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Oxidative stress plays an important role in the pathogenesis of acute pancreatitis (AP). As an ideal exterminator of poisonous free
radicals, hydrogen can clearly reduce the degree of oxidative damage caused by severe acute pancreatitis (SAP) and lessen the
presence of inflammatory cytokines. The aim of this study was to investigate the effects and mechanism of hydrogen-rich saline
on SAP in rats. Serum TNF-𝛼, IL-6, and IL-18 and histopathological score in the pancreas were reduced after hydrogen-rich saline
treatment. Malondialdehyde (MDA) and myeloperoxidase (MPO) contents were obviously reduced, while superoxide dismutase
(SOD) and glutathione (GSH) contents were increased after hydrogen-rich saline treatment. The expression of mRNA of tumor
necrosis factor-𝛼 (TNF-𝛼) and intercellular adhesion molecule-1 (ICAM-1) in the pancreas was reduced in hydrogen-rich saline
treated group. In conclusion, intravenous hydrogen-rich saline injections could attenuate the severity of AP, probably via inhibiting
the oxidative stress and reducing the presence of inflammatory mediators.

1. Introduction

Acute pancreatitis (AP) is a common disease in the depart-
ment of gastroenterology, but the pathogenesis of acute pan-
creatitis is still not fully explained. In recent years, attention
was drawn to the role of oxygen radicals and inflammatory
mediators in acute pancreatitis [1]. Studies show that sys-
tematic inflammatory response syndrome (SIRS) may occur
after the initial inflammatory responses during the onset of
pancreatitis [2, 3]. During the inflammatory response process
caused by AP, insufficient blood volume, hypoxia, and dis-
charge of large amounts of inflammatory mediators brought
on by microcirculation in the pancreatic tissue will activate
neutrophils and cause production of large quantities of oxy-
gen radicals, whichmay heighten the degree of inflammatory
response, so far as to damage internal organ function [4].The
severity of AP might be determined by the events that occur
subsequently to acinar cell injury, including the activation
of tumor necrosis factor such as TNF-𝛼, the recruitment
and activation of inflammatory cells, and the generation and
release of cytokines and other inflammation mediators [5–
7]. During AP, oxygen free radicals play an important role
in triggering subsequential lesions in the pancreas, which

were produced in damaged acinar cells as well as activated
neutrophils and macrophages [8, 9]. Hydrogen molecules act
as a new kind of selective antioxidant, which can significantly
reduce oxidative damage to the brain, liver, heart, small
intestine, and so forth, caused by ischemia reperfusion, and
can effectively suppress the inflammatory damage caused by
colonitis and drug-induced hepatitis [10–15]. However, the
effect of hydrogen-rich saline in SAP is still not fully clarified.
This animal experiment was designed to study the protective
effects of hydrogen-rich saline on AP in rats, for introducing
a new line of thought into the treatment of SAP.

2. Materials and Methods

2.1. Preparation of Hydrogen-Rich Saline. High pressure
hydrogen gas (0.4MPa) was mixed with 0.9% sodium
chloride for six hours to attain appropriate concentra-
tion (>0.6mmol/L). The solution was gamma-ray sterilized
and preserved at 4∘C gas in an aluminum bag with no
dead volume chromatography testing measured the hydro-
gen density at 0.75mmol/L, approaching 0.6mmol/L, an
effective hydrogen-treatment concentration [16]. Moreover,
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hydrogen-rich saline was freshly prepared before the treat-
ment group received an injection of hydrogen-rich saline in
our experiment.

2.2. Animals. Forty-five specific pathogen free Sprague-
Dawley (SD) rats (8–10w old males, 𝑛 = 15/group) were
selected from the Experimental Animal Center of the Soo-
chow University. The animals were kept in a conventional
roomwith a 12 h light-dark cycle at constant temperature. All
procedureswere performed in accordancewith the guidelines
of the Institutional Animal Care and Use Committee of
the Soochow University. Rats were randomly divided into 3
groups (15 in each group): control group, model group and
treatment group.

2.3. Induction of Pancreatitis. All rats were fasted 12 hours
prior to surgery, with free access to water. Rats were anes-
thetized by intraperitoneal injection of 2% sodium pento-
barbital (40mg/kg); then the abdominal area was sterilized.
Then the common bile duct was accessed through a midline
incision and entered at an antegrade direction using PE-10
tubing (Fisher Scientific, Pittsburgh, PA, USA). This ensured
that the proximal end of the tube was beyond the ampulla of
Vater in the duodenum.The bile duct was then ligated to fore-
stall the flow of bile, and 4% sodium taurocholate (1mL/kg)
in sterile saline was continuously infused into the pancreatic
duct at a rate of 0.1mL/min over 10min. In the control group,
incisions were closed immediately following the turning over
of the pancreas; no other treatment was given. One hour after
the induction of AP, rats in the treatment group received an
injection of hydrogen-rich saline 5mL/kg while the model
group was treated with normal saline solution 5mL/kg all by
tail vein. Animals were sacrificed under inhalation anesthesia
24 h after the induction of pancreatitis, and the blood or
pancreatic tissue samples were collected for analysis.

2.4. Histopathological Analysis. Paraffin-embedded tissue
samples were sliced and stained by hematoxylin and eosin
(HE). Histopathological changes of the pancreas were eval-
uated according to a scoring system previously described
[17]. The severity of acute pancreatitis was blindly graded by
a semiquantitative assessment of edema, inflammatory cell
infiltrate, and acinar necrosis, based on the following criteria:
edema: 0 = absent, 1 = focally increased between lobules, 2 =
diffusely increased between lobules, 3 = acini disrupted and
separated. Inflammatory cell infiltrate: 0 = absent, 1 = rare or
around ductal margins, 2 = in the parenchyma (<50% of the
lobules), and 3 = in the parenchyma (>50% of the lobules).
Necrosis: 0 = absent, 1 = architectural changes, 2 = pycnotic
nuclei, and 3 = focal necrosis (<10% of the parenchyma); 4
= diffuse parenchymal necrosis (>10% of the parenchyma).
Histological score: sum of edema, inflammatory cell infiltrate
and acinar necrosis scores.

2.5. Assay of Inflammatory Mediators and Cytokines. Blood
samples were collected in ethylenediaminetetraacetic acid-
Na tubes and centrifuged at 2000 g for 10 minutes at 4∘C
immediately after collection; the plasma was separated by

using sterile pipettes and stored at −80∘C until assayed.
Concentrations of TNF-𝛼, IL-6, and IL-18 in plasma were
measured in picograms per milliliter by commercially avail-
able enzyme-linked immunosorbent assay kits (Shanghai
XiTang Biotechnology Corp., Shanghai, China).

2.6.Measurement ofMDA,MPO, andGSHLevels in Pancreas.
The pancreatic tissue was homogenized immediately on ice
in 5 vol of normal saline. The MDA, MPO, and GSH were
detected using MDA, MPO, and GSH commercial assay
kit (all from Nanjing Jiancheng Corp., Nanjing, China),
following the manufacturer’s recommendations.

2.7. Detection of SOD Activity in Pancreas. The activity of
SOD in pancreas was measured using a commercial assay kit
purchased from Nanjing Jiancheng Corp (Nanjing, China),
following the manufacturer’s instructions. This assay kit uses
a tetrazolium salt for detection of superoxide anions gener-
ated by xanthine oxidase and hypoxanthine. These superox-
ide radicals oxidize hydroxylamine and lead to formation of
nitrite, which reacts with naphthalene diamine and sulfanilic
acid to produce a colored product. SOD in the sample
reduces the overall superoxide anion concentration, thereby
lowering the colorimetric signal and absorbance at 550 nm.
One unit (U) of SOD was defined as the amount of enzyme
needed to produce 50% dismutation of superoxide radical.
The total tissue protein concentration was determined by a
commercial kit (Nanjing Jiancheng Corp., Nanjing, China),
and the activity of SOD was expressed as U/mg of protein.

2.8. Detection of TNF-𝛼mRNA Expression in Pancreas. The
expression of TNF-𝛼mRNA in the pancreatic tissue was
detected by using semiquantitative RT-PCR. Briefly,
total RNAs in the pancreatic tissue were extracted
using TRIZOL reagent (Gibco, Grand Island, USA) and
tested for absorbance with a spectrophotometer set at
260 nm∼280 nm, as well as RNA concentration and
purity. Total RNA was converted to cDNA with random
primers, at which point a TNF-𝛼 primer was used for
amplification, with 𝛽-actin serving as internal control. The
upstream sequence of TNF-𝛼 primer forward sequence
was 5-CCAACAAGGAGGAGGAGAAGT-3, while the
downstream sequence was 5-GTATGAAGTGGCAAATCG-
3, and the amplified fragment was at 323 bp. The
𝛽-actin upstream sequence forward primer was 5-
CACGATGGAGGGGCCGGACTCATC-3, and the
downstream sequence was 5-TAAAGACCTCTATGCCAA-
CACAGT-3, and the amplified primer fragment was 241 bp.
During PCR the annealing temperature was 54∘C and the
cycling number was 38.

2.9. ICAM-1 Immunohistochemical Staining. ICAM-1
immunohistochemistry was performed on formalin-
fixed paraffin embedded tissue. Sections of 5𝜇m were
deparaffinised with xylene and rehydrated in a series of
graded ethanols to distilled water. Immunohistochemical
staining of ICAM-1 was performed using the Bond
Polymer Refine Detection of Bond Automated
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Figure 1: Gross pathological changes in pancreases. (a) Control group, (b) model group, (c) treatment group. The pancreases of the model
group were obvious swelling and hardening, while in the treatment group, and they exhibited limited congestion edema. The pancreases of
the control group were soft and smooth without any morphological change.

Immunohistochemistry system (Leica Microsystems, Inc.,
Bannockburn, IL). Briefly, formalin fixed, paraffin embedded
5 𝜇m thick sections were deparaffinized, rehydrated,
and heated at 100∘C using citrate buffer (pH 6.0) for
5min. Sections were subjected to sequential incubations
with endogenous peroxidase block, primary antibody
(at 1 : 2000 dilution), postprimary (secondary antibody),
polymer (tertiary antibody), diaminobenzidine (DAB), and
hematoxylin for 5min (Bond Polymer Refine Detection;
Leica Microsystems), respectively. Two pathologist blinded
to the diagnosis performed the immunohistochemical
analysis as previously described [18]. The numbers of ICAM-
1 positive cells (stained in brown-yellow and located in the
cell membrane and the cytoplasm) were counted in five high-
power fields in each section. The evaluation criteria were as
follows: (1) staining intensity was evaluated and assigned a
score of 0–3+ : 0 = negative, 1+ = weak, 2+ = moderate, 3+ =
strong. (2) Immunoreactivity score was assigned based on the
proportion of positive cells over total cells (percent positivity)
ranging from 0% to 100% on a scale of 0–3 : 0 = 0% positive
cells, 1 = 1–25% positive cells, 2 = 26–50% positive cells, and
3 ⇒ 60% positive cells. The immunohistochemical scoring
was then assigned by multiplying the staining score and
immunoreactivity score; the score thus ranged from 0 to 9.0.

2.10. Statistical Method. All experimental values are
expressed as mean ± standard deviation (SD). Statistical
analysis was made by analysis of variance (ANOVA) followed
by LSD-t post hoc test for multiple comparisons using the
computer statistical package SPSS 16.0 (SPSS Inc., Chicago,
IL, USA). The Kruskal-Wallis test was used to evaluate the
differences in categorical values followed by Mann-Whitney
𝑈 tests as a post hoc test. 𝑃 value of <0.05 was statistically
significant.

3. Results

3.1. Hydrogen-Rich Saline Attenuates the Severity of Pancreati-
tis. The pancreas of the control group were soft and smooth
without any morphological changes (Figure 1(a)). While in
the model group, the pancreas exhibited obvious swelling,
as well as hemorrhaging of ascitic fluid (Figure 1(b)). After
dissection, focal necrosis was observed. However, limited

congestion edema was exhibited in the treatment group,
with less ascites in the abdominal cavity (Figure 1(c)). Com-
pared with the control group, extensive hemorrhaging and
necrosis were exhibited in the model group, with massive
inflammatory cell infiltration and lobular damages. Of these
the most important were the neutrophils and mononuclear
cells; remaining cells were all significantly swollen. While the
pathological changes in the treatment group were obviously
ameliorated and the pathology scores in the treatment group
were significantly lower than those of the model group (7.5 ±
0.9 versus 4.1 ± 0.3, 𝑃 < 0.05, Table 1, Figure 2(c)).

3.2. Hydrogen-Rich Saline Reduces the Secretion of Proinflam-
matory Cytokines in the Pancreas. Levels of IL-6 and IL-18
in the model group were clearly higher than those of the
control group (𝑃 < 0.05), and levels in the treatment group
were clearly lower than levels in the model group (𝑃 < 0.05,
Table 1). Levels of TNF-𝛼 and TNF-𝛼 mRNA expression of
the model group were significantly higher than those in the
control and treatment groups (𝑃 < 0.05, Table 1).

ICAM-1 level in pancreatic tissue of the model group was
significantly higher than that of the control. ICAM-1 level in
the pancreatic tissue of the treatment groupwere significantly
lower than levels in the tissue of the model group (2.27±0.41
versus 6.41 ± 0.68, 𝑃 < 0.05, Table 1, Figure 3).

3.3. Hydrogen-Rich Saline Reduces the Oxidative Stress in the
Pancreas. MDA and MPO levels in the pancreases of model
group were far higher than those of the control group, while
SODandGSH levelswere significantly lower than those of the
control group. MDA and MPO levels in the pancreatic tissue
of the treatment group were significantly lower than levels
in the tissue of the model group, while SOD and GSH levels
were clearly higher than those of the model group (𝑃 < 0.05,
Table 1).

4. Discussion

The pathogenesis of SAP is not completely understood.
Researches show that the pathologic development of SAP is
closely associated with the mediation of oxygen radicals and
cytokines [19, 20].During the pathogenesis of SAP, the level of
oxygen radicals in the pancreatic tissue increases significantly
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Table 1: Summary of study results.

Parameters Control group Model group Treatment group
TNF-𝛼, pg/mL 52.1 ± 6.4 1046.4 ± 13.2∗ 97.1 ± 8.8,

IL-6, ng/L 18.6 ± 1.43 49.3 ± 4.6∗ 30.7 ± 3.3,

IL-18, ng/L 61.4 ± 12.7 472.4 ± 98.7∗ 224.1 ± 65.3,

TNF-𝛼mRNA 0.04 ± 0.17 1.33 ± 0.36∗ 0.41 ± 0.21,

ICAM-1 0.93 ± 0.26 6.41 ± 0.68∗ 2.27 ± 0.41,

MDA, nmol/mg 67.4 ± 7.1 1263.4 ± 18.2∗ 179.4 ± 21.8,

MPO, U/g 26.1 ± 2.1 57.2 ± 4.6∗ 418 ± 4.9,

SOD, U/mg 76.8 ± 16.6 531. ± 98.4∗ 197.1 ± 78.36,

GSH, nmol/mg 0.07 ± 0.21 1.99 ± 0.87∗ 0.32 ± 0.21,

MDA, nmol/mg 0.56 ± 0.33 3.9 ± 0.54∗ 1.86 ± 0.42,

Histopathological scores 0.8 ± 0.2 12.5 ± 1.1∗ 7.5 ± 0.9,
∗

𝑃 < 0.05 versus control group.


𝑃 < 0.05 versus model group.


𝑃 < 0.05 versus control group.

(a) (b) (c)

Figure 2: Pancreatic H&E stained sections. (a) control group; (b) model group; (c) treatment group. The model group exhibited extensive
hemorrhaging, necrosis and lots of inflammatory cells, while control group the change was not remarkable. The control group exhibited few
pathological changes, pancreatic tissue showed no inflammatory permeation.

and these oxygen radicals will attack the unsaturated fatty
acids located in the cell membrane creating lipid peroxide
[21].

In the early phase of SAP, large amounts of oxygen
radicals are created and further damage capillary endothelial
cells, which in turn increases microcirculatory disturbance.
In the late-stage development, chemotaxin and activation of
white blood cells are the primary pathophysiologic effects
of SAP, which are concurrent with increased oxygen radical
production and the deterioration of pancreatic acinar cells
[22]. MDA is an end product of unsaturated lipid peroxide
reaction, and MPO is an important peroxide enzynme pro-
duced by azurophilic granules in neutrophils, that is even
used as a specific physical indicator of neutrophils infiltration,
and can reflect the severity of inflammation [23, 24]. The
levels of MDA measured in the pancreases of SAP rats
in the model group was considerably higher than that in
control group rats, while hydrogen-rich saline treatment
significantly reduced the MDA level. After being injected
with hydrogen-rich saline, MPO activation was noticeably
reduced indicating the reduction of neutrophil permeation.

At present, inflammatory mediators play a pivotal role
in the early stage of pancreatitis. Among these, TNF-𝛼 is

thought to be a trigger of cascading inflammatory reactions
in SAP and functioned on many kinds of cells, at the celluar
and subcelluar levels [25]. Interleukin-6 (IL-6) is also an
important mediator during inflammatory response, as a part
of acute reaction and inducing ICAM-1 expression, and
forms a network with TNF-𝛼 [26]. Induced by activated
mononuclear macrophages during SAP, TNF-𝛼, and IL-6 are
thought to contribute to the onset of this disease. In our study,
serum TNF-𝛼 and TNF-𝛼mRNA expression in the pancreas
was reduced after hydrogen-rich saline was administrated
in the pancreatitis induced by taurocholate. During onset of
SAP, IL-18 can stimulate production of IFN-𝛾 [27]. Research
by Ueda et al. [28] shows that the presence of IL-18 during
SAP correlates to higher rates of multiple organ failure in
patients. As such, blocking production of IL-18 is also a
way of preventing multiple organ failure during the onset of
SAP. In this study, the treatment group exhibited significantly
lower levels of the inflammatorymediatorsmentioned before,
illustrating that hydrogen-rich saline could attenuate the
inflammatory response in SAP.

Hydrogen is the simplest element in nature, in addition to
being reducible in diatomic gasses. In 2007, Ohsawa et al. [29]
firstly reported that animals breathing 2% hydrogen could
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Figure 3: ICAM-1 immunohistochemistry in pancreases samples. (a) Control group, (b) model group, and (c) treatment group. In weakly
staining, positively stained cells showed a brown-yellow pigment in control group. The model group exhibited the strong positive expression
of ICAM-1 with lots of brown-yellow stained particles in cells, while in treatment group the change was not remarkable.

effectively eliminate oxygen radicals, as well as improve the
brain’s ability to concentrate and avoid damage while lacking
blood flow. Buchholz et al. [30] later proved that breathing
2% hydrogen could be used to treat inflammatory response
damage caused by small intestine transplants. This research
illustrates that hydrogen is an ideal free radical, especially
as an exterminator of poisonous free radicals. Hydrogen
molecules also have excellent membrane permeability and
are easily able to pass through membranes into cells and
organelles. During the pathologic state, the organism will
produce more oxygen radicals than it is able to dispose
of, as well as cause oxidative damage to both DNA and
proteins, even causing organ failure [31–33]. The results of
our experiments show that severe acute pancreatitis in rats is
accompanied by a decrease in amounts of SOD and GSH in
the pancreatic tissue, proving that large amounts of oxygen
radicals can clearly reduce SOD and GSH activity. This also
means that SOD and GSH activity can reflect the antioxidant
capabilities of the pancreatic ascinar cells, as when SOD and
GSH levels drop, the antioxidant capabilities of the pancreas
are also visibly reduced. After injection of hydrogen-rich
saline, SOD and GSH levels were significantly higher than
those in the treatment group, showing that hydrogen-rich
saline would reduce peroxide levels, increase free-radical
capabilities, and inhibit oxygen activation, thus effectively
protecting pancreatic tissue. Furthermore, recent researches
show that hydrogen can also have a similar effect when
influencing cell signaling; thus it has been conjectured that
hydrogen, after NO, CO, and H

2
S, is a new type of gas signal

molecule [34].

5. Conclusion

This research shows that intravenous hydrogen-rich saline
injections could reduce oxidative damage caused in SAP and
significantly lessen the presence of inflammatory cytokines. It
could also improve the antioxidative abilities of the pancreatic
tissue, thus effectively protecting pancreatic tissue. Hydro-
gen is a kind of ideal radical scavenger, antiinflammatory,
antioxidation, nonpoisonous, nonsuperfluous, conveniently
priced, and with many other advantages. In the course of

SAP treatment, it has wide-ranging applicability and signif-
icant future potential. At the same time, further studies are
necessary to reveal the detailed mechanisms underlying the
therapeutic effects of H2 and may reveal processes shared by
other antioxidants that could bemanipulable targets of future
therapeutic strategies of SAP.

Conflict of Interests

All authors have no conflict of interests.

Authors’ Contribution

De-qing Zhang and Huang Feng contributed equally.

Acknowledgment

Theauthors thank Professor Kartikeya Chaturvedi and, Ph.D.
Jia-Qing Shen for editing this paper.This work was supported
by the scientific innovation research of college graduate in
Jangsu province (No: CXZZ12 0836).

References

[1] J. Escobar, J. Pereda, A. Arduini et al., “Cross-talk between
oxidative stress and pro-inflammatory cytokines in acute pan-
creatitis: a key role for protein phosphatases,” Current Pharma-
ceutical Design, vol. 15, no. 26, pp. 3027–3042, 2009.

[2] R. Makhija and A. N. Kingsnorth, “Cytokine storm in acute
pancreatitis,” Journal of Hepato-Biliary-Pancreatic Surgery, vol.
9, no. 4, pp. 401–410, 2002.

[3] G. Perides, E. R. Weiss, E. S. Michael, J. M. Laukkarinen, J.
S. Duffield, and M. L. Steer, “TNF-𝛼-dependent regulation of
acute pancreatitis severity by Ly-6Chi monocytes in mice,”
Journal of Biological Chemistry, vol. 286, no. 15, pp. 13327–13335,
2011.

[4] S. A. McClave, “Drivers of oxidative stress in acute pancreatitis:
the role of nutrition therapy,” Journal of Parenteral and Enteral
Nutrition, vol. 36, no. 1, pp. 24–35, 2012.

[5] A. U. Steinle, H. Weidenbach, M. Wagner, G. Adler, and R.
M. Schmid, “NF-𝜅B/Rel activation in cerulein pancreatitis,”
Gastroenterology, vol. 116, no. 2, pp. 420–430, 1999.



6 Evidence-Based Complementary and Alternative Medicine

[6] M. Bhatia, M. Brady, S. Shokuhi et al., “Inflammatorymediators
in acute pancreatitis,” Journal of Pathology, vol. 190, no. 2, pp.
117–125, 2000.

[7] J. Q. Shen, J. Shen, and X. P. Wang, “Expression of insulin-like
growth factor binding protein-4 (IGFBP-4) in acute pancreatitis
induced by l-arginine in mice,” Acta Histochemica, vol. 114, no.
4, pp. 379–385, 2012.

[8] M. Tadao and O. Yuji, “Role of free radicals in the development
of severe acute pancreatitis,” Nippon Rinsho, vol. 62, no. 11, pp.
2015–2020, 2004.

[9] L. Yang, J. Shen, S. He et al., “L-cysteine administration atten-
uates pancreatic fibrosis induced by TNBS in rats by inhibiting
the activation of pancreatic stellate cell,” PLoS ONE, vol. 7, no. 2,
Article ID e31807, 2012.

[10] G. A. Matchett, N. Fathali, Y. Hasegawa et al., “Hydrogen gas is
ineffective in moderate and severe neonatal hypoxia-ischemia
rat models,” Brain Research, vol. 1259, pp. 90–97, 2009.

[11] K.Hayashida,M. Sano, I. Ohsawa et al., “Inhalation of hydrogen
gas reduces infarct size in the ratmodel ofmyocardial ischemia-
reperfusion injury,” Biochemical and Biophysical Research Com-
munications, vol. 373, no. 1, pp. 30–35, 2008.

[12] K.-I. Fukuda, S. Asoh, M. Ishikawa, Y. Yamamoto, I. Ohsawa,
and S. Ohta, “Inhalation of hydrogen gas suppresses hepatic
injury caused by ischemia/reperfusion through reducing oxida-
tive stress,” Biochemical and Biophysical Research Communica-
tions, vol. 361, no. 3, pp. 670–674, 2007.

[13] X. Zheng, Y. Mao, J. Cai et al., “Hydrogen-rich saline protects
against intestinal ischemia/reperfusion injury in rats,” Free
Radical Research, vol. 43, no. 5, pp. 478–484, 2009.

[14] M. Kajiya, K. Sato,M. J. B. Silva et al., “Hydrogen from intestinal
bacteria is protective for Concanavalin A-induced hepatitis,”
Biochemical andBiophysical ResearchCommunications, vol. 386,
no. 2, pp. 316–321, 2009.

[15] M. Kajiya, M. J. B. Silva, K. Sato, K. Ouhara, and T.
Kawai, “Hydrogenmediates suppression of colon inflammation
induced by dextran sodium sulfate,” Biochemical and Biophysi-
cal Research Communications, vol. 386, no. 1, pp. 11–15, 2009.

[16] J. Cai, Z. Kang, K. Liu et al., “Neuroprotective effects of
hydrogen saline in neonatal hypoxia-ischemia rat model,” Brain
Research, vol. 1256, pp. 129–137, 2009.

[17] J. Schmidt, D. W. Rattner, K. Lewandrowski et al., “A better
model of acute pancreatitis for evaluating therapy,” Annals of
Surgery, vol. 215, no. 1, pp. 44–56, 1992.

[18] Z. Xiping, C. Yang, W. Dijiong et al., “Effects of Salvia miltior-
rhiza on intercellular adhesionmolecule 1 protein expression in
the lungs of rats with severe acute pancreatitis or obstructive
jaundice,” Pancreas, vol. 38, no. 3, pp. 309–317, 2009.

[19] G.-J. Wang, C.-F. Gao, D. Wei, C. Wang, and S.-Q. Ding,
“Acute pancreatitis: etiology and common pathogenesis,”World
Journal of Gastroenterology, vol. 15, no. 12, pp. 1427–1430, 2009.

[20] J. Ren, Z. Luo, F. Tian et al., “Hydrogen-rich saline reduces
the oxidative stress and relieves the severity of trauma-induced
acute pancreatitis in rats,” Journal of Trauma and Acute Care
Surgery, vol. 72, no. 6, pp. 1555–1561, 2012.

[21] H. Chen, Y. P. Sun, Y. Li et al., “Hydrogen-rich saline ameliorates
the severity of l-arginine-induced acute pancreatitis in rats,”
Biochemical and Biophysical Research Communications, vol. 393,
no. 2, pp. 308–313, 2010.

[22] T. Keck, J. Werner, R. Banafsche et al., “Oxygen radicals
promote ICAM-1 expression andmicrocirculatory disturbances
in experimental acute pancreatitis,” Pancreatology, vol. 3, no. 2,
pp. 156–163, 2003.

[23] R. Mateos, E. Lecumberri, S. Ramos, L. Goya, and L.
Bravo, “Determination of malondialdehyde (MDA) by high-
performance liquid chromatography in serum and liver as a
biomarker for oxidative stress: application to a rat model for
hypercholesterolemia and evaluation of the effect of diets rich in
phenolic antioxidants from fruits,” Journal of Chromatography
B, vol. 827, no. 1, pp. 76–82, 2005.

[24] S. Chooklin, A. Pereyaslov, and I. Bihalskyy, “Pathogenic role
of myeloperoxidase in acute pancreatitis,” Hepatobiliary and
PancreaticDiseases International, vol. 8, no. 6, pp. 627–631, 2009.

[25] L. Ramudo, M. A. Manso, S. Sevillano, and I. de Dios, “Kinetic
study of TNF-𝛼 production and its regulatory mechanisms in
acinar cells during acute pancreatitis induced by bile-pancreatic
duct obstruction,” Journal of Pathology, vol. 206, no. 1, pp. 9–16,
2005.

[26] P. Gregoric, A. Sijacki, S. Stankovic et al., “SIRS score on
admission and initial concentration of IL-6 as severe acute
pancreatitis outcome predictors (Hepato-Gastroenterology,”
Hepato-Gastroenterology, vol. 57, no. 98349, p. 353, 2010.

[27] T. Yoshimoto, K. Takeda, T. Tanaka et al., “IL-12 up-regulates
IL-18 receptor expression on T cells,Th1 cells, and B cells: syner-
gism with IL-18 for IFN-𝛾 production,” Journal of Immunology,
vol. 161, no. 7, pp. 3400–3407, 1998.

[28] T. Ueda, Y. Takeyama, T. Yasuda et al., “Significant elevation of
serum interleukin-18 levels in patients with acute pancreatitis,”
Journal of Gastroenterology, vol. 41, no. 2, pp. 158–165, 2006.

[29] I. Ohsawa, M. Ishikawa, K. Takahashi et al., “Hydrogen acts
as a therapeutic antioxidant by selectively reducing cytotoxic
oxygen radicals,” Nature Medicine, vol. 13, no. 6, pp. 688–694,
2007.

[30] B. M. Buchholz, D. J. Kaczorowski, R. Sugimoto et al., “Hydro-
gen inhalation ameliorates oxidative stress in transplantation
induced intestinal graft injury,” American Journal of Transplan-
tation, vol. 8, no. 10, pp. 2015–2024, 2008.

[31] K. Gulati, A. Ray, G. Pal, and V. K. Vijayan, “Possible role
of free radicals in theophylline-induced seizures in mice,”
Pharmacology Biochemistry and Behavior, vol. 82, no. 1, pp. 241–
245, 2005.

[32] S. Liu, M. Liu, S. Peterson, M. Miyake, V. Vallyathan, and K.
J. Liu, “Hydroxyl radical formation is greater in striatal core
than in penumbra in a rat model of ischemic stroke,” Journal
of Neuroscience Research, vol. 71, no. 6, pp. 882–888, 2003.

[33] X.-F. Zheng, X.-J. Sun, and Z.-F. Xia, “Hydrogen resuscitation,
a new cytoprotective approach,” Clinical and Experimental
Pharmacology and Physiology, vol. 38, no. 3, pp. 155–163, 2011.

[34] L. Nanetti, R. Taffi, A. Vignini et al., “Reactive oxygen species
plasmatic levels in ischemic stroke,” Molecular and Cellular
Biochemistry, vol. 303, no. 1-2, pp. 19–25, 2007.


