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Abstract: Recently, hydrogen gas (H2) is reported to be a new therapeutic agent in organ damage 
induced by ischemia-reperfusion (I/R). The present study was designed to investigate the beneficial 
effects of H2 against spinal cord I/R injury and its associated mechanisms. Spinal cord ischemia was 
induced by infrarenal aortic occlusion for 20 min in male New Zealand white rabbits. Treatment with 
1%, 2% or 4% H2 inhalation was given from 10 min before reperfusion to 60 min after reperfusion 
(total 70 min). Here, we found that I/R-challenged animals showed significant spinal cord damage 
characterized by the decreased numbers of normal motor neurons and hind-limb motor dysfunction, 
which was significantly improved by 2% and 4 % H2 treatment. Furthermore, we found that the 
beneficial effects of H2 treatment against spinal cord I/R injury were associated with the decreased 
levels of oxidative products [8-iso-prostaglandin F2α (8-iso-PGF2α) and malondialdehyde (MDA)] and 
pro-inflammatory cytokines [tumor necrosis factor-alpha (TNF-α) and high-mobility group box 1 
(HMGB1)], as well as increased activities of antioxidant enzymes [superoxide dismutase (SOD) and 
catalase (CAT)] in serum and spinal cord. In addition, H2 treatment reduced motor neuron apoptosis in 
the spinal cord of this model. Thus, H2 inhalation may be an effective therapeutic strategy for spinal 
cord I/R damage. 
 
 
 
 



Research highlights: 

1. 2% and 4 % H2 treatment significantly attenuated spinal cord 

ischemia-reperfusion  injury; 

2. H2 treatment significantly reduced the levels of oxidative products (8-iso-PGF2α 

and MDA) in serum and spinal cord; 

3. H2 treatment significantly upregulated the activities of antioxidant enzymes (SOD 

and CAT) in serum and spinal cord; 

4. H2 treatment significantly decreased the levels of pro-inflammatory cytokines 

(TNF-α and HMGB1) in serum and spinal cord; 

5. H2 treatment significantly reduced motor neuron apoptosis of spinal cord; 

6. H2 inhalation may be an effective therapeutic strategy for spinal cord I/R damage. 
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ABSTRACT 

  Recently, hydrogen gas (H2) is reported to be a new therapeutic agent in organ 

damage induced by ischemia-reperfusion (I/R). The present study was designed to 

investigate the beneficial effects of H2 against spinal cord I/R injury and its associated 

mechanisms. Spinal cord ischemia was induced by infrarenal aortic occlusion for 20 

min in male New Zealand white rabbits. Treatment with 1%, 2% or 4% H2 inhalation 

was given from 10 min before reperfusion to 60 min after reperfusion (total 70 min). 

Here, we found that I/R-challenged animals showed significant spinal cord damage 

characterized by the decreased numbers of normal motor neurons and hind-limb 

motor dysfunction, which was significantly improved by 2% and 4 % H2 treatment. 

Furthermore, we found that the beneficial effects of H2 treatment against spinal cord 

I/R injury were associated with the decreased levels of oxidative products 

[8-iso-prostaglandin F2α (8-iso-PGF2α) and malondialdehyde (MDA)] and 

pro-inflammatory cytokines [tumor necrosis factor-alpha (TNF-α) and high-mobility 

group box 1 (HMGB1)], as well as increased activities of antioxidant enzymes 

[superoxide dismutase (SOD) and catalase (CAT)] in serum and spinal cord. In 

addition, H2 treatment reduced motor neuron apoptosis in the spinal cord of this 

model. Thus, H2 inhalation may be an effective therapeutic strategy for spinal cord I/R 

damage. 

 

Keywords: Spinal cord; Ischemia-reperfusion injury; Hydrogen gas; Oxidative stress; 

Inflammatory cytokines. 
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1. Introduction 

Paraplegia induced by spinal cord ischemia-reperfusion (I/R) injury remains a 

major devastating complication after surgical repair of thoracic and thoracoabdominal 

aneurysm (Kuniyoshi et al., 2003). It’s reported that the incidence of residual 

permanent injury (acute and/or delayed paraplegia) is from 3% to 18% (MacArthur et 

al., 2005). Despite many strategies have been developed to increase the ischemic 

tolerance of spinal cord and minimize the incidence of neurological complications, 

there is still no clinical neuroprotective agent available for patients with paraplegia 

(Etz et al., 2008).  

  Recently, our and other studies have found that hydrogen gas (H2) exerts a widely 

therapeutic role in cerebral injury, liver injury, lung injury, renal injury and 

myocardial injury induced by I/R via reducing oxidative stress and apoptosis (Cai et 

al., 2008; Fukuda et al., 2007; George and Agarwal, 2010; Hayashida et al., 2008; Ji et 

al., 2010; Ohsawa et al., 2007; Ohta, 2008; Xie et al., 2010a, b). Furthermore, some 

studies have found that hydrogen-rich saline or hydrogen-rich water also can reduce 

lung injury, intestinal injury and brain injury induced by I/R (Cai et al., 2009; Mao et 

al., 2009; Sato et al., 2008; Zheng et al., 2009). In addition, our recent studies have 

shown that H2 inhalation significantly improved the survival rate and multiple organ 

damage of septic mice in a concentration- and time-dependent manner (Xie et al., 

2010a, b). Besides, we have found that the beneficial effects of H2 treatment on sepsis 

were associated with the decreased levels of oxidative products and inflammatory 

cytokines as well as the increased activities of antioxidant enzymes in serum and 



 5 / 35 
 

tissues (Xie et al., 2010a, b). These findings strongly indicate that H2 treatment may 

be beneficial to spinal cord I/R injury. 

So far, there are no studies attempting to describe the protective effect of H2 on 

spinal cord ischemia. Therefore, this study, using a well-established model of the 

spinal cord I/R in rabbits induced by infrarenal aorta occlusion (Ding et al., 2009), 

was designed to investigate whether H2 treatment could attenuate spinal cord I/R 

injury via reducing oxidative stress, inflammation and apoptosis.  
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2. Results 

2.1.  Physiological Parameters 

In the present study, we firstly investigated the effects of H2 inhalation on arterial 

pH, PaO2, PaCO2 and blood glucose in the animals with spinal cord I/R operation 

during the treatment. The detailed results are shown in Table 1. The animals were 

given with 1%, 2% or 4% H2 inhalation from 10 min before reperfusion to 60 min 

after reperfusion (total 70 min), respectively. No significant differences in pH, PaO2, 

PaCO2 or blood glucose were observed among all groups during the treatment (P > 

0.05, n=8 per group). The results demonstrate that H2 inhalation at less than 4% 

concentration has no significant effects on arterial blood gas and blood glucose in this 

model during the treatment.  

2.2.  Neurological Outcomes 

To observe the protective role of H2 treatment, we investigated the effects of H2 

inhalation with different concentrations on the hind-limb motor function scores of 

spinal cord I/R rabbits at 24 h, 48 h and 72 h after reperfusion (Fig. 1). All animals 

survived until the final neurological behavior assessment at 72 h after reperfusion. 

The control animals developed complete paraplegia of hind-limbs at 48 h and 72 h 

after reperfusion. Treatment with 2% or 4% H2 inhalation significantly improved the 

neurological outcome of spinal cord I/R animals at 24 h, 48 h and 72 h after 

reperfusion (P < 0.05 vs. Con group, n=8 per group, Fig. 1). However, the hind-limb 

motor function scores in the 1% H2 treatment group did not significantly change when 

compared to that of control group at 24 h, 48 h, and 72 h after reperfusion (P > 0.05, 
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n=8 per group, Fig. 1). In addition, 4% H2 treatment did not further improve the 

neurological scores of spinal cord I/R animals when compared to 2% H2 treatment 

group (P > 0.05, n=8 per group, Fig. 1). The results indicate that spinal I/R damage 

can cause significant deficit in hind-limb motor function, which is improved markedly 

by 2% and 4% H2 treatment. 

2.3.  Number of Normal Motor Neuron 

The representative micrographs of hematoxylin and eosin staining in the ventral 

horn of L4 spinal cord segments at 72 h after reperfusion are shown in Fig. 2A-D. The 

number of normal motor neuron in the anterior horn of spinal cord at 72 h after 

reperfusion is shown in Fig. 2E. The numbers of normal motor neuron in the 2% H2 

and 4% H2 treatment groups were more than that in control group (P < 0.05, n=8 per 

group), whereas the number of normal motor neuron in the 1% H2 treatment group 

was similar to that in control group (P > 0.05, n=8 per group). Moreover, the number 

of normal motor neuron in the 4% H2 treatment group did not significantly change 

when compared with that in the 2% H2 treatment group (P > 0.05, n=8 per group). 

The above results indicate that spinal I/R injury can cause significant decrease of 

normal motor neuron in anterior horn, which is improved markedly by 2% and 4% H2 

treatment. 

 2.4.  Oxidative Products 

Based on the above results, we chose 2% H2 treatment to further investigate the 

mechanisms of protective effects of H2 inhalation against spinal cord I/R damage. 

First, we detected the levels of oxidative products [malondialdehyde (MDA) and 
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8-iso-prostaglandin F2α (8-iso-PGF2α)] in serum and spinal cord at different time 

points. The data showed that spinal cord I/R injury significantly led to the increase of 

MDA and 8-iso-PGF2α levels in serum and spinal cord (P < 0.05 vs. Sham group, 

n=6 per group, Fig. 3). When compared with control (Con) group, H2 treatment 

significantly decreased the levels of MDA and 8-iso-PGF2α in serum and spinal cord 

(P < 0.05, n=6 per group, Fig. 3). The above results suggest that spinal cord I/R 

damage can lead to the increase of MDA and 8-iso-PGF2α levels in serum and spinal 

cord, which can be significantly attenuated by H2 treatment. 

2.5.  Antioxidant Enzymes 

Furthermore, we detected the activities of superoxide dismutase (SOD) and catalase 

(CAT) in serum and spinal cord at different time points, which is shown in Fig. 4. The 

results showed that spinal cord I/R injury significantly decreased the activities of SOD 

and CAT in serum and spinal cord (P < 0.05 vs. Sham group, n=6 per group). 

Compared with control (Con) group, however, H2 treatment significantly increased 

the activities of SOD and CAT in serum and spinal cord (P < 0.05, n=6 per group). 

The above results suggest that spinal cord I/R damage can cause the decrease of SOD 

and CAT activities in serum and spinal cord, which can be significantly improved by 

H2 treatment. 

2.6.  Inflammatory Cytokines 

As shown in Fig. 5, we also measured the levels of early and late pro-inflammatory 

cytokines [tumor necrosis factor-alpha (TNF-α) and high-mobility group box 1 

(HMGB1)] in serum and spinal cord at different time points. Our results showed that 
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spinal cord I/R animals had a significant increase of TNF-α and HMGB1 levels in 

serum and spinal cord (P < 0.05 vs. Sham group, n=6 per group, Fig. 5). However, H2 

treatment significantly reduced the levels of TNF-α and HMGB1 in serum and spinal 

cord when compared with control (Con) group (P < 0.05, n=6 per group, Fig. 5). The 

results suggest that spinal cord I/R damage can lead to the increase of early and late 

pro-inflammatory cytokines in serum and spinal cord, which can be significantly 

attenuated by H2 treatment. 

2.7.  Motor Neuron Apoptosis 

In addition, we detected the motor neuron apoptosis at 72 h after reperfusion by 

TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick 

end-labeling) staining and caspase-3 activity. The results are shown in Fig. 6. TUNEL 

staining identified no apoptotic cells in the spinal cord of sham-operated animals. In 

the spinal cord of control (Con) group, numerous motor neurons were strongly 

positive for TUNEL staining. In the samples of H2 treatment group, however, a few of 

the motor neurons were positive for TUNEL staining. For quantitative measurement, 

the number of motor neurons that were positive for TUNEL staining was recorded in 

each specimen in a blind fashion. We found that spinal cord I/R animals showed a 

significant increase of the total number of apoptotic motor neurons (P < 0.05 vs. 

Sham group, n=6 per group, Fig. 6A). However, H2 treatment significantly reduced 

the total number of apoptotic motor neurons compared with control (Con) group (P < 

0.05, n=6 per group, Fig. 6A). Furthermore, we found that the caspase-3 activity was 

significantly increased in spinal cord I/R animals (P < 0.05 vs. Sham group, n=6 per 
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group, Fig. 6B), which was significantly reduced by 2% H2 treatment (P < 0.05 vs. 

Con group, n=6 per group, Fig. 6B). The results suggest that spinal cord I/R damage 

can increase the motor neuron apoptosis of spinal cord, which can be significantly 

alleviated by H2 treatment.  
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3. Discussion 

In the present study, we found that 2% and 4% H2 inhalation from 10 min before 

reperfusion to 60 min after reperfusion (total 70 min) significantly improved the 

histopathologic features and number of motor neurons in spinal cord I/R-challenged 

rabbits. Furthermore, H2 treatment also significantly attenuated spinal cord 

I/R-induced neurological dysfunction. These results suggest that 2% and 4 % H2 

treatment can produce a beneficial effect against spinal cord I/R injury. In addition, 

we found that the beneficial effects of H2 treatment against spinal cord I/R injury were 

associated with the decreased levels of oxidative products (8-iso-PGF2α and MDA) 

and pro-inflammatory cytokines (TNF-α and HMGB1), increased activities of 

antioxidant enzymes (SOD and CAT), as well as reduction of motor neuron apoptosis. 

The above results demonstrate that H2 treatment is beneficial to spinal cord I/R 

damage via reducing oxidative stress, inflammatory response and apoptosis. 

  Spinal cord ischemia induced by infrarenal aortic occlusion in rabbits is a 

well-characterized model, which is used extensively to study histopathologic and 

neurological changes in spinal cord I/R damage (Ding et al., 2009; Dong et al., 2002). 

Accordingly, using this model, we investigated the protective effects of H2 treatment 

and its associated mechanisms. In the present study, we found that spinal cord 

I/R-challenged rabbits showed significant spinal cord injury characterized by the 

decreased number of normal motor neuron and paraplegia of hind-limbs, which is 

similar to previous studies (Ding et al., 2009; Dong et al., 2002; Wang et al., 2009). 

Spinal cord injury after a successful surgery of the thoracic aorta is still an 
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unpredictable and disastrous complication (MacArthur et al., 2005). The reported 

incidences of postoperative paraplegia vary from 3 to 18% (MacArthur et al., 2005). 

The main cause of acute spinal cord dysfunction is believed to be the result of spinal 

cord ischemia from hypoperfusion during aortic cross-clamping (Di Bartolomeo et al., 

2009). In spite of the extensive efforts to understand the pathophysiological 

mechanisms underlying the primary and secondary lesions following spinal cord I/R, 

no clinical neuroprotective treatment is available now (Etz et al., 2008).  

Interestingly, recent studies have demonstrated that H2 inhalation can effectively 

protected against organ damage such as transient cerebral ischemia, neonatal cerebral 

hypoxia–ischemia, renal injury, liver injury, lung injury and myocardial injury 

induced by I/R through reducing oxidative stress, suggesting that H2 has a potential 

role in preventive and therapeutic applications for organ damage (Cai et al., 2008; 

Fukuda et al., 2007; George and Agarwal, 2010; Hayashida et al., 2008; Ohsawa et al., 

2007; Ohta, 2008; xie et al., 2010a, b). Furthermore, some studies have found that 

hydrogen-rich saline or hydrogen-rich water also can reduce lung injury, intestinal 

injury and brain injury induced by I/R (Cai et al., 2009; Mao et al., 2009; Sato et al., 

2008; Zheng et al., 2009). Our recent studies have also shown that H2 treatment 

significantly improves the long-term survival rate and multiple organ damage of 

moderately or severely septic mice in a concentration- and time-dependent manner 

(Xie et al., 2010a, b). Moreover, we have found that 2% H2 treatment is beneficial to 

traumatic brain injury via reducing oxidative products and increasing antioxidant 

enzymatic activity (Ji et al., 2010). These findings strongly indicate that H2 treatment 
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perhaps becomes a good measure for treating patients with spinal cord I/R injury.  

Based on our and other studies, the present study was designed to investigate the 

effects of H2 inhalation with different concentrations from 10 min before reperfusion 

to 60 min after reperfusion (total 70 min) on spinal cord I/R-challenged rabbits. 

Previous studies have proved the worsening of neurological function at 14-48 h after 

spinal cord I/R in the rabbit model (Moore and Hollier, 1991). Therefore, the final 

assessments for neurological and histological outcomes were performed at 72 h after 

reperfusion in our experiments. Here, we found that 2% and 4% H2 treatment 

significantly attenuated the histopathologic damage and increased the number of 

normal motor neuron of spinal cord. Furthermore, 2% and 4% H2 treatment 

significantly improve the hind-limb motor function in spinal cord I/R-challenged 

animals. However, 1% H2 treatment did not significantly improve the histopathologic 

damage and hind-limb motor function in this model. The above results demonstrate 

that 2% and 4% H2 treatment has a beneficial effect on spinal cord injury induced by 

I/R, while 1% H2 treatment does not. Therefore, the protective effect of H2 is different 

with different treatment concentrations. Many related investigations need to be further 

done.  

Spinal cord I/R injury involves several mechanisms, including the initiation of 

acute oxidative stress, and the release of many immune mediators such as interleukins 

and chemotactic factors (Ege et al., 2004; Gonzalez et al., 2003; Hamann and Shi, 

2009; Prow and Irani, 2008; Takenaga et al., 2006). Spinal cord ischemia results in 

cellular metabolic alterations and inflammatory responses, which lead to marked 
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increase in the production of reactive oxygen species (ROS) (Ege et al., 2004; Yune et 

al., 2004). More and more researchers have found that excessive production of ROS 

and reduction of antioxidant defense systems play an important role in the 

pathogenesis of spinal cord I/R injury (Ege et al., 2004; Genovese and Cuzzocrea, 

2008; Xu et al., 2005; Yune et al., 2004). In excess, ROS and their by-products could 

exacerbate spinal cord damage and thus overall clinical outcome (Genovese and 

Cuzzocrea, 2008; Xu et al., 2005). To further investigate the possible mechanisms, 

therefore, we first investigate the effects of H2 treatment on oxidative products and 

antioxidant enzymes in spinal cord I/R-challenged animals. MDA is a commonly 

measured end point of free radical-induced lipid peroxidation, and MDA level 

correlates with the extent of free radical-induced damage (Kumar et al., 2008). In 

addition, measurement of 8-iso-PGF2α, free radical-catalysed products of arachidonic 

acid, can offer a reliable approach for quantitative measurement of oxidative stress 

status in vivo (Sakamoto et al., 2002). Thus, the detection of MDA and 8-iso-PGF2α 

has been widely used to estimate the overall status of oxidative stress (Basu et al., 

2001; Sakamoto et al., 2002). Meanwhile, the detrimental effects of free oxygen 

radicals are countered by the antioxidant enzymes SOD and CAT (Satpute et al., 

2009). Through detecting the levels of oxidative products (8-iso-PGF2α and MDA) 

and activities of antioxidant enzymes (SOD and CAT) in serum and spinal cord at 

different time points, we found that spinal cord I/R-challenged animals showed the 

significant increase of 8-iso-PGF2α and MDA levels as well as the decrease of SOD 

and CAT activities in serum and spinal cord, which were markedly improved by 2% 
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H2 treatment. These results suggest that the decrease of oxidative damage and the 

increase of endogenous antioxidant enzymatic activities in serum and spinal cord may 

attribute to the protection of H2 treatment, which is consistent with our previous 

studies (Ji et al., 2010; Xie et al., 2010a, b). 

In addition, postischemic inflammation has been suggested to contribute to the 

late stages of reperfusion injury and to result in the worsening of neurologic outcome 

(Hasturk et al., 2009; Reece et al., 2006). There is a lot of evidence to suggest that the 

systemic inflammatory response associated with I/R injury contributes to the 

morbidity and mortality after surgical repair of thoracoabdominal aortic aneurysm 

(Hasturk et al., 2009; Reece et al., 2006). The inflammatory cytokines include early 

inflammatory cytokines such as pro-inflammatory cytokines TNF-α, IL-6 and 

anti-inflammatory cytokine IL-10, as well as the late inflammatory cytokine HMGB1 

(Andersson et al., 2000; Sha et al., 2008; Wang et al., 1999). HMGB1 can activate 

inflammatory pathways when released from ischemic cells (Kim et al., 2006). 

Recently, our research has suggested that HMGB1 as a late cytokine-like mediator 

plays a critical role in the development of postischemic spinal cord damage through 

the amplification of inflammatory responses in serum and spinal cord (Wang et al., 

2009). Meanwhile, the early and late pro-inflammatory cytokines can interact and 

facilitate the spinal cord injury in this model (Wang et al., 2009). In the present study, 

serum HMGB1 and TNF-α levels were increased up to 72 h after reperfusion in a 

time-dependent manner in this spinal cord I/R model. Moreover, we found that spinal 

cord HMGB1 and TNF-α contents were also significantly increased at 72 h after 
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reperfusion. However, 2% H2 treatment significantly attenuated the increase of 

HMGB1 and TNF-α levels in serum and spinal cord. These results indicate that the 

decrease of early and late pro-inflammatory cytokines may also attribute to the 

protection of H2 treatment, which is also similar to our previous studies (Ji et al., 2010; 

Xie et al., 2010a, b).  

Besides, apoptosis has been demonstrated to be an important mode of neuron death 

in the ischemic spinal cord and play an important role in delayed paraplegia (Beattie 

et al., 2000; Hayashi et al., 1998). Apoptosis is a programmed cell death that is 

characterized by specific ultrastructural changes including cell shrinkage, nuclear 

condensation and DNA fragmentation (Elmore, 2007). TUNEL staining is a highly 

sensitive and specific means of identifying DNA fragmentation (Perry et al., 1997). In 

this study, apoptotic cells were detected on the basis of positive TUNEL staining, with 

the fluorescent nucleus in a granular pattern. As noted, numerous apoptotic motor 

neurons were observed in the spinal cord of control animals. The total number of 

TUNEL-positive motor neurons was significantly reduced after H2 treatment. On the 

other hand, at the molecular level, apoptosis is activated by the aspartate-specific 

cysteineprotease (caspase) cascade, including caspase-12 and -3 (Sharifi et al., 2009). 

Caspase-3 is considered to be the most important of the executioner caspases and is 

activated by any of the initiator caspases (Kaufmann et al., 2008). Capase-3 activates 

DNA fragmentation factor, which in turn activates endonucleases to cleave nuclear 

DNA and ultimately leads to cell death (Kaufmann et al., 2008). In this study, we also 

found that the spinal cord caspase-3 activity was significantly increased in the spinal 
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cord I/R model, which was markedly alleviated by H2 treatment. Therefore, these 

results suggest that H2 treatment significantly alleviated neuron apoptosis induced by 

spinal cord I/R.  

Hydrogen is one of the most plentiful gases in the universe. The present and our 

previous studies have shown that less than 4% H2 inhalation has no adverse effects on 

the saturation level of arterial oxygen (SpO2) or hemodynamic parameters (Huang et 

al., 2010; Ohsawa et al., 2007; Xie et al.,2010a, b). Furthermore, H2 is neither 

explosive nor dangerous at a concentration of less than 4.7% in air and 4.1% in pure 

oxygen, respectively (Huang et al., 2010; Ohsawa et al., 2007). In agreement with our 

recent observations (Xie et al., 2010a, b), the present study supports that H2 inhalation 

may be an effective therapeutic agent in the conditions associated with spinal cord I/R 

damage.  

 

4. Conclusion 

  In conclusion, to our best knowledge, our study demonstrates that 2% and 4 % H2 

treatment significantly attenuated spinal cord I/R injury. The protective effects of H2 

treatment were associated with the decreased levels of oxidative products and 

pro-inflammatory cytokines, as well as increased activities of antioxidant enzymes. 

Furthermore, the reduction of motor neuron apoptosis in spinal cord may contribute to 

the protection of H2 treatment in this model. We conclude that H2 inhalation may be 

an effective therapeutic strategy for the patients with spinal cord damage. 
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5. Experimental procedures 

5.1.  Subjects 

Adult male New Zealand White rabbits weighing 2.2 to 2.5 kg were provided by 

the Laboratory Animal Center of Fourth Military Medical University, Xi’an, China. 

Animals were housed at 20 to 22 ℃ with a 12-h light/dark cycle. Standard animal 

chow and water were freely available. All experimental protocols were approved by 

the Institutional Animal Care and Use Committee of Fourth Military Medical 

University, and performed in accordance with the National Institutes of Health (NIH, 

USA) guidelines for the use of experimental animals. All efforts were made to 

minimize animal suffering and the number of animals used for this study. 

5.2.  Surgical Preparation 

According to our previous studies (Dong et al., 2002; Nie et al., 2006; Wang et al., 

2009), the rabbits were anesthetized with sevoflurane (4% for induction, 1.5% for 

maintenance) in N2/O2 (70/30) gas (flow rate of 1 L/min) after an overnight fast with 

unrestricted access to water. The lactated Ringer’s solution (4 mL/kg/h) was infused 

intravenously. Both 22-gauge catheters were implanted into the ear artery and left 

femoral artery to measure the proximal and distal blood pressure, respectively. Blood 

pressure and heart rate were monitored continuously by a calibrated pressure 

transducer connected to an invasive pressure monitor (Spacelabs Medical Inc., 

Redmond, WA). Rectal temperature was maintained at 38.5 ± 0.5 ℃ by a heating 

blanket and overhead lamps during the experiments.  

5.3.  Spinal Cord Ischemia-Reperfusion (I/R) 
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Spinal cord ischemia was induced by infrarenal aortic occlusion in rabbits as 

described in our previous studies (Dong et al., 2002; Nie et al., 2006; Wang et al., 

2009). Briefly, animals were placed in supine position. After a 3- to 4-cm-long medial 

incision, abdominal aorta was exposed at the level of left renal artery. 400 units of 

heparin were administered 5 min before the aortic occlusion, and spinal cord ischemia 

was induced with the aorta clamped by a bulldog clamp just below renal artery. After 

the occlusion, distal blood pressure decreased immediately to less than 10 mmHg, and 

the pulsatility disappeared. The blood flow was obstructed for 20 min. Then the 

bulldog clamp was removed, and the abdominal wall was closed with a sterile 6-0 silk 

suture. Local anesthetic infiltration with 1% lidocaine hydrochloride was applied 

around the wound for postoperative analgesia. A prophylactic antibiotic (40, 000 IU 

gentamicin) was administered intramuscularly immediately after operation. After 

recovery from anesthesia, the animals were returned to their home cages. Bladders 

were voided manually twice a day until normal function returned. Over the course of 

postsurgery, all animals were monitored carefully for any distress, pain, and 

discomfort until they were alert, mobile, and could freely access to food and water.  

  5.4.  Hydrogen (H2) gas treatment 

  To administer H2 gas to anesthetized animals, H2 gas was supplied through a gas 

flowmeter, TF-1 (YUTAKA Engineering Corp., Tokyo, Japan) to the anesthetic gas 

(sevoflurane (1.5%) in N2/O2 (70/30) gas; flow rate of 1 L/min) from 10 min before 

reperfusion to 60 min after reperfusion (total 70 min). The concentration of H2 gas in 

the anesthetic gas was continuously monitored with a commercially available detector 



 20 / 35 
 

(Hy Alerta Handheld Detector Model 500, H2 Scan, Valencia, CA, USA) and 

maintained at the predetermined level during the treatment (Xie et al., 2010a, b). 

5.5.  Experimental Protocols 

This study consisted of two experiments. Experiment 1 was designed to determine 

whether H2 inhalation with different concentrations could attenuate spinal cord injury 

caused by I/R in rabbits. Experiment 2 was undertaken to elucidate whether the 

beneficial effects of H2 treatment were associated with the reduction of apoptosis, 

oxidative stress and inflammation. 

Experiment 1. 32 rabbits were randomly divided into 4 groups (n = 8 each group): 

control (Con), 1% H2, 2% H2 and 4% H2 groups. The animals in all groups were 

exposed to spinal cord I/R operation. The animals in control group underwent only 

I/R surgery without H2 treatment. The animals in the 1% H2, 2% H2 or 4% H2 groups 

were exposed to H2 inhalation with 1%, 2% or 4% concentration, respectively, from 

10 min before reperfusion to 60 min after reperfusion (total 70 min). Arterial blood 

gases and blood glucose were measured using a GEM Premier 3000 gas analyzer 

(Instrumentation Laboratory, Milan, Italy) at preischemia, 10 min before reperfusion, 

and 60 min after reperfusion, respectively. The neurological assessment was taken at 

24 h, 48 h and 72 h after reperfusion. After the last neurological assessment, we 

detected the histopathology of spinal cord.  

Experiment 2. Based on the above experiment, 18 animals were randomly divided 

into 3 groups (n = 6 each group): Sham, control (Con), and H2 groups. According to 

the results of Experiment 1, 2% H2 treatment was chosen in this experiment. The 



 21 / 35 
 

animals in sham group underwent the same procedure without spinal cord I/R. The 

detailed experimental protocols in control and H2 groups were the same as described 

above. The levels of 8-iso-PGF2α and MDA, the activities of SOD and CAT, as well 

as the levels of TNF-α and HMGB1 in serum were measured at preischemia, as well 

as 6 h, 12 h, 24 h, 48 h and 72 h after reperfusion. At 72 h after reperfusion, in 

addition, we detected the same parameters (8-iso-PGF2α, MDA, SOD, CAT, TNF-α 

and HMGB1), TUNEL staining and caspase-3 activity in spinal cord. 

5.6.  Neurological Assessment 

In experiment 1, the hind-limb motor function of animals was assessed at 24 h, 48 h 

and 72 h after reperfusion by an independent observer, who was unknown of the 

grouping and experimental protocols. The modified Tarlov criteria were used: 0, no 

voluntary hind-limb function; 1, only perceptible joint movement; 2, active movement 

but unable to stand; 3, able to stand but unable to walk; 4, complete normal hind-limb 

motor function (Jacobs et al., 1992; Wang et al., 2009). 

5.7.  Hematoxylin and Eosin Staining 

In experiment 1, a histopathologic evaluation of spinal cord was performed at 72 h 

after reperfusion. After the last neurological assessment, all animals were anesthetized 

with 40 mg/kg pentobarbital sodium. Transcardiac perfusion and fixation was 

performed with 1000 mL heparinized saline followed by 500 mL of 10% buffered 

formalin. The lumbar spinal cord (L4-6 segments) was removed and refrigerated in 

10% phosphate-buffered formalin for 48 h. After dehydration in the graded ethanol, 

the spinal cord was embedded in paraffin. Coronal sections of the spinal cord (L4 
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segment) were cut at a thickness of 6 µm and stained with hematoxylin and eosin. 

Neuronal injury was evaluated with a light microscope (Nikon Instruments Inc, 

Melville, NY, USA) by a pathologist who was unaware of the grouping. Ischemic 

features of motor neurons were identified by shrunken cellular bodies, disappearance 

of Nissl granules, an intensely eosinophilic cytoplasm, and triangular and pyknotic 

nuclei. The remaining normal neurons in the ischemic ventral spinal cord of each 

animal were counted in three sections selected randomly from the rostral, middle, and 

caudal levels of the L4 segment and then averaged. The number of normal motor 

neurons per section in the anterior spinal cord (anterior to an imaginary line drawn 

through the central canal perpendicular to the vertical axis) was compared among 

these groups. 

5.8.  Sample collection 

In Experiment 2, blood was collected from auricular vein at preischemia, as well as 

6 h, 12 h, 24 h, 48 h, 72 h after reperfusion. The serum was separated by 

centrifugation at 3, 000 g for 15 min at 4 ℃, aliquoted, and stored at -80℃ until 

assayed. At 72 h after reperfusion, in addition, the lumbar spinal cord (L4-6 segments) 

of all animals were removed under anesthesia. Spinal cord samples were frozen in 

liquid nitrogen immediately after harvest and then stored at -80 ℃  until the 

following analysis. The tissue protein concentration was determined using a standard 

commercial kit (Bio-Rad Laboratories, Hercules, CA, USA). 

  5.9.  8-iso-PGF2α and MDA Levels in Serum and Spinal Cord 

  The serum and spinal cord samples obtained above were used for detecting the 



 23 / 35 
 

levels of oxidative products (8-iso-PGF2α and MDA). The level of 8-iso-PGF2α was 

detected by specific enzyme-linked immunosorbent assay (ELISA) kits (8-iso-PGF2α, 

Ann Arbor, MI, USA) using a microplate reader (CA 94089, Molecular Devices, 

Sunnyvale, Canada). MDA content was also measured by a commercial kit (Cayman 

Chemical Company, Ann Arbor, MI, USA) (Ji et al., ; Xie et al., ; Xie et al.). All 

standards and samples were run in duplicate. 

5.10.  SOD and CAT Activities in Serum and Spinal Cord 

The serum and spinal cord samples obtained above were also used for detecting the 

antioxidant enzymatic activities (SOD and CAT). The activities of SOD and CAT 

were measured using commercial kits purchased from Cayman Chemical Company 

(Ann Arbor, MI, USA). All spectrophotometric readings were performed by using a 

spectrophotometer (DU 640B, Beckman, Fullerton, CA, USA) (Ji et al., ; Xie et al., ; 

Xie et al.). All assays were conducted in triplicate. 

5.11.  Inflammatory cytokines in Serum and Spinal Cord 

The serum and spinal cord samples obtained above were also used in this test. The 

levels of TNF-α and HMGB1 were detected by specific ELISA kits (TNF-α, R&D 

Systems Inc., Minneapolis, Minnesota, USA; HMGB1, IBL, Hamburg, Germany) 

with a microplate reader (CA 94089, Molecular Devices, Sunnyvale, Canada) (Ji et 

al., ; Xie et al., ; Xie et al.). All standards and samples were run in duplicate. 

5.12.  TUNEL Staining in Spinal Cord 

To detect DNA fragmentation in the nuclei of cells, we applied a TUNEL kit 

(Roche Diagnostics GmbH, Mannheim, Germany) for quantification of apoptosis as 
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described in our previous study. To determine the number of motor neurons that 

underwent apoptosis, two independent and blinded pathologists counted the motor 

neurons that were positive or negative in the TUNEL staining (Wang et al., 2009). 

5.13  Caspase-3 Activity in Spinal Cord 

  The activity of caspase-3 was measured with caspase-3/CPP32 Fluorometric Assay 

Kit (BIOVISION Research Products. 980 Linda Vista Avenue, Mountain View, CA 

94043 USA) (Cai et al., 2008). The spinal cord samples obtained above were also 

used in this test. All assays were run in duplicate. 

5.14.  Statistical Analysis 

SPSS 16.0 for Windows (SPSS Inc., Chicago, IL) was used to conduct the 

statistical analyses. All values, except for neurological scores, are presented as mean 

± SEM. The physiologic data and the serum levels of 8-iso-PGF2α, MDA, SOD, 

CAT, TNF-α and HMGB1 were analyzed using two-way repeated-measures (time and 

group) analysis of variance followed by the post hoc Student-Newman-Keuls test. The 

scores of hind-limb motor function were analyzed with Kruskal-Wallis test followed 

by the Mann-Whitney U test with Bonferroni correction. The rest data were analyzed 

by one-way analysis of variance, and between-group differences were performed with 

LSD-t test. A P value of less than 0.05 was considered to be statistically significant. 
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FIGURE LEGENDS 

Fig. 1. H2 treatment improved the hind-limb motor function scores of rats at 24 h, 

48 h, and 72 h after reperfusion. All animals were exposed to spinal cord I/R 

operation. The animals in the 1% H2, 2% H2 or 4% H2 groups were exposed to 

H2 inhalation with 1%, 2% or 4% concentration, respectively, from 10 min 

before reperfusion to 60 min after reperfusion (total 70 min). Neurological 

function scores were assessed at 24 h, 48 h and 72 h after reperfusion by an 

independent observer. Each symbol represents data for one rabbit (bar = 

median) (n = 8 per group). *P < 0.05 vs. Control (Con) group. 

Fig. 2. H2 treatment attenuated the histopathologic damage of spinal cord at 72 h 

after reperfusion. (A-D) Representative micrographs of hematoxylin and 

eosin staining in the ventral horn of spinal cord of L4 segments at 72 h after 

reperfusion (original magnification, ×200). (E) The quantitative analysis of 

number of normal motor neurons in the anterior horn of spinal cord of L4 

segments. Data are expressed as means ± SEM (n = 8 per group). *P < 0.05 vs. 

Control (Con) group.  

Fig. 3. H2 treatment reduced the levels of MDA (A and B) and 8-iso-PGF2α (C 

and D) in serum and spinal cord. Based on the above results, 2% H2 

treatment was chosen in this experiment. The levels of MDA and 8-iso-PGF2α 

in serum were measured at preischemia (BL, baseline), as well as 6 h, 12 h, 24 

h, 48 h and 72 h after reperfusion. The levels of MDA and 8-iso-PGF2α in 

spinal cord were detected at 72 h after reperfusion. Data are expressed as 
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means ± SEM (n = 6 per group). *P < 0.05 vs. Sham group; 
†
P < 0.05 vs. 

Control (Con) group.  

Fig. 4. H2 treatment upregulated the activities of SOD (A and B) and CAT (C 

and D) in serum and spinal cord. The activities of SOD and CAT in serum 

were measured at preischemia (BL, baseline), as well as 6 h, 12 h, 24 h, 48 h 

and 72 h after reperfusion. The activities of SOD and CAT in spinal cord were 

detected at 72 h after reperfusion. Data are expressed as means ± SEM (n = 6 

per group). *P < 0.05 vs. Sham group; 
†
P < 0.05 vs. Control (Con) group. 

Fig. 5. H2 treatment reduced the levels of TNF-α (A and B) and HMGB1 (C and 

D) in serum and spinal cord. The levels of TNF-α and HMGB1 in serum 

were measured at preischemia (BL, baseline), as well as 6 h, 12 h, 24 h, 48 h 

and 72 h after reperfusion. The levels of TNF-α and HMGB1 in spinal cord 

were detected at 72 h after reperfusion. Data are expressed as means ± SEM (n 

= 6 per group). *P < 0.05 vs. Sham group; 
†
P < 0.05 vs. Control (Con) group. 

Fig. 6. H2 treatment reduced the motor neuron apoptosis of spinal cord at 72 h 

after reperfusion. The motor neuron apoptosis was detected by TUNEL 

staining (A) and caspase-3 activity (B). For quantitative measurement, the 

number of motor neurons that were positive for TUNEL staining was recorded 

in each specimen in a blind fashion. Data are expressed as means ± SEM (n = 

6 per group). *P < 0.05 vs. Sham group; 
†
P < 0.05 vs. Control (Con) group. 

N.D. = not detected.  
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TABLE LEGENDS 

Table 1. Physiologic parameters of spinal cord I/R-challenged rabbits with H2 

treatment. All animals were exposed to spinal cord I/R operation. The 

animals in the 1% H2, 2% H2 or 4% H2 groups were exposed to H2 inhalation 

with 1%, 2% or 4% concentration, respectively, from 10 min before 

reperfusion to 60 min after reperfusion (total 70 min). Arterial blood gases and 

blood glucose were measured using a GEM Premier 3000 gas analyzer at 

preischemia, 10 min before reperfusion and 60 min after reperfusion, 

respectively. Data are expressed as means ± SEM (n = 6 per group). 
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Table 1. Physiologic parameters of spinal cord I/R-challenged rabbits with H2 

treatment 

 pH PaCO2  

(mmHg) 

PaO2  

(mmHg) 

Glu  

(mg/dl) 

Preischemia 

Con 7.42±0.02 36.3±2.3 110.6±8.5 141.4±7.5 

1% H2 7.40±0.03 35.5±1.9 106.9±9.2 138.5±6.9 

2% H2 7.41±0.02 35.8±2.7 109.3±8.7 140.3±7.3 

4% H2 7.41±0.02 36.7±2.5 112.5±9.3 139.7±6.8 

     

10 min before reperfusion 

Con 7.40±0.02 35.5±2.2 105.2±7.9 141.4±7.3 

1% H2 7.39±0.02 34.6±2.1 110.3±8.6 142.3±7.1 

2% H2 7.42±0.02 35.2±2.3 108.5±8.7 145.5±7.8 

4% H2 7.41±0.02 34.4±2.5 111.4±9.8 141.6±6.9 

     

60 min after reperfusion 

Con 7.40±0.02 35.2±2.5 108.5±7.8 150.5±8.3 

1% H2 7.41±0.02 34.7±1.8 109.2±8.5 148.6±7.9 

2% H2 7.39±0.03 35.4±2.3 112.4±8.6 153.1±8.5 

4% H2 7.39±0.02 34.5±2.4 110.1±8.3 149.8±7.4 

 

Table 1


