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Abstract
Xanthine oxidoreductase (XOR) is an enzyme responsible for purine degradation, reactive oxygen
species (ROS) production and adipogenesis. XOR gene disrupted (XOR−/−) mice demonstrate
renal failure and early death within several months. The aim of this study was to elucidate the
mechanism of renal damage in XOR−/− mice and to determine the physiological role of XOR in
the kidney. Histological analysis revealed that renal tubular damage in XOR−/− mice was
accompanied by deposition of crystals and lipid rich substances. Triglyceride content in renal
homogenates was significantly increased in XOR−/− mice. The level of lipogenesis-related gene
expression was comparable in XOR+/+ and XOR−/− mice, while the expression of adipogenesis-
related gene expression was significantly elevated in XOR−/− mice. Urinary excretions of xanthine
and hypoxanthine were markedly elevated in XOR−/− mice. Immunohistochemical analysis,
Western blotting and real time RT-PCR revealed that various markers of fibrosis, inflammation,
ischemia and oxidative stress were increased in XOR−/− mice. Finally, we demonstrate that
primary renal epithelial cells from XOR−/− mice are more readily transformed to myofibroblasts,
which is a marker of increased epithelial mesenchymal transition. These results suggest that XOR
gene disruption induced the depletion of uric acid and the accumulation of triglyceride rich
substances, xanthine and hypoxanthine in the renal tubules. We believe these changes contribute
to a complex cellular milieu characterized by inflammation, tissue hypoxia and ROS production
ultimately resulting in renal failure through increased renal interstitial fibrosis.
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Introduction
Xanthine oxidoreductase(XOR) was initially identified as the substance in milk which could
decolorize methylene blue in 19021. XOR is the enzyme that catalyzes the final two steps in
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purine catabolism by converting hypoxanthine to xanthine and xanthine to uric acid.
Therefore XOR is a key regulator for the production of uric acid.

In addition, XOR has been identified as a critical source of ROS in a variety of
pathophysiological conditions such as ischemia/reperfusion injury, hypertension, endothelial
dysfunction, atherosclerosis and innate immunity2–5. Furthermore, XOR was found to
provide pivotal roles in the maturation of antigen-presentingdendritic cells as a source of
uric acid6 and in the biology of the mammary glands, where XOR is a structural component
of the membrane-encapsulated milk fat globule7. Recently it was shown that XOR is also a
novel regulator of adipogenesis and of peroxisome proliferator-activated receptor (PPAR)-γ
activity8. Thus, XOR has many crucial roles in physiological and pathophysiological
functions. However, only about half of all patients with XOR deficiency show xanthine
calculi and even less develop an associated arthropathy and myopathy9.

To elucidate the precise function of XOR gene in vivo, we developed an XOR gene
disrupted mice10. XOR knockout mice failed to thrive after 10 to 14 days and most die
within the first month. Morphological and histological examination in XOR−/−mice revealed
that obvious changes were detected only in the kidney. Hematoxylin and eosin staining
showed that the renal parenchyma was immature with ecstatic to cystic tubules. Similar
observations have been made in mice with disruption of the cyclooxygenase-2 (COX-2)
gene11,12 and in other mice models of obstructive nephropathy13. Serum chemistries
revealed that blood urea nitrogen (BUN) in 3-week old XOR−/− mice was elevated at nearly
three times compared to those in XOR+/+ mice10. These and other results suggest that our
XOR−/− mice die of renal failure.

In this study we have examined the detailed mechanism of renal injury in XOR−/− mice and
discussed the physiological role of the XOR gene in the kidney. Disruption of XOR gene
induced the depletion of uric acid and the accumulation of fat rich deposits and crystals in
the renal tubules. Furthermore, fat rich deposits accumulated in the renal tubules with the
increased expression of adipogenesis-related genes. These changes might subsequently
induce renal tubular dilatation, inflammation, ROS generation and hypoxia of tubular cells.
We further demonstrate that these changes ultimately result in renal failure through the
expansion of renal interstitial fibrosis.

Methods
Animals

Handling of all animals was done in accordance with prescribed guidelines and ethical
approval from the Animal Care and Use Committee of Kyushu University. Experiments
were conducted under protocols approved by the Committee of Ethics in Animal
Experimentation of the Faculty of Medicine, Kyushu University. Before the animals were
euthanized, they were anesthetized with isoflurane (Abbott Japan, Osaka, Japan).
Subsequently, blood, urine and tissues were removed and stored at −80°C. Kidney tissues
were fixed in alcohol or 4% paraformaldehyde solution.

Blood and urine
Due to their small size, blood samples from 2-week old mice were pooled from 2 to 6 mice
and 5 independent samples per group were analyzed. Similary, urine samples from 1-week
old mice were pooled from 4 to 6 mice and 4 independent samples were analyzed. Blood
and urinary concentrations of xanthine and hypoxanthine were determined using high-
performance liquid chromatography14. Urinary sediment was prepared from 4-week old
XOR+/+ and XOR−/− mice (n=3 per group) and analyzed by microscopy.
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Preparation of F6 XOR gene disrupted mice and genotyping
XOR gene disrupted mice were prepared as described previously10. To reduce the renal
damage in XOR−/− mice, XOR+/− F1 male mice were mated with C57BL/6J female mice,
which is resistant to various renal toxic reagents. Approximately half of XOR−/−F6 mice
were able to survive until 2 months, but they still remained runted.

Oil Red O staining
Kidney samples were fixed with 4% paraformaldehyde, dehydrated with 10%, 15% and
20% sucrose, subsequently embedded into OCT compound and then stained in Oil Red O
solution for 2 min and counterstained with hematoxylin solution.

Lipid contents in kidney
Total lipids from kidney were extracted as described previously15. The content was
measured using Triglyceride Quantification kit (Wako Chemicals, Osaka, Japan).

Real time reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was prepared from the cortex of kidney or primary renal epithelial cells using
RNeasyProtect Mini kit (Qiagen, Tokyo, Japan). RT-PCR was performed using specific
primers (Table S1, please see http://hyper.ahajournals.org), One Step SYBR RT-PCR Kit
(Takara-Biomedicals, Otsu, Japan) and LightCycler®2.0 System (Roche Diagnostics KK,
Tokyo, Japan).

Immunohistochemistry
Immunohistochemistry was performed as described previously16,17. After blocking, kidney
sections were subsequently incubated with transforming growth

factor-β (TGF-β) (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), connective
tissue growth factor (CTGF) (1:5000; Abcam, Cambridge, UK), α-smooth muscle actin (α-
SMA) (1:20; Nichirei, Tokyo, Japan), osteopontin (1:100; Santa Cruz Biotechnology), F4/80
(1:1000; Serotec, Oxford, UK), hypoxia inducible factor-1α (Hif-1α) (1:200; Santa Cruz
Biotechnology), 4-hydroxy-2-nonenal (4-HNE) (1:50; NOF Corporation, Tsukuba, Japan) or
8-oxodG (1:100; N45.1; JaICA, Tokyo, Japan) primary antibodies and probed with
biotinylated secondary antibody (Nichirei). The sections were incubated with HRP-
conjugated streptavidin, visualized by incubating with 3,3′-diaminobenzidine (DAB) and
H2O2, and counterstained with hematoxylin. At least three different specimens were
analyzed. The percentage of positive stained area or cells was analyzed with Image J
software. For each kidney, 10 randomly selected fields were analyzed in a blinded manner
by a technician without knowledge of the specific background of the study.

Immunohistochemical detection of hypoxic region
Pimonidazole hydrochloride (Hypoxyprobe-1; Chemicon InternationalInc., Temucula, CA,
USA) was injected intraperitoneally into XOR mice (60 mg/kg) (n=3 per group)18. Thirty
minutes after injection, kidneys were quickly removed and fixed in 4% paraformaldehyde
solution. Sections were incubated in Hypoxyprobe-1 MAb1 monoclonal antibody (1:50) and
treated with biotin-SP-conjugated F(ab′)2 fragment of a rabbit anti-mouse IgG (1:500;
Accurate Chemical Scientific Corp., Westbury, NY, USA).

Western Blot analysis
Renal cortex was resuspended in RIPA buffer and homogenized using the Mixer Mill MM
300 (Qiagen). Western blotting was performed as described previously19. The blocked

Ohtsubo et al. Page 3

Hypertension. Author manuscript; available in PMC 2013 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://hyper.ahajournals.org


nitrocellulose filter was incubated with nitrotyrosine (1:100; Santa Cruz Biotechnology), 4-
HNE (1:100) or malondialdehye (MDA) (1:100; NOF Corporation) primary antibodies. The
membranes were incubated with the horseradish peroxidase (HRP)-conjugated secondary
antibodies and visualized. Blots were stripped in Restore Western Blot Stripping buffer
(Pierce Biotechnology Inc., Rockford, IL, USA) and reprobed with GAPDH antibody
(1:100; Santa Cruz Biotechnology). The density of signal was analyzed with Image J
software. Relative expression of nitrotyrosine and MDA for 1-week old XOR+/+ mice was
analyzed. Results are presented from 4 mice per group.

Primary culture of renal tubular epithelial cells
Primary renal epithelial cells were prepared by modifying a previously described method20.
Kidneys from 1-week old XOR mice were dissected to obtain cortical tissue, which was
digested with a solutionof 1% type II collagenase (Worthington Biochemical, Lakewood,
NJ, USA) and 0.5 mg/ml of soybeantrypsin inhibitor (Invitrogen Japan, Tokyo, Japan) at
37°C for 45 min. The tissue was further dissociated by trituration with a sterile pipette, and
then passed through a 100 μm cell strainer (Invitrogen Japan). Cells were grown in a 1:1
serum-free mixture of Dulbecco’s Modified Eagle Medium and Ham’s F-12 containing15
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 2.5 mM L-glutamine, 50 ng/ml
prostaglandin E1, 50 nM hydrocortisone, 40 nM sodium selenite, 10 μg/ml insulin, 5.5 μg/
ml transferrin, 50 nM hydrocortisone, 10ng/ml recombinant mouse epidermal growth factor
(BioSource, Camarillo, CA, USA), 5 pM 3,3′,5-Triiodo-L-thyronine (reverse T3), 50 U/ml
penicillinand 50 μg/ml streptomycin at 37°C. Prostaglandin E1, hydrocortisone and reverse
T3 were purchased from Sigma-Aldrich Japan (Tokyo, Japan) and other materials in
growing medium were purchased form Invitrogen Japan.

Immunostaining for primary cultured cells
Primary cultures were fixed in 4% paraformaldehyde, treated with 0.5% Triton-X100 and
blocked with 3% BSA. The sections were subsequently incubated with TGF-β (1:100),
vimentin (1:50; NeoMarkers, Fremont, CA, USA) or E-cadherin (1:1000; BD Transduction
Laboratories, San Diego, USA) primary antibodies, probed with secondary antibody and
visualized by incubating with DAB and H2O2.

Statistical Analysis
Comparisons among age-matched mouse groups were made by Student t test and differences
between same types of 1-week old and older mouse were analyzed by 1-way ANOVA
followed by Bonferroni/Dunn test. Values are expressed as mean ± SEM. Differences were
considered statistically significant for P<0.05.

Results
Accumulation of triglyceride rich deposits in the renal tubules of XOR−/− mice

The amount of visceral fat appeared to be decreased in XOR−/− mice, while many yellow
deposits were found in cross-sectional regions of kidney in 4-week old XOR−/− mice (Figure
1A). To determine whether the yellow deposits contained lipids, Oil Red O staining was
performed (Figure 1B). Positive staining was detected in the renal tubules from the cortico-
medullary to cortical region of XOR−/− mice, which corresponded with the location of the
observed yellow deposits. No staining was detected in XOR+/+ mice. The ratio of
triglyceride to phospholipid levels in kidney homogenates were significantly elevated in 4-
week old XOR−/− mice (Figure 1C).
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Expression of lipogenesis and adipogenesis related genes in kidney
To further clarify the mechanism of renal lipid accumulation in XOR−/− mice, the
expression of lipogenesis-related genes and adipogenesis-related genes was examined (Table
1). The amount of 3-hydroxy-3-methylglutaryl coenzyme A synthase (HMG-CoA), fatty
acid synthase (FAS) and sterol regulatory element-binding protein-1c (SREBP-1c) mRNA
was comparable in XOR+/+ and XOR−/− mice. On the other hand, the amount of CCAAT/
enhancer binding proteins (C/EBP)-α and C/EBP-β mRNA expression was approximately
20- and 50-fold higher in XOR−/− mice, respectively. The relative expression of peroxisome
proliferator-activated receptors (PPAR)-α and PPAR-γ in 4-week old XOR−/− mice was also
significantly higher than in age-matched XOR+/+ mice (P<0.01).

Accumulation of crystal deposits in the renal tubules of XOR−/− mice
Blood concentrations of xanthine and hypoxanthine rapidly decreased after birth and
reached the lower level of measurement sensitivity (< 0.05 μg/ml) at 4 weeks of age in
XOR+/+ mice, but were markedly and persistently elevated in XOR−/− mice (Figure 2A).
Urinary excretion ratios of xanthine and hypoxanthine to creatinine in 4-week old XOR−/−

mice were over 50-fold higher than in age-matched XOR+/+ mice (Figure 2B). To verify the
deposition of crystals in the renal tubules of XOR−/− mice, we examined the urinary
sediment and analyzed the alcohol-fixed renal tissue by polarization. With regards to urinary
sediment, 50–100 3m crystals were found in urinary samples from XOR−/− mice (n=3), but
no crystals were found in specimens from XOR+/+ mice (n=3). Microscopic analysis showed
that many brown deposits existed in the dilated renal tubules of XOR−/− mice and
polarization verified these deposits were crystals (Figure 2C), but no deposit was detected in
the renal tubules of XOR+/+ mice (data not shown).

XOR gene disruption induces renal interstitial fibrosis
Masson trichrome staining showed that interstitial fibrosis could be detected around the
dilated tubules and aorta of 4-week old XOR−/− mice (Figure 3A). Immunostaining for
transforming growth factor-β (TGF-β) and connective tissue growth factor (CTGF), which
are key regulators of fibrosis, was performed and positive staining was detected in the
cytosol and the nucleus of tubular cells in 4-week old XOR−/− mice, respectively. In
addition, immunohistochemical analysis revealed that α-smooth muscle actin (α-SMA),
which is a marker of epithelial-mesenchymal transition (EMT), positive staining was
detected in both tubuloepithelial and interstitial cells (Figure 3B). These positive stainings in
XOR−/− mice were statistically significant compared to those in age-matched XOR+/+ mice.
The expression levels of TGF-β, α-SMA, vimentin and plasminogen activator inhibitor-1
(PAI-1) mRNA also significantly increased in XOR−/−mice when compared to age-matched
XOR+/+ mice (Table 1).

XORgene deletion induced inflammatory responses, tissue hypoxia and oxidative stress in
kidney

Immunoreactivity for osteopontin, an extracellular matrix glycophosphoprotein that induces
macrophage infiltration, was detected in the renal epithelial cells of XOR−/− mice at 4 weeks
of age (Figure 4A). On the other hand, F4/80 positive cells, which indicate macrophage
infiltration, invaded the interstitial spaces between the renal tubules in 4-week old XOR−/−

mice. These changes were not observed in 4-week old XOR+/+ mice. The amounts of tumor
necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1) and gp91phox -
one of the NADPH oxidase subunits - mRNA expression were also significantly increased in
4-week old XOR−/− mice when compared to age-matched counterparts (P<0.01) (Table 1).
To elucidate whether ischemia is involved in renal damage in XOR−/− mice, pimonidazole
staining - a marker for tissue hypoxia - was performed in XOR mice. Pimonidazole positive
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cells were observed in the segmental region of proximal tubular cells of 4-week old XOR−/−

mice. Moreover, hypoxia inducible factor-1α (Hif-1α) positive staining was detected in the
nucleus of proximal tubular cells of 4-week old XOR−/− mice. Consistent with an increase in
oxidative damage, 4-hydroxy-2-nonenal (4-HNE) positive staining in interstitial cells and 8-
oxodG positive staining in the nucleus of interstitial and epithelial cells were detected in 4-
week old XOR−/− mice. The amounts of nitrotyrosine, 4-HNE and malondialdehyde (MDA)
detected by Western blot analysis were decreased after birth until 2-week old XOR+/+ and
XOR−/− mice. However, accumulation of nitrotyrosine and MDA in 4- and 8-week old
XOR−/− mice was significantly increased compared to age-matched XOR+/+ mice (Figure
4B).

XOR gene deletion facilitates renal epithelial-mesenchymal transition
Our results suggest that XOR gene deletion might potentiate epithelial-mesenchymal
transition (see Figure 3B). To assess whether this is a cell-autonomous effect, primary renal
epithelial cells were prepared. Histological examination revealed that primary renal
epithelial cells from XOR−/− mice changed morphology from a cuboidal to a fibroblastic
shape. Immunohistochemical analysis also showed that positive staining for TGF-β and
vimentin was only detected in primary cells isolated from XOR−/− mice, while the regions
of fibroblastic shaped cells in XOR−/− mice were not stained with anti-E-cadherin antibody
(Figure 5A). Furthermore, the amount of TGF-β, vimentin and α-SMA mRNA expression
were also significantly increased in XOR−/− mice (P<0.01) (Figure 5B).

Discussion
In the present study we describe the possible pathways involved in renal injury in XOR−/−

mice. Disruption of the XOR gene induced the accumulation of triglyceride rich lipids in the
renal tubules with the increased expression of adipogenesis-related genes. Moreover, XOR
gene deletion inhibits the conversion from hypoxanthine to xanthine and xanthine to uric
acid, resulting in increases in hypoxanthine and xanthine concentrations in blood and urine
and subsequent deposition of insoluble crystals in the renal tubules. These deposits in the
renal tubule we believe can trigger inflammation, decreased renal blood flow and increased
ROS production in spite of XOR gene disruption. In fact, the amounts of oxidative products
were similar in both XOR+/+ and XOR−/− mice until 2-week old. However, accumulation of
oxidative products were significantly increased in 4-week old XOR−/− mice (Figure 4B)
accompanying with the increase in xanthine and hypoxanthine concentrations in blood
(Figure 2A) and the augmented excretion of xanthine in urine (Figure 2B). Furthermore,
since uric acid is known to possess strong antioxidant properties21,22, the absence of uric
acid might also accelerate the accumulation of ROS and aggravated renal injury. As such, it
would seem that these observed alterations in XOR−/− mice might combine to induce
interstitial fibrosis following EMT and ultimately lead to renal failure.

Xanthinuria is a rare hereditary disorder of purine metabolism resulting from a deficiency of
the XOR enzyme in humans9. Patients with XOR gene deficiency rarely suffer from renal
failure. In contrast, XOR−/− mice die of renal failure several weeks after birth, indicating
that XOR plays a pivotal role during postnatal renal maturation in mice. Three reasons may
explain the different progression of renal damage observed in humans and mice with XOR
gene deficiencies. First, the role of XOR protein in mice might be more important than in
humans because XOR enzyme activity in mice is 100 times higher than that in human23.
Second, urinary concentration of xanthine, which is less soluble than uric acid, is
approximately one hundred-fold higher in XOR−/−mice than in xanthinuria patients9,
suggesting that high levels of xanthine might contribute to renal damage in mice. There
might also be differences in purine catabolism between mice and human with XOR gene
deletion. For example, mice express the uricase enzyme to catalyze the metabolism of uric
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acid to allantoin, which is more soluble in water, but humans have lost this enzyme’s
activity during evolution24. On the other hand, the hypoxanthine salvage pathway in
hereditary xanthinuria is enhanced to reduce the amount of hypoxanthine25, suggesting that
the hypoxanthine salvage pathway in humans may have developed to compensate for the
loss of uricase activity. Third, humans with XOR gene deletions can use the XOR protein
derived from their mother during pregnancy, and their kidneys are fully matured at birth.
Meanwhile, mouse fetuses with XOR gene deletions are also capable of using XOR derived
from their mother during pregnancy, but cannot use the XOR protein to mature kidney,
because mice need 16 days after birth for kidney maturation26. Despite these important
differences, we believe our model provides a useful genetic system to explore the
physiological role of xanthine oxidase.

It has been reported that renal triglyceride contents increase and deposit in the renal tubular
and glomerular cells to protect the renal tissue against various types of renal damage27. High
fat diet also increases plasma triglycerides and cholesterol, and induces marked neutral
lipids accumulation in both the glomerular and tubulointerstitial lesions28,29. In this study,
the kidney homogenates of XOR−/− mice contained significantly higher triglyceride levels
when compared to their counterparts (Figure 1C). On the other hand, lipid deposition was
not found in the renal epithelial cells, glomerular cells or tubulointerstitial cells but was
detected within the renal tubule. It has been reported that XOR protein is usually present in
the peritubular region, but in case of hyperlipidemia, XOR is detected in the tubular
epithelium30. There is evidence that XOR is one of the regulators of adipogenesis and
PPAR-γ activity in preadipocytes, and inhibition of XOR expression and/or enzymatic
activity blocks both PPARγ activation and adipocyte differentiation8. These results suggest
that XOR or its products in renal epithelial cells may play a role in protecting them from
damage by regulating adipogenesis and redox state. Further experiments will be required to
clarify the detailed mechanism by which XOR regulates adipogenesis in kidney.

EMT plays an important role in the progression of interstitial fibrosis in the kidney31.
Immunostaining for α-SMA antibody demonstrated positive staining consistent with the
accumulation of myofibroblasts (Figure 3). Increased expression of both TGF-β and CTGF
protein, which are the main inducers of EMT, was also detected in XOR−/− mice. These
results suggest that EMT participates in the progression of renal damage in XOR−/− mice.
Furthermore, primary renal epithelial cells prepared from XOR−/− mice transformed to
myofibroblasts and demonstrate increased expression of TGF-β, vimentin and α-SMA
(Figure 5). Together these observations suggest that XOR gene disruption in renal epithelial
cells facilitates the EMT. The reason for this phenomenon remains unclear, but a decrease in
antioxidant capacity with loss of uric acid, or alteration of renal lipid homeostasis in XOR−/−

mice might be involved in this alteration in the EMT.

In the past several years, evidence has been accumulated that hyperuricemia is associated
with metabolic syndrome, cardiovascular events, hypertension, stroke, diabetes mellitus and
chronic kidney disease32,33. Furthermore, lowering uric acid with the use of XOR inhibitor
can improve the progression of renal disease, ischemic injuries, inflammatory diseases, and
chronic heart failure34–36. On the other hand, several large cohort studies showed that
hypouricemia as well as hyperuricemia were also associated with cardiovascular disease,
stroke and chronic kidney disease in subjects with hypertension or diabetes, in addition to
the general population37–39. It has been reported that uric acid has antioxidant activity
against a variety of oxidants21,22. These results suggest that hyperuricemia may be in part a
compensatory mechanism to counteract oxidative damage. There must be an optimal
concentration of uric acid in blood and the role of uric acid may be different in various
physiological and pathophysiological conditions. In addition, it has been assumed that XOR
protein is one of the major sources of ROS and worsens the oxidative injury, but complete
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deletion of XOR protein induced accumulation of oxidative products and renal injury. In
some tissues under pathophysiological conditions, increased XOR activity may therefore be
an adaptive response to produce uric acid and reduce oxidative stress.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Perspectives

We examined the physiological role of XOR in the kidney using an XOR knockout
mouse model and showed possible roles for this protein. The XOR gene might be
essential for kidney maturation and survival of mice during the postnatal period via the
regulation of fat and purine metabolism. The XOR gene may regulate adipogenesis in the
kidney and have a pivotal role in preventing the epithelial cells from transforming to
mesenchymal cells.
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Figure 1.
XOR gene disruption altered lipid homeostasis and accumulation of triglyceride rich
deposits in kidney. A, Reduced visceral fat content (arrows) and pale yellow color of kidney
in 4-week old XOR−/− mice (left) (n=16). Morphology of kidney in 4-week old XOR−/−

mice (right) (n=4). Arrows show yellow deposits. B, Oil Red O staining of kidney in 4-week
old XOR−/− mice (n=4). Arrows show Oil Red O positive staining. C, Ratio of total
cholesterol and triglyceride to phospholipid in kidney at 4-week old XOR mice. Each bar
represents the mean ± SEM from 6 mice per group. *P<0.001 compared with XOR+/+ mice.
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Figure 2.
Disruption of XOR gene induces the accumulation of crystals in the renal tubules. A, Blood
concentration of xanthine and hypoxanthine. *P<0.001 compared with age-matched XOR+/+

mice. Blood samples from 2-week old mice were pooled from 2 to 6 mice and 5 independent
samples per group were analyzed. Eight samples of 4-week old mice were used. Values are
means ± SEM. B, Ratio of urinary xanthine and hypoxanthine to creatinine. *P<0.001
compared with age-matched XOR+/+ mice. Urine samples from 1-week old mice were
pooled from 4 to 6 mice and 4 independent samples were analyzed. Seven samples at 4-
week old mice were used. Values are means ± SEM. C, Microscopic view of dilated renal
tubules containing brown material (upper) and white deposit (lower) by polarization in the
cortex (n=3 mice per group). Arrows show deposits.
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Figure 3.
Disruption of XOR gene induces renal interstitial fibrosis. A, Masson trichrome staining in
the kidney of 1- and 4-week old XOR+/+ and XOR−/− mice (n=3 per each group). Arrows
show positive regions. B, Immunohistochemical analysis of TGF-β, CTGF and α-SMA
expression in 4-week old XOR+/+ and XOR−/− mouse kidneys (n=3 per group) (upper
panel). Arrows show positive regions. Percentage of positive stained area for TGF-β and α-
SMA, and positive stained cells for CTGF (lower panel). Each bar represents the mean ±
SEM from 3 mice per group. For each mouse, 10 randomly selected fields were analyzed.
*P<0.01 compared with XOR+/+ mice.
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Figure 4.
XOR gene depletion induced inflammation, hypoxia and oxidative stress in kidney. A,
Immunostaining for osteopontin, F4/80, pimonidazole, Hif-1α, 4-HNE and 8-oxodG
positive cells in 4-week old XOR+/+ and XOR−/− mice (n=3 per group). Arrows show
positive regions. B, Representative Western blot shows the time course of nitrotyrosine, 4-
HNE, MDA and GAPDH expression in the cortex of kidney in XOR+/+ and XOR−/− mice
(left). +/+: XOR+/+ mice, −/−: XOR−/− mice. Relative expression of nitrotyrosine and MDA
for 1 week-old XOR+/+ mice is shown (right). Results are presented as the mean ± SEM
from 4 mice per group. *P<0.01 and **P<0.001 compared with age-matched XOR+/+ mice.
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Figure 5.
XOR gene disruption facilitates renal epithelial-mesenchymal transition. A, Hematoxylin
staining of primary renal epithelial cells from XOR+/+ and XOR−/− mice(n=3).
Immunostaining for TGF-β, vimentin and E-cadherin in primary renal epithelial cells from
XOR+/+ and XOR−/− mice (n=3). Arrows show positive region. B, Amounts of TGF-β,
vimentin and α-SMA mRNA expression in primary renal epithelial cells from XOR+/+ and
XOR−/− mice. Each bar represents the mean ± SEM from 6 mice per group. *P<0.01
compared with XOR+/+ mice.
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