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Abstract

AIM: To study the effects of combined early fluid re-
suscitation and hydrogen inhalation on septic shock-
induced lung and intestine injuries.

METHODS: Wistar male rats were randomly divided
into four groups: control group (Group A, 7 = 15); sep-
tic shock group (Group B, 7 = 15); early fluid resuscita-
tion-treated septic shock group (Group C, n = 15); and
early fluid resuscitation and inhalation of 2% hydrogen-
treated septic shock group (Group D, n = 15). The ac-
tivity of hydroxyl radicals, myeloperoxidase (MPO), su-
peroxide dismutase (SOD), diamine oxidase (DAO), and
the concentration of malonaldehyde (MDA) in the lung
and intestinal tissue were assessed according to the
corresponding kits. Hematoxylin and eosin staining was
carried out to detect the pathology of the lung and in-
testine. The expression levels of interleukin (IL)-6, IL-8,
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and tumor necrosis factor (TNF)-a. in lung and intestine
tissue were detected by enzyme-linked immunosorbent
assay method. The expression levels of Fas and Bcl2 in
lung tissues were determined by immunohistochemistry
and Western blotting.

RESULTS: Septic shock elicited a significant increase
in the levels of MDA (10.17 + 1.12 nmol/mg protein vs
2.98 = 0.64 nmol/mg protein) and MPO (6.79 = 1.02
U/g wet tissue vs 1.69 £ 0.14 U/g wet tissue) in lung
tissues. These effects were not significantly decreased
by Group C pretreatment, but were significantly re-
duced by Group D pretreatment (MDA: 4.45 + 1.13
nmol/mg protein vs 9.56 £ 1.37 nmol/mg protein;
MPO: 2.58 + 0.21 U/g wet tissue vs 6.02 £ 1.16 U/g
wet tissue). The activity of SOD (250.32 + 8.56 U/mg
protein vs 365.78 £ 10.26 U/mg protein) in lung tis-
sues was decreased after septic shock, and was not
significantly increased by Group C pretreatment, but
was significantly enhanced by Group D pretreatment
(331.15 £ 9.64 U/mg protein vs 262.98 + 5.47 U/mg
protein). Histological evidence of lung hemorrhage,
neutrophil infiltration and overexpression of IL-6, IL-8,
and TNF-a was observed in lung tissues, all of which
were attenuated by Group C and further alleviated by
Group D pretreatment. Septic shock also elicited a sig-
nificant increase in the levels of MDA, MPO and DAO
(6.54 = 0.68 kU/L vs 4.32 £ 0.33 kU/L) in intestinal
tissues, all of which were further increased by Group
C, but significantly reduced by Group D pretreatment.
Increased Chiu scoring and overexpression of IL-6, IL-8
and TNF-a were observed in intestinal tissues, all of
which were attenuated by Group C and further attenu-
ated by Group D pretreatment.

CONCLUSION: Combined early fluid resuscitation and
hydrogen inhalation may protect the lung and intestine
of the septic shock rats from the damage induced by
oxidative stress and the inflammatory reaction.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION

Septic shock is a common complication of infection,
severe trauma, and major operation in patients. Septic
shock is an autoimmune injury of the body, and the
pathogenesis is very complicated. The immunocyte is ac-
tivated in patients with septic shock, and the respiratory
burst creates massive amounts of treactive oxygen spe-
cies (ROS) which cannot be cleaned by the antioxidant
defense systems'™?. Oxidative stress induced by ROS
can increase lipid peroxidation, and can also increase the
permeability of the alveolar epithelial cells by destroying
the cell membrane. Simultaneously, the aggregation of
neutrophilic leukocytes in the lung further induces the
respiratory burst. The imbalance of antioxidant defense
systems against oxidative stress then further damages the
alveolar epithelial cells.

In order to ensure the blood supply of major organs,
including the heart and brain, in patients with septic
shock, blood flow is redistributed. There is a signifi-
cant decrease in blood flow of the gastrointestinal tract
which induces severe ischemia, hypoxia, and reperfusion
injury. Inflammatory factors are activated which induce
further injury in the gastrointestinal tract, and may con-
sequently produce multiple organ dysfunction syndrome
MODS)P. Despite recent advances in antibiotic therapy
and intensive care, sepsis is still considered to be one
of the most common causes of death in intensive care
units. The main therapy for septic shock is hemostasis
and fluid resuscitation which can prevent MODS by
improving hemodynamics™. However, fluid resuscita-
tion is not effective in microcirculation disturbance and
hypoxia. So, new and effective therapies for septic shock
should be developed to improve the patient outcomes.

Recently, it has been suggested that molecular hydro-
gen exerts a therapeutic antioxidant activity by selectively
reducing hydroxyl radicals (*OH, the most cytotoxic
ROS) and effectively protects against organ damage[S’ﬂ.
Xie ez al™™ also report that hydrogen inhalation can sig-
nificantly decrease levels of oxidative product, increase
activities of antioxidant enzymes, and reduce levels of
high-mobility group box 1 in serum and lung tissue, thus
improving the survival rate of mice with sepsis. However,
there are no reports combining fluid resuscitation and
hydrogen inhalation as treatment for septic shock. There-
fore, the present study was designed to investigate the
protective effects of combined eatly fluid resuscitation

(49

Boishidongs  WIG | www.wjgnet.com

Liu W et a/. Early fluid resuscitation and hydrogen inhalation

and 2% hydrogen on the lung and intestine in a lipopoly-

saccharide (LPS)-induced septic shock rat model.

MATERIALS AND METHODS

Animals and chemicals

Male Wistar rats weighing 180-200 g were used for the
study. They were obtained from the Laboratory Animal
Center (China Medical University, Shenyang, China).
LPS (I.-2880 from Escherichia coli serotype 055:B5) was
obtained from Sigma Chemical Co. (St. Louis, MO, Unit-
ed States). The *OH, myeloperoxidase (MPO), superoxi-
dase dismutase (SOD), and malonaldehyde (MDA) assay
kits were purchased from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). The interleukin (IL)-6,
IL-8, and tumor necrosis factor (INF)-o enzyme-linked
immunosorbent assay (ELISA) kits, rabbit polyclonal
anti-Bcl-2 and rabbit polyclonal anti-Fas were purchased
from Wuhan Boster Bio-engineering Limited Company

(Wuhan, China).

Experimental design

Sixty male Wistar rats were divided into four groups ran-
domly, 15 rats in each: control group (Group A); septic
shock group (Group B); early fluid resuscitation + septic
shock group (Group C); and early fluid resuscitation +
inhalation of 2% hydrogen + septic shock group (Group
D). Rats were anesthetized by intraperitoneal injection
of 10% chloral hydrate (300 mg/kg) and tracheally ven-
tilated using a Colombus ventilator (HX-300, TaiMeng
Technologies, China), with a respiratory frequency of
100 breaths/min and a tidal volume of 10 mL/kg The
inhaled gas used for Group D was a hydrogen-air mix-
ture (2% hydrogen in air), and the inhaled gas for other
groups was room air. Left common carotid artery was
cannulated to monitor the heart rate and mean arterial
pressure (MAP). The femoral vein was cannulated for
drug administration and fluid resuscitation. An electric
heater was used to maintain body temperature. Half an
hour after the rats reached a stable status, except for the
rats in Group A, LPS was administered at a dose of 15
mg/kg by slow intravenous injection (not less than 2 min)
to establish the septic shock rat model. Then, 0.2 mL
saline was used to ensure that the LPS remaining in the

syringe was completely injected[w]. Group A rats received

intravenous injections of the same volume of saline.
Fluid challenge (10 mL/kg per 15 min) was performed
when MAP or arterial blood flow decteased to 80% of
baseline values. If the percent change in pulse pressure >
13% with a persistent decrease in MAP or arterial blood
flow, the fluid challenge was repeated. Norepinephrine
was introduced when MAP remained low despite a nor-
mal percent change in pulse pressure (< 13%). Norepi-
nephrine concentration was either progressively increased
or decreased between 0.5 and 6 pg/kg.min, as needed, to
maintain the MAP at + 10% of baseline value'”. Vital
signs, fluid volume and the amount of norepinephrine

were also recorded.
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Preparation of lung tissues

The rats were sacrificed 2 h after the septic shock rat
model was established. Arterial blood (1 mL) was col-
lected for assessing the arterial blood gases. The heart
and lung were removed through a thoracotomy and the
dorsal lobe of the right lung was cut into three blocks (0.1
cm X 0.1 cm X 0.1 cm). The excess liquid of the first
block was drained by the filter paper, and wet weight (W)
was recorded. Then the same block was dried in a drying
oven at a temperature of 70 C for 24 h to measure dry
weight (D). The second block was fixed with 4% para-
formaldehyde at a temperature of 4 'C, and then, the
block was embedded in paraffin and sliced for hematoxy-
lin and eosin (HE) staining and immunohistochemical
study. The other lung tissue block was frozen at -70 C
for Western blotting analysis. The right hilum was ligat-
ed, and 2 mL of saline solution was used for the left lung
lavage, and about 3.0-3.6 mL of bronchial alveolar lavage
fluid (BALF) was collected. The BALF was centrifuged
at 1500 X g for 4 min, and the supernatant was collected
and stored at -20 C for inflammatory mediator analysis.

Preparation of small intestine tissues

The rats were sacrificed 2 h after the septic shock rat
model was established. Arterial blood (1 mL) was col-
lected for assessing the arterial blood gases. Another 4
mL arterial blood was centrifuged at 2000 rpm for 10
min, and the supernatant serum was collected and stored
at -20 'C. A laparotomy was performed, two small in-
testinal segments were resected from 10 cm distal to the
ligament of Treitz, and the intestinal segments were gen-
tly washed using saline rinse cooled to 4 ‘C. These two
small intestine segments (cut to 1 cm X 1 cm) were fixed
with 4% paraformaldehyde and 2.5% glutaraldehyde,
respectively. The other small intestine segments used for
assessing the oxidative stress were frozen at -70 C.

Determination of oxidative damage

Small intestinal tissues and lung tissues were homog-
enated, centrifuged at 12 000 X g for 20 min, and the
supernatant serum was collected. The OH, MDA, SOD,
and MPO activities were measured according to the ma-
nufacturer’s instructions (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China).

Measurement of serum diamine oxidase activity

The frozen serum was thawed on ice, and centrifuged at
1000 X g for 15 min at 4 'C. The serum diamine oxidase
(DAO) activity was detected with dianisidine developer,
and the serum DAO activity assay was performed accord-
ing to the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

HE staining of tissues

Both the small intestinal tissue and lung tissues were
fixed with 4% paraformaldehyde for more than 24 h.
After dehydrating and embedding, the tissues were cut
into 5 um slices. The slices were stained with HE. The
pathogenesis of lung injury and small intestinal mucosal

(49

Boishidengs  WIG | www.wjgnet.com

injury was observed under microscope. The intestinal
mucosal injury was evaluated by the Chiu scoring system.
The Chiu’s score was graded as: Grade 0: normal mu-
cosa; Grade 1: formation of subepithelial detachments
at the tip of the villi with capillary congestion; Grade 2:
subepithelial detachments exert a moderate amount of
upward push on the mucosal epithelium; Grade 3: large
subepithelial detachments exert a massive amount of up-
ward push on the mucosal epithelium along the villi and
a few denuded villus tips are observed; Grade 4: the villi
are denuded to the level of lamina propria and dilated
capillaries; Grade 5: presence of ulceration, disintegra-
tion of lamina propria, and hemorrhagem. Ten fields for
each sample were observed, and the average score was
recorded as the pathology score of the small intestinal
tissue.

Changes in the organelles of small intestine

The small intestine segments were fixed with 2.5% glutar-
aldehyde. After dehydration, the samples were embedded
in epoxy resins, and then were cut into ultrathin sections.
The changes in the organelles were observed under trans-
mission electron microscope.

Measurement of serum inflammatory mediators

The frozen serum was thawed on ice, and centrifuged
at 1000 X g for 15 min at 4 C. Levels of IL-6, IL-8 and
TNF-o were detected by ELISA according to the manu-
facturer’s instructions (Wuhan Boster Bio-engineering

Limited Company, Wuhan, China).

Immunohistochemical study

Tissue sections (slice thickness 3 um) were dried for 4 h
at 60 'C-65 'C, and then were deparaffinized and rehydrat-
ed. Sections were immersed in phosphate buffered saline
(PBS) three times (5 min/time). Then antigen retrieval
was performed followed by cooling at room tempera-
ture. The slides were immersed in PBS three times (5
min/time). After that, the sections were incubated with
methanol containing 3% hydrogen peroxide for 20 min,
and then were left at room temperature for 10 min fol-
lowed by washing with PBS three times (5 min/time).
The slides were blocked with normal goat serum solu-
tion at room temperature for 10 min, and the superflu-
ous serum surrounding slides was wiped off. After that,
the slides were incubated with primary antibody (50 pL)
at 4 'C overnight. After washing with PBS three times (5
min/time), sections were incubated in horseradish per-
oxidase-polymer goat anti-Ms/Rb immunoglobulin G at
room temperature for 20 min followed by rinsing in PBS
three times (5 min/time). The slides were developed with
3,3’-diaminobenzidine solution for about 3-5 min, rinsed
with tap water, and then counterstained with hematoxy-
lin. Acid alcohol solution (1%) was used for differentia-
tion for 1 s, followed by rinsing with tap water for 10-15
min. Finally, specimens were dehydrated and mounted,
and examined with a microscope equipped with an im-
age analysis system. Yellow or brownish-yellow staining
represents positive staining.
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Table 1 Comparison of blood gas and fluid volume among four groups (mean + SD)

Group pH MAP Heart PaO: PaCO: Lactate Fluid volumes Norepinephrine
value (mmHg) rate (mmHg) (mmHg) (mmol/L) (mL) (ug/kg per minute)
A 7.38+£0.12 101 +£8 240+13 93.9+223 38.65 +1.78 1.50 £ 0.34 0 0
B 6.89 +0.13" 37 +11° 65 + 20° 50.19 +3.78" 34.54 +1.89 6.98 +2.45" 0 0
C 7.21+0.15° 95 +10° 260 + 15° 62.34 +2.46° 35.09 +£2.01 437 £1.36° 12+3° 35+1.8°
D 7.32+0.17° 97 +11 255 +12 88.98 +3.17° 3649 +1.84 3.59 £1.53° 5+2° 0.8+0.3°

P < 0.05 vs Group A; P < 0.05 vs Group B; °P < 0.05 vs Group C. MAP: Mean arterial pressure.

Table 2 Comparison of wet/dry wight and redox indicator among four groups (mean + SD)

Group Wet/dry wight Inhibition of «OH MDA MPO SOD
(U/mg protein) (nmol/mg protein) (U/g wet tissue) (U/mg protein)
A 3.85+0.34 87.52 +3.45 2.98 + 0.64 1.69 £ 0.14 365.78 +£10.26
B 6.89 +0.23" 12.89 +1.52* 10.17 £1.12° 6.79 £1.02° 250.32 + 8.56"
C 6.96 + 0.25 13.14+2.24 9.56 £1.37 6.02+1.16 262.98 +5.47
D 4.62+0.27° 66.31 +2.98° 4.45 +1.13° 2.58 +0.21° 331.15 +9.64°

P < 0.05 vs Group A; P < 0.05 vs Group C. *OH: Hydroxyl radical; MDA: Malonaldehyde; MPO: Mmyeloperoxidase; SOD: Superoxide dismutase.

Western blotting analysis

Levels of Fas and Bcl2 proteins in lung tissue were quan-
tified by Western blotting as described previously with
some minor modifications'”. Briefly, about 10 mg frozen
lung tissue were immersed in the tissue lysates at a ratio
of 1:10 w/v, then submitted to ultrasound homogena-
tion for 1 min followed by centrifugation at 13 000 rpm
for 5 min at 4 C. The supernatant was collected, and to-
tal protein concentration was measured by the Bradford
method. About 15 pg total proteins was loaded in each
well and separated on 10% sodium dodecyl sulfate poly-
acrylamide gel electrophotesis for 1 h. After running, the
proteins were transferred onto the polyvinylidene difluo-
ride membranes (Millipore, United States). The mem-
branes were blocked with 5% fat-free milk, and then
were incubated with Tris-buffered-daline Tween20-con-
taining the primary antibodies (1:500 dilution) overnight
at 4 'C. After extensive washing, the second antibody was
added, and the immunocomplexes were then detected
using an enhanced chemiluminescence Western blotting
detection kit (GE, Healthcate). The relative densities of
the protein bands were analyzed using the Quantity One
software from Bio-Rad. Data were represented in relative
arbitrary units.

Statistical analysis

All the data analyses were carried out using the statisti-
cal analysis software SPSS 13.0 for Windows (SPSS Inc.,
Chicago, IL, United States). Data were presented as the
mean * SD. Significant differences between the groups
were analyzed by analysis of variance, and differences
were considered significant at P < 0.05.

RESULTS

Fluid volume and blood gas parameters
Compared with Group A, the pH, MAP, heart rate and
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oxygen partial pressure of Group B were significantly
decreased; however, a significant increase in lactate value
was observed (P < 0.05). The pH, MAP, heart rate and
oxygen partial pressure were increased obviously, and the
lactate value was clearly decreased in Group C as com-
pared with Group B. Furthermore, a significant increase
in pH value and oxygen partial pressure and decrease in
lactate value were also observed in Group D compared
with Group C (P < 0.05). There was no significant dif-
ference in MAP and heart rate between Group D and
Group C. Total fluid volume and the amount of norepi-
nephrine used in Group D were significantly less than in
Group C (P < 0.05). There was no significant difference
in partial pressure of carbon dioxide among the four
groups (P > 0.05; Table 1).

OH, MDA, MPO and SOD levels and lung W/D values

In Group B, the levels of OH, MDA, and MPO were
significantly increased, and the level of SOD was sig-
nificantly decreased compared with Group A (P < 0.05).
Compared with Group B, lower levels of OH, MDA
and MPO, and a higher level of SOD in Group C were
also observed, but there was no significant difference
between the two groups (P > 0.05). However, compared
with Group C, there were also significant decreases in the
levels of OH, MDA and MPO, and a significant increase
in the SOD level in Group D (P < 0.05). The lung W/D
value in Group B was significantly increased compared
with group A (P > 0.05), and a higher lung W/D value
was observed in Group C compared with Group B,
but there was no significant difference between the two
groups (P > 0.05). However, there was a significant de-
crease in the lung W/D value in Group D compated with
Group C (P < 0.05; Table 2).

HE staining of lung tissues
HE-stained lung tissue sections were observed under

January 28, 2013 | Volume 19 | Issue 4 |
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Figure 1 Hematoxylin and eosin staining of dorsal lobe of right lung tissue. A: Control group; B: Septic shock group; C: The early fluid resuscitation-treated
group; D: Combined early fluid resuscitation and 2% hydrogen inhalation-treated group. Lung tissues were fixed with 4% paraformaldehyde for more than 24 h. After
dehydrating and embedding, they were cut into 5 pum slices, and were stained with hematoxylin and eosin. The pathogenesis of lung injury was observed under a
microscope (original magnification x 200). Normal alveolar structure was found in Group A. In Group B, disorders of the alveolar structures, severe neutrophil infiltra-
tion in the alveoli and alveolar capillary congestion were observed. In Group C, the extent of neutrophil accumulation and the alveolar-capillary exudate were reduced
compared with Group B. However, significant decreases in alveolar damage were found in Group D, and there was significant improvement in alveolar edema com-
pared with Group C.

Table 3 Level of inflammatory mediators in the bronchial cyt°kine pr ofiles in Iung tissues

alveolar lavage fluid of four groups (mean + SD) Compared with Group A, significant increases in levels of
IL-6, IL-8 and TNF-a were found in Group B (P < 0.05).
Group  IL-6 (pg/mL) IL-8 (pg/mL) TNF-a (pg/mL) The expression of 1L-6, IL-8 and TNF-q was significantly
A 35.88 £3.12 24.29 £4.23 19.65 +1.78 decreased in Group C as compared with Group B. In ad-
B 446.89 +37.24" 411.19 +32.78" 158.54 +16.89" dition, the expression of 11.-6, I1-8 and TNF-q, was even
€ 387‘79131‘58: 347'3“29‘37: 104‘09”'18: lower in Group D than in Group C, and the difference
D 11832 +11.38 96.45 +10.25 47.58 +3.65 .
was significant (Table 3).
P < 0.05 vs Group A; P < 0.05 vs Group B; °P < 0.05 vs Group C. TNF-a:
Tumor necrosis factor-q; IL: Interleukin. Expression of Fas and Bcl2-immunoreactivity in lung
tissues

The positive expression of Fas and Bcl2 protein in lung
tissue was demonstrated by the presence of brown-yel-
low granules, mostly located in the nucleolus cytoplasm
(Figure 2). Most bronchial epithelial cells, alveolar epi-
thelial cells and inflammatory cells were Fas-positive

a light microscope. The normal alveolar structure was
found in Group A, and no hyperemia, neutrophil infiltra-
tion, and interstitial edema in the interstitium were ob-
served (Figure 1A). In Group B, disorders of the alveolar
structures, the collapse of alveoli, loss of integrity of the

alveolar wall, severe neutrophil infiltration in the alveoli, and Bel-positive cells, and Fas and Bcl2 were expressed
and alveolar capillary congestion were observed, and at low levels in normal lung tissue (Figure 2A and E).
the alveolar walls were thickened by edema (Figure 1B). The expression of Fas proteins was up-regulated, while
In Group C, the extent of neutrophil accumulation and the expression of Bcl2 proteins was down-regulated in
the alveolat-capillary exudate wete reduced compated Group B (Figure 2B and F) compared with Group A. In
with Group B, but thete was no significant improvement Group C, however, the expression of Fas proteins was
in alveolar edema (Figure 1C). Compared with Group down-regulated, and the expression of Bcl2 proteins was
B, significant decreases in alveolar damage were found up-regulated (Figure 2C and G) compared with Group
in Group D (Figure 1D), and there was significant im- B (P < 0.05). In addition, the lower expression of Fas
provement in alveolar edema compared with Group C. proteins and the higher expression of Bcl2 proteins were
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Figure 2 Immunohistochemical examples for Fas and Bcl2 in dorsal lobe of right lung tissue. A: Fas in control group; B: Fas in septic shock group; C: Fas
in early fluid resuscitation-treated group; D: Fas in early fluid resuscitation + 2% hydrogen inhalation-treated group; E: Bcl2 in control group; F: Bcl2 in septic shock
group; G: Bcl2 in early fluid resuscitation-treated group; H: Bcl2 in early fluid resuscitation + 2% hydrogen inhalation-treated group. Examples were examined under a
light microscope equipped with an image analysis system. Yellow or brownish-yellow staining represents positive staining. The expression of Fas proteins was up-reg-
ulated, while the expression of Bcl2 proteins was down-regulated in Group B compared with Group A. In Group C, however, the expression of Fas proteins was down-
regulated, and the expression of Bcl2 proteins was up-regulated compared with Group B. In addition, the lower expression of Fas proteins and the higher expression
of Bcl2 proteins were observed in Group D compared with Group C.

A C Average optical density D Average optical density
Fas — - 48 kKDa 351 b b 12 r b
3 I 1 L
B-actin — Fee——" — - 25 | a
' 0.8
GroupA GroupB  Group C Group D 2 L
B 0.6 | .
. 1.5
B-actin — — — — 04 |
1 [
N 05 | 0.2 +
B2 v . e W D I
1 1 1 O 1

GroupA GroupB Group C Group D Group A Group B Group C  Group D Group A Group B Group C Group D

Figure 3 Levels of Fas and Bcl2 proteins in dorsal lobe of right lung tissues quantified by Western blotting. 3-actin was used as a loading control. The rela-
tive Fas (A) and Bcl2 (B) protein levels of lung tissues from the four groups were expressed as arbitrary units after normalization with 3-actin (C: Fas; D: Bcl2). Data
were considered significant at °P < 0.05 and highly significant at °P < 0.01 vs the control group. The level of Fas protein was up-regulated, while the level of Bcl2 pro-
tein was down-regulated in Group B vs Group A. However, in Group C the level of Fas proteins was down-regulated, and the level of Bcl2 proteins was up-regulated
vs Group B (P < 0.01). In addition, the lower level of Fas protein and the higher level of Bcl2 protein was found in Group D compared with Group C (P < 0.05).

observed in Group D (Figure 2D and H) compared with
Group C (P < 0.05; Table 4).

Levels of Fas and Bcl2 protein in lung tissues

The level of Fas protein was up-regulated, while the
level of Bcl2 protein was down-regulated in Group B
compared with Group A (P < 0.01). However, in Group
C, level of Fas protein was down-regulated, and the level
of Bcl2 protein was up-regulated compared with Group

(4 9
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B (P < 0.01; Figure 3). In addition, a lower level of Fas
protein and a higher level of Bcl2 protein were found in
Group D compared with Group C (P < 0.05; Figure 3).

Levels of DAO in intestinal tissues

The level of DAO in Group B was significantly increased
compared with Group A (P < 0.05), and the level of
DAO was even higher in Group C (P < 0.05). But the
level of DAO in Group D was significantly decreased

January 28, 2013 | Volume 19 | Issue 4 |
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Table 4 Comparison of average optical density and the posi-

tive area ratio of Fas and Bcl2 among the four groups (7 =
15, mean + SD)

Table 5 Levels of serum diamine oxidase and inflammatory

mediators in the bronchial alveolar lavage fluid of four groups
(mean + SD)

Group Average optical density (107) Positive area ratio (%)

Group DAO (kU/L) IL-6 (pg/mL) IL-8 (pg/mL) TNF-o (pg/mL)

Fas Bcl2 Fas Bcl2
A 0.802+0.221 1.260+0.128 2.737+0.881 11.012+0.792
B 1.549 £ 0.343" 0.638 +0.072" 6.441+0.331" 4.121 +0.313"
C 1.329+£0.311° 1.103+£0.099° 4.876+0.887°  4.376 +0.250°
D

1.255+0.400° 1.141 £0.043° 3.247+0.621° 10.432+0.791°

P < 0.05 vs Group A; °P < 0.05 vs Group B; °P < 0.05 vs Group C.

Table 6 Chiu’s score and levels of malonaldehyd and myelo-

peroxidase of small intestine (mean + SD)

Group Chiu’s score MDA MPO
(nmol/mg protein) (U/g wet tissue)
A 0.37 +£0.33 2.09+0.33 1.55+0.12
B 3.30+0.89° 6.19 +1.38" 6.54 +0.99°
C 3.79+1.12° 6.89 +1.26° 7.05 +1.01°
D 2.12 +0.67°° 2.98 +0.45% 2.32 +0.34%

P < 0.05 vs Group A; P < 0.05 vs Group B; P < 0.05 vs Group C. MDA:
Malonaldehyd; MPO: Myeloperoxidase.

compared with both Group B and Group C (P < 0.05;
Table 5).

HE staining of small intestinal tissues

In Group A, the structure of the small intestinal mucosa
was intact, and normal intestinal mucosa was observed
(Figure 4A). In Group B, glands of the small intestine
were significantly damaged, and severe edema of mu-
cosal villi, neutrophil infiltration, epithelial cell slough-
ing off, and structural changes in the epithelium of the
small intestine and even small bowel ulceration were ob-
served (Figure 4B). The damage mentioned above was
far more severe in Group C (Figure 4C). But in Group D,
the damage was significantly reduced (Figure 4D). The
Chiu’s score of Group B was significantly higher than
Group A (P < 0.05), and the Chiu’s score of Group C
was even higher compared with Group B. But the Chiu’s
score of Group D was significantly decreased compared

with Group B and Group C (Table 6).

Transmission electron microscopic analysis of small
intestinal samples

In Group A, normal microvilli on the surface of epi-
thelial cells of the intestine were observed. The mito-
chondsria, lysosome and rough endoplasmic reticulum
maintained normal morphology (Figure 5A). In Group
B, disarrangement of the epithelial surface and intestinal
microvillus reduction were observed. Mitochondria pres-
ent in the cytoplasm also showed vacuolization, and the
cristae of mitochondria were reduced. Heterochroma-
tin nuclei showed margination phenomena, membrane
rupture, and widened nuclear gap (Figure 5B). The mi-
crovilli on the surface of epithelial cells of the intestine
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A 432+0.33 5038 +3.24 35.93 +4.37 25.32+£2.18
B 6.54+0.68" 478.33+30.78" 458.19+31.32" 167.41+14.47°
C 6.89+0.77° 394.21+28.15° 395.34 +28.46° 121.05+8.01°
D 5.14 +£044% 14526 +12.33° 123.12+10.23° 36.27 +3.54°

P < 0.05 vs Group A; P < 0.05 vs Group B; °P < 0.05 vs Group C. TNF-a:
Tumor necrosis factor-a; IL: Interleukin; DAO: Diamine oxidase.

were sparse in Group C; there was obvious reduction of
the cristae of mitochondria, severe vacuolization of mi-
tochondria and an abundance of marginated heterochro-
matin nuclei. The amount of rough endoplasmic reticu-
lum was reduced, and more severe rough endoplasmic
reticulum swelling and expansion were observed (Figure
5C). In Group D, the microvilli were missing to a small
extent, and the heterochromatin nuclei showed only mild
margination (Figure 5D).

Levels of MDA and SOD in small intestinal tissues

The levels of MDA and SOD in Group B were signifi-
cantly increased compared with Group A (P < 0.05). Lev-
els of MDA and SOD were higher in Group C than in
Group B. In Group D, MDA and SOD were significantly
decreased compared with both Group B and Group C
(Table 6).

Cytokine profiles in small intestinal tissues

Levels of IL-6, IL-8 and TNF-q, were significantly in-
creased in Group B compared with Group A (P < 0.05).
The expression of IL-6, IL-8 and TNF-o was signifi-
cantly lower in Group C than in group B. In addition,
the expression of 11.-6, IL.-8 and TNF-q in Group D
was even lower compared with Group C, and the differ-
ence was significant (P < 0.05; Table 5).

DISCUSSION

In the present study, we investigated the effects of com-
bined eatly fluid resuscitation and 2% hydrogen on the
lung and small intestine in a LPS-induced septic shock
rat model. Our study showed that early fluid resuscitation
and inhalation of 2% hydrogen could decrease the oxi-
dative damage and inhibit the over-expression of inflam-
matory factors (IL-6, IL-8 and TNF-q) in the lung tissue
of the septic shock rats. This treatment could also down-
regulate the expression of proapoptotic protein Fas, and
up-regulate the expression of anti-apoptotic protein Bcl2
in the lung tissue. These data suggest that the application
of combined eatly fluid resuscitation and inhalation of
2% hydrogen may protect the lung from septic shock
damage by inhibiting the inflammatory reaction and
apoptosis in comparison with traditional fluid resuscita-
tion alone. Eatly fluid resuscitation and inhalation of 2%
hydrogen not only decreased the oxidative damage and
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Figure 4 Hematoxylin and eosin staining of small intestine tissue. A: Control group; B: Septic shock group; C: Early fluid resuscitation-treated group; D: Early
fluid resuscitation + 2% hydrogen inhalation-treated group. Small intestinal tissues were fixed with 4% paraformaldehyde for more than 24 h. After dehydrating and
embedding, they were cut into 5 um slices, and were stained with hematoxylin and eosin. The pathogenesis of small intestine injury was observed under a light mi-
croscope (original magnification x 200). In Group A, normal intestinal mucosa was observed. In Group B, glands of small intestine were significantly damaged, and
severe edema of mucosal villi, neutrophil infiltration, epithelial cell sloughing off, and even small bowel ulceration were observed. The damage mentioned above was
far more severe in Group C. But in Group D, the damage was significantly reduced.

Figure 5 Changes in the organelles of small intestinal tissues under transmission electron microscope. A: Control group; B: Septic shock group; C: Early fluid
resuscitation-treated group; D: Early fluid resuscitation + 2% hydrogen inhalation-treated group. The changes in the organelles were observed under transmission
electron microscope. In Group A, normal microvilli on the surface of epithelial cells of the intestine were observed. In Group B, intestinal microvillus reduction was ob-
served. Mitochondria showed vacuolization and heterochromatin nuclei showed margination phenomena. The microvilli on the surface of epithelial cells of the intestine
were sparse in Group C, and reduction of the cristae of mitochondria, an abundance of marginated heterochromatin nuclei, and severe rough endoplasmic reticulum
swelling and expansion were observed. In Group D, the microvilli were missing to a small extent, and the heterochromatin nuclei showed only mild margination.
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the levels of IL-6, IL-8 and TNF-a in plasma, but also
protected the intestinal mucosa from mechanical injury.

Effects of combined early fluid resuscitation and
hydrogen inhalation on lung injury in a LPS-induced
septic shock rat model

Previous studies have indicated that MPO is a peroxi-
dase enzyme released by activated polymorphonuclear
neutrophils, which can be used as an indicator of the
level of tissue neutrophils. MDA is one of the toxic
metabolites of ROS induced lipid peroxidation, and
SOD is one of the most important free radical scaveng-
ing enzymes. Levels of MDA and SOD can reflect the
extent of oxidative stress. In the present study, the levels
of MDA, SOD and MPO wete used as an indicator for
oxidative stress”"”. The results showed that the levels
of MDA and MPO were significantly increased, how-
ever, the level of SOD was significantly decreased in the
septic shock rats, and severe neutrophil infiltrates were
observed in the alveoli. These data suggest that changes
in the lung oxidant-antioxidant status may be associated
with lung injury in septic shock rats. There was no obvi-
ous improvement in oxidative stress in the traditional
fluid resuscitation-treated group compared with the sep-
tic shock group, but there was significant improvement
in the indicators above in the early fluid resuscitation and
inhalation of 2% hydrogen treatment group. Early fluid
resuscitation and inhalation of 2% hydrogen attenuated
septic shock-induced organ injury, and decreased neu-
trophil infiltrate in the alveoli. Significant improvements
in alveolar edema and reduced alveolar damage were also
observed. Previous studies have indicated that hydrogen,
as a selective antioxidant with a therapeutic antioxidant
activity, can easily pass through the cell membrane and
reach the organelles[m’m. Hydrogen can effectively pro-
tect against organ damage induced by selectively clearing
*OH. These findings indicate that 2% hydrogen may
selectively reduce *OH and provide a beneficial effect on
septic shock.

Amplification of inflammatory responses and cell
apoptosis also play an important role in the pathogen-
esis of sepsis-induced acute lung injury (ALD"" 1n
the present study, the levels of IL-6, IL-8 and TNF-qa in
BALF were significantly increased in the LPS-induced
ALI rats compared with the control group. Our data
showed that the early fluid resuscitation and inhalation
of 2% hydrogen treatment reduced the levels of IL-0,
IL-8 and TNF-q in BALF in comparison with the tradi-
tional fluid resuscitation-treated group, and these results
are consistent with the previous study!". In the process
of sepsis-induced ALI the expression of Fas protein in
the lung epithelial cell was up-regulated, and blocking
FAS-mediated apoptosis could reduce the LSP-induced
lung injurylzoj. As one of the most important anti-apop-
totic factors, Bcl-2 plays an important role in regulat-
ing the progress of apoptosis, and it is considered as a
cytoprotective factor™. In the present study, decreases
in lung cell apoptosis were observed in the early fluid
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resuscitation-treated group, and further decreases in lung
cell apoptosis were observed in the early fluid resusci-
tation and inhalation of 2% hydrogen treated group.
These results demonstrated that co-treatment could
down-regulate the levels of Fas protein and up-regulate
the levels of Bcl2 protein, which may inhibit ALI by in-
ducing apoptosis, and may protect lung function.

Effects of combined early fluid resuscitation and
inhalation of 2% hydrogen on small intestine in a
LPS-induced septic shock rat model
Clinical observations and animal experiments have shown
that the gastrointestinal tract is one of the most impor-
tant target organs during septic shock. In early shock,
blood flow in the intestinal wall is significantly decreased
because of the redistribution of blood, and intestinal
mucosal barrier dysfunction is induced by hypoxia and
ischemia. Previous studies show that intestinal mucosal
edema and bacterial translocation are closely related to
the occurrence of MODS™. In the present study, bowel
mucosal structural changes were observed in the septic
shock rats, including significant damage of the small
intestine, severe edema of mucosal villi, sloughing off
of epithelial cells, structural changes in the epithelium
of the small intestine and even small bowel ulceration.
Serum DAO activity, which was used as a marker of in-
testinal integrity, was significantly increased™. All these
indicators suggest that the intestinal mucosal mechanical
barrier is severely damaged during septic shock. Early
fluid resuscitation treatment alone was not effective in
reducing pathological changes of the small intestine; on
the contrary, pathological changes were more severe,
including more severe bowel wall edema, higher Chiu’s
score, and higher level of serum DAO activity in the
early fluid resuscitation-treated group compared with the
septic shock group. But 2% hydrogen gas treatment sig-
nificantly reduced the pathological changes of the small
intestine, indicating that early fluid resuscitation and in-
halation of 2% hydrogen could protect the intestinal mu-
cosal mechanical barrier, inhibit bacterial translocation,
and then effectively prevent enterogenous sepsis, and
protect the function of other organs in the body™**,
Increased endothelial cell ischemia and hypoxia were
observed during septic shock. The endothelial cells could
release large amounts of cytokine and chemokine, and
induce large amounts of neutrophil aggregation. Dur-
ing the removal of harmful pathogens, large amounts of
oxygen free radical, which increase the intestinal damage,
were released”™. After fluid resuscitation treatment, large
amounts of oxygen free radical were generated in the
course of ischemia and reperfusion injury. Thus, oxygen
free radicals were considered as one of the major causes
of intestinal damage during septic shock. Our data indi-
cate that oxygen free radicals were involved in the severe
intestinal mucosal damage, and pathological changes
wetre mote severe after fluid resuscitation treatment.
Early fluid resuscitation and inhalation of 2% hydrogen
could significantly decrease the level of MDA and MPO,
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and mitigate the oxidative damage, indicating that 2% hy-
drogen may selectively reduce *OH, reducing ischemia/
reperfusion-induced organ damage.

Intestinal mucosal injury can lead to the release of in-
flammatory mediators which play an important role in the
process of shock-induced intestinal tissue injurym. The
inflammatory mediators were one of the initiation fac-
tors of MODS, and could worsen organ dysfunction”.
During the shock period, the intestinal tract is the main
organ to produce TNF-g™. Release of TNF-¢ increases
chemotaxis, aggregation and adhesion to endothelial cells
of neutrophils. Then more inflammatory mediators such
as 11.-6 and I1.-8 are also released, leading to aggravated
intestinal mucosal injurym. In the present study, the lev-
els of TNF-q, IL-6 and 11.-8 in serum were significantly
increased in septic shock rats, but the levels of TNF-q,
IL-6 and IL-8 in serum were decreased after early fluid
resuscitation treatment, while early fluid resuscitation
and inhalation of 2% hydrogen gas further decreased the
levels of TNF-q, 11.-6 and 11.-8 in serum compared with
early fluid resuscitation only. These data demonstrated
that the association of eatly fluid resuscitation and inha-
lation of 2% hydrogen gas may protect small intestine
function by reducing inflammatory mediators.

In summary, combined early fluid resuscitation and
inhalation of 2% hydrogen is beneficial for septic shock
and septic shock-associated lung or small intestine injury,
which is associated with a decrease of oxidative stress and
inhibition of the inflammatory response. We conclude
that combined early fluid resuscitation and inhalation of
2% hydrogen may be an effective therapeutic strategy for
ALI and MODS in patients with septic shock.

COMMENTS

Background

Sepsis shock is a common complication of infection, severe trauma, and major
operation in patients. However, the effective therapy method needs to be de-
veloped.

Research frontiers

Early fluid resuscitation has been demonstrated to have some protective ef-
fects on the sepsis shock -induced acute lung injury, but the effective is not
significant. Recent studies indicate that hydrogen inhalation can significantly
decrease the oxidative stress in septic animal model. The objective of this study
is to explore the effects of combined early fluid resuscitation and hydrogen in-
halation on septic shock induced lung and intestine injuries.

Innovations and breakthroughs

This is the first study to report that combined early fluid resuscitation and hy-
drogen inhalation exerts a potency to effectively attenuate lung and intestine
injuries.

Applications

The paper provides the experiment basis for the clinical application of early fluid
resuscitation and hydrogen inhalation to prevent sepsis induced lung and intes-
tine injury.

Terminology

Sepsis shock is a common complication of infection, severe trauma, and major
operation in patients. Sepsis shock leads to severe, hypoxia, and reperfusion
injury of lung and intestine ischemia. The inflammatory factors in these tissues
will be activated and may consequently develop the multiple organ dysfunction
syndrome, which is associated with high morbidity and mortality rates. Early
fluid resuscitation and hydrogen have the potential to clear these inflammatory
factors.
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Peer review

This study shows that combined early fluid resuscitation and hydrogen inhala-
tion can significantly decrease septic shock induced lung and intestine injuries
compared with early fluid resuscitation alone. The study is innovative and with
potential therapeutic interest.
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