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Introduction

Extensive burn trauma induces a systemic inflammatory
state and oxidative stress that predisposes patients to sep-
sis and multiple organ failure""*. The activation of a pro-
inflammatory cascade plays an important role in the devel-
opment of major complications associated with burn trauma.
Also, it is well known that an acute inflammatory response
induced by thermal injury is associated with a variety of
systemic alterations, including increased vascular permeability,
myocardial dysfunction, hypermetabolism, and altered he-
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Abstract

Aim: To determine whether carbon monoxide (CO)-releasing molecules—liberated
CO suppress inflammatory cytokine production and oxidative stress in the small
intestine of burnt mice. Methods: Twenty-eight mice were assigned to 4 groups.
The mice in the sham group (n=7) underwent sham thermal injury, whereas the
mice in the burn group (n=7) received 15% total body surface area full-thickness
thermal injury, the mice in the burn+CO-releasing molecules (CORM)-2 group
(n=T) underwent the same injury with immediate administration of CORM-2 (8 mg/kg,
iv), and the mice in the burn+inactivated CORM (iCORM)-2 group (n=7) under-
went the same injury with immediate administration of iCORM-2. The levels of
inflammatory cytokines in the tissue homogenates were measured by ELISA. The
levels of malondialdehyde (MDA), nitric oxide (NO) and the expression of induc-
ible nitric oxide synthase (iNOS) in the small intestine were also assessed. In the
in vitro experiment, Caco-2 cells were stimulated by experimental mouse sera (50%,
v/v) for 4 h. Subsequently, the levels of interleukin (IL)-8 and NO in the superna-
tants were assessed. Reactive oxygen species (ROS) generation in Caco-2 cells
was also measured. Results: The treatment of burnt mice with CORM-2 signifi-
cantly attenuated the levels of IL-1f, TNF-c,, MDA, and NO in tissue homogenates.
This was accompanied by a decrease of iNOS expression. In parallel, the levels of
IL-8, NO, and intracellular ROS generation in the supernatants of Caco-2 stimu-
lated by the CORM-2-treated burnt mouse sera was markedly decreased.
Conclusion: CORM-released CO attenuates the production of inflammatory
cytokines, prevents burn-induced ROS generation, and suppresses the oxidative
stress in the small intestine of burnt mice by interfering with the protein expres-
sion of iNOS.

patic synthetic activity™®. The intestine is considered to be
the critical organ in the development of organ dysfunction in
trauma, burn, and intensive care unit patients'”. Following
thermal injury, the small intestine is subjected to ischemia,
and consequently, especially during burn resuscitation,
reperfusion injury occurs™. Intestinal ischemia—reperfusion
results in organ injury through both tissue hypoxia and
reperfusion phenomena mediated by inflammatory response
100 There is increasing evidence that
the inflammatory response and oxidative stress in the small

and oxidative stress!
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intestine exert important roles in the bacteria or endotoxin
translocation and the development of SIRS after thermal in-
jury[”’ls].

Evidence has indicated that endogenous carbon monox-
ide (CO), a biproduct of inducible heme oxygenase can modu-
lates inflammation. Many experiments have demonstrated
that the administration of exogenous CO inhibits the li-
popolysaccharide-induced production of cytokines both in
vivo and in vitro, and consequently exhibits important
cytoprotective functions and anti-inflammatory properties that
are beneficial for the resolution of acute inflammation"*',

Recently, transitional metal carbonyls have been identi-
fied as potential CO-releasing molecules (CORM) with the
potential to facilitate the pharmaceutical use of CO by deliv-
ering it to tissues and organs™. CORM have been shown
to act pharmacologically in rat aortic and cardiac tissues where
the liberation of CO produces vasorelaxant effects™ " and
decreases myocardial ischemia-reperfusion damage®*",
respectively. Our previous studies”** have shown that the
burn-induced overexpression of adhesion molecules [such
as Intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1)] on endothelium cells
and leukocytes may contribute to liver and lung tissue injury,
subsequently leading to the multiple organ dysfunction
syndrome. And we also confirmed that CORM-released CO
attenuates leukocyte sequestration in the liver, lung, and
small intestine of burnt mice by interfering with NF-xB acti-
vation and the protein expression of ICAM-1, therefore sup-
pressing the pro-adhesive phenotype of endothelial cells.
However, it is still unknown if CORM-released CO can
downregulate inflammatory production and oxidative stress
in the small intestine after burn injury.

The aim of this paper was to shed light on the role of
tricarbonyldichlororuthenium (II) dimer (CORM-2), a novel
group of CORM, on the suppression of inflammatory
cytokine production and malondialdehyde (MDA) levels as
an indicator of the oxidative stress index in the small intes-
tine of thermally-injured mice, and to explore the potential
molecular mechanisms.

Materials and methods

Materials Tricarbonyldichlororuthenium (II) dimer
(CORM-2) was obtained from Sigma—Aldrich (St Louis, MO,
USA) and solubilized in DMSO to obtain a 10 mmol/L stock.
The chemical structure of CORM-2 is represented in Figure 1.
The inactive form of the compound (negative control) was
also used in some experiments and prepared as follows:
CORM-2 was “inactivated” (iCORM)-2 by adding the com-
pound to DMSO and leaving it for 18 h at 37 °C in a 5% CO,

co co

Cl Cl
Tricarbonyldichlororuthenium (II) dimer

[Ru (CO),CL,],

Figure 1. Chemical structure of CORM-2.

humidified atmosphere to liberate CO. The iCORM-2 solu-
tion was finally bubbled with nitrogen to remove the residual
CO present in the solution. The inactive form (iCORM-2)
was Ru(DMSO),Cl,, a molecule where the carbonyl groups
have been replaced with DMSO. Cell culture reagents were
obtained from Gibco (Grand Island, NY, USA), and culture
supplies were from Corning (Corning, NY, USA) and Falcon
(Lincoln Park, NJ, USA). A polyclonal antibody against in-
ducible nitric oxide (iNOS) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). All other chemicals
were of reagent grade and obtained from Sigma—Aldrich
(USA) unless otherwise stated.

Animal and burn protocol The C57BL/6 mice (male,n=28,
body weight 20+2 g) were fed a standard laboratory diet and
water ad libitum. The mice were assigned to 4 groups. The
mice in the sham group (n=7) underwent sham thermal injury,
whereas the mice in the burn group (n=7) received 15% total
body surface area (TBSA) full-thickness thermal injury, the
mice in CORM-2 group (n=7) underwent the same thermal
injury with immediate administration of CORM-2 (8 mg/kg,
iv), and the mice in the burn+iCORM group (n=7) underwent
the same thermal injury with immediate administration of
iCORM-2 with the same dose as the CORM-2 group. This
negative control 1ICORM-2) was performed to assess whether
the effects observed were due to the CO being liberated by
the CORM or caused by other components of the molecules.
The concentration of CORM-2 used in the present study
was based on a previous report of the use of this compound
in mice™ and preliminary experiments in our laboratory by
measuring dynamic COHD levels and peak levels, which av-
eraged 15%=+5% above normal levels. The experimental pro-
tocol was approved by the Council on Animal Care at Jiangsu
University for the protection and the welfare of animals. Under
an anesthesia of spontaneous inhalation of isoflurane-N20
(Abbott Laboratories, Missisauga, ON, Canada) in a 60%
oxygen—40% nitrogen mixture, the dorsum of each mouse
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was shaved, and the animal was subjected to 15% TBSA
full-thickness thermal injury, as previously described**!,
The sham animals were immersed in a room temperature wa-
ter bath. All animals were resuscitated with 1.5 mL saline
immediately after thermal (or sham) injury. No wound care
was required for the burn wounds. This burn method achieves
a histologically-proven, full-thickness scald injury®>**, The
animals were killed at 24 h after experimental manipulation.

Collection of sera Blood samples were obtained by car-
diac puncture of the left ventricle. The samples were stored
in serum tubes (Capiject; Terumo Medical, USA) and imme-
diately centrifuged at 6500xg for 5 min. Serum samples were
stored at —80 °C until use.

Preparation of intestinal homogenates Immediately af-
ter drawing the blood, the intestine was exposed. Leaving
approximately the first 5 cm-long proximal segment of the
intestine, 3 cm-long segments of the jejunum and ileum were
removed, cleaned, and snap frozen in liquid nitrogen. The
samples were stored at —70 °C. Equal weights (100 mg wet
weight) of intestine from various groups were suspended in
1 mL phosphate-buffered saline (PBS) and sonicated (30
cycles, twice for 30 s) on ice™®. Homogenates were cleared
by centrifuging at 6500xg at 4 °C, and the supernatants were
stored at =70 °C. Protein levels in the homogenates were
determined using the Bio-Rad (Hercules, CA, USA) assay
kit.

Cell culture and stimulation The human adenocarci-
noma cell line Caco-2 was obtained from American Tissue
Culture Collection (Rockville, MD, USA). The cells were
passaged and grown in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 1% non-essential amino
acids, 10% fetal calf serum, 1000 U/L penicillin, and 1 mg/L
streptomycin (complete DMEM). Experiments were carried
out with cell monolayers that were 21-25 d old. The cells
were seeded in the collagen-coated multiwell dishes (24 pore)
with the same cell density. All media were replaced every
day when each experiment began. The cells were used be-
tween passages 20 and 30. Monolayers were kept at 37 °C,
5% CO,, and 90% related humidity. Caco-2 cell monolayers
were stimulated by experimental mouse sera for 4 h and
washed, followed by co-incubation with fresh DMEM with-
out serum for another 20 h in 48-well plates. The superna-
tants of the Caco-2 cells were collected for interleukin (IL)-8
and nitric oxide (NO) level measurements.

Measurement of inflammatory cytokines IL-8, IL-1f,
and TNF-a The levels of IL-8 in the supernatants of the
Caco-2 cells and the levels of the inflammatory cytokines IL-1
and TNF-a in the ileum and jejunum tissue homogenates
were measured using ELISA kits (standard range 1-240, 0.4—
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300, and 1-1000 pg/mL, respectively; R&D Systems,
Minneapolis, MN, USA) following the manufacturer’s
instructions.

Measurement of NO in tissue homogenates and super-
natants of Caco-2 cells NO was measured by a microplate
assay using the Griess reaction with NaNO, as the standard,
which produces a chromophore with the nitrite. Briefly, 100
UL supernatant was removed and incubated with 100 puL
Griess reagent (10 pug/L sulfanilamide and 1 pg/L N-1-
naphthylethylenediamine dihydrochloride in 25 mL/L phos-
phoric acid) in a 96-well plate. The plate was incubated for
10 min at room temperature. Nitrite production was quanti-
fied spectrophotometrically using an automated colorimet-
ric procedure. Absorbance at 540 nm was measured using a
microplate reader (Bio-Tek, USA). The nitrite concentration
was calculated by comparing samples with standard solu-
tions of sodium nitrite produced in the culture medium. All
samples were assayed in triplicate. Results were expressed
aspumol/L.

Measurement of intracellular reactive oxygen species
generation in Caco-2 cells Intracellular reactive oxygen spe-
cies (ROS) generation within Caco-2 cells was assessed by
measuring the oxidation of intracellular dihydrorhodamine
123 (DHR 123; Molecular Probes), an oxidant-sensitive
fluorochrome, as described previously™!. Briefly, the cells
were treated with DHR 123 (5 mmol/L) for 1 h before being
subjected to stimulation of the experimental mouse sera. Af-
ter 4 h stimulation, the cells were washed with PBS, lysed,
and DHR 123 oxidation was assessed spectrofluorometrically
at excitation and emission wavelengths of 502 and 523 nm,
respectively.

MDA assay MDA formation was utilized as the
lipoperoxidation index. The levels of MDA in the tissues
were determined following Ohkawa’s method”®. The ileum
and jejunum were homogenized in 1.15% KCl solution (1:10
volume). An aliquot (0.1 mL) of the homogenate was added
to areaction mixture containing 200 uL of 8.1% SDS, 1500 uL
of 20% acetic acid (pH 3.5), 1500 uL of 0.8% thiobarbituric
acid, and 700 pL distilled water. The samples were then
boiled for 1 h at 95 °C and centrifuged at 3000xg for 10 min.
The absorbance of the supernatant was measured by spec-
trophotometry at 532 nm (Jenway, model 6300; Dunmow,
Essex, England). Data were expressed in nmol per milligram
of wet 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 phos-
phate (pH 7.2), 2 mmol/L EDTA, 50 mmol/L sodium fluoride,
0.2 mmol/L sodium vanadate, and 1 pg/mL aprotinin. The
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tissue homogenates were centrifuged at 20 000xg for 15 min
and supernatants were collected. SDS-PAGE was performed
on equivalent amounts of protein samples using precast 7%
resolving/4% stacking Tris—HCl gels (Bio-Rad, USA). Sepa-
rated proteins were then transferred to polyvinylidene
difluoride membranes (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). Membranes were blocked in 5% non-
fat milk in TBST (TBS buffer containing 0.1% Tween 20) for
1 h at room temperature. Blocked membranes were incu-
bated in primary antibody specific for mouse iNOS at a con-
centration of 1:2000 dilution in TBST overnight at4 °C. Then
the membranes were washed and probed with a horseradish
peroxidase-conjugated secondary antibody (Amersham
Pharmacia Biotech, USA) for 1 h at room temperature. Chemi-
luminescence detection was performed with the Amersham
enhanced chemiluminescence detection kit according to the
manufacturer’s instructions. To ensure a similar amount of
protein in each sample, the membranes were “stripped off,”
reprobed with actin, developed with a horseradish peroxi-
dase-conjugated secondary antibody, and visualized by
enhanced chemiluminescence.

Statistics Statistical analyses were performed by using
SPSS 11.5 software (SPSS, Chicago, IL, USA). Data were ex-
pressed as mean+SD. Significant differences between groups
with determined with ANOVA. For all analyses, P<0.05 was
taken as significant.

Results

Effect of CORM-2 on TNF-o and IL-1p levels in tissue
homogenates of thermally-injured mice The levels of in-
flammatory cytokines IL-1B and TNF-a in the intestinal tis-
sue were compared among groups. At 24 h after 15% TBSA
full-thickness thermal injury, TNF-o and IL-1J3 levels in tis-
sue homogenates of burn-challenged mice were markedly
increased compared to the sham group (P<0.05). After the
application of CORM-2, the elevation in tissue homogenate
levels of TNF-avand IL- 13 were significantly abolished (P<0.05;
Figure 2). No significance was shown between the burn
group and burn+iCORM group.

Effect of CORM-2 on tissue MDA in the small intestine
of thermally-injured mice Tissue MDA levels are consid-
ered important markers of lipoperoxidation associated to oxi-
dative stress. The mean MDA levels detected in the small
intestine of mice were significantly affected by thermal injury.
At 24 h after 15% TBSA full-thickness thermal injury, the
tissue MDA levels in the small intestine significantly in-
creased compared to the sham animals (P<0.05). Following
the in vivo administration of CORM-2 (8 mg/kg, iv), tissue
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Figure 2. Effects of CORM-2 on cytokine production of the small

intestine in thermally-injured mice. Mice were injected (iv) with
CORM-2 (8 mg/kg) immediately after thermal injury. Mice in the
iCORM-2 group received an injection of iCORM-2. Levels of the
inflammatory cytokines IL-1p and TNF-a in the ileum and jejunum
tissue homogenates were measured using ELISA kits. At 24 h after
15% TBSA full-thickness thermal injury, TNF-a and IL-1f levels in
the tissue homogenates of burn-challenged mice were markedly in-
creased compared to the sham group. After the application of
CORM-2, the elevation in the tissue homogenate levels of TNF-o
(A) and IL-1B (B) were significantly abolished. Figure is representa-
tive of at least 3 experiments performed on different experimental
days. Results are mean+SD. °P<0.05 compared to the sham mice;
°P<0.05 compared to the burnt mice.

MDA levels significantly decreased (P<0.05). No signifi-
cance was shown between the burn group and burn+iCORM
group (Figure 3).

Effect of CORM-2 on NO production in tissue homogenates
of thermally-injured mice As shown in Figure 4, the pro-
duction of NO was low in the sham group. After burn
challenge, NO levels in tissue homogenates were signifi-
cantly increased (P<0.05 compared to the sham group).
However, following the administration of CORM-2, NO lev-
els were markedly decreased (P<0.05 compared to the burn
group). No significance was shown between the burn group
and burn+iCORM group.
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Figure 3. Effect of CORM-2 on tissue MDA in the small intestine

of thermally-injured mice. Mice were challenged with thermal injury
and treated with CORM-2. Mean MDA levels detected in the ileum
and jejunum of mice were significantly affected by thermal injury.
At 24 h after 15% TBSA full-thickness thermal injury, the tissue
MDA levels in the small intestine significantly increased compared
to the sham animals. Following the in vivo administration of CORM-2,
tissue MDA levels significantly decreased. Results are mean+SD,
°P<0.05 compared to the sham mice; °P<0.05 compared to the burnt

mice.
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Figure 4. Effects of CORM-2 on NO levels in the small intestine of
thermally-injured mice. Mice were challenged with thermal injury
and treated with CORM-2. Nitric oxide in the ileum and jejunum
tissue homogenates was measured by a microplate assay. Production
of NO was low in the sham group. After burn challenge, NO levels in
the tissue homogenates significantly increased. However, following
the administration of CORM-2, NO levels markedly decreased. Re-
sults are mean+SD, °P<0.01 compared to the sham mice; °P<0.05
compared to the burnt mice.

Effect of CORM-2 on the expression of iNOS in the small
intestine of thermally-injured mice At24 h after 15% TBSA
full-thickness thermal injury, the expression of iNOS in the
small intestine significantly increased compared to the sham
animals. Following the in vivo administration of CORM-2 (8
mg/kg, iv), the expression of iNOS significantly decreased
(Figure5).

Effect of CORM-2 on NO and IL-8 production in the
supernatants of Caco-2 cells stimulated by experimental
mouse sera The production of NO and IL-8 were low in the
sham mouse serum-stimulated Caco-2 cells. After the stimu-
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Figure 5. Effects of CORM-2 on the protein expression of iNOS in
the ileum tissue of thermally-injured mice. Mice were challenged
with thermal injury and treated with CORM-2. Protein expressions
of iNOS were performed by Western blotting at 24 h after thermal
injury. (A) representative experiment; (B) quantitative results
(average optical density) of 3 experiments. °P<0.01 compared to
the sham mice; °P<0.05 compared to the burnt mice.

lation of burnt mouse sera, NO and IL-8 levels were signifi-
cantly increased (P<0.05 compared to the sham group). The
stimulation of Caco-2 cells with CORM-2-treated mouse sera
significantly reduced the level of NO and IL-8 generation
(P<0.05 compared to the burn group; Figure 6). No signifi-
cance was shown between the burn group and burn+iCORM
group.

Effect of CORM-2 on the intracellular production of
ROS in Caco-2 cells stimulated by experimental mouse sera
Intracellular ROS generation within Caco-2 cells was assessed
by measuring the oxidation of intracellular DHR 123, an oxi-
dant-sensitive fluorochrome. Burnt mouse sera caused a
significant increase of ROS generation in Caco-2 cells;
CORM-2 treatment markedly prevented this increase (Figure 7).

Discussion

Severe burns have been known to result in early patho-
logical changes in multiple organs associated with leuko-
cyte sequestration in burnt mice®”, The intestine is one of
the most sensitive tissues to ischemia and reperfusion in-
duced by thermal injury. Our previous data have indicated
that polymorphonuclear neutrophils (PMN) play an impor-
tant role in ischemic injury, and reperfusion of the intestine
is associated with an accumulation of PMN in the intestinal
tissue™!. We also reported that the CORM-released CO ex-
erts a protective effect against the pathological changes
caused by thermal injury of the small intestine. This exog-



Http://www.chinaphar.com

Liu DM et al

A 127
10 [ c
g [
g5 8
£
g 6 e
=)
z 4
2t ﬁ
0 .
Sham Burn Burn+CORM Burn+iCORM
60 [
B c
50
- [
- L
E 40
)
£ 30
*®
= 20-
10 [
0 . . \

Sham Burn Burn+CORM Burn+iCORM

Figure 6. Effects of CORM-2 on IL-8 and NO production in Caco-2
cells simulated by experimental mouse sera. Mice were challenged
with thermal injury and treated with CORM-2. Nitric oxide (A) and
IL-8 (B) in the supernatants of Caco-2 cells stimulated by sham,
burnt, and burnt+CORM-2 mouse sera were measured by a microplate
assay and ELISA. Production of IL-8 and NO were low in sham
group. After burn challenge, IL-8 and NO levels significantly
increased. However, these increases were markedly downregulated
by the administration of CORM-2. Results are mean+SD. °P<0.01
compared to the sham mice; “P<0.05 compared to the burnt mice.
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Effects of CORM-2 on the intracellular production of
ROS in Caco-2 cells simulated by experimental mouse sera. Mice were
challenged with thermal injury and treated with CORM-2. Caco-2
cells were grown to confluence in 48-well cell culture plates and
loaded with DHR 123 for 1 h. Subsequently, the cells were stimulated
by sham, burnt and burnt+CORM-2 mouse sera for 4 h, and oxidative

Figure 7.

stress (DHR 123 oxidation) was assessed. Results are mean+SD (n=7).
°P<0.01 compared to the sham mice; °P<0.05 compared to the burnt
mice.

enous CO effectively inhibited the activation of NF-xB and
the expression of ICAM-1, suggesting that CORM-2 con-

tributes to the attenuation of leukocyte infiltration to the
intestinal tissue after burn challenge®®. In this study, we
employed the same novel metal carbonyl-based compounds
(CORM-2) to determine whether they suppress inflamma-
tory cytokine production and oxidative stress in the small
intestine of thermally-injured mice.

Pro-inflammatory cytokines/chemokines produced in the
intestine play an important role in the pathogenesis of com-
plications of critical illness. One of these, IL-8 has been
demonstrated to be a particularly potent chemo-attractant
for leukocytes and subsequent inflammation™®. IL-8 ini-
tiates the acute inflammatory cascade and is an early marker
of the inflammatory process; its expression must be con-
trolled to prevent excessive tissue injury and damage to lo-
cal and distal organs®™’. We showed in this study that burnt
mouse sera caused a significant increase of IL-8 production
in Caco-2 cells, and CORM-2 treatment markedly prevented
this increase. These results suggest that the inhibition of
IL-8 production by CORM-2 may contribute to the protec-
tion of intestinal epithelial cells.

TNF-a.is a pleiotropic cytokine with strong pro-inflam-
matory, immunomodulatory properties and plays a critical
role in inflammation and inflammatory bowel disease™”. Anti-
TNF therapy has been proven to be a milestone in the treat-
ment of inflammatory bowel disease, and equally important
in other inflammation-mediated conditions, including viral
infections and mucosal inflammation*'~*!. Different strate-
gies have been explored aimed at inhibiting TNF. The
present study revealed marked increases in TNF-o levels in
the tissue homogenates of the ileum and jejunum after ther-
mal injury. The in vivo administration of CORM-2 was able
to inhibit the inflammatory production in enteric tissue in-
duced by thermal injury. Our findings here strongly indicate
that CORM-2 appears to inhibit the upregulation of inflam-
matory production, and consequently might effectively de-
crease the inflammatory response in the small intestine in-
duced by burns. In parallel, another important cytokine,
IL-1, was also found to be markedly upregulated in the ileum
and jejunum of thermally-injured mice. The downregulation
of IL-1P levels was most marked in the small intestine of
burnt mice treated with CORM-2. These findings demon-
strate that treatment with CORM-2 suppresses the produc-
tion of IL-1f and TNF-a, and subsequently suppresses the
inflammatory response induced by burn injury in the small
intestine.

Tissue MDA content, the last product of lipid breakdown
caused by oxidative stress, is considered to be a good indi-
cator of radical-induced lipid peroxidation™. In this study,
we found increased intestinal MDA levels in the burnt mice
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groups, suggesting that in our experimental conditions, af-
ter 24 h from manipulation, a significant increase of oxidative
stress occurs. The in vivo administration of CORM-2 led to
the significant downregulation of mean MDA levels in burnt
mice. This indicated that CORM-2 effectively prevents lipid
peroxidation in the small intestine after thermal injury, con-
sequently decreases the production of oxidants, and reduces
tissue oxidative injury, which contributes to bowel functional
damage. Glutathione (GSH), a key antioxidant, is an impor-
tant constituent of intracellular protective mechanisms
against oxidative stress™'. Among the antioxidant defense
mechanisms is GSH, which removes ROS once formed. In
the present study, GSH was therefore measured for investi-
gating the antioxidant defense mechanisms in the small in-
testine of thermally-injured mice. We found that GSH de-
clined significantly in the burn-challenged group (0.10 mg/g)
as compared to the control group (0.89 mg/g), while CORM-2
treatment significantly reversed the GSH level reduction
(0.48 mg/g, data not shown). Since the administration of
CORM-2 prevents intestinal GSH depletion, it appears that
the protective effect of CORM-2 involves the maintenance
of antioxidant capacity in protecting the intestinal tissue
against thermal injury-induced oxidative stress.

NO, an inflammatory factor, is an intercellular signaling
factor that is produced by innate immune cells in response
to endotoxins and other inflammatory stimuli"*'. Although it
is suggested that NO has a counter-inflammatory activity
acting on cells of the adaptive immune system, in particular,
T cells™”, many studies have well established that NO is
indeed a pro-inflammatory mediator. There is also evidence
to indicate that NO is an important determinant of the bal-
ance between Th1- and Th2-type immune responses*®. In
inflammation and many pathological conditions, the simul-
taneous cellular production of superoxide anion and NO may
occur, potentially leading to the continuous formation of
peroxynitrite. Peroxynitrite leads to organ damage, possibly
through lipid peroxidation and/or nitration of cell membrane
proteins. We previously demonstrated that thermal injury
induced lung neutrophil deposition, lung iNOS expression,
and lung damage™”. We have also shown that NO from
iNOS regulates pro-inflammatory activation, gene expression,
and tissue injury in the liver after thermal injury, and CORM-2
inhibits the expression of iNOS in the liver tissue, reducing
liver injury and tissue PMN infiltration in thermally-injured
mice™!. In this study, we measured the NO production and
expression levels of iNOS in tissue homogenates of the il-
eum and jejunum of burnt mice following resuscitation to
determine whether iNOS was also generated at this site. Our
study here showed that there was a significant increase of
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intestinal mucosal iNOS activity within the base of intestinal
villi following thermal injury, while NO production also mark-
edly increased, suggesting that peroxynitrite plays a vital
role in thermal injury-induced intestine damage. The pro-
duction of NO and the expression of iNOS were significantly
inhibited by the in vivo administration of CORM-2. Although
future considerations of therapeutic strategies targeting NO
or other immune regulatory networks during sepsis and
trauma need to consider the balance between Th1- and Th2-
type control of inflammatory responses as an important
determinant, the present data show that CORM-2 exhibits, at
least partly, an important role in the inhibition of iNOS
expression, subsequently downregulates NO production, and
attenuates oxidative stress and tissue damage. In parallel,
the results of the in vitro experiments showed that burnt
mouse sera caused a significant increase of NO production
and accelerated the generation of intracellular ROS in Caco-2
cells, whereas CORM-2 treatment effectively prevented this
increase. This is strong evidence that Caco-2 cells are sen-
sitive to burnt mouse sera, which contain rich inflammatory
mediators.

In conclusion, the present study clarifies the role of
CORM-2, one of the novel CO-releasing molecules, on the
mechanisms of downregulating inflammatory production and
suppressing oxidative stress in the small intestine of ther-
mally-injured mice. The application of CORM-2 on burnt
mice decreased the production of IL-1, TNF-a., and IL-8 to
control excessive inflammatory responses and prevented the
overexpression of iNOS in the small intestine. This was ac-
companied by a decrease of NO production and ROS
generation. Taken together, these findings indicate that
CORM-released CO modulates gut inflammation in burnt mice
by interfering with the protein expression of iNOS, therefore
suppressing oxidative stress and tissue damage. Of course,
further studies are now required to understand the detailed
mechanisms of the anti-inflammatory effects mediated by
CORM and to determine contributions to the development
of a therapeutic approach to protect against gut damage
during severe burn injury.
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