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Abstract
Hydrogen gas was reported to reduce reactive oxygen species and alleviate cerebral, myocardial and hepatic ischemia/
reperfusion (I/R) injuries. This paper studied the effect of hydrogen-rich saline, which was easier for clinical application, on
the intestinal I/R injury. Model of intestinal I/R injury was induced in male Sprague-Dawley rats. Physiological saline,
hydrogen-rich saline or nitrogen-rich saline (5 ml/kg) was administered via intravenous infusion at 10 min before
reperfusion, respectively. The intestine damage was detected microscopically and was assessed by Chiu score system after
I/R injury. In addition, serum DAO activity, TNF-a, IL-1b and IL-6 levels, tissue MDA, protein carbonyl and MPO activity
were all increased significantly by I/R injury. Hydrogen-rich saline reduced these markers and relieved morphological
intestinal injury, while no significant reduction was observed in the nitrogen-rich saline-treated animals. In conclusion,
hydrogen-rich saline protected the small intestine against I/R injury, possibly by reduction of inflammation and oxidative
stress.
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Introduction

Intestinal ischemia/reperfusion (I/R) injury is a com-

mon and often devastating clinical disorder, which

generally occurs in arterial occlusion by thrombi or

embolisms, small bowel transplantation or frequently

in non-occlusive processes forming low mesenteric

flow such as hypovolemia, cardiac insufficiency,

sepsis and severe burns [1]. Intestinal I/R is accom-

panied by decreased contractile activity, increased

microvascular permeability and dysfunction of mu-

cosal barrier, which could eventually cause systemic

inflammatory response syndrome [2]. I/R leads to the

release of reactive oxygen species (ROS) or reactive

nitrogen species (RNS), such as superoxide anion,

hydroxyl radical, hydrogen peroxide and peroxynitrite

[3]. In addition, I/R recruits and activates neutrophils

in the intestine. Activated neutrophils augments

ischemic injury by releasing cytotoxic free radicals

and proteolytic enzymes [4]. Free radicals can

damage cellular membrane and subcellular struc-

tures, which contain large amounts of phospholipids

and protein, resulting in lipid peroxidation and

sequentially structural and metabolic alterations,

leading to cell apoptosis and necrosis [5].
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Hydrogen (H2) gas has been used in medical

applications to prevent decompression sickness

(DCS) in deep divers for safety profiles [6]. Recently,

Ohsawa et al. [7] found that molecular hydrogen

could selectively reduce cytotoxic reactive oxygen

species, such as +OH and ONOO- in vitro and exert

therapeutic antioxidant activity in a rat middle

cerebral artery occlusion model. In addition, the

inhalation of H2 gas has been demonstrated to reduce

the infarct size in the rat model of myocardial

ischemia�reperfusion injury [8] and suppress hepatic

ischemia/reperfusion injury in mice [9].

H2 gas would be much cheaper then other anti-

oxidative drugs if it could be applied in clinical

practice. However, clinical application of H2 gas

inhalation is not convenient and may be dangerous

because it is inflammable and explosive. On the other

hand, H2 gas saturated physiological saline, which is

called hydrogen-rich saline, is easy to apply and safe.

Therefore, we investigated whether administration of

hydrogen-rich saline exerted a protective effect in the

model of intestinal ischemia/reperfusion injury. We

examined oxidative stress and inflammation response

after hydrogen-rich saline treatment in intestinal I/R

injury in rats.

Materials and methods

Animals

Adult male Sprague-Dawley rats weighing 220�250 g

were used and the protocols were approved by the

Institutional Animal Care and Use Committee of the

Second Military Medical University in Shanghai,

China. All animals were given free access to normal

rat diet and tap water and were maintained on a

12:12-h light/dark cycle (lights on at 06:00 h). The

animals were fasted for 12 h with water ad libitum

before operation.

Hydrogen-rich saline production

Hydrogen was dissolved in physiological saline for 6 h

under high pressure (0.4 MPa) to a supersaturated

level using hydrogen-rich water-producing apparatus

produced by our department. The saturated hydro-

gen saline was stored under atmospheric pressure at

48C in an aluminum bag with no dead volume.

Hydrogen-rich saline was sterilized by gamma radia-

tion. Hydrogen-rich saline was freshly prepared every

week, which ensured that a concentration of more

than 0.6 mmol/L was maintained. Gas chromatogra-

phy was used to confirm the content of hydrogen in

saline by the method described by Ohsawa et al. [7].

Experimental protocols

Animals were divided into four groups consisting of

eight rats each: (1) sham-operated plus vehicle

physiological saline treatment; (2) intestinal ische-

mia/reperfusion plus vehicle physiological saline

treatment; (3) intestinal ischemia/reperfusion plus

hydrogen-rich saline treatment; and (4) intestinal

ischemia/reperfusion plus nitrogen-rich saline treat-

ment. A rat small intestinal I/R model was adapted as

described previously [10]. Briefly, rats were anaes-

thetized with pentobarbital (50 mg/kg) intraperitone-

ally. Through a midline laparotomy, the superior

mesenteric artery (SMA) was clamped and ischemia

was maintained for 45 min. Reperfusion was initiated

by removing the clamp and was confirmed by the

return of pulsation of the vascular arcade. A jugular

venous cannula was inserted for fluid and drug

administration. Sham-operated animals underwent

the same surgical procedures without clamping.

Physiological saline, hydrogen-rich saline or nitro-

gen-rich saline (5 ml/kg) was given via jugular venous

cannula infusion within 10 s at 10 min before reper-

fusion initiation, respectively. Two hours after reper-

fusion initiation, blood was drawn from the inferior

vena cava and then animals were sacrificed. The

entire small intestine was removed and washed three

times with ice-cold physiological saline. Blood sam-

ples were spun at 1000 rpm for 10 min and serum

samples were collected.

Morphologic observation

A 5 cm segment of small intestine removed from 5 cm

proximal to the terminal ileum was fixed in 10%

buffered formaldehyde-saline. Three 1 cm segments

of intestinal specimen were embedded in paraffin and

stained with hematoxylin and eosin. Morphological

damages were assessed by Chiu histological injury

scoring system of intestinal villi (0�normal mucosa,

1�slight-, 2�moderate-, 3�massive subepithelial

detachments, 4�denudes villi, 5�ulceration) [11].

Two independent and blinded researchers performed

the histological scoring.

Biochemical analysis

For determination of malondialdehyde (MDA), the

intestinal mucosa was scraped off, homogenized with

10 volume of 20 mmol/L potassium phosphate buffer

(pH 7.4) containing 30 mmol/L KCl and then cen-

trifuged at 1500 g for 15 min. MDA was assessed

spectrophotometrically with the method defined by

Ohkawa et al. [12] as MDA reacted with thiobarbi-

turic acid and formed a pink, maximum absorbent

complex at 532 nm wavelength.

The extent of protein oxidation was determined

by measuring the protein carbonyl content. Briefly,

the intestinal mucosa homogenate was mixed with

streptomycin followed by centrifugation and then it

was incubated with DNPH for 1 h followed by
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precipitation with TCA. The pellet was washed with

ethanol�ethyl acetate to remove excess DNPH and

resuspended in guanidine hydrochloride. The solu-

tion was centrifuged and incubated at 378C in a

water bath for 10 min. Finally, the absorbance was

measured at 366 nm wavelength and the results were

expressed as nmol/mg protein [13].

For myeloperoxidase (MPO) activity measure-

ment, the mucosa was homogenized in 10 volume

of ice-cold 20 mmol/L potassium phosphate buffer

(pH 7.4) containing 30 mmol/L KCl. The homoge-

nate was centrifuged at 12 000 rpm for 10 min at

48C. The pellet was then rehomogenized with an

equivalent volume of 50 mmol/L acetic acid contain-

ing 5% hexadecyltrimethylammonium bromide

(HETAB). MPO activity was assessed by measuring

the H2O2 dependent oxidation of 0-dianizidine

2HCl. One unit of enzyme activity was defined as

the amount of the MPO present that caused a

change in absorbance of 1.0/min at 460 nm and

378C [14].

Serum diamine oxidase (DAO) activity was mea-

sured using the method described by Takagi et al. [15].

It was based on a coupled reaction with peroxidase and

a new chromogen, 10-(carboxymethyl-aminocarbo-

nyl)- 3,7- bis (dimethylamino) phenothiazine sodium

salt. The absorbance was measured at 668 nm. One

unit of enzyme activity was defined as mmol substrates

converted in 1 min at 378C.

Protein concentration determination was made on

the homogenates by BCA assay [16]. All of the

analyses were performed in duplicate.

Cytokine determination

Cytokine levels in serum were determined by highly

sensitive enzyme-linked immunosorbent assay

(ELISA) kits from R&D systems according to the

manufacturer’s recommendations.

Statistical analysis

Data are expressed as means9SEM for each group.

The differences among experimental groups were

detected by one-way analysis of variance. Between

groups, variance was determined using the Student-

Newman�Keuls post hoc test. A p-value of less than

0.05 was considered to be statistically significant.

Results

Hydrogen-rich saline treatment attenuates intestinal

injury

We observed histological I/R injuries featured by

shortening of the villi, loss of villous epithelium and

prominent mucosal neutrophil infiltration. All of

these changes were ameliorated by administration of

hydrogen-rich saline. Chiu scoring and microphoto-

graphs are shown in Figure 1. No mucosal injury was

observed in the sham-operated group. I/R injuries

were pronounced when compared with the sham-

operated group (3.291.1 vs 0.3890.35, pB0.01).

Figure 1 (Continued)

Figure 1. Morphologic observation of the intestinal tissue in

sham-operated animals, I/R animals and I/R animals treated with

hydrogen-rich saline or nitrogen-rich saline. Photomicrographs of

the intestinal tissue stained by the hematoxylin and eosin (100�).

(A) Sham: Histological features of normal intestinal tissue were

observed, (B) I/R: The villi are denuded to the level of the lamina

propria and dilated capillaries, (C) I/R �H2: Erosion of the surface

epithelium while the architecture of the villi are preserved, (D) I/R

� N2: Erosion of the surface epithelium while the architecture of

the villi are not preserved. (E) Intestinal mucosal injury evaluated

by Chiu scoring system in sham-operated animals, I/R animals and

I/R animals treated with hydrogen-rich saline or nitrogen-rich

saline. Grading as (0�normal mucosa, 1�slight-, 2�moderate-,

3�massive subepithelial detachments, 4�denudes villi, 5�ul-

ceration). Data are expressed as means9SEM for at least triplicate

independent experiments (n�8 per group). *pB0.01 vs Sham; #

pB0.05 vs I/R group.
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Hydrogen-rich saline administration significantly re-

duced the mucosal injury caused by I/R (1.990.69 vs

3.291.1, pB0.05). Nitrogen-rich saline showed no

significant reduction of the intestinal injury (3.19

0.51 vs 3.291.1, p�0.05).

Figure 2 shows high levels of serum DAO activity

in I/R rats when compared with sham-operated rats

(6.3490.35 vs 4.2190.32, pB0.01). Hydrogen-rich

saline treatment significantly reduced the levels of

serum DAO activity in rats with intestinal I/R (5.379

0.20 vs 6.3490.35, pB0.05). Nitrogen-rich saline

had no significant effect on the serum DAO activity

(6.4590.28 vs. 6.3490.35, p�0.05).

Hydrogen-rich saline treatment reduces oxidative stress

The rats subjected to intestinal I/R displayed an

increase of the MDA levels in intestinal mucosa

compared with the sham-operated rats (2.3090.19

vs 1.0190.11, pB0.01). Administration of hydro-

gen-rich saline to the rats with intestinal I/R resulted

in a marked reduction of the MDA levels (1.7090.14

vs 2.3090.19, pB0.05). Nitrogen-rich saline did not

reduce the MDA levels significantly (2.1890.25 vs

2.3090.19, p�0.05). (Figure 3) Figure 4 illustrates

that protein carbonyl contents significantly elevated

in the intestinal of I/R treated rats compared to the

control rats (2.2090.07 vs 1.2090.08, pB0.01) and

hydrogen-rich saline treatment was able to reduce

protein carbonyl contents effectively in contrast to the

I/R treated rats (1.8390.10 vs 2.2090.07, pB0.05).

Nitrogen-rich saline was unable to reduce protein

carbonyl contents significantly (2.2990.20 vs 2.209

0.07, p�0.05).

Hydrogen-rich saline treatment alleviates neutrophil

infiltration

MPO activity examined as an indicator of neutrophil

infiltration was shown in Figure 5. Compared with

the sham-operated group, MPO activity in the

intestinal mucosa tissues in the I/R group was found

to have significantly increased (215.7913.81 vs

12.8390.88, pB0.01). Hydrogen-rich saline pro-

duced a significant decrease of the MPO activity in I/

R rats (118.24911.67 vs 215.7913.81, pB0.05).

Nitrogen-rich saline showed no significant decrease

of the MPO activity (210.56918.7 vs 215.7913.81,

p�0.05).

Hydrogen-rich saline treatment decreases pro-

inflammatory cytokines

As shown in Table I, serum TNF-a, IL-1b and IL-6

concentrations were significantly elevated in intestinal

I/R animals when compared with those in sham-

operated animals. Hydrogen-rich saline administra-

tion lowered the I/R-induced elevation of serum

TNF-a, IL-1b and IL-6 concentrations. No signifi-

cant reduction of these cytokines was produced by

nitrogen-rich saline administration.

Discussion

Even though free radical scavengers have been

demonstrated to reduce intestinal I/R damage

Figure 2. Serum diamine oxidase (DAO) activity levels in sham-

operated animals, I/R animals and I/R animals treated with

hydrogen-rich saline or nitrogen-rich saline. Data are expressed

as means9SEM for at least triplicate independent experiments

(n�8 per group). *pB0.01 vs Sham; # pB0.05 vs I/R group.
Figure 3. Intestinal mucosa malondialdehyde (MDA) levels in

sham-operated animals, I/R animals and I/R animals treated with

hydrogen-rich saline or nitrogen-rich saline. Data are expressed as

means9SEM for at least triplicate independent experiments (n�8

per group). * pB0.01 vs Sham; # pB0.05 vs I/R group.
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[17�19], this is the first observation that hydrogen-

rich saline decreases intestinal I/R injury in an animal

model. We observed that hydrogen-rich saline re-

duced not only morphological injury, but also serum

DAO, which served as a marker of the integrity of the

intestinal mucosa [20]. We especially investigated the

effect of hydrogen-rich saline on oxidative stress and

inflammation in this small intestine I/R injury model.

Oxidative stress plays an important role in the

intestinal I/R injury. In the intestinal tissue subjected

to I/R, activated neutrophils induce tissue injury

through the production and release of reactive oxygen

species and cytotoxic proteins (for example, pro-

teases, MPO, lactoferrin). MPO activity is commonly

used to measure the extent of neutrophils infiltration

in intestinal tissues subjected to I/R injury. In the

present study, intestinal I/R caused an elevation in

tissue MPO activity, indicating the presence of

enhanced neutrophils recruitment in the mucosa

tissue. We have found that hydrogen-rich saline

decreased neutrophils infiltration.

Lipid peroxidation caused by reactive oxygen

species is one of the most critical mechanisms

operated in cellular damage and death. Many oxyge-

nated compounds, particularly aldehydes such as

malondialdehyde (MDA), are produced during the

attack of free radicals to membrane lipoproteins and

polyunsaturated fatty acids. The hydroxyl radical is

the most reactive product of reactive oxygen species

generated in cells. Hydroxyl radicals easily react with

cellular macromolecules, including DNA, proteins

and lipids, to exert a strong cytotoxic effect. It is well

known that the reaction of hydroxyl radicals and

lipids results in lipid peroxidation. The observed

increase of intestinal MDA levels was an indicator

of lipid peroxidation, which also verified the oxidative

damage in the intestinal tissue in this animal model.

Hydrogen-rich saline reduced oxidative stress repre-

sented again by lipid peroxidation. Similarly, protein

carbonyl as an indicator of protein oxidation was also

demonstrated to increase in the model of intestinal I/

R injury [21]. Our result shows that hydrogen-rich

saline could reduce protein oxidation, which might be

another protective mechanism of its anti-oxidative

effects.

The rise of pro-inflammatory cytokines, such as

TNF-a, IL-1b and IL-6, is another important

Figure 4. Intestinal mucosa protein carbonyl levels in sham-

operated animals, I/R animals and I/R animals treated with

hydrogen-rich saline or nitrogen-rich saline. Data are expressed as

means9SEM for at least triplicate independent experiments (n�8

per group). *pB0.01 vs Sham; # pB0.05 vs I/R group.

Figure 5. Intestinal mucosa myeloperoxidase (MPO) activity

levels in sham-operated animals, I/R animals and I/R animals

treated with hydrogen-rich saline or nitrogen-rich saline. Data are

expressed as means9SEM for at least triplicate independent

experiments (n�8 per group). *pB0.01 vs Sham; # pB0.05 vs

I/R group.

Table I. Serum TNF-a, IL-1b and IL-6 concentrations in sham-

operated animals, I/R animals and I/R animals treated with

hydrogen-rich saline or nitrogen-rich saline.

TNF-a IL-1b IL-6

Sham 21.695.0 9.192.4 30.794.5

I/R 137.2926.0* 37.695.8* 134.3918.0*

I/R�H2 75.7910.8# 22.892.9# 82.5913.3#

I/R�N2 127.9916.3 41.395.5 141.2922.1

Data are expressed as means9SEM for at least triplicate

independent experiments (n�8 per group). *pB0.01 vs Sham;

#pB0.05 vs I/R group.
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pathophysiological process in I/R injury [22�24].

Elevation of TNF-a, IL-1b and IL-6 causes leukocyte

infiltration to damaged tissue [25]. Large amounts of

resident macrophages exist in the lamina propria of

the intestinal mucosa. In addition, some other cells,

such as enterocytes and Paneth cells, also have the

ability of producing pro-inflammatory cytokines

[26,27]. So the small intestine has been recognized

as an important source of these cytokines. Intestinal I/

R caused a significant elevation of TNF-a, IL-1b and

IL-6 in serum [28] while hydrogen-rich saline reduced

these pro-inflammatory cytokines. It cues us hydro-

gen-rich saline treatment might inhibit the excessive

intestinal inflammatory response and its cascade.

In several recent studies, H2 inhalation was re-

ported to protect cerebral [7], myocardial [8] and

hepatic [9] I/R injury in animal models. In addition,

Buchholz et al. [29] reported that hydrogen inhala-

tion ameliorates oxidative stress in transplantation-

induced intestinal graft injury. In this study, we

demonstrated that molecular hydrogen might be

involved in the reduction of inflammation and

oxidative stress and ameliorated morphological injury

to the intestine after I/R. Furthermore, a recent study

indicated that drinking hydrogen water reduced

oxidative stress in brain and prevented stress-induced

decline in learning and memory caused by chronic

physical restraint in mice [30]. Drinking hydrogen-

rich water decreased lipid and glucose metabolism in

patients with type 2 diabetes or impaired glucose

tolerance [31]. We used hydrogen-rich saline injec-

tion in the intestinal I/R injury model for the first

time, which is safe and easy to apply. It may have

great potential for clinical use.

Furthermore, we tested the nitrogen-rich saline in

an intestinal I/R model as control. Nitrogen-rich

saline was also a de-oxygenated solution in the same

manner as the prepared hydrogen-rich saline. Neither

intestinal injury nor oxidative stress in intestinal I/R

rats was reduced by nitrogen-rich saline treatment. It

helps us to conclude that the observed protection by

hydrogen-rich saline is being mediated via an anti-

oxidant action.

In conclusion, hydrogen-rich saline protected the

small intestine against I/R injury, possibly by reduc-

tion of inflammation and oxidative stress. However,

the exact mechanism and signalling pathway involved

in the protection role of hydrogen in the intestinal I/R

injury need to be studied in the future.

Declaration of interest: The authors report no

conflicts of interest. The authors alone are responsible

for the content and writing of the paper.
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