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Inhalation of hydrogen (H;) gas has been demonstrated to limit the infarct volume of brain and liver by
reducing ischemia-reperfusion injury in rodents. When translated into clinical practice, this therapy
must be most frequently applied in the treatment of patients with acute myocardial infarction, since
angioplastic recanalization of infarct-related occluded coronary artery is routinely performed. Therefore,
we investigate whether H, gas confers cardioprotection against ischemia-reperfusion injury in rats. In
isolated perfused hearts, H, gas enhances the recovery of left ventricular function following anoxia-
R reoxygenation. Inhaled H, gas is rapidly transported and can reach ‘at risk’ ischemic myocardium before
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H, bustible levels during ischemia and reperfusion reduces infarct size without altering hemodynamic
parameters, thereby preventing deleterious left ventricular remodeling. Thus, inhalation of H, gas is
promising strategy to alleviate ischemia-reperfusion injury coincident with recanalization of coronary
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Acute myocardial infarction is a leading cause of death world-
wide. Reduction of infarct size is an important therapeutic goal,
since the size of the infarct is directly linked to short-term and
long-term morbidity and mortality [1]. The prognosis of acute
myocardial infarction has been improved dramatically with the
development of highly successful approaches to restore blood flow
by primary percutaneous coronary intervention (PCI) to the ische-
mic tissue [2]. Paradoxically, while coronary reperfusion improves
the prognosis of acute myocardial infarction, it also leads to myo-
cardial reperfusion injury by extending myocardial damage within
the ischemic period [3]. Studies in animal models of acute myocar-
dial infarction show that reperfusion injury accounts for up to 50%
of the final size of a myocardial infarct [4]. Therefore, intervention
to alleviate reperfusion injury at the time of coronary recanaliza-
tion has been considered to be the promising strategy to further
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decrease infarct size and improve the prognosis after myocardial
infarction.

The accelerated generation of reactive oxygen species (ROS) by
reperfusion of the ischemic myocardium is a potential mediator of
reperfusion injury [5-7]. Many attempts have been made to inhibit
ROS production to limit the extent of reperfusion injury. However,
the administration of ROS scavengers at the time of reperfusion has
produced conflicting results [8,9]. That can be partially explained
by the dual role of ROS in ischemia-reperfused hearts. The majority
of detrimental effects associated with lethal reperfusion injury are
attributed to hydroxy radical (‘OH), the most highly reactive oxy-
gen species. By comparison, superoxide anion radical (O,) and
hydrogen peroxide (H,0,) have less oxidative energy and, para-
doxically, are implicated as crucial signaling components in the
establishment of favorable tolerance to oxidative stress upon
ischemia-reperfusion [10,11]. Consequently, the inhibition of both
pathways can be deleterious.

Recently, Ohsawa et al. demonstrated that molecular hydro-
gen (H,) is a novel anti-oxidant with certain unique properties.
(1) H, is permeable to cell membranes and can target organelles,
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including mitochondria and nuclei; (2) H, specifically quenches
exclusively detrimental ROS, such as '‘OH and peroxynitrite
(ONOO™), while maintaining the metabolic oxidation-reduction
reaction and other less potent ROS, such as O,~, H,0,, and nitric
oxide (NO); (3) inhalation of H, gas limits the infarct volume of
brain and liver if given at the appropriate time during reperfu-
sion [12,13]. However, clinical application of reperfusion therapy
for these organs is limited. When translated into the clinical
practice, H, gas inhalation therapy must be most frequently ap-
plied in the treatment of patients with acute myocardial infarc-
tion, since angioplastic recanalization of occluded infarct-related
coronary artery is routinely performed.

The aim of this study was to investigate whether inhalation of
H, gas exerts cardioprotective effects during myocardial ische-
mia-reperfusion. We showed the inhaled H; gas is rapidly trans-
ported and can reach even ‘at risk’ ischemic myocardium before
coronary blood flow of the occluded infarct-related artery is rees-
tablished. Inhalation of H, gas during ischemia and reperfusion sig-
nificantly reduces infarct size without altering hemodynamic
parameters, thereby preventing deleterious left ventricular (LV)
remodeling.

Materials and methods

Animals. All experimental procedures and protocols were ap-
proved by the Animal Care and Use Committees of the Keio
University and conformed to the NIH Guide for the Care and
Use of Laboratory Animals. Eight-week-old male Wistar rats
were artificially ventilated under anesthesia with ketamine
(60 mg/kg) and xylazine (15 mg/kg) given intraperitoneally.
Temperature was maintained at 37.5+0.5°C using a thermo-
statically controlled heating blanket connected to a thermome-
ter probe placed in the rectum. H, gas was administered
through a ventilator and the flow volume was controlled by a
gas flowmeter TF-1 (YUTAKA Engineering Corporation, Tokyo,
Japan). The concentration of H, in the gas mixture was deter-
mined using the Breath Gas Analyzer Model TGA-2000 (TERA-
MECS, Kyoto, Japan). Saturation of arterial oxygen level (SaO,)
was monitored by Clip sensor (PDR-43C) connected to Stand
Alone Pulseoxymeter (CANL425SV). A Millar transducer catheter
(SPR-320) was placed in the LV cavity via the left internal ar-
tery to monitor LV pressure using Polygraph system (NIHON
KODEN; PEG-1000).

Myocardial ischemia-reperfusion model. Regional myocardial
ischemia was induced by transient occlusion of the left anterior
descending coronary artery. After 30 min of ischemia, we removed
the tube for myocardial reperfusion and closed the thorax with the
suture intact. The suture around the coronary artery was retied
24 h after reperfusion and 2% Evans blue dye was injected into
the LV cavity to retrospectively delineate the area at risk of myo-
cardial infarction. The heart was removed, washed in phosphate
buffered saline, and then sliced into sequential 1 mm thick sec-
tions. We stained the sections with 2,3,5-triphenyltetrazolium
chloride (TTC) (3%) then measured the infarct (white), non-infarct
(red), non-ischemic, (blue), and at risk areas (AAR) (white and red).

Echocardiography. Rats were anesthetized by inhalation with
1.5% isoflurane. Animals were anchored to a positionable platform
in a supine position. Short axis echocardiography was accom-
plished with a Vevo 660 system (VisualSonics) with the use of a
600 series real-time microvisualization scanhead probe.

Measurement of H, gas concentration. H, gas concentration was
measured in tissues using a needle-type H, sensor (Unisense).
The electrode current was measured with a picoammeter (Keith-
ley) attached to a strip chart. The negative current obtained from
the H, sensor was converted to regional H, concentration using a

calibration curve generated from known levels of H, saturated
saline.

Langendorff-perfusion of the heart. Hearts were excised quickly
from heparinized Wistar male rats (350 g) and perfused with mod-
ified Krebs-Henseleit buffer (118 mmol/l NaCl, 25 mmol/l NaHCOs3,
4.7 mmol/l KCl, 1.2 mmol/l MgS0,, 1.2 mmol/l KH,POy4, 1.75 mmol/
1 CaCl,, 0.5 mmol/l EDTA, 11 mmol/l glucose, and 5 mmol/l pyru-
vate) equilibrated with a gas mixture comprised of 95% 0,/5%
CO, at 37°C. Coronary perfusion pressure was maintained at
70 mmHg. A plastic catheter with a latex balloon was inserted into
the LV. Before the induction of anoxia, hearts were paced at 5 Hz,
and the LV end-diastolic pressure was adjusted to 10 mmHg by fill-
ing the balloon with water. Pacing was turned off during anoxia
and turn on 10, 20, 30, or 40 min after reoxygenation to measure
the recovery of LV function. Indices of LV function [LV systolic pres-
sure, LVSP; LV diastolic pressure, LVDP; LV developed pressure
(LVDP = LVSP — LVDP); and LV peak positive and negative dP/dt]
were recorded as described previously [14-17].

Immunohistochemical procedures. Sample fixation, embedding,
sectioning, and blocking were performed as described previously
[18]. Briefly, hearts were perfused from the apex with PBS, perfu-
sion-fixed with 4% paraformaldehyde/PBS, dissected, subsequently
cryoprotected in sucrose solutions at 4 °C, embedded in OCT com-
pound (Miles Scientific, Naperville, IL), and quickly frozen in liquid
nitrogen. The fixed hearts were sectioned (8 um) using a CM3050S
cryostat (Leica, Nussloch, Germany). For immunostaining, sections
were blocked in 5% BSA for 30 min at room temperature and
stained with anti-80H-dG (MOG-020P; Japan Institute for the Con-
trol of Aging; 1:800) antibodies overnight at 4 °C. Secondary anti-
bodies conjugated Alexa Fluor 546 (Molecular Probes, Eugene,
OR, USA; 1:200) were applied for 1 h at 4 °C. Nuclei were stained
with TO-PRO-3 (Molecular Probes) in a mounting medium. Slides
were observed under Fluorescence Microscope (LYMPUS BX-60).
The 8-OHdG positive area as percentage of total left ventricles at
serial short axis sections was measured by planimetry using Im-
age/] software from the National Institutes of Health (Bethesda,
MD, USA).

Statistical analyses. Values are presented as means * SEM. Statis-
tical significance was evaluated using the unpaired Student’s
t-tests for comparisons between two mean values. Multiple com-
parisons between more than three groups were performed using
ANOVA. A value of P < 0.05 was considered statistically significant.

Results

H, gas improves the recovery of left ventricular function during
reoxygenation after anoxia in isolated perfused hearts

We first studied the effect of H, gas on the functional recovery
after anoxia-reoxygenation in Langendorff-perfused rat hearts.
Hearts were subjected to 40 min of anoxic perfusion with buffer
equilibrated with either 100% N, (Control group) or 100% H; (H»
group) followed by 40 min of aerobic reperfusion with buffer equil-
ibrated with 95% O, and 5% CO, (Fig. 1A). H, gas significantly im-
proved the recovery of LV developed pressure (LVDP), positive dP/
dt, and negative dP/dt 40 min after reoxygenation (n = 10, 'P < 0.05,
compared to control group, Fig. 1B).

Inhalation of H, gas immediately increases the intramyocardial H, gas
concentration

Before we determined whether inhalation of hydrogen (H;) gas
confers cardioprotection against ischemia-reperfusion injury, the
regional delivery of inhaled H; gas was investigated by monitoring
the time-course of changes in H, levels using a needle-shaped
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Fig. 1. H, gas improves the recovery of left ventricular function during reoxygenation after anoxia in isolated perfused hearts. (A) Experimental protocol of aoxia-
reoxygenation. Isolated perfused rat hearts were subjected to 40 min of anoxia with buffer equilibrated with either 100% N, (control group) or 100% H, (H; group) followed by
40 min of aerobic reperfusion. (B) Comparison of percentage recovery of LVDP and peak positive and negative dP/dt 40 min after reoxygenation between control group and H,

inhalation group (n =10, 'P<0.05, compared to control group).

hydrogen sensor electrode inserted directly into the tissues. When
2% Hy gas was inhaled, the arterial H, levels started to increase
2 min after inhalation of H; gas and reached a maximum level after
5 min [1.82 £ 0.02% (n =5)]. The incremental rate of H, saturation
for the non-ischemic myocardium was similar to that observed
in arterial blood with attaining a maximum of 1.73 £0.02%
(n=5) (Fig. 2A). By contrast, the rate of increase in the H, satura-
tion was slower in the center of the thigh muscle with attaining
a maximum level of 0.50 + 0.03% (n =5) after 30 min (Fig. 2B and
Supplementary Fig.).

Of note, H; gas levels were increased even in the ischemic myo-
cardium (Fig. 2C). Although the incremental rate of H, saturation
was slower in the ischemic myocardium than in the non-ischemic
myocardium, the peak level of H, in the ischemic myocardium was
reached at approximately two thirds of the value observed in the
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non-ischemic myocardium (Fig. 2D). After restoration of coronary
artery blood flow, the level of H, in the ischemic myocardium
immediately increased to the level observed in the non-ischemic
myocardium.

Inhalation of H, gas protects the heart from ischemia-reperfusion
injury

To investigate whether inhalation of H, gas protects the heart
from ischemia-reperfusion injury, rats were subjected to coro-
nary artery occlusion for 30 min followed by reperfusion for
24 h. H, gas was administered at the onset of ischemia and con-
tinued for 60 min after reperfusion. H, gas has no adverse effect
on heart rate and arterial oxygenation (Fig. 3A). There was no
significant difference in the temporal profile of LV end-systolic
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Fig. 2. Inhalation of H, gas increases the intramyocardial H, gas concentration. H, gas at 2% was administered by respiration to intubated rats receiving mechanical
ventilation and the concentration of H, in tissue was recorded continuously. (A) A needle-type H, sensor was inserted in LV cavity (arterial blood) and non-ischemic LV
myocardium. (B) Comparison of peak H, gas levels between arterial blood, non-ischemic LV myocardium, and thigh muscle (n =5, P < 0.05, compared to the level of arterial
blood). (C) The changes in the concentration of H, in ‘at risk’ area for infarction during ischemia and reperfusion. (D) Comparison of change in the H, concentration between
non-ischemic and ischemic myocardium after H inhalation (n =5, ‘P < 0.05, compared to the level of non-ischemic myocardium).
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Fig. 3. Inhalation of H, reduces infarct size induced by ischemia-reperfusion injury. (A) Changes in heat rate (HR), oxygen saturation by pulse oximetry (Sp0-), 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) Ho-
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 H, 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, H, inhalation group compared to control group). endo, endocardium; epi, epicardium.

pressure, LV peak positive and negative LV dP/dt, between the
control group and the 2% H, gas inhalation group. Notably, LV-
end-diastolic pressure after reperfusion was significantly lower
in H, gas inhalation group compared to control group (n=>5,
‘P <0.05).

In the absence of H, 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% H, gas significantly reduced infarct
size, with 2% H, 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 H,
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% H, gas inhalation than that of control group (n =5, P < 0.05, Fig.
3D).

Inhalation of H, gas reduces LV remodeling after ischemia-reperfusion
injury

To determine the impact of H, 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 H, gas during myocardial ischemia-reperfu-
sion reduced pathological remodeling after myocardial infarction
(Fig. 4).
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Fig. 4. Inhalation of H, 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 H, inhalation (H,_I/R). Mea-
surement of M-mode echocardiographic images in each group. LVEDd, LV endodi-
astolic diameter (pum); LVESd, LV endosystolic diameter (pm); IVC, intraventricular
septum diameter (1m); PW, posterior wall thickness (ium); 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).

Discussion

This is the first study to demonstrate that inhalation of H, gas,
at an incombustible level, limit the extent of myocardial infarction
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resulting from myocardial ischemia-reperfusion injury, and there-
by preserve LV function in vivo. The cardioprotective effect of H,
gas was also confirmed ex vivo Langendorff-perfused hearts sub-
jected to anoxia-reoxygenation injury. The anti-oxidant properties
of H, were confirmed by the demonstration that (1) H, improves
the recovery of LV function during reoxygenation after anoxia,
one of the oxidative stress model, in isolated perfused hearts; (2)
inhalation of H, gas ameliorates the level of 8-OHdG immunoreac-
tivity in the ‘at risk’ area for infarction. The anti-oxidant action of
molecular H, may be explained, at least partially, by direct ROS
scavenging effect. However, it remains unclear if the anti-oxidant
action of H; is also ascribed to the activation of the reperfusion in-
jury salvage kinase pathways or a direct effect on mitochondrial
energetics.

Gas inhalation as disease therapy has received recent interest.
There are three endogenous gas signaling molecules, known as gas-
otransmitters, include nitric oxide (NO), carbon monoxide (CO),
and hydrogen sulfate (H,S). The increased production of these
gases under stress conditions may reflect the active involvement
of these gases in the protective response. In pre-clinical experi-
mental models of disease, including ischemia-reperfusion injury,
the inhalation of exogenous CO or H,S has produced a favorable
outcome for most vital organs [19-22]. However, the inherent tox-
icity of these gases must be investigated for gas inhalation to be
considered an effective therapeutic strategy. It is unknown if the
therapeutically effective threshold for CO or H,S can be attained lo-
cally in target organs without delivering a potentially toxic level of
the gasses via the lungs.

H, is not produced endogenously in mammalian cells since
the hydrogenase activity responsible for the formation of H,
gas has not been identified [23]. The spontaneous production
of H, gas in the human body occurs via fermentation of undi-
gested carbohydrates by resident enterobacterial flora. H, is
transferred to the portal circulation and excreted through the
breath in significant amounts. We demonstrated that inhaled
H, at therapeutic dose has no adverse effects on the saturation
level of arterial oxygen (SpO;) or hemodynamic parameters,
including heart rate and LV pressure. H, dissolved in the blood
is distributed to tissues proportional to regional blood flow,
and is rapidly eliminated by the lungs. Accordingly, the H, gas
clearance method was employed to measure local blood flow
in various tissues [24]. Since the heart is one of the most highly
perfused tissues, the intramyocardial H, concentration increases
immediately following inhalation of H,, and attaining to almost
compatible levels of that observed in arterial blood within
10 min. Of note, the regional H, concentration in the ischemic
myocardium reaches at two thirds of the value observed in the
non-ischemic myocardium. This may occur through gaseous dif-
fusion from the blood in the ventricular cavity and/or adjacent
non-ischemic myocardium. These findings indicate that adminis-
tration of H, gas by inhalation, in patients with totally coronary
artery occlusion, can efficiently increase the regional concentra-
tion of H, in the ‘at risk’ area for myocardial infarction before
reestablishing coronary blood flow within the occluded infarct-
related artery.

We demonstrated that inhalation of H, gas is promising strat-
egies to alleviate ischemia-reperfusion injury at the time of
recanalization of coronary artery. When translated into the clin-
ical practice, inhalation of H, gas must be most frequently ap-
plied in the treatment of patients with acute myocardial
infarction in conjunction with routinely performed PCI proce-
dures. Further understanding of the mechanisms underlying
the signaling pathways involved in H;-mediated anti-oxidant
activity, and the capacity of H, to influence cellular metabolism,
is required to fully exploit inhalation of H, gas as a therapeutic
strategy.
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