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A single dose of carbon monoxide intraperitoneal
administration protects rat intestine from injury
induced by lipopolysaccharide
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Abstract Treatment with inhaled carbon monoxide (CO) has
been shown to ameliorate intestinal injury induced by
lipopolysaccharide (LPS) or ischemia-reperfusion in experi-
mental animals. We hypothesized that CO intraperitoneal
administration (i.p) might provide similar protection against
inhaled gas. In the present study, 1 h after intravenously
receiving 5mg/kg LPS, rats were exposed to either room air or
2 ml/kg of 250 ppm CO i.p for 1, 3, and 6 h. Intestinal tissues
were collected to determine the levels of platelet activator
factor (PAF), intercellular adhesion molecule-1 (ICAM-1),
interlukin-10 (IL-10), maleic dialdehyde (MDA), cell apoptotic
rate and the phosphorylated p38 mitogen activated protein
kinase (MAPK), as well as myeloperoxidase (MPO) and

superoxide dismutase (SOD) activity. After CO i.p, the increase
of PAF, ICAM-1, MDA, MPO, and cell apoptosis rate induced
by LPS was markedly reduced (P<0.05 or 0.01), while the
decrease of IL-10 and SOD was significantly increased
(P<0.05). Western blotting showed that the effects of CO
i.p were mediated by p38 MAPK pathway. Thus, the results
of our study show that CO i.p exerts potent protection
against LPS induced injury to the intestine via anti-oxidant,
anti-inflammation and anti-apoptosis, which may involve the
p38 MAPK pathway.
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Introduction

The intestine is still considered to be the critical organ in
the development of multiple organ dysfunction (Moore
1998) that is a major cause of morbidity and mortality in
intensive care units (Nieuwenhuijzen and Goris 1999).
Although the pathophysiological basis of intestine dysfunction
induced by lipopolysaccharide (LPS) is not completely
understood, there is increasing evidence that peroxidize
damage, deregulated inflammatory response, and cell apoptosis
play a primary role (Nieuwenhuijzen and Goris 1999; Gibbon
et al. 2004). How to protect the intestine from LPS-induced
injury remains of considerable interest, and numerous
pharmacological strategies to ameliorate this problem have
been investigated (Delaney et al. 2005; Wolff et al. 2004).

Compelling evidence during the last few years indicates
that endogenous carbon monoxide (CO), a major byproduct
of heme catalysis by heme oxygenase (HO)-1, not only
serves as a signal molecule for mediating the integrity of the
physiological function of organs, but also exerts anti-oxidative,
anti-inflammatory, and anti-apoptotic effects (Wagener et al.
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2003; Bauer et al. 2008). Recent data also showed that
inhalation of low concentrations of CO has been shown to
ameliorate intestinal injury induced by LPS or ischemia-
reperfusion (IR) in experimental animals (Liu et al. 2007;
Ryter and Choi 2007; Nakao et al. 2003; Zuckerbraun et al.
2005). Conversely, the injury can be exacerbated by
blockading the effects of inhaled CO (Nakao et al. 2006a, b).

The cytoprotective effects of CO have generated consider-
able interest in using CO as a therapeutic agent to prevent
intestinal injury induced by a number of diseases (Liu et al.
2007; Ryter and Choi 2007; Nakao et al. 2003; Zuckerbraun
et al. 2005). However, these results were acquired by inhaled
CO and have some inherent problems due to CO inhalation.
Thus, other approaches for using CO as a therapeutic agent are
warranted. To develop a more practical and safe means of
delivering the gas, we performed this present study in which
2 ml/kg of 250 ppm CO was infused into peritoneal lavage for
testing whether there exists a similar protection to inhaled gas
against intestinal injury induced by LPS. One hour after
receiving LPS, rats were treated with either room air or
250 ppm CO at a single dose of 2 ml/kg intrapertioneal
administration (i.p), the effects of CO were observed and its
physiologic mechanisms were investigated. Since the mitogen-
activated protein kinase (MAPK) pathways play an important
role in mediating the expression of a number of inflammatory
cytokines and cell apoptosis (Arbabi and Maier 2002), we
monitored the potential signal pathway by which CO
administration might confer protection against LPS induced
injury.

Materials and methods

Animal care

Seventy-two adult (6 months old) healthy male Sprague
Dawley rats were used in this study. They were obtained
from a licensed laboratory animal vendor (Animals Exper-
imental Center of Nanjing Medical University, Grade II,
Certificate No. NMXK2004-0018), and weighed 200-250 g.
The research protocol complied with the regulations regarding
animal care as published by the National Institutes of Health
and was approved by the Institutional Animal Use and Care
Committee of the Nanjing Medical University. Rats were
acclimatized in the animal room for a week, were fed standard
rat chow and water and maintained on a 12:12 h light-dark
photoperiod in an environment-controlled room (22.0±0.5°C,
55.0±5.0% relative humidity).

Experimental design

Rats were randomly divided into control, CO i.p, LPS, and
LPS+CO i.p four groups (n=18), and each group was

subdivided into three subgroups according to the time after
administration of room air or 250 ppm CO (1, 3, and 6 h).
All animals were anesthetized with pentobarbital (30 mg/kg
i.p). One hour after intravenously receiving 5 mg/kg LPS
(Escherichia coli, Serotype O111: B4, Sigma), the rats in
the LPS group and LPS+CO i.p group were treated with
room air and 2 ml/kg of 250 ppm CO i.p, respectively, and
the rats in the control group and CO i.p group intravenously
received an equal volume of 0.9% NaCl and 1 h later, were
exposed to room air and 2 ml/kg of 250 ppm CO i.p,
respectively. The CO gas was at a concentration of 250 ppm
with balanced air compressed in a stainless steel mixing
cylinder (Nanjing Special Gas Co., China). The concentration
of CO in the cylinder was determined using a CO analyzer
(Taiyo Instruments Inc., Osaka, Japan).

Sample collection

Animals were sacrificed by rapid abdominal aorta exsan-
guination under pentobarbital (20 mg/kg i.p) anesthesia at
the indicated time points (six rats, once). The first 3-cm
long segment of ileum and the first 3-cm long segment of
the ileocecal junction were removed, the surplus ileum was
cleaned with 4°C 0.9% NaCl and divided into nine
segments of equal length. Segments were snap frozen in
liquid nitrogen and stored at −70°C until assay. Arterial
blood was taken for gas analysis and carboxyhemoglobin
(COHb) measurement.

Arterial blood gas analysis

Abdominal arterial blood samples (1.5 ml) were taken at the
indicated time points after 0.9% NaCl, LPS and 250 ppm CO
challenge to analyze blood gas. COHb, serum lactate, partial
pressure of arterial oxygen (PaO2), and saturation of arterial
oxygen (SaO2) were measured using blood gas analyzer
(Roche OMNI S6, USA).

MDA content determination

Maleic dialdehyde (MDA), a reliable marker of lipid
peroxidation, was determined with thiobarbituric acid
(TBA) according to the manufacturer’s instructions (Nanjing
Jiancheng Bioengineering Institute, China). Stored specimens
were weighed and immersed into 0.02 mmol/L Tris-HCl
(pH 7.4) at the ratio of 1:10 (mg/mL). Tissue homogenate was
centrifuged at 13,000 r/min for 15 min and precipitates were
discarded. Supernatant (0.15 ml) was transferred to a testing
tube. A standard solution (0.15 ml) was added to each
standard testing tube and 0.15 ml of distilled water was added
to another blank testing tube, 2.5 ml TBAwas added into each
of these two tubes, which were agitated several times, and
then incubated at 100°C for 1 h. After that, each specimen was

718 S.-H. Liu et al.



cooled to room temperature and centrifuged at 3,000 r/min for
15 min. Finally, supernatant in each tube underwent colori-
metric assay at 532 nm. Total protein content in samples was
analyzed using a bicinchoninic acid protein assay kit
(BioSource, Camarillo, CA, USA). MDA content (nanomole
per gram protein) was calculated according to the following
formula:

absorbance of sample tube=absorbance of standard tube� 2:5

MPO activity determination

Myeloperoxidase (MPO) is a constituent enzyme found
principally in neutrophils that results in the formation of
hypochlorous acid. Its presence in neutrophils allows it to be
extracted from tissues and represents a direct correlation to
neutrophils content. Intestinal MPO activity was determined
using MPO Detection Kit (Nanjing Jiancheng Bioengineering
Institute, China). Briefly, tissue was homogenized in 1 ml of
50 mmol/L potassium phosphate buffered saline (PBS,
pH 6.0) containing 0.5% hexadecyltrimethylammonium
hydroxide and centrifuged at 12,000 r/min at 4°C for
20 min. 10 μl of the supernatant was transferred into PBS
(pH 6.0) containing 0.17 mg/mL 3,3′-dimethoxybenzidine
and 0.0005% H2O2. MPO activity of the supernatant was
determined by measuring the H2O2-dependent oxidation of
3,3′-dimethoxybenzidine and expressed as units per gram of
total protein (u/g). Total protein content in samples was
analyzed using a bicinchoninic acid protein assay kit.

SOD activity determination

Superoxide dismutase (SOD) is a key enzyme in the
dismutation of superoxide radicals resulting from cellular
oxidative metabolism into hydrogen peroxide, and prevents
LPS induced penetration. Because CO is an anti-oxidant, we
speculated that SOD activity would be increased after CO
exposure. Stored samples were homogenized in 100 mmol/L
Tris-HCl buffer and centrifuged at 10,000 r/min for 20 min,
and then the SOD activity was determined using assay kits
(Nanjing Jiancheng Bioengineering Institute, China) and
expressed as units per microgram of total protein (u/mg).
Total protein content in samples was analyzed using a
bicinchoninic acid protein assay kit.

PAF measurement

Stored segments were suspended in 1 ml PBS (pH 7.4) and
sonicated at 30 cycles, twice, for 30 s. Homogenates were
centrifuged at 3,000 r/min at 4°C for 10 min. The supernatants
were collected for the platelet activator factor (PAF) measure-
ment. PAF was assayed by an enzyme immunoassay kit
according to the manufacturer’s instructions (BioSource

International, USA). The mobile phase was required according
to chromatography. Conditions of chromatography: the
velocity of flow was 1.0 ml/min, the column temperature was
at 25°C, and the wave length for determinating was 208 nm.
The PAF values of 20 randomly selected samples were
determined by the biological technique. The protein content
in samples was analyzed using a bicinchoninic acid protein
assay kit. The results were expressed as nanograms per gram of
protein (ng/g).

ICAM-1 measurement

The enzyme-linked immunosorbent assay (ELISA) method
was adapted to measure the intercellular adhesion
molecule-1 (ICAM-1). Stored segments were weighed and
homogenized in 5 ml of 0.1 mol/L PBS (pH 7.4) containing
0.5 g/L of sodium azide at 4°C. The homogenates were
centrifuged at 2,000 r/min for 10 min to remove solid tissue
debris. The supernatant was assayed using commercially
available kits according to the manufacturer’s instructions
(R&D Systems Inc, USA). The concentration of antigens in
intestinal tissue homogenates was standardized to the total
protein content in each specimen as measured by a
bicinchoninic acid protein assay kit. The results were
expressed as pictograms per microgram of protein (pg/mg).

IL-10 measurement

Stored segments were homogenized in 100 mg tissue/mL
cold lysis buffer (20 mM Tris, 0.25 M sucrose, 2 mM
EDTA, 10 mM EGTA, 1% Triton×100) and one tablet of
complete mini protease inhibitor cocktail tablets/10 ml
(Roche Diagnostics, Indianapolis, IN, USA). Homogenates
were centrifuged at 10,000 r/min for 40 min, the supernatant
was collected, and the levels of interlukin-10 (IL-10) in the
supernatants from the intestinal tissues from the different
treatments were analyzed by ELISA following the manufac-
turer’s protocol (BioSource International, USA). OD values
were measured at 450 nm using a microtiter ELISA reader.
Protein content in samples was analyzed using a bicinchoninic
acid protein assay kit. The results were expressed as pictograms
per microgram of protein.

Cell apoptosis observation

Apoptosis of intestinal cells was observed with flow
cytometry in Nanjing Medical University Cell Detection
Center. Apoptotic cells were detected by both propidium
iodide (PI) (BD PharmMingen Co., USA) nuclei staining
and Annexin V (BD PharmMingen Co., USA) binding
described in Brouard et al. (Brouard et al. 2000). Intestinal
tissues were collected and ground to prepare a single cell
suspension by density gradient centrifugation. A 0.5 ml
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single cell suspension was fixed for 30 min with 70% alcohol
at 4°C, then centrifuged at 1,500 r/min for 4 min. The
supernatant was removed and the sediment was digested with
RNase 0.2 ml (50 pg/mL) and cultured for 30 min at 37°C.
Cells were washedwith PBS (pH 7.4) and labeled with 1ml PI
(50 mg/L) for staining. Cells stained with PI were marked by
4 ml Annexin V. 10,000 events were counted on the flow
cytometer to determine the number of apoptotic intestine cells.
Data from the flow cytometry were quantified and analyzed
by Mod Fit 2.3 program.

Western blot analysis

Assay kits were purchased from Cell Signaling (Beverly,
MA, USA) and used per manufacturer’s instructions. At the
set time points, intestinal tissue protein was extracted as
described previously (Kohmoto et al. 2007). Briefly, 100 µg
of protein in sodium dodecyl sulfate (SDS) sample buffer
was electrophoresed, transferred, and probed as described
below. Cells were scraped and sonicated for 5 s. 20 µl of
each sample was boiled for 5 min and then loaded into 12%
polyacrylamide gel and electrophoresed at 100 V for 4 h.
The gel was transferred overnight at 40 Vonto nitrocellulose
membrane. Membranes were then incubated for 3 h with
blocking buffer (5% nonfat dry milk in TTBS (10% Tween in
Tris-buffered saline)), washed with TTBS, and then incubated
overnight in the appropriate rabbit polyclonal primary
antibody against phosphorylated p38. The following day the
membranes were washed in TTBS and proteins were
visualized using horseradish-peroxidase-conjugated antibody
against rabbit IgG and the enhanced chemiluminesence assay
(Amersham Life Science, Arlington Heights, IL, USA)
according to the manufacturer’s instructions. All membranes
were stripped using a standard stripping solution (100mmol/L
β-mercaptoethanol, 2% SDS and 62.5 mmol/L Tris-HCl,
pH 6.8) at 50°C, and then were re-probed with rabbit
polyclonal antibody targeting total non-phosphorylated p38,
to confirm equal loading of samples.

Histopathological study

The mid-ileum specimens were fixed in 10% paraformalde-
hyde for 2 h and then in 30% sucrose for 12 h. Specimens
were then slowly frozen in cold 2-methylbutane, and sections
of 6 μm were stained with hematoxylin eosin (H&E) staining
for light microscopy evaluation. Degrees of injury were
blindly assessed by two experienced independent pathologists
(Department of Pathology, Jiangsu Province People Hospital,
China), based on the extent of mucosal erosion in at least 12
sections per animal. Mucosal loss (degree of mucosal erosion)
and the percentage of mucosal erosion area were defined as a
percent of surface area with mucosal loss exceeding approx-
imately one half of the villous length. The depth of mucosal

loss was graded as: grade 0, involvement in less than 25% of
the overall sample; grade 1, involvement in 25–50% of the
villous length; and grade 2, more than 50% of the villous
height involved (Nakao et al. 2003). A scoring system was
used for each item using 0 up to 2 points for the different
grades of the depth of mucosal loss. Afterwards, the mean±
SEM of each item was calculated.

Statistical methods

All assays were performed in duplicate, and the mean values
were used for statistical analysis. The data are expressed as
means±SD and analyzed with SPSS 11.0 statistical software
package. Differences were assessed with one-way analysis of
variance followed by Fisher’s least significant difference test.
The P<0.05 values were considered significant.

Results

CO does not affect oxygenation, but increases COHb

CO can be highly toxic in vivo and has primarily been
viewed as such. This toxicity is related directly to the
formation of COHb and the resulting anoxia given the
higher binding-affinity of CO for heme compared with
oxygen, so we speculated that CO i.p should impair
oxygenation. PaO2 and SaO2 are important evaluations of
oxygenation, and serum lactate is thought to primarily
reflect hypoxia. Therefore, we monitored PaO2, SaO2 and
serum lactate for the duration of the experiment as
described in “Materials and methods” section. There were
no significant differences in PaO2 and SaO2 among these
four groups. The level of serum lactate in the control group
was (1.8±0.5) mmol/L. At 1, 3, and 6 h after LPS injection,
serum lactate levels in the LPS group were (2.4±0.8) mmol/L,
(2.6±0.6) mmol/L and (2.8±1.0) mmol/L, respectively. There
were no significant differences between these two groups. In
the LPS+CO i.p group, the levels of serum lactate were (2.2±
0.8) mmol/L, (2.4±0.9) mmol/L and (2.5±0.7) mmol/L,
respectively. Compared to the LPS group, there were no
significant differences. However, COHb in CO i.p, LPS and
LPS+CO i.p groups was increased, significantly higher than
that of the control group (P<0.05; Table 1).

CO reduces MDA level, inhibits MPO and SOD activity

Peroxidize damage can lead to severe cellular injury that can
be prevented by anti-oxidative agents. It has been previously
demonstrated that inhaled CO has been shown to ameliorate
intestinal injury induced by LPS via anti-oxidant. However,
the mechanisms responsible for the anti-oxidant are poorly
understood. Accordingly, we sought to determine whether CO
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i.p would affect peroxidative products and/or anti-oxidative
agents by measuring intestinal MDA level, MPO, and SOD
activity. The intestinal tissues from sham-treated animals
contained low MDA, MPO, and SOD regardless of whether
the rats were treated with room air or CO. LPS exposure
resulted in a significant increase in MDA, as well as markedly
promotedMPO activity. After LPS challenge followed by CO
i.p at 1 and 3 h, MDA concentration and MPO activity were
decreased, and there were significant differences as compared
with that of LPS group (P<0.05 or 0.01), but no significant
differences at 6 h (Figs. 1 and 2). These results suggested that
the inhibition of CO on peroxidize damage reached the
maximum effect at 3 h and disappeared at 6 h because CO is
quickly scavenged in the body, and its inhibiting action is not
maintained so long. SOD is capable of scavenging intracel-
lular oxygen free radical (OFR) via dismutation of superoxide
radicals. In LPS-induced intestine injury, SOD was reduced,
which contributed to injury and led to a significant increase in
intestinal superoxide radicals, accompanied by inflammatory
cell infiltration and peroxidize damage. However, treatment
with CO prevented the histological injury, and suppressed the
increase of OFR generation after receiving LPS (Fig. 3). Here,
data imply that CO delivery seems to be crucial for the

maintenance of a renewed balance of oxidant-antioxidant
after the intestine was challenged by LPS. Strategies either to
prevent SOD inactivation or to augment its levels might
provide useful in lessening the injury.

CO targets pro-and anti-inflammatory cytokines

It has been known that intestinal injury induced by LPS is
associated with an increase in the expression of a number of
pro-inflammatory gene products within intestinal tissues,
including TNF-α, IL-6, PAF, and ICAM-1, that are
contribute to intestinal injury and trigger a deregulation
inflammatory reaction. Therefore, we sought to determine
whether CO i.p is sufficient to modulate the gut inflammatory
response to LPS injection. We used ELISA to measure the
expression of several cytokines such as PAF, ICAM-1, and
IL-10 in the samples of isolated intestinal tissues obtained
from all the experimental rats. PAF and ICAM-1 in the LPS
group were increased, and were significantly higher than that
of the control and CO i.p groups at all observed time points
(P<0.01). In rats with intestinal injury treated with CO, the
levels of PAF and ICAM-1 were decreased. Statistical

Group Parameter 1h 3h 6h

Control PaO2 (mmHg) 76.9±6.2 76.9±6.2 76.9±6.2

SaO2 (%) 81.2±6.3 81.2±6.3 81.2±6.3

COHb (%) 0.8±0.3 0.8±0.3 0.8±0.3

Lactate (mmol/L) 1.82±0.46 1.82±0.46 1.82±0.46

PaO2 (mmHg) 91.0±10.8 108.8±17.6 91.5±28.5

SaO2 (%) 89.8±3.4 87.9±10.2 90.1±3.8

CO i.p COHb (%) 5.5±0.8a, b 2.8±1.3a, b 1.5±1.2a, b

Lactate (mmol/L) 2.11±0.87 1.91±0.83 2.23±1.12

PaO2 (mmHg) 118.23±22.16 122.87±25.35 86.33±17.76

SaO2 (%) 91.7±4.6 93.8±2.6 85.9±3.4

LPS COHb (%) 0.5±0.2 0.4±0.2 1.1±0.5

Lactate (mmol/L) 2.36±0.76 2.55±0.58 2.76±0.98

PaO2 (mmHg) 100.73±28.32 93.42±6.12 91.69±20.33

SaO2 (%) 86.2±5.9 90.5±1.8 94.8±1.5

LPS+CO i.p COHb (%) 2.6±0.5a, b 0.6±0.2 0.4±0.3

Lactate (mmol/L) 2.23±0.89 2.34±0.92 2.48±0.65

Table 1 Effects of CO i.p on
PaO2, SaO2, serum lactate,
and COHb

After treatment with room air
or CO, PaO2, SaO2, lactate, and
COHb were measured by
analysis blood gas

Analysis of variance results
among these four groups in
PaO2, SaO2, and serum lactate
for 1, 3, and 6 h are all >0.05,
mean±standard derivation
(x±SD) (n=18 for each group,
and six for each time point)
a Significantly higher than those
of the control group (P<0.05)
b Higher than those of the LPS
group (P<0.05), no statistical
differences between the control
group and the LPS group

Fig. 1 Effects of CO i.p on intestinal MDA Fig. 2 Effects of CO i.p on intestinal MPO activity
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analysis showed that the values of the LPS+CO i.p group
were lower than those of LPS group at 1 and 3 h (P<0.05 or
0.01), while no significant difference was observed at 6 h.
We presume that that is due to CO being quickly absorbed
and rapidly exhausted in the body so that its decreasing
action disappeared swiftly and is not maintained up to 6 h
(Figs. 4 and 5). IL-10 is an inhibitor of pro-inflammatory
cytokine synthesis and can limit the inflammatory process.
Consequently, we examined the changes in the expression of
IL-10. Transcripts for the IL-10 genes were significantly
down-regulated after LPS challenge, while the down-
regulation of IL-10 expression was partially reversed by CO
i.p. Fig. 6 showed that IL-10 of the LPS+CO i.p group were
higher than that of the LPS group (P<0.05), but lower than
the corresponding values of the control group and the CO i.p
group at each time point (P<0.05).

CO suppresses cell apoptosis

In the control group, the apoptotic cell rate was (8.02±2.10)%.
At 1, 3, and 6 h after the induction of intestinal injury, the
percentages of apoptotic cells in the LPS group were (38.13±
8.59)%, (41.52±3.36)%, and (47.12±3.58)%, respectively,
which were significantly higher than that of the control group
(P<0.01). In contrast, the rats with intestinal injury that were
exposed to CO exhibited a marked decrease in the number of
apoptotic cells. At 1, 3, and 6 h after CO i.p, the percentages
of apoptotic cells in the LPS+CO i.p group were (29.78±
4.24)%, (34.45±5.77)%, and (31.46±6.67)%, respectively,
which were significantly lower than that of the LPS group

(P<0.01). CO i.p alone did not affect intestinal cells
apoptosis. The cell apoptotic rate in the CO i.p group relative
to that of the control group at all observed time points showed
no statistical differences (Fig. 7).

CO activates p38 MAPK

The p38 MAPK pathway plays a primary role in regulating
the expression of inflammatory cytokines and the induction
of cell apoptosis caused by multiple stress or injury, and
CO inhalation confers anti-inflammatory and anti-apoptotic
effects associated with the CO-dependent activation of the
p38 MAPK (Zhang et al. 2003a, b). Thus, we tested the
hypothesis that the protective effects of CO i.p were also
associated with the CO-dependent activation of the p38
MAPK. As can be seen by studying Fig. 8a, LPS markedly
increased the expression of the phosphorylated p38 MAPK,
and was further up-regulated by CO i.p. The expression of
the phosphorylated p38 MAPK in the control group and the
CO i.p group was (1,421±237) density unit (DU) and (1,742±
344) DU, respectively. There was no significant difference
between these two groups. In the LPS group, the expression of
the phosphorylated p38 MAPK was (1,742±344) DU and it
was significantly higher than that of control group (P<0.01).
After treatment with CO, the expression of the phosphory-
lated p38 MAPK in the LPS+CO i.p group was (9,774±
986) DU, and was significantly increased compared to the
LPS group (P<0.01; Fig. 8b). To further confirm whether the
p38 MAPK pathway mediate cytoprotection is involved, we
used the p38 MAPK inhibitor SB203580 that selectively
inhibits the p38 pathway. SB203580 (20 mg/kg i.p) mainly

Fig. 6 Effects of CO i.p on intestinal IL-10

Fig. 5 Effects of CO i.p on intestinal ICAM-1

Fig. 4 Effects of CO i.p on intestinal PAF

Fig. 3 Effects of CO i.p on intestinal SOD activity

722 S.-H. Liu et al.



prevented the protective effects of CO challenge (data not
shown).

CO ameliorates intestinal damage

To determine the magnitude of intestinal injury caused by
LPS, we performed ileum histologic studies. Morphological
study clearly revealed that the rat’s ileum from the control
and CO i.p groups had a normal structure of the intestinal
epithelium and wall, whereas after LPS injection, there was
severe structural damage associated with a massive loss of
the intestinal villi, congestion of the villi, and inflammatory
cells sequestration. In the rats given CO i.p, these
histopathological injuries were significantly improved and
the rats showed nearly intact intestinal histopathology (Liu
et al. 2007). Scoring analysis showed that the degrees of
injury in LPS group were significantly increased compared
to those of the control and CO i.p groups (P<0.01). CO i.p
significantly decreased the depth of mucosal loss, with
lower scores than that of the LPS group (P<0.05; Fig. 9).

Discussion

Previously, a series of articles on the cytoprotective effects of
CO generated considerable interest in the idea of using CO as a
therapeutic agent to prevent intestinal IR or LPS-induced injury

(Liu et al. 2007; Nakao et al. 2003, 2006a, b). However, CO
is a toxic gas that interferes with the oxygen carrying capacity
of the blood. Hence, using inhaled CO as a therapeutic agent
for preventing organ injury would require the use of a closed
circuit ventilation system that would minimize or remove the
risk of contaminating the operating theater with the gas, as
well as monitor the concentration of rendered CO and the
level of circulatory COHb. In addition, studies reported so far
have shown that CO inhaled for the prevention of intestinal
injury has inherent problems. In order to overcome these
flaws, other approaches for using CO have been described
recently (Nakao et al. 2006a, 2006b). Rather than giving CO
by inhalation, these investigators dissolved CO into UW
solution (University of Wisconsin solution, an organ preser-
vation solution; Nakao et al. 2006a) or ringer’s lactate solution
(Nakao et al. 2006b), and a similar protection to inhaled gas
was shown. Prompted by these intriguing results, we tried to
develop a more safe and practical method of delivering the
gas. Therefore, 2 ml/kg of 250 ppm CO was directly infused
into the peritoneal cavity to investigate the effects of CO on
LPS-induced intestinal injury.

As our results show, CO i.p is quite effective in preventing
the development of intestinal injury after LPS injection. A
similar protection is confirmed by measuring oxygen stress
products, inflammatory cytokine levels, and the apoptotic cell
rate. The precise mechanisms underlying this protection
remain vague and require further investigation. The following
mechanisms may explain its potential protection.

Several studies have shown that CO has the ability to
provide protection against oxidative stress. CO exposure
protected rats from LPS-induced intestinal injury by
decreasing MDA content (Liu et al. 2007, 2008), inhibiting
MPO activity (Liu et al. 2007; De Backer et al. 2009), and
increasing SOD levels (Liu et al. 2008). The injury to the
intestine caused by LPS leads to the peroxidation of lipids,
to multivalence unsaturated fatty acids in the biomembrane
and to the formation of lipids peroxidation including MDA.
SOD is the scavenger of peroxide anon, which can turn
peroxide anon to O2 and H2O2. Active H2O2 is harmful to
the intestine and can be turned to H2O by SOD and
eliminated. MPO is an enzyme that is found predominantly
in the azurophilic granules of PMNs. Tissue MPO activity
is frequently used to estimate tissue PMN accumulation in

Fig. 9 CO i.p ameliorates LPS-induced intestine injury

Fig. 8 Effects of CO i.p on the expression of the phosphorylated p38
MAPK

Fig. 7 Effects of CO i.p on intestinal cells apoptosis
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inflamed tissues, and correlates significantly with the number
of PMNs in tissues (Sun et al. 2007). In the present study, we
found that intestinal MPO activity was markedly elevated
after LPS injection, and significantly decreased after CO i.p.
This indicates that CO effectively prevents PMN chemotaxis
and infiltration in the intestine after LPS challenge, and
consequently decreases the production of oxidants and
reduces tissue oxidative damage.

CO exerts a potent anti-inflammatory action (Dolinay
et al. 2004; Otterbein et al. 2000; Song et al. 2003), is a
component of the pathogenesis of the intestine after LPS
injection. The biochemical basis for the anti-inflammatory
effects of CO remains very poorly understood. In several
models of cellular injury with LPS, the effect of CO on the
down-regulation of the pro-inflammatory proteins has been
observed (Zuckerbraun et al. 2005; Dolinay et al. 2004). In
this context, it is noteworthy that treatment with CO at the
conclusion of LPS limited the development of inflammation
in the intestine, as evidenced by the reduction of the pro-
inflammatory mediators PAF and ICAM-1 (Liu et al. 2007;
Sun et al. 2007; Moore et al. 2003; Moore et al. 2005;
Morisaki et al. 2001, 2002), as well as by the increase in
the expression of a key anti-inflammatory cytokine IL-10
(Otterbein et al. 2000; Zuckerbraun et al. 2005; Dolinay
et al. 2004; Goebel et al. 2008).

Cell apoptosis is responsible for injury of the intestine in
response to a variety of microbial products, oxidative stress,
and pro-inflammatory cytokines. The suppression of apoptosis
by CO may represent an additional mechanism by which CO
provides protection from LPS-induced injury (Song et al.
2003; Goebel et al. 2008; Wang et al. 2007). The mechanistic
details underlining the anti-apoptotic effects are presently
unclear. It is possible that the effect of CO may be connected
to its powerful anti-oxidative and anti-inflammatory effects
(Song et al. 2003; Wang et al. 2007). CO might limit the
generation of oxygen free radicals by lowering the presence
of free metal irons (Wang et al. 2007). CO may also down-
regulate pro-inflammatory cytokines (Song et al. 2003;
Otterbein et al. 2003). More recently, evidence suggests that
CO can trigger up-regulation of the expression of anti-apoptotic
genes such as the Bcl-2 family members, and down-regulate
the pro-apoptotic genes Fax and Bax (Zhang et al. 2003a, b).
These anti-apoptotic genes prevail over the pro-apoptotic
signals thus preventing apoptosis in LPS-mediated cells. Our
study shows that the rate of apoptosis in the intestinal cells of
injured rats was decreased after CO i.p. The rate of apoptosis
in cells can serve as a useful marker of organ injury in
response to oxidative stress and inflammation.

In our study, treatment with CO revealed that its anti-
oxidative, anti-inflammatory, and anti-apoptotic effects
clearly involve the MAPK signal cascade, in particular the
p38. The phosphorylated p38 MAPK level is assessed by
Western blotting at 3 h after LPS challenge in the absence

or presence CO. At the indicated time points, the increase
of the phosphorylated p38 MAPK expression induced by
LPS was further up-regulated by CO i.p. This finding is
consistent with some prior studies of the effects of CO on
MAPKs-dependent signaling (Kohmoto et al. 2007; De
Backer et al. 2009; Otterbein et al. 2000, 2003; Zhang et al.
2003a, 2003b; Zhang et al. 2005). In support of this, we
describe that activation and/or inhibition p38 MAPK not only
modulated the expression of the inflammatory cytokines and
the production of peroxidize radicals, but also abrogated the
CO suppressed apoptosis of intestinal cells induced by LPS.
Additionally, CO has the effect of increasing anti-
inflammatory cytokines IL-10 simultaneously via the activa-
tion of the p38 MAPK pathway (Otterbein et al. 2000). The
precise biochemical mechanism by which CO modulates the
p38 MAPK pathway remains unclear at this time. Given that
none of the upstream kinases in the MAPK pathway contains
a heme moiety, a common target for CO, it could be that CO
modulates the upstream kinases through an unknown or
unidentified intermediate molecule, which is supported by
several studies which observed that the protective effects of
CO require new protein synthesis in a model of apoptosis
induced by TNF-α (Kohmoto et al. 2007; Otterbein et al.
2003; Zhang et al. 2003a, 2003b; Zhang et al. 2005).

The induction of most pro-inflammatory cytokines requires
the activation of NF-κB. Since CO has an anti-inflammatory
effect via a reduction of pro-inflammatory cytokines products,
it seemed logical to speculate that CO might suppress the
activation of NF-κB. However, there are two opposing
observations that CO modulates NF-κB activity. Brouard et
al. have demonstrated that HO-1-derived CO requires the
activation of NF-κB to protect endothelial cells from TNF-α
mediated apoptosis (Brouard et al. 2000). CO liberated from
CO-releasing molecule attenuates IR-induced inflammation
in the intestine, which is associated with the activity of NF-
κB (Katada et al. 2009). In cardiac myocytes, the stimulators
of p38 MAPK can augment the activity of NF-κB via cross-
talk (Craig et al. 2000). We have found that in intestinal cells
CO is a potent activator of p38, so it is tempting to speculate
that CO also activates NF-κB, or that p38 contributes to the
activation of NF-κB after CO i.p. In contrast, based on the
study of Zabalgoitia et al., HO-1 inducers and CO donors
significantly inhibit IL-18-mediated human cardiac endothelial
cell death and limit tissue inflammation by attenuating NF-κB
activation (Zabalgoitia et al. 2007). Studies of the interactions
between STAT1 and NF-κB signal pathway have demon-
strated that STAT1 acts as a TNF-α receptor 1 signal
molecule to suppress NF-κB activation. TNF-α mediated
IκB degradation and NF-κB activation were markedly
enhanced in STAT1-deficient Hela cells, whereas overexpres-
sion of STAT1 in 293 T cells blocked NF-κB activity induced
by TNF-α (Wang et al. 2000). It has been previously reported
that CO modulates STAT1 and inhibits apoptosis during
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anoxid-reoxygenation injury (Zhang et al. 2005), so it is
conceivable that CO may inhibit NF-κB activity via the up-
regulation of STAT1. The increase in p38 MAPK activity
induced by CO may be associated with the inhibition of NF-
κB activity. It has been demonstrated that indomethacin-
induced activation of p38 MAPK results in the inhibition of
NF-κB in response to the cytotoxicity of IR (Bradbury et al.
2001). These conflicting observations suggest that the role of
NF-κB in CO-mediated cytoprotection is cell- and stimulus-
specific, and is complex. Much remains incompletely
understood and it is necessary to investigate further the
connection between CO and the NF-κB pathway.

Despite its tantalizing potential as a therapeutic agent,
translating the use of CO from the laboratory to the clinical
arena has been a formidable challenge. Being a well-known
toxic agent, administration of CO to patients by inhalation
will require careful measurement to minimize the risk of
environmental contamination, and careful monitoring of the
inhaled CO concentration and COHb levels. In our studies,
a single dose of CO i.p is sufficient to provide a therapeutic
effect without any observed adverse effects. Although
circulating COHb level increase, the peak level (5.5±
0.8%) is comparable with the level observed in healthy
volunteers who smoke (6.0±1.0%; Zevin et al. 2001).
Moreover, the concentration used for the current study is
less than one tenth of the CO dose administered to patients
during measurement of diffusion of the lung for carbon
monoxide in pulmonary function testing (Song et al. 2003).
To test the safeness of 2 ml/kg of 250 ppm CO i.p, we
measured PaO2 and SaO2. Surprisingly, no significant
differences were found among the rats exposed to room
air, to LPS and to CO. This suggests that CO administration at
the current dose and at low concentrations is safe and does not
cause hypoxia. Based on the results presented here, we believe
that a careful clinical evaluation of CO for the prevention of
intestinal injury induced by LPS may be warranted.

In summary, a single dose of CO i.p acts as a powerful
protection against intestinal injury induced by LPS, at least in
part, via anti-oxidant, anti-inflammation, and anti-apoptosis
mechanisms, which may involve the p38 MAPK pathway. A
single dose of low concentrations of CO i.p may be a more
practical and a more safe approach for using CO to study
cytoprotection from gut injury.

MDAmeasurement reveals an increase after LPS injection,
while the increase is inhibited by CO i.p. P<0.01 compared
with control group and CO i.p group at the same time
point. Comparison of LPS+CO i.p group with LPS
group at 1 h, P<0.05; at 3 h, P<0.01. Comparison of
3 h with 1 h, and 6 h with 3 h in LPS group, all P<0.01.
Comparison of 3 h with 1 h in LPS+CO i.p group, P<0.05;
6 h with 3 h, P<0.05. Analysis of variance results between
control group and CO i.p group for 1, 3, and 6 h are all
>0.05.

Intestinal MPO activity of injured rat is increased, and is
reduced by CO i.p. P<0.01 compared with control group
and CO i.p group at the same time point. Comparison of
LPS+CO i.p group with LPS group at 1 h, P<0.05; at 3 h,
P<0.01. Comparison of 3 h with 1 h, and 6 h with 3 h in
LPS group, all P<0.01. Comparison of 3 h with 1 h in LPS+
CO i.p group, P<0.05; 6 h with 3 h, P<0.05. Analysis of
variance results between control group and CO i.p group for
1, 3, and 6 h are all >0.05.

As analyzed, the activity of SOD shows a decrease after
LPS injection, but the decrease is prevented by CO i.p. P<0.01
compared with control group and CO i.p group at the same
time point. Comparison of LPS+CO i.p with LPS group at
1 h, P<0.01; at 3 h, P<0.05. At the different time points of
LPS group and LPS+CO i.p group, there are no significant
differences. Analysis of variance results between control
group and CO i.p group for 1, 3, and 6 h are all >0.05.

Treatment with CO significantly prevents the increase of
PAF induced by LPS. P<0.01 compared with control group
and CO i.p group at the same time point. Comparison of
LPS+CO i.p group with LPS group at 1 h, P<0.05; at 3 h,
P<0.01. Comparison of 3 h with 1 h, and 6 h with 3 h
in LPS group, all P<0.01. Comparison of 3 h with 1 h in
LPS+CO i.p group, P<0.05. Analysis of variance results
between control group and CO i.p group for 1, 3, and 6 h
are all >0.05.

After CO i.p, the increase of ICAM-1 induced by LPS is
markedly reduced. P<0.01 compared with control group
and CO i.p group at the same time point. Comparison of
LPS+CO i.p group with LPS group at 1 h, P<0.05; at 3 h,
P<0.01. Comparison of 3 h with 1 h, and 6 h with 3 h
in LPS group, all P<0.01. Comparison of 3 h with 1 h in
LPS+CO i.p group, P<0.05. Analysis of variance results
between control group and CO i.p group for 1, 3, and 6 h
are all >0.05.

The decrease of IL-10 caused by LPS is reversed by CO
i.p. At all observed time points, IL-10 in LPS group
decreased, significantly lower than that of control group
(P<0.05). However, after treatment with CO, IL-10 in
LPS+CO i.p group increased, significantly higher than that
of LPS group at the same time point (P<0.05). At the
different time points of LPS group and LPS+CO i.p group,
there are no statistical differences. Analysis of variance results
between control group and CO i.p group for 1, 3, and 6 h are
all >0.05.

Apoptotic cells are determined by flow-cytometry that
can detect the apoptotic cells stained with both Annexin V
and PI, then to determine the percentage of apoptotic cells.
CO i.p significantly reduces the increase of apoptotic cells
rate induced by LPS. P<0.01 compared with control group
and CO i.p group at the same time point. Comparison of
LPS+CO i.p group with LPS group at 1 h, P<0.05; at 3 h,
P<0.01. Comparison of 3 h with 1 h, and 6 h with 3 h
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in LPS group, all P<0.01. Compared 3 h with 1 h in
LPS+CO i.p group, P<0.05. Analysis of variance results
between control group and CO i.p group for 1, 3, and 6 h
are all >0.05

Western blotting shows that the expression of the
phosphorylated p38 MAPK significantly increased after
LPS challenge, and increased more after CO i.p (a). The
levels of the phosphorylated p38 MAPK in the LPS group
are higher than that of the control group and the CO i.p
group (P<0.01). CO i.p increases the levels of the
phosphorylated p38 MAPK in the LPS+CO i.p group,
with significant differences compared with those of the LPS
group (P<0.01; b).

H&E stained intestinal tissues sections were scored under
light microscopy base on 0 up to 2 points for the different
grades of the depth of mucosal loss after receiving 0.9%NaCl,
LPS, and CO i.p, then compared the mean value of each
item. The injured scores of the LPS group are higher than
those of the control group and CO i.p group (P<0.01), CO i.p
reduces the rates of injury, with significant differences
compared with that of the LPS group (P<0.05)
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