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Abstract

AIM: To determine whether the carbon monoxide
(CO)-releasing molecules (CORM)-liberated CO sup-
press inflammatory responses in the small intestine of
septic mice.

METHODS: The C57BL/6 mice (male, n = 36; weight
20 = 2 g) were assigned to four groups in three re-
spective experiments. Sepsis in mice was induced by
cecal ligation and puncture (CLP) (24 h). Tricarbonyl-
dichlororuthenium (1I') dimer (CORM-2) (8 mg/kg, /.v.)
was administrated immediately after induction of CLP.
The levels of inflammatory cytokines [interleukin-18
(IL-1B) and tumor necrosis factor-a. (TNF-a)] in tis-
sue homogenates were measured with enzyme-linked
immunosorbent assay. The levels of malondialdehyde
(MDA) in the tissues were determined. The levels of
nitric oxide (NO) in tissue homogenate were measured
and the expression levels of intercellular adhesion mol-
ecule 1 (ICAM-1) and inducible nitric oxide synthase
(iNOS) in the small intestine were also assessed. NO
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and IL-8 levels in the supernatants were determined
after the human adenocarcinoma cell line Caco-2 was
stimulated by lipopolysaccharide (LPS) (10 g/mL) for
4 h in vitro.

RESULTS: At 24 h after CLP, histological analysis
showed that the ileum and jejunum from CLP mice in-
duced severe edema and sloughing of the villous tips,
as well as infiltration of inflammatory cells into the mu-
cosa. Semi-quantitative analysis of histological samples
of ileum and jejunum showed that granulocyte infil-
tration in the septic mice was significantly increased
compared to that in the sham group. Administration of
CORM-2 significantly decreased granulocyte infiltration.
At 24 h after CLP, the tissue MDA levels in the mid-
ileum and mid-jejunum significantly increased com-
pared to the sham animals (103.68 + 23.88 nmol/mL
vs 39.66 = 8.23 nmol/mL, 89.66 £ 9.98 nmol/mL vs
32.32 £ 7.43 nmol/mL, P < 0.01). In vitro administra-
tion of CORM-2, tissue MDA levels were significantly
decreased (50.65 + 11.46 nmol/mL, 59.32 + 6.62
nmol/mL, P < 0.05). Meanwhile, the tissue IL-1p and
TNF-a levels in the mid-ileum significantly increased
compared to the sham animals (6.66 £ 1.09 pg/mL vs
1.67 + 0.45 pg/mL, 19.34 + 3.99 pg/mL vs 3.98 + 0.87
pg/mL, P < 0.01). In vitro administration of CORM-2,
tissue IL-1B and TNF-a levels were significantly de-
creased (3.87 = 1.08 pg/mL, 10.45 £ 2.48 pg/mL, P <
0.05). The levels of NO in mid-ileum and mid-jejunum
tissue homogenate were also decreased (14.69 +
2.45 nmol/mL vs 24.36 + 2.97 nmol/mL, 18.47 + 2.47
nmol/mL vs 27.33 + 3.87 nmol/mL, P < 0.05). The ex-
pression of iINOS and ICAM-1 in the mid-ileum of septic
mice at 24 h after CLP induction significantly increased
compared to the sham animals. /n vitro administration
of CORM-2, expression of iNOS and ICAM-1 were sig-
nificantly decreased. In parallel, the levels of NO and
IL-8 in the supernatants of Caco-2 stimulated by LPS
was markedly decreased in CORM-2-treated Caco-2
cells (2.22 + 0.12 nmol/mL vs 6.25 = 1.69 nmol/mL,
24.97 + 3.01 pg/mL vs 49.45 + 5.11 pg/mL, P < 0.05).

October 28, 2012 | Volume 18 | Issue 40 |



Wang X et a/. CO attenuates inflammation in the gut of septic mice

CONCLUSION: CORM-released CO attenuates the
inflammatory cytokine production (IL-18 and TNF-a),
and suppress the oxidative stress in the small intestine
during sepsis by interfering with protein expression of
ICAM-1 and iNOS.
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INTRODUCTION

Sepsis is a complex clinical syndrome resulting from a
harmful host inflammatory response to infection. De-
spite advancements in understanding the pathophysiol-
ogy of sepsis, clinical outcomes are variable and the
mortality rate remains high among the patients“]. Cecal
ligation and puncture (CLP) may induce the activation
of an inflammatory cascade, leading to sepsis and multi-
ple organ failure™. Some reports have indicated that the
inflammatory response syndrome, which contributes to
oxidative cell/tissue damage, might frequently be accom-
panied by leukocyte sequestration in many important
organ systems in the body". The increase of production
of pro-inflammatory mediators such as interleukin (IL)-
1B and tumor necrosis factor-o (TNF-qy) is closely as-
sociated with activation of leukocytes and macrophages
which were sequestrated in the tissue™’. Leukocyte se-
questration and its subsequent infiltration in organ tissue
can cause leukocyte activation and contribute to vascular
damage and the development of systemic inflammatory
reaction. As the prerequisite, activation of leukocytes
and endothelial cells results in aggregation of leukocytes,
platelets and erythrocytes 7 vitro. This may favor dissem-
inated intravasal coagulation and further multiple organ
failure.

It has been shown that endogenous carbon mon-
oxide (CO), a bi-product of inducible heme oxygenase
(HO-1) can modulates inflammation. Recent studies
suggest that exogenously administered CO inhibits lipo-
polysaccharide (LPS)-induced production of cytokines
both 7z vivo and in vitro, and consequently exhibits an
important cytoprotective function and anti-inflammatory
properties which benefit for the resolution of acute in-
flammation'”.

Recently, transitional metal carbonyls have been iden-
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tified as potential CO-releasing molecules (CORMs)
with the potential to facilitate the pharmaceutical use of
CO by delivering it to tissues and organsm. Our previous
studies™ " firstly confirmed that CORM-released CO
attenuated leukocytes sequestration in the liver, lung and
small intestine of burned mice by interfering with nucle-
ar factor-kB (NF-kB) activation, protein expression of
intercellular adhesion molecule-1 ICAM-1) and there-
fore suppressing endothelial cells pro-adhesive pheno-
type. However, to date, little is known if CORM-released
CO can down-regulate the inflammatory production and
oxidative stress in the small intestine of the septic mice.
This study aims to investigate the protective effects and
the underlying mechanisms of tricarbonyldichlororuthe-
nium (II) dimer (CORM-2), one of the novel groups of
CORMs, on the suppression of inflammatory cytokine
production and malondialdehyde (MDA) levels as an in-
dicator of oxidative stress index in the small intestine of
septic mice induced by CLP.

MATERIALS AND METHODS

Materials

CORM-2 was obtained from Sigma Aldrich and solu-
bilized in dimethyl sulfoxide (DMSO) to obtain a 10
mmol/L stock. Inactive form of the compound (nega-
tive control) was also used in some experiments and it
was prepared as follows: CORM-2 was "inactivated"
(iCORM-2) by adding the compound to DMSO and
kept for 18 h at 37 'C in a 5% CO2 humidified atmo-
sphere to liberate CO. The iCORM-2 solution was finally
bubbled with nitrogen to remove the residual CO pres-
ent in the solution. Cell culture reagents were obtained
from Gibco (Grand Island, NY) and culture supplies
from Corning (Corning, NY) and Falcon (Lincoln Park,
NJ). Polyclonal antibody against ICAM-1 and inducible
nitric oxide synthase (INOS) was purchased from Santa
Cruz Biotechnology Inc., United States. All the other
chemicals were of reagent grade and obtained from
Sigma unless otherwise stated.

Animal and CLP protocol

The C57BL/6 mice (male, » = 36; body weight 20 *
2 g) were fed a standard laboratory diet and water ad
libitum. Mice were assigned to four groups in three re-
spective experiments. In each experiment, mice in sham
group (7 = 9) were underwent sham procedure, whereas
mice in CLP group (# = 9) received cecal ligation and
puncture, mice in CORM-2 group (# = 9) and iCORM
group (7 = 9) subjected to the same injury with im-
mediate administration of CORM-2 (8 mg/kg, i2) and
iCORM-2 (8 mg/kg, ir), respectively. The concentra-
tion of CORM-2 used in the present study was based
on a previous report in of the use of this compound in
mice' and the preliminary experiments in our lab™".
The experimental protocol was approved by the Council
on Animal Care at Jiangsu University on the Protection
and the Welfare of Animals and followed the National
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Institutes of Health guidelines for the care and use of
experimental animals.

Mice were anesthetized with 2% isoflurane in oxy-
gen via a facemask. A 2-cm midline incision was made
through the abdominal wall; the cecum was identified
and ligated with a 3-0 silk tie 1 cm from the tip. Care was
taken not to cause bowel obstruction. A single puncture
of the cecal wall was performed with a 20-gauge needle.
The cecum was lightly squeezed to express a small
amount of stool from the puncture site to assure a full-
thickness perforation. Great care was taken to preserve
the continuity of flow between the small and large bow-
els. The cecum was returned to the abdominal cavity,
and the incision was closed with surgiclips. Sham mice
underwent midline laparotomy under anesthesia; the ce-
cum was exteriorized and returned to the abdomen, and
the incision was closed with surgiclips. The animals were
sacrificed at 24 h after experimental manipulation.

Histologic studies

The mid-ileum and mid-jejunum specimens harvested
from different groups of animals were immersed in 4%
formaldehyde solution at 24 h after CLP. The tissue was
embedded in paraffin wax, serially sectioned, and stained
with hematoxylin-eosin. Tissue morphologic character-
istics were evaluated under light microscope. Ileum and
jejunum tissues were evaluated for density of granulo-
cytes and degree of hydropic degeneration. Tissues were
evaluated in a semi-quantitatively manner by two experi-
enced independent examiners who were blinded to the
experimental groups. A scoring system was used for each
item using 0 up to 2 points for the different states of or-
gan damage (with 2 being most granulocytes, edema and
degeneration). Afterwards, the mean * SE of each item
was calculated.

Preparation of tissue homogenates

The intestine was exposed at 24 h after CLP. Retaining
approximately the first 5 cm-long proximal segment of
intestine, 3 cm-long segments of jejunum and ileum
were removed, cleaned, and snap-frozen in liquid nitro-
gen. The samples were stored at -70 ‘C. Equal weights
(100 mg wet weight) of intestine from vatrious groups
were suspended in 1 mL phosphate buffered saline and
sonicated on ice (30 cycles, twice for 30 )™, Homog-
enates were cleared by centrifuging at 12 000 »/min at
4 °C, and the supernatants were stored at -70 C. Protein
levels in the homogenates were determined using the
Bio-Rad (Hercules, CA) assay kit.

Measurement of IL-13 and TNF-«

The levels of the inflammatory cytokines IL-1f3 and
TNF-q, in ileum and jejunum tissue homogenates were
measured using enzyme-linked immunosorbent assay
kits (R and D Systems, Minneapolis, MN) following the
manufacturers instructions.

Cell culture and stimulation
Caco-2, the human adenocarcinoma cell line, was obtained
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from American Tissue Culture Collection (ATCC, Rock-
ville, MD, United States). The cells were passaged and
grown in Dulbecco’s modified Egle’s medium (DMEM)
supplemented with 1% nonessential amino acids, 10% fe-
tal calf serum, 1 mg/L streptomycin, and 1000 U/L peni-
cillin (Complete DMEM). Experiments were performed
with cell monolayers that were in culture for 21-25 d. Cells
were seeded in the collagen-coated 48-well plates with the
same cell density. Medium was replaced every day when
each experiment began. Cells were cultured at 37 'C, 5%
COg2, and 90% related humidity. The supernatants of
Caco-2 cell stimulated by LPS (10 g/mL) for 4 h were col-
lected for nitric oxide (NO) and IL-8 levels measurement.

Measurement of NO in tissue homogenate and
supernatants of Caco-2 cells

NO was measured as described previously[“]. Briefly,
100 L of supernatants was removed and incubated with
100 L of Griess reagent (10 g/L sulfanilamide and 1
g/L N-1-naphthylethylenediamine dihydrochloride in 25
mL/L phosphoric acid) in a 96-well plate. The plate was
incubated for 10 min at room temperature. Nitrite pro-
duction was quantified spectrophotometrically using an
automated colorimetric procedure. Absorbance at 540
nm was measured using a microplate reader (Bio-Tek,
United States). The nitrite concentration was calculated
by comparing samples with standard solutions of sodi-
um nitrite produced in the culture medium. All samples
were assayed in triplicate.

MDA assay

MDA formation was utilized as a lipoperoxidation in-
dex. The levels of MDA in the small intestines were
determined as described by Sun ez al". Briefly, tissue
was homogenized in 1.15% KCI solution (1:10 volume).
An aliquot (0.1 mL) of the homogenate was added to a
reaction mixture [200 L of 8.1% SDS, 1500 L of 20%
acetic acid (pH 3.5), 1500 L of 0.8% thiobarbituric acid,
and 700 L distilled water]. Samples were then boiled for
1 h at 95 °C and centrifuged at 3000 X g for 10 min. The
absorbance of the supernatant was measured by spec-
trophotometry at 532 nm (Jenway, Mod. 6300, Dunmow,
Essex, United Kingdom). Data were expressed in nmol
per milligram of wet tissue.

Myeloperoxidase activity

Myeloperoxidase (MPO) activity was measured accord-
ing to the established method™”. Briefly, tissue was
homogenized in 0.5 mL of 50 mmol/L potassium phos-
phate buffer (pH 7.4) and centrifuged at 10 000 X g at
4 °C for 30 min. The remaining pellet was resuspended
in 0.5 mL of 50 mmol/L potassium buffer at pH 6.0
with 0.5% hexadecyltrimethylammonium bromide, soni-
cated on ice, and then centrifuged at 12 000 X g at 4 C
for 10 min. Supernatants were then assayed at a 1:20
dilution in reaction buffer containing 50 mmol/L phos-
phate buffer, 530 mmol/L o-dianisidine, and 20 mmol/L
H:0:2 solution. One unit of enzyme activity was defined
as the amount of MPO that caused a change in absor-
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Granulocyte infiltration Hydropic degeneration

lleum Jejunum lleum Jejunum
Sham 0.50 £ 0.12 0.51+0.11 0 0
CLP 1.90 046" 1.67+0.12° 1.79+034° 1.68+0.28"
CLP+CORM 0.98+0.12° 0.79+0.34° 1.67+0.44 1.72 £ 0.36
CLP +iCORM 1.88+0.30° 1.61+0.17° 1.76+0.67"° 1.62+0.45°

For granulocyte infiltration: 0, no granulocyte infiltration; 1, moderate
granulocyte infiltration; 2, severe granulocyte infiltration. For hydropic de-
generation: 0, no hydropic degeneration; 1, moderate hydropic degenera-
tion; 2, severe hydropic degeneration. Values are presented as mean + SE.
°P < 0.05, °P < 0.01 vs sham group; °P < 0.05 vs cecal ligation and perfora-
tion (CLP) group. CORM: Carbon monoxide-releasing molecule; iCORM:
Inactivated-carbon monoxide-releasing molecule.

bance measured at 460 nm for 3 min. MPO activity was
expressed as U/g tissue.

Western blot analysis

Tissues were homogenized for extract preparations in
ice-cold mild lysis buffer, containing 1% Nonidet P-40,
0.15 mol/L NaCl, 0.01 mol/L sodium phosphate (pH
7.2), 2 mmol/L ethylene diamine tetraacetic acid, 50
mmol/L sodium fluoride, 0.2 mmol/L sodium vanadate,
and 1 g/mL of aprotinin. The tissue homogenates were
centrifuged at 20 000 X g for 15 min and supernatants
were collected. Sodium dodecyl sulphate-polyacrylamide
gel electrophoresis was performed on an equivalent
amount of protein samples using precast 7% resolv-
ing/4% stacking Tris-HCI gels (Bio-Rad, Hercules, CA).
Separated proteins were then transferred to polyvinyli-
dene difluoride membranes (Amersham Pharmacia Bio-
tech, Inc., Piscataway, NJ). Membranes were blocked in
5% nonfat milk in TBS buffer containing 0.1% Tween
20 (IBST) for 1 h at room temperature. Blocked mem-
branes were incubated in primary antibody specific for
mouse iNOS and ICAM-1 at a concentration of 1:2000
and 1:5000, respectively in TBST overnight at 4 “C. Then
the membranes were washed and probed with horserad-
ish peroxidase-conjugated secondary antibody (Amer-
sham Pharmacia Biotech, Inc., Piscataway, NJ) for 1 h
at room temperature. Chemiluminescence detection was
performed with the Amersham enhanced chemilumines-
cence detection kit according to the manufacturer’s in-
structions. To ensure a similar amount of protein in each
sample, the membranes were "stripped off", reprobed
with actin, developed with horseradish peroxidase-con-
jugated secondary antibody, and visualized by enhanced
chemiluminescence.

Statistical analysis

All the values were presented as mean + SE. Statistical
analysis was performed using the analysis of variance
and Student’s ~test for the comparisons. P < 0.05 was
considered to be statistically significant.
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RESULTS
Histology

Histological analysis showed that the ileum and jejunum
from sham mice had the normal architecture of the in-
testinal epithelium and wall, while CLP induced severe
edema and sloughing of the villous tips, as well as in-
filtration of inflammatory cells into the mucosa. Semi-
quantitative analysis of histological samples of ileum and
jejunum showed that the granulocyte infiltration in the
septic mice was significantly increased compared with
that in the sham group. Administration of CORM-2 (8
mg/kg, 7.r), significantly decreased granulocyte infiltra-
tion. However, CORM-2 did not improve the hydropic
degeneration induced by sepsis in either the ileum or
jejunum (Figure 1 and Table 1).

Effect of CORM-2 on MPO activity in small intestine of
septic mice

To determine whether the CLP-induced increase in poly-
morphonuclear neutrophil (PMN) accumulation in the
small intestine was effectively prevented by CORM-2,
the activity of MPO, an enzyme in azurophilic granules
of neutrophils, was assessed. Extracts of the ileum and
jejunum samples were examined for content of MPO 24
h after sepsis. The mean MPO levels are shown in Fig-
ure 2. MPO activity in organs obtained from septic mice
was markedly increased compared with that in the sham
group (P < 0.01), while it was significantly decreased by
treatment with CORM-2 (P < 0.05).

Effect of CORM-2 on tissue MDA in small intestine of
septic mice

Tissue MDA levels are considered important markers of
lipoperoxidation associated to oxidative stress. The mean
MDA levels detected in the mid-ileum and mid-jejunum
of mice were significantly affected by CLP injury. At 24
h after CLP, the tissue MDA levels in the mid-ileum and
mid-jejunum significantly increased compared with the
sham animals. After iz vitro administration of CORM-2
(8 mg/kg, i), tissue MDA levels were significantly de-
creased (Figure 3A).

Effect of CORM-2 on TNF-c. and IL-18 levels in tissue
homogenates of septic mice

As shown in Figure 3A, at 24 h after CLP, the expres-
sion of TNF-q, and IL-1 in mid-ileum and mid-jejunum
homogenates of CLP-challenged mice was markedly in-
creased compared with the sham mice. After administra-
tion of CORM-2, the elevation levels of TNF-¢ and IL-
1B in tissue homogenates were significantly diminished

(Figure 3B and C).

Effect of CORM-2 on NO production in tissue homog-
enates of septic mice

As shown in Figure 3D, production of nitrite was low in
sham group. After CLP challenge, nitrite levels in tissue
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Figure 1 Effects of tricarbonyldichlororuthenium (1I) dimer carbon monoxide-releasing molecules on small intestine injury in septic mice. Mice were chal-
lenged with cecal ligation and perforation (CLP) and treated with tricarbonyldichlororuthenium (II') dimer. The mid-ileum (A-D) and mid-jejunum (E-H) specimens har-
vested from different groups of animals were immersed in 4% formaldehyde solution at 24 h after CLP. The tissue was embedded in paraffin wax, serially sectioned,
and stained with hematoxylin-eosin. Tissue morphologic characteristics were evaluated by light microscopy. A, E: Sections from sham mice had normal architecture of
the intestinal epithelium and wall; B, F: Sections from septic mice showed inflammatory cell infiltration through the wall, concentrated below the epithelial layer, edema
of the distal portion of the villi, and necrosis of the epithelium at the villous tips; C, G: Section from septic mice treated with carbon monoxide-releasing molecules-2
showed a significant decrease in granulocyte infiltration, while no marked improvement of hydropic degeneration. The figure is representative of at least three experi-
ments performed on different days.

homogenates were significantly increased (P < 0.05 »s creased in the CORM-2 group compared with the CLP
sham group). However, nitrite levels were markedly de- group (P < 0.05).
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Figure 2 Effects of tricarbonyldichlororuthenium (1) dimer carbon
monoxide-releasing molecules on myeloperoxidase activity in the small
intestine of septic mice. Mice were challenged with cecal ligation and perfo-
ration (CLP) and treated with tricarbonyldichlororuthenium (1) dimer. Myelo-
peroxidase (MPO) activity in the mid-ileum and mid-jejunum were assessed
24 h following CLP injury. Results are mean * SE, °P < 0.01 vs sham mice; “P
< 0.05 vs CLP mice. CORM: Carbon monoxide-releasing molecule; iCORM:
Inactivated-carbon monoxide-releasing molecule.

Effect of CORM-2 on IL-8 and NO production in
supernatants of LPS- stimulated Caco-2 cells
Production of IL.-8 and nitrite was low in the control
Caco-2 cells. After stimulation of LPS, IL-8 and nitrite
levels were significantly increased (P < 0.05 »s control
group). CORM-2 significantly reduced IL-8 and nitrite
generation in the LPS-stimulated Caco-2 cells (P < 0.05
vs CLP group, Figure 4).

Effect of CORM-2 on expression of ICAM-1 and iNOS in
the small intestine of septic mice

The expression of iINOS and ICAM-1 in the mid-ileum
of septic mice at 24 h after CLP induction was signifi-
cantly enhanced compared with the sham animals. After
in vitro administration of CORM-2 (8 mg/kg, 7.n), the
expression of iNOS and ICAM-1 was significantly de-
creased (Figure 5).

DISCUSSION

Sepsis, which frequently occurs after hemorrhage, trau-
ma, burn, or abdominal surgery, continues to be a clini-
cal challenge in clinic as a leading cause of morbidity and
mortality in severely ill patients™'*"”. Despite the thera-
peutic strategies focusing on local host defenses and the
inhibition of overwhelming inflammation response, little
progress has been achieved. CLP may induce the activa-
tion of an inflammatory cascade, and cause damage to
multiple organs, leading to sepsis and multiple organ
failure. This model seems to resemble qualitatively as
well as quantitatively the clinical observations of vascu-
lar reactivity and inflammation in the course of polymi-
crobial peritonitis, bacteremia, and systemic sepsismm.
Therefore, this study aims to evaluate the possible role
of CORM-derived CO in CLP-induced sepsis.

During sepsis, the most frequent complications with-
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in the gastrointestinal tract are small intestinal and mu-
cosal barrier dysfunctions. Our previous data indicated
that the intestine is one of the tissues most sensitive to
the ischemia and reperfusion (I/R) induced by thermal
injury[g’m], and a novel metal carbonyl-based compound
(CORM-2) which exerts a protective effect against the
pathological changes caused by thermal injury of the
small intestine. In this study, we employed the same
compound to determine whether it suppresses inflam-
matory cytokine production and oxidative stress in the
small intestine of the septic mice.

Leukocyte sequestration and its subsequent infil-
tration in tissues can cause leukocyte activation and
contribute to vascular damage and the development
of systemic inflammatory reaction. MPO is an enzyme
that is found predominantly in the azurophilic granules
of PMN. Tissue MPO activity is frequently utilized to
estimate tissue PMN accumulation in damaged tissues
and correlates significantly with the number of PMN
determined histochemically in tissues” . In the present
study, we found that MPO activities in small intestine
were markedly enhanced after CLP and ## vitro adminis-
tration of CORM-2 resulted in significantly downregu-
lation of MPO activity. The direct cause of leukocytes
sequestration after CLP is considered to be the higher
expression of adhesion molecules (ICAM-1). ICAM-1
activates leukocytes and endothelial cells, which in turn
prompt the release of various inflammatory mediators,
resulting in systemic inflammatory response syndrome,
acute respiratory distress syndrome and multiorgan dys-
function syndrome””. At 24 h after CLP, the expression
of ICAM-1 in small intestine was markedly upregulated.
In vitro administration of CORM-2 inhibited the up-
regulation of ICAM-1 induced by CLP. These findings
indicated that CORM-2 can effectively prevent PMN
chemotaxis and infiltration in the tissues after CLP, con-
sequently decreasing the production of oxidants and
reducing tissue oxidative injury.

Pro-inflammatory cytokines, such as TNF-q and
IL-1 have been shown to be released eatly after an in-
flammatory stimulus. TNF-q is a pleiotropic cytokine
with strong proinflammatory and immunomodulatory
properties, and plays a critical role in inflammation and
inflammatory bowel disease™”. Various strategies have
been explored to inhibit TNF-a. To confirm if preven-
tion of sepsis-induced intestinal dysmotility by CORM-2
was partly through interruption of the cycle of inflam-
matory events in the local intestine, we investigated the
expression of inflammatory cytokines TNF-q, in the
small intestine of the septic mice. We observed marked
increases in TNF-a levels in the tissue homogenates
of ileum and jejunum after CLP injury. Iz vitro admin-
istration of CORM-2 was able to inhibit the inflamma-
tory production in enteric tissue induced by CLP. Our
findings strongly indicated that CORM-2 appears to
inhibit upregulation of inflammatory production, and
consequently might effectively decrease inflammatory
response in the small intestine induced by CLP. Similarly,
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Figure 3 Effects of tricarbonyldichlororuthenium (1I) dimer carbon monoxide-releasing molecules on malondialdehyde, expression of interleukin-13 and
tumor necrosis factor-o. and nitrite production in the mid-ileum and mid-jejunum of septic mice. A: Mice were challenged with cecal ligation and perforation
(CLP) and treated with tricarbonyldichlororuthenium (1I') dimer. Malondialdehyde (MDA) in the mid-ileum and mid-jejunum was assessed 24 h following CLP injury; B:
Tumor necrosis factor (TNF)-a. levels in the mid-ileum and mid-jejunum was assessed 24 h following CLP injury; C: Interleukin (IL)-1p levels in the mid-ileum and mid-
jejunum was assessed 24 h following CLP injury; D: Nitrite production in the mid-ileum and mid-jejunum was assessed 24 h following CLP injury. Results are mean +
SE, P < 0.01 vs sham mice; °P < 0.05 vs CLP mice. CORM: Carbon monoxide-releasing molecule; iCORM: Inactivated-carbon monoxide-releasing molecule.
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Figure 4 Effects of tricarbonyldichlororuthenium (1I) dimer carbon monoxide-releasing molecules on interleukin-8 and nitrite production in Caco-2 cells.
Caco-2 cells were stimulated by lipopolysaccharide (LPS) and treated with tricarbonyldichlororuthenium (1I) dimer. Nitrite (A) and interleukin (IL)-8 (B) production in
supernatants of Caco-2 cells were assessed 4 h following LPS stimulation. Results are mean + SE. °P < 0.01 vs control group; °P < 0.05 vs LPS-stimulated Caco-2.
CORM: Carbon monoxide-releasing molecule; iCORM: Inactivated-carbon monoxide-releasing molecule.

another important cytokine, IL.-1, was also found to be
markedly upregulated in ileum and jejunum of septic
mice. Downregulation of IL-1 levels was most remark-
able in the small intestine of septic mice treated with
CORM-2. These findings demonstrate that treatment
with CORM-2 suppresses the production of IL-1 and
TNF-qa, and subsequently attenuates the inflammatory
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response induced by CLP in the small intestine.

Tissue MDA content, the last product of lipid break-
down caused by oxidative stress, is considered to be a
good indicator of radical-induced lipid peroxidationm
Increased lipid peroxidation in the small intestine of ani-
mals with intestinal I/R, was evidenced by significantly
increased MDA levels™. In the present study, intestinal
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Figure 5 Effects of tricarbonyldichlororuthenium (II) dimer carbon
monoxide-releasing molecules on protein expression of intercellular
adhesion molecule 1 and inducible nitric oxide synthase in the mid-ileum
of cecal ligation and perforation-induced mice. A: Representative experi-
ment; B and C: Quantitative results (average optical density, A/mm’) of three.
Mice were challenged with cecal ligation and perforation (CLP) and treated
with tricarbonyldichlororuthe-nium (1I) dimer. Protein expression of intercellular
adhesion molecule 1 (ICAM-1) and inducible nitric oxide synthase (INOS) in the
mid-ileum was determined by Western blotting at 24 h after CLP. Lane 1: Sham
group; Lane 2: CLP group; Lane 3: CLP + carbon monoxide-releasing molecule
(CORM)-2 group; Lane 4: CLP + inactivated-carbon monoxide-releasing mol-
ecule (ICORM)-2 group. °P < 0.01 vs sham group; °P < 0.05 vs CLP group.

MDA levels in CLP groups increased markedly, suggest-
ing that significant increase of oxidative stress occurs at
24 h after experimental manipulation. Iz vitro administra-
tion of CORM-2 led to the significantly downregulation
of the mean MDA levels in the small intestine of septic
mice. This indicated that CORM-2 effectively prevents
lipid peroxidation in the small intestine after CLP, con-
sequently decreasing the production of oxidants and
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reducing the tissue oxidative injury, which contributes to
the bowel functional damage to the bowel.

Sepsis alters the concentrations of NO, an inflam-
matory factor, in plasma and endothelial cells?'L, NO is
produced by various types of cells such as macrophages,
cardiac myocytes, and vascular smooth muscle and glial
cells in response to endotoxin and other inflammatory
stimuli. Although it is suggested that NO has a counter-
inflammatory activity acting on the cells of the adaptive
immune system, in particular, T cells, many studies have
well established that NO is indeed a proinflammatory
mediator, overproduction of NO plays a major role in
the pathophysiology of septic shock, and induction of
NOS with consequent excessive NO formation has been
proposed as a major factor in pathologic vasodilatation
and tissue damage. As an intercellular signaling factor,
NO potentially leads to the continuous formation of
peroxynitrite. Peroxynitrite damages the organs possibly
through lipid peroxidation and/or nitration of cell mem-
brane proteins.

Previously, we demonstrated that thermal injury in-
duced lung neutrophil deposition, lung iNOS expres-
sion, and lung damagem. We have also shown that NO
from iNOS regulated proinflammatory activation, gene
expression, and tissue injury in the liver after thermal in-
jury, and CORM-2 inhibited the expression of iINOS in
liver tissues, reducing liver injury and tissue PMN infil-
tration in thermally injured mice"”, In this study, we mea-
sured NO production and expression levels of iNOS in
tissue homogenates of the ileum and jejunum of CLP
mice following resuscitation to determine whether iNOS
was also generated at this site. There was a significant
increase of intestinal mucosal iINOS activity within the
base of intestinal villi following CLP, while NO produc-
tion also markedly increased, suggesting that peroxyni-
trite plays a vital role in CLP-induced intestinal dam-
age. The production of NO and expression of iNOS
were significantly inhibited by 7z vifro administration of
CORM-2. In parallel, the /n vitro experiments showed
that LPS caused a significant increase of NO production
in Caco-2 cells, which was prevented effectively with
CORM-2 treatment. These data showed that CORM-2
exhibits, at least partly, an important role in inhibiting
iNOS expression, subsequently downregulating the NO
production, and attenuating the oxidative stress and tis-
sue damage. NF-kB family members control transcrip-
tional activity of various promoters of proinflammatory
cytokines, cellsurface receptors, transcription factors,
and adhesion molecules that are involved in intestinal in-
flammation. Previously, using a thermal injury model in
mice, we have shown that CORM-2 plays a pivotal role
in inhibition of NF-kB activity in the liver, which subse-
quently decreases hepatocellular secretion of inflamma-
tory cytokines and burn-related hepatic dysfunction",
In this study, NF-kB activity in mid-ileum was elevated
by CLP, while it was markedly inhibited by administra-
tion of CORM-2 (data not shown). These results show
that CORM-2 plays, at least partly, an important role in
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inhibition of NF-kB activity in the small intestine.

In conclusion, the data presented in this study suggest
a protective role of CORM-2, one of the novel CORMs,
in the small intestine of the septic mice. The potential
mechanism of this beneficial effect of CORM-2 appears
to suppress oxidative stress, and decrease the produc-
tion of IL-1 and TNF-q. This was accompanied by a
decrease of NO production and protein expression of
ICAM-1 and iNOS, thus suppressing the tissue damage
in the small intestine. However, the therapeutic potential
of anti-inflammation or anti-oxidative stress strategies in
this setting should be further validated by future studies.

COMMENTS

Background

Sepsis is a complex clinical syndrome resulting from a harmful host inflamma-
tory response to infection. Cecal ligation and puncture (CLP) may induce the
activation of an inflammatory cascade, and may lead to sepsis and multiple
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response syndrome, which contributes to oxidative cell/tissue damage, might
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systems in the body. The increase of production of pro-inflammatory media-
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Sepsis, which frequently occurs after hemorrhage, trauma, burn, or abdominal
surgery, continues to be a challenge in clinic as a leading cause of morbidity
and mortality in severely ill patients. Despite therapeutic strategies focus on
local host defenses and the inhibition of overwhelming inflammation response,
little progress has been achieved. Their previous studies firstly confirmed that
carbon monoxide (CO)-releasing molecules (CORM)-released CO attenuated
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interfering with nuclear factor kB activation, protein expression of intercellular
adhesion molecule 1 (ICAM-1) and therefore suppressing endothelial cells pro-
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can down-regulate the inflammatory production and oxidative stress in the small
intestine in septic mice.
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In the present study, the authors found that a protective role of tricarbonyldichlo-
roruthenium (1I) dimer (CORM-2), one of the novel CORMs, on the small intes-
tine during sepsis. The potential mechanism of this beneficial effect of CORM-2
appears to suppress oxidative stress, decrease the myeloperoxidase activities
and production of IL-1 and TNF-c.. This was accompanied by a decrease of ni-
tric oxide (NO) production and protein expression of ICAM-1 and inducible NO
synthase, and therefore suppress tissue damage in the small intestine. These
data indicated that CORM-2 effectively prevents polymorphonuclear neutrophil
chemotaxis and infiltration in the tissue after CLP, consequently decreased the
production of oxidants, reduced tissue oxidative injury.
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The protective role of CORM-2, one of the CORMs, on the organs during sep-
sis, and its therapeutic potential in anti-inflammation or anti-oxidative stress will
be the novel strategies in the future.
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The authors report the protective role of CORM-2, one of the CORMs, on the
organs during sepsis, and its therapeutic potential in anti-inflammation or anti-
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