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Endogenous carbon monoxide (CO) is produced by heme oxygenase-1 (HO)-1 which mediates the degradation of heme into CO,
iron, and biliverdin. Also, CO ameliorates the human inflammatory bowel diseases and ulcerative colitis. However, the mechanism
for the effect of CO on the inflammatory bowel disease has not yet been known. In this study, we showed that CO significantly
increases survival percentage, body weight, colon length as well as histologic parameters in DSS-treated mice. In addition, CO
inhalation significantly decreased DSS induced pro-inflammatory cytokines by inhibition of GSK-3𝛽 in mice model. To support
the in vivo observation, TNF-𝛼, iNOS and IL-10 afterCOand LiCl treatmentweremeasured inmesenteric lymphnode cells (MLNs)
and bone marrow-derived macrophages (BMMs) fromDSS treated mice. In addition, we determined that CO potentially inhibited
GSK-3𝛽 activation and decreased TNF-𝛼 and iNOS expression by inhibition of NF-𝜅B activation in LPS-stimulated U937 andMLN
cells pretreated with CO. Together, our findings indicate that CO attenuates DSS-induced colitis via inhibition of GSK-3𝛽 signaling
in vitro and in vivo. Importantly, this is the first report that investigated the molecular mechanisms mediated the novel effects of
CO via inhibition GSK-3𝛽 in DSS-induced colitis model.

1. Introduction

Inflammatory bowel diseases (IBD) are a chronic and recur-
rent intestinal inflammation resulting from the transmural
infiltration of neutrophils, macrophages, lymphocytes, and
mast cells, ultimately giving rise to mucosal disruption and
ulceration [1]. Furthermore, defects in epithelial barrier func-
tion and overproduction of proinflammatory cytokines such
as IL-1𝛽, IL-6, IL-12p40, IL-23p19, TNF-𝛼 and IFN-𝛾 lead
to tissue injury in intestine [2]. Additionally, upregulation
of pro-inflammatory cytokines in IBD condition is mediated
by NF-𝜅B, a transcription factor [3]. In order to develop
the various models of experimental IBD, dextran sulfate
sodium (DSS) or trinitrobenzene sulfonic acid (TNBS) was
administrated [4, 5]. This model is characterized by acute
tissue inflammation in the colon and mimics the pathology
of human ulcerative colitis.

Endogenous carbon monoxide (CO) as the end product
of heme oxygenase-1 (HO-1) activity has anti-inflammatory,
antiapoptotic and cytoprotective properties [6]. Also, CO
ameliorates active inflammation in an experimental model of
chronic IBD [7, 8]. Further, CO has showen beneficial effects
in ischemia/reperfusion injury [9, 10], pulmonary inflamma-
tion [11], and sepsis [12]. In case of tracheal transplantation in
mice, CO inhibits NF-𝜅B binding and iNOS expression [13].
In addition, CO-releasing molecules-2 (CORM)-2 which can
deliver CO in the biological systemhave been found to reduce
the inflammatory response by inhibition of NO and tumor
necrosis factor (TNF-𝛼) expression in mouse macrophages
[14]. In particular, CORM-2 prevented the inflammation in
murine colitis by inhibition of cytokine production [15].
Interestingly, recent studies have demonstrated that CO
ameliorates active inflammation in an experimental model of

http://dx.doi.org/10.1155/2013/210563


2 Oxidative Medicine and Cellular Longevity

chronic IBD or IL-10-deficient (−/−)mice, through induction
of HO-1[7], but the precise mechanism remains unclear.

Glycogen synthase kinase-3 (GSK-3), a serine-threonine
protein kinase, plays a vital role in glycogen metabolism, as
well as regulation of cellular functions like control of cell
division and apoptosis [16]. GSK3 is a constitutively active
serine/threonine protein kinase having GSK-3𝛼 and GSK-3𝛽
isoforms. GSK-3𝛽 activity is inhibited by phosphorylation of
serine 9 residue [17] and mediates the NF-𝜅B activity [18].
Also, selective inhibitors of GSK-3𝛽were found to inhibit the
inflammation and tissue injury due to downregulation of NF-
𝜅B activity in acute colitis in rat [19]. On the one hand, GSK-
3𝛽 expression was suppressed by HO-1 inducer hemin [20].
Therefore, CO as an end product of HO-1 catalytic reaction
for breakdown of the heme moiety may inhibit the activation
of GSK-3𝛽.

The underlying mechanism of CO in the regulation of
inflammatory response is not clear yet especially in DSS-
induced colitis model. Therefore, we suggest that the thera-
peutic effects of CO on DSS-induced colitis result from the
inhibition of GSK-3𝛽 and NF-𝜅B activation.

2. Materials and Methods

2.1. Reagents. Dextran sulfate sodium salt (DSS) was
purchased from MP Biomedicals (LLC, France). Lipo-
polysaccharides (LPS), lithium chloride (LiCl), and tri-
carbonyldichlororuthenium (II) dimer (CORM2) were
purchased from Sigma Aldrich (St. Louis, MO, USA).
Phospho(p)-GSK-3𝛽 (serine9), GSK-3𝛽, NOS2 (iNOS), p-
IkB, and IkB were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). All other chemicals were obtained
from Sigma-Aldrich.

2.2. Animals. Seven-week-old male C57BL/6 mice were
obtained fromORIENT (Pusan, Korea).Themiceweremain-
tained in standard housing cages under specific pathogen-
free conditions at 22∘C and access to drinking water ad
libitum. Mice were allowed to drink with or without 3% DSS
water for 6 days and then mice were inhaled with or without
CO (250 ppm) for 4 h or injected with LiCl (200mg/kg, i.p.)
on daily basis for 10 or 12 days. All mice were being fed
with standard laboratory chow ad libitum at all times. Control
mice were given only water. Water and chow consumption
was comparable betweenDSS and control groups, both before
and during the induction of colitis. Bodyweight was recorded
daily and survival percent was monitored at 10 and 12 days
respectively. After 10 days of CO or LiCl treatment, mice
were sacrificed and colons from all mice were collected
for histological and molecular assessment of inflammation.
Experiments with mice were approved by the Animal Care
Committee of the University of Ulsan.

2.3. Isolation and Culture of Bone Marrow Macrophages
(BMMs) and Mesenteric Lymph Node Cells (MLNs). Six- to
7-week-old C57BL/6 mice were provided with or without
3% DSS water for 6 days. BMMs were isolated as previously
described [21]. After sacrificing the mice, femora and tibiae
were carefully taken out and dissected free of adherent soft

tissue. Bone marrow cells were collected by flushing the
cavity by slowly injecting MEM-𝛼 medium (Hyclone, Loan,
UT, USA). Cells were washed with PBS twice, and then
the cells were taken in MEM-𝛼 medium containing 10%
FBS, 50 units/mL penicillin, 50 𝜇g/mL streptomycin (Gibco,
Grand Island, NY, USA). Cells were cultured in 10 cm tissue
culture dishes at an amount of 2 × 106 cells/dish and mouse
macrophage colony stimulating factor (M-CSF, 10 ng/mL,
BioSource, Camarillo, CA, USA) was added to differentiate
BMMs. Three days later, nonadherent cells were removed
and adherent cells (immature BMM)were suspended in fresh
MEM-𝛼 with M-CSF and used for experiment. On the other
hand, mesenteric lymph nodes were also isolated from mice
treated with or without 3% DSS and MLNs were pressed
through a cell strainer (Falcon 2340; BD Biosciences, San
Jose, CA, USA) to get single cells. Cells were collected on
DMEM containing 10% FBS and antibiotics. After washing
with medium, cells were counted and used for subsequent
experiment. Cells were treated with CORM2 and LiCl and
then stimulatedwith orwithout LPS (1𝜇g/mL) for designated
time points.

2.4. Cell Culture. U937 cells were cultured in DMEM in
addition to 10% FBS and 1% penicillin streptomycin at 37∘C
in 5% CO

2
until 75–80% confluence. After that, cells at the

rate of 5× 105/mL were splited in 6-well plates and incubated
for 18 h. Then cells were pretreated with CORM2 or LiCl and
then treated with or without LPS (1 𝜇g/mL) for 24 h. After
incubation, cells were harvested for western blotting and RT-
PCR, and supernatant was collected to perform ELISA assay
(R&D systems, Inc., Minneapolis, MN, USA) for measuring
the level of TNF-𝛼 production as well.

2.5. Histological Analysis. After sacrificing the mice, the
entire colon was dissected and flushed with ice-cold PBS. For
histological analysis, mice colons were fixed in 10% neutral-
buffered formalin for 24 h at room temperature, and paraffin-
embedded tissue sections were stainedwithHE (hematoxylin
and eosin) using standard techniques.

2.6. Western Blotting. Colon tissue or cell extracts were
prepared using lysis buffer containing RIPA buffer, protease
inhibitor, and phosphatase inhibitors. Protein concentration
in the lysate was measured by BCA assay (Pierce Biotechnol-
ogy Inc., Rockford, IL, USA). An equal amount of proteinwas
subjected to electrophoresis and then proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membrane. After
transfer, the membranes were blocked with 5% nonfat milk
in PBS containing 0.1% Tween 20 (PBS-T) for 20min and
incubated at 4∘C overnight with primary antibodies and fol-
lowed by secondary antibodies conjugated with horseradish
peroxidase for pGSK-3𝛽, GSK-3𝛽, pI𝜅B, I𝜅B, iNOS and 𝛽-
actin. Enhanced chemiluminescence (ECL) western blotting
detection system (GE Healthcare Life Sciences, Bucking-
hamshire, UK) was used to visualize the protein bands.

2.7. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). Total RNA was extracted from colon tissue or cell
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pellet using TRIzol reagent (Invitrogen, CA, USA) accord-
ing to the manufacturer’s instructions. In short, 2 𝜇g of
total RNA was used to make cDNA by using M-MLV
reverse transcriptase (Promega Corporation, WI, USA) and
oligo (dT) 15 primer (Promega Corporation, WI, USA).
The resulted cDNA was subjected to PCR for mouse
GAPDH (f-aggccggtgctgagtatgtc, r-tgcctgcttcaccttct, 530 bp),
18S (f-cagtgaaactgcgaatggct, r-tgccttccttggatgtggta, 397 bp),
iNOS (f-ccaccttggtgaagggactgagct, r-gctgcggggagccattttggt,
381 bp), TNF-𝛼 (f-agcccacgtcgtagcaaaccaccaa, r-acacccattc-
ccttcacagagcaat, 421 bp) and IL-10 (f-gacaataactgcacccactt, r-
tcaaatgctccttgatttct, 250 bp); and human GAPDH (f-ccaccca-
tggcaaattccatggca, r-tctagacggcaggtcaggtccacc, 520 bp), iNOS
(f-cagtacgtttggcaatggagactgc, r-ggtcacattggaggtgtagagcttg,
340 bp), t-bet (f-gctgtgcaggtgttgagcc, r-cataactgtgttcccgagg-
tgtc), and GATA-3 (f-gcctgtgcaaaagagatttcagat, r-tgattcacag-
agcatgtaggcc). GAPDH or 18S was used as internal loading
control. The PCR products were detected on 2% agarose gels
using digital gel documentation set.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA). U937
and MLN cells were incubated overnight on 6-well plate and
then pretreated with CORM2 and LiCl for 30min followed
by stimulated with LPS (1 𝜇g/mL) for 24 h. Supernatant was
collected from different experimental samples and levels
of TNF-𝛼 were assayed by using human ELISA kit (BD
Biosciences, San Diego, CA, USA) in U937 cells and mouse
ELISA kit (R&D systems) in MLN cells.

2.9. Statistical Analysis. Results are expressed as the means
± SD. Statistical analysis was performed with the GraphPad
Prism software version 5 (GraphPad Software Inc., SanDiego,
CA, USA). Differences in the data among the groups were
analyzed using one-way ANOVA followed by Tukey’s post
hoc test.

3. Results

3.1. CO Ameliorates Survival, Body Weight, and Colon Length
in DSS-Induced Colitis. In this study, colitis was induced by
providingmice with 3%DSS water for 6 days. To examine the
in vivo effects of CO or GSK-3𝛽 inhibitor (LiCl) on survival
of DSS-induced colitis mice, we inhaled mice with CO
(250 ppm) for 4 h or administrated LiCl (200mg/kg, i.p.) on
daily basis to mice for more 6 days. We found that mice from
DSS group had 0% survival rate after 11 days ofDSS treatment.
On the other hand, the mice treated with CO or LiCl in the
presence of the DSS had significantly higher rate of survival
compared to DSS group (Figure 1(a)). Similarly, to determine
the in vivo effects of CO or GSK-3𝛽 inhibitor (LiCl) on
body weight of DSS-induced colitis mice, CO (250 ppm)
inhalation for 4 h or administrated LiCl (200mg/kg, i.p.)
on daily basis was performed. Interestingly, we found those
mice treated with CO or LiCl in the presense of the DSS
had significantly higher body weight compared to that of
DSS group (Figure 1(b)). According to the data, preventive
treatment with CO is capable of increasing the survival rate
as well as body weight of mice with colitis induced by DSS.
At prescheduled time points, mice were killed, and the entire

colon of mice were taken and then imaging was performed
using a light imaging box and colon length was determined
using a measuring scale. We found that DSS induced colitis
significantly shortened colon length and, inhalation of CO
or LiCl administration significantly recovered DSS effects
(Figures 1(c) and 1(d)), suggesting beneficial effects of CO on
DSS-induced colitis where inhibition of GSK-3𝛽 is involved.

3.2. CO Attenuates Experimental Colitis as Measured by
Histology and Inflammatory Cytokines in Colon. To know
the effect of CO on GSK-3𝛽 and DSS-induced colitis, we
inhaled mice with CO (250 ppm) for 4 h or administrated
LiCl (200mg/kg, i.p.) on daily basis to mice for more 4 days.
Mice were sacrificed at designated time points; the entire
colons were dissected and fixed in 10% formalin. We have
characterized the histological features of paraffin-embedded
tissue sections from mice colons by H&E staining. The
histological features of the colons of CO treated and LiCl
treated group were better than those of DSS-treated group
(Figure 2(a)). To confirm the histological results, we checked
mRNA expression patterns of TNF-𝛼, iNOS and IL-10 in
colon tissue obtained from DSS induced colitis mice follow-
ing administration of CO and LiCl. Interestingly, CO or LiCl
was found to be involvedwith significant suppression of TNF-
𝛼, iNOS and at the same time IL-10 mRNA level was found to
significantly increase in colon tissue in vivo (Figure 2(b)). To
further confirm the results, expression pattern of pGSK-3𝛽
and iNOS protein in colon tissue obtained fromDSS-induced
colitis mice following administration of CO and LiCl was
examined. We found that CO or LiCl significantly increased
expression of pGSK-3𝛽 and at the same time iNOS protein
was found to decrease in colon tissue in vivo (Figure 2(c)).
Results indicating the role of CO in inhibition of DSS-
induced colitis are mediated through inhibition of GSK-3𝛽
activation.

3.3. CO Regulates the Production of Cytokines in MLNs and
BMMs fromDSS-InducedColitis. Colitis was induced tomice
through providing 3%DSS in drinking water for 6 days. After
6 days, mice were sacrificed to collect mesenteric lymph node
and bone marrow. To investigate the effect of CO or LiCl on
colitis-induced inflammatory cytokines, MLNs and BMMs
were treated with CORM2 (100𝜇M) or LiCl (20mM) for 6 h
and harvested cells were subjected for mRNA analysis by
RT-PCR. Data showed that CORM2 and GSK-3𝛽 inhibitor
significantly downregulated DSS induced proinflammatory
cytokines such as TNF-𝛼 and iNOSmRNA level by increasing
mRNA level of IL-10 in MLNs (Figure 2(d)) and BMMs
(Figure 2(e)) respectively. To confirm the role of GSK-3
signaling in CORM2 or LiCl-treated MLNs and BMMs, we
detected the levels of pGSK-3𝛽 using western blot analysis.
The expression of pGSK-3𝛽 inhibited by DSS treatment
was increased with CORM2 or LiCl in MLNs (Figure 2(f))
and BMMs (Figure 2(g)). Also, according to the report of
Marques et al. [22], HO-1/CO system could regulate the
Th1/Th2 profile. To investigate the association between GSK-
3𝛽 signaling andTh1/Th2 profiling, we analyzed the levels of
GATA-3 for Th2 cells and t-bet for Th1 cells using real-time
PCR analysis.
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Figure 1: CO attenuates DSS-induced experimental colitis as measured by survival, body weight, and colon length. Mice were administrated
with 3% DSS with drinking water for 6 days and CO (250 ppm) inhalation for 4 h daily and injection of LiCl (200mg/kg, i.p) was performed
daily for more 4 or 6 days. (a) Survival percent was measured at day 12. (b) Body weight was measured at day 10. (c) and (d) Colon length. (c)
Representative images of 3 tests conducted in each group. (d) Data are mean ± SD for 3 mice. Con: Control, DSS: dextran sufate sodium salt
and Data represents mean ± SEM, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

The levels of GATA-3 were increased by LiCl or CORM2
treatment (Figure 2(h)). DSS-induced t-bet levels were sup-
pressed by CORM2 or LiCl treatment (Figure 2(i)). There-
fore, these data suggested that CO mediates inhibition of
colitis-induced proinflammatory cytokines and regulation of
Th1/Th2 profile via inhibition of GSK-3𝛽 activation.

3.4. CO Controls GSK-3𝛽 Signaling in Human Macrophage
Cell Lines andMesenteric Lymph Node Cells (MLNs). GSK3 is
a constitutively active serine/threonine protein kinase having
GSK-3𝛼 and GSK-3𝛽 isoforms. GSK-3𝛽 activity is tightly
controlled by phosphorylation of regulatory serine 9 leading
to its inhibition [17]. To monitor the CO effects on GSK-
3𝛽 signaling, U937 cells were time and dose dependently
treated with CORM2 and western blotting was performed.

CORM2 strongly increased the pGSK-3𝛽 in the time-and
dose dependent manners (Figures 3(a) and 3(b)). To confirm
the in vivo observation of whether CO effect is medi-
ated through inhibition of GSk-3𝛽, U937 monocytes were
pretreated with CORM2 (100𝜇M) and LiCl (20mM) for
30min and then cells were stimulated with LPS (1𝜇g/mL)
for 30min and harvested cells were subjected to protein
analysis for inactive form of GSK-3𝛽 and activity of NF-𝜅B.
Interestingly, we observed that LPS mediated activation of
GSK-3𝛽 was inhibited with treatment of CORM2 or LiCl
by increasing pGSK-3𝛽 expression (Figure 3(c)). The influ-
ence of GSK-3𝛽 inhibition on the activities of transcription
factors, NF-𝜅B, was assessed, as it is known to regulate
cytokine-mediated inflammatory responses [23]. Further,
LPS increased NF-𝜅B activity downstream of GSK-3𝛽 by I𝜅B
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Figure 2: COattenuates experimental colitis asmeasured by histology in colon and inflammatory cytokines in colon,MLNs, andBMMs.Mice
were administrated with 3% DSS with drinking water for 6 days and CO (250 ppm) inhalation for 4 h daily and injection of LiCl (200mg/kg,
i.p) was performed daily for more 4 days. (a) Colon sections were subjected to H&E staining. (b) TNF-𝛼, iNOS, and IL-10 mRNA levels were
detected from colon tissue by RT-PCR. (c) iNOS and pGSK-3𝛽 protein levels were measured from colon tissue by western blotting. To detect
the levels of cytokines in MLNs and BMM cells, mice were treated with 3% DSS solution for 6 days and isolated MLN and BMM cells were
treated with CORM2 (100𝜇M) or LiCl (20mM) for 6 h. The levels of TNF-𝛼, iNOS, and IL-10 mRNA were performed by using RT-PCR in
MLN cells (d) and BMMs (e) and the levels of pGSK-3𝛽 were detected with western blot in MLN (f) and BMM (g) cells. Also, mRNA levels
of GATA-3 (h) and t-bet (i) were performed by using real-time RT-PCR in MLN cells. Data represents mean ± SEM, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01,
and ∗∗∗𝑃 < 0.001.
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Figure 3: CO attenuates expression of GSK-3𝛽 signaling in human macrophage cell lines and MLNs. (a) U937cells were incubated with
CORM2 (100𝜇M) for various time periods (0, 10, 20, 30, and 60min) (b) Cells were treated with CORM2 in a dose dependent manner (0, 10,
20, 30, 50, and 100𝜇M) for 30min. (c) U937cells were preincubated with CORM2 (100𝜇M) and LiCl (20mM) for 30min and then stimulated
with LPS (1𝜇g/mL) for 30min. (d) MLNcells were preincubated with CORM2 (100𝜇M) and LiCl (20mM) for 30min and then stimulated
with LPS (1𝜇g/mL) for 30min. Protein expressions of pGSK-3𝛽 and pI𝜅B were detected by western blotting.

activation and CORM2 and LiCl significantly abrogated LPS
effects (Figure 3(c)). To confirm the above and gain insight
whether GSK-3𝛽 inhibition directly impairs the function
of intestinal immune cells, in vitro stimulation experiments
were performed with MLN cells. Similarly, we found that
LPS stimulatedGSK-3𝛽 andNF-𝜅B activationwas potentially
reduced by CORM2 as well as GSK-3𝛽 inhibitor in MLN
cells (Figure 3(d)). The data presents that anti-inflammatory
effect of CO is mediated by inhibition of GSK-3𝛽 and its
downstream NF-𝜅B activation.

3.5. CO Downregulates TNF-𝛼 and iNOS Expression via Inhi-
bition of GSK-3𝛽 Signaling. GSK-3𝛽 positively regulates the
most important transcription factor in immune system NF-
𝜅B, which controls proinflammatory responses [24, 25]. To
obtain insight into the underlyingmechanism responsible for
inhibition of inflammatory effect of GSK-3𝛽 by CO in vitro,
we pretreated U937 monocytes with CORM2 (100𝜇M) and
LiCl (20mM) for 30min, and then cells were stimulated with
LPS (1 𝜇g/mL) for 24 h and harvested cells were subjected
to protein and mRNA analysis of TNF-𝛼 and iNOS. Data
showed that CORM2 and LiCl significantly decreased LPS
induced TNF-𝛼 and iNOS expression (Figures 4(a), 4(b), and
4(c)). To confirm CO effects on pro-inflammatory cytokines
in relation to GSK-3𝛽, we used MLN cells and pretreated
them with CORM2 (100 𝜇M) or LiCl (20mM) for 30min
and then cells were incubated with LPS (1 𝜇g/mL) for 24 h.
Likewise, CORM2 and LiCl significantly decreased LPS-
induced TNF-𝛼 and iNOS expression in MLN cells as well
(Figures 4(d) and 4(e)). Results from U937 and intestinal

immune cells indicate that anti-inflammatory effects of CO
took place by inhibition of GSK-3𝛽.

4. Discussion

Underlying mechanism behind the pathogenesis of the
human IBD is very complex due to the involvement of
various factors like genetic, immunologic, and environmental
factors [26, 27]. Recently, carbon monoxide (CO) is well
known to have various functions in immunomodulation,
anti-inflammation, and physiological homeostasis [28]. In
addition, CO was found to have protective effects against
ulcerative colitis [7] and chronic intestinal inflammation [29],
respectively. Exogenous CO provides the anti-inflammatory
response in case of hyperoxia condition [14], organ trans-
plantation [30], and ischemia reperfusion (I/R) injury [31,
32]. Furthermore, the protective effects of CO have been
investigated in intestinal inflammation both in vitro and
in vivo. Thus, CO can be a potential therapeutic option in
case of IBD due to its effectiveness in alleviating intestinal
inflammation and augment mucosal compensation [33, 34].
However, molecular mechanism behind the beneficial effects
of CO in intestinal inflammation is not yet clear. In this study,
we showed that DSS-induced colitis is attenuated by CO-
mediated inhibition of GSK-3𝛽 signaling in experimental
mice model.

GSK-3𝛽 is a constitutively active serine/threonine protein
kinase that is involved in a large number of cellular functions
[17] and is capable of regulating the activity of NF-𝜅B, a key
transcription factor for proinflammatory immune responses
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Figure 4: CO downregulates TNF-𝛼 and iNOS expression via inhibition of GSK-3𝛽 signaling. (a) to (c) U937 cells were pretreated with
CORM2 (100𝜇M) and LiCl (20mM) for 30min followed by stimulation with LPS (1 𝜇g/mL) for 24 h. (a) TNF𝛼 and iNOS mRNA expression
was measured by RT-PCR, (b) iNOS protein expression was measured by western blotting, and (c) supernatant was collected and TNF-𝛼
protein level was measured by ELISA. (d) to (e) MLN cells were pre-incubated with CORM2 (100𝜇M) and LiCl (20mM) for 30min and then
stimulated with LPS (1 𝜇g/mL) for 24 h. (d) iNOS and TNF-𝛼 mRNA expression was measured by RT-PCR, and (e) Supernatant was used
to measure TNF-𝛼 protein level by ELISA. The representative band or blot is shown. Data represents mean ± SEM, ∗𝑃 < 0.05, ∗∗𝑃 < 0.01,
∗∗∗𝑃 < 0.001.

[35]. Inhibition of GSK-3𝛽 signaling has been reported to
reduce experimental colitis in rat [19]. Increased GSK-3𝛽
activity was found to decrease IL-10 production leading
to dampen inflammatory processes in intestinal immune
cells [36] and macrophages [37]. Further, rat model of
colitis exhibits many of the macroscopic, histological, and
immunological features of inflammatory bowel disease (IBD)
with neutrophilic involvement [19]. In our study, we found
that CO and GSK-3𝛽 inhibitor significantly improved the
survival of DSS-treated mice by increasing body weight,
colon length and histological parameters, suggesting that
CO inhalation improved experimental colitis by inhibition
of GSK-3𝛽 signaling. However, DSS- [38] and TNBS- [39,
40] induced colitis have been found to be increased in
colonic TNF-𝛼 levels. Further, CO ameliorated colitis in IL-
10−/− [41] and TCR𝛼−/−mice and therapeutic effects of CO
correlatedwith induction of IL-10 [8, 42]. In the present study,
CO and LiCl significantly decreased DSS-induced TNF-𝛼
and iNOS and in the same time inactive form of GSK-3𝛽
increased in colonic tissues in mice in vivo. Additionally, ex
vivo experiment showed that DSS-induced TNF-𝛼 and iNOS
expression was reduced by CORM2 and LiCl by increasing
IL-10 in MLNs and BMMs. Results from in vivo and ex vivo

experiments indicate regulation of GSK-3𝛽 by CO in DSS-
induced experimental mice model.

GSK-3𝛽 inhibitors reduced the systemic inflammatory
response, tissue injury, and the phosphorylation of NF-
𝜅B and its downstream genes in the lung tissue of rats
[43]. To confirm the in vivo data regarding regulation of
colitis and involvement of CO and GSK-3𝛽, we did some
in vitro experiments with U937 monocytes and MLN cells.
CORM2 potentially increased the pGSK-3𝛽 with time- and
dose-dependent manners. In addition, CORM2 and LiCl
significantly decreased LPS-induced NF-𝜅B activation by
increasing I𝜅B and pGSK-3𝛽(ser9) in U937 as well as MLN
cells as described [44].

Proinflammatory cytokines play an important role in
the inflammatory events in IBD. Blockade of GSK-3𝛽 atten-
uates TLR-mediated excessive proinflammatory cytokines
and constitutes a promising therapeutic option for reducing
intestinal immune reactions toward the luminal flora in
inflammatory bowel disease [45]. In our observation, it is
provided that TLR4 ligand, and LPS-induced inflammatory
responses (TNF-𝛼, iNOS) were downregulated by CORM2
and LiCl treatment in U937 and MLN cells. Data presents
that CO inhibits inflammatory cytokines induced by LPS via
inhibition of GSK-3𝛽 signaling in vitro as well.
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To our knowledge, these results are the first to charac-
terize anti-inflammatory properties of CO via inhibition of
GSK-3𝛽 in a DSS-mediated model of chronic colonic inflam-
mation.The anti-inflammatory effects of CO are attributed to
the inhibition of GSK-3𝛽 signaling and highlight the broad
impact of these pathways on intestinal inflammation. GSK-
3𝛽 inhibition correlated with increased IL-10 expression,
which may be relevant anti-inflammatory mechanism of this
pathway, because IL-10 was reported to have a protective role
in colonic inflammation [42]. Also, the balance of cytokines
production is controlled with the regulation of Th1 and
Th2 profile by HO-1/CO system [22]. In summary, our data
demonstrate that CO decreases inflammatory responses via
inhibition of GSK-3𝛽 and pro-inflammatory cytokines in
DSS-induced colitis. Our mechanism provided in the CO-
induced protection against DSS-induced colitis might play an
important role in the treatment of ulcerative colitis.
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C. Thiemermann, “Reduction of experimental colitis in the rat
by inhibitors of glycogen synthase kinase-3𝛽,” British Journal of
Pharmacology, vol. 147, no. 5, pp. 575–582, 2006.

[20] J. F. Ndisang, N. Lane, andA. Jadhav, “Upregulation of the heme
oxygenase system ameliorates postprandial and fasting hyper-
glycemia in type 2 diabetes,” American Journal of Physiology:
Endocrinology andMetabolism, vol. 296, no. 5, pp. E1029–E1041,
2009.

[21] T. J. Chambers, J. M. Owens, G. Hattersley, P. S. Jat, and M.
D. Noble, “Generation of osteoclast-inductive and osteoclas-
togenic cell lines from the H-2KbtsA58 transgenic mouse,”



Oxidative Medicine and Cellular Longevity 9

Proceedings of the National Academy of Sciences of the United
States of America, vol. 90, no. 12, pp. 5578–5582, 1993.
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