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ARTICLE INFO ABSTRACT

Keywords: Ulcerative colitis is a chronic inflammatory disorder characterized by oxidative stress and upregulation of
Colitis proinflammatory mediators in colonic tissue. Febuxostat, a xanthine oxidase inhibitor has been shown to exert
FEb“XOStat_ anti-inflammatory and antioxidant effects. The aim of this study was to investigate the protective effect of
E‘gi‘;ma“on febuxostat against ulcerative colitis, and to elucidate the potential mechanisms involved. Experimental colitis

was induced in mice by intrarectal administration of 5% acetic acid. Mice were treated with febuxostat (10 and
20 mg/kg/day, orally) for three days. Results showed that body weight loss, colon shortening, macroscopic
damage and histopathological changes of colonic mucosa were reduced in mice treated with febuxostat.
Treatment of mice with febuxostat significantly increased the levels of glutathione (GSH) and superoxide dis-
mutase (SOD), and decreased the levels of malondialdehyde (MDA), carbonyl protein, xanthine oxidase, nitric
oxide (NO) and myeloperoxidase (MPO) activity of colon tissue compared with those in the acetic acid-induced
colitis group. The expression of nuclear factor kappa B (NF-kB) as a key regulator of inflammation in the colonic
tissue was decreased by febuxostat. Furthermore treatment with febuxostat significantly reduced the levels of
proinflammatory cytokines tumor necrosis factor (TNF)-a, interleukin (IL)-1f, IL-6 and interferon (IFN)-y, while
increased the levels of IL-10 compared with the colitis group. These results suggest that febuxostat is able to
decrease the severity of acetic acid-induced colitis by inhibition of oxidative stress and inflammatory responses

Oxidative stress

through NF-xB pathway.

1. Introduction

Ulcerative colitis is a chronic inflammatory gastrointestinal disorder
characterized by intestinal inflammation and damage of the intestinal
mucosa. The main clinical symptoms are diarrhea, abdominal pain,
rectal bleeding, and weight loss. Colorectal cancer is also a serious
complication of chronic ulcerative colitis. Although the pathophy-
siology of ulcerative colitis is not completely understood, it is believed
that several factors are involved in the pathogenesis of ulcerative co-
litis, such as environmental factors, genetic, and intestinal microbiota
[1]. One of the important pathogenic factors associated with ulcerative
colitis is oxidative stress. Excessive production of reactive oxygen spe-
cies (ROS) can produce direct oxidative damage to cellular proteins,
membrane lipids and DNA, leading to cell death. Sustained production
of ROS including the superoxide, hydrogen peroxide and peroxynitrite
may diminish endogenous antioxidants that remove these toxic species
[2-4].

Chronic inflammation of the intestinal mucosa is the typical feature
of ulcerative colitis and results from activation of the immune system.
Dysregulation of the immune system results in the production of
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proinflammatory mediators, such as TNF-a, IL-1, IL-6, cyclooxygenase
(COX)-2, prostaglandins and leukotrienes [2,5]. Production of the in-
flammatory mediators is controlled by NF-kB, which is an important
transcription factor that regulates inflammation process in ulcerative
colitis [6].

Febuxostat is a non-purine xanthine oxidase inhibitor that was
clinically approved for the treatment of gout through reducing uric acid
in the body. Febuxostat has been found to exert potent antioxidant and
anti-inflammatory effects in several experimental models. It has been
suggested that the antioxidant and anti-inflammatory properties of fe-
buxostat may result from its ability to inhibit xanthine oxidase-induced
oxidative stress and inflammation. It has been reported that febuxostat
reduces doxorubicin-induced cardiotoxicity, cisplatin-induced renal
injury, and hepatic and pulmonary inflammation [7-9]. Xanthine oxi-
dase plays an important role in the inflammatory presses and then
xanthine oxidase inhibitors can modulate the inflammatory responses.
Febuxostat is able to inhibit the production of proinflammatory cyto-
kines such as TNF-a, IL-1f, IL-6, IL-8, TGF-B1, chemokine MCP-1 and
COX-2 [10,11].

The most common drugs for the treatment of ulcerative colitis
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include aminosalicylates, glucocorticoids, immunosuppressive drugs
and TNF-a inhibitors; however, these agents have many adverse effects
and drug interactions. It has been proposed that drugs that modulate
both inflammatory and oxidative mediators may be a good choice for
the treatment of ulcerative colitis. Because of the antioxidant and anti-
inflammatory effects of febuxostat, we hypothesized that febuxostat
may attenuate intestinal mucosal injury in ulcerative colitis. Therefore
the present study was conducted to investigate the possible effective-
ness and the mechanisms of action of febuxostat on acetic acid-induced
colitis in mice.

2. Materials and methods
2.1. Animals

Male BALB/c mice (25-30 g) were used for experiments. Animals
were allowed free access to tap water and standard mouse food. Mice
were fasted 24 h with free access to water before the induction of co-
litis. All animal procedures were performed in accordance with the
National Institute of Health's Guide for the Care and Use of Laboratory
Animals and with the approval of our institutional Ethics Committee.

2.2. Induction of colitis

Acetic acid-induced colitis has long been used as an experimental
mouse model of ulcerative colitis. This model exhibits many clinical
and pathophysiological features of the human ulcerative colitis [1].
Mice were slightly anesthetized with ether and a flexible catheter was
inserted into the rectum and the tip was approximately 4 cm proximal
to the anus of mice. Colitis was induced by single intra-colonic in-
stillation of 5% acetic acid (0.1 ml) in 0.9% saline. After administration
of acetic acid, animals were suspended by the tail for 60s to prevent
leakage of the solution. In our preliminary experiment, macroscopic
and microscopic evaluations of the colonic tissues shows that this model
of colitis was completely induced 24 h after administration of acetic
acid in mice.

2.3. Experimental design

Mice were randomly divided into four groups with 7 mice in each
group; (1) Normal control group, mice received saline solution. (2)
Colitis group, mice received acetic acid (0.1 ml, intrarectally). (3) Feb
10 group, mice received acetic acid (0.1 ml, intrarectally) and febuxo-
stat (10 mg/kg/day, orally). (4) Feb 20 group, mice received acetic acid
(0.1ml, intrarectally) and febuxostat (20mg/kg/day, orally).
Febuxostat was suspended in 0.9% saline and administered by gavage
once daily for 3 consecutive days. The doses of febuxostat were selected
based on previous studies [7,8] and our preliminary experiments. Body
weight was measured daily throughout the experiment. On the fourth
day after the induction of colitis, mice from each group were anesthe-
tized with ketamine and xylazine and the colon specimens were col-
lected for the following experiments. Colonic tissue samples were
frozen in liquid nitrogen and kept at —70 °C until analysis.

2.4. Macroscopic examination

After measurement of colon length, specimens were opened by a
longitudinal incision and washed with saline solution. The severity of
the colonic damage was evaluated macroscopically using the following
scores: 0 = no macroscopic changes; 1 = mucosal erythema only;
2 = mild edema, slight bleeding or small erosions; 3 = moderate
edema, bleeding ulcers or erosions; 4 = severe edema, ulceration and
tissue necrosis [12].
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2.5. Histological examination

The colon specimens were fixed in 10% formalin, embedded in
paraffin and sections were stained with hematoxylin and eosin (H&E).
The severity of colonic inflammation was examined by an experienced
pathologist according to the method previously reported [4]: O = no
signs of inflammation; 1 = low leukocyte infiltration; 2 = moderate
leukocyte infiltration; 3 = high leukocyte infiltration, high vascular
density, colonic wall thickening; 4 = transmural infiltration, loss of
goblet cells, high vascular density, colonic wall thickening.

2.6. Preparation of colon tissue homogenate

Frozen tissue samples were cut into small pieces and homogenized
with a homogenizer (Heidolph, Germany) in ice-cold Tris-HCl buffer
(50 mM, pH7.4, containing protease inhibitor cocktail). The ratio of
tissue to buffer was 100 mg/mL. Tissue homogenates were centrifuged
at 20,000 X g for 20 min at 4 °C and the supernatants were collected and
stored at —70 °C until analysis.

2.7. Assessment of colonic malondialdehyde

The level of MDA in the colonic tissue was determined by the
thiobarbituric acid (TBA) method [13]. Briefly, the supernatant was
added to a reaction mixture which containing trichloroacetic acid (20%
w/v) and thiobarbituric acid (0.1 M). The mixture was vortexed and
heated at 90°C for 1h. After cooling, mixture was centrifuged at
10,000 g for 5min and the supernatant was collected. The absorbance
of the supernatant was measured at 532 nm using a microplate reader
(BioTek, USA). A calibration curve using tetramethoxypropane as MDA
standard was made and the results were expressed as nmol per mg of
tissue.

2.8. Assessment of colonic carbonyl proteins

The content of protein carbonyls as a marker for protein oxidation
was measured by a colorimetric method [14]. An aliquot of the sample
was added to a solution of 2,4-dinitrophenylhydrazine (10 mM) in 2M
HCl and incubated for 1h at room temperature. After adding tri-
chloroacetic acid (20% w/v), the mixture was centrifuged at 15,000 g
for 5min. The supernatant was discarded, and the pellet was washed
with 1ml ethanol-ethyl acetate (1:1v/v). The final pellet was re-
suspended in guanidine hydrochloride (3 M) in potassium phosphate
buffer (10 mM, pH 2.3). The absorbance was measured at 370 nm and
carbonyl content was calculated using a molar absorption coefficient of
22mM~'em™!. The result was expressed as nmol carbonyl per mg
tissue.

2.9. Assessment of colonic glutathione

Colonic GSH level was determined using a modified Ellman's
method. An aliquot of the sample was precipitated with trichloroacetic
acid (10% w/v), centrifuged (10,000g, 4 °C) for 5min and the super-
natant was separated. The resulting supernatant was added to a solu-
tion of 5,5’-dithiobis-2-nitrobenzoic acid (1 mM) in phosphate buffer
(0.2M, pH7.8, 1 mM EDTA). The absorbance was measured at 412 nm
using a microplate reader and the GSH content was calculated using a
glutathione standard curve. The result was expressed as pmol GSH per
mg tissue.

2.10. Assessment of colonic superoxide dismutase and xanthine oxidase

The activity of SOD and xanthine oxidase enzymes in the colonic
tissue was measured using a SOD assay kit (Cayman Chemical) and
xanthine oxidase assay Kit (Cayman Chemical) according to the man-
ufacturer's protocol. The values were expressed as U/mg tissue.
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2.11. Assessment of colonic nitric oxide

Colonic tissue supernatants were used for the measurement of ni-
trite and nitrate concentrations as an index of NO production. The level
of NO was measured using a Nitric Oxide Assay Kit (Cayman Chemical)
and the result was expressed as nmol/mg tissue.

2.12. Assessment of colonic myeloperoxidase activity

In order to assess granulocyte infiltration into the colon tissue, the
activity of MPO was determined by measuring the hydrogen perox-
ide-dependent oxidation of tetramethylbenzidine (TMB). In a 96-well
microplate, 50 pL of the supernatant was pipetted and mixed with 50 pL
of TMB solution (15 mM). Reaction was initiated by addition of H,O,
(25mM) diluted in phosphate buffer (50 mM, pH5.4). The rate of
change in absorbance was measured at 370 nm using a microplate
reader. One unit of MPO activity was defined as the quantity of enzyme
able to convert 1 umol of H,O, to water in one minute at room tem-
perature. The result was expressed as mU MPO/mg tissue.

2.13. Assessment of colonic inflammatory cytokines

The levels of inflammatory cytokines TNF-a, IL-1f3, IL-6, IL-10 and
IFN-y in the colonic tissue were measured by using mouse ELISA Kkits
from eBioscience according to the manufacturer's instructions. The re-
sults were expressed as pg/mg tissue.

2.14. Quantitative real-time PCR analysis of NF-kB

Total RNA was extracted from colonic tissue samples using TRIzol
Reagent (Roche). The RNA samples were treated with DNase I to re-
move DNA contamination. The first-strand cDNA was synthesized using
a First-Strand cDNA Synthesis Kit (Thermo Scientific, USA) according to
the manufacturer's instructions. The cDNA was used as the template for
SYBR Green-based quantitative real-time PCR using the LightCycler
(Roche). The thermocycling conditions were as follows: an initial de-
naturation at 94 °C for 5min, followed by 40 cycles of denaturing at
94 °C for 10 s, annealing at 59 °C for 155, and a final extension at 72 °C
for 15s. Target gene expression was normalized to GAPDH. The primer
sequences were as follows: GAPDH forward, TGAAGCAGGCATCTGA
GGG and reverse, CGAAGGTGGAAGAGTGGGAG; NF-kB forward, ACC
TTTGCTGGAAACACACC and reverse, ATGGCCTCGGAAGTTTCTTT.

2.15. Statistical analysis

Data were presented as means + standard error (SEM). Statistical
significance between groups was evaluated by one-way analysis of
variance (ANOVA) followed by Tukey's post-hoc test. Macroscopic and
histopathological scores were analyzed by non-parametric
Kruskal-Wallis test followed by Dunn's post hoc test. P < 0.05 was
considered statistically significant.

3. Results
3.1. Effects of febuxostat on acute acetic acid-induced colitis in mice

Administration of acetic acid caused a significant body weight loss
(Fig. 1A), colon shortening (Fig. 1B) and reduced survival rate (Fig. 1C).
These symptoms indicate sever intestinal inflammatory damage in mice
of the colitis group. Treatment of mice with febuxostat at the dose of
20 mg/kg/day significantly improved body weight loss (P < 0.01) and
colon shortening (P < 0.01) and increased survival rate (30%) com-
pared to the colitis group.
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3.2. Effects of febuxostat against acetic acid-induced macroscopic changes
in the colon of mice

The colonic tissue evaluation of mice treated with saline in the
control group showed a normal appearance of the colonic mucosa
without any damage (Fig. 2A). Macroscopic examination of the colonic
mucosa in the colitis group showed that intrarectal administration of
acetic acid produced marked edema, hyperemia, hemorrhage and ex-
tensive mucosal ulcerations. In addition, mice in the colitis group
showed a significant increase in the macroscopic score as compared to
the other groups (Fig. 2B). Treatment of mice with febuxostat (20 mg/
kg/day) significantly reduced colonic mucosal damage and the mac-
roscopic score as compared to the colitis group. Statistically, no sig-
nificant change was observed in the macroscopic appearance in mice
treated with low dose febuxostat (10 mg/kg/day) compared with colitis
group.

3.3. Effects of febuxostat against acetic acid-induced pathological changes
in the colon of mice

Histopathological changes of the colonic tissues were evaluated by
H&E staining to estimate the score and level of inflammatory damage in
the colon (Fig. 3A). Mice in control group showed normal colonic his-
tological architecture with no inflammation or leukocyte infiltration. In
contrast, in colitis group administration of acetic acid induced a sig-
nificant inflammatory response characterized by severe leukocyte in-
filtration, submucosal edema, high vascular density and loss of goblet
cells. Treatment of mice with febuxostat (20 mg/kg/day) significantly
reduced these histopathological changes and preserved intestinal mu-
cosal epithelial integrity. As shown in Fig. 3B the total histopathological
score was significantly elevated in the colitis group as compared with
the control group. However, treatment with febuxostat (20 mg/kg/day)
showed remarkably ameliorated colonic inflammatory damage and
significantly decreased histological scores.

3.4. Effects of febuxostat on the levels of MDA and protein carbonyl

Oxidative stress was evaluated by measuring the levels of MDA as a
marker of lipid peroxidation and protein carbonyl content as an in-
dicator of protein oxidation in the colonic tissue (Table 1). Acetic acid
administration remarkably increased the content of MDA and protein
carbonyl in colon tissue. Treatment with febuxostat (10 and 20 mg/kg)
significantly reduced the levels of MDA (P < 0.001 for 20 mg/kg and
P = 0.018 for 10 mg/kg) and protein carbonyl (P < 0.01for 20 mg/kg
and P = 0.045 for 10 mg/kg) compared to those in the colitis group.

3.5. Effects of febuxostat on the levels of GSH and SOD in the colon tissue

Oxidative stress induced by acetic acid leads to the depletion of GSH
and SOD as endogenous antioxidants in the colon tissue when com-
pared with those in the control group (Fig. 4A and B). Treatment with
febuxostat (20 mg/kg/day), significantly restored the levels of GSH
(P = 0.001) and SOD (P < 0.001) in colon tissue as compared with
those in the colitis group. Consequently, febuxostat at dose of 20 mg/
kg/day improved colon antioxidant status in the acetic acid-induced
colitis model.

3.6. Effects of febuxostat on the levels of xanthine oxidase and NO in the
colon tissue

Intrarectal administration of acetic acid resulted in significant in-
crease in xanthine oxidase concentration (P < 0.01) and NO produc-
tion (P < 0.05) in the colon tissue of mice as compared to the control
group (Fig. 5A and B). Treatment with febuxostat (10 and 20 mg/kg)
produced a significant and dose dependent reduction (P < 0.01 for
20 mg/kg and P = 0.04 for 10 mg/kg) in xanthine oxidase activity as
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3.7. Effect of febuxostat on the MPO activity in the colon tissue

MPO activity was measured to evaluate the degree of neutrophil
infiltration in the colon tissue as a marker of colonic inflammation
(Fig. 6). Administration of acetic acid significantly increased the MPO
activity as compared with the control group (P < 0.001). Whereas,
treatment with febuxostat (20 mg/kg/day), significantly reduced the
activity of MPO in colon tissue as compared to the colitis group
(P < 0.001). This result was consistent with the finding of histological
changes.

3.8. Effects of febuxostat on the colonic inflammatory cytokines
4. The production of inflammatory cytokines during the development
of colitis was evaluated by measuring the levels of TNF-a, IL-1f, IL-6,
# IL-10 and IFN-y in the colonic tissues (Fig. 7). Administration of acetic
acid caused significant increase in the colonic levels of proinflammatory
cytokines TNF-a, IL-1f, IL-6, and IFN-y, while decreased the level of
anti-inflammatory cytokine IL-10 as compared with those in the normal
group. Treatment of mice with febuxostat (20 mg/kg/day) significantly
decreased the production of TNF-a, IL-1B, IL-6, and IFN-y, while in-
creased the production of IL-10 as compared with those in colitis group.
As shown in Fig. 7, the effect of low dose febuxostat (10 mg/kg/day) on
| v the colonic inflammatory cytokines was not statistically significant
0 : L 1 ‘ when compared with the colitis group. These findings suggest that fe-
.. buxostat (20 mg/kg/day) may reduce colonic inflammation by influ-
Normal Colitis Feb(10) Feb(20) encing the balance between proinflammatory and anti-inflammatory

+ Acetic acid cytokines.

Macroscopic Score

— *

Fig. 2. (A) Representative macroscopic appearance of the colonic mucosa in the

experimental groups; (a) normal, (b) colitis, (c) febuxostat (10 mg/kg/day) and 3.9. Effect of febuxostat on the expression of NF-xB in the colon tissue

(d) febuxostat (20 mg/kg/day). E: edema; H: hemorrhage; U: ulcerations. (B)

Effects of febuxostat treatment (10 and 20 mg/kg/day) on the macroscopic Analysis the gene expression of NF-xB mRNA by real-time PCR

score of colonic mucosal damage induced by acetic acid. Data were analyzed by showed that the level of NF-xB in the colitis group was significantly

non-parametric Kruskal-Wallis test. Data are means = SEM. # P < 0.05 increased when compared with normal control group (P = 0.001)

compared with normal group; * P < 0.05 compared with colitis group. (Fig. 8). Treatment with febuxostat (20 mg/kg/day) caused significant
reduction in NF-xB mRNA expression (P < 0.01) as compared to the
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Fig. 3. (A) Histological images of the colonic tissue in the
experimental groups; (a) normal, (b) colitis, (c) febuxostat
(10 mg/kg/day) and (d) febuxostat (20 mg/kg/day). LI:
leukocyte infiltration; SE: submucosal edema; VD: vas-
cular density; GC: goblet cells loss. (B) Effects of febuxo-
stat treatment on the histopathological score of colon
tissue in mice with acetic acid-induced colitis. Treatment
with febuxostat (20 mg/kg/day) significantly reduced the
histopathological alterations induced by acetic acid. Data
were analyzed by non-parametric Kruskal-Wallis test.
Data are means * SEM. # P < 0.05 compared with
normal group; * P < 0.05 compared with colitis group.



K. Amirshahrokhi

Table 1
Effects of febuxostat treatment on the levels of MDA and protein carbonyl in the
colonic tissue of mice.

Groups MDA (nM/mg tissue) Protein carbonyl (nM/mg tissue)
Normal 12.7 £ 1.3 0.26 = 0.04
Colitis 41.9 + 3.8%% 0.58 + 0.05"
Feb (10 mg/kg) 27.3 + 4.3+ 0.34 * 0.07
Feb (20 mg/kg) 17.9 = 1.8 0.26 = 0.04
Data are means + SEM.
# P < 0.01.
## P < 0.001 compared with normal group.
* P < 0.05.
= P < 0.01.

** P < 0.001 compared with colitis group.

colitis group. However the effect of low dose febuxostat (10 mg/kg/
day) on the level of NF-kB was not statistically significant (P = 0.08).

4. Discussion

Ulcerative colitis is a type of inflammatory bowel disease (IBD)
characterized by ulcers and severe inflammation in the inner lining of
the colon. It is demonstrated that oxidative and inflammatory media-
tors play a vital role in the pathogenesis of ulcerative colitis. Acetic
acid-induced colitis is used as an experimental model of ulcerative co-
litis in mice and shows many clinical symptoms similar to human ul-
cerative colitis.

The present study revealed that, treatment with febuxostat (20 mg/
kg/day, orally) significantly ameliorated colonic mucosal damage in-
duced by acetic acid. Histopathological examination showed that ad-
ministration of acetic acid induced a significant inflammatory response
characterized by severe leukocyte infiltration, submucosal edema, high
vascular density and loss of goblet cells. Treatment of mice with fe-
buxostat (20 mg/kg/day) significantly reduced these histological al-
terations and pathologic score in the colonic tissue.

It has been well known that reactive oxygen species are involved in
the initiation and progression of ulcerative colitis [15]. Oxygen derived
reactive molecules such as superoxide anion (O, ™), hydrogen peroxide
(H»05), hydroxyl free radical (HO") and peroxinitrite (ONOO ™) attack
to cellular membrane lipids, proteins and nucleic acids and eventually
leading to cell death. Free radicals induce lipid peroxidation by ab-
stracting a hydrogen atom from polyunsaturated fatty acids in cell
membranes. Lipid peroxidation is considered as an important step in
the mechanism of acetic acid-induced colonic mucosal injury. MDA is
the end-product of lipid peroxidation and commonly used as a bio-
marker of lipid peroxidation process. The lipid peroxidation products
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such as unsaturated aldehydes and MDA are able to react with multiple
biomolecules such as proteins and nucleic acids [2,13]. In the devel-
opment of colitis, accumulated ROS can oxidize proteins and lead to the
generation of protein carbonyl derivatives [16]. In the present study it
has been shown that acetic acid administration significantly increased
the levels of MDA and carbonyl proteins as biomarkers of oxidative
damage in the colon tissue. However, treatment with febuxostat con-
siderably decreased MDA and carbonyl proteins concentrations. In-
hibition of lipid peroxidation and protein carbonylation by febuxostat
could prevent oxidative induced damage to the colonic tissue.

The intestinal cells possess more efficient antioxidant defense me-
chanisms to detoxify the harmful effects of oxidants. Reduced glu-
tathione (GSH) is considered as an important and essential endogenous
antioxidant in the cells. It occurs abundantly in reduced form in tissues
and plays an important role in several physiological processes, in-
cluding conjugation of metabolites, detoxification of xenobiotics, reg-
ulation of cell signaling pathways and DNA repair mechanisms
[17-19]. It has been shown that glutathione supplementation and in-
crease the level of GSH improve oxidative colonic damage in an ex-
perimental colitis [20]. SOD is the main antioxidant enzyme re-
sponsible for scavenging superoxide anions. SOD exerts a crucial
protective effect in the colonic tissue against oxidative induced injury
and inflammation. Several studies have shown that the levels of GSH
and SOD in the colonic tissue decreased in acetic acid-induced colitis
[2,4,21]. The present study also showed that administration of acetic
acid significantly decreased the level of GSH and SOD activity in the
colonic tissue. It can be suggested that the reduction in the colonic
content of GSH and SOD may result from consumption of these anti-
oxidants during the scavenging of reactive oxygen radicals in the colon.
Depletion of GSH and SOD leads to the accumulation of ROS which
eventually result in cell damage and death. Treatment with febuxostat
(20 mg/kg/day) significantly restored the levels of GSH and SOD in the
colon tissue. These findings demonstrate the antioxidant activity of
febuxostat and may explain its protective effect against acetic acid-in-
duced colitis.

Nitric oxide is an important biological mediator and involved in
many physiological functions of the gastrointestinal tract. However,
excessive production of NO can be toxic to cells and has been im-
plicated in the pathogenesis of ulcerative colitis. NO may react with
superoxide anion (O, ) to generate peroxynitrite (ONOO ™) and sub-
sequently peroxynitrous acid (ONOOH). Peroxynitrite and its conjugate
acid are highly toxic oxidant that can cause cell death by lipid perox-
idation, protein oxidation, enzymes inactivation, DNA damage, and
disruption of cellular signaling pathways [16,22]. Excessive NO pro-
duction by induce nitric oxide synthase (iNOS) leads to colonic mucosal
damage through activation of NF-«B signaling pathway [23]. Xanthine
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Fig. 4. Effects of febuxostat treatment (10 and 20 mg/kg/day) on the levels of GSH (A) and SOD (B) in the colonic tissue. Data are means + SEM. # P < 0.001
compared with normal group; * P < 0.01, ** P < 0.001 compared with colitis group.
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oxidase is one of the major enzymes to generate superoxide anion when
it catalyzes the oxidation of hypoxanthine to xanthine and subsequently
to uric acid. This enzyme plays an important role in the progression of
oxidative and inflammatory disorders such as IBD. Xanthine oxidase
enzyme is found normally in the intestinal tissue, and its activity is
increased in pathological conditions. Toxic oxygen radicals produced
by activated xanthine oxidase can trigger intestinal tissue damage [24].
It has also been shown that the activity of xanthine oxidase can be
induced by activated neutrophils and inflammatory cytokines, such as
TNF-a, during ulcerative colitis. It has been demonstrated that xanthine
oxidase inhibition may be a potential treatment for ROS-related dis-
eases including IBD [24-26]. Consistent with previous findings, the
results of the present study revealed that the levels of xanthine oxidase
and NO in colon tissue were significantly increased during colitis.
Treatment with febuxostat (20 mg/kg/day) significantly decreased
xanthine oxidase activity and NO overproduction in the colon tissue.
These findings suggest that febuxostat may ameliorate acetic acid-in-
duced colitis by inhibiting xanthine oxidase and NO-mediated colonic
mucosal damage.

Neutrophil infiltration into the colonic mucosa plays an important
role in the progression of colonic inflammation and injury. During ul-
cerative colitis, activated neutrophils migrate from the circulation into
the colonic tissue, where they release inflammatory mediators and ROS.

MPO as a biomarker of neutrophil infiltration has been widely used to
assess colonic inflammation [2,3]. MPO catalyzes the oxidation of the
chloride ion with hydrogen peroxide to form hypochlorous acid (HCIO),
which is toxic to cells [19]. The present study showed that acetic acid
administration significantly increased the MPO activity in the colonic
tissues. Febuxostat (20 mg/kg/day) was able to decrease MPO activity
and neutrophil infiltration into the colonic mucosa as indicated by the
histological findings. The ability of febuxostat to inhibit neutrophilic
inflammatory response, MPO activity and xanthine oxidoreductase-
mediated NO formation has been shown in other studies [9,27].

Ulcerative colitis is associated with inflammatory responses which
increase the production of pro-inflammatory cytokines, such as TNF-a,
IL-1pB, IL-6 and IFN-y leading to tissue damage and progression of the
disease [28,29]. TNF-a is a primary inflammatory cytokine and plays a
fundamental role in the pathogenesis of IBD. Anti-TNF-a agents have
been commonly used to treat patients with ulcerative colitis [30]. TNF-
a is thought to be produced primarily by macrophages in response to
various pathological processes and has multiple biological activities
involved in colitis. TNF-a stimulates immune cells to produce and re-
lease of other cytokines, chemokines, inflammatory lipid prostaglandin
E2, and reactive oxygen and nitrogen species [2,13]. IL-1f causes an
increase in intestinal epithelial permeability and stimulates the re-
cruitment of neutrophils to the inflamed colonic tissue [5]. IL-6 is a
potent pleiotropic cytokine that acts as a regulator of the adaptive
immune response in IBD. IL-6 induces the expression of acute phase
proteins during acute inflammation. It also regulates the differentiation
of the immune cells including macrophages and T cells. Moreover, IL-6
has been involved in the pathogenesis of colorectal cancer [31]. In-
hibition of IL-6 signaling pathway prevents T cell-mediated colitis [32].
It has been shown that the levels of IL-1f and IL-6 in serum and colon
tissue correlate with the severity of intestinal inflammation and disease
activity [4,28]. Another pleiotropic proinflammatory cytokine, IFN-y is
produced by activated T lymphocytes and thought to be involved in the
disruption of intestinal epithelial barrier function. It has been shown
that IFN-y is increased in human IBD and inhibition of IFN-y sig-
nificantly ameliorates chronic intestinal inflammation in murine
models of colitis [33,34]. IL-10 is an important anti-inflammatory cy-
tokine and plays essential role in controlling immune responses in the
intestinal mucosa. IL-10 inhibits the synthesis of proinflammatory cy-
tokines such as TNF-a, IL-1f and IFN-y and blocks NF-kB activity. It has
been reported that IL-10-deficient mice develop enterocolitis, and ad-
ministration of IL-10-producing Lactococcus lactis protects mice from
colitis. IL-10 also reduces colitis severity in mice through inhibition of
macrophage NO and ROS production [35-37].

In the present study administration of acetic acid caused a sig-
nificant increase in the colonic levels of proinflammatory cytokines
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Fig. 7. Effects of febuxostat treatment (10 and 20 mg/kg/day) on the production of cytokines TNF-a (A), IL-1p (B), IL-6 (C), IFN-y (D) and IL-10 (E) in the colonic
tissue of mice. Data are means + SEM. # P < 0.05, ## P < 0.01 compared with normal group; * P < 0.05, ** P < 0.01 compared with colitis group.

TNF-a, IL-1B, IL-6, and IFN-y, while decreased IL-10 level. Acetic acid-
induced proinflammatory cytokines were reduced by febuxostat
(20 mg/kg/day) treatment. However, the level of anti-inflammatory
cytokine IL-10 was elevated in response to febuxostat (20 mg/kg/day).
These findings demonstrated that febuxostat exerts a remarkable anti-
inflammatory property. In fact, febuxostat attenuates acetic acid-

induced colitis in mice by affecting the balance between anti-in-
flammatory and proinflammatory cytokines.

NF-kB is a key regulator of inflammation and has an important role
in the pathogenesis of ulcerative colitis. It has been well-known that the
expression and activation of NF-«B is markedly induced in patients with
IBD. NF-kB signaling pathway can be activated by various stimuli,
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group; * P < 0.01 compared with colitis group.

including cytokines, lipopolysaccharide and ROS. Activation of NF-xB
induces the production of inflammatory cytokines (TNF-a, IL-1f, IFN-y
and IL-6), chemokines, and enzymes (COX-2) leading to inflammation
and tissue damage. Immunosuppressive and anti-inflammatory drugs
that are widely used in the treatment of IBD are known to mediate their
therapeutic effects at least partly by inhibition of NF-kB activity
[38-40]. Indeed, NF-kB pathway inhibition is an attractive potential
therapeutic strategy in IBD. The results of the present study showed
that, acetic acid administration induced NF-kB expression and treat-
ment with febuxostat (20 mg/kg/day) significantly reduced acetic acid-
induced NF-«xB activation in the colon tissue. It can be suggested that
NF-xB inhibition is the key molecular mechanism for the anti-in-
flammatory effects of febuxostat in colitis.

In conclusion, this work indicates that febuxostat treatment is able
to attenuate acetic acid-induced colitis in mice by inhibition of in-
flammatory and oxidative stress mediators.
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