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This study aimed to investigate the protective effects of hydrogen rich water on the intestinal ischemia/reperfusion (I/R) injury in a rat
intestinal intussusception (II) model. Ninety Sprague-Dawley rats were randomly assigned into three groups (rn = 30 per group). In sham
group, rats received laparotomy, and the intestine was exposed for 15 minutes without II. In I/R + saline group and I/R + hydrogen group,
rats received II after laparotomy and then intestine was relocated 8 hours later, followed by immediately intraperitoneal injection of normal
saline and hydrogen rich water (HRW) (5 mL/kg), respectively. One hour later, the intestine was collected for hematoxylin-eosin staining
and immunohistochemistry for apoptotic cells and 8-oxo-deoxyguanosine, and blood was harvested for detection of tumor necrosis factor-a,
malondialdehyde and superoxide dismutase. Hematoxylin-eosin staining showed the intestinal mucosa was significantly damaged in /R
+ saline group, which was markedly attenuated after HRW treatment. The serum tumor necrosis factor-a content increased significantly in
I/R + saline group, but HRW treatment reduced serum tumor necrosis factor-a content as compared to I/R + saline group (P < 0.05). Serum
malondialdehyde content and 8-oxo-deoxyguanosine positive cells in the intestine increased dramatically after II, but HRW significantly
reduced them in I/R+hydrogen group (P < 0.05). In addition, superoxide dismutase activity reduced markedly and apoptotic cells increased
in I/R + saline group as compared to sham group, but they HRW increased superoxide dismutase activity and reduced apoptotic cells sig-
nificantly in I/R + hydrogen group (P < 0.05). Our results indicate hydrogen rich water is able to attenuate II induced intestinal I/R injury
via inhibiting intestinal inflammation, attenuating intestinal/serum oxidative stress and reducing apoptotic intestinal cells.
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but also toxic to cells.? Of these ROS, hydroxyl radical and
peroxynitrite are the most toxic and mediate the oxidative
damage to cells.** Ohsawa et al.’ found that hydrogen gas
at a low dose (2%) could protect the rat brain against I/R
injury, which was ascribed to the selective anti-oxidative
activity of hydrogen. Increasing evidence demonstrates that
hydrogen rich water (HRW) has similar neuroprotective

INTRODUCTION

Intestinal ischemia/reperfusion (I/R) injury is a phenomenon
that the intestinal injury deteriorates after restoring the
blood flow to the intestine following intestinal ischemia.!
The reperfusion of a specific organ following blood flow
obstruction or reduction may cause severe damage to this

organ, and the small intestine is one of organs susceptible to
I/R injury.? The ischemia and/or inflammation may induce
the excess production of reactive oxygen species (ROS).
Some ROS such as hydrogen peroxide (H,0,) and nitric
oxide (NO) are not only important signal molecules in cells,

capability in hypoxia/ischemia injury as 2% hydrogen in
cerebral I/R injury.® There is evidence showing that HRW
was protective on intestinal I/R injury.” In the available
studies, ischemia I/R is induced by clamping the superior
mesenteric artery.”® In the present study, intestinal intus-
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susception (II) model was established to mimic intestinal
I/R injury in rats which were then intraperitoneally treated
with HRW, aiming to investigate the protective effect of
HRW on intestinal I/R injury caused by II.

MareriaLs aND MEeTHODS

Animals

Health male Sprague-Dawley (SD) rats (n = 90) aged 7-9
weeks and weighing 200-250 g (specific pathogen free)
were purchased from the Experimental Animal Center of
Taishan Medical University (license No. Lu[2015012]) and
housed for 1 week and given ad libitum access to water and
food under the 12-hour/12-hour light-dark cycle. Animals
were handled in accordance with the Animal Care and
Welfare Guideline, and procedures were taken to reduce the
pain of animals. These 90 SD rats were randomly assigned
into three groups: sham group, I/R + saline group and I/R
+ HRW group (n = 30 per group).

Animal modeling
Rat IT was prepared as previously reported.” Rats in I/R +
saline group and I/R + HRW goup received laparotomy and
the intestine was separated and exposed. A Kirschner wire
(Ortho Solutions, UK) was used to intussuscept terminal ileum
into the colon. Then, the intussusception was fixed with a 3-0
absorbable suture and the wound was closed. Rats in sham
group received laparotomy and the intestine was separated and
exposed without II. The wound was closed 15 minutes later.
Criteria for successful establishment of Il animal model: At
8 hours after II, rats became listless, crowded together, and
showed reduced food intake, and loose and/or bloody stools
were observed.” At 1 hour after reperfusion, pathological ex-
amination showed infiltration of inflammatory cells, apoptosis
of intestinal villus epithelial cells and loss of intestinal villi.

HRW intervention

In I/R + HRW group, eight hours later, the intestine
was relocated and HRW (Institute of Atherosclerosis of
Taishan Medical University, Taian, Shandong Province,
China) was intraperitoneally injected (5 mL/kg). One hour
later, the injured intestine was harvested for examination.
And in I/R + saline group, the normal saline was intraperi-
toneally injected (5 mL/kg).

Sample collection and detections

Serum collection: At 8 hours after ischemia, the intes-
tine was relocated. Then, 5 mL of blood was collected
from the heart 1 hour later and serum was harvested by
centrifugation at 3,500 r/min for 15 minutes. The serum
was aliquoted for the detection of superoxide dismutase
(SOD) activity and contents of malondialdehyde (MDA)

and tumor necrosis factor-a (TNF-a).

Histological examination: The ileum (about 4-5 cm) at 5
cm proximal to the ileocecal valve was collected and washed
in warm saline thrice. The ileum tissues were then fixed in
10% neutral formalin for hematoxylin-eosin staining.

Detection of serum MDA and TNF-a contents and SOD activity
The serum TNF-o content was measured with a commercially
available kit according to the manufacturer’s instruction
(Dakewei Biotech Co., Ltd., Shanghai, China).

The concentration of MDA, a reliable marker of lipid
peroxidation, was estimated in blood serum following the
manual of MDA assay kit (Nanjing Jiancheng Institute of
Biotechnology, Nanjing, Jiangsu Province, China). Optical
density was measured using an ultraviolet spectrophotometer
at 532 nm against blanks prepared by using distilled water.

SOD activity in blood serum was measured by using nitro
blue tetrazolium as a substrate after suitable dilution with
SOD assay kit (Nanjing Jiancheng Institute of Biotechnol-
ogy), the increase in absorbance value was scanned with an
ultraviolet spectrophotometer (BioRad) at 550 nm. One unit
of SOD activity was defined as the amount of enzyme that
inhibited auto-oxidation by 50% under the given experimen-
tal condition and the values were expressed as U/mg protein.

TUNEL staining

At the pre-designed time point, 10 rats from each group were
sacrificed and the ileum was collected for TUNEL staining.
At least five sections from each rat were obtained for TUNEL
staining which was performed with a commercially available
kit (Roche) according to the manufacturer’s instructions. In
brief, the sections were deparaffined and rehydrated by heat-
ing the slides at 60°C. Then these sections were incubated in
a 20 pg/mL proteinase K working solution for 15 minutes at
room temperature. The slides were rinsed three times with
phosphate buffered saline (PBS) followed by incubation with
TUNEL reaction mixture for one hour at 37°C. After rinsing
with PBS (3 x 5 minutes), color development was performed
in the dark with nitroblue tetrazolium (NBT) and 5-bromo-
4-chloro-3-indo-lylphosphate (BCIP). TUNEL positive cells
had brown granules. Ten fields were randomly selected at
a magnification of 400%, and TUNEL positive cells were
counted among 100 cells in each field. The apoptotic index
(AI) was calculated as follow: Al = (TUNEL positive cells/
total cells) x 100%. Here, we used TUNEL positive cells to
describe apoptotic cells or necrotic cells.

Immunohistochemical detection

Paraffin sections (5 pm) were deparaffined, washed with
0.01 mM PBS for 5 minutes and boiled in citric acid (pH
6.0) for 2 minutes. Subsequent to cooling, the sections
were rinsed three times for 2 minutes in 0.01 M PBS.
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Endogenous peroxidase was neutralized with 3% H,O, for
30 minutes, and the sections were rinsed three times for 2
minutes in 0.01 mM PBS. Bovine serum albumin (3%) was
added and incubated for 20 minutes at room temperature.
Sections were incubated with anti-8-oxo-deoxyguanosine
(8-OHdG) monoclonal antibody (1:100; Beijing Bioss
Biotech Co., Ltd., Beijing, China) at 4°C overnight. The
sections were rinsed three times for 2 minutes in 0.01
mM PBS prior to the addition of horseradish peroxidase
(HRP)-conjugated goat anti-rabbit econdary antibody and
incubated at room temperature for 20 minutes. Subsequent
to rinsing three times for 2 minutes in 0.01 mM PBS, 50
pL 3,3'-diaminobenzidine solution was added. The sections
were then counterstained with hematoxylin and observed
using a Leica DM3000 microscope and the Leica image
acquisition system (Leica Microsystems, Wetzlar, Ger-
many). The 8-OHdG positive cells had brown granules
and were counted in 10 randomly selected fields.

Statistical analysis

Statistical analysis was conducted with SPSS version 18.0
(SPSS, Chicago, IL, USA). Data are expressed as the mean
+ SD. Comparisons were conducted with one way analysis
of variance (ANOVA) among groups. A value of P <0.05
was considered statistically significant.

ResuLts

Effect of HRW on the intestinal pathology in an Il rat model
Macroscopic findings

Macroscopically, there was no mesenteric vascular pulsation
after ischemia for 8 hours and the injured intestine became
grey. After relocating the intestine, the mesenteric vascular
pulsation was present, suggesting the restoration of blood
supply. At 1 hour after relocating the intestine, intestinal
flatulence, congestion and edema became obvious. The
macroscopic changes in I/R + HRW group were not obvious.

Microscopic findings

Hematoxylin-eosin staining results showed, the intestinal
mucosa was clear and complete, and the intestinal villi
showed normal structure in sham group. In I/R + saline
group, the intestinal mucosa and wall became thinner, loss
and shedding of intestinal villi were present, and a lot of
inflammatory cells infiltrated the intestine. In I/R + HRW
group, the pathology was improved as compared to I/R +
saline group: the villus arrangement was relatively regular,
there was no evidence loss of intestinal villi, only small
gaps formed at the top of intestinal villi and a few inflam-
matory cells were found in the intestine. These suggest
that HRW is protective on the intestinal mucosal injury
secondary to II (Figure 1).

x 200 x 400

Sham

I/R+saline

I/R+HRW

Figure 1: Effect of HRW on the intestinal pathology in an Il rat model
(hematoxylin-eosin staining).

Note: After I/R (Il), the intestinal mucosa and wall became thinner, loss and
shedding of intestinal villi were present, and a lot of inflammatory cells infiltrated
the intestine. However, HRW treatment in Il rats improved the intestinal
pathology as compared to I/R (Il) + saline group: the villus arrangement was
relatively regular, there was no evidence loss of intestinal villi, only small gaps
formed at the top of intestinal villi and a few inflammatory cells were found in
the intestine. Il Intestinal intussusception; I/R: ischemia/reperfusion; HRW:
hydrogen rich water. Scale bars: 200 um.

Effect of HRW on the serum TNF-a and MDA contents and
SOD activity in an Il rat model

As shown in Table 1, the serum TNF-o and MDA con-
tents were the lowest in sham group. The serum TNF-a
and MDA contents increased dramatically in I/R + saline
group as compared to sham group (P <0.05). Moreover, the
SOD activity was the highest in sham group, but reduced
dramatically in the presence of II (P < 0.05). However,
after intraperitoneal injection of HRW, the TNF-o and
MDA contents reduced significantly and the SOD activity
increased markedly compared with I/R + saline group (P <
0.05), indicating that HRW is able to inhibit the release of
inflammatory cytokines and suppress the oxidative stress.

Effect of HRW on the cell apoptosis in an Il rat model

In sham group, few TUNEL positive intestinal cells were
present. However, the TUNEL positive cells increased
significantly after I/R (82.63 + 16.63, P <0.05). However,
intraperitoneal injection of HRW markedly reduced the Al
in [/R + HRW group (49.17 £ 17.78, P < 0.05; Figure 2).
This indicates that HRW is able to inhibit the apoptosis after
intestinal relocation.
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Table 1: Effect of HRW on the serum TNF-a and MDA
contents and SOD activity in an Il rat model

TNF-o MDA SOD
Group (nmol/mg) (nmol/mg) (U/mg protein)
Sham 24.09+5.65 1.300:£0.230 262.786+23.240
I/R + saline  86.97+16.40°  2.978+0.956" 192.205+10.540"
I/R +HRW 52.65+4.61" 2.509+0.568" 206.612+23.402°

Note: Data are expressed as the mean + SD, and analysed by one way
analysis of variance. ¥*P < 0.05, vs. sham group; #P < 0.05, vs. /R +
saline group. SOD: Superoxide dismutase; MDA: malondialdehyde;
TNF-a: tumor necrosis factor-a; II: intestinal intussusception; I/R:
ischemia/reperfusion; HRW: hydrogen rich water.

Effect of HRW on the 8-OHdG positive cells in an Il rat model
In this study, immunohistochemistry was performed to
detect the 8-OHdG positive cells. Results showed 8-OHAG
positive cells increased markedly after intestinal 11 (109.73

I/R+saline Sham

I/R+HRW

Figure 3: Effect of HRW on the 8-OHdG positive cells in an Il rat model.

+ 4.72; P < 0.05), but intraperitoneal injection of HRW
significantly reduced the 8-OHdG positive cells (78.32 =
7.02; P <0.05; Figure 3).

Discussion

Intussusception is defined as the telescoping of a segment
of the gastrointestinal tract into an adjacent one.' It is the
leading cause of intestinal obstruction in children and ranks
second only to appendicitis as the most common cause of
acute abdominal emergency in children.” In early phase
of intussusception, the veins in the mesentery and intestine
are pressed, leading to the blood flow restriction, resulting
in intestinal wall congestion, edema and varices. With the
deterioration of intestinal wall edema and restriction of
blood and lymph flow, the injured intestine becomes isch-
emic or even necrotic. After reseting the injured intestine,
the reperfusion injury of the intestine may be present. Isch-

B
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Figure 2: Effect of HRW on the cell apoptosis in an Il rat model.

Note: (A) TUNEL staining of the intestine in different groups (scale bars: 200
pm). Few TUNEL positive cells were observed in Sham group. After Il induced
IIR, the TUNEL positive cells increased significantly, but intraperitoneal injection
of HRW markedly reduced the TUNEL positive cells. (B) Quantitative results
of TUNIEL positive cells. Data are expressed as the mean + SD, and analysed
by one way analysis of variance. #P< 0.05, vs. IR + saline group. II: Intestinal
intussusception; I/R: ischemia/reperfusion; HRW: hydrogen rich water.
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Note: (A) Immunohistochemistry for 8-OHdG in the intestine of different groups (scale bar: 200 ym; x 200). Few 8-OHdG positive cells were observed in the
intestine of Sham group, but Il induced I/R dramatically increased these cells. However, intraperitoneal injection of HRW markedly reduced the 8-OHdG positive
cells. (B) Quantitative results of 8-OHdG positive cells. Data are expressed as the mean + SD, and analysed by one way analysis of variance. #P < 0.05, vs. I/R
+ saline group. II: Intestinal intussusception; I/R: ischemia/reperfusion; HRW: hydrogen rich water; 8-OHdG: 8-oxo-deoxyguanosine.
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emia is easy to cause damage to cells in the intestine, and
subsequent reperfusion further aggravates the damage to
the intestinal mucosal cells.! During the ischemia/hypoxia
and subsequent reperfusion, a large amount of harmful
substances (such as ROS) are produced in the intestine to
damage microvessels, release pro-inflammatory cytokines,
activate complements and activate neutrophils.! The ROS
and their metabolites are crucial for the pathogenesis of
intestinal I/R. In the present study, intussusception was
introduced to SD rats and the HRW was intraperitoneally
injected to evaluate the protective effect of HRW on the
intestinal I/R injury secondary to interstinal intussusception.
Hydrogen can be characterized as the lightest and most
abundant chemical element. It is colorless, odorless, taste-
less and non-toxic. Since Ohsawa et al.” reported that hydro-
gen could be used in antioxidant therapy, numerous studies
have confirmed that molecular hydrogen is a medical gas
with beneficial effects on oxidative stress, inflammation,
apoptosis, lipid metabolism, and signaling pathways.!! Basic
studies and clinical studies have demonstrated that hydrogen
ameliorates the pathological conditions in numerous hu-
man diseases or disease models in animals.!"* In available
studies, hydrogen is administered through the oral intake
of hydrogen water,'* intravenous infusion of hydrogen-rich
saline' and inhalation of air with 2—4% hydrogen gas.!®
Study has shown that HRW was protective on I/R induced
injury to the intestine in a rat model.” In this study, intestinal
I model was established in rats to mimic the intestinal I/R
injury. In our study, we investigated whether HRW was
protective on the II induced intestinal injury.

TNF-a is one of major mediators playing important roles
in the intestinal I/R injury.'”” TNF-a is mainly secreted by
activated monocytes and macrophages and has multiple
biological activities. In the I/R injury, TNF-a increases early
and may not only increase the permeability of intestinal
epithelium but mediate the adhesion of neutrophils and
the release of other cytokines, results in the deterioration
of injury.'® Our results showed II significantly increased
the serum TNF-a content which, however, was reduced
significantly after intraperitonal injection of hydrogen
water. This also confirms the anti-inflammatory effect of
molecular hydrogen.

Excessive production of ROS is a major mechanism un-
derlying the pathogenesis of intestinal I/R injury. Excess
ROS may cause oxidation of protein, lipid and DNA. MDA
results from lipid peroxidation of polyunsaturated fatty
acids and the degree of lipid peroxidation can be estimated
by the amount of malondialdehyde in tissues.!” 8-OHdG is
an oxidized derivative of deoxyguanosine and one of the
major products of DNA oxidation.” SOD is an enzyme
that alternately catalyzes the dismutation (or partitioning)

of the superoxide (O,) radical into either ordinary mo-
lecular oxygen (O,) or hydrogen peroxide (H,0,). SOD is
an important antioxidant defense in nearly all living cells
exposed to oxygen.?! In this study, serum MDA content,
serum SOD activity and intestinal 8-OHdG positive cells
were detected, aiming to evaluate the anti-oxidative effect of
hydrogen in II. Our results showed intraperitoneal injection
of HRW significant reduced serum MDA content, increase
serum SOD activity and reduced intestinal 8-OHdG positive
cells, indicating the anti-oxidative activity of hydrogen in
II animal model.

TUNEL is a common method for detecting DNA frag-
mentation that results from apoptotic signaling cascades.?
TUNEL staining has been widely used to detect the apop-
totic cells. In this study, our findings also indicated that
intraperitoneal injection was able to reduce the apoptotic
intestinal cells. There is a growing consensus that oxidative
stress and the redox state of a cell plays a pivotal role in
regulating apoptosis.” The inhibition of cell apoptosis fol-
lowing intraperitoneal injection of HRW may be ascribed
to the anti-oxidative effect of molecular hydrogen.

Taken together, our findings indicate that intraperitoneal
injection of HRW may inhibit inflammation and suppress
oxidative stress following II, leading to the reduction in
apoptotic cells and improvement of intestinal pathology.
Our findings provide a new strategy for the therapy of II.
Of note, there were still limitations in this study, and we
did not investigate the optimal dose of hydrogen water
and the optimal time point at which hydrogen water was
administered in the therapy of II. This will be resolved in
our future studies.
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