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Abstract 

Purpose: Hydrogen gas (H2) inhalation improved the survival rate of hemorrhagic shock. 

However, its mechanisms are unknown. We hypothesized that H2 protecteds the endothelial 

glycocalyx during hemorrhagic shock and prolonged survival time. 

Methods: 83 Sprague–Dawley rats (mean body weight, 355 ± 30 g) were anesthetized with 

isoflurane. The animals were randomly assigned to 5 groups: room air with no shock, 1.2% 

H2 with no shock, room air with shock (Control-S), 1.2% H2 with shock (H21.2%-S), and 

3.0% H2 with shock (H23.0%-S). Shock groups were bled to a mean arterial pressure of 30 to 

35 mmHg and held for 60 min, then resuscitated with normal saline at 4-fold the amount of 

the shed blood volume. 

Results: The syndecan-1 level was significantly lower in the H21.2%-S [8.3 ± 6.6 ng/ml; P = 

0.01; 95% confidence interval (CI), 3.2–35.8] than in the Control-S (27.9 ± 17.0 ng/ml). The 

endothelial glycocalyx was significantly thicker in the H21.2%-S (0.15 ± 0.02 µm; P = 0.007; 

95% CI, 0.02–0.2) than in the Control-S (0.06 ± 0.02 µm). The survival time was longer in 

the H21.2%-S (327 ± 67 min, P = 0.0160) than in the Control-S (246 ± 69 min). The 

hemoglobin level was significantly lower in the H21.2%-S (9.4 ± 0.5 g/dl; P= 0.0034; 95% CI, 

0.6–2.9) than in the Control-S (11.1 ± 0.8 g/dl). However, the H23.0%-S was not significant. 

Conclusions: Inhalation of 1.2% H2 gas protecteds the endothelial glycocalyx and prolonged 

survival time during hemorrhagic shock. Therapeutic efficacy might vary depending on the 
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concentration.  
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Introduction 

Hemorrhagic shock accounts for 50.7% of unexpected perioperative death in Japan.[1] 

Therefore, overcoming hemorrhagic shock is considered a major issue in perioperative 

medicine. 

The endothelial glycocalyx (EGCX) is located in the vascular endothelium and is 

responsible for vascular permeability. During hemorrhagic shock with fluid resuscitation, the 

EGCX is damaged.[2] Shedding of the EGCX increases vascular integrity, resulting in 

multiple organ failure and increased mortality.[3] The EGCX is also shed by ischemia–

reperfusion, reactive oxygen species (ROS), inflammation, sepsis, hyperglycemia, and other 

conditions.[4-8] Protection of the EGCX might help to prevent the progression of multiple 

organ failure and/or decrease mortality. 

Hydrogen gas (H2 gas) is an antioxidative and anti-inflammatory substance.[9] H2 gas is 

not explosive and can be safely used at a concentration of <4%. H2 gas selectively reduces 

hydroxyl radical and peroxynitrite, which are ROS with particularly high levels in 

oxidation-induced damage; however, it does not reduce hydrogen peroxide, which acts as a 

gas mediator. Based on these characteristics, H2 gas is considered to be an ideal antioxidant 

that retains its property as a necessary gas mediator while alleviating ROS-induced damage. 

H2 gas has a protective effect on cells and organs (brain, intestine, liver, kidney, lung, and 

heart) in several pathological conditions,[10-15] especially ischemia–reperfusion.[16] 
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Matsuoka et al.[17] demonstrated that inhalation of H2 gas improved the survival rate in a rat 

model of hemorrhagic shock and fluid resuscitation, although the underlying mechanism is 

unknown. 

We hypothesized that H2 gas inhalation protects the EGCX and prolongs the survival time 

during hemorrhagic shock. We conducted the present study using a rat model of hemorrhagic 

shock to investigate the effects of H2 gas inhalation on the syndecan-1 level (a marker of 

EGCX shedding), EGCX thickness, markers of organ failure, and survival time. 
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Materials and Methods 

Animal Preparation 

This study was approved by the Ethical Committee for Animal Experiments and the 

Laboratory Animal Facility of Hamamatsu University School of Medicine (2018049). In total, 

83 male Sprague–Dawley rats (10–11 weeks old; mean body weight, 355 ± 30 g) were 

purchased from Japan SLC, Inc. (Shizuoka, Japan). All rats were acclimatized to a 

12-/12-hour light/dark cycle at a room temperature of 20°C. The rats had free access to food 

and water before the experiment. 

After induction of anesthesia with 5% isoflurane (Mylan, Tokyo, Japan), the rats 

underwent tracheostomy and intubation using a 19-gauge fluororesin catheter (Hakko 

Medical Device Division, Nagano, Japan). The rats were artificially ventilated (rate, 50/min; 

tidal volume, 1.0 ml/100 g; FiO2, 21%; Shinano Seisakusho, Tokyo, Japan) with 2% 

isoflurane during the experiments. The core body temperature of the rats was measured using 

a rectal probe and maintained at 37°C with a heating light. A 20-gauge catheter (B Braun, 

Melsungen, Germany) was placed into the right carotid artery to measure the arterial pressure, 

withdraw blood, and infuse normal saline. The electrocardiogram, heart rate, and arterial 

pressure were continuously recorded. 

Hemorrhagic Shock Model 

  After stabilization, the rats were randomly divided into 5 groups: no shock with room air 
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(Room-NS), no shock with 1.2% H2 gas (H21.2%-NS), hemorrhagic shock with room air 

(Control-S), hemorrhagic shock with 1.2% H2 gas (H21.2%-S), and hemorrhagic shock with 

3% H2 gas (H23.0%-S). Hemorrhagic shock was induced by withdrawing blood until the 

mean arterial pressure (MAP) decreased to 30 to 35 mmHg in 5 minutes and maintained for 

60 min at this value by further blood withdrawal. After the shock phase, the rats were 

fluid-resuscitated by normal saline at four-fold the amount of the shed blood volume at 2.5 

ml/min. Rats that survived the experiment were killed by withdrawal of blood under 

isoflurane anesthesia. 

H2 Gas Inhalation 

H2 gas was delivered by mixing with room air using an H2 gas supply device (Nihon 

Kohden, Tokyo, Japan). This device allows for the delivery of several concentrations of H2 

gas with room air. We chose 1.2% and 3.0% H2 gas concentrations in this study. The 

concentration of 1.2% was chosen based on our pilot study with reference to Matsuoka et 

al.,[17] and 3.0% was applied as the maximum concentration that our H2 gas supply device 

could deliver. H2 gas inhalation began at the time of shock induction and continued for 3 

hours. 

Experimental Protocol (Figure. 1) 

We performed three sets of experiments to investigate whether H2 gas inhalation protects 

the EGCX against hemorrhagic shock and improves the survival time, as described below. 
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Experiment 1: Glycocalyx Analysis (n = 6 per group) 

Two hours after the beginning of fluid resuscitation, we collected blood samples from the 

catheter of the right carotid artery. Serum was used to measure syndecan-1 using an 

enzyme-linked immunosorbent assay kit (Cloud-Clone Corp., Katy, TX, USA), creatinine 

using a clinical chemistry analyzer (JCA-BM8060; JEOL Ltd., Tokyo, Japan), and blood gas 

analysis (ABL90 FLEX; Radiometer Medical ApS, Brønshøj, Denmark). We then performed 

a thoracotomy and inferior vena cava incision, and lactated Ringer’s solution was 

administered into the left ventricle for 2 minutes for removal of blood. A fixing/staining 

solution (2% glutaraldehyde, 30 mM HEPES buffer, and 2% lanthanum nitrate) was then 

used at a dose of 8 ml/min for 5 minutes for perfusion fixation. The heart was removed and 

cut up for immersion fixation with a fixing/staining solution for 24 hours at 4°C. A 

transmission electron microscope (JEM-1400 Plus; JEOL, Ltd.) was used to observe the 

EGCX with a 10-µm capillary endothelium.[18, 19] 5 perfused vessels from different 

perspectives were chosen. For measurement, the shortest distance between the lumen and the 

vascular endothelium were measured using ImageJ (U.S. National Institutes of Health, 

Bethesda, MD, USA) as our previous study.[19] 

Experiment 2: Survival Time Analysis (n = 7 per group) 

Two hours after the beginning of fluid resuscitation, we stopped the H2 gas and changed to 

room air as described by Matsuoka et al.[17] We then continued our observation of the 
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survival time under general anesthesia. Death was defined as a decrease in the MAP to <10 

mmHg. 

Experiment 3: Serum Hemoglobin and TNF-α Analysis (n=6 per group) 

We performed an additional experiment to investigate serum hemoglobin and tumor 

necrosis factor-α (TNF-α) levels. We investigated blood hemoglobin to evaluate hemodilution 

after fluid resuscitation. H2 gas may contribute to EGCX protection via multiple pathways, 

including an anti-inflammatory effect; we therefore evaluated serum TNF-α in the three 

shock groups (Control-S, H21.2%-S, and H23.0%-S; n=6 per group). Animals were prepared 

in the same way as for the experiment 1. Two hours after initiating fluid resuscitation, we 

collected blood samples for the measurement of hemoglobin and TNF-α level using an 

enzyme-linked immunosorbent assay kit (R&D Systems, Inc., Minneapolis, MN, USA). 

Statistical Analysis 

Data are expressed as mean ± standard deviation. The means of each group were compared 

using one-way analysis of variance followed by the Turkey–Kramer post hoc test. All data 

with a P value of <0.05 were considered significant except survival times. Survival times 

were evaluated using the Kaplan–Meier method and a log rank test. These data with a P value 

of <0.166 were considered significant by Bonferroni correction. All statistical analyses were 

performed using JMP 14.3 for Windows (SAS Institute Inc., Cary, NC, USA). 
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Results 

No significant differences except hemoglobin were found in blood gas analysis (Table. 1) 

and the amount of bleeding among the Control-S, H21.2%-S, and H23.0%-S groups. Similarly, 

no significant differences were found in the heart rate, MAP and systolic arterial pressure 

among the groups (Figure. 2a, b, c). However in diastolic arterial pressure, H21.2%-S (41.7 ± 

10.4 mmHg) was higher than Control-S group [20.7 ± 13.2 mmHg; P = 0.0096; 95% 

confidence interval (CI), 4.4-37.5] (Figure. 2d). 

 The level of serum syndecan-1 was significantly lower in the H21.2%-S group (8.3 ± 6.6 

ng/ml; P = 0.01; 95% CI, 3.2–35.8) than in the Control-S group (27.9 ± 16.9 ng/ml), but it 

was not significantly lower in the H23.0%-S group (18.6 ± 11.2 ng/ml; P = 0.4645; 95% CI, 

−6.9 to 25.5) (Figure. 3a). The glycocalyx as assessed by electron microscopy was 

significantly thicker in the H21.2%-S group (0.15 ± 0.02 µm; P = 0.007; 95% CI, 0.02–0.2) 

than in the Control-S group (0.06 ± 0.02 µm). The glycocalyx in the H23.0%-S group (0.13 ± 

0.05 µm) also tended to be thicker, but not significantly (P = 0.06; 95% CI, −0.003 to 0.1) 

(Figure. 3b, c). 

  The level of serum creatinine was significantly lower in the H21.2%-S group (0.43 ± 0.10 

mg/ml; P = 0.008; 95% CI, 0.05–0.4) than in the Control-S group (0.64 ± 0.12 mg/ml), but it 

was not significantly lower in the H23.0%-S group (0.55 ± 0.14 mg/ml; P = 0.52; 95% CI, 

−0.08 to 0.3) (Figure. 3d). 
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There were no survival rats in Control-S, H21.2%-S, and H23.0%-S groups. The survival 

time in the H21.2%-S group (327 ± 67 minutes, P = 0.0160) was significantly longer than that 

in the Control-S group (246 ± 69 minutes), but it was not significantly longer in the 

H23.0%-S group (242 ± 79 minutes, P = 0.67) (Figure. 4). 

The hemoglobin level was significantly lower in the H21.2%-S group (9.4 ± 0.5 g/dl; P = 

0.003; 95% CI, 0.6–2.9) than in the Control-S group (11.1 ± 0.8 g/dl), but was not 

significantly different in the H23.0%-S group (10.1 ± 0.9 mg/ml; P = 0.07; 95% CI, −0.1 to 

2.2). The amount of bleedings were not significant between Control-S, H21.2%-S, and 

H23.0%-S groups. The serum TNF-α level was not significantly different in the H21.2%-S 

group (144.7 ± 103.8 pg/ml; P = 0.68; 95% CI, −105.7 to 206.2) or the H23.0%-S group 

(147.0 ± 77.5 pg/ml; P = 0.66; 95% CI, −103.4 to 208.5) compared with the Control-S group 

(94.4 ± 152.2 pg/ml).   
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Discussion 

  The present study demonstrated that 1.2% H2 gas inhibited the increase in the serum 

syndecan-1 and creatinine levels, preserved the EGCX layers after hemorrhagic shock and 

fluid resuscitation, and further prolonged survival time. These effects were reduced under 

3.0% H2 gas inhalation. These findings suggest that H2 gas inhalation may have a protective 

effect during hemorrhagic shock and fluid resuscitation, although an optimal inhalational 

concentration might exist. We evaluated the blood vessels in the myocardium to analyze the 

EGCX, similar to our previous study[19] and other previous studies,[20-22] because the heart 

has continuous capillaries[4] that can easily be observed by electron microscopy. To our 

knowledge, this is the first study to show that H2 gas protects the glycocalyx as shown by 

electron microscopy images. 

  Several studies have demonstrated that H2 gas has antioxidant and anti-inflammatory 

effects,[10, 23] and these effects have been suggested during hemorrhagic shock in rat 

models.[17, 24-26] Matsuoka et al. indicated that 1.3% H2 gas inhalation prolonged survival 

time during hemorrhagic shock and fluid resuscitation.[17] However, they did not explore the 

mechanism underlying why H2 gas was effective for hemorrhagic shock. The present study 

supports their findings, and we think the protective effects of H2 gas on the EGCX could be 

one of the mechanism. The EGCX is a polysaccharide layer located at the vascular 

endothelium. The EGCX controls vascular permeability and tonus.[27] When the EGCX is 
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shed, vascular permeability is enhanced.[20] In our experiments, the Control-S group showed 

greater EGCX injury and higher hemoglobin level compared with the H21.2%-S group. We 

propose that, in the Control-S group, infused fluid likely extravasated to interstitium and it 

must be difficult to maintain blood volume because of injury to the EGCX. The EGCX also 

exerts anti-inflammatory and anti-coagulant effects.[27] The EGCX covers the surface of 

vascular endothelial cells with various receptors (selectin, integrin, and toll-like receptors). In 

normal condition, these receptors cannot combine leucocyte or ligands because of covered by 

EGCX.[28] When the glycocalyx is shed, vascular permeability is enhanced and the 

pathological condition is aggravated. Integrin helps to combine leukocytes with endothelial 

cells, and Toll-like receptors easily combine with ligands. They will progress inflammatory. 

Osuka et al.[29] reported that glycocalyx damage was correlated with a deterioration in the 

condition of patients with burn injuries. Thus, protection of the glycocalyx might be 

important to prevent the progression of multiple organ failure and/or decrease the mortality. 

 H2 gas selectively and directly reduces hydroxyl radical and peroxynitrite,[9] which are 

detrimental ROS that induce ischemia–reperfusion injury and thus cause EGCX shedding. H2 

gas combines hydroxyl radical and peroxynitrite, forming water. The other mechanism is 

gene expression and anti-inflammatory effect. H2 gas decreases the expression of certain 

signal transduction pathways via oxidized phospholipid species, including HMOX1 [heme 

oxygenase 1, hypoxia-inducible factor 1 (HIF-1) signaling pathway], tumor necrosis factor, 
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interleukin-8 (IL-8), and nuclear factor of activated T cells.[30] TNF-α is also a cause of 

inflammatory and sheds EGCX.[31] However, in our additional experiment, no significant 

difference in TNF-α was observed between the shock groups.  

 We evaluated creatinine as organ dysfunction. Kidney is weaker than heart and intestine 

for oxygen debt,[32] and acute kidney injury is independent risk of adverse outcomes in 

critically ill patients[33]. In this study, 1.2% H2 gas inhalation reduces creatinine and it might 

be protects kidney. 

We examined the effects of H2 gas under inhalational concentrations of 1.2% and 3.0%. 

Protective effects were shown with 1.2% H2 gas inhalation, but these effects were reduced at 

3.0% inhalation. Ohsawa et al.[9] demonstrated that 2% H2 gas was more effective than 

edaravone but that 4% was not significantly effective in a rat model of brain ischemia–

reperfusion. Similarly, Hayashida et al.[16] showed that 2% H2 gas was more effective than 

control but that 4% gas was not significantly effective in a rat model of myocardial ischemia–

reperfusion. These findings suggest that a high concentration of H2 gas inhalation attenuates 

the protective effects of H2 gas, similar to our results, although previous authors did not 

discuss why 4% reduced the effects. We speculate that a preconditioning effect of isoflurane 

is involved. In the present study, we used isoflurane, which has a preconditioning effect of 

ischemia–reperfusion. Although isoflurane activates HIF-1, H2 gas decreases the expression 

of HMOX1. Further studies are required to investigate the relationship between H2 gas 
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inhalational concentrations and optimal protective effects. 

Our study has some limitations. We used the serum concentration of syndecan-1 as an 

indicator of glycocalyx damage,[34] and the syndecan-1 level might depend on the 

intravascular volume such as hemodilution by fluid resuscitation. However, the blood loss 

volumes were similar among the groups, and the trend of syndecan-1 levels actually reflected 

the glycocalyx thickness as shown by electron microscopy; these findings indicate that the 

syndecan-1 level was suitable as an index of glycocalyx damage in this study. Next, we could 

not measure ROS directly. H2 gas can have multiple mechanism of prolong survival time and 

EGCX protection. These markers would help to understand which mechanism is most 

contributing. Another point is type of fluid. Although we used normal saline for resuscitation, 

EGCX damage depends on the type of fluid. If we use fresh frozen plasma or another type of 

fluid for resuscitation, damage level or EGCX may be different. In addition, our hemorrhagic 

shock model simulated compensated shock because blood was withdrawn, but not reinfused, 

to maintain an MAP of 30 to 35 mmHg. This is less severe than a decompensating model, 

which requires reinfusion of blood.[35] Our results might not be applicable to severe 

hemorrhagic shock. Finally, as mentioned above, we used isoflurane, which has a protective 

effect against ischemia–reperfusion injury.[36] Although all groups of rats were anesthetized 

by isoflurane and significant differences were observed in the glycocalyx thickness and 

survival rate, the results (including the appropriate concentration of H2 gas) might be 
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different when using other anesthetics. 

  In conclusion, inhalation of 1.2% H2 gas protected the glycocalyx, reduced the creatinine 

level, and prolonged the survival time during hemorrhage shock and fluid resuscitation in rats, 

although inhalation of 3.0% attenuated these effects. Further studies are needed to identify 

the optimal concentration that shows maximal protective effects. 

Part of this article was presented at The 66th Annual Meeting of the Japanese Society of 

Anesthesiologists. May 30th - June 1st, 2019, Kobe, Japan. 
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 Table. 1 Results of Blood gas analysis and amount of bleeding 

✝ vs Room-NS (P < 0.05) 
* vs H21.2%-NS (P < 0.05) 
** vs Control-S (P < 0.05) 
Data are expressed as mean ± standard deviation 
Control-S: hemorrhagic shock with room air, H21.2%-S: hemorrhagic shock with 1.2% H2 
gas, H23.0%-S: hemorrhagic shock with 3% H2 gas, Room-NS: no shock with room air, and 
H21.2%-NS: no shock with 1.2% H2 gas. 

 

  

Item Control-S H21.2%-S H23.0%-S Room-NS H21.2%-NS 

pH 
7.21 

±0.18✝* 
7.32 

±0.10 
7.23 

±0.07✝* 
7.42 

±0.01 
7.44 

±0.03 

PaCO2 (mmHg) 
27.13 
±7.82* 

29.06 
±6.50 

31.18 
±9.58 

38.75 
±3.76 

39.60 
±6.31 

PaO2 (mmHg) 
87.31 

±17.61 
74.58 
±9.94 

74.71 
±19.02 

72.61 
±5.76 

65.56 
±12.65 

HCO3 (mmol/L) 
12.50 

±6.53✝* 
15.84 

±1.51✝* 
13.76 

±5.23✝* 
25.46 
±2.03 

26.85 
±2.13 

Base excess 
(mmol/L) 

-15.30 
±9.48✝* 

-10.16 
±2.55✝* 

-13.71 
±6.30✝* 

1.08 
±1.97 

2.73 
±1.81 

Lac (mmol/L) 6.81±4.34 4.70±1.64 8.46±4.68 3.60±0.81 3.36±0.53 

Hemoglobin 
(g/dL) 

11.1±0.8 9.4±0.5** 10.1±0.9 
  

Amount of 
Bleeding (mL) 

7.28±1.20 8.27±1.48 8.67±1.25 
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Figure Legends 

 

Figure 1. Experimental protocol of hemorrhagic shock and fluid resuscitation. 

H2 gas was inhaled by rats in three study groups: no shock with 1.2% H2 gas, hemorrhagic 

shock with 1.2% H2 gas, and hemorrhagic shock with 3.0% H2 gas. 

H2 gas inhalation began from initiation of hemorrhagic shock and continued for 180 minutes 

H2 gas, hydrogen gas; MAP, mean arterial pressure. 

 

Figure 2. Hemodynamic parameters. (a) Heart rate. (b) Mean arterial pressure. (c) Systolic 

arterial pressure. (d) Diastolic arterial pressure. 

The error bars represent the standard deviation of the mean. 

 

Figure 3. Evaluations of glycocalyx (n = 6 per group). 

(a) Serum concentration of syndecan-1. (b) Endothelial glycocalyx of myocardium under 

transmission electron microscopy. (c) Glycocalyx thickness of myocardial capillaries. (d) 

Serum concentration of creatinine. Control-S: hemorrhagic shock with room air, H21.2%-S: 

hemorrhagic shock with 1.2% H2 gas, H23.0%-S: hemorrhagic shock with 3.0% H2 gas, 

Room-NS: no shock with room air, H21.2%-NS: no shock with 1.2% H2 gas, EGCX: 

endothelial glycocalyx. 
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Figure 4. Survival time (n = 7 per group). 

*P = 0.0160 compared with the Control-S group. Control-S: hemorrhagic shock with room air, 

H21.2%-S: hemorrhagic shock with 1.2% H2 gas, H23.0%-S: hemorrhagic shock with 3.0% 

H2 gas. 
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