Acta Pharmacologica Sinica (2014) 35: 1566-1576
© 2014 CPS and SIMM Al rights reserved 1671-4083/14 $32.00

®

www.nature.com/aps

Original Article

Exogenous carbon monoxide suppresses Escherichia
coli vitality and improves survival in an Escherichia
coli-induced murine sepsis model

Wei-chang SHEN*, Xu WANG*, Wei-ting QIN, Xue-feng QIU, Bing-wei SUN*

Department of Burns and Plastic Surgery, Affiliated Hospital, Jiangsu University, Zhenjiang 212001, China

Aim: Endogenous carbon monoxide (CO) has been shown to modulate inflammation and inhibit cytokine production both in vivo and in
vitro. The aim of this study was to examine whether exogenous carbon monoxide could suppress the vitality of Escherichia coli (E coli)
and improve the survival rate in an E coli-induced murine sepsis model.

Methods: ICR mice were infected with E coli, and immediately injected intravenously with carbon monoxide releasing molecule-2
(CORM-2, 8 mg/kg) or inactive CORM-2 (8 mg/kg) . The survival rate was monitored 6 times daily for up to 36 h. The blood samples,
liver and lung tissues were collected at 6 h after the infection. Bacteria in peritoneal lavage fluid, blood and tissues were enumerated
following culture. Tissue INOS mMRNA expression was detected using RT-PCR. NF-kB expression was detected with Western blotting.
Results: Addition of CORM-2 (200 and 400 umol/L) into culture medium concentration-dependently suppressed the growth of E coli
and decreased the colony numbers, but inactive CORM-2 had no effect. Treatment of the infected mice with CORM-2 significantly
increased the survival rate to 55%, while all the infected mice treated with inactive CORM-2 died within 36 h. E coli infection caused
severe pathological changes in liver and lungs, and significantly increased serum transaminases, lipopolysaccharide, TNF-a and

IL-1pB levels, as well as myeloperoxidase activity, TNF-a and IL-1 levels in the major organs. Meanwhile, E coli infection significantly
increased the number of colonies and the expression of INOS mRNA and NF-kB in the major organs. All these abnormalities were
significantly attenuated by CORM-2 treatment, while inactive CORM-2 was ineffective.

Conclusion: In addition directly suppressing E coli, CORM-2 protects the liver and lungs against E coli-induced sepsis in mice, thus

improving their survival.
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Introduction

Sepsis is a clinical syndrome that complicates severe infection™.
A subset of patients develops multiple organ dysfunction syn-
drome (MODS) rapidly leading to death, while another subset
goes into remission but is more prone to develop secondary
life-threatening microbial infections™*. Sepsis and severe
sepsis are leading causes of death in many intensive care units
(ICU) all around the world™. Recently in the United States,
the incidence of severe sepsis has been estimated to be 3% of
the population, with a death rate of 25% among these cases
during hospitalization®. Clinically, nearly 95% of sepsis cases
are caused by bacterial infection, and 62.2% of these can be
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attributed to Gram-negative bacteria, with Escherichia coli (E
coli) responsible for nearly 16% of these infections”. E coli is
an opportunistic pathogen, which migrates by bacterial trans-
location from the gastrointestinal tract to extra-intestinal sites,
where virulence factors are important in establishing infec-
tions. In recent years, more frequent use of broad-spectrum
antibiotics has increased bacterial resistance!” ®; therefore,
novel and effective antibacterial agents for use in the clinical
are urgently required.

Carbon monoxide (CO) is a stable gas that has long been
known as a toxic compound because of its ability to bind
hemoglobin. Endogenous carbon monoxide, which is a by-
product of inducible heme oxygenase-1 (HO-1), can modulate
inflammation and inhibit lipopolysaccharide (LPS)-induced
production of cytokines both in vivo and in vitro®'!. Recently,
transitional metal carbonyls have been identified as potential

CO-releasing molecules (CORMs) with the potential to deliver
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CO to tissues and organs as a therapeutic agent™ . We have
reported that CORM-2 attenuated leukocyte sequestration
in some vital organs and the small intestine in burned and
cecal ligation and puncture (CLP)-challenged mouse models
of sepsis through interfering with nuclear factor-«xB (NF-xB)
activation and intercellular adhesion molecule-1 (ICAM-1)
protein expression and suppressing the endothelial cell pro-
adhesive phenotype!"”. In addition, our earlier studies also
showed that CORM-2 inhibits the activity and virulence of E
coli in vitro. On the basis of these observations, the aim of the
present study was to determine the capacity of exogenous CO,
carbon monoxide-releasing molecule II (CORM-2), to suppress
E coli ATCC25922 vitality, and to decrease the inflammatory
responses in the liver and lung, increase the survival rate in an
E coli ATCC25922-induced murine model of sepsis.

Materials and methods

Ethics statement

The experimental protocol was approved by the Council on
Animal Care at Jiangsu University on the Protection and Wel-
fare of Animals and was conducted according to the National
Institutes of Health guidelines for the care and use of experi-
mental animals. Anesthesia consisting of spontaneous inha-
lation of isoflurane-N,O (Abbott Laboratories, Missisauga,
Ontario, Canada) in a 60% oxygen/40% nitrogen mixture
was administered when necessary. Mice were euthanized by
excessive anesthesia administration for each experiment.

Reagents

Tricarbonyldichlororuthenium (II) dimer (carbon monoxide
releasing molecule-2, CORM-2) was purchased from Sigma
(St Louis, Mo, USA) and solubilized in dimethyl sulfoxide
(DMSO) to obtain a 40 mmol/L stock solution. Chemical
structure of CORM-2 was shown in our published report™.
Inactive form of CORM-2 (iCORM-2, negative controls) was
prepared as described previously™. E coli ATCC25922 was
kindly offered by Department of Microbiological Testing of
the Affiliated Hospital of Jiangsu University. Other reagents
and instruments included tumor necrosis factor-alpha (TNEF-
a) and interleukin-1 beta (IL-1p3) ELISA kits (Qiaoyi, Shanghai,
China), LAL reagents (Houshiji, Fujian, China), a high-speed
and low-temperature desktop centrifuge (Beckman, Inc, USA),
and a VMR-type small animal anesthesia machine (Matrx, Inc,
USA), a CFX96TM Real-Time System (Bio-Rad, Inc, USA). All
the other chemicals were of reagent grade and obtained from
Sigma unless otherwise stated.

Growth curve measuring and colony counting

Measurement of growth curve was used to dynamically study
the growth of bacteria. The bacterial growth data in our pre-
liminary experiments indicated that the consistent major effect
of CORM-2 on growth dynamics was an extended lag phase
in which entry into exponential growth was delayed that
increased with increasing CORM-2 concentrations. Thus, we
focused on how CORM-2 altered the duration of the lag phase.
The bacteria were divided into five groups (n=6), including

E coli, E coli+200 pmol/L CORM-2, E coli+400 pmol/L CORM-
2, E coli+200 pmol/L iCORM-2, and E coli+400 pmol/L
iCORM-2. E coli were inoculated and cultured on the Luria-
Bertani (LB) medium until they reached peak viability and
activity. Single colonies were then inoculated into 2 mL of LB
medium, cultured overnight (37°C at 250 r/min), diluted at
the rate of 1:100, and inoculated in 20 mL of LB medium in the
following morning. Corresponding concentrations of CORM-2
or iCORM-2 (200 or 400 pmol/L) were added to each group
(except E coli group) to intervene, and the values at OD,, were
measured at specific time points. In addition, 100 pL of the
bacterial culture was appropriately diluted and evenly spread
on Mueller-Hinton agar plates. The bacteria were cultured
in a CO, incubator at 37°C for 48 h and the resulting colonies
were then counted.

Infection model and survival rate

Pathogen-free male ICR mice (kindly offered by Labora-
tory Animal Center, Yangzhou University) aged 6-8 weeks
and weighing 20+2 g were fed in laboratory for one week.
Mice were housed in standard wire-topped cages and in
temperature-controlled units. Food and water were sup-
plied ad libitum. A total of 80 ICR mice were divided into
four groups (n=20) as follows: control, E coli, E coli+ CORM-2,
E coli+iCORM-2. The control group received 0.5 mL saline by
intraperitoneal injection, while the other groups received intra-
peritoneal injections of 0.5 mL E coli (3x10° cfu/mL). Imme-
diately afterwards, the E coli+CORM-2 and E coli+iCORM-2
groups received CORM-2 (8 mg/kg, iv) or iCORM-2 (8 mg/kg,
iv), respectively. 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 our own preliminary experiments that
measured the dynamic and peak carboxyhemoglobin (COHb)
levels"”. Mouse survival was monitored six times daily for up
to 36 h.

Histologic studies

A total of 32 ICR mice were divided into four groups (n=8)
and were infected with E coli with CORM-2 or iCORM-2 inter-
vention as described above. Six hours after the injection, the
mice were euthanized by excessive anesthesia administration.
The liver and lung specimens harvested from different groups
of mice were fixed by immersion in 4% formaldehyde solution.
The tissues were embedded in paraffin wax, serially sectioned,
and stained with hematoxylin-eosin. Liver and lung morpho-
logic characteristics were evaluated by light microscopy.

LPS concentration assessment

The concentration of LPS in the serum of mice was determined
using the Limulus amebocyte lysate (LAL) test (Houshiji,
Fujian, China). In accordance with the protocol provided by
the manufacturer, 100 pL of each sample was added into 100
pL of the quantitative LAL reagents dissolved in LPS-free
water and then incubated in a motionless water bath at 37°C
for 2 h. The formation of gel from the LAL products induced
by the existence of non-neutralized LPS was measured utiliz-
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ing the kinetic turbidimetric assay. The results were analyzed
using GEN5 data analysis software.

Serum transaminase levels

Blood samples were obtained by cardiac puncture of the
left ventricle. The samples were stored in serum tubes and
immediately centrifuged at 3000 g/min for 5 min. Evaluation
of hepatocellular injury was performed by determining the
enzymatic activity of ALT and AST in serum samples using
a commercially available kit (Boehringer Manheim, Munich,
Germany) according to the manufacturer’s instructions.

TNF-a and IL-1 levels in serum and tissue homogenates

TNF-a and IL-1p levels in serum, and tissue homogenates
(liver and lung) were measured by enzyme-linked immu-
nosorbent assay (ELISA) kits following the manufacturer’s
instructions.

Myeloperoxidase (MPO) activity

MPO activity was measured in liver and lung tissues using
a procedure similar to that documented by Hillegas et al®™”,
Tissue samples were homogenized in 50 mmol/L potassium
phosphate buffer (PB) (pH 6.0), and centrifuged at 10000xg
(10 min); pellets were suspended in 50 mmol/L PB contain-
ing 0.5% hexadecyltrimethylammonium bromide. After
sonication, the samples were centrifuged at 10000xg (10 min).
Aliquots (0.3 mL) were added to 2.3 mL of reaction mixture
containing 50 mmol/L PB, o-dianisidine, and 20 mmol/L
H,O, solution. One unit of enzyme activity was defined as the
amount of MPO present that caused a change in absorbance
measured at 460 nm for 3 min. MPO activity was expressed as
unit/ g tissue.

Colony counting

Mice were infected by E coli followed by immediate intrave-
nous administration of CORM-2 or iCORM-2 as described
above. Six hours after the infection, the mice were euthanized
by excessive anesthesia administration. Samples (100 pL) of
the blood, peritoneal lavage fluid, liver and lung homogenates
of the mice were appropriately diluted and evenly spread on
Mueller-Hinton agar plates, cultured in a CO, incubator at
37°C for 24 h. Finally the resulting colonies were counted.

Semiquantitation of iNOS mRNA by reverse transcription-
polymerase chain reaction (RT-PCR)

The liver and lung tissue samples were sheared and treated
with Trizol, chloroform, isopropanol, ethanol, and RNase free
water in order to extract total RNA. Reversed transcription
of RNA to yield cDNA was carried out using Revert Aid First
Strand cDNA Synthesis Kit (Thermo, Boston, USA). Quanti-
tative real-time PCR (Maxima SYBR Green/ROX qPCR Kit,
Thermo) amplification was performed under the conditions of
95°C for 10 min and 95°C for 10 s, followed by 1 min at 60°C,
with data collection during the last 30 s. Primer sequences for
the genes of interest and the reference gene (GAPDH) were as
follows: for iNOS, forward primer 5'-CTTCCGAAGTTTCTG-
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GCAGCAGCG-3' and reverse primer 5'-GAGCCTCGTG-
GCTTTGGGCTCCTC-3'; for GAPDH, forward primer
5'-CACCCCATTTGATGTTAGTGC-3' and reverse primer
5'-CCATTTGCAGTGGCAAAG-3'. The values were standard-
ized by comparing with values from relative expression of
GAPDH.

Western blot

Nucleic proteins were extracted with the nuclear protein
extraction buffer kit (Vazyme Biotech, Jiangsu, China). Pro-
tein concentration was assayed using the bicinchoninic acid
(BCA) protein assay kit (Beyotime, Jiangsu, China) and equal
amounts of protein were loaded per well on 7.5%-15% poly-
acrylamide gels. An anti-mouse NF-kB-specific polyclonal
antibody (1:200, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was used as the primary antibody and an HRP-conju-
gated goat anti-rabbit IgG antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) was used as secondary antibody at
the appropriate concentration (1:2500). Immunoreactive bands
were visualized using an ECL detection system and band
intensity was determined using Fluorchem FC3 software.

Statistical analysis

Statistical analyses were performed by using SPSS 17 software
(SPSS, Chicago, IL, USA). Data were expressed as mean+SD.
One-way analysis of variance (ANOVA) and the independent-
samples t-test was used for the comparisons. A value of
P<0.05 was considered to be statistically significant.

Results

Effects of CORM-2 on E coli growth curve and colony counting

E coli were divided into five groups (n=6). Each group (except
E coli group) was added with CORM-2 or iCORM-2 to cocul-
ture at corresponding concentrations (200 or 400 pmol/L),
and strain growth was monitored at hourly intervals until sta-
tionary phase was reached. Growth was monitored by both
determining the optical density at 600 nm (ODgg) and count-
ing the clonal formation unit (CFU). Bacterial growth was
markedly suppressed in the presence of CORM-2. This was
confirmed by observing growth curve of E coli under interven-
tion of CORM-2 or iCORM-2. When compared with E coli
and E coli+iCORM-2 group, the growth of E coli in E coli+200
pmol/L CORM-2 group was suppressed, and the platform
phase entering time was significantly delayed, with a decrease
in colony numbers (F value in Figure 1A and 1B were 1034.33
and 248.32 respectively, P<0.01). Group E coli+400 pmol/L
CORM-2 showed an even more obvious suppression of bacte-
rial growth and decrease in colony numbers (F value in Figure
1C and D were 7087.46 and 11342.67 respectively, P<0.01).

Effect on CORM-2 on survival

All mice that received intraperitoneal injections of E coli alone
died within 36 h, while CORM-2 administration significantly
increased the survival rate which reached 55% (P<0.05). All
mice that received iCORM-2 immediately after intraperitoneal
injections of E coli also died within 36 h (Figure 2).
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Figure 1. Effects of CORM-2 on the growth curve and colony counting of E coli. The bacteria culture was appropriately diluted and evenly spread
on Mueller-Hinton agar plates. Bacteria were cultured in CO, incubator at 37 °C. CORM-2 was added to the bacteria culture at the concentration of
200 or 400 pmol/L to observe its effects on the E coli growth curve and resulting colonies. When compared to group E coli, the bacterial growth was
significantly suppressed (A, C) and colony numbers markedly decreased (B, D) in group E coli+200 ymol/L CORM-2 and in group E coli+400 ymol/L
CORM-2 (F=1034.33, 248.32, and 7087.46, 11342.67, respectively, P<0.01). n=8.
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Figure 2. Effects of CORM-2 on survival in an E coli-induced murine model
of sepsis. Mice were divided into four groups as follows: control (saline),
E coli, E coli+CORM-2, E coli+iCORM-2. Mice were infected by E coli
followed by immediate intravenous administration of CORM-2 or iCORM-2.
All E coli infected mice and E coli infected mice with iCORM-2 treatment
died within 36 h, while CORM-2 administration significantly increased the
survival rate which reached 55%. n=8.

Pathological changes

The organ sections of the animals in each group were evalu-
ated microscopically using H+E staining. Histological analysis
revealed normal structure in the liver and lung sections from
the control group (Figure 3A, 3E). In the E coli infected mice,
marked vacuolization and infiltration of the liver by inflam-
matory cells was observed (Figure 3B). Increased numbers of
red blood cells and inflammatory cells were also observed in
the lung alveolae (Figure 3F). These morphological changes
in both lung and liver suggested the presence of systemic
inflammation and multiple organ damage after E coli chal-
lenge, and these pathological changes also existed in tissues of
E coli+iCORM-2 group (Figure 3D, 3H). After in vivo admin-
istration of CORM-2, granulocyte infiltrations were signifi-
cantly decreased in both liver and lung tissue (Figure 3C, 3G),
providing evidence that CORM-2 may be involved in the sup-
pressive effects against E coli vitality and toxicity. The figure
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Figure 3. Effects of CORM-2 on organs injury after E coli infection. Mice were infected by E coli followed by immediate intravenous administration of
CORM-2 or iCORM-2. After 6 h of infection, the liver and lung specimens harvested from different groups of mice were immersed in 4% formaldehyde
solution. The tissues were embedded in paraffin wax, serially sectioned, and stained with hematoxylin-eosin. Tissue morphologic characteristics were
evaluated under light microscope. (A, E) Sections from control mice had normal architecture of the liver and lung; (B, F) Sections from bacteria infected
mice showed granulocyte infiltrations were significantly increased in liver and lung at 6 h of E coli infection; (C, G) Section from bacteria infected
mice followed by immediate intravenous administration of CORM-2 showed that histological damage in lung and liver tissue and infiltration of the
inflammatory cells to the tissue were significantly attenuated. The figure is representative of at least three experiments performed on different days. (D,

F) Pathologic changes in the tissues of E coli+iCORM-2 group were very similar to that of E coli group.

is representative of at least three experiments performed on and 237.75+21.78 vs 55.25+5.01 U/L, P<0.05). In contrast, the

different days.

Effect on CORM-2 on organ function and MPO activity in liver and
lung tissues

Hepatocyte injury was evaluated by determining the serum
concentrations of ALT and AST. At 6 h after receiving intra-
peritoneal injections of E coli, serum ALT and AST were found
to be significantly elevated in E coli and E coli+iCORM-2
infected mice as compared to the mice of control group (ALT,
131.50+12.93 and 125.00+11.33 vs 44.18+2.76; AST, 244.63+22.61
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corresponding values in the E coli+CORM-2 group were sig-
nificantly lower than those in the E coli and E coli+iCORM-2
groups (ALT, 87.13+6.42 vs 131.50+12.93 and 125.00+11.33
U/L; AST, 172.68+13.40 vs 244.63+22.61 and 237.75+21.78 U/L,
P<0.05, Figure 4A).

The activity of MPO, which is an enzyme in the azurophilic
granules of neutrophils, was assessed to determine whether
the E coli-induced polymorphonuclear leukocyte (PMN) accu-
mulation in the liver and lung was effectively prevented by
treatment with CORM-2. Homogenates of the organ samples
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Figure 4. Effect on CORM-2 on organ function and MPO activity in liver and lung tissues. Mice were infected by E coli followed by immediate
intravenous administration of CORM-2 or iCORM-2. Serum ALT and AST levels and MPO activity in liver and lung tissues were measured 6 h after
E coli infection. Serum ALT, AST, and MPO activities in liver and lung tissues were found to be significantly elevated in E coli infected mice as compared
to the mice of control group (A, B). In contrast, the corresponding values in the E coli+CORM-2 group were significantly lower than those in the E coli
and E coli+iCORM-2 groups (A, B). Data represent the mean+SD. °P<0.05 compared with the control group. °P<0.05 compared with the E coli group.
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Figure 5. Effect of CORM-2 on LPS concentrations and cytokines in serum and tissue homogenates. Mice were infected by E coli followed by immediate
intravenous administration of CORM-2 or iCORM-2. At 6 h after E coli infection, serum concentrations of LPS increased significantly after bacterial
infection compared with control group, while the concentration of LPS in the E coli+CORM-2 group was significantly lower than that detected in the
E coli and E coli+iCORM-2 groups (A). The TNF-a and IL-1p levels in the serum as well as in the liver and lung homogenates of E coli and E coli+iCORM-2
mice were significantly increased compared to the levels detected in the control group. In the E coli+CORM-2 group, the elevation in serum and tissue
homogenate levels of TNF-at and IL-1B was significantly reduced (B-D). n=8. Data represent the mean+SD. °P<0.05 compared with the control group.

°P<0.05 compared with the E coli group.

were examined for MPO activity at 6 h after bacterial infection.
MPO activity in liver and lung homogenates obtained from
E coli and E coli+iCORM-2 infected mice was markedly
increased compared with control mice (liver, 0.56+0.05 and
0.59+0.04 vs 0.28+0.02 unit/g; lung, 0.99+0.08 and 1.01+0.09
vs 0.39£0.03 unit/g, P<0.05), while this increase was signifi-
cantly reduced by CORM-2 treatment (liver, 0.34+0.02 vs
0.56£0.05 and 0.59+0.04 unit/g; lung, 0.66£0.06 vs 0.99+0.08
and 1.0140.09 unit/g, P<0.05, Figure 4B).

Effect of CORM-2 on LPS concentration and cytokines levels in
serum, liver and lung

Mice were infected by E coli followed by immediate intrave-
nous administration of CORM-2 or iCORM-2. At 6 h after
receiving intraperitoneal injection of E coli, serum concentra-
tions of LPS increased significantly after bacterial infection
compared with control group (826.51+71.98 vs 36.35+8.42
eU/mL, P<0.05), while the concentration of LPS in the E
coli+CORM-2 group was significantly lower than that detected
in the E coli and E coli+iCORM-2 groups (468.97+43.29 vs
826.51+71.98 and 805.39+81.22 eU/mL, P<0.05, Figure 5A). In
parallel, the TNF-a and IL-1p levels in the serum as well as in
the liver and lung homogenates of E coli and E coli+iCORM-2
mice were significantly increased compared to the levels
detected in the control group. In the E coli+CORM-2 group,
the elevation in serum and tissue homogenate levels of TNF-a
and IL-1p was significantly reduced compared with E coli and
E coli+iCORM-2 group mice (P<0.05, Figure 5B-5D).

Detection of colony distribution in major mouse organs after
E coli infection

Mice were infected by E coli followed by immediate intra-
venous administration of CORM-2 or iCORM-2. Six hours
after the injection, the mice were killed by excessive anes-
thesia. The number of colonies in blood, peritoneal lavage
fluid (PLF), liver and lung homogenates of E coli infected
mice were significantly increased compared with that in the
control group (P<0.001), while the number of colonies in the
major organs of E coli+CORM-2 group were significantly
decreased compared with that in the E coli group [blood,
(1.21£0.50)x10° vs (5.25+4.90)x10” and (4.10£3.30)x107 cfu/ml;
PLF, (2.1621.38)x10” vs (2.71£2.00)x10" and (2.68+2.10)x10"
cfu/mL; liver, (1.47£1.11)x10° vs (4.92+3.20)x10” and
(5.40£4.70)x10” cfu/mL; lung, (3.90£3.30)x10°vs (6.94+3.92)x10
and (6.23+4.34) x10” cfu/mL, P<0.01. Figure 6].

Effect of CORM-2 on iNOS mRNA expression in the liver and lung
of E coli infected mice

Mice were infected by E coli followed by immediate intra-
venous administration of CORM-2 or iCORM-2. Six hours
after the injection, the expressions of iNOS mRNA in liver
and lung of E coli and E coli+iCORM-2 group mice sig-
nificantly increased compared to that of the control group
(liver, 32.9942.96 and 33.65+3.29 vs 1£0; lung, 19.01+2.71 and
18.15+2.60 vs 1+0, P<0.05). This increase was significantly
reduced in the E coli+CORM-2 group (liver, 13.54+3.17 vs
32.9942.96; lung, 6.74+0.79 vs 19.01+2.71, P<0.05, Figure 7).
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Figure 6. Effect of CORM-2 on colony distribution in major mouse organs after E coli infection. Mice were infected by E coli and treated with CORM-2
or iCORM-2. Six hours after the injection, the mice were killed by excessive anesthesia. Mice blood, peritoneal lavage fluid (PLF) and liver, lung
homogenates were prepared. Appropriately diluted homogenates were spread onto LB plates, and cultured in CO, incubator at 37 °C for 24 h, followed
with colony counting. The colony counting in blood (A), lung (B), PLF (C), and liver (D) homogenates of E coli infected mice were significantly increased,
while the colony counting in major organs in E coli+CORM-2 groups were significantly decreased compared with that in E coli group. n=8. Data

represent the mean+SD. °P<0.01 compared with the E coli group.

Effect of CORM-2 on NF-kB activation in the liver and lung of
E coli infected mice

Mice were infected by E coli followed by immediate intrave-
nous administration of CORM-2 or iCORM-2. Six hours after
the injection, NF-kB activation in the liver and lung of E coli
and E coli+iCORM-2 group mice were significantly increased
compared to those of the control group (liver, 0.98+0.01
and 0.98+0.01 vs 0.53£0.01; lung, 1.10£0.06 and 1.11+0.03 vs
0.54+0.01, P<0.05), while this elevation was significantly inhib-
ited in the E coli+CORM-2 group (liver, 0.77+0.01 vs 0.98+0.01;
lung, 0.87+0.01 vs 1.10+0.06, P<0.05, Figure 8).

Discussion
In the United States, the incidence of severe sepsis is estimated
to 3% of the population; septic shock is associated with the
highest mortality (approaching 50%)"'\. Sepsis arises from the
complex interactions between the infecting microorganism and
the host immune, inflammatory and coagulation responses.
The fundamental pathogenesis of sepsis has not yet been fully
elucidated™ *1. Sepsis often progresses in cases where the
host cannot contain the primary infection, which is commonly
related to the characteristics of the microorganism®..
Escherichia coli (E coli), which is an important member of the
normal intestinal microflora of humans, typically colonizes
the mammalian gut within few hours after birth. E coli and its
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human host coexist in good health and with mutual benefit for
decades™ ¥!. However, during severe sepsis and sepsis shock,
human immunity is compromised and the permeability of the
intestinal mucosa changes. E coli, as an opportunistic patho-
gen, can migrate from the gastrointestinal tract to the extra-
intestinal sites by bacterial translocation™ >}, causing local or
disseminated infection and even life-threatening secondary
infections.

Many experimental studies have highlighted the specific and
independent role of exogenous CO in modulating inflamma-
tion® *1. As new metal carbonyl-based compounds, CORMs
release CO in biological systems®. CORM-2, a DMSO-
soluble CORM, has been shown to exhibit anti-inflammatory
actions and to improve the function of many important organs
in CLP and thermal injury models of sepsis in our previous
studies®. Therefore, we extended these investigations of
the anti-inflammatory effects of exogenous CO in an E coli
(ATCC25922)-induced murine sepsis model.

Previously, we confirmed that intravenous administration of
CORM-2 effectively inhibited pulmonary and hepatic patho-
logical injury, MPO activity, expression of TNF-a and IL-1(,
transcription of iNOS and NF-kB activity in CLP mice. How-
ever, whether CORM-2 exerted its effects on directly suppress-
ing the vitality of bacteria remained unknown. To further
explore the potential mechanisms, the in vitro growth curve
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Figure 7. Effect of CORM-2 on iNOS mRNA expression in the liver and
lung of E coli infected mice. iINOS mRNA expression was analyzed by RT-
PCR. At 6 h after E coli infection, the expression of iNOS mRNA in liver
and lung significantly increased compared to that of the control group.
This increase was significantly reduced in the E coli+CORM-2 group. n=8.
Data represent the mean+SD. "P<0.05 compared with the control group.
°P<0.05 compared with the E coli group.

and colony counting of bacteria were investigated. Growth
curve and colony counting were typically used to observe the
vitality of bacteria, by which we could monitor the real-time
growth of bacteria®!. Results of growth curve and colony
counting showed that bacterial growth was significantly sup-
pressed after CORM-2 intervention when compared with the E
coli and E coli+iCORM-2 groups, which implied that CORM-2
directly inhibited the bacterial vitality.

Myeloperoxidase (MPO) is an enzyme that is found pre-
dominantly in the azurophilic granules of PMNs. The interac-
tion between leukocytes and endothelial cells plays an impor-
tant role in inflammation and tissue damage[”]. Furthermore,
the quantitation of tissue MPO activity is a useful biomarker
for assessing the influx of PMNs™. In the present study, we
found that MPO activity in liver and lung tissues was signifi-
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cantly elevated after bacterial infection and this effect was sig-
nificantly attenuated after in vivo administration of CORM-2
but not iCORM-2. In accordance with previously reports"™ ",
this finding indicated that treatment with CORM-2 effectively
prevented PMN chemotaxis and infiltration of liver and lung
tissues after bacterial infection, consequently decreasing the
production of oxidants, and reducing oxidant-mediated injury
and inflammatory response in these tissues.

The data from this study showed that infection with a large
number of bacteria induced hepatocellular injury as evidenced
by increased plasma ALT and AST levels. Serum ALT and
AST levels markedly increased in sepsis mice. However, this
effect was not observed in sepsis mice treated with CORM-
2, indicating CORM-2 attenuates the hepatocellular injury
associated with sepsis in this model. Similarly, CORM-2 treat-
ment abolished the elevation in TNF-a and IL-1P levels in the
serum and liver and lung tissue homogenates of sepsis mice.
TNF-a and IL-1p play a critical roles in the pathogenesis of
sepsis and related syndromes. Moreover, infectious diseases
can induce exaggerated production of inflammatory cytokines
such as TNF-a and IL-1p in the early stages™. Similar protec-
tive effects of CORM-2 on inhibiting TNF-a and IL-1p were
discovered in CLP-induced peritonitis sepsis and LPS-induced
sterile sepsis™™. Our results suggested that CORM-2 prevents
liver damage, and decreases the production of TNF-a and
IL-1pB in liver and lung following bacterial infection. These
data indicate that the cytoprotective effects of CORM-2 are, at
least partly, due to inhibition of the production and secretion
of TNF-a and IL-1P during the early period of bacterial infec-
tion.

The inducible iNOS, which is expressed in macrophages
and neutrophils, is a calcium-independent enzyme that is
upregulated in response to inflammation”". Compared with
the other isoforms, iNOS activity is more sustained resulting
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Figure 8. Effects of CORM-2 on NF-kB activation in the liver and lung of E coli infected mice. Mice were infected by E coli followed by immediate
intravenous administration of CORM-2 or iCORM-2. Six hours after the injection, NF-kB activation in the liver (A) and lung (B) were significantly
increased compared to those of the control group, while this elevation was significantly inhibited in the E coli+CORM-2 group. n=8. Data represent the
mean+SD. °P<0.05 compared with the control group. °P<0.05 compared with the E coli group.
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in a concomitant increase in nitric oxide (NO)*?. NO plays a
major role in cellular injury resulting in the production of reac-

tive oxygen and oxidative stress!*”

. In this study, we found
that bacterial infection produced a significant upregulation
in iNOS mRNA expression. After administration of CORM-
2, the iNOS mRNA expression was significantly decreased. It
can be speculated that this effect leads to inhibition of NO pro-
duction and amelioration of cellular injury in this model.

The NF-xB family members are ubiquitous, rapidly acting
transcription factors that modify immune and inflammatory
reactions by regulating the expression of some chemokines
and cytokines* . Previously, we showed that CORM-2 plays
a pivotal role in the inhibition of NF-xB activity in the liver in
thermal injury model in mice, by decreasing the hepatocellu-
lar secretion of inflammatory cytokines and hepatic dysfunc-
tion™. Published reports also confirmed that NF-kB activity
was significantly down-regulated in LPS-stimulated endothe-
lial cells and macrophages interfered by CORM-2"* 1. In the
present study, NF-xB activity in liver and lung tissues were
elevated by bacterial infection, while it was markedly inhib-
ited by administration of CORM-2. All these data showed that
CORM-2 plays an even greater role in the inhibition of NF-xB
activity, resulting in decreased expression of inflammatory
factors such as TNF-a, IL-1B, NO, and improved organ func-
tion after bacterial infection.

Interestingly, our results of in vivo experiments showed that
there were large numbers of E coli in the blood, peritoneal
lavage fluid, liver and lung homogenates of mice follow-
ing bacterial infection. This was accompanied by markedly
increased serum LPS concentrations. After administration of
CORM-2, both the number of E coli and the concentration of
LPS were significantly decreased. The endotoxin LPS, which
is a constituent of the cell wall of Gram-negative bacteria, is
released on bacterial death. The presence of endotoxins in
the blood, known as endotoxemia, can lead to septic shock®!,
On the basis of our data, it can be speculated that, rather than
causing cell death, CORM-2 inhibits the proliferation of E
coli in vivo; however, this remains to be confirmed in future
studies.

Here, we observed 100% mortality in mice within 36 h of
intraperitoneal injection of E coli. CORM-2 administration
immediately after bacterial infection significantly increased the
survival rate, which reached 55%. This phenomenon was not
observed following administration of iCORM-2 in this model
and all mice died within 36 h of bacterial infection. Previously
studies and the present data indicated that CORMs might
exert a critical therapeutic potential in increasing survival in
both sepsis and other severe medical condition such as cardio-

vascular disease!® !

51,52]

, and organ transplantation and preserva-
tion

Taken together these findings indicate that CORM-released
CO suppresses Escherichia coli vitality, protects the liver and
lungs against E coli-mediated sepsis, resulting in improved
survival. However, there is still a great gap in the respect
to applying CORM-2 to treatment in clinical sepsis. E coil-
challenged murine sepsis model can’t fully mimic the patho-
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physiology in humans. Besides, although CO gas has already
passed safety evaluation in Phase I testing in healthy human
beings™!, CORM-2 as a kind of transitional metal carbonyls,
metabolical and toxicological effects need to be further charac-
terized.
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