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Physical exercise induces inﬂammatory and oxidative markers production in the skeletal muscle and this process
is under the control of both endogenous and exogenous modulators. Recently, molecular hydrogen (H2) has been
described as a therapeutic gas able to reduced oxidative stress in a number of conditions. However, nothing is
known about its putative role in the inﬂammatory and oxidative status during a session of acute physical exercise
in sedentary rats. Therefore, we tested the hypothesis that H2 attenuates both inﬂammation and oxidative stress
induced by acute physical exercise. Rats ran at 80% of their maximum running velocity on a closed treadmill
inhaling either the H2 gas (2% H2, 21% O2, balanced with N2) or the control gas (0% H2, 21% O2, balanced with
N2) and were euthanized immediately or 3 h after exercise. We assessed plasma levels of inﬂammatory cytokines
[tumor necrosis factor-α (TNF-α), interleukin (IL)−1β and IL-6] and oxidative markers [superoxide dismutase
(SOD), thiobarbituric acid reactive species (TBARS) and nitrite/nitrate (NOx)]. In addition, we evaluated the
phosphorylation status of intracellular signaling proteins [glycogen synthase kinase type 3 (GSK3α/β) and the
cAMP responsive element binding protein (CREB)] that modulate several processes in the skeletal muscle during
exercise, including changes in exercise-induced reactive oxygen species (ROS) production. As expected, physical
exercise increased virtually all the analyzed parameters. In the running rats, H2 blunted exercise-induced plasma
inﬂammatory cytokines (TNF-α and IL-6) surges. Regarding the oxidative stress markers, H2 caused further
increases in exercise-induced SOD activity and attenuated the exercise-induced increases in TBARS 3 h after
exercise. Moreover, GSK3α/β phosphorylation was not aﬀected by exercise or H2 inhalation. Otherwise, exercise
caused an increased CREB phosphorylation which was attenuated by H2. These data are consistent with the
notion that H2 plays a key role in decreasing exercise-induced inﬂammation, oxidative stress, and cellular stress.

1. Introduction
Physical exercise causes cellular and humoral changes that resemble, in some respects, the acute phase response to trauma and inﬂammation [1]. Accordingly, plasma levels of tumor necrosis factor-α
(TNF-α) and interleukin (IL)−6 (IL-6) are increased after physical exercise [2]. The mechanisms responsible for the production of exercise-

induced cytokines are not completely known [2]. In addition, physical
exercise increases the production of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) in the muscle accompanied by increases
in plasma ROS and RNS [3].
It is known that regular exercise causes beneﬁcial physiological
adaptations in the body. Conversely, unaccustomed or exhaustive exercise can be harmful, causing excessive muscle damage, inﬂammation,

Abbreviations: CREB, cAMP responsive element binding protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSK3, glycogen synthase kinase type 3; H2,
molecular hydrogen; H2O2, hydrogen peroxide; IL-1β, interleukin-1β; IL-6, interleukin-6; NF-kB, nuclear factor transcription; NO, nitric oxide; NOx, nitrite/nitrate;
O2• _, superoxide radical; •OH, hydroxyl radical; ONOO_, peroxynitrite; RNS, reactive nitrogen species; ROS, reactive oxygen species; SOD, superoxide dismutase;
TBARS, thiobarbituric acid reactive species; TNF-α, tumor necrosis factor-α; Vmax, maximum running velocity
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2. Materials and methods

and oxidative stress [4]. Oxidative stress is accepted as an imbalance
between generation and removal of ROS/RNS by the antioxidative
system [5]. Superoxide dismutase (SOD) is an essential antioxidant
enzyme in the ﬁrst-line defense mechanisms against oxidative stress
[6]. SOD converts superoxide radicals (O2• _) to hydrogen peroxide
(H2O2), which is subsequently converted to water by the catalase enzyme [7]. Measurements of SOD and thiobarbituric acid reactive species (TBARS - lipid peroxide indicator) [8] have been used as key oxidative stress markers [9,10]. In addition, nitric oxide [NO - a molecule
that performs signaling and functional functions in the body [11]] is
also involved in antioxidant mechanisms [12,13]. Moreover, oxidative
stress can be attenuated by several processes and glycogen synthase
kinase type 3 (GSK3) can play an important role in this scenario since
its phosphorylation reduces mitochondrial production of ROS [14].
GSK3 is expressed ubiquitously in the cells of the body, presenting in
two isoforms: GSK3α and GSK3β [15]. Several upstream proteins can
phosphorylate GSK3, and GSK3 can phosphorylate downstream molecules such as the cAMP responsive element binding protein (CREB)
[16]. Studies have shown that physical exercise induces CREB activation [17,18], relating that to a physiological response to the increased
oxidative metabolism [19] and mitochondrial biogenesis [20].
Molecular hydrogen (H2) present in nature and in chemicals products has been revealed as a promising new therapeutic gaseous molecule [21]. H2 treatment ameliorates clinical aspects of carcinogenic
diseases [22], cardiovascular diseases [23,24], neuromuscular and
neurodegenerative diseases [25,26], diabetes and metabolic syndrome
[27,28], acute injuries to soft tissue and skin disease [29], renal disorders [30,31], and inﬂammatory diseases [32,33]. Initially, H2 was
thought to be an inert gas. However, recent evidence indicates that H2
is able to neutralize the hydroxyl radicals (•OH) and peroxynitrite
(ONOO_) within the cells, promoting cytoprotective eﬀects against
oxidative stress [34]. Studies in rodents have shown that H2 inhalation
provides beneﬁcial eﬀects damage in organs such as the heart [35],
lungs [36], liver [37], ischemia-reperfusion in the brain [38] and in a
model of sepsis [39]. Moreover, H2 has been shown to promote antiallergic, anti-apoptotic, and anti-inﬂammatory eﬀects, emerging as a
cellular protector [40]. More speciﬁcally, H2 has been reported to have
an antifatigue eﬀect in mice [41] and humans [42] and to suppress
exercise-induced oxidative stress in Thoroughbred horses when intravenously infused [43,44]. Despite this intense production of
knowledge related to H2 actions, there are no reports in the literature
about the possible eﬀect of H2 inhalation on physical exercise-induced
inﬂammation and ROS production.
Therefore, we tested the hypothesis that H2 decreases acute physical
exercise-induced inﬂammatory and oxidative stress status in sedentary
rats. To achieve this goal, rats ran on a closed treadmill inhaling an H2containing mixture. Then, we evaluated plasma levels of TNF-α, IL-1β,
IL-6, SOD, TBARS, and nitrite/nitrate (NOx - that indicates the endogenous production of NO) as well as assessed GSK3α/β and CREB
phosphorylation status in the skeletal muscle.

2.1. Animals
A total of sixty male Wistar rats weighing 200–220 g were used. The
rats had free access to water and food, and were maintained in cages
(with 4 rats each) with a metallic grid lid and the ﬂoor covered with
wood chip bedding material and were housed in a temperature-controlled chamber at 24 ± 1 °C (model: ALE 9902001; Alesco Ltda.,
Monte Mor, SP, Brazil), with a 12:12-h light:dark cycle (lights on at
6:00 a.m.). The animals were randomly divided in eight groups and
euthanized immediately (0 h) or 3 h after the acute physical exercise
bout: (i) sedentary inhaling the control gas (Sed Air 0 h or 3 h); (ii)
sedentary inhaling the H2 gas (Sed H2 0 h or 3 h); (iii) exercise inhaling
the control gas (Ex Air 0 h or 3 h); and (iv) exercise inhaling the H2 gas
(Ex H2 0 h or 3 h). Experiments started between 08:00 and 12:00 a.m. to
prevent eﬀects of circadian variation. Animal care was carried out in
compliance with the guidelines set by the Guide for the Care and Use of
Laboratory Animals of the National Council for the Control of Animal
Experimentation (CONCEA). Experimental protocols were approved by
the Local Animal Ethical Committee of the Dental School of Ribeirao
Preto, University of Sao Paulo (2017.1.893.58.5).
2.2. Maximal exercise test
The maximal exercise test was performed with 3 m/min increments
every 3 min, until the rats were unable to run further. The maximal
exercise test was utilized to determine the maximum running velocity
(Vmax). This protocol is based on pilot experiments in our laboratory
that produced the most repeatable and consistent results, as well as on
previous studies [45,46].
2.3. Experimental design
Rats were adapted on a motor-driven treadmill enclosed (AVS
model) for 3 days to 10 min/day and the speeds/day was 12, 15, 18 m/
min (0° slope). On the fourth day, the maximal exercise test was performed to determine the Vmax. Then, the rats rested for 1 day and on
the sixth day the experiment took place (Fig. 1).
2.4. H2 measurements
Similarly to previous studies [47,48], H2 gas (2% H2, 21% O2, balanced with N2) and control gas (0% H2, 21% O2, balanced with N2)
were purchased from White Martins Gases Industriais Ltda (Sertãozinho, SP, Brazil). Additionally, a gas analyzer (DG-700, Instrutherm,
São Paulo, Brazil) was used to continuously monitor the H2 concentration in the outﬂow hose of the treadmill chamber.
2.5. Experimental protocol
The H2 concentration of 2% was chosen on the basis of previous
studies [25,34,35,47,49] and because in pilot experiments, this

Fig. 1. Illustration of the overall experimental procedure:
Randomization (day 0): rats were randomized before
adaptation. Adaptation: rats were adapted on a closed
motor-driven treadmill for 3 days to 10 min/day and the
speeds/day was 12, 15, 18 m/min (0° slope). Maximal
exercise test (fourth day): the maximal exercise test was
performed to determine the maximum running velocity
(Vmax). Rest (ﬁfth day): the rats rested. Experiment (sixth
day): Each rat was enclosed in the treadmill for 30 min
acclimatizing and inhaling either the H2 gas (2% H2, 21% O2, balanced with N2) or the control gas (0% H2, 21% O2, balanced with N2). Thereafter, they ran for
30 min at the speed corresponding to 80% of Vmax inhaling the H2 gas or the control gas. Blood samples (plasma) and the soleus muscles from hind paws were
collected immediately or 3 h after the acute physical exercise.
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Aliquots containing 30 μg of protein were mixed in an equal volume of
sample buﬀer (125 mM Tris-HCl, 4% SDS, 100 mM dithiothreitol, 20%
glycerol and 0.02% bromophenol blue, pH 6.8) and boiled at 70 ± 3 °C
for 10 min. Proteins were separated by electrophoresis on 10% SDSPAGE Tris-glycine gels (Bio-Rad Laboratories, USA) and transferred to
polyvinylidene ﬂuoride (PVDF) membranes (Bio-Rad Laboratories,
USA). PVDF membranes were blocked in a bovine serum albumin solution [3% BSA in Tris buﬀered saline with 0.1% Tween (TBS-T)] for
1 h at room temperature. Membranes were incubated overnight at 4 °C
with primary antibodies [anti-phospho-GSK3α/β or anti-phospho
CREB, (both 1:1000, Cell Signaling, Danvers, MA, USA)] diluted in TBST solution with 5% BSA. In the next day, membranes were washed 3
times per 5 min each with TBS-T and incubated with HRP-conjugated
secondary antibodies (rabbit anti-IgG or mouse anti-IgG antibodies,
both 1:3000, Cell Signaling, Danvers, MA, USA) for 1 h at room temperature. Bands were visualized using the ChemiDoc system (Bio-Rad
Laboratories, USA) The recovery process of the membranes for reincubation was performed as previously described [80]. Brieﬂy, the
membranes were covered with 100% ethanol for 1 min and then submerged in 29% hydrogen peroxide for 15 min at 37 °C, avoiding light.
Then, the membranes were blocked for 18 h and incubated overnight
with the primary antibody. The following procedures were performed
as described above. The bands were quantiﬁed using the ImageLab
software (Bio-Rad Laboratories, USA) with simultaneous normalization
using the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
housekeeping control by using the anti-GAPDH primary antibody
(1:3000, Cell Signaling, Danvers, MA, USA). The protein/GAPDH ratio
was quantiﬁed as a percentage of the control group (Sed Air 0 h), which
was considered to be 100%.

concentration produced the most consistent and repeatable responses.
Each rat was kept inside of the enclosed motor-driven treadmill for
30 min acclimatizing and inhaling either the H2 gas (2% H2, 21% O2,
balanced with N2) or the control gas (0% H2, 21% O2, balanced with
N2). Thereafter, they ran for 30 min at the speed corresponding to 80%
of Vmax inhaling the H2 gas or the control gas. The inﬂow of the H2 gas
and the control gas was 2.4 L/min, controlled by a ﬂowmeter. Sedentary rats inhaled the H2 gas or control gas during the same time of the
exercised groups. Samples of blood and the soleus muscles from hind
paws were collected immediately or 3 h after the acute physical exercise.
2.6. Plasma and muscle collection
Sedentary and trained rats were euthanized immediately or 3 h after
the acute physical exercise bout. Blood was collected in heparin-coated
tubes, centrifuged (3.500 rpm, 20 min, 4 °C) and plasma and stored at
−70 °C. The soleus muscles were excised, promptly frozen by submersion in dry ice-cold isopentane, and stored at −70 °C.
2.7. Measurement of cytokines plasma levels
Cytokines (TNF-α, IL-1β and IL-6) plasma levels were determined
using speciﬁc enzyme-linked immunosorbent assay (ELISA) kits for
each cytokine (R&D Systems, Minneapolis, Minn., USA) according to
the manufacturer's instructions. The results were expressed in pg/mL.
2.8. Measurement of SOD activity plasma levels
SOD activity plasma levels were measured spectrophotometrically
using the speciﬁc assay kit (SOD Assay Kit, Cayman, code 706002)
according to the manufacturer's instructions. The results were expressed
in U/mL.

2.12. Statistical analysis
Data are expressed as means ± standard error of mean (SEM). Oneway ANOVA, followed by Bonferroni´s post hoc test, was used to determine the statistical diﬀerences among the groups. The level of signiﬁcance was set at p < 0.05.

2.9. Measurement of TBARS plasma levels
TBARS plasma levels were performed using the colorimetric
method, following the kit recommendations (TBARS Assay Kit,
Cayman, code 10009055). TBARS concentration was calculated by
standard curve of bis-malonaldehyde and the results were expressed as
nmol/mL.

3. Results
3.1. Eﬀect of physical exercise combined or not with H2 on cytokines
plasma levels

2.10. Measurement of NOx plasma levels

We evaluated plasma levels of cytokines (TNF-α, IL-1β and IL-6) to
verify the potential anti-inﬂammatory eﬀect of H2 during physical exercise. Physical exercise increased plasma TNF-α level when compared
to sedentary groups immediately. H2 inhalation signiﬁcantly blunted
(p < 0.05) the exercise-induced TNF-α production immediately after a
bout of exercise compared to the respective control group (Fig. 2A). IL1β levels were non-detectable in all experimental groups (Fig. 2B).
Physical exercise increased signiﬁcantly (p < 0.05) plasma IL-6 concentration compared to sedentary groups. H2 inhalation signiﬁcantly
blunted (p < 0.05) exercise-induced IL-6 surge immediately compared
to the respective control group (Fig. 2C).

Plasma samples (50 μl) were deproteinized by precipitation using
100 μl of absolute ethanol maintained at 4 °C, followed by stirring and
remained for 30 min in a freezer (-20 °C). Then, it was centrifuged
(10.000 rpm, 10 min, 25 °C) for further measurement. The NO/ozone
chemiluminescence technique was used by the Sievers® Nitric Oxide
Analyzer 280 analyzer (GE Analytical Instruments, Boulder, CO, USA).
The volume of 5 μl of sample was injected into the analyzer reaction
chamber containing the reducing agent 0.8% vanadium chloride in 1 N
HCl at 95 °C. The results were normalized by the protein concentration
of each sample and expressed as μM/mL.
2.11. Western blotting

3.2. Eﬀect of physical exercise combined or not with H2 on SOD plasma
levels

Samples of the soleus muscles from hind paws were homogenized in
Tris-HCl buﬀer (50 mM, pH 7.4, 150 mM NaCl, 50 mM Tris, 1 mM
EDTA, 1% sodium deoxycholate, 1% SDS and 1% Triton X-100),
homogenized with a cocktail of proteases and phosphatases inhibitors
(1:100, Cell Signaling, Danvers, MA, USA). Tissue homogenates were
centrifuged at 14.000 rpm for 20 min at 4 °C and the supernatant was
collected for analysis. Total protein concentration in supernatants was
determined by a Bradford-based assay (#5000205, Bio-Rad
Laboratories, USA Laboratories, USA) [50] and used for normalization.

Antioxidant defense status was evaluated by plasma SOD activity
measurements. Physical exercise increased plasma SOD activity immediately after the section and the H2 inhalation did not aﬀect this
increased exercise-induced SOD activity. In control rats, kept under 0%
H2, euthanized 3 h after exercise SOD activity was observed to be back
to its nadir levels whereas H2 inhalation caused a maintained higher
SOD activity levels (Fig. 3).
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Fig. 3. Plasma levels of superoxide dismutase (SOD) of rats euthanized immediately (0 h) or 3 h after acute physical exercise inhaling or not H2.
(n = 6–8/group). #p < 0.05 vs. Ex Air 3 h, *p < 0.05 vs. the respective control group.

Fig. 4. Plasma levels of thiobarbituric acid reactive substances (TBARS) from
rats euthanized immediately (0 h) or 3 h after acute physical exercise inhaling
or not H2. (n = 6–8/group). #p < 0.05 vs. Ex Air 3 h, *p < 0.05 vs. the other
groups.

(Fig. 4).
3.4. Eﬀect of physical exercise combined or not with H2 on plasma NOx
levels
Fig. 2. Plasma levels of TNF-α (A) IL-1β (B) and IL-6 (C) of rats euthanized
immediately (0 h) or 3 h after acute exercise inhaling or not H2. (n = 6–8/
group). #p < 0.05 vs. Ex Air 0 h, *p < 0.05 vs. the respective control group.
n.d., Nondetectable levels.

Besides, SOD activity, the antioxidant defense status was also
evaluated assessing plasma NOx levels. Exercise caused an increased
NOx production that was not aﬀected by H2, both immediately and 3 h
post-exercise (Fig. 5).

3.3. Eﬀect of physical exercise combined or not with H2 on the lipid
peroxidation

3.5. Eﬀect of physical exercise combined or not with H2 on muscle GSK3α/
β and CREB phosphorylation

Systemic oxidative stress status was evaluated by plasma TBARS
measurements. Immediately after the exercise we did not observe any
change in TBARS levels. Three hours after physical exercise, an increased TBARS levels was observed which was blunted by H2 inhalation

To assess intracellular oxidative stress and metabolism we measured
the relative phosphorylation of GSK3α/β and CREB in soleus muscle of
sedentary or exercised rats inhaling or not H2. These two proteins were
detected in soleus muscles in all experimental groups (Fig. 6A). No
statistical diﬀerence between groups was found in the proﬁle of
189

Free Radical Biology and Medicine 129 (2018) 186–193

J.E. Nogueira et al.

expression of phospho-GSK3α/β (Fig. 6B). Diﬀerently, physical exercise
signiﬁcantly increased (p < 0.05) CREB phosphorylation 3 h after exercise compared to the other groups. Interestingly, H2 inhalation reduced CREB phosphorylation after physical exercise (Fig. 6C).
4. Discussion
This is the ﬁrst study to report that inhalation of H2 reduces inﬂammatory and positively modulates oxidative stress caused by a
physiological stimulus, i.e., an acute physical exercise bout. Since
muscles are considered a secretory organ during and after physical
exercise [51], it is plausible to relate systemic markers as a result of
muscular activation. The inﬂammatory process that takes place in
worked muscles is beneﬁcial when exercise is regular or detrimental
when exercise is relatively intense and/or performed by unaccustomed
individuals [4]. In this study, untrained rats ran at 80% of Vmax for
30 min, characterizing an intense exercise [52] to untrained subjects.
Our data clearly show that H2 exerts an anti-inﬂammatory eﬀect by
blunting exercise-induced surges of plasma levels of TNF-α and IL-6
(Fig. 2) in rats euthanized immediately after exercise, but not 3 h after
the session. These results are consistent with the notion that the eﬀect
of H2 is relatively more eﬀective acutely than in the long term. Despite
the existence of several studies assessing the exercise-induced increases
in plasma cytokines levels [1] this issue is far from completely

Fig. 5. Plasma levels of nitrite/nitrate (NOx) of rats euthanized immediately
(0 h) or 3 h after acute physical exercise inhaling or not H2. (n = 6–8/group).
*p < 0.05 vs. the sedentary groups.

Fig. 6. Panel A shows representative bands of each experimental group. Relative expression of (B) phospho-GSK3α/β (Ser9,21) and (C) phospho-CREB (Ser133)
expressed as percentage of the fraction between the protein and GAPDH (control) in the soleus muscle of rats euthanized immediately (0 h) or 3 h after acute physical
exercise inhaling or not H2. (n = 4–10/group). * p < 0.05 vs. the other groups.
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ROS overproduction, for instance induced by physical exercise, can
cause tissue damage and oxidative stress [5]. SOD is an important enzyme that is involved in the regulation of cellular antioxidant defenses
[67]. In this study, rats had increased SOD plasma levels after running
for 30 min at 80% of Vmax. Our study corroborates other studies
showing that SOD activity increases after a single bout of acute exercise
[7,68,69]. Interestingly, we observed a tendency of an early (immediately after exercise) increase in SOD activity in the rats that performed the acute exercise inhaling H2. This tendency was conﬁrmed
when we measured SOD activity 3 h after exercise, and a signiﬁcant
increase was observed in rats that run under 2% H2, further indicating
an anti-oxidative role of the gas (Fig. 3). There is no evidence in the
literature about the interaction of physical exercise, SOD activity and
H2. In a model of allergic airway inﬂammation, mice that inhaled H2 for
7 days had increased SOD activity in lung tissue [70] and mice with
rheumatoid arthritis treated with H2 showed also increased SOD activity [71]. Moreover, SOD activity was increased in rats that drank H2rich water on the intestinal ischemia/reperfusion injury [72]. Therefore, our ﬁndings corroborate previous studies using other experimental
models showing the powerful anti-oxidative eﬀect of H2.
Intense physical exercise causes an increase in the oxygen consumption and consequently the amount of free radicals, exceeding the
production of antioxidants, causing the oxidative stress [73]. Oxidative
stress induced by intense physical exercise can cause damage to several
cellular components, such as DNA, proteins and membrane lipids,
which can be detected by increased lipid peroxidation, observed in both
humans and rats [74]. In the present study, lipid peroxidation was
evaluated by TBARS measurements (Fig. 4). Plasma TBARS levels were
increased in control exercised rats euthanized 3 h after exercise, which
corroborates with the literature [74]. In rats that ran under 2% H2,
exercise-induced increases in TBARS levels were found to be attenuated
3 h after the exercise bout, further indicating an antioxidant eﬀect of
the gas. Once more, there are no previous studies that relate the eﬀect
of H2 and exercise in response to the lipid peroxidation markers.
However, it is interesting to note that humans with a potential metabolic syndrome who ingested water enriched with H2 for 8 weeks
present a decrease in TBARS levels [75]. In fact, H2 was revealed as a
new antioxidant agent, but its putative molecular targets are still being
identiﬁed. For instance, it has been suggested that H2 modulates Ca2+
signal transduction and gene expression modifying the production of
phospholipid species [57].
Physical exercise caused an increase in NOx production (Fig. 5), as
previously reported [76,77]. It is believed that this increase is due to
the greater shear force observed during the exercise [78]. Exercise
caused a higher NOx plasma levels compared to sedentary rats (Fig. 4),
which corroborates with the literature for both humans and rats
[76,77]. Our data indicate that H2 is not able to alter NOx plasma levels
neither in sedentary rats nor the exercise-induced increase in NOx
production.
Several studies show that H2 can modulate intracellular cascades,
producing favorable eﬀects modulating oxidative stress and cellular
metabolism [79]. Among the proteins that modulate these pathways
within the cells, GSK3α/β plays an important role in reducing mitochondrial ROS production [14,80] and CREB that acts in response to
increased oxidative metabolism [19] besides being recruited during
physical exercise, producing adaptive muscle responses [17]. In the
present study, GSK3α/β phosphorylation was not statistically altered by
neither exercise nor by H2 (Fig. 6B). Interestingly, we observed a tendency of increase in GSK3α/β phosphorylation in the H2-treated groups
that may indicate changes in cell metabolism or in the oxidative status
of the muscle. The increase of GSK3 activity in response to physical
exercise is time and intensity dependent [81]. GSK3 has been described
as an regulator of glycogen synthase metabolism [82,83], which plays a
meaningful role in glycogen synthesis [84]. GSK3 can also induce CREB
phosphorylation [16]. Our results suggest that, in our experimental
protocol, CREB was not stimulated by GSK3. However, exercise

understood [53].
In the present study, the exercise-induced surges in plasma TNF-α,
and IL-6 were inhibited by H2, whereas no change in plasma IL1-β levels were observed. Previous studies agree with the present results
demonstrating reduced surges of pro-inﬂammatory cytokines in the
plasma of rats submitted to other stressors such as during immune
challenge [54]. After exercise, IL-1β and TNF-α expression have been
reported to be increased in skeletal muscle, but circulating levels of
these cytokines have small changes or are not detectable, whereas IL-6
levels are consistently reported to be increased in both muscle and
plasma [2]. In our study, IL-6 was found to be increased in animals
euthanized immediately and 3 h after exercise, corroborating the literature.
Many studies have demonstrated the beneﬁcial eﬀects of H2 on
diseases in humans and experimental animal models [21–39], but the
mechanisms responsible for these beneﬁts are not fully understood. Our
data demonstrate that H2 may also modulate the inﬂammatory response
caused by a physiological stimulus, i.e., physical exercise, decreasing
plasma levels of TNF-α and IL-6. To our knowledge, there is no study in
the literature that integrates the eﬀect of H2 on inﬂammatory and
oxidant responses produced by physical exercise, although there are
diﬀerent experimental models relating the anti-inﬂammatory eﬀect of
H2. Rats in a model of hepatic ischemia-reperfusion injury showed reduced plasma levels of TNF-α, IL-1β and IL-6 after inhalation of 2% H2
for 1 h [55] and mice that inhaled H2 showed reduced plasma levels of
TNF-α and lipid peroxidation in a chronic liver inﬂammation model
[56]. In a more mechanist view, Iuchi et al., [57] have recently proposed that H2 may exercise its modulatory eﬀect on inﬂammation
acting on the free radical chain oxidation that generates oxidized lipid
mediators before calcium signaling is activated. This oxidized phospholipids production would be reduced by H2 because of a modulation
of the free radical chain reactions. The oxidized phospholipids would
lead to a reduced calcium signaling, eventually causing inhibition of
TNF-α and COXII expressions.
In the present study, we observed that anti-inﬂammatory eﬀects of
H2 occur earlier than the inhibitory eﬀects of the gas on SOD activity
and TBARS production (Figs. 2 and 3). This observation may indicate
that: (i) the eﬀects of H2 on SOD activity and TBARS production are
indirectly mediated by the reduced cytokines production; or (ii) the two
parameters are aﬀected by H2 directly but with diﬀerent timing. Further studies are needed to make this issue clear.
Exercise induces muscle damage that activates leukocytes, mainly
neutrophils and monocytes/macrophages, which are cytokine producing cells, as are the muscles ﬁbers themselves [58]. Cytokines are key
factors inducing the systemic inﬂammatory response after acute exercise [2,59,60]. The type of exercise, intensity and duration aﬀect the
magnitude of cytokines release [59,61]. In this study, acute exercise
induced TNF-α and IL-6 surges that were attenuated by H2 (Fig. 2).
Many studies have shown that H2 decreases plasma levels of pro-inﬂammatory cytokines, exerting an anti-inﬂammatory eﬀect [55,56,62].
However, the exact mechanism by each H2 activates this anti-inﬂammatory response is not fully understood. It is known that H2 may
act in at least two diﬀerent ways to decrease inﬂammation: (i) H2 can
act directly on leukocytes as previously reported in studies that have
documented a powerful anti-inﬂammatory eﬀect of H2 in lymphocytes
[63] and macrophages [48,64,65]; and (ii) H2 may down-modulate ROS
production [34]. However, it is worth to mention that this is a fairly
complex system in which both inﬂammation and oxidation processes
may be reciprocally related, since it has been reported that ROS plays a
positive role on cytokines production by up-regulating NF-kB signaling
pathway [66]. Therefore, we suggest that the decreased TNF-α and IL-6
plasma surges of rats that inhaled H2 (Fig. 2) may result from a direct
action of H2 on leukocytes, but not due to an indirect action of the gas
on ROS production, since no eﬀect of H2 was observed on exerciseinduced increased SOD activity immediately after the bout (Fig. 3).
Physiological levels of ROS are essential for cell signaling. However,
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increased CREB phosphorylation which was attenuated by H2 3 h after
exercise (Fig. 6C). This phenotype appears to be also present in mice
and humans, in which diﬀerent experimental protocols of exercise is
reported to induce the activation of CREB in a temporary way [17,18].

[17]

5. Conclusion

[18]

This study provides evidence that H2 reduces inﬂammation, oxidative stress and cellular stress induced by acute physical exercise, based
on the measurement of plasma concentration of TNF-α, IL-6, TBARS,
SOD activity, and CREB phosphorylation in the skeletal muscle. These
ﬁndings shed light on the eﬀect of the gas that has been reported to
have no side eﬀects and, therefore, may be safely used to modulate
physical exercise-induced inﬂammation and oxidative stress.

[19]

[20]

[21]

Acknowledgements

[22]

We thank Mauro Ferreira Silva for excellent technical assistance.
[23]

Conﬂict of interest
The authors declare no conﬂict of interest.

[24]

Funding
This work was supported by Grant #2016/17681-9 São Paulo
Research Foundation (FAPESP) and National Council for Scientiﬁc and
Technological Development (CNPq); Brazil. P.P., C.M.D.M. and B.M.S
are fellow by FAPESP (#2014/22477-6, #17/01633-8 and #16/093643, respectively). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

[25]

[26]

[27]

References
[1] B.K. Pedersen, L. Hoﬀman-Goetz, Exercise and the immune system: regulation,
integration, and adaptation, Physiol. Rev. 80 (3) (2000) 1055–1081.
[2] J.M. Peake, P. Della Gatta, K. Suzuki, D.C. Nieman, Cytokine expression and secretion by skeletal muscle cells: regulatory mechanisms and exercise eﬀects, Exerc.
Immunol. Rev. 21 (2015) 8–25.
[3] T. Vassilakopoulos, M.H. Karatza, P. Katsaounou, A. Kollintza, S. Zakynthinos,
C. Roussos, Antioxidants attenuate the plasma cytokine response to exercise in
humans, J. Appl. Physiol. (1985) 94 (3) (2003) 1025–1032.
[4] F. He, J. Li, Z. Liu, C.C. Chuang, W. Yang, L. Zuo, Redox mechanism of reactive
oxygen species in exercise, Front. Physiol. 7 (2016) 486.
[5] S.K. Powers, W.B. Nelson, M.B. Hudson, Exercise-induced oxidative stress in humans: cause and consequences, Free Radic. Biol. Med. 51 (5) (2011) 942–950.
[6] P. Steinbacher, P. Eckl, Impact of oxidative stress on exercising skeletal muscle,
Biomolecules 5 (2) (2015) 356–377.
[7] Y. Hitomi, S. Watanabe, T. Kizaki, T. Sakurai, T. Takemasa, S. Haga, T. Ookawara,
K. Suzuki, H. Ohno, Acute exercise increases expression of extracellular superoxide
dismutase in skeletal muscle and the aorta, Redox Rep.: Commun. Free Radic. Res.
13 (5) (2008) 213–216.
[8] K. Fisher-Wellman, R.J. Bloomer, Acute exercise and oxidative stress: a 30 year
history, Dyn. Med. 8 (2009) 1.
[9] E. Babusikova, J. Hatok, D. Dobrota, P. Kaplan, Age-related oxidative modiﬁcations
of proteins and lipids in rat brain, Neurochem. Res. 32 (8) (2007) 1351–1356.
[10] N. Sainz, A. Rodriguez, V. Catalan, S. Becerril, B. Ramirez, J. Gomez-Ambrosi,
G. Fruhbeck, Leptin administration downregulates the increased expression levels
of genes related to oxidative stress and inﬂammation in the skeletal muscle of ob/ob
mice, Mediat. Inﬂamm. (2010) 784343.
[11] R. Buresh, K. Berg, A tutorial on oxidative stress and redox signaling with application to exercise and sedentariness, Sports Med. - Open 1 (1) (2015) 3.
[12] C. Di Massimo, P. Scarpelli, M. Penco, M.G. Tozzi-Ciancarelli, Possible involvement
of plasma antioxidant defences in training-associated decrease of platelet responsiveness in humans, Eur. J. Appl. Physiol. 91 (4) (2004) 406–412.
[13] U. Dreissigacker, M. Wendt, T. Wittke, D. Tsikas, N. Maassen, Positive correlation
between plasma nitrite and performance during high-intensive exercise but not
oxidative stress in healthy men, Nitric Oxide: Biol. Chem. 23 (2) (2010) 128–135.
[14] D. Sunaga, M. Tanno, A. Kuno, S. Ishikawa, M. Ogasawara, T. Yano, T. Miki,
T. Miura, Accelerated recovery of mitochondrial membrane potential by GSK-3beta
inactivation aﬀords cardiomyocytes protection from oxidant-induced necrosis, PLoS
One 9 (11) (2014) e112529.
[15] J.R. Woodgett, Molecular cloning and expression of glycogen synthase kinase-3/
factor A, EMBO J. 9 (8) (1990) 2431–2438.
[16] C.J. Fiol, J.S. Williams, C.H. Chou, Q.M. Wang, P.J. Roach, O.M. Andrisani, A

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

192

secondary phosphorylation of CREB341 at Ser129 is required for the cAMP-mediated control of gene expression. A role for glycogen synthase kinase-3 in the control
of gene expression, J. Biol. Chem. 269 (51) (1994) 32187–32193.
N.E. Bruno, K.A. Kelly, R. Hawkins, M. Bramah-Lawani, A.L. Amelio,
J.C. Nwachukwu, K.W. Nettles, M.D. Conkright, Creb coactivators direct anabolic
responses and enhance performance of skeletal muscle, EMBO J. 33 (9) (2014)
1027–1043.
O. Neubauer, S. Sabapathy, K.J. Ashton, B. Desbrow, J.M. Peake, R. Lazarus,
B. Wessner, D. Cameron-Smith, K.H. Wagner, L.J. Haseler, A.C. Bulmer, Time
course-dependent changes in the transcriptome of human skeletal muscle during
recovery from endurance exercise: from inﬂammation to adaptive remodeling, J.
Appl. Physiol. (1985) 116 (3) (2014) 274–287.
Z. Wu, X. Huang, Y. Feng, C. Handschin, Y. Feng, P.S. Gullicksen, O. Bare,
M. Labow, B. Spiegelman, S.C. Stevenson, Transducer of regulated CREB-binding
proteins (TORCs) induce PGC-1alpha transcription and mitochondrial biogenesis in
muscle cells, Proc. Natl. Acad. Sci. USA 103 (39) (2006) 14379–14384.
R.D. Ray Hamidie, T. Yamada, R. Ishizawa, Y. Saito, K. Masuda, Curcumin treatment enhances the eﬀect of exercise on mitochondrial biogenesis in skeletal muscle
by increasing cAMP levels, Metab.: Clin. Exp. 64 (10) (2015) 1334–1347.
B.J. Dixon, J. Tang, J.H. Zhang, The evolution of molecular hydrogen: a noteworthy
potential therapy with clinical signiﬁcance, Med. Gas Res. 3 (1) (2013) 10.
K.M. Kang, Y.N. Kang, I.B. Choi, Y. Gu, T. Kawamura, Y. Toyoda, A. Nakao, Eﬀects
of drinking hydrogen-rich water on the quality of life of patients treated with
radiotherapy for liver tumors, Med. Gas Res. 1 (1) (2011) 11.
H. Ono, Y. Nishijima, N. Adachi, M. Sakamoto, Y. Kudo, K. Kaneko, A. Nakao,
T. Imaoka, A basic study on molecular hydrogen (H2) inhalation in acute cerebral
ischemia patients for safety check with physiological parameters and measurement
of blood H2 level, Med. Gas Res. 2 (1) (2012) 21.
H. Ono, Y. Nishijima, N. Adachi, S. Tachibana, S. Chitoku, S. Mukaihara,
M. Sakamoto, Y. Kudo, J. Nakazawa, K. Kaneko, H. Nawashiro, Improved brain MRI
indices in the acute brain stem infarct sites treated with hydroxyl radical scavengers, Edaravone and hydrogen, as compared to Edaravone alone. A non-controlled study, Med. Gas Res. 1 (1) (2011) 12.
M. Ito, M. Hirayama, K. Yamai, S. Goto, M. Ito, M. Ichihara, K. Ohno, Drinking
hydrogen water and intermittent hydrogen gas exposure, but not lactulose or
continuous hydrogen gas exposure, prevent 6-hydorxydopamine-induced
Parkinson's disease in rats, Med. Gas Res. 2 (1) (2012) 15.
A. Yoritaka, M. Takanashi, M. Hirayama, T. Nakahara, S. Ohta, N. Hattori, Pilot
study of H(2) therapy in Parkinson's disease: a randomized double-blind placebocontrolled trial, Mov. Disord. 28 (6) (2013) 836–839.
S. Kajiyama, G. Hasegawa, M. Asano, H. Hosoda, M. Fukui, N. Nakamura,
J. Kitawaki, S. Imai, K. Nakano, M. Ohta, T. Adachi, H. Obayashi, T. Yoshikawa,
Supplementation of hydrogen-rich water improves lipid and glucose metabolism in
patients with type 2 diabetes or impaired glucose tolerance, Nutr. Res. 28 (3)
(2008) 137–143.
G. Song, M. Li, H. Sang, L. Zhang, X. Li, S. Yao, Y. Yu, C. Zong, Y. Xue, S. Qin,
Hydrogen-rich water decreases serum LDL-cholesterol levels and improves HDL
function in patients with potential metabolic syndrome, J. Lipid Res. 54 (7) (2013)
1884–1893.
Q. Li, S. Kato, D. Matsuoka, H. Tanaka, N. Miwa, Hydrogen water intake via tubefeeding for patients with pressure ulcer and its reconstructive eﬀects on normal
human skin cells in vitro, Med. Gas Res. 3 (1) (2013) 20.
S. Matsumoto, T. Ueda, H. Kakizaki, Eﬀect of supplementation with hydrogen-rich
water in patients with interstitial cystitis/painful bladder syndrome, Urology 81 (2)
(2013) 226–230.
H. Terawaki, Y. Hayashi, W.J. Zhu, Y. Matsuyama, T. Terada, S. Kabayama,
T. Watanabe, S. Era, B. Sato, M. Nakayama, Transperitoneal administration of
dissolved hydrogen for peritoneal dialysis patients: a novel approach to suppress
oxidative stress in the peritoneal cavity, Med. Gas Res. 3 (1) (2013) 14.
T. Ishibashi, B. Sato, M. Rikitake, T. Seo, R. Kurokawa, Y. Hara, Y. Naritomi,
H. Hara, T. Nagao, Consumption of water containing a high concentration of molecular hydrogen reduces oxidative stress and disease activity in patients with
rheumatoid arthritis: an open-label pilot study, Med. Gas Res. 2 (1) (2012) 27.
C. Xia, W. Liu, D. Zeng, L. Zhu, X. Sun, X. Sun, Eﬀect of hydrogen-rich water on
oxidative stress, liver function, and viral load in patients with chronic hepatitis B,
Clin. Transl. Sci. 6 (5) (2013) 372–375.
I. Ohsawa, M. Ishikawa, K. Takahashi, M. Watanabe, K. Nishimaki, K. Yamagata,
K. Katsura, Y. Katayama, S. Asoh, S. Ohta, Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic oxygen radicals, Nat. Med. 13 (6) (2007)
688–694.
K. Hayashida, M. Sano, I. Ohsawa, K. Shinmura, K. Tamaki, K. Kimura, J. Endo,
T. Katayama, A. Kawamura, S. Kohsaka, S. Makino, S. Ohta, S. Ogawa, K. Fukuda,
Inhalation of hydrogen gas reduces infarct size in the rat model of myocardial
ischemia-reperfusion injury, Biochem. Biophys. Res. Commun. 373 (1) (2008)
30–35.
T. Kawamura, C.S. Huang, N. Tochigi, S. Lee, N. Shigemura, T.R. Billiar,
M. Okumura, A. Nakao, Y. Toyoda, Inhaled hydrogen gas therapy for prevention of
lung transplant-induced ischemia/reperfusion injury in rats, Transplantation 90
(12) (2010) 1344–1351.
K. Fukuda, S. Asoh, M. Ishikawa, Y. Yamamoto, I. Ohsawa, S. Ohta, Inhalation of
hydrogen gas suppresses hepatic injury caused by ischemia/reperfusion through
reducing oxidative stress, Biochem. Biophys. Res. Commun. 361 (3) (2007)
670–674.
K. Nagatani, K. Wada, S. Takeuchi, H. Kobayashi, Y. Uozumi, N. Otani, M. Fujita,
S. Tachibana, H. Nawashiro, Eﬀect of hydrogen gas on the survival rate of mice
following global cerebral ischemia, Shock 37 (6) (2012) 645–652.

Free Radical Biology and Medicine 129 (2018) 186–193

J.E. Nogueira et al.

system: exercise and cytokines, Immunol. Cell Biol. 78 (5) (2000) 532–535.
[62] Z.X. Qin, P. Yu, D.H. Qian, M.B. Song, H. Tan, Y. Yu, W. Li, H. Wang, J. Liu,
Q. Wang, X.J. Sun, H. Jiang, J.K. Zhu, W. Lu, L. Huang, Hydrogen-rich saline
prevents neointima formation after carotid balloon injury by suppressing ROS and
the TNF-alpha/NF-kappaB pathway, Atherosclerosis 220 (2) (2012) 343–350.
[63] M. Kajiya, K. Sato, M.J.B. Silva, K. Ouhara, P.M. Do, K.T. Shanmugam, T. Kawai,
Hydrogen from intestinal bacteria is protective for Concanavalin A-induced hepatitis, Biochem. Biophys. Res. Commun. 386 (2) (2009) 316–321.
[64] Z. Xu, J.R. Zhou, J.M. Cai, Z. Zhu, X.J. Sun, C.L. Jiang, Anti-inﬂammation eﬀects of
hydrogen saline in LPS activated macrophages and carrageenan induced paw oedema, J. Inﬂamm. 9 (2012).
[65] H.G. Chen, K.L. Xie, H.Z. Han, W.N. Wang, D.Q. Liu, G.L. Wang, Y.H. Yu, Heme
oxygenase-1 mediates the anti-inﬂammatory eﬀect of molecular hydrogen in LPSstimulated RAW 264.7 macrophages, Int. J. Surg. 11 (10) (2013) 1060–1066.
[66] G. Gloire, S. Legrand-Poels, J. Piette, NF-kappaB activation by reactive oxygen
species: ﬁfteen years later, Biochem. Pharmacol. 72 (11) (2006) 1493–1505.
[67] G. Li, X. Feng, S. Wang, Eﬀects of Cu/Zn superoxide dismutase on strain injuryinduced oxidative damage to skeletal muscle in rats, Physiol. Res. 54 (2) (2005)
193–199.
[68] K.M. Diaz, D.L. Feairheller, K.M. Sturgeon, S.T. Williamson, M.D. Brown, Oxidative
stress response to short duration bout of submaximal aerobic exercise in healthy
young adults, Int. J. Exerc. Sci. 4 (4) (2011) 247–256.
[69] L.L. Ji, R. Fu, Responses of glutathione system and antioxidant enzymes to exhaustive exercise and hydroperoxide, J. Appl. Physiol. (1985) 72 (2) (1992)
549–554.
[70] N. Zhang, C. Deng, X. Zhang, J. Zhang, C. Bai, Inhalation of hydrogen gas attenuates
airway inﬂammation and oxidative stress in allergic asthmatic mice, Asthma Res.
Pract. 4 (2018) 3.
[71] J. Meng, P. Yu, H. Jiang, T. Yuan, N. Liu, J. Tong, H. Chen, N. Bao, J. Zhao,
Molecular hydrogen decelerates rheumatoid arthritis progression through inhibition of oxidative stress, Am. J. Transl. Res. 8 (10) (2016) 4472–4477.
[72] M.J. Wu, M. Chen, S. Sang, L.L. Hou, M.L. Tian, K. Li, F.Q. Lv, Protective eﬀects of
hydrogen rich water on the intestinal ischemia/reperfusion injury due to intestinal
intussusception in a rat model, Medical Gas Res. 7 (2) (2017) 101–106.
[73] E. Hessel, A. Haberland, M. Muller, D. Lerche, I. Schimke, Oxygen radical generation of neutrophils: a reason for oxidative stress during marathon running? Clin.
Chim. Acta 298 (1–2) (2000) 145–156.
[74] U.K. Senturk, F. Gunduz, O. Kuru, M.R. Aktekin, D. Kipmen, O. Yalcin, M. BorKucukatay, A. Yesilkaya, O.K. Baskurt, Exercise-induced oxidative stress aﬀects
erythrocytes in sedentary rats but not exercise-trained rats, J. Appl. Physiol. 91 (5)
(2001) 1999–2004.
[75] A. Nakao, Y. Toyoda, P. Sharma, M. Evans, N. Guthrie, Eﬀectiveness of hydrogen
rich water on antioxidant status of subjects with potential metabolic syndrome-an
open label pilot study, J. Clin. Biochem. Nutr. 46 (2) (2010) 140–149.
[76] C. Goto, K. Nishioka, T. Umemura, D. Jitsuiki, A. Sakagutchi, M. Kawamura,
K. Chayama, M. Yoshizumi, Y. Higashi, Acute moderate-intensity exercise induces
vasodilation through an increase in nitric oxide bioavailiability in humans, Am. J.
Hypertens. 20 (8) (2007) 825–830.
[77] C.K. Roberts, R.J. Barnard, A. Jasman, T.W. Balon, Acute exercise increases nitric
oxide synthase activity in skeletal muscle, Am. J. Physiol. 277 (2 Pt 1) (1999)
E390–E394.
[78] M.E. Tschakovsky, M.J. Joyner, Nitric oxide and muscle blood ﬂow in exercise,
Appl. Physiol., Nutr. Metab. = Physiol. Appl., Nutr. Metab. 33 (1) (2008) 151–161.
[79] S.M. Ostojic, Does H2 alter mitochondrial bioenergetics via GHS-R1alpha activation? Theranostics 7 (5) (2017) 1330–1332.
[80] Y. Cheng, Z. Xia, Y. Han, J. Rong, Plant natural product formononetin protects rat
cardiomyocyte H9c2 cells against oxygen glucose deprivation and reoxygenation
via inhibiting ROS formation and promoting GSK-3beta phosphorylation, Oxid.
Med. Cell. Longev. 2016 (2016) 2060874.
[81] W.G. Aschenbach, R.C. Ho, K. Sakamoto, N. Fujii, Y. Li, Y.B. Kim, M.F. Hirshman,
L.J. Goodyear, Regulation of dishevelled and beta-catenin in rat skeletal muscle: an
alternative exercise-induced GSK-3beta signaling pathway, Am. J. Physiol.
Endocrinol. Metab. 291 (1) (2006) E152–E158.
[82] P. Cohen, M. Goedert, GSK3 inhibitors: development and therapeutic potential, Nat.
Rev. Drug Discov. 3 (6) (2004) 479–487.
[83] G.V. Rayasam, V.K. Tulasi, R. Sodhi, J.A. Davis, A. Ray, Glycogen synthase kinase 3:
more than a namesake, Br. J. Pharmacol. 156 (6) (2009) 885–898.
[84] M. Estrade, S. Ayoub, A. Talmant, G. Monin, Enzyme activities of glycogen metabolism and mitochondrial characteristics in muscles of RN- carrier pigs (Sus scrofa
domesticus), Comp. Biochem. Physiol. Biochem. Mol. Biol. 108 (3) (1994) 295–301.

[39] K. Xie, Y. Yu, Y. Pei, L. Hou, S. Chen, L. Xiong, G. Wang, Protective eﬀects of
hydrogen gas on murine polymicrobial sepsis via reducing oxidative stress and
HMGB1 release, Shock 34 (1) (2010) 90–97.
[40] S. Ohta, Molecular hydrogen is a novel antioxidant to eﬃciently reduce oxidative
stress with potential for the improvement of mitochondrial diseases, Biochim.
Biophys. Acta 1820 (5) (2012) 586–594.
[41] J. Ara, A. Fadriquela, M.F. Ahmed, J. Bajgai, M.E.J. Sajo, S.P. Lee, T.S. Kim,
J.Y. Jung, C.S. Kim, S.K. Kim, K.Y. Shim, K.J. Lee, Hydrogen water drinking exerts
antifatigue eﬀects in chronic forced swimming mice via antioxidative and anti-inﬂammatory activities, BioMed Res. Int. 2018 (2018) 2571269.
[42] K. Aoki, A. Nakao, T. Adachi, Y. Matsui, S. Miyakawa, Pilot study: eﬀects of
drinking hydrogen-rich water on muscle fatigue caused by acute exercise in elite
athletes, Med. Gas Res. 2 (2012) 12.
[43] H. Tsubone, M. Hanafusa, M. Endo, N. Manabe, A. Hiraga, H. Ohmura, H. Aida,
Eﬀect of treadmill exercise and hydrogen-rich water intake on serum oxidative and
anti-oxidative metabolites in serum of thoroughbred horses, J. Equine Sci. 24 (1)
(2013) 1–8.
[44] M. Yamazaki, K. Kusano, T. Ishibashi, M. Kiuchi, K. Koyama, Intravenous infusion
of H2-saline suppresses oxidative stress and elevates antioxidant potential in
Thoroughbred horses after racing exercise, Sci. Rep. 5 (2015) 15514.
[45] J.C. Ferreira, N.P. Rolim, J.B. Bartholomeu, C.A. Gobatto, E. Kokubun, P.C. Brum,
Maximal lactate steady state in running mice: eﬀect of exercise training, Clin. Exp.
Pharmacol. Physiol. 34 (8) (2007) 760–765.
[46] B. Rodrigues, D.M. Figueroa, C.T. Mostarda, M.V. Heeren, M.C. Irigoyen, K. De
Angelis, Maximal exercise test is a useful method for physical capacity and oxygen
consumption determination in streptozotocin-diabetic rats, Cardiovasc. Diabetol. 6
(2007) 38.
[47] S.H. Audi, E.R. Jacobs, X. Zhang, A.K.S. Camara, M. Zhao, M.M. Medhora, B. Rizzo,
A.V. Clough, Protection by inhaled hydrogen therapy in a rat model of acute lung
injury can be tracked in vivo using molecular imaging, Shock 48 (4) (2017)
467–476.
[48] J. Zhou, P. Yan, X.D. Zhu, K.J. Yu, Hydrogen mitigates acute lung injury through
upregulation of M2 and downregulation of M1 macrophage phenotypes, Int. J. Clin.
Exp. Med. 11 (8) (2018) 7927–7935.
[49] H. Oharazawa, T. Igarashi, T. Yokota, H. Fujii, H. Suzuki, M. Machide,
H. Takahashi, S. Ohta, I. Ohsawa, Protection of the retina by rapid diﬀusion of
hydrogen: administration of hydrogen-loaded eye drops in retinal ischemia-reperfusion injury, Invest. Ophthalmol. Vis. Sci. 51 (1) (2010) 487–492.
[50] M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1976) 248–254.
[51] B.K. Pedersen, Muscle as a secretory organ, Compr. Physiol. 3 (3) (2013)
1337–1362.
[52] Y.N. Boutcher, S.H. Boutcher, Exercise intensity and hypertension: what's new? J.
Hum. Hypertens. 31 (3) (2017) 157–164.
[53] K. Suzuki, S. Nakaji, M. Yamada, M. Totsuka, K. Sato, K. Sugawara, Systemic inﬂammatory response to exhaustive exercise, Cytokine Kinet. Exerc. Immunol. Rev.
8 (2002) 6–48.
[54] J.E. Nogueira, R.N. Soriano, R.A. Fernandez, H.D. Francescato, R.S. Saia,
T.M. Coimbra, J. Antunes-Rodrigues, L.G. Branco, Eﬀect of physical exercise on the
febrigenic signaling is modulated by preoptic hydrogen sulﬁde production, PLoS
One 12 (1) (2017) e0170468.
[55] C.B. Zhang, Y.C. Tang, X.J. Xu, S.X. Guo, H.Z. Wang, Hydrogen gas inhalation
protects against liver ischemia/reperfusion injury by activating the NF-kappaB
signaling pathway, Exp. Ther. Med. 9 (6) (2015) 2114–2120.
[56] B. Gharib, S. Hanna, O.M. Abdallahi, H. Lepidi, B. Gardette, M. De Reggi, Antiinﬂammatory properties of molecular hydrogen: investigation on parasite-induced
liver inﬂammation, Comp. R. l′Acad. Sci. Serie III Sci. la vie 324 (8) (2001)
719–724.
[57] K. Iuchi, A. Imoto, N. Kamimura, K. Nishimaki, H. Ichimiya, T. Yokota, S. Ohta,
Molecular hydrogen regulates gene expression by modifying the free radical chain
reaction-dependent generation of oxidized phospholipid mediators, Sci. Rep. 6
(2016) 18971.
[58] S. Schnyder, C. Handschin, Skeletal muscle as an endocrine organ: PGC-1alpha,
myokines and exercise, Bone 80 (2015) 115–125.
[59] L.L. Smith, Cytokine hypothesis of overtraining: a physiological adaptation to excessive stress? Med. Sci. Sports Exerc. 32 (2) (2000) 317–331.
[60] B.K. Pedersen, M.A. Febbraio, Muscle as an endocrine organ: focus on muscle-derived interleukin-6, Physiol. Rev. 88 (4) (2008) 1379–1406.
[61] B.K. Pedersen, Special feature for the Olympics: eﬀects of exercise on the immune

193

View publication stats

