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Background: Post-cardiac arrest (CA) brain injury is the main cause of
death in patients resuscitated from CA. Previous studies demonstrated
that hydrogen inhalation mitigates post-CA brain injury. However, factors
affecting the efficacy of hydrogen remain unknown. In the present study, we
investigated the influence of oxygen concentration and targeted temperature
on neuroprotective effect in a CA rat model of ventricular fibrillation (VF).

Methods: Cardiopulmonary resuscitation (CPR) was initiated after 7min
of untreated VF in adult male Sprague—Dawley rats. Immediately following
successful resuscitation, animals were randomized to be ventilated with 21%
oxygen and 79% nitrogen (21%0,); 2% hydrogen, 21% oxygen, and 77%
nitrogen (2%H» + 21%05); 2% hydrogen, 50% oxygen, and 48% nitrogen (2%H>»
+ 50%05); or 2% hydrogen and 98% oxygen (2%H, + 98%0,) for 3h. For each
group, the target temperature was 37.5°C for half of the animals and 35.0°C
for the other half.

Results: No statistical differences in baseline measurements and CPR
characteristics were observed among groups. For animals with normothermia,
2%Hy 4+ 50%0, (123 [369] vs. 500 [393], p = 0.041) and 2%H, + 98%0O,»
(73 [66] vs. 500 [393], p = 0.002) groups had significantly lower neurological
deficit scores (NDSs) at 96 h and significantly higher survival (75.0 vs. 37.5%,
p = 0.033 and 81.3 vs. 37.5%, p = 0.012) than 21%O, group. For animals
with hypothermia, no statistical difference in NDS among groups but 2%H, +
98%0, has significantly higher survival than the 21%0O» group (93.8 vs. 56.3%,
p =0.014).

Conclusion: In this CA rat model, inhaling 2% hydrogen combined with a high
concentration of oxygen improved 96-h survival, either under normothermia
or under hypothermia.

KEYWORDS

cardiac arrest and brain injuries, hydrogen inhalation, neurological outcome, oxygen
concentration, targeted temperature management
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Introduction

Cardiac arrest (CA) is a major public health problem with
a higher frequency especially in the young (1). Despite decades
of research and investment in the field of cardiopulmonary
resuscitation (CPR), survival rates after CA remain poor even
after achieving the return of spontaneous circulation (ROSC),
and up to 70% of patients die from complications (2). Post-CA
brain injury, which is encompassed by primary (ischemic) and
secondary (reperfusion) injury occurring sequentially during
CA, resuscitation, and the acute post-resuscitation phase, is the
main cause of death (3). Since the ultimate goal of resuscitation
is to restore cardiac and cerebral functions to that before the
arrest, post-resuscitation care has been focused on minimizing
secondary brain injury and optimizing the chances of recovery
following ROSC (4).

Among all post-resuscitation interventions suggested and/or
recommended, targeted temperature management (TTM) or
therapeutic hypothermia is the most persuasive treatment that
has proven benefits both for the neurological recovery and
survival (5). According to the 2015 International Resuscitation
Guidelines, the targets of temperature and duration are between
32 and 36°C for at least 24h for all cardiac rhythms in
adult patients with CA (6). In spite of that, TTM has
been extensively studied, its neuroprotective effect remains
controversial. Unfortunately, recent clinical studies fail to
show beneficial effects between TTM and normothermia on
neurologic recovery and mortality outcomes (7, 8). Therefore,
treatment of post-CA brain injury remains a big challenge.

Since the discovery that molecular hydrogen protects
the brain against ischemia-reperfusion injury by selectively
neutralizing reactive oxygen species (ROS), the neuroprotective
effects of hydrogen have been studied in variety of animal
models (9). These studies have consistently demonstrated that
hydrogen greatly mitigates post-CA brain injury and improves
neurological outcomes, to an extent comparable or superior to
TTM in different CA models (10-20). As hydrogen has been
shown to be well tolerated for clinical use in healthy adults
and to be a feasible therapy for patients with post-CA brain
injury, a multi-center randomized trial is ongoing to confirm
the efficacy of hydrogen on neurological outcomes in comatose
out-of-hospital CA survivors (21-23).

Hydrogen inhalation is the most commonly used way for
hydrogen administration in both animal and clinical studies
since mechanical ventilation is routinely utilized in the post-
resuscitation period. In fact, hydrogen needs to be mixed with a
certain concentration of oxygen at a certain temperature during
mechanical ventilation. The optimal and safe concentration of
hydrogen is demonstrated to be 2%, but the optimal oxygen
concentration and targeted temperature for hydrogen inhalation
are undetermined (9, 10). The objective of this study was
designed to investigate the influence of oxygen concentration
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and TTM on the neuroprotective effect of hydrogen in a CA
model of ventricular fibrillation (VF).

Materials and methods

This prospective, randomized, observational animal study
was approved by the Laboratory Animal Welfare and Ethics
Committee of the Army Medical University (protocol number:
SGX2018yjs02). One hundred and seventy-eight male Sprague—
Dawley rats, weighed between 270 and 361 g (10-12 weeks of
age) and supplied by a single-source breeder (Laboratory Animal
Center, Army Medical University, Chongging, China), were
used for this study. The sample size was determined by our
previous animal studies that investigated the effects of hydrogen,
oxygen, and TTM (14, 16, 18, 24). The study was in accordance
with the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines and all animals received humane care in
compliance with the Principles of Laboratory Animal Care and
Guide for the Care and Use of Laboratory Animals.

Animal preparation

After fasting overnight, the animals were anesthetized
with an intraperitoneal injection of pentobarbital (45 mg/kg).
Additional doses (10 mg/mg) were administered intravenously
at ~1-h intervals to maintain anesthesia. The tracheas of
the animals were intubated through a tracheotomy with a
14-gauge cannula and mechanically ventilated with a tidal
volume of 6.5 ml/kg at an FiOy of 0.21 (R415, RWD Life
Science Co. LTD, Shenzhen, China). A PE-50 catheter was
advanced from the right femoral artery for measurement of
arterial pressure and blood sampling. The left femoral vein
was cannulated with a PE-50 catheter to administrate fluids
and drugs. Arterial pressure and lead II electrocardiogram
(ECG) were continuously measured by a multi-parameter
monitor (Model 90369, Spacelabs, Snoqualmie, WA, USA). Core
temperature was monitored by a thermocouple probe (TH-212,
Bjhocy Science and Technology Co. Ltd., Beijing, China) that
was placed into the esophagus and maintained by a heating lamp
to ensure appropriate temperature management. All catheters
were flushed intermittently with saline solution containing 2.5
TU/ml heparin.

Experimental procedures

Mechanical ventilation was discontinued, and VF was
induced by 50Hz transesophageal cardiac pacing. CPR was
begun after 7min of untreated CA. Manual external chest
compression was performed at a rate of 240/min by the
same investigator. Coincident with the initiation of chest
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compression, animals were mechanically ventilated at a
frequency of 90/min with a tidal volume of 6.0 ml/kg and
an FiOy of 1.0. A dose of epinephrine (0.02 mg/kg) was
injected 1 min after the start of CPR. A defibrillation shock was
attempted with a 2-] biphasic waveform (M Series, Zoll Medical
Corporation, Chelmsford, MA, USA) after 3 min of CPR. Chest
compression was immediately resumed after the shock delivery
until the confirmation of ROSC. ROSC was defined as the return
of an organized cardiac rhythm with a mean arterial pressure
(MAP) >60 mmHg for an interval >5 min.

Immediately following ROSC, animals were randomized to
4 groups (n = 32 each) and mechanically ventilated with 21%
oxygen and 79% nitrogen (21%0O3, also served as control); 2%
hydrogen, 21% oxygen, and 77% nitrogen (2%H, + 21%03);
2% hydrogen, 50% oxygen, and 48% nitrogen (2%H; + 50%0;);
or 2% hydrogen and 98% oxygen (2%H; + 98%0;) for 3h.
TTM was administrated for all of the animals, and the target
temperature was 37.5°C (normothermia) for half of the animals
(n = 16) and 35.0°C (hypothermia) for the other half (n = 16)
in each group. For animals subjected to hypothermia, surface
cooling was initiated immediately after ROSC with the aid of ice
packs and an electrical fan. Once the target temperature reached
35.0°C, it was maintained for 3h and gradually rewarmed
to 37.5°C over a period of 2h. We chose 35.0°C because
hypothermia is usually defined as a body core temperature below
35.0°C, and a previous study demonstrated that there was no
significant difference in survival, neurologic function, or adverse
events between patients treated with a target temperature of
33.0 or 36.0°C (25). For animals assigned to normothermia,
core temperature was maintained at 37.5 £ 0.3°C until the
end of the experiment. Additionally, 10 animals underwent the
same preparation operation, but without the induction of VF,
the procedure of resuscitation and post-resuscitation care were
served as Sham group.

All rats received the same post-operative care, except for
the composition and concentration of the inhaled gas and the
target temperature. All catheters, including endotracheal tube,
were removed and wounds were surgically sutured 6h after
resuscitation. Animals were then returned to their cages with a
room temperature maintained at 21-25°C with 12 h of light/12h
of dark exposure and were observed for 96 h.

Measurements

The primary outcome was 96-h survival and the
secondary outcome was neurological recovery. ECG,
electroencephalogram (EEG), and blood pressure were

continuously recorded with a PC-based data acquisition system
(DATAQ Instruments Inc., Akron, OH, USA). Arterial blood
samples were drawn at baseline and 3 and 6 h after ROSC. Blood
gases were measured with the aid of a blood analyzer (i-STAT,
Abbott Point of Care Inc, Abbott Park, IL, USA). Cardiac
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function was non-invasively measured with an echocardiograph
(DC-6, Mindray Medical Limited,
Shenzhen, China). Left ventricular ejection fraction (LVEF)

system International
served as quantitative measurement of myocardial contractile
function. The characteristics of the earlier post-resuscitation
EEG, including the onset time of the EEG burst (OTOB),
time to normal EEG trace (TTNT), and weighted-permutation
entropy (WPE), were quantitatively analyzed as described in
our previous studies (18, 24).

Neurological deficit score (NDS) was examined and
confirmed by 2 investigators blinded to the treatment every
24h after ROSC. Consciousness, respiration, cornea reflex,
cranial reflex, auditory reflex, motor sensory function, and
behavior were scored according to an NDS system (0-500
scale; 0 means no observed neurological deficit and 500
represents death or brain death) that was developed to evaluate
neurological outcomes after global cerebral ischemia in rats
(26). Consciousness was measured by checking spontaneous
attention to the environment and reaction to pinching of the
ear or tail (0-100 scale). Respiration was reflected by breathing
frequency (0-100 scale). Cornea reflex (0-40 scale), cranial reflex
(0-30 scale), and auditory reflex (0-30 scale) were respectively
measured by touching the center of the cornea with a hemostat,
stimulating with a catheter, and banging metal cop with clamp,
and their minimal and maximal values represent absent and
brisk reactions. Motor sensory function was measured by
the reflex that corrects the orientation of the body when it
was taken out of its normal upright position (0-100 scale).
Behavior (0-100 scale) was scored by the level of spontaneous
or stimulated movements.

After assessment of the 96-h NDS, the survived animals
and 10 sham-operated rats were anesthetized with pentobarbital
sodium. The brains were removed and immersion fixed
in 10% neutral buffered formalin. Organs were embedded
in paraffin and sectioned (5pum) on a microtome. The
sections in the CAl hippocampus region were stained with
hematoxylin and eosin (H&E) (Servicebio Technology Co,
Ltd, Wuhan, China) for morphological evaluation, with
terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling (TUNEL) (Roche Applied
Science, Basel, Switzerland), 4’ ,6-diamidino-2-phenylindole
(DAPI), and Caspase-3 (Servicebio Technology Co, Ltd, Wuhan,
China) for apoptosis detection.

In total, 40 rats (n =
the same experimental procedure and were anesthetized

5 in each group) underwent

6h after resuscitation. The hippocampus and cortex were
removed respectively for the detection of oxidative stress-
related biomarkers and compared with those of 10 sham-
operated rats. The brain tissue homogenate was centrifuged
at 3,500 rev/min at 4°C for 10 min and then the supernatant
was collected. The tissue protein concentration was quantified
using a bicinchoninic acid protein assay kit (Nanjing JianCheng
Technology Co, Ltd, China). The density of superoxide
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TABLE 1 Baseline and cardiopulmonary resuscitation (CPR) characteristics for animals under normothermia.

Characteristics 21%0, 2%H, + 21%0, 2%H; + 50%0, 2%H; + 98%0,
(n=16) (n=16) (n=16) (n=16)

Body weight (g) 318.6 +£24.5 319.5+£22.7 316.8 £22.3 3154+ 19.1
Heart rate (BPM) 414.8 £ 30.0 391.4 £ 46.0 418.1 £+ 30.5 404.8 £25.7
MAP (mmHg) 126.1 £7.6 121.1 £ 8.4 1253 £ 6.7 123.1 +£10.1
Temperature (°C) 37.54+0.2 375+0.2 37.54+0.2 37.54+0.1
PETCO, (mmHg) 37.6 £4.9 374+£28 37.1£6.0 38.1 £4.7
LVEF (%) 83.0£ 1.0 822+£21 833+1.7 832+28
CPR duration (s) 215.5 £ 24.0 210.5£22.7 209.7 £20.2 205.3 £ 26.2
Defibrillations (1) 2.1+£08 1.9+£09 1.8+£0.8 1.8£09
Epinephrine (jLg) 17.5+ 6.9 17.8 £ 5.5 169 +£5.7 17.2+£53
Pentobarbital (mL) 1.3+0.2 1.3+£03 1.3+0.2 1.4+02

BPM, beats per minute; MAP, mean arterial pressure; PETCO, partial pressure of end-tidal carbon dioxide; LVEF, left ventricular ejection fraction.

TABLE 2 Baseline and cardiopulmonary resuscitation (CPR) characteristics for animals under hypothermia.

Characteristics 21%0, 2%H; + 21%0, 2%H, + 50%0, 2%H; + 98%0,
(n=16) (n=16) (n=16) (n=16)

Body weight (g) 3135+ 19.7 316.9 +22.8 3134 420.1 31724 19.7
Heart rate (BPM) 412.7 £ 25.9 405.2 +31.7 403.0 £ 39.5 402.7 £39.7
MAP (mmHg) 1259 £ 8.5 1209 £8.1 1239+ 84 126.0 6.1
Temperature (°C) 375402 375+£0.2 374402 375+£0.2
PETCO, (mmHg) 37.5+5.7 380+29 37.1+3.7 372+33
LVEF (%) 82.7+1.0 839+3.0 83.6+1.9 82.8+22
CPR duration (s) 215.7 £27.0 215.1 £46.7 212.1 +£23.8 209.1 £ 32.0
Defibrillations (n) 22+ 1.1 21+1.8 1.8+0.7 1.8+ 1.4
Epinephrine (j.g) 163 +5.9 16.8 £7.2 16.3 £5.0 169 +7.5
Pentobarbital (mL) 14+03 1.4+04 1.5+0.4 1.4+03

BPM, beats per minute; MAP, mean arterial pressure; PETCO,, partial pressure of end-tidal carbon dioxide; LVEEF, left ventricular ejection fraction.

dismutase (SOD) that reflects the ability to scavenging free
radicals, malondialdehyde (MDA) that plays a toxic effect
on the cells, and 8-hydroxy-2-deoxy guanosine (8-OHDG)
that indicates the oxidative damage of DNA were measured
according to manufacturer’s instructions (Nanjing JianCheng
Technology Co, Ltd, China).

Statistical analysis

The Kolmogorov-Smirnov test was used to confirm the
normality of data distribution. Normally distributed data were
expressed as means and standard deviations (SD), whereas
non-normally distributed data were presented as median and
interquartile ranges. Hemodynamic and blood gas variables
were compared by two-way repeated measures analysis of
variance (ANOVA) followed by Bonferroni correction for post-
hoc comparisons. NDSs were analyzed non-parametrically using
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the Kruskal-Wallis test and then using the Mann-Whitney U
test for a two-group comparison. Survival curves were obtained
with a Kaplan-Meier analysis and compared among groups
with a log-rank test. Mutual independence of variables and
differences in proportions were evaluated by means of chi-
square statistics. Statistical analyses were performed using SPSS
software (Version 22.0, IBM Corp. Armonk, NY, USA). A p <
0.05 was regarded as statistically significant.

Results

There were no statistical differences in baseline physiological
measurements and characteristics of CPR among groups, either
under normothermia (Table 1) or under hypothermia (Table 2).
All animals were included for analysis and no adverse events
were observed during the experimental periods.
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FIGURE 1
The hemodynamic and neurological data in animals under normothermia. (A) Mean arterial pressure (MAP), (B) left ventricular ejection fraction
(LVEF), (C) PaOy, (D) lactate, (E) EEG recovery, (F) weighted-permutation entropy (WPE) of EEG, (G) neurological deficit score (NDS), and (H)
survival curve. BL, baseline; PR, post-resuscitation. *p < 0.05 vs. 21%0, group; #p < 0.05 vs. 2%H, + 21%0, group; ¥p < 0.05 vs. 2%H> +
50%0; group.
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FIGURE 2

Representative micrographs of the hematoxylin and eosin (H&E), terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end labeling (TUNEL), 4’,6-diamidino-2-phenylindole (DAPI), Caspase-3 stained neurons in the CA1 hippocampus region, ratio of TUNEL
positive neurons, and ratio of Caspase-3 positive neurons at 96 h after resuscitation in animals under normothermia. *p < 0.05 vs. 21%0O; group;
#p < 0.05 vs. 2%H> + 21%0; group; ¥p < 0.05 vs. 2%H, + 50%0, group; 5p < 0.05 vs. 2%H, 4+ 98%0, group.

Influence of oxygen concentration on 2%H, + 21%0; and 2%H, + 50%0; groups were considerably
the neurological outcome under lower. Compared with control, OTOB was significantly lower
normothermia in the 2%H; + 98%0; group, WPE was significantly higher
while TTNT and NDS were significantly lower in the 2%H;
+ 50%0;, and 2%H;, + 98%0; groups. In total, 6, 9, 12, and
13 animals in control, 2%H, + 21%07, 2%H, + 50%0;, and
2%H; + 98%0; groups survived to 96 h. The cumulative 96-h
survival was significantly higher in the 2%H; + 50%0O> (75.0 vs.
37.5%, log-rank p = 0.019) and 2%H; + 98%0O; (81.3 vs. 37.5%,

All animals survived the 6 h monitoring period except 1 rat
died at 5.5h in the 2%H, + 21%0O; group. The hemodynamic
and neurological data are shown in Figure 1. Compared with
control, significantly higher MAP in the 2%H, + 98%0O; group
and LVEF in the 2%H, + 21%0,, 2%H, + 50%0,, and 2%H, +
98%0, groups were observed during hydrogen halation. PaO, long-rank p = 0.013) groups.
levels were significantly higher in the 2%Hj + 50%0O2 and 2%H; Representative micrographs of the pathological examination
+ 98%0;, groups. Meanwhile, lactate levels measured in the are presented in Figure 2. Most neurons in the CAl region
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FIGURE 3

The concentrations of (A) superoxide dismutase (SOD), (B) malondialdehyde (MDA), and (C) 8-hydroxy-2-deoxy guanosine (8-OHDG) of the
hippocampus and cortex were measured 6 h after resuscitation in animals under normothermia. *p < 0.05 vs. 21%0, group; #p < 0.05 vs. 2%H>
+ 21%0, group; ¥p < 0.05 vs. 2%H, + 50%0, group; 8p < 0.05 vs. 2%Hy + 98%0» group.
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exhibited irregular, polygonal, and spindle shapes, and apoptotic
cells were frequently observed in the control group. However,
the proportions of abnormal neurons were obviously decreased
and relatively fewer apoptotic neurons were observed in the
2%H, + 50%0; and 2%H; + 98%0; groups. At the same
time, the ratios of Caspase-3 positive neurons were significantly
reduced in the 2%H; + 50%0; (42.4 + 3.1%) and 2%H, +
98%0, (45.3 £ 7.6%) groups when compared to the control
(75.5 & 9.7%) and 2%H; + 21%0; (69.7 & 8.7%) groups (p
< 0.001).
Superoxide MDA, and 8-OHDG level
measurements of the hippocampus and cortex are shown
in Figure 3. Compared with the control and 2%H; + 21%0,;
groups, the SOD level was significantly increased while the
8-OHDG level was dramatically decreased in the 2%H; +
50%0; and 2%H; + 98%0; groups. Compared with control,
MDA level was markedly decreased in all of the 3 hydrogen

dismutase,

inhalation groups with the exception of the cortex in the 2%H,
+ 21%0, group. Additionally, the SOD level of the 2%H; +
98%0; group was considerably higher than that in the 2%H, +
50%0; group.

Influence of oxygen concentration on
neurological outcome with hypothermia

All animals survived the 6h monitoring period and no
significant differences in hemodynamic measurements among
groups except a relatively higher MAP in the 2%H, + 98%0;
group. As shown in Figure 4, PaO; levels are significantly higher
in the 2%H; + 50%0 and 2%H; + 98%0; groups than in the
control and 2%H; + 21%0O; groups. Meanwhile, lactate levels
were markedly lower in the 2%H, + 98%O; group than in the
control and 2%H; + 21%0; groups. OTOB in the 2%H, +
21%0; group was significantly higher, while TTNT in the 2%H
+ 50%0; and 2%H; + 98%0O; groups was significantly lower
than that of the control. No significant differences were found
in WPE and NDS among groups with the exception of a higher
WPE at 3h in the 2%H, + 50%0O; group than the control and
a lower NDS at 24 h in the 2%H; + 98%0O; group than 2%H);
+ 50%0; group. In total, 9, 12, 12, and 15 animals in control,
2%H, + 21%0;, 2%H; + 50%03, and 2%H; + 98%0; groups
survived to 96 h. The cumulative 96-h survival was significantly
higher in the 2%H; + 98%0O; group (93.8 vs. 56.3%, p = 0.013)
when compared to the control.

Representative micrographs of the pathological examination
are presented in Figure 5. Compared with control, the
proportion of neurons with intact structure was relatively higher
and the proportions of degenerated and apoptotic neurons were
relatively lower in the 2%H, + 98%O; group. The ratio of
Caspase-3 positive neurons was significantly reduced in the
2%H, + 50%0; (35.1 & 4.6%) and 2%H, + 98%0, (36.3 +

Frontiersin Neurology

08

10.3389/fneur.2022.996112

4.1%) when compared to the 2%H; + 21%0; (52.4 + 7.9%) and
control (64.9 & 6.0%) groups (p < 0.01).

Superoxide dismutase, MDA, and 8-OHDG levels of the
hippocampus and cortex are shown in Figure 6. Compared with
control, animals in the 2%H, + 50%0; group had significantly
higher SOD, lower MDA, and lower 8-OHDG levels in both
hippocampus and cortex. At the same time, animals in the
2%H;, + 98%0; group had significantly lower MDA levels in
hippocampus and significantly lower 8-OHDG levels in the
cortex than the control.

Interaction between hydrogen and
oxygen concentration on 96-h survival

Mutual independence analysis revealed that there was
no significant association between hydrogen inhalation and
temperature management (x2 = 16.3, df =10, X(2J.05 = 18.31,
p > 0.05). Therefore, hydrogen treatment groups were merged
when investigating the effect of TTM. Although the combined
96-h survival rate was relatively higher in animals under
hypothermia but did not reach statistical significance when
compared with that of normothermia (75.0 vs. 62.5%, p = 0.127).
Similarly, the normothermic and hypothermic subgroups were
merged when investigating the interaction between hydrogen
and oxygen concentration. The combined 96-h survival rates
were 46.9, 65.6, 75.0, and 87.5% for control, 2%H, + 21%0,,
2%H3 + 50%0;, and 2%H, + 98%0; groups. Compared with
control, the survival rates were significantly higher in the 2%H;
+ 50%02 (p = 0.021) and 2%H; + 98%0O (p < 0.001) groups.
Compared with the 2%H; + 21%0O; group, the survival rate was
significantly higher in the 2%H; + 98%0O; group (p = 0.039).

Discussion

Post-CA brain injury is the common cause of morbidity
and mortality. Much evidence has shown that the underlying
pathophysiological processes activated within minutes to hours
after ischemia and reperfusion injury, including free radical
formation, excitotoxicity, disrupted calcium homeostasis,
pathological protease cascades, and activation of cell death
signaling pathways, contribute to mortality and neurological
impairment (27). As one of the neuroprotection methods, TTM
can affect many metabolic pathways, reactions of inflammation,
apoptosis processes, and promote neuronal integrity. However,
the clinical therapeutic effect of hypothermia is limited because
its effectiveness is dependent on the basic diseases causing
CA and presenting rhythm of the patients (28, 29). At the
same time, adverse events and complications of therapeutic
hypothermia are common and may inversely be related to

neurological recovery (25, 30). Molecular hydrogen has been
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reported to have anti-oxidant, anti-inflammatory, and anti-
apoptotic properties by selectively neutralizing ROS and is
currently recognized as an emerging therapeutic approach in
cardiovascular and cerebrovascular diseases. Different from
hypothermia that decreases cerebral blood flow along with brain
metabolism, hydrogen has no known side effects and its use
does not disturb cellular metabolic redox reactions, intracellular
signaling, or physiological metabolic and enzymatic reactions
(31). These properties suggest that hydrogen may be a good
candidate for post-CA care as an effective and safe therapy.

In line with previous animal studies, hydrogen inhalation
alleviated post-CA brain injury and improved 96-h survival by
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its anti-oxidant and anti-apoptotic functions in the present study
(10, 13, 14, 16, 18, 19). Moreover, our study extended previous
observation on the therapeutic mechanism of hydrogen and
provided new evidence on confounding factors influencing its
efficacy. Although there was a trend to improve the survival after
inhaling hydrogen with 21% oxygen, it did not reach statistical
significance. This indicated that the neuroprotective effect of
hydrogen is limited when used alone since the pathophysiology
of post-CA brain injury involves a complex cascade of molecular
events (3). A practical solution is to attempt the treatment
by targeting a singular altered pathway to combining multi-
therapies with mixed effects in conferring neuroprotection
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and improving survival, such as oxygen therapy, TTM, or
pharmacological intervention.

Oxygen plays a pivotal role in post-resuscitation
intervention through the compensation of the imbalance
between tissue oxygen requirements and supplies. In the
current study, the survival rate increased gradually with
the increased concentration of oxygen that was mixed with
hydrogen. It is worth noting that hydrogen coupled with
hyperoxygenation did not aggravate the neuronal damage,
but greatly attenuated the oxidative stress. This contradicted
the previous animal studies that hyperoxygenation might
harm post-ischemic neurons through the production of
free radicals and mitochondrial injury (32). Our study was
contrary to the previous animal studies that hyperoxygenation
might harm post-ischemic neurons through the production
of free radicals and mitochondrial injury, because no extra
intervention, such as TTM or hydrogen treatment, is given
at the same time as oxygen administration in these studies.
Indeed, administration of high concentration oxygen during
the early post-ischemic reperfusion phase not only increased
oxygen delivery to the ischemic tissues but also decreased
the oxidative stress-related injuries (24, 33). The increased
oxygen extraction together with selectively reduction of
the highly toxic hydroxyl radicals and peroxynitrite by
hydrogen might contribute to the improved neurological
recovery and was the possible molecular mechanism for the
neuroprotective effect of hydrogen and high concentrations of
oxygen (31).

The neuroprotective effects of hydrogen also have been
compared with that of TTM. Using a rat model of VE
Hayashida et al. (10, 13) reported that hydrogen yielded
better improvement in neurological recovery and survival
to an extent comparable to hypothermia. Using a rat model
of asphyxia, we demonstrated that hydrogen inhalation was
superior to hypothermia in improving neurological outcomes
(14). In the current study, the concomitant administration
of hydrogen with hypothermia showed a trend to improve
the survival but did not reach statistical significance due
to the limited sample size. Additionally, we noticed that
there were no significant differences in NDS among groups
of animals under hypothermia. This was different from
the result that a high concentration of oxygen significantly
decreased NDS for animals under normothermia and
suggested that hypothermia may facilitate the neurological
recovery effect of hydrogen. Therefore, the combination of
hydrogen, oxygen, and hypothermia is recommended for
post-resuscitation intervention in order to maximize the
neurological outcomes.

There are several limitations in the present study. First,
the small rodent brain had different metabolic and physiologic
properties from the complex human brain. Therefore, the results
should be more carefully interpreted when applied to clinical
practice. Second, the animal models did not imitate the clinical
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scenario of CA completely, since the study was performed in
healthy animals without underlying cardiac diseases. Third,
although we showed that hydrogen inhalation coupled with high
concentration oxygen improves survival, the exact mechanism
has not been determined. Fourth, all of the interventions
performed, including oxygen, hydrogen, and hypothermia,
are not brain targeted. Therefore, only studying the neural
function without considering the effects of other organs, such
as heart, respiration, and kidney, is another limitation of
this study.

Conclusions

In this CA rat model of VF the neuroprotective effect
of hydrogen is independent of TTM but influenced by
oxygen concentration. Inhaling hydrogen combined with
high concentration oxygen greatly improves survival by
reducing oxidative stress, either during normothermia
or under hypothermia.
with high

recommended for post-CA care in order to maximize the

The combination of hydrogen
concentration oxygen and hypothermia is

neurological outcomes.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by the
Laboratory Animal Welfare and Ethics Committee of the Army
Medical University.

Author contributions

JW and YS contributed to the experimentation, data
collection, result analysis, and manuscript composition. JL and
BC helped with the experiment and assisted in data collection.
YL and CY contributed to the conception and supervision
of the research, data interpretation, manuscript drafting, and
revision. JW, YS, JL, BC, CY, and YL vouch for the accuracy
and completeness of the experiment. All authors have read and
approved the submission and publication of the final version of
the manuscript.

Funding

This study was supported by the National Nature

Science Foundation of China (NSFC31771070) and

frontiersin.org


https://doi.org/10.3389/fneur.2022.996112
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Wang et al.

the Natural Science Foundation
(cstc2021jcyj-msxmX0521).

Project of Chongqing

Conflict of interest

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

References

1. Myat A, Song KJ, Rea T. Out-of-hospital cardiac arrest: current concepts.
Lancet. (2018) 391:970-9. doi: 10.1016/S0140-6736(18)30472-0

2. Yan S, Gan Y, Jiang N, Wang R, Chen Y, Luo Z, et al. The global
survival rate among adult out-of-hospital cardiac arrest patients who received
cardiopulmonary resuscitation: a systematic review and meta-analysis. Crit Care.
(2020) 24:61. doi: 10.1186/s13054-020-2773-2

3. Sandroni C, Cronberg T, Sekhon M. Brain injury after cardiac arrest:
pathophysiology, treatment, and prognosis. Intensive Care Med. (2021) 47:1393-
414. doi: 10.1007/500134-021-06548-2

4. Nolan JP, Sandroni C, Béttiger BW, Cariou A, Cronberg T, Friberg H,
et al. European resuscitation council and European society of intensive care
medicine guidelines 2021: post-resuscitation care. Resuscitation. (2021) 161:220-
69. doi: 10.1016/j.resuscitation.2021.02.012

5. Ma Q, Feng L, Wang T, Li Y, Li Z, Zhao B, et al. 2020 expert consensus
statement on neuro-protection after cardiac arrest in China. Ann Transl Med.
(2021) 9:175. doi: 10.21037/atm-20-7853

6. Callaway CW, Donnino MW, Fink EL, Geocadin RG, Golan E, Kern KB, et al.
Part 8: post-cardiac arrest care: 2015 American heart association guidelines update
for cardiopulmonary resuscitation and emergency cardiovascular care. Circulation.
(2015) 132:5465-82. doi: 10.1161/CIR.0000000000000262

7. Dankiewicz ], Cronberg T, Lilja G, Jakobsen JC, Levin H, Ullén S, et al. TTM2
trial investigators. Hypothermia vs normothermia after out-of-hospital cardiac
arrest. N Engl ] Med. (2021) 384:2283-94. doi: 10.1056/NEJMo0a2100591

8. Granfeldt A, Holmberg M]J, Nolan JP, Soar J, Andersen LW.

International liaison committee on resuscitation (ILCOR) advanced
life support task force. Targeted temperature management in adult
cardiac arrest: Systematic review and meta-analysis. Resuscitation. (2021)
167:160-72. doi: 10.1016/j.resuscitation.2021.08.040

9. 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

10. Hayashida K, Sano M, Kamimura N, Yokota T, Suzuki M, Maekawa Y,
et al. H(2) gas improves functional outcome after cardiac arrest to an extent
comparable to therapeutic hypothermia in a rat model. ] Am Heart Assoc. (2012)
1:€003459. doi: 10.1161/JAHA.112.003459

11. Huang G, Zhou J, Zhan W, Xiong Y, Hu C, Li X, et al. The neuroprotective
effects of intraperitoneal injection of hydrogen in rabbits with cardiac arrest.
Resuscitation. (2013) 84:690-5. doi: 10.1016/j.resuscitation.2012.10.018

12. Huo TT, Zeng Y, Liu XN, Sun L, Han HZ, Chen HG, et al. Hydrogen-
rich saline improves survival and neurological outcome after cardiac arrest
and cardiopulmonary resuscitation in rats. Anesth Analg. (2014) 119:368-
80. doi: 10.1213/ANE.0000000000000303

13. Hayashida K, Sano M, Kamimura N, Yokota T, Suzuki M,
Ohta S, et al. Hydrogen inhalation during normoxic resuscitation
improves neurological outcome in a rat model of cardiac arrest
independently of targeted temperature management. Circulation. (2014)
130:2173-80. doi: 10.1161/CIRCULATIONAHA.114.011848

14. Wang P, Jia L, Chen B, Zhang L, Liu J, Long J, et al. Hydrogen inhalation
is superior to mild hypothermia in improving cardiac function and neurological
outcome in an asphyxial cardiac arrest model of rats. Shock. (2016) 46:312-
8. doi: 10.1097/SHK.0000000000000585

15.Gao Y, Gui Q, Jin L, Yu P, Wu L, Cao L, et al. Hydrogen-rich saline attenuates
hippocampus endoplasmic reticulum stress after cardiac arrest in rats. Neurosci
Lett. (2017) 640:29-36. doi: 10.1016/j.neulet.2017.01.020

Frontiersin Neurology

13

10.3389/fneur.2022.996112

Publisher’s note

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

16. Chen G, Chen B, Dai C, Wang J, Wang J, Huang Y, et al. Hydrogen
inhalation is superior to mild hypothermia for improving neurological
outcome and survival in a cardiac arrest model of spontaneously
hypertensive rat. Shock. (2018) 50:689-95. doi: 10.1097/SHK.00000000000
01092

17. Huang 1L, Applegate Ii RL, Applegate PM, Gong L, Ocak
U, Boling W, et al. Inhalation of high-concentration hydrogen gas

attenuates cognitive deficits in a rat model of asphyxia induced-
cardiac arrest. Med Gas Res. (2019) 9:122-6. doi: 10.4103/2045-9912.26
6986

18. Chen G, Li J, Wang J, Chen B, Li Y. Inhaling hydrogen ameliorates
early postresuscitation eeg characteristics in an asphyxial cardiac arrest
rat model. Biomed Res Int. (2019) 2019:6410159. doi: 10.1155/2019/64
10159

19. Yin T, Becker LB, Choudhary RC, Takegawa R, Shoaib M,
Shinozaki K, et al. Hydrogen gas with extracorporeal cardiopulmonary

resuscitation ~ improves  survival  after  prolonged  cardiac  arrest
in rats. J Transl Med. (2021) 19:462. doi: 10.1186/s12967-021-0
3129-1

20. Li X, Tang Y, Yao Z, Hu S, Zhou H, Mo X, et al. FDG-PET/CT
assessment of the cerebral protective effects of hydrogen in rabbits with cardiac
arrest. Curr Med Imaging. (2022) 18:977-85. doi: 10.2174/15734056186662203211
22214

21. Cole AR, Sperotto E DiNardo JA, Carlisle S, Rivkin M]J, Sleeper
LA, et al. Safety of prolonged inhalation of hydrogen gas in air in
healthy adults. Crit Care Explor. (2021) 3:e543. doi: 10.1097/CCE.0000000000
000543

22. Tamura T, Hayashida K, Sano M, et al. Feasibility and safety
of hydrogen gas inhalation for post-cardiac arrest syndrome: first-in-
human pilot study. Circ J. (2016) 80:1870-3. doi: 10.1253/circj.CJ-1
6-0127

23. Tamura T, Hayashida K, Sano M, Suzuki M, Shibusawa T, Yoshizawa J,
et al. Efficacy of inhaled hydrogen on neurological outcome following BRAIN
ischemia during post-cardiac arrest care (HYBRID II trial): study protocol for
a randomized controlled trial. Trials. (2017) 18:488. doi: 10.1186/s13063-017-2
246-3

24. Hu T, Wang J, Wang S, Li J, Chen B, Zuo E et al. Effects of the
duration of postresuscitation hyperoxic ventilation on neurological outcome
and survival in an asphyxial cardiac arrest rat model. Sci Rep. (2019)
9:16500. doi: 10.1038/541598-019-52477-y

25. Nielsen N, Wetterslev J, Cronberg T, Erlinge D, Gasche Y,
Hassager C, et al. TTM trial investigators. Targeted temperature
management at 33 vs 36°C after cardiac arrest. N Engl ] Med. (2013)
369:2197-206. doi: 10.1001/jamaneurol.2015.0169

26. Hendrickx HH, Safar P, Miller A. Asphyxia, cardiac arrest and resuscitation
in rats. IT long term behavioral changes. Resuscitation. (1984) 12:117-28.

27. Neumar RW, Nolan JP, Adrie C, Aibiki M, Berg RA, Bottiger BW,
et al. Post-cardiac arrest syndrome: epidemiology, pathophysiology, treatment,
and prognostication. A consensus statement from the International Liaison
Committee on Resuscitation (American Heart Association, Australian and
New Zealand Council on Resuscitation, European Resuscitation Council,
Heart and Stroke Foundation of Canada, InterAmerican Heart Foundation,
Resuscitation Council of Asia, and the Resuscitation Council of Southern
Africa); The American Heart Association Emergency Cardiovascular Care
Committee; The Council on Cardiovascular Surgery and Anesthesia; The
Council on Cardiopulmonary, Perioperative, and Critical Care; The Council

frontiersin.org


https://doi.org/10.3389/fneur.2022.996112
https://doi.org/10.1016/S0140-6736(18)30472-0
https://doi.org/10.1186/s13054-020-2773-2
https://doi.org/10.1007/s00134-021-06548-2
https://doi.org/10.1016/j.resuscitation.2021.02.012
https://doi.org/10.21037/atm-20-7853
https://doi.org/10.1161/CIR.0000000000000262
https://doi.org/10.1056/NEJMoa2100591
https://doi.org/10.1016/j.resuscitation.2021.08.040
https://doi.org/10.1038/nm1577
https://doi.org/10.1161/JAHA.112.003459
https://doi.org/10.1016/j.resuscitation.2012.10.018
https://doi.org/10.1213/ANE.0000000000000303
https://doi.org/10.1161/CIRCULATIONAHA.114.011848
https://doi.org/10.1097/SHK.0000000000000585
https://doi.org/10.1016/j.neulet.2017.01.020
https://doi.org/10.1097/SHK.0000000000001092
https://doi.org/10.4103/2045-9912.266986
https://doi.org/10.1155/2019/6410159
https://doi.org/10.1186/s12967-021-03129-1
https://doi.org/10.2174/1573405618666220321122214
https://doi.org/10.1097/CCE.0000000000000543
https://doi.org/10.1253/circj.CJ-16-0127
https://doi.org/10.1186/s13063-017-2246-3
https://doi.org/10.1038/s41598-019-52477-y
https://doi.org/10.1001/jamaneurol.2015.0169
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Wang et al.

on Clinical Cardiology; and the Stroke Council. Circulation. (2008) 118:2452-
83. doi: 10.1161/CIRCULATIONAHA.108.190652

28. Gissler H, Fischer M, Wnent ], Seewald S, Helm M. Outcome after pre-
hospital cardiac arrest in accordance with underlying cause. Resuscitation. (2019)
138:36-41. doi: 10.1016/j.resuscitation.2019.02.039

29. Dumas F, Grimaldi D, Zuber B, Fichet J, Charpentier J, Péne F
et al. Is hypothermia after cardiac arrest effective in both shockable and
nonshockable patients? Insights from a large registry. Circulation. (2011) 123:877-
86. doi: 10.1161/CIRCULATIONAHA.110.987347

30. Kirkegaard H, Sereide E, de Haas I, Pettild V, Taccone FS, Arus U, et al.
Targeted temperature management for 48 vs 24h and neurologic outcome after
out-of-hospital cardiac arrest: a randomized clinical trial. JAMA. (2017) 318:341-
50. doi: 10.1001/jama.2017.8978

Frontiersin Neurology

14

10.3389/fneur.2022.996112

31. Barancik M, Kura B, LeBaron TW, Bolli R, Buday J, Slezak J.
Molecular and cellular mechanisms associated with effects of molecular
hydrogen in cardiovascular and central nervous systems. Antioxidants. (2020)
9:1281. doi: 10.3390/antiox9121281

32. Pilcher J, Weatherall M, Shirtcliffe P, Bellomo R, Young P, Beasley R. The
effect of hyperoxia following cardiac arrest: a systematic review and meta-analysis
of animal trials. Resuscitation. (2012) 83:417-22. doi: 10.1016/j.resuscitation.2011.
12.021

33. Li J, Wang J,
Hyperoxygenation — with
temperature management
rats. | Am Heart Assoc.
6730

Shen Y, Dai C, Chen B, Huang Y, et al
cardiopulmonary  resuscitation and  targeted
improves post-cardiac arrest outcomes in
(2020) 9:¢016730. doi: 10.1161/JAHA.120.01

frontiersin.org


https://doi.org/10.3389/fneur.2022.996112
https://doi.org/10.1161/CIRCULATIONAHA.108.190652
https://doi.org/10.1016/j.resuscitation.2019.02.039
https://doi.org/10.1161/CIRCULATIONAHA.110.987347
https://doi.org/10.1001/jama.2017.8978
https://doi.org/10.3390/antiox9121281
https://doi.org/10.1016/j.resuscitation.2011.12.021
https://doi.org/10.1161/JAHA.120.016730
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Influence of oxygen concentration on the neuroprotective effect of hydrogen inhalation in a rat model of cardiac arrest
	Introduction
	Materials and methods
	Animal preparation
	Experimental procedures
	Measurements
	Statistical analysis

	Results
	Influence of oxygen concentration on the neurological outcome under normothermia
	Influence of oxygen concentration on neurological outcome with hypothermia
	Interaction between hydrogen and oxygen concentration on 96-h survival

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


