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Febuxostat is a novel selective inhibitor of xanthine oxidase (XO), approved for treating hyperuricemia.
X0 inhibits the generation of uric acid (UA) as well as the resulting generation of superoxide. During renal
ischemia-reperfusion (I/R) injury, the burst of reactive oxygen species (ROS) can trigger the inflammation
and the tubular cell injury. As XO is a critical source of ROS, inhibition of XO could be a therapeutic target

KeyWﬂrdf-’ for I/R injury. Therefore, we performed this study to test the therapeutic effect of febuxostat on renal I/R
Apoptosis injury.

Febuxo?tat L Sprague-Dawley rats, received vehicle or febuxostat, were subjected to right nephrectomy and left
Ischemia-reperfusion injury .. .. .. s

Kidney renal I/R injury. Febuxostat significantly suppressed XO activity, and thereby reduced oxidative stress,

assessed by nitrotyrosine, thiobarbituric acid-reactive substances (TBARS) and urine 8-isoprostane. Fur-
thermore, febuxostat reduced the induction of endoplasmic reticulum (ER) stress, assessed by GRP-78,
ATF4, and CHOP. Vehicle-treated I/R injured rats exhibited elevated serum creatinine and UN, which were
significantly suppressed in febuxostat-treated I/R-injured rats. Histological analysis revealed that fubux-
ostat-treated rats showed less tubular injury and interstitial fibrosis with reduction in ED1-positive mac-
rophage infiltration, TUNEL positive apoptotic tubular cells, and interstitial smooth muscle o actin
(SMaA) expression, compared to vehicle-treated rats. In conclusion; novel XO inhibitor, febuxostat, can

protect kidney from renal I/R injury, and may contribute to preserve kidney function.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Renal ischemia-reperfusion (I/R) injury, frequently associated
with shock or surgery, is a major cause of acute renal failure [1].
Reactive oxygen species (ROS) have been implicated as a major
pathophysiological component in I/R injury in several tissues
including kidney [2]. Several lines of insights have focused on xan-
thine oxidoreductase (XOR) inhibitor as a therapeutic tool for I/R
injury. XOR inhibits the generation of uric acid (UA) as the final
product of purine catabolism, as well as the resulting generation
of superoxide. Under ischemic condition, adenosine triphosphate
(ATP) is degraded to xanthine, and hypoxanthine, which are sub-
strates for XOR. XOR functions as either xanthine dehydrogenase
(XDH) form, which transfers electron to NAD*, and generates
NADH or xanthine oxidase (XO) form, which transfers electron to
0, and generates oxidative stress. Because ischemia-induced cellu-
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lar calcium overload convert XDH to XO [3], under reperfusion
phase, enhanced XO can produce more ROS, such as superoxide,
hydrogen peroxide, and hydroxyl radicals. These ROS can exagger-
ate cellular damages.

Recently, apoptosis is triggered by ROS-mediated activation of
endoplasmic reticulum (ER) stress requiring involvement of CHOP
pathway [4]. Disturbances such as hypoxia and oxidative stress
may lead to ER dysfunction, which can induce ER stress in kidney
[5]. Oxidative stress can cause aberrant unfolded and malfolded
proteins, which in turn induces ER stress. Some unfolded protein
responses enhance the protein-folding capacity by activating the
transcription of target genes, such as glucose-regulated protein-
78 (GRP-78) [6]. ER stress-induced apoptosis is mainly mediated
C/EBP homologous protein-10 (CHOP). CHOP is a transcription fac-
tor, which induces several proapoptotic factors, and is downstream
of activating transcription factor-4 (ATF4). Severe ER stress prefer-
entially induces proapototic CHOP expression as compared to mild
ER stress [5].

On the basis that XO produces ROS, XOR inhibitor might have a
protective effect under renal I/R injury. Allopurinol, one of XOR
inhibitor, is a classic “suicide inhibitor,” as its binding to and
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reduction of the molybdenum (Mo) cofactor induces self-oxidation
to form oxypurinol, an active inhibitory metabolite. Reduction of
the Mo cofactor by allopurinol ultimately leads to electron transfer
to the FAD, resulting in the ROS production [7]. In addition, oxypu-
rinol binding and resultant inhibition also requires the Mo cofactor
to be reduced [8]. In this point of view, both allopurinol and oxypu-
rinol require enzyme turnover resulting in ROS formation before
inhibition is attained. On the contrary, a new XOR inhibitor, febux-
ostat, is not affected by the above enzyme redox state and interac-
tion with XO, and thereby produces less ROS. In this study, we
examined whether treatment with febuxostat could protect the
kidney from tubular ROS production under renal ischemia-reper-
fusion injury and, thereby, inhibit subsequent tubulointerstitial
injury.

2. Materials and methods

2.1. Experimental design

Male Sprague-Dawley rats weighing 200 g were purchased from
Japan SLC Inc. (Shizuoka, Japan) and were maintained under stan-
dard conditions until the experiments were done. All studies were
performed in accordance with the principles of the Guideline on
Animal Experimentation of Osaka University. The rats were ran-
domly allocated into three groups: (1) vehicle-treatment group
(Veh group); (2) febuxostat-treatment group (Feb group) and (3)
sham-operated group (sham group). Vehicle and febuxostat group
rats received orally 0.5 ml of 0.5% methylcellulose as a vehicle and
10 mg/kg/day of febuxostat in 0.5% methylcellulose 1day and
60 min before I/R injury, respectively. On day O, the rats were sub-
jected to right renal nephrectomy and left renal I/R injury. Sham-
operated rats were used as normal control. All rats were anesthe-
tized with an intraperitoneal injection of sodium thiopentone
(30 mg/kg). The animals were allowed to stabilize for 30 min before
they were subjected to right nephrectomy and 45 min of left renal
occlusion using artery clips to clamp the renal pedicles. Occlusion
was confirmed visually by a change in the color of the kidneys to a
paler shade. Reperfusion was initiated with the removal of the ar-
tery clips and was confirmed visually by noting a blush. The rats
were sacrificed 4 h (n =5 in each group), 24 h (n = 8 in each group),
and 72 h (n = 8 in each group) after reperfusion.

2.2. Xanthine oxidoreductase/xanthine oxidase activity

XOR activity was determined with a fluorometric assay de-
scribed by Beckman et al. Briefly, kidney tissue was homogenized
and centrifuged at 12,000g for 15 min. The supernatant was used
to the assay based on the conversion of pterin to a fluorescent
product, isoxanthopterin (Excitation wave length: 355 nm, Emis-
sion wave length: 405 nm), and was performed with or without
methylene blue to determine XOR (XO + XDH) activity and XO
activity, respectively.

2.3. Antibodies

Specific polyclonal antibodies for anti-smooth muscle o actin
(SMaA) antibody (EPOS System: clone 1A4; Dako, Glostrup, Den-
mark), and anti-rat ED1 antibody (1:100, clone ED1; MCA341R,
AbD Serotec, Kidlington, Oxford, UK) for macrophage staining were
used in this study.

2.4. Morphology and Immunohistochemical staining

Following fixation with 4% paraformaldehyde, the kidneys were
processed to paraffin and histological sections (2 um) of the kid-

neys were used for Periodic acid-Schiff (PAS), or for Imnmunohisto-
chemical staining. Immunohistochemical staining was carried out
by standard avidin-biotinylated peroxidase complex method (Dak-
oCytomation LSAB2 System-HRP, Dako) with diaminobenzidine as
the chromogen.

We have scored and calculated the number of infiltrated macro-
phages, and the percentage of SMaA staining positive areas by using
a computer-aided manipulator (Win Roof; Mitani, Fukui, Japan). All
of the slides were highlighted on digitized images using a computer-
aided manipulator (Light microscopy; Nikon Eclipse 80i (Nikon,
Tokyo, Japan), and pictures were taken with Nikon ACT-1 ver.2.63)
Glomeruli and large vessels were excluded in the microscopic fields
for image analysis. PAS-stained sections were scored by calculation
of percentage of tubules in corticomedullary junction that displayed
cell necrosis, loss of brush border, cast formation, and tubular dila-
tion as follows: 0, none; 1, <10%; 2, 11-25%; 3, 26-45%; 4, 46-75%;
and 5, >76%. At least 20 randomly selected areas per rat were
assessed. The scores of ten fields per each kidney sections were
averaged and used as the score of individual rat.

2.5. Terminal deoxynucleotidyltransferase-mediated dUTP nick end-
labeling (TUNEL) staining

TUNEL staining was performed using the in situ Apoptosis
Detection Kit (Takara Bio, Otsu, Japan), according to the manufac-
turer’s instructions. Briefly, the sections were deparaffinized and
treated with antigen retrieval in preheated 10 mmol/L sodium cit-
rate (pH 7), using a steamer for 40 min. They were then incubated
with 3% H,0, for 10 min, which was followed by incubation with
TdT enzyme solution for 90 min at 37 °C. The reaction was termi-
nated by incubation in a stop/wash buffer for 30 min at 37 °C.
The number of TUNEL-positive cell nuclei and the total numbers
of cell nuclei stained with hematoxylin were counted in 10 random
areas, and the percentages of the numbers of TUNEL-positive nu-
clei to the numbers of total cell nuclei were then calculated.

2.6. Real-time quantitative polymerase chain reaction (PCR)

Total RNA was extracted from the kidney cortex using an
RNeasy mini kit (Qiagen, Hilden, Germany), and was reverse tran-
scribed to cDNA. Gene expression was measured by real-time
quantitative PCR using an Applied Biosystems Prism 7500 (Applied
Biosystems, Foster City, CA, USA) with cDNA, SYBR Green PCR Core
Reagents (Invitrogen) and a set of primers. Primers fwere as fol-
lows: Monocyte Chemotactic Protein-1 (MCP-1); 5'-atgcagttaatgc
cccactc-3’ (forward), 5'-ttccttattggggtcagcac-3' (back), IL-1B; 5'-
caggaaggcagtgtcactca-3’ (forward), 5’-aaagaaggtgcttgggtcct-3’
(back), Transforming Growth Factor-B (TGF-B); 5'-ctactgcttcagctcc-
acagaga-3' (forward), 5'-accttgggttgcgacc-3’ (back), Type I colla-
gen; 5'-aatggtgctcctggtattge-3’ (forward), 5'- aatggtgctcctggtattge
-3’ (back), ATF4; 5'-gctatggatgggttggtcag-3’ (forward), 5'-agctcat
ctggcatggtttc-3’' (back), CHOP; 5'-ttacagtcatggcagctgagtc-3’ (for-
ward), 5’-gacctcctgcagatcctcatac-3’ (back), GRP-78; 5'-tgttccgct
ctaccatgaaac-3' (forward), 5'-aattcgagtagatccgccaac-3’ (back), 18s
rRNA; 5’-gcaattattccccatgaacg-3’ (forward), 5'-ggcctcactaaaccatc-
caa-3’ (back).18s rRNA transcript was used as an internal control.

2.7. Oxidative stress

Kidney cortex tissue was weighted and homogenized with
0.05 M potassium phosphate buffer containing 1 mM ethylenedi-
aminetetraacetic acid (EDTA) and protease inhibitor cocktail
(Roche Applied Science, Indianapolis, USA). Tissue suspension
was centrifuged at 12,000xg for 15 min at 4 °C, and the superna-
tants were collected and used for assay. Nitrotyrosine levels were
quantified by enzyme immunoassay using the NWLSS nitrotyro-
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sine ELISA kit (Northwest Life Science Specialties, LLC) according to
the manufacturer’s instructions. The measurement of thiobarbitu-
ric acid-reactive substances (TBARS) in the rat kidney was based on
the formation of malondialdehyde by using a commercially avail-
able TBARS Assay kit (Cayman Chemical) according to the manu-
facturer’s instructions.

Urinary concentrations of 8-isoprostane was determined using
enzyme immunoassay kits from Japan institute for the control of
aging (Shizuoka, Japan,). Results were adjusted by urine creatinine
concentration, and averaged.

2.8. Statistical analysis

All values are expressed as mean * SE. Comparisons between
two parameters were analyzed by using the unpaired Student’s t-
test. Comparisons among the three groups were evaluated using
the Tukey method by GraphPad Prism version 4.0 for Windows
(GraphPad Software, San Diego, CA, USA), and P < 0.05 was consid-
ered to be statistically significant.

3. Results
3.1. Febuxostat suppressed renal XO and XDH activity

Renal tissue XO activity was not changed in vehicle-treated
ischemia-reperfusion (I/R)-injured kidneys (1124 + 187 pU/mg
protein) compared with sham-operated kidney (1390 +397 pU/
mg protein) 4 h after I/R injury. In contrast, XO activity was not de-
tected in febuxostat-treated kidneys. Concomitant with the reduc-
tion of XO activity, febuxostat significantly reduced UA levels
(0.3 £ 0.0 mg/dL) compared with vehicle treatment (1.4 + 0.1 mg/
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Fig. 1. Effect febuxostat on oxidative stress. ELISA demonstrated the renal
concentration of nitro-tyrosine (A) and TBARS (B), and urinary excretion of 8-
isoprostane (C) 4 h after I/R injury (*P < 0.05). Real-time PCR showed GRP-78 (D),
ATF4 (E), and CHOP (F) mRNA expression 4 h after [/R injury. Result was expressed
as relative expression against the expression in sham-operated rats (*P < 0.05,
“*P<0.01).

dL) 4 h after I/R injury, but no difference was observed at 24 h be-
tween vehicle-treated and febuxostat-treated group (0.50 £ 0.14
and 0.58 + 0.07 mg/dL, respectively).

3.2. Febuxostat inhibits oxidative stress and ER stress

As we observed the sufficient XO inhibition of febuxostat in I/R
injured kidneys, we examined the resultant effect on oxidative
stress. Nitrotyrosine concentration, a marker of nitro-oxidative
stress, extracted from febuxostat-treated I/R-injured kidneys was
lower (11.9 2.6 pmol/g tissue) than that from vehicle-treated kid-
ney (30.7 £ 5.4 pmol/g tissue) 4 h after disease induction (P < 0.05
vs. Veh group; Fig. 1A). Febuxostat treatment also significantly
suppressed TBARS concentration, a marker of lipid peroxidation,
(28.5 3.7 nmol/g tissue) compared with vehicle treatment
(37.6 £ 3.0 nmol/g tissue) 4 h after disease induction (P < 0.05 vs.
Veh group; Fig. 1B). In addition, urinary excretion of 8-isoprostane
was also significantly suppressed febuxostat-treated rats com-
pared with vehicle-treated rats (1.83 +0.09 and 2.98 +0.44 ng/
mg Cr, respectively, P < 0.05; Fig. 1C).

Several studies have indicated that oxidative stress induces ER
stress [5]. Therefore, the expression of ER stress-related genes in
kidney tissues was measured 4 h after I/R. RT-PCR demonstrated
that marked elevation in GRP-78 (Fig. 1D), ATF4 (Fig. 1E), and
CHOP (Fig. 1F) levels were observed in the vehicle-treated I/R in-
jury model rats (3.43 +0.60-, 2.88 +0.77-, and 4.07 + 0.55-fold,
respectively, P<0.05) compared with the sham group
(1.19£0.37-, 1.00 £ 0.05-, and 1.06 * 0.09-fold, respectively). In
contrast, I/R injury-induced ER stress was suppressed in the Feb
treated group (1.29+0.30-, 0.70+0.33-, and 1.95 + 0.34-fold,
respectively, P < 0.05 vs. Veh group).

3.3. Effects on tubular damage and apoptosis in the I/R injury kidney

I/R-injured rats exhibited impaired renal function, assessed by
serum UN and creatinine (95.9 +8.9 mg/dL and 1.59 + 0.19 mg/
dL, respectively, P<0.01 vs. sham group), compared with sham-
operated rats (17.2+0.8 mg/dL and 0.36 + 0.04 mg/dL, respec-
tively). Febuxostat ameliorated the elevated serum UN and creati-
nine levels (38.2 + 4.3 and 0.62 + 0.06 mg/dL, respectively, P < 0.01
vs. Veh group) (Fig. 2A).

PAS staining of kidney sections from vehicle-treated rats 24 h
after I/R injury showed marked disruption, including widespread
degeneration of tubular architecture, tubular swelling, luminal
congestion, loss of brush border, and increased interstitial infiltra-
tion (PAS score; 3.4 + 0.1, Fig. 2B). Treatment with febuxostat ame-
liorated characteristic histological changes of I/R injury, including
tubular damage and increased interstitial cells (PAS score;
1.8 £0.1, P<0.001 vs. Veh group, Fig. 2C). To elucidate the protec-
tive mechanisms by which febuxostat administration ameliorated
tubular injury, we did TUNEL staining to quantify the number of
apoptotic cells. In the vehicle-treated I/R injury model rats, TUN-
EL-positive, apoptotic cells increased among the tubular epithelial
cells at 24 h (TUNEL-positive cells per all nuclei, 9.02 + 0.27%,
Fig. 2D), while TUNEL-positive, apoptotic cells were significantly
decreased by febuxostat treatment (1.23 £0.06%, P<0.001 vs.
Veh group, Fig. 2E).

3.4. Febuxostat ameliorates interstitial infiltration

As we observed the reduced interstitial infiltrated cells in feb-
uxostat-treated kidney, we then examined the macrophage infil-
tration in the interstitium. The number of ED-1 positive
macrophages was significantly increased in interstitial area of
vehicle-treated I/R-injured kidneys at 24 h and 72 h (266.3 £17.1
and 503.6 + 19.0 per low power field (LPF), respectively, P < 0.001
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Fig. 2. Effects of febuxostat on renal injury. Effect of febuxostat on renal function was summarized. Serum UN and creatinine were examined 24 h after sham-operation
(sham) or ischemia-reperfusion injury with heminephrectomy treated with vehicle (Veh) or febuxostat (Feb) (A) (**P < 0.01). Effect of febuxostat on tubular injury was
assessed by staining with PAS (B, C) or TUNEL (D, E) from vehicle-treated (B, D) or febuxostat-treated (C, E) I/R injured rats. (magnification, 200x).

vs. sham group) compared with sham-operated kidneys (8.6 + 0.6
field and 25.8 £2.9 per LPF, respectively), while febuxostat sup-
pressed the infiltration of ED-1-positive macrophages (81.1+7.6
and 228.9 +11.8 per LPF, respectively, P<0.001 vs. Veh group)
(Fig. 3A-C), which was consistent with the observation from PAS
staining. As we observed the protective effect of febuxostat on
macrophage infiltration, we examined the effect of febuxostat on
MCP-1 expression in I/R-injured kidneys. Real-time RT-PCR re-
vealed that MCP-1 mRNA expression was increased at 4 h and
24 h in I/R-injured kidney (8.85 + 1.82-fold and 5.60 * 1.42-fold,
respectively, P < 0.01 vs. Sham group). Parallel with the significant
reduction of macrophage infiltration, febuxostat suppressed the
increment of MCP-1 expression (3.47 + 0.74-fold and 3.24 £ 0.78-
fold, respectively, P < 0.05 vs. Veh group) (Fig. 3D). Moreover, the
IL-1p mRNA expression, a proinflammatory cytokine that related
to macrophage infiltration, was also decreased in febuxostat trea-
ted rats (1.42 + 0.40-fold, vs. Veh group 3.60 £ 0.65-fold, P < 0.05,
Fig. 3E).

3.5. Effects on interstitial phenotypic changes in the I/R injury kidney

To detect interstitial myofibroblasts, which are associated with
interstitial damage and fibrosis, the expression of SMaA was exam-
ined immunohistochemically. The interstitial expression of SMaA
increased 72h after I/R injury in the vehicle-treated rats
(7.08 £0.15%, P<0.001 vs. sham group), while febuxostat treat-

ment significantly suppressed interstitial expression of SMoA
(3.63 £0.12%, P<0.001 vs. Veh group) (Fig. 4A-C). Similarly, real-
time RT-PCR analysis showed that febuxostat significantly de-
creased TGF-p mRNA expression at 24h after reperfusion
(0.91 = 0.14-fold, vs. Veh group 1.35 = 0.12-fold, P <0.05 vs. Veh
group, Fig. 4D), and decreased type I collagen mRNA expression
at 72h after reperfusion (1.56+0.45-fold, vs. Veh group
4.12 £ 0.45-fold, P < 0.05 vs. Veh group, Fig. 4E).

4. Discussion

We demonstrated that febuxostat suppressed XO activity, re-
duced oxidative stress, and thereby ameliorated tubulointerstitial
injury in a rat model of I/R injury. Untreated I/R-injured kidneys
exhibited increased plasma creatinine, tubular apoptosis, intersti-
tial macrophage infiltration and interstitial SMaA expression,
while administration of febuxostat ameliorated these manifesta-
tions. Importantly, febuxostat reduced oxidative stress, assessed
by nitrotyrosine, TBARS and urine 8-isoprostane, together with
the reduction of XO activity. Nitrotyrosine is a tyrosine nitration
product mediated especially under proinflammatory conditions
by reactive nitrogen species. Peroxynitrite anion: ONOO™ is one
of the most powerful reactive oxygen species that is produced by
the reaction of nitric oxide and superoxide radicals, and considered
as a marker of reactive nitrogen species induced by iNOS
accompanied with oxidative stress [9]. TBARS, a measure of lipid
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Fig. 3. Effects of febuxostat on macrophage infiltration. Representative immunohistochemical staining for ED-1-positive macrophages from vehicle-treated (A) or febuxostat-
treated (B) I/R injured rats, and the number of ED-1 positive cells in interstitial space per 200x magnifier fields (C) 72 h after I/R injury. Real-time PCR showed the MCP-1
mRNA level at 24 h (D) and IL-1p level at 4 h (E) after I/R injury. Result was expressed as relative expression against the expression in sham-operated rats (*P < 0.05, **P < 0.01,

**P<0.001).

peroxidation, was increased after I/R injury, but ameliorated in feb-
uxostat-treated kidney. Racasan reported that infusion of XO in-
creased urinary excretion of TBARS, which was completely
normalized in the recovery period [10]. This observation was con-
sistent with our results that inhibition of XO by febuxostat reduced
renal TBARS. In addition, reduced 8-isoprostane revealed that feb-
uxostat inhibited the production of the oxidative stress-mediated
peroxidation of arachidonic acid. We identified less production of
ROS in febuxostat-treated I/R kidneys which may originate from
complete blockade of XO activity. Several lines of insights have fo-
cused on XO as a source for ROS production. XDH, which is unable
to generate ROS, is converted to XO by cellular calcium overload
[3]. XO can produce ROS, such as superoxide, hydrogen peroxide,
and hydroxyl radicals. As we showed that febuxostat diminished
the XO activity compared with the vehicle-treated I/R kidney, the
reduction of XO activity might suppress renal content of nitrotyro-
sine and TBARS, and urinary excretion of 8-isoprostane in febuxo-
stat-treated I/R kidneys.

We also showed that the macrophage infiltration on day 1 after
increasing oxidative stress 4 h after disease induction. Previous re-
port showed a positive interaction between ROS and macrophage
infiltration. Oxidative stress promotes the expression of various
inflammation-related molecules, including MCP-1 and IL-18,
which, in turn, promotes the inflammatory cell infiltration [11].
It has been reported that XO-induced oxidative stress stimulates

MCP-1 and IL-1B expression [12,13]. It was also reported that
hyperlipidemia caused XO activity in relation to MCP-1 expression
in kidney, followed by macrophage infiltration and tubulointersti-
tial injury, but that inhibition of XO prevented interstitial macro-
phage infiltration, together with decreased MCP-1 expression
[12]. These results points to an important role of XO in the early
stage of I/R injury, mediating macrophage infiltration by a puta-
tively oxidative stress-dependent up-regulation of MCP-1 and IL-
1B.

Together with the reduction of macrophage infiltration, TUNEL-
positive apoptotic tubular cells were also suppressed in febuxo-
stat-treated I/R kidneys on day 1, which was also consistent with
the reduction of XO activity. XO-derived ROS generation was re-
ported to induce apoptosis in cultured hepatocytes [14]. One pos-
sible mechanism of XO inhibitor-induced beneficial effect is the
preservation of mitochondrial function by protecting mitochon-
drial membrane integrity [15]. This is supported by our observa-
tion that fubuxostat-treatment decreased lipid peroxidation,
assessed by TBARS concentration. In addition, febuxostat may pro-
vide beneficial effect by reducing intracellular uric acid production.
In contrast to the role of plasma uric acid as a strong anti-oxidant
[16], intracellular uric acid induces oxidative stress by the activa-
tion of NADPH oxidase [17], and promotes inflammation. Another
possibility of suppressed apoptotic cells by febuxostat is mediated
by the suppression of CHOP expression. CHOP has been identified
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Fig. 4. Effects of febuxostat on phenotypic alteration. Representative immunohistochemical staining for SMaA from vehicle-treated (A) or febuxostat-treated (B) I/R injured
rats, and the percentage of SMoA positive staining areas in interstitial space (C) 72 h after I/R injury. (magnification, 200x ) Real-time PCR showed the TGF-3 mRNA expression
at 24 h (D) and type I collagen mRNA expression at 72 h (E) after I/R injury. Result was expressed as relative expression against the expression in sham-operated rats

(*P < 0.05, **P < 0.001).

as an ER-initiated proapoptotic signal that plays an important role
in the pathogenesis of diabetes mellitus and neurodegenerative
diseases [18]. In kidney, apoptosis is triggered by ROS-mediated
activation of CHOP pathway [4]. We previously demonstrated that
unfolded protein accumulation was observed in I/R-injured kidney
tubules [19], and here showed that GRP-78, target gene of unfolded
protein response, was upregulated in I/R kidney, but febuxostat re-
versed this induction. In addition, ATF4, and its downstream CHOP
were increased in I/R kidney, while treatment of febuxostat ame-
liorated their increase. Thus, febuxostat suppressed apoptosis by
inhibiting oxidative stress and ER stress.

The present study supports the current pathological concept
that XO activity itself rather than hyperuricemia may play impor-
tant roles in I/R injury. Several reports suggest the UA-independent
therapeutic effect of XO inhibitor. Clinical study showed that ben-
zbromaron lowered UA level, but had no effects on hemodynamic
impairment in chronic heart failure patients [20]. XO inhibitor
showed renoprotective effects in 5/6 nephrectomy rats without
hyperuricemia [21]. Since XOR are expressed ubiquitously, target-
ing XO activity can be applied to a variety of tissue and disease
conditions. CKD patients are shown to have high oxidative stress
[22], and those patients are expected to have high protein conver-
sion rate from XDH to XO. The use of XOR inhibitor in CKD patients
has been restricted due to the lack of appropriate agents, but we
now have novel agent; febuxostat, which can be used effectively

even in CKD patients. Thus, we need further investigations about
the role of febuxostat in the progression of CKD. Although the
reduction of uric acid itself may be protective for CKD patients, uric
acid-independent actions of XOR inhibitor may play significant
roles on the progression of CKD or CVD. It may eventually support
the idea to apply XOR inhibitors not only to hyperuricemic, but
also to non-hyperuricemic subjects to modulate these UA-indepen-
dent actions of XOR.

In conclusion, our results show that XOR activity contributes to
the progression of renal interstitial injury by modulating oxidative
stress and ER stress. Our observations support the current patho-
logical concept that, in addition to hyperuricemia, increased XO
activity itself may play important roles in the progressive renal in-
jury, and a novel XOR inhibitor, febuxostat, may be a therapeutic
tool for progressive renal injury.

References

[1] F. Gueler, W. Gwinner, A. Schwarz, H. Haller, Long-term effects of acute
ischemia and reperfusion injury, Kidney Int. 66 (2004) 523-527.

[2] M.S. Paller, J.R. Hoidal, T.F. Ferris, Oxygen free radicals in ischemic acute renal
failure in the rat, J. Clin. Invest. 74 (1984) 1156-1164.

[3] J-M. McCord, Oxygen-derived free radicals in postischemic tissue injury, N.
Engl. J. Med. 312 (1985) 159-163.

[4] W. Ding, L. Yang, M. Zhang, Y. Gu, Reactive oxygen species-mediated
endoplasmic reticulum stress contributes to aldosterone-induced apoptosis



272 H. Tsuda et al./Biochemical and Biophysical Research Communications 427 (2012) 266-272

in tubular epithelial cells, Biochem. Biophys. Res. Commun. 418 (2012) 451-
456.

[5] R. Inagi, Endoplasmic reticulum stress in the kidney as a novel mediator of
kidney injury, Nephron Exp. Nephrol. 112 (2009) e1-e9.

[6] M. Ni, AS. Lee, ER chaperones in mammalian development and human
diseases, FEBS Lett. 581 (2007) 3641-3651.

[7] C. Galbusera, P. Orth, D. Fedida, T. Spector, Superoxide radical production by
allopurinol and xanthine oxidase, Biochem. Pharmacol. 71 (2006) 1747-1752.

[8] V. Massey, H. Komai, G. Palmer, G.B. Elion, On the mechanism of inactivation of
xanthine oxidase by allopurinol and other pyrazolo[3,4-d]pyrimidines, J. Biol.
Chem. 245 (1970) 2837-2844.

[9] L. Mohiuddin, H. Chai, P.H. Lin, A.B. Lumsden, Q. Yao, C. Chen, Nitrotyrosine and
chlorotyrosine: clinical significance and biological functions in the vascular
system, J. Surg. Res. 133 (2006) 143-149.

[10] S. Racasan, E. Turkstra, J.A. Joles, H.A. Koomans, B. Braam, Hypoxanthine plus
xanthine oxidase causes profound natriuresis without affecting renal blood
flow autoregulation, Kidney Int. 64 (2003) 226-231.

[11] MJ. Paul-Clark, S.K. McMaster, R. Sorrentino, S. Sriskandan, LK. Bailey, L.
Moreno, B. Ryffel, V.F. Quesniaux, ].A. Mitchell, Toll-like receptor 2 is essential
for the sensing of oxidants during inflammation, Am. J. Respir. Crit. Care Med.
179 (2009) 299-306.

[12] W. Gwinner, H. Scheuer, H. Haller, R.P. Brandes, H.J. Groene, Pivotal role of
xanthine oxidase in the initiation of tubulointerstitial renal injury in rats with
hyperlipidemia, Kidney Int. 69 (2006) 481-487.

[13] M. Romagnoli, M.C. Gomez-Cabrera, M.G. Perrelli, F. Biasi, F.V. Pallardo, ].
Sastre, G. Poli, J. Vina, Xanthine oxidase-induced oxidative stress causes
activation of NF-kappaB and inflammation in the liver of type I diabetic rats,
Free Radical Biol. Med. 49 (2010) 171-177.

[14] S. Sakuma, M. Negoro, T. Kitamura, Y. Fujimoto, Xanthine oxidase-derived
reactive oxygen species mediate 4-oxo-2-nonenal-induced hepatocyte cell
death, Toxicol. Appl. Pharmacol. 249 (2010) 127-131.

[15] W.Y. Lee, S.M. Lee, Synergistic protective effect of ischemic preconditioning
and allopurinol on ischemia/reperfusion injury in rat liver, Biochem. Biophys.
Res. Commun. 349 (2006) 1087-1093.

[16] G.K. Glantzounis, E.C. Tsimoyiannis, A.M. Kappas, D.A. Galaris, Uric acid and
oxidative stress, Curr. Pharm. Des. 11 (2005) 4145-4151.

[17] Y.Y. Sautin, T. Nakagawa, S. Zharikov, R/J. Johnson, Adverse effects of the classic
antioxidant uric acid in adipocytes: NADPH oxidase-mediated oxidative/
nitrosative stress, Am. J. Physiol. Cell Physiol. 293 (2007) C584-C596.

[18] S.J. Marciniak, C.Y. Yun, S. Oyadomari, I. Novoa, Y. Zhang, R. Jungreis, K. Nagata,
H.P. Harding, D. Ron, CHOP induces death by promoting protein synthesis and
oxidation in the stressed endoplasmic reticulum, Genes Dev. 18 (2004) 3066-
3077.

[19] T. Kimura, Y. Takabatake, A. Takahashi, J.Y. Kaimori, I. Matsui, T. Namba, H.
Kitamura, F. Niimura, T. Matsusaka, T. Soga, H. Rakugi, Y. Isaka, Autophagy
protects the proximal tubule from degeneration and acute ischemic injury, J.
Am. Soc. Nephrol. 22 (2011) 902-913.

[20] K. Ogino, M. Kato, Y. Furuse, Y. Kinugasa, K. Ishida, S. Osaki, T. Kinugawa, O.
Igawa, 1. Hisatome, C. Shigemasa, S.D. Anker, W. Doehner, Uric acid-lowering
treatment with benzbromarone in patients with heart failure: a double-blind
placebo-controlled crossover preliminary study, Circ. Heart Fail. 3 (2010) 73-81.

[21] L.G. Sanchez-Lozada, E. Tapia, V. Soto, C. Avila-Casado, M. Franco, J.L. Wessale,
L. Zhao, RJ. Johnson, Effect of febuxostat on the progression of renal disease in
5/6 nephrectomy rats with and without hyperuricemia, Nephron Physiol. 108
(2008) 69-78.

[22] S. Aslam, T. Santha, A. Leone, C. Wilcox, Effects of amlodipine and valsartan on
oxidative stress and plasma methylarginines in end-stage renal disease
patients on hemodialysis, Kidney Int. 70 (2006) 2109-2115.



	Febuxostat suppressed renal ischemia–reperfusion injury via reduced  oxidative stress
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Xanthine oxidoreductase/xanthine oxidase activity
	2.3 Antibodies
	2.4 Morphology and Immunohistochemical staining
	2.5 Terminal deoxynucleotidyltransferase-mediated dUTP nick end-labeling (TUNEL) staining
	2.6 Real-time quantitative polymerase chain reaction (PCR)
	2.7 Oxidative stress
	2.8 Statistical analysis

	3 Results
	3.1 Febuxostat suppressed renal XO and XDH activity
	3.2 Febuxostat inhibits oxidative stress and ER stress
	3.3 Effects on tubular damage and apoptosis in the I/R injury kidney
	3.4 Febuxostat ameliorates interstitial infiltration
	3.5 Effects on interstitial phenotypic changes in the I/R injury kidney

	4 Discussion
	References


