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Abstract

Background Renal interstitial fibrosis is the common

pathway in progressive renal diseases, where oxidative

stress promotes inflammation and macrophage infiltration.

Febuxostat is a novel nonpurine xanthine oxidase (XO)-

specific inhibitor for treating hyperuricemia. While some

reports suggest a relationship between hyperuricemia and

chronic kidney disease (CKD), the renoprotective mecha-

nism of an XO inhibitor in CKD remains unknown. Recent

reports have focused on XO as a source of oxidative stress.

Methods Here, we investigate the potential of febuxostat

to reduce fibrogenic and inflammatory responses in an

established interstitial fibrosis model—unilateral ureteric

obstruction (UUO). Male Sprague–Dawley rats were divi-

ded into three groups: sham-operated group, vehicle-trea-

ted UUO group, and febuxostat-treated UUO group.

Results Treatment with febuxostat diminished XO activity

in obstructed kidneys, and suppressed nitrotyrosine, a mar-

ker of oxidative stress. Consequently, febuxostat inhibited

early proinflammatory cytokine expression, followed by a

reduction of interstitial macrophage infiltration. In addition,

febuxostat suppressed transforming growth factor-b mes-

senger RNA expression, thereby ameliorating smooth mus-

cle alpha actin and type I collagen expression.

Conclusion Our results provide evidence for the reno-

protective action of febuxostat against the formation of

interstitial fibrosis. A decrease in macrophage infiltration

and interstitial fibrosis, along with a decrease of the oxi-

dative stress marker, strongly suggests the existence of a

causal relationship between them. Febuxostat may have

therapeutic value in slowing or preventing interstitial

fibrosis in patients with CKD.

Keywords Febuxostat � Ureteral obstruction �
Tubulointerstitial injury

Introduction

Accumulating evidence has shown a positive relationship

between serum uric acid (UA) levels and cardiovascular

mortality in patients with chronic kidney disease (CKD)

[1, 2]. Xanthine oxidase/dehydrogenase (XOR) converts

hypoxanthine and xanthine into xanthine and UA, respec-

tively. The reduction in serum UA levels by administering

the xanthine oxidase (XO) inhibitor allopurinol has been

shown to slow the progression of renal dysfunction and

decrease the risk of cardiovascular disease (CVD) in

patients with CKD [3]. The renoprotective effects of an XO

inhibitor were also shown in animal experimental models,

including models using 5/6 nephrectomized rats [4] or

diabetic mice [5]. This beneficial effect is thought to

originate from a lowering of the plasma UA level, because

UA itself has been shown to generate oxidative stress in

adipocytes, vascular endothelial cells, and vascular smooth

muscle cells [6–8].

Besides these hyperuricemia-related adverse effects,

several studies have focused on XO as a source of oxida-

tive stress. McCord [9] demonstrated that XOR functions

in either a xanthine dehydrogenase (XDH) form, which

transfers an electron to nicotinamide adenine dinucleotide

(NAD?) and generates NAD? hydrogen (NADH), or an
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XO form, which transfers an electron to oxygen and gen-

erates oxidative stress. Calcium overload promotes con-

version of the protein structure from XDH to XO. Due to

this conversion, XO has been demonstrated to act as the

major source of oxidative stress during ischemia reperfu-

sion injury or acute renal-allograft rejection [10]. Angio-

tensin II-induced endothelial dysfunction also shows the

significant role of XO in oxidative injury [11]. Renal

interstitial fibrosis is one of the common histopathological

features of progressive renal disease with diverse etiology.

The unilateral ureteral obstruction (UUO) is a well-char-

acterized experimental model of renal injury leading to

tubulointerstitial fibrosis; however, the significant role of

an increase in XO-dependent oxidative stress has been

shown only after the release of obstructed ureter [12], and

little information is available about the role of XO-induced

oxidative stress in renal interstitial fibrosis.

The aim of this study was to investigate the role of XO

activity on the progression of renal interstitial fibrosis in

the UUO model. We used rats to minimize the influence of

any UA-dependent action, based on the fact that the serum

UA level in rodents is much lower than in humans. The

effect of XO inhibition on renal interstitial fibrosis was

tested by the administration of febuxostat, a newly develo-

ped XO inhibitor. In contrast to allopurinol, febuxostat does

not inhibit other enzymes in the purine and pyrimidine

metabolism pathway, and a sufficient dosage to inhibit XOR

activity can be safely used even in subjects with damaged

kidney function [13].

Materials and methods

Animals

Healthy male Sprague–Dawley rats (196–206 g body

weight; Japan SLC Inc., Shizuoka, Japan) were maintained

at the Institute of Experimental Animal Sciences of Osaka

University Graduate School of Medicine, an accredited

specific pathogen-free facility. The rats were housed in a

constant-temperature room with a 12-h:12-h dark–light

cycle, and fed food pellets, with ad libitum access to water.

Pretreatment and medication

In all animal experiments, the rats were anesthetized by

intraperitoneal injection of pentobarbital (50 mg/kg) and

handled in a humane manner in accordance with the

guidelines of the Animal Committee of Osaka University.

The rats were then assigned to one of three treatment

groups: the UUO operation group (U); the UUO group

receiving febuxostat (Teijin Pharma Ltd., Tokyo, Japan)

medication (F); and the sham operation group (S).

The left ureter of each rat in groups U and F was ligated

at the proximal end with 3-0 silk at two points and cut off

at the middle. The sham operation consisted of a similar

suprapubic incision and identification of the left ureter, but

ligation of the ureter was not performed. All of the rats that

underwent surgery were given intraperitoneal ampicillin.

Febuxostat (10 mg/kg/day) oral gavages were started at

24 h and 1 h before the operation, and continued every

24 h until sacrifice. This dosage was chosen as the maximal

dosage that can be administered without forming the

deposition of xanthine crystallizes in renal tubules [14].

The F group was administered 0.5% (w/v) methyl cellulose

solution, given through a tube under anesthesia, whereas

the respective U and S groups received solution without

febuxostat.

The rats were sacrificed at days 1 (n = 5 for each

group), 4 (n = 8 for each group), and 14 (n = 3 for each

group) after surgery. A median incision was performed

under anesthesia, blood samples were drawn from the

aortic bifurcation, and urine samples were taken from the

bladder (unaffected side) and obstructed renal pelvis

(affected side). Subsequently, the obstructed kidneys in

groups U and F, and the corresponding left kidneys in

group S, were harvested. The kidneys were perfused with

cold physiological salt solution and immediately decapsu-

lated and cut into several pieces for the XO/XDH activity

assay, nitro-oxidative stress assay, histological analysis,

and RNA preparation.

XO/XDH activity assay

Measurement of XO and XDH activity in kidney tissue was

based on the pterin-based assay [15]. In brief, approxi-

mately 100 mg of kidney tissues was homogenized in

1 mL assay buffer (50 mM K-phosphate, 1 mM ethylene-

diaminetetraacetic acid, 0.5% dimethyl sulfoxide, and

protease inhibitor cocktail, pH 7.4). The supernatant

(150 lL) was co-incubated with 50 lL pterin solution

(final concentration of 50 lM) or pterin with methylene

blue solution (final concentration of 50 lM) to assay XO or

both XO and XDH activity, respectively. Before and after

an 120-min incubation at 37�C, fluorometric assays were

performed to calculate the production of isoxanthopterin.

Protein concentration was measured by Pierce BCA Protein

Assay Kit (Thermo Scientific Inc., Billerica, MA, USA).

Antibodies

Specific polyclonal antibodies for anti-smooth muscle a
actin antibody (SMaA; 1:400, clone 1A4; Sigma-Aldrich,

St. Louis, MO, USA), and, for macrophage staining, anti-

rat CD68 (1:200, clone ED1, MCA341R; AbD Serotec,

Kidlington, Oxfordfordshire, UK) were used in this study.
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Morphology and immunohistochemical staining

Following fixation with 4% paraformaldehyde, the kidneys

were processed to paraffin. Histological sections (2 lm) of

the kidneys were used for periodic acid–Schiff (PAS) and

Picrosirius red staining, or for immunohistochemical stain-

ing. Immunohistochemical staining was carried out by the

standard avidin-biotinylated peroxidase complex method

(Vectastain� ABC Kit; Vector Laboratories Inc., Burlin-

game, CA, USA) with diaminobenzidine as the chromogen.

We scored and calculated the percentage of fibrosis,

macrophage infiltration, and myofibroblasts in the inter-

stitial area according to Sirius red-positive areas, the

number of ED-1-positive cells in the interstitial space, and

the percentage of SMaA staining-positive areas. All of the

slides were highlighted on digitized images using a com-

puter-aided manipulator (light microscopy; Nikon Eclipse

80i (Nikon, Tokyo, Japan), and pictures were taken with

the Nikon ACT-1 ver. 2.63) Glomeruli and large vessels

were excluded in the microscopic fields for image analysis.

The scores of ten fields per each kidney section were

averaged and used as the scores for the individual rats.

Real-time quantitative polymerase chain reaction

(PCR)

Total RNA was extracted from whole kidneys using TRIzol�

(Invitrogen, Carlsbad, CA, USA), and was reverse tran-

scribed to complementary DNA (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. The primers

for rat monocyte chemotactic protein-1 (MCP-1), interleu-

kin-1 (IL-1), IL-12, transforming growth factor-b (TGF-b),

tumor necrosis factor-a (TNF-a), SMaA, type I collagen, and

18S ribosome were as follows: MCP-1, 50-atgcagttaatgcc

ccactc-30 (forward), 50-ttccttattggggtcagcac-30 (back); IL-1,

50-gcctcgtgctgtctgacccat-30 (forward), 50-gggatccacactctccagc

tgcag-30 (back), 50-ggcagttgggcaggtgacgt-30 (back); TGF-b,

50-tgcttcagctccacagagaa-30 (forward), 50-tggttgtagagggcaaggac-

30 (back); TNF-a, 50-agatgtggaactggcagagg-30 (forward),

50-cccatttgggaacttctcct-30 (back); SMaA, 50-tccctggagaa-

gagctacga-30 (forward), 50-tgaaagatggctggaagagg-30 (back); type

I collagen, 50-ggccaggcagttctgattgg-30 (forward), 50-tcggct

catgcgtggcctca-30 (back); and 18S ribosome, 50-cggctaccaca

tccaaggaa-30 (forward), 50-agctggaattaccgcggc-30 (back).

Nitrotyrosine enzyme-linked immunosorbent assay

(ELISA)

Nitrotyrosine levels were quantified by ELISA using a

nitrotyrosine ELISA kit (Northwest Life Science

Specialties, LLC, Vancouver, WA, USA) according to the

manufacturer’s instructions. Nitrotyrosine standard or kid-

ney homogenates were incubated with nitrotyrosine anti-

body in the microplate for 1 h; this was followed by

incubation with streptavidin peroxidase for 1 h. The sam-

ples were incubated with tetramethylbenzidine substrate

for 30 min, and the reaction was stopped by 2.0 mol/L

citric acid. The formation of yellow product was measured

at 450 nm.

Statistical analysis

All values are expressed as mean ± SE. Statistical analysis

was evaluated using the Dunnett method by JMP version

9.0.0 (SAS Institute Inc., Cary, NC, USA), and P \ 0.05

was considered to be statistically significant.

Results

Febuxostat suppressed renal XO and XDH activity

At day 1, renal tissue XO and XDH activity was not

changed in the vehicle-treated obstructed kidneys com-

pared with the sham-operated kidneys, but activity of both

XO and XDH was induced on day 4. Treatment with feb-

uxostat almost completely eliminated both XO and XDH

activity on days 1 and 4 (Fig. 1a). Concomitant with the

reduction in XO/XDH activity, febuxostat significantly

reduced UA levels compared with vehicle treatment on

day 4 (Fig. 1b). Compared with the sham-operated rats, the

UUO rats exhibited impaired renal function, assessed by

serum urea nitrogen (UN) and creatinine. Febuxostat had

no significant effects on the elevated serum UN and cre-

atinine levels (Fig. 1b).

Febuxostat ameliorated tubular damage and interstitial

infiltration

Although both the vehicle- and febuxostat-treated

obstructed kidneys showed ureteral dilatation to a similar

extent, the vehicle-treated obstructed kidneys exhibited

tubular damage, showing the rupture of the brush border

and increased interstitial infiltration. Treatment with feb-

uxostat ameliorated the rupture of the brush border and

suppressed interstitial infiltration in the obstructed kidneys

(Fig. 2a). Because we observed a protective effect of feb-

uxostat on tubular damage, we examined the effect of

febuxostat on proinflammatory cytokine expression in the

obstructed kidneys. Real-time reverse transcriptase-PCR

revealed that messenger RNA (mRNA) expression of

MCP-1, TNF-a, and IL-1b was increased on day 1 in the

obstructed kidneys. In contrast, febuxostat suppressed the
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increase in these cytokine expressions (Fig. 2b). We next

examined macrophage infiltration in the interstitium. The

number of ED-1 positive macrophages was significantly

increased in the interstitial area of the vehicle-treated

obstructed kidneys on day 4. Parallel with the significant

reduction of MCP-1 in the febuxostat-treated obstructed

kidneys, febuxostat suppressed the infiltration of ED-1-

positive macrophages, which was consistent with the

observation from PAS staining (Fig. 2c, d). Concomitant

with macrophage infiltration, the macrophage-derived

cytokine IL-12b was increased in the vehicle-treated

obstructed kidneys on day 4, but reversed in the febuxo-

stat-treated kidneys (Fig. 2e).

Febuxostat inhibits interstitial fibrosis

We then examined the therapeutic effect of febuxostat on

interstitial fibrosis in the obstructed kidneys. Similar to

inflammatory cytokine expression, real-time reverse

transcriptase-PCR demonstrated that TGF-b, SMaA, and

type I collagen mRNA levels were increased in the

obstructed kidneys compared with the sham-operated kid-

neys, while febuxostat suppressed the increase in mRNA

expression on day 4 (Fig. 3a–c). Phenotypic alteration,

assessed by immunohistological positive areas for SMaA

on day 4, was augmented in the obstructed kidneys, but

was mostly limited to the vessels in the febuxostat-treated

kidneys (Fig. 3d, e). On day 14, Picrosirius red staining

demonstrated that the febuxostat-treated obstructed kidneys

exhibited significantly less interstitial fibrosis than the

vehicle-treated kidneys (Fig. 4a, b).

Febuxostat inhibits oxidative stress

To investigate the therapeutic mechanism of febuxostat, we

examined oxidative stress. On day 1, the nitrotyrosine

concentration, a marker of nitro-oxidative stress, of the

febuxostat-treated obstructed kidneys was lower than that

of the vehicle-treated kidneys (Fig. 4c). Compared with the

corresponding sham kidneys, the nitrotyrosine concentra-

tion of the obstructed kidneys did not change at day 1, but

was reduced at day 4. (Day 1: sham kidneys, 2.74 ± 0.44

pmol/mg protein; obstructed kidneys, 2.58 ± 0.28 pmol/

mg protein. Day 4: sham kidneys, 1.05 ± 0.26 pmol/mg

protein; obstructed kidneys, 0.21 ± 0.04 pmol/mg protein,

P \ 0.01 vs. sham.)

Discussion

In the present study, we tested the hypothesis that febux-

ostat has therapeutic effects on tubulointerstitial injury in a

rat UUO model, in which the plasma UA concentration is

lower than in humans due to the presence of uricase. The

obstructed kidneys exhibited increased proinflammatory

and fibrogenic cytokines, thereby inducing macrophage
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Fig. 1 Effects of UUO and

treatment with febuxostat on

renal XDH and XO activity,
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sham sham operation,

UUO ? V UUO operation

without treatment, UUO ? Fx
UUO operation with febuxostat.

Each parameter was assessed at

days 1 and 4 after UUO. a XDH

and XO activity in whole kidney

extracts. ***P \ 0.001

compared with reference.

b Serum concentration of uric

acid, urea nitrogen, and

creatinine. **P \ 0.01,

***P \ 0.001 compared with

reference
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infiltration and interstitial fibrosis. The administration of

febuxostat ameliorated these manifestations by inhibiting

the induction of proinflammatory and fibrogenic cytokines.

Of interest is that febuxostat reduced nitro-oxidative stress,

as assessed by nitrotyrosine, a marker of oxidative stress.

We propose a new strategy for treating progressive kidney

diseases using febuxostat as an anti-oxidant drug in addi-

tion to its effect on the reduction of UA.

We first demonstrated that febuxostat suppressed oxida-

tive stress by assessing the nitrotyrosine level. Nitrotyrosine

is a tyrosine nitration product mediated by reactive nitrogen

species under proinflammatory conditions. Peroxynitrite

anion is one of the most powerful reactive oxygen species

that is produced by the reaction of nitric oxide (NO) and

superoxide radicals, and is considered to be a marker of

reactive nitrogen species induced by inducible nitric oxide

synthase (iNOS), accompanied by oxidative stress [16]. We

identified a lower production of nitrotyrosine in the febux-

ostat-obstructed kidneys; this may originate from both a

complete blockade of XO activity and diminished induction

of iNOS [7]. Several studies have focused on XO as a source

of reactive oxygen species (ROS) production. XDH, which is

unable to generate ROS, is converted to XO by cellular

calcium overload [9]. XO can produce ROS, such as super-

oxide, hydrogen peroxide, and hydroxyl radicals [9, 17].

Because we showed that febuxostat diminished XO activity

compared with the vehicle-treated obstructed kidneys, the

reduction in XO activity might therefore have suppressed the

production of nitrotyrosine in the febuxostat-treated

obstructed kidneys. The concentration of nitro-tyrosine in

sham kidney was identical or higher than that of UUO kid-

ney. Although the precise mechanism of this unanticipated

finding is not apparent, it may be explained by the decreased

substrate of nitro-tyrosine in kidney. A previous report

demonstrated that tyrosine escaped from damaged tissue to

blood stream in a gut ischemia reperfusion model [18]. The

formation of nitro-tyrosine depends on oxidative stress, NO

and tyrosine. Therefore, the reduced concentration of tyro-

sine in damaged UUO kidney may be a possible cause of

reduced production of nitro-tyrosine in UUO compared to

sham kidney.

In the present study, we found a simultaneous increase

in nitro-oxidative stress and MCP-1 mRNA induction on

day 1, prior to the occurrence of macrophage infiltration on

day 4. A previous report showed a positive interaction

between ROS and macrophage infiltration. Oxidative stress

promotes the expression of various inflammation-related

molecules, including MCP-1, which, in turn, promotes

inflammatory cell infiltration [19]. Together with the

reduction in XO activity, febuxostat treatment clearly

demonstrated anti-inflammatory effects, even at 1 day after

ureteral obstruction. TNF-a and IL-1b mRNA expression

were also suppressed in the febuxostat-treated obstructed

kidneys on day 1. Furthermore, the inhibition of macro-

phage infiltration contributed to the reduction in the

expression of IL-12b, one of the macrophage-derived

cytokines, which otherwise promoted tubulointerstitial

inflammation. Therefore, febuxostat may halt the vicious

cycle involving tubules and macrophages.

We also demonstrated that febuxostat suppressed inter-

stitial fibrosis. Febuxostat suppressed TGF-b, type I collagen

and SMaA expression on day 4, resulting in significant

interstitial fibrosis on day 14, as assessed by Picrosirius red

staining. These results suggest that one aspect of the pro-

tective mechanism of febuxostat in a UUO kidney is the

reduction of nitro-oxidative stress, which, in turn, might

suppress the proinflammatory and fibrogenic cytokines,

followed by a reduction in macrophage infiltration and tissue

fibrosis. Interestingly, Landmesser et al. [11] demonstrated

the crosstalk between angiotensin II signaling and conver-

sion of XDH to XO in endothelial cells. Angiotensin II is

known to activate nicotinamide adenine dinucleotide phos-

phate (NADPH) oxidase; Landmesser et al. showed that the

oxidative stress created by NADPH oxidase activation pro-

motes the conversion of the XDH form to the XO form,

which generates further oxidative stress in endothelial cells.

Angiotensin II signaling was also reported to contribute to

the progression of fibrosis in UUO [20]. Angiotensin II and
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Fig. 4 Effects of UUO and

treatment with febuxostat on

renal fibrosis and nitrotyrosine

concentration. Picrosirius red

staining (a), and the percentage of

Picrosirius red staining-positive

fibrotic areas in interstitial space

(b) on day 14 after UUO.

**P \ 0.01 compared with
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ELISA. ***P \ 0.001 compared
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TGF-b coordinately promote interstitial fibrosis [21]. Thus,

the XOR system could possibly increase nitro-oxidative

stress in the process of forming interstitial fibrosis. The

amelioration of this XOR system may be a therapeutic target

for the treatment of interstitial fibrosis.

The present study supports the current pathological con-

cept that XO activity itself, rather than hyperuricemia, may

play an important role in causing progressive tissue fibrosis.

Several reports have suggested a UA-independent thera-

peutic effect of XO inhibitor. A clinical study by Ogino et al.

[22] showed that benzbromarone lowered the level of UA,

but had no effect on hemodynamic impairment in patients

with chronic heart failure. A study by Sanchez-Lozada et al.

[4] showed that an XO inhibitor provided a renoprotective

effect in 5/6 nephrectomized rats without hyperuricemia [4].

Since XOR is expressed ubiquitously, the targeting of XO

activity can be applied to a variety of tissue and disease

conditions. Patients with CKD have been shown to have high

oxidative stress [23]; a high protein conversion rate from

XOR to XO is assumed to occur in those patients. The use of

an XOR inhibitor in treating patients with CKD has been

restricted due to the lack of appropriate agents, but there is

now the novel agent febuxostat, which can be used effec-

tively even in the presence of CKD. Further investigation is

needed into the role of febuxostat in the progression of CKD.

Although the reduction of UA itself may have a protective

effect for patients with CKD, the UA-independent actions of

an XOR inhibitor may play a significant role against the

progression of CKD or CVD.

In conclusion, the results obtained from our non-

hyperuricemic obstructed kidney model showed that XOR

activity contributes to the progression of renal interstitial

fibrosis by modulating oxidative stress and proinflamma-

tory cell infiltration. Our observations support the current

pathological concept that, in addition to hyperuricemia, an

increase in XO activity itself may play an important role in

the progression of tissue fibrosis. A novel XOR inhibitor,

febuxostat, may be a therapeutic tool for treating progres-

sive interstitial fibrosis.
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