
＊: p < 0.05, control vs H2

(n = 10)

Hayashida K. Biochem Biophys Res Commun. 2008;373(1):30-5

水素ガス吸入により心筋虚血再灌流障害後の梗塞サイ
ズが縮小することをラットで証明（2%水素が最も有効）

partial pressure of carbon dioxide (PaCO2), pH, base excess,
hematocrit, or lactate (Table 3).

The survival rate 24 hours after ROSC was 43% (6/13) in
the control group, 92% (12/13) in the H2 group, 77% (10/13)
in the TH group, and 100% (13/13) in the H2+TH group,
whereas 72-hour survival rates were 31% (4/13), 69% (9/13),
69% (9/13), and 77% (10/13), respectively (Figure 2). These
results indicated that inhalation of H2 gas during CPR and
during the first 2 hours after ROSC significantly improved
survival rate, comparable to those of hypothermia.

Inhalation of H2 Gas Improved NDS in Postarrest
State
Interestingly, appearance was the most obvious difference
between these groups of post-CA animals (Figure 3A). The
typical sick-rat appearance of a hunched back and unkempt
hair was often seen in post-CA control rats, whereas post-CA
rats treated with H2 gas appeared healthy. All animals were
evaluated for neurological function based on their NDS
(100=worst NDS; 0=best NDS) 24 and 48 hours after ROSC.
NDS 24 hours after ROSC was significantly lower in the H2

group (25.7±7.7%), TH group (38.0±10.7%), and H2+TH group
(8.0±2.5%) compared with the control group (77.1±8.6%)
(Figure 3B). The H2+TH group showed significantly better NDS
24 hours after ROSC compared with the H2 and TH groups.
NDS 48 hours after ROSC was significantly better in the H2

group (41.9±11.7%), TH group (36.0±12.4%), and H2+TH group
(18.5±10.0%) than in the control group (82.6±9.2%), with the
H2+TH group showing a significantly better NDS 48 hours after
ROSC than the H2 group (Figure 3C). These results indicated
that functional outcome was improved by inhalation of H2 gas
during CPR to an extent comparable to TH in post-CA rats.
Inhalation of H2 gas plus TH had additive effect on NDS 24
hours after ROSC, but not 48 hours after ROSC, in the rat
model of CA with ventricular fibrillation.

Inhalation of H2 Gas Significantly Suppressed
Elevations of IL-6 After Cardiac Arrest and
Cardiopulmonary Resuscitation
Serum IL-6 levels 2 hours after ROSC markedly increased in
post-CA rats of the controlled normothermia group

Table 3. Continued

Baseline

After ROSC

10 Minutes 60 Minutes 120 Minutes

Lactate, mg/dL

Control 1.4±0.1 8.9±0.7 2.3±0.3 2.0±0.2

H2 1.3±0.1 8.5±0.7 2.4±0.2 1.9±0.1

TH 1.7±0.2 8.9±0.7 3.1±0.6 2.8±0.9

H2+TH 1.4±0.1 8.4±0.4 3.0±0.2 1.9±0.2

Base excess, mmol/L

Control 1.1±0.6 !12.7±1.2 !2.8±0.9 !3.5±0.9

H2 1.3±0.7 !11.1±0.8 !3.0±0.7 !3.1±0.8

TH 1.6±0.6 !11.7±1.0 !3.8±1.0 !4.1±1.4

H2+TH 1.6±0.6 !8.4±2.0 !3.7±0.7 !2.3±0.7

Values expressed as mean±SEM. Resuscitated animal were analyzed (n=13 for each group). TH indicates therapeutic hypothermia; ROSC, return of spontaneous circulation.
*P<0.05; **P<0.01, statistically significant differences for treatment by time between 4 groups by mixed-effects model for repeated-measures analyses.
#P<0.05; ##P<0.01 vs the control group.
†P<0.05; ††P<0.01 vs the H2 group.

Figure 2. Kaplan–Meier analyses of cumulative survival at 72
hours. Statistically significant differences: #P<0.01 compared with
the control group; *P<0.05 compared with the control group. TH
indicates therapeutic hypothermia.
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pressure, LV peak positive and negative LV dP/dt, between the
control group and the 2% H2 gas inhalation group. Notably, LV-
end-diastolic pressure after reperfusion was significantly lower
in H2 gas inhalation group compared to control group (n = 5,
*P < 0.05).

In the absence of H2 gas inhalation, infarct size following ische-
mia–reperfusion was 41.6 ± 2.5% of the area at risk (n = 9). By com-
parison, inhalation of 0.5–2% H2 gas significantly reduced infarct
size, with 2% H2 gas providing the most prominent effects
(21.2 ± 1.6% of area at risk, n = 4, Fig. 3B and C). There was no sig-
nificant difference in area at risk/LV among control group and H2

gas inhalation groups (data not shown). Consistent with those
observations, the quantitative determination of 8-hydrox-
ydeoxyguanosine (8-OHdG) immunoreactive area, a biomarker of
oxidative stress, revealed that the level of oxidative injury elicited
in the ‘at risk’ area was significantly smaller in the group receiving
2% H2 gas inhalation than that of control group (n = 5, *P < 0.05, Fig.
3D).

Inhalation of H2 gas reduces LV remodeling after ischemia–reperfusion
injury

To determine the impact of H2 inhalation at the time of ische-
mia–reperfusion on pathological LV remodeling, LV morphology
and function were monitored by echocardiography 30 days after
myocardial ischemia–reperfusion injury. Control rats showed mal-
adaptive pathological remodeling after myocardial infarction,
including dilatation of LV cavity, reduced LV systolic function.
Notably, inhalation of H2 gas during myocardial ischemia–reperfu-
sion reduced pathological remodeling after myocardial infarction
(Fig. 4).

Discussion

This is the first study to demonstrate that inhalation of H2 gas,
at an incombustible level, limit the extent of myocardial infarction

A B

C

D

Fig. 3. Inhalation of H2 reduces infarct size induced by ischemia–reperfusion injury. (A) Changes in heat rate (HR), oxygen saturation by pulse oximetry (SpO2), and LV systolic
pressure (LVSP), LV diastolic pressure (LVEDP) and LV peak positive and negative dP/dt were monitored during ischemia–reperfusion injury (n = 5 in each group). (B) H2-
dependent decrease in infarct size is expressed as the ratio of total infarct area/AAR (*P < 0.05, compared to control group). (C) Representative photographs of serial heart
sections obtained from rats subjected to myocardial ischemia–reperfusion injury in the presence or absence of H2 inhalation. Bar = 2 mm. (D) Immunohistochemical staining
with antibodies against 8-OHdG was performed 24 h after ischemia–reperfusion injury. Quantification of 8-OHdG immunoreactive area was expressed as percentage of total
LV area at serial short axis sections (n = 5, *P < 0.05, H2 inhalation group compared to control group). endo, endocardium; epi, epicardium.

Fig. 4. Inhalation of H2 gas reduces adverse LV remodeling. Representative M-mode
echocardiographic images of sham-operated (sham), ischemia–reperfusion with air
inhalation (Air_I/R), and ischemia–reperfusion with H2 inhalation (H2_I/R). Mea-
surement of M-mode echocardiographic images in each group. LVEDd, LV endodi-
astolic diameter (lm); LVESd, LV endosystolic diameter (lm); IVC, intraventricular
septum diameter (lm); PW, posterior wall thickness (lm); FS, fractional shortening
(%); EF, ejection fraction (%) (n = 5, *P < 0.05, compared to sham-operated group;
#P < 0.05, compared to Air_I/R group).
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during primary PCI is an important therapeutic target to 
prevent adverse left ventricular (LV) remodeling after MI. 
Studies in animal models of acute MI show that reperfusion 
injury accounts for up to 50% of the final size of the 
infarct.3 Increasing understanding of the mechanism 
underlying acute protection from cardiac IR injury, 
particularly with regard to the inhibition of mitochondrial 

T he prognosis for acute myocardial infarction (AMI) 
has improved dramatically with the advent of the 
intensive care system and revascularization therapy 

such as primary percutaneous coronary intervention (PCI) 
for ischemic tissue.1 As the number of survivors has 
increased, a concomitant increase in heart failure patients 
after MI has become a problem. LV dysfunction is the 
single strongest predictor of death following ST-elevated 
MI (STEMI).2 Therefore, reducing the infarct size by 
mitigating myocardial ischemia-reperfusion (IR) injury 
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The Effects of Hydrogen Gas Inhalation on Adverse  
Left Ventricular Remodeling After Percutaneous Coronary  

Intervention for ST-Elevated Myocardial Infarction
— First Pilot Study in Humans —

Yoshinori Katsumata, MD, PhD; Fumiya Sano; Takayuki Abe, PhD;  
Tomoyoshi Tamura, MD; Taishi Fujisawa, MD; Yasuyuki Shiraishi, MD, PhD;  

Shun Kohsaka, MD, PhD; Ikuko Ueda, PhD; Koichiro Homma, MD, PhD;  
Masaru Suzuki, MD, PhD; Shigeo Okuda, MD, PhD; Yuichiro Maekawa, MD, PhD;  

Eiji Kobayashi, MD, PhD; Shingo Hori, MD, PhD; Junichi Sasaki, MD, PhD;  
Keiichi Fukuda, MD, PhD; Motoaki Sano, MD, PhD

Background: Hydrogen gas inhalation (HI) reduced infarct size and mitigated adverse left ventricular (LV) remodeling in a rat model 
of acute myocardial infarction (AMI). We designed a prospective, open-label, rater-blinded clinical pilot study in patients experiencing 
ST-elevated MI (STEMI).

Methods and Results: The 20 patients with an initial diagnosis of STEMI were assigned to either an HI group (1.3% H2 with 26% 
oxygen) or a control group (26% oxygen). There were no HI-related severe adverse events. In the full analysis set, the cardiac 
salvage index as evaluated using cardiac magnetic resonance imaging at 7 days after primary percutaneous coronary intervention 
(PCI), showed no significant between-group difference (HI: 50.0±24.3%; control: 60.1±20.1%; P=0.43). However, the improvement 
from day 7 in the HI group was numerically greater than that in the control group in some of the surrogate outcomes at 6-month 
follow-up, including the LV stroke volume index (HI: 9.2±7.1 mL/m2; control: −1.4±7.2 mL/m2; P=0.03) and the LV ejection fraction 
(HI: 11.0%±9.3%; control: 1.7%±8.3%; P=0.11).

Conclusions: The first clinical study has shown that HI during PCI is feasible and safe and may also promote LV reverse remodeling 
at 6 months after STEMI. The study was not powered to test efficacy and a further large-scale trial is warranted. (Clinical trials 
registration: UMIN00006825)

Key Words: Cardiac magnetic resonance imaging; Hydrogen gas; Left ventricular remodeling; Myocardial infarction
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patients (60%) were male, and the average age was 65±15 
years. Collapse was witnessed for all patients; 4 patients 
(80%) had received bystander-performed cardiopulmonary 
resuscitation, 4 patients (80%) were initially in ventricular 
fibrillation, and 4 patients (80%) had a cardiac etiology. The 
time interval from collapse until return of spontaneous circula-
tion (ROSC) was 16±4.7 min, and the time from ROSC until 
the initiation of HI was 4.9±1.2 h (Table). Written informed 
consent was obtained from a legal surrogate and from each 
patient who regained the necessary mental capacity. Compre-
hensive PCAS care was provided according to guidelines.5 All 
patients were successfully treated with TTM between 33°C 
and 36°C.

HI (2% H2 with oxygen) was initiated through a ventilator 
upon ICU admission and was continued for 18 h. During HI, 
patients were ventilated using volume-controlled continuous 
mandatory ventilation in combination with sedatives and neu-
romuscular blocking agents. The actual respiratory conditions, 
tidal volume, FiO2, end-tidal CO2, and H2 concentration was 
continuously monitored by additionally installed monitoring 
devices (Figures C,D). HI was successfully applied to all the 
eligible patients as scheduled.

noxic neurological injury is a significant source of 
morbidity and mortality in patients with post-cardiac 
arrest syndrome (PCAS). Although a growing body 

of evidence suggests that target temperature management (TTM) 
is important for improving neurological outcomes,1 TTM 
requires significant human and material resources and can only 
be performed by experienced teams in the intensive care unit 
(ICU).2 We have been looking for widely applicable therapeu-
tic approaches for PCAS. Recent proof-of-concept studies in 
animal models have demonstrated the therapeutic effect of 
molecular hydrogen (H2) on neurological outcomes after car-
diac arrest (CA).3,4 In this study, we sought to evaluate the 
feasibility and safety of H2 inhalation (HI) for PCAS.

Methods and Results
The study was an open-label, single-arm, prospective inter-
vention trial performed at Keio University Hospital in Tokyo, 
Japan. The study protocol was approved by the Ethics 
Committee of Keio University. We consecutively enrolled 5 
patients who met the inclusion/exclusion criteria between 
January 1, 2014, and January 19, 2015 (Figures A,B): 3 of the 

A

Received February 8, 2016; revised manuscript received May 27, 2016; accepted June 5, 2016; released online June 22, 2016  Time for 
primary review: 21 days

Department of Emergency and Critical Care Medicine (T.T., K.H., M. Suzuki, T. Shibusawa, J.Y., Y.K., S.H.), Department of Cardiology 
(M. Sano, K.F.), Department of Anesthesiology (T. Suzuki, H.M.), Keio University School of Medicine, Tokyo; The Center for Molecular 
Hydrogen Medicine, Keio University, Tokyo (T.T., K.H., M. Sano, M. Suzuki); and Department of Biochemistry and Cell Biology, 
Institute of Development and Aging Science, Graduate School of Medicine, Nippon Medical School, Tokyo (S.O.), Japan

Mailing address: Masaru Suzuki, MD, PhD, FACP, Department of Emergency and Critical Care Medicine, School of Medicine, Keio 
University, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan.  E-mail: suzuki@a2.keio.jp

ISSN-1346-9843  doi: 10.1253/circj.CJ-16-0127
All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: cj@j-circ.or.jp

Feasibility and Safety of Hydrogen Gas Inhalation for  
Post-Cardiac Arrest Syndrome

– First-in-Human Pilot Study –
Tomoyoshi Tamura, MD; Kei Hayashida, MD; Motoaki Sano, MD; Masaru Suzuki, MD;  

Takayuki Shibusawa, MD; Joe Yoshizawa, MD; Yosuke Kobayashi, MD; Takeshi Suzuki, MD;  
Shigeo Ohta, PhD; Hiroshi Morisaki, MD; Keiichi Fukuda, MD; Shingo Hori, MD

Background: Hydrogen gas inhalation (HI) ameliorates cerebral and cardiac dysfunction in animal models of post-
cardiac arrest syndrome (PCAS). HI for human patients with PCAS has never been studied.

Methods and Results: Between January 2014 and January 2015, 21 of 107 patients with out-of-hospital cardiac 
arrest achieved spontaneous return of circulation. After excluding 16 patients with specific criteria, 5 patients under-
went HI together with target temperature management (TTM). No undesirable effects attributable to HI were 
observed and 4 patients survived 90 days with a favorable neurological outcome.

Conclusions: HI in combination with TTM is a feasible therapy for patients with PCAS.  (Circ J 2016; 80: 
1870 – 1873)

Key Words: Hydrogen gas inhalation; Molecular hydrogen; Post-cardiac arrest syndrome; Return of spontaneous 
circulation
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