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Hydrogen has been proved to be a novel antioxidant through its selectively reducing of the 

hydroxyl radical. Both in vivo and in vitro studies support the protective effect of hydrogen on 

injuries caused by oxidative stress. Our previous study has demonstrated that hydrogen-rich saline 

could reduce brain injury induced by ischemia and hypoxia insult in rats. Carbon monoxide (CO) 

poisoning is one of the most common gas intoxications confronting emergency physicians 

worldwide. Among survivors, more than half of those with serious poisoning develop a delayed 

neurologic sequelae which is lack of effective treatment. The pathophysiology of CO poisoning is 

related not only to hypoxia but also to excitatory amino acid and oxidative stress. In this study we 

investigated the effects of hydrogen-rich saline on the prevention of delayed neurologic sequelae 

in experimental carbon monoxide toxicity. We have shown that hydrogen-rich saline which is safe, 

easy to administer, cost-effective, has therapeutic effect on CO poisoning induced encephalopathy 

by reducing oxidative stress and inflammatory cascades in brain tissues. Hydrogen-rich saline has 

potentials as an alternative treatment for neurologic injury after severe acute CO poisoning. 
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Abstract: 

Objective: We investigated the feasibility and efficacy of hydrogen-rich 

saline therapy on delayed neurologic sequelae in rats after severe acute 

carbon monoxide (CO) poisoning. 

Design: Controlled animal study. 

Setting: Research laboratory of a university hospital. 

Subjects: Sprague-Dawley rats weighing 250 ± 20 g. 

Interventions: The rats were exposed to 1000 ppm CO in air for 40 minutes 

and then to 3000 ppm for another 20 minutes until they lost consciousness. 

Rats were intraperitoneal injected with hydrogen-rich saline or normal saline 

(10ml/Kg) for six times after resuscitation at 0, 12, 24, 36, 48, and 60 hr, 

respectively. The rats without CO poisoning were used as normal controls. 

Measurements and Main Results: CO poisoning induced brain tissue 

inflammation, cell death, and cognitive dysfunction (Morris Water Maze) at one 

week after the CO insult. Hydrogen-rich saline treatment significantly 

attenuated degraded myelin basic protein (MBP), decreased the expression of 

Iba1, a microglial marker, reduced DNA oxidation, and suppressed 

pro-inflammatory cytokine interleukin Interleukin-1β (IL-1β)，Interleukin-6 (IL-6) 

and Tumor necrosis factor-alpha (TNF-a) in the cortex and hippocampal 

tissues when compared with those in normal saline-treated rats. These 

histological and biological improvements were accompanied with an 
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improvement in the Morris water maze test. 

Conclusions: This observation demonstrated that hydrogen-rich saline 

peritoneal injection improves histological and functional assessment of CO 

encephalopathy in a rat model. Hydrogen saline has potentials as a novel and 

alternative therapy for severely CO-poisoned patients with delayed neurologic 

sequelae. The therapeutic effects of hydrogen-rich saline may be related to 

antioxidant and anti-inflammatory actions. 

 

Keywords: hydrogen; delayed neurologic sequelae; CO poisoning; oxidative 

stress; inflammation; myelin basic protein 
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Introduction 

Carbon monoxide (CO) poisoning is one of the most common gas 

intoxications confronting clinical toxicologists, intensivists and emergency 

physicians worldwide (1). The clinical symptoms of CO poisoning are often 

nonspecific and diverse (2). Among survivors, more than half of those with 

serious poisoning develop a delayed neurologic sequelae (DNS) between 3 

days and 4 weeks after CO poisoning (3). The pathophysiology of CO 

poisoning is related not only to hypoxia but also to excitatory amino acid and 

oxidative stress (4-6). Reactive oxygen species produced by activated 

neutrophils, mitochondria, and xanthine oxidase lead to lipid peroxidation 

which render delayed neurological injuries (7).  

Hyperbaric oxygen therapy has been shown to significantly reduce the 

incidence of neuropsychiatric sequelae after CO poisoning when compared 

with treatment using normobaric oxygen therapy (8). However, the therapeutic 

value of hyperbaric oxygen is debatable (9-10) and there are side-effects (11). 

Hydrogen is a gaseous molecule without known toxicity, which chelates 

hydroxyl radical and affords neuroprotection in ischemia–reperfusion injury. 

Further studies demonstrated similar protective effects of hydrogen in 

ischemia-reperfusion injuries caused by oxidative stress in brain, liver, heart 

(12-14) and intestines (15). Hydrogen also provides anti-inflammatory effect in 

acute pancreatitis (16), colon inflammation (17), and liver inflammation. 

Recently, we hypothesize that hydrogen could act as a novel and effective 
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treatment of acute carbon monoxide poisoning (18). The aim of this study is to 

confirm our abovementioned hypothesis and to evaluate the feasibility and 

efficacy of hydrogen therapy for severe acute CO poisoning encephalopathy. 

 

Materials and methods 

Experimental Animals 

Adult male Sprague–Dawley rats, weighing 250 ± 20 g, were provided 

by the Experimental Animal Center of the Second Military Medical University in 

Shanghai China. They were housed at a temperature of 22–24 °C and 12 hr 

light/dark cycle controlled environment with free access to food and water. All 

experimental procedures were approved by The Experimentation Ethics 

Committee of the Second Military Medical University in Shanghai, China. Rats 

were randomly assigned to the following groups: normal group (n=14); 

normal+hydrogen saline group (n=7); CO+saline (n=14) and CO+ hydrogen 

saline group (n=14). 

 

Drugs 

Hydrogen was dissolved in physiological saline for 6 hr under high 

pressure (0.4 MPa) to a supersaturated level using a hydrogen-rich saline 

producing apparatus constructed in our lab. The saturated hydrogen saline 

was stored under atmospheric pressure at 4 ºC in an aluminum bag with no 

dead volume and was sterilized by gamma radiation. The hydrogen level in the 
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saline was measured by gas chromatography using the method described by 

Ohsawa (19). The average saline hydrogen level was 0.86 mmol/L. Hydrogen 

saline was freshly prepared every week to ensure that a concentration of more 

than 0.6 mmol/L was maintained. 

 

Animal Manipulations 

CO poisoning was performed according to the published protocol (4) in 

a 7-liter Plexiglas chambers. Rats breathed 1000 ppm CO for 40 min then 

3000ppm for up to 20 min, until they lost consciousness, then they were 

removed to breath room air and regain consciousness. Hydrogen-rich saline or 

normal saline (10ml/kg) was administered intraperitoneally for six times after 

resuscitation at 0, 12, 24, 36, 48, and 60 hr, respectively. 

 

Nissl Staining 

Perfusion-fixed brain tissues were further fixed overnight in the solution 

(4% paraformaldehyde in PBS), processed for embedding in paraffin and cut 

into 4-μm-thick serial sections. For Nissl staining, the 4-μm sections were 

hydrated in 1% toluidine blue at 50 °C for 20 min. After rinsing with double 

distilled water, they were dehydrated and mounted with permount. The cortex 

and the CA1 area of hippocampus from each animal were captured and 

Imaging-Pro-Plus (LEIKA DMLB) was used to perform quantitative analysis of 

cell numbers. 
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Immunohistochemical staining 

For immunostaining, brain sections immersed in 0.3% H2O2 in 95% 

ethanol for 30 min and rinsed in PBS. Blocked in PBS containing 1.5% normal 

goat serum and 1% BSA for 2 hr at room temperature and stained with 

anti-Iba1 or anti-MBP (Abcam,UK) overnight at 4°C, followed by HRP or 

FITC-conjugated goat anti-rabbit IgG antibody for 2 hr at room temperature. 

They were then incubated with 50 mM Tris–HCl (pH7.2) containing 0.05% 

diaminobenzidine tetrahydrochloride (DAB) and 0.01% H2O2. Slides were 

observed under Fluorescence Microscope (LYMPUS BX-60).  

 

Determination of TNF-α, IL-1β, IL-6 and 8OH-dG protein levels in brain 

tissues 

Brain tissues were collected, weighed, and washed in normal saline and 

then homogenized immediately in 10 volumes of normal saline at 4°C. After 

centrifugation, supernatants were collected and stored at -80°C. Levels of 

TNF-α, IL-1β, IL-6 and 8OH-dG were measured with a commercial ELISA kit 

(Biosource, Camarillo, CA) according to the instructions of the manufacturer. 

The absorbance was read on a microplate reader (Denley Dragon, Wellscan 

MK 3, Thermo, Finland) and the concentrations were calculated based on a 

standard curve. 
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Spatial Learning 

Morris water maze testing was performed in a tank of 122 cm diameter 

with the water temperature maintained at 21°C. The water was tinted with 

white tempera paint to obscure the platform. A 10 cm×10 cm platform was 

hidden 1 cm below the surface of water. Entry points were varied. Each trial 

lasted until either the rats had found the fixed platform or for a maximum of 90 

sec. All rats were allowed to rest on the platform for 20 sec and each rat was 

allowed 4 trials per day for 4 days. Two days after training, the test was 

performed again and the examiner determined the time of swimming until the 

rats reached the platform. The time spent in each quadrant was recorded and 

retention of the spatial training was assessed. 

 

Statistical analysis 

Values were presented as mean ± SD. Statistical analysis was done 

using the SPSS Statistics 17.0 (SPSS Inc., Chicago, IL, USA). For comparison 

of changes in Morris water maze test between groups, two-way ANOVA 

followed by Student-Newman-Keuls tests were utilized. For comparison of 

Nissl staining, TNF-α, IL-1β, IL-6 and 8-OHdG levels, differences between 

groups were determined with a one-way ANOVA followed by 

Student-Newman-Keuls tests. P value less than 0.05 was considered 

statistically significant. 
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Results 

Morris water maze 

The escape latency was measured at 9 day after CO poisoning. The 

result of ANOVA revealed significant improvement by hydrogen-rich saline on 

escape latency (P<0.05). As displayed in Figure 1, the escape latency 

remained unchanged with hydrogen-rich saline alone (Normal+hydrogen). 

However, the escape latency in CO+hydrogen group was shorter than that in 

CO+saline group, indicating that hydrogen-rich saline significantly improved 

spatial recognition and learning declined by CO poisoning (*P <0.05 vs. normal; 

#P <0.05 vs. CO+hydrogen group). 

 

Nissl staining 

Representative samples of Nissl staining from the cerebral cortex and 

hippocampus were done at 7 day after CO poisoning. As shown in figure 2, 

most neurons of cortex both in CO+saline and CO+hydrogen groups and of 

CA1 sector in CO+saline group were shrinked with intracellular space enlarged 

and had deep color staining, a part of neurons disappeared. The cells with 

eumorphism in the cortex and CA1 sector were significantly preserved in 

CO+hydrogen. The number of Nissl staining cells in cortex and hippocampus 

of CO+saline group was lower than that of CO+hydrogen group (*P <0.05 

vs.normal; #P <0.05 vs. CO+hydrogen group). 
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MBP staining 

The brain slices were stained with MBP to identify neurofiber 

connectivity and linear diffusion. MBP poisitive neurofiber of cortex and 

hippocampus in CO+saline and CO+hydrogen group lined up in a diffusion 

manner, diminished branches, more cavities between fibers (Figure. 3). 

Hydrogen-rich saline significantly protected the connectivity of MBP positive 

neurofiber in cortex and hippocampus compared to that in CO+saline group.  

 

Ib1 fluorescence staining 

In order to determine whether microglia is activated in the brain at 7 day 

after CO poisoning, sections cerebral cortex were prepared from rat brain for 

immunohistochemical staining with anti-Iba1 antibody. Figure 4 demonstrated 

that the expression of microglia defined by Iba-1 positive staining in normal 

group is relatively low. Hydrogen-rich saline significantly reduced the 

expression of microglia when compared with that in CO+saline group.  

 

TNF-α, IL-1β and IL-6 levels in brain issue 

As shown in figure 5, TNF-α, IL-1βand IL-6 concentrations of the 

cerebral cortex and hippocampus were significantly decreased in 

CO+hydrogen group when compared with those in CO+saline group (*P <0.05 

vs. normal; #P <0.05 vs. CO+hydrogen group). 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

11 

 

8-OHdG levels in brian issue 

8-OH-dG concentrations in the cerebral cortex and hippocampus of 

brain were significantly elevated in CO+saline group when compared with 

those in CO+hydrogen group. Hydrogen-rich saline treatment markedly 

lowered CO poisoning-induced elevation of 8-OHdG concentrations (Figure. 6; 

*P <0.05 vs. normal; #P <0.05 vs. CO+hydrogen group). 
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Discussion 

To our knowledge this is the first study that demonstrated hydrogen-rich 

saline significantly prevented delayed neurologic sequelae in rats after severe 

acute CO poisoning. The protective effect was supported by significant 

cognitive improvement, marked preservation of structure of brain, reduced 

degraded MBP and DNA oxidation, inhibition of Iba1 expression, and 

attenuated pro-inflammatory IL-1β, IL-6 and TNF-a cytokine levels. This study 

demonstrated that hydrogen rich saline could be a novel and effective therapy 

for CO poisoning encephalopathy. This observation is especially important 

because except the controversial hyperbaric oxygen treatment (20), no other 

effective treatment is available for CO poisoning encephalopathy.  

Carbon monoxide increases cytosolic heme levels, leads to oxidative 

stress, and binds to platelet heme protein and cytochrome c oxidase, interrupts 

cellular respiration and causes production of reactive oxygen species, which in 

turn lead to neuronal necrosis and apoptosis (1). Hydrogen selectively reacts 

with hydroxyl radical and peroxynitrite, exerts protective effects, without 

interactions with other reactive oxygen species, such as superoxide anion and 

H2O2 (19). In the present study, hydrogen-rich saline significantly reduced 

product of DNA lipid oxidation 8-hydroxydeoxyguanosine (8-OHdG), which is 

consistent with previously reports (13).  

Carbon monoxide exposure also leads to inflammation which 

contributes to CO poisoning encephalopathy (5, 6, 21). In our study, 
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hydrogen-rich saline treatment significantly attenuated the enhanced 

expression of pro-inflammatory cytokine IL-1β，IL-6 and TNF-a in the cortex 

and hippocampus tissues when compared with those in saline-treated rats. CO 

poisoning activated microglia which is involved in inflammation and cell death 

(22-23). Hydrogen-rich saline treatment reduced the expression of microglia 

marker, Iba1, in brain tissues after CO poisoning, indicated hydrogen saline 

decreased microglia activation. In addition, it has been reported that an 

adaptive immunologic response to chemically such as carbon monoxide 

altered MBP, which is the major myelin protein of central nervous system, 

contributes to neurologic sequelae at least in animal models (4-5). 

Hydrogen-rich saline treatment preserved the degraded MBP by CO poisoning, 

indicating hydrogen-rich saline reduced inflammatory reaction caused by CO 

poisoning.  

 

Conclusions 

In this study, we have shown that hydrogen-rich saline which is safe, 

easy to administer, cost-effective, has therapeutic effect on CO poisoning 

induced encephalopathy by reducing oxidative stress and inflammatory 

cascades in brain tissues. Hydrogen-rich saline has potentials as an 

alternative treatment for neurologic injury after severe acute CO poisoning. 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

14 

 

References 

1. ++Weaver LK. Clinical practice. Carbon monoxide poisoning. N Engl J Med 

2009;360(12):1217-1225. 

2. Ernst A, Zibrak JD. Carbon monoxide poisoning. N Engl J Med 1998;339(22):1603-1608. 

3. Weaver LK, Hopkins RO, Chan KJ, et al. Hyperbaric oxygen for acute carbon monoxide 

poisoning. N Engl J Med 2002;347(14):1057-1067. 

4. +++Thom SR, Bhopale VM, Fisher D, et al. Delayed neuropathology after carbon monoxide 

poisoning is immune-mediated. Proc Natl Acad Sci U S A 2004;101(37):13660-13665. 

5. ++Thom SR, Bhopale VM, Han ST, et al. Intravascular neutrophil activation due to carbon 

monoxide poisoning. Am J Respir Crit Care Med 2006;174(11):1239-1248. 

6. +Han ST, Bhopale VM, Thom SR. Xanthine oxidoreductase and neurological sequelae of carbon 

monoxide poisoning. Toxicol Lett 2007;170(2):111-115. 

7. ++Thom SR, Fisher D, Manevich Y. Roles for platelet-activating factor and *NO-derived oxidants 

causing neutrophil adherence after CO poisoning. Am J Physiol Heart Circ Physiol 

2001;281(2):H923-930. 

8. ++Thom SR, Bhopale VM, Fisher D. Hyperbaric oxygen reduces delayed immune-mediated 

neuropathology in experimental carbon monoxide toxicity. Toxicol Appl Pharmacol 

2006;213(2):152-159. 

9. Stoller KP. Hyperbaric oxygen and carbon monoxide poisoning: a critical review. Neurol Res 

2007;29(2):146-155. 

10. Buckley NA, Isbister GK, Stokes B, et al. Hyperbaric oxygen for carbon monoxide poisoning : a 

systematic review and critical analysis of the evidence. Toxicol Rev 2005;24(2):75-92. 

11. Loiseaux-Meunier MN, Bedu M, Gentou C, et al. Oxygen toxicity: simultaneous measure of 

pentane and malondialdehyde in humans exposed to hyperoxia. Biomed Pharmacother 

2001;55(3):163-169. 

12. Buchholz BM, Kaczorowski DJ, Sugimoto R, et al. Hydrogen inhalation ameliorates oxidative 

stress in transplantation induced intestinal graft injury. Am J Transplant 2008;8(10):2015-2024. 

13. Hayashida K, Sano M, Ohsawa I, et al. Inhalation of hydrogen gas reduces infarct size in the rat 

model of myocardial ischemia-reperfusion injury. Biochem Biophys Res Commun 2008;373(1):30-35. 

14. Sun Q, Kang Z, Cai J, et al. Hydrogen-rich saline protects myocardium against 

ischemia/reperfusion injury in rats. Exp Biol Med (Maywood) 2009;234(10):1212-1219. 

15. Zheng X, Mao Y, Cai J, et al. Hydrogen-rich saline protects against intestinal ischemia/reperfusion 

injury in rats. Free Radic Res 2009;43(5):478-484. 

16. Chen H, Sun YP, Li Y, et al. Hydrogen-rich saline ameliorates the severity of l-arginine-induced 

acute pancreatitis in rats. Biochem Biophys Res Commun 2010;393(2):308-313. 

17. Kajiya M, Silva MJ, Sato K, et al. Hydrogen mediates suppression of colon inflammation induced 

by dextran sodium sulfate. Biochem Biophys Res Commun 2009;386(1):11-15. 

18. Shen M, He J, Cai J, et al. Hydrogen as a novel and effective treatment of acute carbon monoxide 

poisoning. Med Hypotheses 2010. 

19. Ohsawa I, Ishikawa M, Takahashi K, et al. Hydrogen acts as a therapeutic antioxidant by 

selectively reducing cytotoxic oxygen radicals. Nat Med 2007;13(6):688-694. 

20. Prockop LD, Chichkova RI. Carbon monoxide intoxication: an updated review. J Neurol Sci 

2007;262(1-2):122-130. 

sunxj
高亮

sunxj
高亮



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

15 

 

21. Tapeantong T, Poungvarin N. Delayed encephalopathy and cognitive sequelae after acute carbon 

monoxide poisoning: report of a case and review of the literature. J Med Assoc Thai 

2009;92(10):1374-1379. 

22. Ekdahl CT, Claasen JH, Bonde S, et al. Inflammation is detrimental for neurogenesis in adult 

brain. Proc Natl Acad Sci U S A 2003;100(23):13632-13637. 

23. Wu DC, Jackson-Lewis V, Vila M, et al. Blockade of microglial activation is neuroprotective in 

the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson disease. J Neurosci 

2002;22(5):1763-1771. 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

16 

 

Figure and Legends 

 

Figure 1. Escape latencies which were observed at 9 days after CO poisoning. 

The escape latencies in CO+saline group were significantly longer than that of 

CO+hydrogen and control group. There was no differences between 

normal+hydrogen and normal group (n=7, *P <0.05 vs. normal; #P <0.05 vs. 

CO+hydrogen). 

 

Figure 2. Nissl staining of cortex and hippocampus and cell counting at 7 days 

after CO poisoning. (A) Nissl staining. Cortex and hippocampus in each group 

are shown at two different magnifications (×10, ×20). The cells with 

eumorphism in the cortex and CA1 sector were significantly preserved in 

CO+hydrogen. (B) Cell counting. The number of Nissl staining cells in cortex 

and hippocampus of CO+saline group was lower than that of CO+hydrogen 

group (n=7, *P <0.05 vs. normal; #P <0.05 vs. CO+hydrogen group). 

 

Figure 3. Myelin basic protein (MBP) staining of cortex and hippocampus. 

Cortex and hippocampus in each group are shown at two different 

magnifications (×10, ×20). MBP-positive myelinated fibres of cortex and 

hippocampus were released after CO poisoning. However, it was relatively 

better-preserved in CO+hydrogen group compared to that in CO+saline group. 

Immunopositive fibers are stained in brown. 
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Figure 4. Iba1 fluorescence staining of rat brain. Sections of cerebral cortex 

were stained with the anti-Iba1 antibody (a microglial marker) 7 days after CO 

poisoning. Hydrogen-rich saline significantly reduced the expression of 

microglia when compared with that in CO+saline group.  

 

Figure 5. Levels of Tumor necrosis factor-alpha (TNF-α), Interleukin-1β 

(IL-1β)，Interleukin-6 (IL-6) in cortex and hippocampus. (A) TNF-α levels; (B) 

IL-1β levels; (C) IL-6 levels. The levels of TNF-α, IL-1β and IL-6 were 

determined by ELISA. Data are expressed as mean ± SD. N=7, *P <0.05 vs. 

normal; #P <0.05 vs. CO+hydrogen group. 

 

Figure 6. Levels of 8-hydroxydeoxyguanosine (8-OHdG) in cortex and 

hippocampus. The levels of 8-OH-dG were detected by ELISA. Data are 

expressed as mean ± SD. N=7, *P <0.05 vs. normal; #P <0.05 vs. 

CO+hydrogen group. 
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