hydrogen-rich water on blood lipid profiles in clinical populations: a
systematic review and Meta-analysis. Pharmaceuticals (Basel). (2023) 16:142. doi:
10.3390/ph16020142

23. Dobashi S, Takeuchi K, Koyama K. Hydrogen-rich water suppresses the reduction
in blood total antioxidant capacity induced by 3 consecutive days of severe exercise in
physically active males. Med Gas Res. (2020) 10:21. doi: 10.4103/2045-9912.279979

24. Aoki K, Nakao A, Adachi T, Matsui Y, Miyakawa S. Pilot study: effects of drinking
hydrogen-rich water on muscle fatigue caused by acute exercise in elite athletes. Med
Gas Res. (2012) 2:12. doi: 10.1186/2045-9912-2-12

25.Hori A, Sobue S, Kurokawa R, Hirano SI, Ichihara M, Hotta N. Two-week
continuous supplementation of hydrogenrich water increases peak oxygen uptake
during an incremental cycling exercise test in healthy humans: a randomized, single-
blinded, placebo-controlled study. Med Gas Res. (2020) 10:163. doi:
10.4103/2045-9912.304223

26. Cumpston M, Li T, Page MJ, Chandler J, Welch VA, Higgins JP, et al. Updated
guidance for trusted systematic reviews: a new edition of the Cochrane handbook for
systematic reviews of interventions. Cochrane Database Syst Rev. (2019) 10:ED000142.
doi: 10.1002/14651858.ED000142

27.Xue Y, Yang Y, Huang T. Effects of chronic exercise interventions on executive
function among children and adolescents: a systematic review with meta-analysis. Br J
Sports Med. (2019) 53:1397-404. doi: 10.1136/bjsports-2018-099825

28. Higgins JPT, Altman DG, Gotzsche PC, Juni P, Moher D, Oxman AD, et al. The
Cochrane Collaboration’s tool for assessing risk of bias in randomised trials. BMJ. (2011)
343:d5928. doi: 10.1136/bmj.d5928

29.Jacob C. Statistical power analysis for the behavioral sciences. Cambridge, MA:
Academic press (2013).

30. Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in
meta-analyses. BMJ. (2003) 327:557-60. doi: 10.1136/bmj.327.7414.557

31. VanderPluym JH, Halker Singh RB, Urtecho M, Morrow AS, Nayfeh T, Torres
Roldan VD, et al. Acute treatments for episodic migraine in adults: a systematic review
and Meta-analysis. JAMA. (2021) 325:2357-69. doi: 10.1001/jama.2021.7939

32.Rover C, Knapp G, Friede T. Hartung-Knapp-Sidik-Jonkman approach and its
modification for random-effects meta-analysis with few studies. BMC Med Res Methodol.
(2015) 15:99. doi: 10.1186/s12874-015-0091-1

33. Duval S, Tweedie R. Trim and fill: a simple funnel-plot-based method of testing
and adjusting for publication bias in meta-analysis. Biometrics. (2000) 56:455-63. doi:
10.1111/j.0006-341X.2000.00455.x

34. Meader N, King K, Llewellyn A, Norman G, Brown J, Rodgers M, et al. A checklist
designed to aid consistency and reproducibility of GRADE assessments: development
and pilot validation. Syst Rev. (2014) 3:82. doi: 10.1186/2046-4053-3-82

35. Balshem H, Helfand M, Schiinemann HJ, Oxman AD, Kunz R, Brozek J, et al.
GRADE guidelines: 3. Rating the quality of evidence. J Clin Epidemiol. (2011) 64:401-6.
doi: 10.1016/j.jclinepi.2010.07.015

36. Guyatt GH, Oxman AD, Vist GE, Kunz R, Falck-Ytter Y, Alonso-Coello P, et al.

GRADE: an emerging consensus on rating quality of evidence and strength of
recommendations. BMJ. (2008) 336:924-6. doi: 10.1136/bmj.39489.470347.AD

frontiersin.org


https://doi.org/10.3389/fnut.2024.1328705
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2024.1328705/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2024.1328705/full#supplementary-material
https://doi.org/10.3389/fphys.2021.700055
https://doi.org/10.3389/fphys.2021.700055
https://doi.org/10.1155/2020/2328768
https://doi.org/10.3390/antiox7090119
https://doi.org/10.1016/j.nut.2015.02.005
https://doi.org/10.1016/j.redox.2017.02.015
https://doi.org/10.1007/s00484-020-02037-1
https://doi.org/10.3390/nu15102371
https://doi.org/10.3390/nu13124299
https://doi.org/10.3390/nu13124299
https://doi.org/10.3390/nu13030869
https://doi.org/10.3390/nu12061790
https://doi.org/10.3390/nu12061790
https://doi.org/10.1016/j.freeradbiomed.2015.10.412
https://doi.org/10.1016/j.freeradbiomed.2015.10.412
https://doi.org/10.1007/s40279-015-0323-x
https://doi.org/10.1016/j.jesf.2022.06.001
https://doi.org/10.1079/BJN20061732
https://doi.org/10.1093/ajcn/87.1.142
https://doi.org/10.1139/cjpp-2019-0067
https://doi.org/10.1016/j.cub.2014.03.034
https://doi.org/10.2174/1381612826666200922155242
https://doi.org/10.2174/1381612826666200922155242
https://doi.org/10.21037/atm-22-4422
https://doi.org/10.1038/nm1577
https://doi.org/10.1177/147323001003800602
https://doi.org/10.3390/ph16020142
https://doi.org/10.4103/2045-9912.279979
https://doi.org/10.1186/2045-9912-2-12
https://doi.org/10.4103/2045-9912.304223
https://doi.org/10.1002/14651858.ED000142
https://doi.org/10.1136/bjsports-2018-099825
https://doi.org/10.1136/bmj.d5928
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1001/jama.2021.7939
https://doi.org/10.1186/s12874-015-0091-1
https://doi.org/10.1111/j.0006-341X.2000.00455.x
https://doi.org/10.1186/2046-4053-3-82
https://doi.org/10.1016/j.jclinepi.2010.07.015
https://doi.org/10.1136/bmj.39489.470347.AD

Lietal.

37. Shibayama Y, Dobashi S, Arisawa T, Fukuoka T, Koyama K. Impact of hydrogen-
rich gas mixture inhalation through nasal cannula during post-exercise recovery period
on subsequent oxidative stress, muscle damage, and exercise performances in men. Med
Gas Res. (2020) 10:155-62. doi: 10.4103/2045-9912.304222

38.Hori A, Ichihara M, Kimura H, Ogata H, Kondo T, Hotta N. Inhalation of
molecular hydrogen increases breath acetone excretion during submaximal exercise: a
randomized, single-blinded, placebo-controlled study. Med Gas Res. (2020) 10:96-102.
doi: 10.4103/2045-9912.296038

39. Kawamura T, Gando Y, Takahashi M, Hara R, Suzuki K, Muraoka I. Effects of
hydrogen bathing on exercise-induced oxidative stress and delayed-onset muscle
soreness. Jpn ] Phys Fit Sports Med. (2016) 65:297-305. doi: 10.7600/jspfsm.65.297

40. Zhou K, Liu M, Wang Y, Liu H, Manor B, Bao D, et al. Effects of molecular
hydrogen supplementation on fatigue and aerobic capacity in healthy adults: a systematic
review and meta-analysis. Front Nutr. (2023) 10:10. doi: 10.3389/fnut.2023.1094767

41. Gross M, Baum O. Supplemental antioxidants and adaptation to physical training
In: M Lamprecht, editor. Antioxidants in sport nutrition. Boca Raton (FL): CRC Press/
Taylor & Francis (2015)

42. Gomez-Cabrera MC, Salvador-Pascual A, Cabo H, Ferrando B, Vina J. Redox
modulation of mitochondriogenesis in exercise. Does antioxidant supplementation
blunt the benefits of exercise training? Free Radic Biol Med. (2015) 86:37-46. doi:
10.1016/j.freeradbiomed.2015.04.006

43. Zhou ZQ, Zhong CH, Su ZQ, Li XY, Chen Y, Chen XB, et al. Breathing hydrogen-
oxygen mixture decreases inspiratory effort in patients with tracheal stenosis.
Respiration. (2019) 97:42-51. doi: 10.1159/000492031

Frontiers in Nutrition

11

10.3389/fnut.2024.1328705

44.Wang B, Li Z, Mao L, Zhao M, Yang B, Tao X, et al. Hydrogen: a novel
treatment strategy in kidney disease. Kidney Dis (Basel). (2022) 8:126-36. doi:
10.1159/000520981

45. Hirayama M, Ito M, Minato T, Yoritaka A, LeBaron TW, Ohno K. Inhalation of
hydrogen gas elevates urinary 8-hydroxy-2'-deoxyguanine in Parkinson’s disease. Med
Gas Res. (2018) 8:144-9. doi: 10.4103/2045-9912.248264

46. Yoritaka A, Kobayashi Y, Hayashi T, Saiki S, Hattori N. Randomized double-blind
placebo-controlled trial of hydrogen inhalation for Parkinson’s disease: a pilot study.
Neurol Sci. (2021) 42:4767-70. doi: 10.1007/s10072-021-05489-4

47. Murakami Y, Ito M, Ohsawa I. Molecular hydrogen protects against oxidative
stress-induced SH-SY5Y neuroblastoma cell death through the process of mitohormesis.
PLoS One. (2017) 12:¢0176992. doi: 10.1371/journal.pone.0176992

48. Xue ], Shang G, Tanaka Y, Saihara Y, Hou L, Velasquez N, et al. Dose-dependent
inhibition of gastric injury by hydrogen in alkaline electrolyzed drinking water. BMC
Complement Altern Med. (2014) 14:81. doi: 10.1186/1472-6882-14-81

49. Fang W, Tang L, Wang G, Lin J, Liao W, Pan W, et al. Molecular hydrogen protects
human melanocytes from oxidative stress by activating Nrf2 signaling. J Invest Dermatol.
(2020) 140:2230-2241.€9. doi: 10.1016/.jid.2019.03.1165

50.Ji LL, Kang C, Zhang Y. Exercise-induced hormesis and skeletal muscle health. Free
Radic Biol Med. (2016) 98:113-22. doi: 10.1016/j.freeradbiomed.2016.02.025

51. Peternelj T, Coombes J. Antioxidant supplementation during exercise training:
beneficial or detrimental? Sports Med. (2011) 41:1043-69. doi: 10.2165/11594400-
000000000-00000

frontiersin.org


https://doi.org/10.3389/fnut.2024.1328705
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.4103/2045-9912.304222
https://doi.org/10.4103/2045-9912.296038
https://doi.org/10.7600/jspfsm.65.297
https://doi.org/10.3389/fnut.2023.1094767
https://doi.org/10.1016/j.freeradbiomed.2015.04.006
https://doi.org/10.1159/000492031
https://doi.org/10.1159/000520981
https://doi.org/10.4103/2045-9912.248264
https://doi.org/10.1007/s10072-021-05489-4
https://doi.org/10.1371/journal.pone.0176992
https://doi.org/10.1186/1472-6882-14-81
https://doi.org/10.1016/j.jid.2019.03.1165
https://doi.org/10.1016/j.freeradbiomed.2016.02.025
https://doi.org/10.2165/11594400-000000000-00000
https://doi.org/10.2165/11594400-000000000-00000

	Can molecular hydrogen supplementation reduce exercise-induced oxidative stress in healthy adults? A systematic review and meta-analysis
	1 Introduction
	2 Methods
	2.1 Literature search
	2.2 Data extraction, outcomes, and risk of bias assessment
	2.3 Data synthesis and grading the evidence

	3 Results
	3.1 Study selection
	3.2 Participant characteristics
	3.3 Intervention characteristics
	3.4 Outcome measurements
	3.5 Risk of bias
	3.6 Meta-analysis
	3.6.1 Effects of H2 on oxidative stress
	3.6.2 Effects of H2 on antioxidant potential capacity
	3.7 GRADE assessment

	4 Discussion
	4.1 Research gap
	4.2 Limitation

	5 Conclusion
	Data availability statement
	Author contributions

	References

