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Abstract: Background/Objective: The endothelial glycocalyx is a gel-like layer on the
vascular endothelial surface that is crucial for maintaining vascular homeostasis. Massive
bleeding leads to the shedding of the glycocalyx, which can lead to vascular leakage during
fluid administration. Recently, the beneficial effect of hydrogen inhalation in the treatment
of hemorrhagic shock has been reported. However, the efficacy of hydrogen-rich saline
in protecting the glycocalyx remains unclear. In this study, we investigated the effects of
hydrogen-rich saline on glycocalyx degeneration. Methods: Rats under general anesthesia
were divided into five groups: the sham, hemorrhagic shock, normal saline, colloid solution,
and hydrogen-rich saline groups (1 = 6 for each group). Blood was withdrawn, and blood
pressure was maintained at 30-35 mmHg for 60 min. After inducing hemorrhagic shock in
this way, each infusion product was administered intravenously to maintain blood pressure
at 80 mmHg for 60 min. Glycocalyx thickness was assessed using the GlycoCheck system.
Results: The use of hydrogen-rich saline significantly improved the survival rate (p < 0.05),
and glycocalyx degeneration was significantly suppressed (p < 0.001), indicating the pro-
tective effect of hydrogen on the glycocalyx. Conclusion: Intravenous administration of
hydrogen-rich saline in hemorrhagic shock attenuates glycocalyx degeneration compared
to conventional fluid resuscitation, which can improve survival rates.

Keywords: hydrogen; hemorrhagic shock; fluid resuscitation; endothelial glycocalyx

1. Introduction

Massive hemorrhage is one of the most devastating causes of preventable death
in the perioperative period [1]. Fluid administration is the first strategy when treating
massive hemorrhage. However, excessive fluid administration, particularly during the
perioperative period, can increase not only circulatory and respiratory complications but
also gastrointestinal complications, such as ileus and suture failure. Hemorrhage-induced
organ damage is attributed to hypoxia, hypoperfusion, and cell death due to decreased ATP
supply. In addition, while reperfusion after correction of the circulatory failure improves
oxygenation, it simultaneously generates large amounts of reactive oxygen species (ROS),
resulting in calcium overload and the induction of cell apoptosis. Consequently, when
treating massive hemorrhage, reperfusion injury must be reduced after the improvement
in circulatory failure.
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The first choice of fluid product for treating massive hemorrhage is crystalloids. How-
ever, the administration of large volumes of crystalloid is associated with increased risk of
acute respiratory distress syndrome, multiple organ dysfunction syndrome, compartment
syndrome, dilutional coagulopathy, and mortality in patients with traumatic hemorrhagic
shock [2]. Previous studies have indicated that crystalloid-based resuscitation is inferior to
that of albumin and fresh-frozen plasma when treating massive hemorrhage [3,4]. Although
blood transfusion may be beneficial for patients with critical hemorrhagic shock, some risks
are associated with the use of blood products. The availability of blood products is limited
and depends on the amount of storage in the hospital. Additionally, blood transfusion can
cause some reactions, such as allergic reactions, transfusion-related acute lung injury (ALI),
and transfusion-associated circulatory overload [5,6]. In these respects, more effective
infusion products are needed for treating massive hemorrhage.

The maintenance of vascular permeability is a new concept and is an issue of great
importance for effective fluid resuscitation. The endothelial glycocalyx plays an important
role in maintaining vascular permeability [7]. The endothelial vascular surface is covered
with glycocalyx, a ubiquitous gel-like layer consisting of a membrane-binding domain
including proteoglycans, glycosaminoglycan side-chains, and plasma proteins [8]. The
glycocalyx has various roles, including the maintenance of microvascular permeability,
regulating microvascular tone, preventing thrombosis, and controlling leukocyte adhe-
sion. The endothelial glycocalyx layer is markedly fragile [8]. It is easily damaged by
ischemia-reperfusion injury, inflammation, trauma, hyper- or hypovolemia, atherosclero-
sis, and diabetes [9]. Massive hemorrhage also causes the degeneration of the glycocalyx
layer [10]. When the endothelial glycocalyx is destroyed, capillary leakage, tissue edema,
accelerated inflammation, platelet aggregation, and coagulation disorder ensue, leading to
various complications [8,9] Therefore, the maintenance of the endothelial glycocalyx is a
key issue when treating massive hemorrhage.

Hydrogen (H,) is a stable molecule that has various biological advantages, including
antioxidative, anti-inflammatory, anti-apoptotic, and antitumor activities. Because of its
small molecular size, H, spreads rapidly and penetrates the blood-brain barrier, cell
membranes, and mitochondrial membranes, reaching the site of the lesion and exerting its
effects [11]. There are some ways to provide Hj into body, such as inhalation, intravenous
infusion, oral take, and cutaneous exposure. Previous studies showed that H; gas inhalation
decreased oxidative stress and prevented the degeneration of the glycocalyx layer even
after hemorrhagic shock in a rat model [12,13] However, the efficacy of H2-rich saline on
glycocalyx protection in a hemorrhagic shock model is not fully investigated.

If Hy-rich saline could decrease the degeneration of the endothelial glycocalyx during
hemorrhagic shock, it might be more effective as an infusion compared to the currently
available infusions for treating patients with massive hemorrhage.

In this experimental study, we assessed the effect of intravenous administration of
Hj-rich saline on glycocalyx protection in a rat hemorrhagic shock model.

2. Materials and Methods

All experimental protocols of this study were approved by the Institutional Animal
Care and Use Committee of our institution (Number: 20019, Osaka Metropolitan University
Graduate School of Medicine, Osaka, Japan). Experimental procedures were conducted
in accordance with the ARRIVE guidelines developed by the National Center for the
replacement, refinement, and reduction of animals in research.
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This study consisted of three experiments: In Experiment 1, we assessed the protective
effect of Hy-rich saline against hemorrhagic shock from the point view of the endothelial
glycocalyx, cardiac contractility, and blood data. Experiment 2 evaluated the histopatholog-
ical outcomes after hemorrhagic shock. Experiment 3 compared the survival rate between
hemorrhagic shock model animals treated with conventional fluid resuscitations or with
Hj-rich saline resuscitation.

2.1. Animals and Surgical Preparation

Sixty male 10-12-week-old Sprague-Dawley rats weighing 450-550 g (Clea Inc., Osaka,
Japan) were housed in plastic cages at the animal center of our institution with 12h/12h
dark/light cycles. Food and water were freely available. All experimental procedures
were conducted during the daytime. Rats were anesthetized by using 5% sevoflurane
(NIKKO Pharmaceutical Co., Ltd., Gifu, Japan) inhalation and 40 mg/kg pentobarbital
(Sigma-Aldrich, St. Louis, MO, USA) intraperitoneal administration. Anesthesia was
maintained with oxygen, nitrogen, and 3% sevoflurane (total flow rate 4 L/min) via
an anesthesia machine (Aestiva 5-7100; Datex-Ohmeda Inc., Madison, WI, USA). After
anesthesia induction, an arterial catheter was placed in the left carotid artery for continuous
left ventricular pressure monitoring (Millar Mikro-Tip UM-320P; Millar, Houston, TX, USA).
A central venous line was placed in the right femoral vein (PE-50: Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) for fluid administration. Systemic heparinization
was applied. Tracheotomy was performed with a tracheal cannula (16-gauge intravenous
cannula [Insyte-W; Becton, Dickinson and Company, Singapore]). Rats were connected to a
ventilator (SN480-7; Shinano Co., Tokyo, Japan), with the tidal volume set to 10 mL/kg to
manage the partial pressure of carbon dioxide between 35 and 40 mmHg. The mesentery
and right quadriceps femoris were exposed to observe the microvascular endothelial
glycocalyx using the GlycoCheck (Microvascular Hearth Solutions Co, Oceanside, CA,
USA) system. Body temperature was measured using a rectal thermometer (DCBcIII;
Technowood, Co., Ltd., Tokyo, Japan).

2.2. Study Protocol

After induction and surgical preparation, rats were randomly divided into five groups
using sealed envelopes: sham, shock (with only hemorrhagic shock induced, without
resuscitation), NS (hemorrhagic shock + fluid resuscitation with normal saline), HES (hem-
orrhagic shock + fluid resuscitation with colloid), and H,-NS (hemorrhagic shock + fluid
resuscitation with Hj-rich saline). Similar to a previous study [10], to induce hemorrhagic
shock in rats, blood was withdrawn until a mean arterial pressure (MAP) of 30-35 mmHg
was achieved and maintained for 1 h. After hemorrhagic shock induction, fluid resus-
citation was performed for rats in the NS, HES, and H,-NS groups using the respective
abovementioned solutions. Fluid was infused via the right femoral vein over 15 min to
maintain a MAP of 80 mmHg (Figure 1).

In Experiment 1, the glycocalyx was observed at baseline (60 min before fluid resusci-
tation) and at 30, 60, 90, and 120 min after resuscitation. The dP/dt, the amount of ROS, and
arterial blood gas were measured at baseline and at 30, 60, and 120 min after resuscitation.
In Experiment 2, 30 rats were euthanized 2 h after fluid resuscitation. In Experiment 3,
survival rates were observed at 6 h after resuscitation.
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Figure 1. Protocols for experiments. Rats were randomly divided into five groups (1 = 6 in each group):
sham (sham operated), shock (only hemorrhagic shock), NS (hemorrhagic shock + fluid resuscitation
using normal saline), HES (hemorrhagic shock + fluid resuscitation using hydroxyethyl starch), and
H,-NS (hemorrhagic shock + fluid resuscitation using hydrogen-rich saline). Abbreviations: MAP,
mean arterial pressure; NS, normal saline; HES, hydroxyethyl starch; Hy-NS, hydrogen-rich saline.

2.3. H2-Rich Saline

We prepare the Hy-rich saline by developing a simple disposable type of device
(MiZ Co., Ltd., Kamakura, Japan). This device consists of a H,-generating agent and a
polyethylene bag enclosed within an aluminum bag. We wet the H,-generating agent with
a small amount of water and placed both the polyethylene saline bag and the H-generating
agent inside the aluminum bag at a gauge pressure of 0.4 Mpa, as previously described [14].
Thus, 100% H2 was generated within the aluminum bag. Following vacuum treatment,
H; could aseptically dissolve into the biocompatible solution through the polyethylene
bag containing the saline solution. Using this protocol, we managed to maintain the Hp
concentration at approximately 1.5 ppm.

2.4. Glycocalyx Analysis

The thickness of the endothelial glycocalyx in the mesentery and quadriceps femoris
was measured using the GlycoCheck system (Figure 2). The system captures images of
capillaries in real-time and measures their thickness using the built-in software. Glycocalyx
thickness was assessed to measure the perfusion boundary region (PBR). As the imperme-
able layer of the glycocalyx decreases, the width of erythrocyte perfusion in the vascular
lumen expands outward, leading to an increase in PBR values.

Figure 2. Image captured by the GlycoCheck system. Red lines indicate capillaries. The capillaries are
divided into 10 um sections (green lines). Yellow lines indicate capillaries that do not meet the criteria
of the analysis algorithm. After the image is captured, the device software analyzes the microvascular
endothelial glycocalyx thickness in real-time.
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2.5. Cardiac Contraction

Cardiac contraction and left ventricular pressure (LVP) were continuously measured
by using the arterial catheter (Millar Mikro-Tip, Pearland, TX, USA). From the pressure
values, dP/dt was also calculated to evaluate cardiac contractility.

2.6. Blood Analysis

Arterial blood was collected from the left carotid artery at baseline (60 min before
fluid resuscitation) and at 30 min and 120 min after fluid resuscitation. pH, base excess
(BE), PaO2, PaCO2, sodium, potassium, hemoglobin, lactate, blood urine nitrogen (BUN),
and creatinine were measured using a blood gas analyzer (iSTAT; Abbott Point Care Inc.
Princeton, NJ, USA).

2.7. Reactive Oxygen Species

To assess the antioxidant effect of H2-rich saline, we conducted the derivatives-reactive
oxygen metabolites (d-ROMs) test at baseline and at 30 min and 120 min after hemorrhagic
shock induction. This test measures the amount of hydroperoxides and free radical metabo-
lites in the blood. Previous studies have measured the amount of hydroperoxides with the
d-ROMs test using a FREE Carpe Diem device (Wismerll Co., Ltd., Tokyo, Japan) [15-17].
Hydroperoxides are unstable intermediates formed by the oxidation of lipids, peptides,
and amino acids, and their levels are comparable to those of free radicals [15,16]. For this
analysis, blood samples were collected, and the serum was separated from the blood via
centrifugation. Recent study indicated that the d-ROMs test and biological antioxidant
potential have a correlation with oxidative stress [18]. Twenty serum samples were then
added to an acetate-buffered solution (pH 4.8) to generate new radicals. These radicals
caused a color change in the solution, from colorless to magenta. The intensity of the
magenta color, measured spectrophotometrically at 505 nm, reflected the amount of free
radicals present.

2.8. Histopathological Analysis

Two hours after fluid resuscitation, 30 rats were euthanized with 8.0% sevoflurane for
10 min (Experiment 2). The left lung was removed, and Ringer’s solution (100 mL) and
10% formalin (150 mL) were perfused from the pulmonary artery. Then, the left upper
lobe was removed and fixed in 10% formalin for 72 h. Thereafter, a segment of the left
upper lobe was dissected and embedded in paraffin. The left upper lobe was sectioned and
stained with hematoxylin and eosin. The section was observed at 20 x magnification under
a light microscope (BX53; Olympus Co., Tokyo, Japan). A histopathological evaluation was
performed by using the average acute lung injury (ALI) scores from three different slides,
according to previously reported criteria [19]. The evaluation criteria consisted of eight
items: edematous alveolar wall, infiltration or inflammation in the air space, alveolar wall,
vessel wall, alveoli atelectasis, necrosis, hemorrhage, and hyaline membrane formation.
Each item was graded on a scale of 0—4 (0, no injury; 4, injury throughout the field) at
20x magnification with a light microscope (BX53; Olympus Co.). The histopathological
evaluation was performed on 12 different areas from each slide.

2.9. Survival Rate

At 6 h after hemorrhagic shock, we assessed the survival rate in each group
(Experiment 3).

2.10. Statistical Analysis

We hypothesized the PBR change in the NS and H,-NS groups as 200% and 150%,
respectively, with a standard deviation of 25%. We assumed that a power of 80% and an
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alpha risk of 0.01 were sufficient for multiple comparisons. Accordingly, a sample size of 6
animals per group was calculated.

The Brown-Forsythe test and the Shapiro-Wilk test were used to assess the equality of
variance and normality, respectively. To evaluate PBR, the values before hemorrhage shock
(at baseline) were defined as 100%. Variables were measured at 30 min intervals and were
represented as the percentage change from baseline. These values were compared among
groups using two-way repeated-measures analysis of variance (ANOVA) with Tukey’s
post hoc test for multiple comparisons. The dP/dt and the amount of ROS were also
analyzed using two-way repeated-measures ANOVA with the Tukey post hoc comparison
test. The ALI scores were compared using one-way repeated-measures ANOVA with
Tukey’s post hoc multiple comparison test. Blood test values were represented as the
mean and standard deviation. The comparisons of these variables were performed using
one-way repeated-measures ANOVA with Tukey’s post hoc multiple comparison test. The
Kaplan-Meier curved and log-rank tests were used to identify the difference in the survival
rates among groups.

Statistical analyses were performed using StatFlex version 6.0 (Artech. Co., Ltd.,
Osaka, Japan) and the SigmaPlot 13.0 software (Systat Software Inc., San Jose, CA, USA).
All p values were adjusted with Tukey’s post hoc test for multiple comparisons, and an
adjusted p < 0.05 was considered statistically significant.

3. Results
3.1. Characteristics of Rats

No significant differences in body weight or blood loss was seen among the groups
(Table 1). However, in the Hy-NS group, the amount of fluid required for resuscitation was
significantly lower than that in the NS group (p < 0.001).

Table 1. Characteristics of the rats.

Shock NS HES H,-NS p Values
Body weight (g) 5017 & 14.7 498.3 + 14.7 495.0 + 10.5 496.7 +16.3 498.3 + 18.3 0.941
Blood loss (mL) 100+ 03 100+ 03 10.0 + 02 10.0 + 03 0.938
Resuscitation <0.001
fluid volume - 317 + 1.4 103 + 0.7 9.9 + 0.6 (H2-NS vs. NS)
(mL) 0.781

(H,-NS vs. HES)

Abbreviations: NS, normal saline; HES, hydroxyethyl starch; H,-NS, hydrogen-rich saline.

3.2. Effect of Hy on Glycocalyx Shedding

Figure 3A shows the changes in glycocalyx thickness in the mesentery in the sham,
shock, NS, HES, and H»-NS groups. The time-course analysis with two-way repeated-
measures ANOVA showed significant differences among the groups (F[3,80] = 613.2,
p <0.001). The glycocalyx thickness in the mesentery was significantly better maintained
in the Hp-NS group after hemorrhagic shock than in the shock and NS groups at each
time point (p < 0.001). Figure 3B indicates the changes in the glycocalyx thickness in
the quadriceps in the sham, shock, NS, HES and H,-NS groups. The result of two-way
repeated-measures ANOVA for the glycocalyx in the quadriceps was also significantly
different among the groups (F[3,80] = 411.4, p < 0.001). The glycocalyx thinning in the
quadriceps was also significantly attenuated in the H-NS group compared to that in the
shock, NS, and HES groups at all time points (Figure 3B).



Biomedicines 2025, 13, 833 7 of 17

- =@ —  sham
=——f——  shock

—O— H,NS
HES

Percentage change (%)

0 30 60 90 120
Time (min)
(A)
240
~
e
&
~ 210 A
o
= =@ —  sham g 180 1
e shock 9
e NS g‘) 150 -
—o0— HNS | §
HES =
8 1201
) S =§_____.—-_—§
9] T T
0 30 60 90 120
Time (min)
Sham vs shock * i & =
Sham vs NS & o * L
Sham vs H,-NS - - - -
Sham vs HES o & & *
Shock vs NS - - b &
Shock vs H,-NS > & & W
Shock vs HES o 2 & &
H,-NS vs NS & o - e
H,-NS vs HES & & o *

(B)

Figure 3. The PBR in the (A) mesentery and (B) quadriceps femoris. The increase in the PBR means
glycocalyx degeneration. The PBR was significantly higher in the shock group than in the sham and
H,-NS groups at each time point. Hp-NS prevented the hemorrhagic shock-induced PBR increase in
both the mesentery and quadriceps. The H,-NS group showed a lower PBR increase than the NS
and HES groups, indicating that the glycocalyx is more effectively protected in the mesentery and
quadriceps by the hydrogen-containing solution (A,B). Data are represented as the percentage change
from the basal glutamate levels at each point. Values are expressed as the median and interquartile
range. p values were adjusted with Tukey’s post hoc test. * p < 0.05. Abbreviations: PBR, perfusion
boundary region; NS, normal saline; HES, hydroxyethyl starch; Hp-NS, hydrogen-rich saline.
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3.3. Effect of Hy on Cardiac Contraction

Figure 4 shows the changes in dP/dt throughout the protocol. Two-way repeated-
measures ANOVA indicated that the time course of change in cardiac contraction was
significantly different among the groups (F[3,80] = 171.3, p < 0.001). At 1 and 2 h after
hemorrhagic shock induction, cardiac contraction was significantly maintained in the
H,-NS group compared to the shock, NS, and HES groups (p < 0.001).

3500
B
3000 qi _I—
— =@ ==  sham - 2500 -
——@— shock | =
ety NS %
—C=—  H,-NS 2000 A
HES
1500 -
1000 + - - ,
0 30 60 120
Time (min)
Sham vs shock © & e
Sham vs NS - * *
Sham vs H,-NS - - -
Sham vs HES - * *
Shock vs NS * * *
Shock vs H,-NS i & &
shock vs HES * * *
H,-NS vs NS - g &
H,-NS vs HES - * *

Figure 4. For assessments of cardiac contraction, we measured dP/dt. The animals in the shock
group showed significantly lower dP/dt than those in the sham group. The H,-NS group attenuated
the decrease in dP/dt compared to the shock group. Although the dP/dt in the NS and HES groups
was decreased over the course of time, the dP/pt in the H,-NS group was significantly maintained
after hemorrhagic shock. Values are expressed as the median and interquartile range. p values were
adjusted with Tukey’s post hoc test. * p < 0.05. Abbreviations: NS, normal saline; HES, hydroxyethyl
starch; Hp-NS, hydrogen-rich saline.

3.4. Effect of Hy on ROS Levels

Figure 5 shows changes in ROS levels after shock induction. The time-course change
using two-ways repeated-measures ANOVA was significantly different among the groups
(F[3,80] =55.7, p < 0.001). At 2 h after the shock phase, the increase in ROS in the Hy-NS
group was significantly suppressed compared to that in the shock, NS, and HES groups
(p < 0.001).
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Figure 5. The amount of hydroperoxides in the blood serum. The amount of hydroperoxides in the
blood serum obtained from the shock group was significantly greater than that obtained from the
sham group at all time points. The amount of hydroperoxides in the blood serum obtained from
the H,-NS group indicated no significant difference compared to that of the sham group at all time
points. p values were adjusted with Tukey’s post hoc test. * p < 0.05. Abbreviations: NS, normal
saline; HES, hydroxyethyl starch; H-NS, hydrogen-rich saline.

3.5. Effect of Hy on Lung Histopathology

Histopathological changes in lung tissue after hemorrhagic shock are shown in
Figure 6A. The lung in the sham group demonstrated normal tissue histology, whereas
the shock, NS, and HES groups showed damaged tissue: alveolar and interstitial edema,
inflammation, and the exudation of red blood cells. Atelectasis and hyaline membrane
formation were also observed in parts. The ALI score differed significantly between the Hj-
NS group and the other fluid resuscitation groups (p < 0.001). On the other hand, the ALI
score did not differ significantly between the NS group and the shock group (Figure 6B).
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Figure 6. Histopathological analysis of a section from the left upper lung lobe. The section was
stained with hematoxylin and eosin and was observed at 20 x magnification under a light microscope
(A). Acute lung injury was evaluated using the ALI score. The ALI score was significantly higher
in the shock group than in the sham group and was significantly lower in the H>-NS group than in
the shock group (B). p values were adjusted with Tukey’s post hoc test. * p < 0.05. Abbreviations:
NS, normal saline; HES, hydroxyethyl starch; H,-NS, hydrogen-rich saline.
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3.6. Effect of H2 on Survival Rate

The survival rate at 6 h after resuscitation is shown in Figure 7. The survival rate in the
shock, NS, and HES groups was 0%, 0%, and 17%, while it was 83% and 100% in the Hp-NS
and sham groups, respectively. Rats in the H2-NS group demonstrated a significantly
higher survival rate than those in the shock and NS groups (p < 0.05).

So
53
1

= == == gham
— <h OCk

Survival rate (%)
[~

NS i :
H,NS 40 I
— — — ' HES :
20 N S —
0 | | 1 I |
1 2 3 4 5 6
Time (h)
sham vs shock X
sham vs NS *
sham vs H,-NS -
sham vs HES 5
shock vs NS -
shock vs H,-NS g
shock vs HES &
H,-NS vs NS g
H,-NS vs HES -

Figure 7. Survival rate at 6 h after fluid resuscitation. The shock and NS groups demonstrated a
significantly lower survival rate than the other groups. Hydrogen contributed to the improvement
in the survival rate after hemorrhagic shock. p values were adjusted with Tukey’s post hoc test.
* p < 0.05. Abbreviations: NS, normal saline; HES, hydroxyethyl starch; H,-NS, hydrogen-rich saline.

3.7. Blood Analysis

The results of the blood gas analysis at baseline and at 30 min and 120 min after
fluid resuscitation are shown in Table 2, respectively. No significant difference in blood
gas analysis was seen among the groups at baseline. However, in the H2-NS group,
lactic acidosis was significantly improved compared to that in the shock group at both
30 and 120 min after resuscitation (p < 0.001). The Hp-NS group showed no significant
adverse effects on BUN or creatinine levels. The PaO; in the H2-NS group was significantly
maintained after fluid resuscitation (p < 0.001). Hemoglobin levels at 2 h after fluid
resuscitation in the H,-NS group were significantly different from those in the other fluid
groups (p < 0.05).
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Table 2. Arterial blood gas at different time points.
Sham Shock NS HES H,-NS
Baseline
pH 7.40 £ 0.03 7.18 +0.03 7.28 + 0.03 7.35 + 0.03 7.37 +0.03
PaCO, (mmHg) 33.7 + 1.03 33.7 +£1.75 3404 2.1 33.7+15 33.0+1.1
PaO, (mmHg) 232.7 4+ 11.38 233.0 + 8.32 240.17 + 8.33 2345 4+ 9.31 234.2 4 7.89
BE (mEq/L) ~1.140.24 —1.05 + 0.33 ~1.17 £ 0.31 —0.98 +0.25 ~1.04+0.36
Lac (mmol/L) 1.75 + 011 1.75 £ 0.13 1.7 +£0.11 1.65 £ 0.12 1.8 +0.11
Hb (g/dL) 13.61 & 0.48 13.63 & 0.43 13.65 & 0.54 13.67 £ 0.61 13.57 & 0.55
BUN (mg/dL) 27.0 £1.27 275+ 1.38 27.67 +1.21 2717 +1.72 26.5 + 1.05
Cre (mg/dL) 047 £0.1 0.43+0.1 043 +0.1 0.48 + 0.08 0.47 £ 0.1
Sodium (mEq/L) 138.3 £ 1.97 138.5 & 2.07 138.5 + 3.08 139.5 + 3.27 138.85 + 3.55
Potassium (mEq/L) 3.92 4+ 0.29 3.77 £ 0.24 3.87 +0.25 3.88 +0.26 3.83 +0.25
30 min after resuscitation
pH 7.402 + 0.04 7.18 £ 0.03 ** 7.28 £0.02 ** 7.35 4 0.03 * 7.37 4 0.03
PaCO, (mmHg) 33.7 +1.76 32.7 +1.37 32.0+1.27 31.8+0.75 328+ 0.6
PaO, (mmHg) 234.2 + 5.56 96.3 +4.07 87.6 = 1.22*F 166.9 + 6.50 230.9 + 12.36
BE (mEq/L) ~1.154+0.39 —13.63 £ 0.83 ** —644+04* —4.840.37 —3.77 £0.85
Lac (mmol/L) 1.73 £0.11 10.93 + 0.69 ** 8.08 £ 0.23 * 4.05 + 0.34 3.05+0.17
Hb (g/dL) 13.65 + 041 1 6.97 + 0.22 ** 6.77 022 ** 9.2 +0.54 9.92 £ 0.12*
BUN (mg/dL) 2717 + 1.72 32.67 +1.37 * 2833+ 1.5 27.83 + 1.84 26.7 +0.82
Cre (mg/dL) 0.47 £0.12 227 £0.18* 1.33 4+ 0.14 *t 1.38 £ 0.12* 0.53 4 0.1
Sodium (mEq/L) 139.7 + 3.6 139.3 +2.8 140.0 £ 3.0 140.0 £33 1385+ 2.2
Potassium (mEq/L) 3.95+ 0.24 4.4 +0.14% 40403 3.87 +0.22 3.93+0.21
120 min after resuscitation
pH 7.43 +0.03 7.22 + 0.03 ** 7.24 £ 0.02 * 7.36 £ 0.03 * 7.39 + 0.02
PaCO; (mmHg) 32.0 & 1.41 31.67 + 1.86 325 4 2.07 3233 + 1.75 325+ 1.87
PaO, (mmHg) 232.67 +11.38 95.48 + 3.20 ** 75.10 + 2.80 ** 168.10 + 3.80 ** 232.82 + 8.22
BE (mEq/L) ~1.70+ 0371 —16.13 £ 0.48 ** —11.63 + 0.86 ** —6.40 + 0.44 —4104+0.76*
Lac (mmol/L) 1.72+0.10" 12.67 4 0.90 ** 8.70 + 0.48 ** 5.77 + 0.46 ** 3.40 + 0.33 *
Hb (g/dL) 13.48 + 0.46 6.83 + 0.22 ** 7.02 £ 0.50 ** 9.82 + 0.25** 10.6 + 0.41*
BUN (mg/dL) 26.83 + 1.47 32.0 & 1.41*F 29.33 +2.07* 28.67 + 0.52 27.83 + 1.17
Cre (mg/dL) 0.52 + 0.09 5.78 4 0.28 ** 24+0.15*% 24540.22* 0.85 + 0.1
Sodium (mEq/L) 140.17 £+ 3.19 141.5 + 4.76 137.0 £ 1.41 140.33 + 3.01 138.33 4 3.27
Potassium (mEq/L) 3.88 +0.17 417 +0.18* 3934 0.1 3.88 +0.15 3.82 +0.17

* p value vs. sham < 0.05. t p value vs. Hp-NS < 0.05 Abbreviations: NS, normal saline; HES, hydroxyethyl
starch; Hp-NS, hydrogen-rich saline; BE, base excess; Lac, lactate; Hb, hemoglobin; BUN, blood urea nitrogen;
Cre, creatinine.

4. Discussion

In the current study, we have demonstrated the protective effect of Hy-rich saline
on endothelial glycocalyx degeneration in a hemorrhagic shock model. Hj-rich saline
contributed to beneficial outcomes in terms of cardiac contraction, ROS levels, ALI scores,
and survival rate.
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Massive hemorrhage in the perioperative period carries a high mortality rate and rep-
resents a significant clinical challenge. The causes of hemorrhagic shock vary widely and
include trauma, maternal hemorrhage, gastrointestinal bleeding, perioperative hemorrhage,
and the rupture of an aneurysm [1]. Fluid infusion is essential for successful resuscitation
in massive hemorrhage cases. Isotonic fluids are typically administered from the initiation
of resuscitation. However, improving the shock state often necessitates the administration
of large volumes of fluid, which may cause some complications. While blood transfu-
sion products are effective for treating massive hemorrhage, their availability is limited.
Therefore, more effective and highly available fluid resuscitation products are needed for
the management of hemorrhage. Previous studies have indicated that crystalloid-based
resuscitation is inferior to that of albumin and fresh-frozen plasma when treating massive
hemorrhage [3,4].

The glycocalyx on the vascular endothelial surface regulates vascular barrier function.
When it is damaged, proteins are extravasated; blood flow is lost, and platelet and leucocyte
adhesion increases. The endothelial glycocalyx is damaged by ischemia-reperfusion injury
after hemorrhagic shock [10]. The protection of the glycocalyx after hemorrhagic shock is an
essential strategy, because an impaired glycocalyx decreases the effect of fluid resuscitation.
Thus, novel approaches to minimize glycocalyx damage and improve patient care during
hemorrhagic shock are being explored [2—4]. Although various strategies for the protection
of the glycocalyx, such as suppressing inflammatory responses, hypercoagulation, and
supplying adequate oxygen [7], have been reported, no fully protective method has been
established to date. Therefore, new and effective means of glycocalyx protection are needed.

A previous study indicated that H; inhalation effectively protected the glycocalyx
in a rat model of hemorrhagic shock [12]. H, gas inhalation during hemorrhagic shock
and resuscitation stabilized post-resuscitation hemodynamics and improved short-term
survival in rats. The study [12] found that H; reduced oxidative stress and prevented
endothelial glycocalyx damage by inhibiting inflammation-mediated syndecan-1 shedding.
Hj converts to water molecules by reacting with hydroxyl radicals (OH), which are a highly
reactive oxygen species, and inhibits the reaction of these hydroxyl radicals with biological
substances. When Hj is administered, it diffuses through the membrane and reaches the
whole body via the bloodstream. Its effect on the prognosis after hemorrhagic shock has
been reported [12,13]. However, even if H; alone can scavenge hydroxyl radicals, it cannot
replace the volume equivalent to the blood lost. From this point of view, Hj-rich saline
would be an ideal product for treating massive hemorrhage, as it can decrease the level of
hydroxyl radicals and simultaneously replace the blood volume. However, the efficacy of
Hy-rich saline on the glycocalyx remains unexplored. In this study, we revealed that the
hemorrhage-induced changes in glycocalyx thickness in the mesentery and quadriceps were
significantly improved in the Hy-NS group. This indicates that Hp-rich saline has a more
protective effect on glycocalyx degeneration after hemorrhagic shock than conventional
resuscitation fluids, including normal saline and hydroxyethyl starch. Furthermore, the
amount of fluid required for resuscitation was significantly less for H-rich saline than for
conventional fluids.

Oxidative stress is induced by hemorrhagic shock, which damages tissues and multiple
organs. Free radical damage also critically injures the endothelial glycocalyx [20]. In this
study, the amount of ROS was significantly decreased in the H2-NS group, which implies
that Hy attenuated the increase in ROS after hemorrhagic shock, protecting the glycocalyx.

Previous studies evaluated blood data, such as syndecan-1 or hyaluronic acid levels,
and used electron microscope images to assess glycocalyx status [10,21]. These methods
provided some evidence; however, these approaches do not reflect the real-time condition
of the glycocalyx. GlycoCheck is a non-invasive system that can capture videos of blood
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flow in capillaries and analyze it using its built-in software [22]. Using the GlycoCheck
system, we were able to observe the glycocalyx in vivo and understand real-time changes
in glycocalyx thickness.

Additionally, in this study, we showed the beneficial effect of Hy-rich solutions on
ALI after hemorrhagic shock. The effectiveness of Hy-containing immersion for ischemia—
reperfusion injury of the lung has previously been reported. The mechanism of the lung-
protective effect of H, was attributed to its anti-inflammatory action [23]. Our results
suggested that H, can also decrease oxidative stress, which is another pathway for lung
protection. Similar to our results, Hj-containing solutions have been shown to reduce
oxidative stress in a hemorrhagic shock model [24]. ALl is associated with cytokines and
antioxidant properties. Hy can regulate the related intracellular signals. Hj-rich saline
can prevent increases in damaging cytokines and oxidative stress in a hemorrhagic shock
model, thereby protecting against ALL In addition to this pathway, our results showed that
the amount of Hp-rich saline required for hemorrhagic shock resuscitation was significantly
smaller than that required with normal saline. The effects of Hj itself and the reduction in
the fluid volume used can contribute to the lung protective effects of Hp-rich saline.

Regarding myocardial contractility, the proper functioning of the endothelial gly-
cocalyx helps maintain vascular elasticity and ensures appropriate blood flow, thereby
supporting cardiac function [25]. Conversely, if the glycocalyx is damaged, vascular stiff-
ness ensues, disrupting blood flow and placing additional strain on the heart. Thus, the
health of the endothelial glycocalyx is closely related to overall cardiac function, including
myocardial contractility. Our results indicated that dP/dt was significantly improved in
the H,-NS group compared to the shock group. The protective effect of H, on glycocalyx
degeneration can contribute to improved cardiac function. A previous study showed
that H, gas inhalation attenuated glycocalyx damage and stabilized hemodynamics after
hemorrhagic shock [12]. By preserving vascular permeability and cardiac contractility, Hp
contributes to stable hemodynamic function.

Blood gas analysis also showed the beneficial effects of Hy-rich solutions. They reduce
oxidative stress and lead to improvements in arterial oxygenation and suppress lactate
elevation. Hp-rich solutions may contribute to the less amount of fluid resuscitation and
result in better outcomes.

Although we demonstrated the beneficial effects of H,-rich saline in fluid resuscitation
of hemorrhagic shock in a rat model, our study had some limitations. First, we used only
male rats in this study. Sex may influence the effect of H,. Therefore, studies including
both sexes are needed for further assessments of Hy-rich solutions. Second, we did not
measure the glycocalyx thickness in the lung and heart. The intestinal vasculature is easy
to access and observe with the GlycoCheck system; therefore, we focused on the mesentery
to evaluate the efficacy of Hy-rich saline during fluid resuscitation. Third, in the current
study, we evaluated the glycocalyx thickness using the GlycoCheck system for real-time
analysis, rather than electron microscopy, as has conventionally been used to assess the
glycocalyx. While the accuracy of the GlycoCheck system has already reported [26], the
number of reports using this system remains limited. Fourth, we only investigated the
efficacy of a Hp-containing solution in the hemorrhagic shock model. Hj can also be
administered via inhalation, oral ingestion, immersion, and eye drops [27]. Whereas H,
gas is flammable in room air, complicating the use of H, inhalation treatment, intravenous
administration of Hy-rich saline is safer and easier to administer at the bedside. Fifth,
individual variations affect endothelial glycocalyx thickness. However, due to the study’s
design constraints, we compared different groups rather than using the same sample at
multiple time points. Sixth, there is a concern regarding the euthanasia of 30 rats at 2 h
post-injury and its potential impact on the survival rate results. Although blood transfusion
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can be effective for patients with critical hemorrhagic shock, its use is associated with some
risks. Additionally, sevoflurane for anesthesia is reported to have a protective effect on
the glycocalyx via a reduction in oxidative stress [28]. However, all rats in this study used
sevoflurane, so we can remove the differences between the groups. In our study, Hy-rich
saline showed improvements in lung injury compared with the other solutions. The study
comparing Hj-rich saline and fresh-frozen plasma is anticipated. Future studies including
longer observation periods are needed.

5. Conclusions

We have demonstrated the protective effect of Hp-rich saline on endothelial glycocalyx
degeneration in a rat hemorrhagic shock model. Hj-rich saline improved outcomes in
terms of cardiac contractility, the amount of oxidative stress, and ALIL These findings imply
that the use of Hp-rich saline as fluid resuscitation for hemorrhagic shock cases may lead to
improved survival rates.
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PBR perfusion boundary region

ROS reactive oxygen species



Biomedicines 2025, 13, 833 16 of 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cannon, J.W. Hemorrhagic Shock. N. Engl. J. Med. 2018, 378, 370-379. [CrossRef] [PubMed]

Chang, R.; Holcomb, J.B. Optimal Fluid Therapy for Traumatic Hemorrhagic Shock. Crit. Care Clin. 2017, 33, 15-36. [CrossRef]
[PubMed]

Straat, M.; Miiller, M.C.; Meijers, ].C.; Arbous, M.S.; Spoelstra-de Man, A.M.; Beurskens, C.J.; Vroom, M.B.; Juffermans, N.P. Effect
of transfusion of fresh frozen plasma on parameters of endothelial condition and inflammatory status in non-bleeding critically
ill patients: A prospective substudy of a randomized trial. Crit. Care 2015, 19, 163. [CrossRef] [PubMed]

Jacob, M.; Bruegger, D.; Rehm, M.; Stoeckelhuber, M.; Welsch, U.; Conzen, P.; Becker, B.F. The endothelial glycocalyx affords
compatibility of Starling’s principle and high cardiac interstitial albumin levels. Cardiovasc. Res. 2007, 73, 575-586. [CrossRef]
Delaney, M.; Wendel, S.; Bercovitz, R.S.; Cid, J.; Cohn, C.; Dunbar, N.M.; Apelseth, T.O.; Popovsky, M.; Stanworth, S.J.; Tinmouth,
A.; et al. Transfusion reactions: Prevention, diagnosis, and treatment. Lancet 2016, 388, 2825-2836. [CrossRef]

Chipman, A.M.; Jenne, C.; Wu, F.; Kozar, R.A. Contemporary resuscitation of hemorrhagic shock: What will the future hold? Am.
J. Surg. 2020, 220, 580-588. [CrossRef]

Milford, E.M.; Reade, M.C. Resuscitation Fluid Choices to Preserve the Endothelial Glycocalyx. Crit. Care 2019, 23, 77. [CrossRef]
Alphonsus, C.S.; Rodseth, R.N. The endothelial glycocalyx: A review of the vascular barrier. Anaesthesia 2014, 69, 777-784.
[CrossRef]

Becker, B.F.; Chappell, D.; Bruegger, D.; Annecke, T.; Jacob, M. Therapeutic strategies targeting the endothelial glycocalyx: Acute
deficits, but great potential. Cardiovasc. Res. 2010, 87, 300-310. [CrossRef]

Kozar, R.A.; Peng, Z.; Zhang, R.; Holcomb, J.B.; Pati, S.; Park, P.; Ko, T.C.; Paredes, A. Plasma restoration of endothelial glycocalyx
in a rodent model of hemorrhagic shock. Anesth. Analg. 2011, 112, 1289-1295. [CrossRef]

Shen, M.; Zhang, H.; Yu, C.; Wang, F; Sun, X. A review of experimental studies of hydrogen as a new therapeutic agent in
emergency and critical care medicine. Med. Gas Res. 2014, 4, 17. [CrossRef] [PubMed]

TaTamura, T.; Sano, M.; Matsuoka, T.; Yoshizawa, J.; Yamamoto, R.; Katsumata, Y.; Endo, J.; Homma, K.; Kajimura, M.; Suzuki, M.;
et al. Hydrogen Gas Inhalation Attenuates Endothelial Glycocalyx Damage and Stabilizes Hemodynamics in a Rat Hemorrhagic
Shock Model. Shock 2020, 54, 377-385. [CrossRef] [PubMed]

Sato, T.; Mimuro, S.; Katoh, T.; Kurita, T.; Truong, S.K.; Kobayashi, K.; Makino, H.; Doi, M.; Nakajima, Y. 1.2% Hydrogen gas
inhalation protects the endothelial glycocalyx during hemorrhagic shock: A prospective laboratory study in rats. J. Anesth. 2020,
34, 268-275. [CrossRef] [PubMed]

Hirano, M.; Sugai, K.; Fujisawa, M.; Kobayashi, E.; Katsumata, Y.; Hakamata, Y.; Sano, M. Pharmacokinetics of hydrogen
administered intraperitoneally as hydrogen-rich saline and its effect on ischemic neuronal cell death in the brain in gerbils.
PLoS ONE 2022, 17, €0279410. [CrossRef]

Cornelli, U.; Terranova, R.; Luca, S.; Cornelli, M.; Alberti, A. Bioavailability and antioxidant activity of some food supplements in
men and women using the D-Roms test as a marker of oxidative stress. J. Nutr. 2001, 131, 3208-3211. [CrossRef]

Tsuchiya, M.; Sato, E.F,; Inoue, M.; Asada, A. Open abdominal surgery increases intraoperative oxidative stress: Can it be
prevented? Anesth. Analg. 2008, 107, 1946-1952. [CrossRef]

Uekusa, H.; Miyazaki, C.; Kondo, K.; Harada, N.; Nomoto, J.; Sugo, N.; Nemoto, M. Hydroperoxide in internal jugular venous
blood reflects occurrence of subarachnoid hemorrhage-induced delayed cerebral vasospasm. J. Stroke Cerebrovasc. Dis. Off. ]. Natl.
Stroke Assoc. 2014, 23, 2217-2224. [CrossRef]

Fukui, T.; Yamauchi, K.; Maruyama, M.; Yasuda, T.; Kohno, M.; Abe, Y. Significance of measuring oxidative stress in lifestyle-
related diseases from the viewpoint of correlation between d-ROMs and BAP in Japanese subjects. Hypertens. Res. 2011, 34,
1041-1045. [CrossRef]

Smith, K.M.; Mrozek, ].D.; Simonton, S.C.; Bing, D.R.; Meyers, PA.; Connett, ].E.; Mammel, M.C. Prolonged partial liquid
ventilation using conventional and high-frequency ventilatory techniques: Gas exchange and lung pathology in an animal model
of respiratory distress syndrome. Crit. Care Med. 1997, 25, 1888-1897. [CrossRef]

Merryman, W.D.; Youn, I.; Lukoff, H.D.; Krueger, PM.; Guilak, F.; Hopkins, R.A.; Sacks, M.S. Correlation between heart valve
interstitial cell stiffness and transvalvular pressure: Implications for collagen biosynthesis. Am. J. Physiol. Heart Circ. Physiol. 2006,
290, H224-H231. [CrossRef]

Guerci, P; Ergin, B.; Uz, Z.; Ince, Y.; Westphal, M.; Heger, M; Ince, C. Glycocalyx Degradation Is Independent of Vascular Barrier
Permeability Increase in Nontraumatic Hemorrhagic Shock in Rats. Anesth. Analg. 2019, 129, 598-607. [CrossRef] [PubMed]
Rovas, A.; Lukasz, A.H.; Vink, H.; Urban, M.; Sackarnd, J.; Pavenstadt, H.; Kiimpers, P. Bedside analysis of the sublingual
microvascular glycocalyx in the emergency room and intensive care unit—The GlycoNurse study. Scand. ]. Trauma Resusc. Emerg.
Med. 2018, 26, 16. [CrossRef] [PubMed]

Takahashi, M.; Chen-Yoshikawa, T.F; Saito, M.; Tanaka, S.; Miyamoto, E.; Ohata, K.; Kondo, T.; Motoyama, H.; Hijiya, K.; Aoyama,
A.; et al. Immersing lungs in hydrogen-rich saline attenuates lung ischaemia-reperfusion injury. Eur. J. Cardiothorac. Surg. 2017,
51, 442-448. [CrossRef] [PubMed]


https://doi.org/10.1056/NEJMra1705649
https://www.ncbi.nlm.nih.gov/pubmed/29365303
https://doi.org/10.1016/j.ccc.2016.08.007
https://www.ncbi.nlm.nih.gov/pubmed/27894494
https://doi.org/10.1186/s13054-015-0828-6
https://www.ncbi.nlm.nih.gov/pubmed/25880761
https://doi.org/10.1016/j.cardiores.2006.11.021
https://doi.org/10.1016/S0140-6736(15)01313-6
https://doi.org/10.1016/j.amjsurg.2020.05.008
https://doi.org/10.1186/s13054-019-2369-x
https://doi.org/10.1111/anae.12661
https://doi.org/10.1093/cvr/cvq137
https://doi.org/10.1213/ANE.0b013e318210385c
https://doi.org/10.1186/2045-9912-4-17
https://www.ncbi.nlm.nih.gov/pubmed/25905011
https://doi.org/10.1097/SHK.0000000000001459
https://www.ncbi.nlm.nih.gov/pubmed/32804466
https://doi.org/10.1007/s00540-020-02737-3
https://www.ncbi.nlm.nih.gov/pubmed/31997005
https://doi.org/10.1371/journal.pone.0279410
https://doi.org/10.1093/jn/131.12.3208
https://doi.org/10.1213/ane.0b013e318187c96b
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.04.002
https://doi.org/10.1038/hr.2011.76
https://doi.org/10.1097/00003246-199711000-00030
https://doi.org/10.1152/ajpheart.00521.2005
https://doi.org/10.1213/ane.0000000000003918
https://www.ncbi.nlm.nih.gov/pubmed/30451726
https://doi.org/10.1186/s13049-018-0483-4
https://www.ncbi.nlm.nih.gov/pubmed/29444696
https://doi.org/10.1093/ejcts/ezw342
https://www.ncbi.nlm.nih.gov/pubmed/28364439

Biomedicines 2025, 13, 833 17 of 17

24.

25.

26.

27.

28.

Meng, X.; Xu, H.; Dang, Y.; Fan, Y.; Lv, M; Sang, H.; Xu, L. Hyperoxygenated Hydrogen-Rich Solution Suppresses Lung Injury
Induced by Hemorrhagic Shock in Rats. . Surg. Res. 2019, 239, 103-114. [CrossRef]

Chelazzi, C.; Villa, G.; Mancinelli, P.; De Gaudio, A.R.; Adembri, C. Glycocalyx and sepsis-induced alterations in vascular
permeability. Crit. Care 2015, 19, 26. [CrossRef]

Rovas, A.; Seidel, L.M.; Vink, H.; Pohlkoétter, T.; Pavenstadt, H.; Ertmer, C.; Hessler, M.; Kiimpers, P. Association of sublingual
microcirculation parameters and endothelial glycocalyx dimensions in resuscitated sepsis. Crit. Care 2019, 23, 260. [CrossRef]
Yang, Y.; Zhu, Y.; Xi, X. Anti-inflammatory and antitumor action of hydrogen via reactive oxygen species. Oncol. Lett. 2018, 16,
2771-2776. [CrossRef]

Kazuma, S.; Tokinaga, Y.; Kimizuka, M.; Azumaguchi, R.; Hamada, K.; Yamakage, M. Sevoflurane Promotes Regeneration of the
Endothelial Glycocalyx by Upregulating Sialyltransferase. J. Surg. Res. 2019, 241, 40-47. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jss.2019.01.050
https://doi.org/10.1186/s13054-015-0741-z
https://doi.org/10.1186/s13054-019-2542-2
https://doi.org/10.3892/ol.2018.9023
https://doi.org/10.1016/j.jss.2019.03.018

	Introduction 
	Materials and Methods 
	Animals and Surgical Preparation 
	Study Protocol 
	H2-Rich Saline 
	Glycocalyx Analysis 
	Cardiac Contraction 
	Blood Analysis 
	Reactive Oxygen Species 
	Histopathological Analysis 
	Survival Rate 
	Statistical Analysis 

	Results 
	Characteristics of Rats 
	Effect of H2 on Glycocalyx Shedding 
	Effect of H2 on Cardiac Contraction 
	Effect of H2 on ROS Levels 
	Effect of H2 on Lung Histopathology 
	Effect of H2 on Survival Rate 
	Blood Analysis 

	Discussion 
	Conclusions 
	References

