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USAG-1 was not expressed in the Alport glomeruli. USAG-1 is
expressed predominantly in the distal tubules, more specifically,
in the thick ascending limb, distal convoluted tubules, and con-
necting tubules in adult kidneys, and not expressed in glomeruli
{26). In situ hybridization was used to determine the expression of
USAG-1 in Usagl**Col4a3~- mice and demonstrated that USAG-1
expression was not detectable in the glomeruli of Usag?*/*Col4a3/-
mice either (Figure 6A) and was confined to tubules.

USAG-1 colocalizes with BMP-7 in the macula densa. Deficiency of
USAG-1 significantly attenuated glomerular pathology in the
Col4a3~/- mouse model of Alport syndrome in spite of the absence
of USAG-1 expression in glomeruli. Further experiments focused
on the part of the distal tubule that came in contact with its own
glomerulus, the macula densa (Figure 6B). To determine whether
USAG-1 is expressed in macula densa cells, we performed double
staining of nNOS, a specific marker for macula densa, and B-gal
using Usagl*/“Z mice. As shown in Figure 6C, B-gal staining as
well as immunostaining with anti-LacZ antibody colocalized with
nNOS staining, indicating that USAG-1 was expressed in macula
densa. BMP-7 is expressed in distal convoluted tubules, connect-
ing tubules, collecting ducts, and podocytes (26). B-gal staining
as well as immunostaining with anti-LacZ antibody also colocal-
ized with nNOS in the kidneys of Bmp7+%Z mice, indicating the
expression of BMP-7 in the macula densa (Figure 6C). Therefore,
USAG-1 colocalizes with BMP-7 in the macula densa cells.
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Whole-cell extracts were analyzed
by immunoblotting using anti-
bodies against phosphorylated
Smad1/5/8 (pSmadi1/5/8),
pSmad2, and GAPDH as a load-
ing control. (C) Representative
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BMP-7 suppressed TGF-B-induced MMP-12 upregulation in mesangial
cells, and USAG-1 antagonized the action of BMP-7. The macula densa,
in which both USAG-1 and BMP-7 are expressed, is adjacent to
mesangial cells in its own glomerulus (Figure 6B). To investigate
potential mechanisms that are responsible for the beneficial effect
of USAG-1 deficiency in Alport syndrome, the effect of BMP-7 and
USAG-1 in cultured mesangial cells was examined. The expression
of MMP-12 in cultured mesangial cells was upregulated by the
administration of IL-1f and TGF-B, but not by the administration
of MCP-1 (Figure 6D), in spite of the fact that MCP-1 is reported to
stimulate MMP-12 expression in podocytes (29). The administra-
tion of BMP-7 suppressed TGF-B-induced MMP-12 upregulation
in mesangial cells, and simultaneous administrarion of USAG-1
antagonized the suppressive effect of BMP-7 (Figure 6E). These
results indicate that USAG-1 might enhance MMP-12 expression
in the glomeruli by suppressing the inhibitory effect of BMP-7 and
exacerbate glomerular disease progression in Alport syndrome.

Discussion

This study demonstrates that USAG-1 accelerates glomerular
pathogenesis in a mouse model of human Alport syndrome, pos-
sibly through the crosstalk between the kidney tubules and its own
glomerulus. Usagl~-Col4a3~ mice demonstrated attenuated glo-
merular disease progression and preserved renal function in com-
parison with Usagl*/*Col4a3~- mice and significantly decreased
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Figure 5

Usag1--Col4a3-- mice showed less expres-
sion and activity of MMPs in the kidneys. (A)
Real-time RT-PCR analysis of MMP mRNA
in the kidneys of WT littermates (WT/WT),
Usag1++Col4a3-- mice, (WT/KO) and Usag 7~
Col4a3-- mice (KO/KO) at 10 weeks of age. The
expression levels were normalized to that of
GAPDH and expressed relative to that in WT lit-
termates (n = 10). Bars indicate the mean = SD.
*P <0.001; **P < 0.01. (B) Casein zymography
analyzing the kidneys of WT littermates (WT/WT),
Usag1++Col4a3-- mice (WT/KO), and Usag1~-
Col4a3-- mice (KO/KO) at 10 weeks of age.
(C) Gelatin zymography analyzing the kidneys
of WT littermates (WT/WT), Usag1++Col4a3"-
mice (WT/KO), and Usag7--Col4a3-- mice
(KO/KO) at 10 weeks of age. (D) Representative
immunostaining for MMP-12 in the kidneys of
WT littermates (WT/WT), Usag 1++*Col4a3-- mice
(WT/KO), and Usag1--Col4a3" mice (KO/KO) at
10 weeks of age. Scale bars: 100 um.
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expression and activity of MMPs, which play key roles in disease
progression of Alport syndrome. Furthermore, USAG-1 and BMP-7
colocalized in the macula densa, a part of the distal tubules in con-
tact with its own glomerulus, and BMP-7 reduced MMP-12 expres-
sion in mesangial cells, which was antagonized by USAG-1.
USAG-1 exacerbates glomerular injuries as well as tubular interstitial
fibrosis. Tubular damage and interstitial fibrosis are the final com-
mon pathways leading to end-stage renal disease (ESRD) (38, 39)
irrespective of the nature of the initial renal injury, and the degree
of tubular damage parallels the impairment of renal function (39).
Severe tubulointerstitial fibrosis is observed following glomeru-
lar injury in Col4a3~~ mice, and this exacerbates renal function.
Because Usagl~~ mice were resistant to tubulointerstitial fibrosis
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(27), this resistance might contribute at least
in part to the preservation of renal function
in Usagl~-Col4a3~- mice. In addition, Usagl~/~
Col4a3~- mice showed preserved GBM with
less albuminuria in the early stage when
tubular injury has yet to appear. Therefore,
Usagl~-Col4a3~- mice were resistant to both
glomerular and tubular injuries.

USAG-1 increases the expression of MMP in
Col4a3~ mice. The molecular mechanisms by
which the altered GBM composition in Alport
syndrome causes renal pathogenesis remain
unclear. It is proposed that abnormal persis-
tence of al/al/a2(IV) collagen network in the
adult GBM is associated with increased sus-
ceptibility to proteolysis by proteases in Alport
syndrome (3, 9) and pharmacological abla-
tion of MMP activities, especially MMP-12,
leads to a significant attenuation in Alport
disease progression (29, 40). The expression
and activities of MMPs were significantly
upregulated in the kidneys of Usagl/*Col4a3~/-
mice, which is consistent with previous
reports, and they were suppressed in the kid-
neys of Usagl7-Col4a3~- mice. The suppression of MMP activities
probably contributed, at least in part, to slow glomerular pathogene-
sis in Usagl~~Col4a3~~ mice. In addition, the administration of BMP-7
decreased the expression of MMP-12 in cultured mesangial cells, and
USAG-1 antagonized the action of BMP-7. Therefore, USAG-1 might
increase the expression of MMP in glomeruli and accelerate GBM
destruction in Col443~- mice.

Other possible roles of USAG-1 and BMP-7 in glomerular pathogen-
esis in Col4a3~~ mice. In addition to the inhibitory effect on MMP
expression, BMP-7 possibly inhibits the progression of glomerular
pathogenesis in Col4a3~/- mice at multiple steps. BMP-7 reduces
the damage in podocytes (20, 41, 42) and mesangial cells (43-45)
and attenuates the expression of inflammatory cytokines (46) and
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Figure 6

USAG-1 colocalizes with BMP-7 in the macula densa and inhibits the action of BMP-7 in mesangial cells. (A) In situ hybridization for USAG-1
mRNA in the kidneys of 10-week-old Col4a3-- mice. Scale bars: 100 um. G, glomerulus. (B) A schematic illustration of the juxtaglomerular appa-
ratus. The macula densa is a part of distal tubules contacting with its glomerulus of origin and adjacent to mesangial cells. (C) B-Gal staining as
well as immunostaining with anti-LacZ antibody colocalized with immunostaining with anti-nNOS (a marker for macula densa) antibody in the kid-
neys of Usag1+!#Z mice and Bmp7+tacZ mice. Kidney section from WT mice was also treated in the same way with the sections from Usag1+/LacZ
mice and Bmp7+2°Z mice and demonstrated no p-gal staining. Scale bars: 100 um. (D) Real-time RT-PCR analysis of MMP-12 mRNA in cultured
mesangial cells treated with inflammatory cytokines. The expression levels were normalized to those of GAPDH and expressed relative to those
in controls. TGF-p markedly increased MMP-12 mRNA expression in mesangial cells. The graph reflects data that are representative for results
of 4 independent experiments. (E) Real-time RT-PCR analysis of MMP-12 mRNA in cultured mesangial cells that were incubated with TGF-g,
BMP-7, and USAG-1. BMP-7 suppressed TGF-p—-induced MMP-12 upregulation in mesangial cells, and USAG-1 reversed the action of BMP-7.
The graph reflects data that are representative for results of 4 independent experiments.

apoptosis in several types of cells (12, 41). Antagonizing the benefi-
cial effects of BMP-7 by USAG-1 might enhance these injuries and
accelerate glomerular pathogenesis in Alport syndrome.

USAG-1 secreted from distal tubules reaches the glomerulus and
accelerates glomerular injury. Although the mechanism by which
USAG-1 secreted from distal tubules reaches the glomerulus
and exacerbates glomerular pathogenesis is not entirely clear, a
crosstalk may exist between the distal tubule and the glomeru-
lus in the same nephron.
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The distal tubule of a nephron makes contact with the vascular
pole of its glomerulus from which the distal tubule originated. At
this point, there is a plaque of very specialized and differentiated
cells in the distal tubule known as the macula densa (Figure 6B). The
macula densa detects changes in the distal tubular fluid composi-
tion and transmits signals to the adjacent extraglomerular mesan-
gial cells and afferent arterioles (47-53). Extraglomerular mesangial
cells are anatomically in continuity with the glomerular mesangial
cells and transmit the signal from the macula densa to the glomeru-
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lus. The signals from the macula densa to the mesangial cells involve
small diffusible substances (ATP or adenosine) released from the
macula densa (47, 54). Multiphoton imaging demonstrates the
water flow across the macula densa into the mesangial cell field at
varying osmolarities in the luminal fluid (47). The histological char-
acteristics of the macula densa also support the idea of substance
transportation from the macula densa to mesangial cells: the nuclei
of macula densa cells are apically located, while most of cell organ-
elles tend to be located basally and laterally, thus indicating that the
substances from the macula densa are possibly secreted basolater-
ally (Figure 7A). In addition, the basement membrane of the macula
densa is fused with the basement membrane of the extraglomerular
mesangial cells, indicating the lack of a barrier to interfere with the
substance transportation from the macula densa to the glomeru-
lus (Figure 7A). Furthermore, Hugo et al. demonstrated that extra-
glomerular mesangial cells function as reserve cells for glomerular
mesangial cells (55). Extraglomerular mesangial cells stimulated by
substances secreted from the macula densa migrate into glomerulus
after glomerular injury and repopulate as mesangial cells.

As shown in Figure 6C, both USAG-1 and BMP-7 are expressed
in the macula densa, and USAG-1 secreted from the basolateral
membrane of macula densa could inhibit the action of BMP-7 on
the adjacent mesangial cells. In the experiments using cultured
mesangial cells, BMP-7 significantly attenuated TGF-B-induced
MMP-12 upregulation, and the inhibitory effect of BMP-7 was
abolished by the addition of USAG-1. Moreover, BMP-7 reduced
TGF-B-induced cytotoxicity in mesangial cells (data not shown).
Therefore, USAG-1 might exacerbate glomerular pathogenesis
in Alport syndrome through accelerating upregulation of GBM-
degrading enzyme and cytotoxicity by inhibiting the reno-protec-
tive effects of BMP-7 (Figure 7B).

An alternative possibility that may explain the effect of USAG-1
on glomerular injury is an interaction between circulating USAG-1
and BMP-7 in plasma. BMP-7 is present in plasma at a concentra-
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Figure 7

Hypothetical model for involvement of USAG-1
secreted from distal tubules in the pathogenesis
of glomerular damage in Alport syndrome. (A) The
macula densa (red), a part of the distal tubules,
lies beside the extraglomerular mesangial cells
(green), and the nuclei of the macula densa cells
are apically located, suggesting the possibility
that substances (blue) might be secreted from the
basolateral membrane of the macula densa. Note
that the basement membrane of the macula densa
cells is continuous with the basement membrane
of the extraglomerular mesangial cells. (B) In
Usag1++Col4a3-- mice (WT/KO), the mesangial
cells are activated (purple) and secrete MMPs
(scissors), which degrade GBM. Following GBM
destruction, podocytes residing on the GBM are
damaged (brown) and albuminuria is observed.
BMP-7 (blue) secreted from the macula densa is
captured by USAG-1, which is also secreted from
the macula densa. As a consequence, BMP-7
cannot bind to its receptors and exert its renopro-
tective action. In Usag71--Col4a3-- mice (KO/KO),
BMP-7 secreted from the macula densa can bind
to its receptors on mesangial cells and podocytes,
and protect fragile alport GBM from degradation.

BMP-7
receptor

tion range of 100-300 pg/ml (12). Due to the lack of an effective
ELISA system, the plasma level of USAG-1 remains to be deter-
mined. If an appropriate amount of USAG-1 is present in the cir-
culation, it could therefore bind to BMP-7 and thus inhibict its
activity. To test the effect of circulating USAG-1 in the progres-
sion of Col4a3~- mice, we performed systemic gene transfer of
USAG-1 expression vector to Usagl~/-Col4a3~/~ mice and demon-
strated that the difference in albuminuria between the gene trans-
fer group and the control group was not statistically significant
(Supplemental Figure 3).

Novel therapeutic approach for Alport syndrome. At present there is
no definitive therapy to prevent or slow renal disease progression
in Alport syndrome. Several studies using a mouse model of Alport
syndrome have provided potential therapies, such as MMP inhibi-
tor (29, 40), angiotensin-converting enzyme inhibitor (56), statins
(87), transplantation of bone marrow-derived stem cells (58-60),
and rotal body irradiation (61). The results of the present study
support the notion that therapeutic trials to inhibit the function
of USAG-1 may become a novel therapeutic approach for Alport
syndrome either alone or in combination with other approaches.
A therapeutic trial rargeting USAG-1 is promising because it is
expected to be effective in both glomerular and tubular injuries, is
more kidney-specific, and has fewer extrarenal effects because the
expression of USAG-1 is confined to the kidney.

Methods

Mice. The Usagl~~ mice used in this study have been described previ-
ously (27), and Col4a3~/~ mice were purchased from Jackson Laboratory
(JAX mice strain 129-Col4a3t™1Pe/]) (62). Usagl7~Col4a3~- mice were
generated by breeding Usagl*~ and Col4a3*/~ mice. Col4a3~/~ littermates
(Usag1*/*Col4a3~/~ mice) and WT littermates (Usagl*/*Col4a3*/* mice)
served as controls. All animal studies were approved by the Animal
Research Committee, Graduate School of Medicine, Kyoto University,
and performed in accordance with the guidelines of Kyoto University.
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Age-matched mice were used for all studies. The ages of mice used in
each experiment are described below.

Assessment of albuminuria. The mice were placed in merabolic cages, and
urine was collected over a 24-hour period. During the urine collection, mice
were allowed free access to food and water. Urinary albumin concentration
was measured using the Albuwell M assay kit (Exocell).

Renal histopathology and electron microscopy. The kidneys were fixed in
Carnoy’s solution and embedded in paraffin. Sections (2-um thick) were
stained with PAS for routine histological examination, and the degree of
morphological change was determined for ten 10-week-old mice and five
6-week-old mice per group by experienced pathologists who were blinded to
the genotypes. The following parameters were evaluated: percentage of hem-
orrhagic glomeruli and sclerotic glomeruli; and tubular atrophyy/interstitial
fibrosis score. Tubular atrophy/interstitial fibrosis was graded as follows:
grade 0, 0%-24%; grade 1, 25%-49%; grade 2, 50%~74%; grade 3,>75%.

Frozen sections of the kidneys were immunostained as previously
described (63). The primary antibodies were against podocin (64), al
(H11), and a3 (H31) chains of type IV collagen (a gift from Y. Sado; ref.
65), MCP-1 (R&D Systems), MMP-12 (Santa Cruz Biotechnology Inc.),
nNOS (Cayman Chemical and Abcam), and LacZ (Cappel Laboratory).
For double staining with B-gal, immunostaining was performed before
f-gal staining to avoid the possibility that the deposition of X-gal might
interfere with the antibody binding to the antigen. For electron microsco-
py, portions of the cortex were fixed in 2% gluraraldehyde and post-fixed
in 1% osmic acid. After embedding, ultrathin sections were stained with
uranyl acetate and lead citrate.

B-Gal staining and in situ hybridization. B-Gal staining and in situ hybrid-
ization were performed as described previously (26, 66). The probe for in
situ hybridization of USAG-1 mRNA contained the 1.0-kb open reading
frame with GC content of 52.6%. Hybridization was detected using an anti-
digoxigenin antibody conjugated with alkaline phosphatase and Nitro blue
tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate, 4-toluidine
salt (Roche Diagnostics).

Immunoblotting. Whole-kidney tissue was homogenized in RIPA buffer and
subjected to immunoblotting as previously described (67). The primary anti-
bodies were anti-phospho-Smad1/5/8 (Cell Signaling Technology), phos-
pho-Smad2 (Upstate Biotechnology), and GAPDH (Fitzgerald Industries).

Quantification of mRNA by real-time RT-PCR. Real-time RT-PCR was per-
formed as described previously (27). Specific primers were designed using
Primer Express software (Applied Biosystems). Serially diluted cDNA was
used to generate the standard curve for each primer, and the PCR condi-
tions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, then 95°C
for 15 seconds, and 60°C for 1 minute for 40 cycles.

Cell culttures. Mouse mesangial cells were established from glomeruli iso-
lated from a 4-week-old normal mouse (CS7BL/6]) and characterized as
described previously (68). Cells of passage numbers 18 to 21 were cultured
in DMEM/F12 containing 20% fetal calf serum.

Assessment of MMP mRNA expression in mesangial cells. Mesangial cells were
seeded at a concentration of 5 x 10%/ml. After 24 hours, the culture medi-
um was replaced with DMEM containing 0.5% bovine serum albumin. The
cells were incubared for 72 hours with 10 ng/ml MCP-1 (R&D Systems),
250 pg/ml IL-1 (R&D Systems), or 3 ng/ml TGF-f (R&D Systems) in the
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presence or absence of 20 ng/m] BMP-7 (R&D Systems) and then were ana-
lyzed for MMP mRNA expression by real-time RT-PCR. All experiments
were performed in quadruplicate.

Production of recombinant USAG-1~Flag protein. A recombinant C-termi-
nally Flag-tagged USAG-1 protein (USAG-1-Flag) was produced using
the Baculovirus Expression System (Invitrogen) and purified from culture
medium by affinity absorption on anti-FLAG M2 affinity beads (Sigma-
Aldrich). Protein concentrations were estimated by Coomassie staining.

Zymography. Renal proteins were extracted as previously described (69).
Samples standardized for protein concentration of 60 ytg/lane were elec-
trophoretically separated in 10% SDS-polyacrylamide gels that contained
1 mg/ml gelatin or a-casein. After separation, gels were placed in 2.5%
Triton X-100 in PBS, washed, and incubated in developing buffer (S0 mM
Tris, pH 7.5, 200 mM NaCl, $ mM CaCl2, and 0.02% Brij-35) overnight
at 37°C. The gels were stained with 0.5% Coomassie blue R250 and then
destained with a 10% acetic acid, 40% methanol solution until the gelati-
nolytic bands were cleatly seen.

Systemic gene transfer. Usagl~~Col4a3~~ mice were injected with 300 pg of
pcDNA3.1mUSAG-1 (cDNA for mouse USAG-1 cloned into the pcDNA3.1
expression vector) into the tibialis anterior muscle at 6 weeks as described
(70) and were analyzed at 8 weeks for urinary albumin and renal histology.

Statistics. Data are presented as the mean + SD. Statistical significance was
assessed by Student’s ¢ test for 2 group comparisons and by ANOVA, fol-
lowed by Fisher’s protected least significant difference post-hoc test for mul-
tiple group comparisons. Significance was defined as a value of P < 0.05.
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Sir, - More and more epidemiological evi-
dence suggests that hepatitis B virus (HBV)
and hepatitis C virus (HCV) are associated
with glomerular disease, the foremost being
membranoproliferative glomerulonephritis
(MPGN) [1].

Several histological findings have been
reported in renal biopsies obtained from pa-
tients with glomerulonephritis including
MPGN associated with chronic HBV infec-
tion, although the pathogenesis of hepatitis B
glomerulonephritis remains unknown.

Administration of interferon-a and riba-
virin are currently used in the treatment of
MPGN associated with HCV [2], while only
in few patients treatment of HBV related
MPGN with interferon has been described.
Moreover, there is even less evidence of treat-
ment of MPGN associated with simultaneous
HBYV and HCV infection. Here, we report a
case of proteinuria due to MPGN associated
with simultaneous HBV and HCV infection.

A 62-year-old woman presented with
edema of legs since 10 months and hyperten-
sion. Her significant medical history was a
thoracoplasty due to tuberculosis with blood

transfusion 44 years ago. At admission physi-
cal examination showed hypertension (160/
90 mmHg). The liver and spleen were not pal-
pable. She did not show any abnormalities in
the neurologic tests. The laboratory findings
were hemoglobin 10.4 g/dl, blood urea nitro-
gen (BUN) 23 mg/dl, creatinine 1.1 mg/dl
with a creatinine clearance of 61 ml/min, total
serum proteins 6.7 g/dl, albumin 3.9 g/dl,
cholesterol 175 mg/dl, asparate aminotrans-
ferase 36 U/l, alanine aminotransferase 24
U/l, alkaline phosphatase 151 U/l, lactate
dehydrogenase 266 U/L. Serological work-up
showed C3 75.7 mg/dl, C4 8.9 mg/dl, and
CHSO0 of < 7.0 U/ml. Immunoglobulins: IgG
1,592 mg/dl, IgA 151 mg/dl, IgM 139 mg/dL.
Other serological data were normal or nega-
tive including CRP, ANA, double-strand
DNA, ABGM, MPO- and PR3-ANCA. Cryo-
globulinemia was found along with positive
rheumatoid factor (35.6 [U/ml). Virologic
studies were positive for HBs antigen and
HBc and HBe antibody. HBV DNA and HCV
RNA in serum were detected by quantitative
polymerase chain reaction assay. The HBV
DNA titer was 4.5 Log copy/ml. The HCV ge-
notype was group Ib and HCV RNA titer
showed 1,680 KU/ml. Urine examination re-
vealed 3+ proteinuria and 24-h urinary pro-
tein was 2.2 g. On the fifth admission day, re-
nal biopsy was performed. A specimen
evaluated with light microscopy showed 2 of
14 glomeruli sclerosed. The glomeruli had
diffuse hypercellularity with a marked in-
crease in mesangial cells and matrix, resulting
in an appearance of lobular formation. The
glomerular capillary loops were thickened
and double contours were recognized. There
were no periodic acid-Schiff's (PAS)-positive
deposits. Immunofluorescence analysis re-
vealed granular capillary wall and mesangial
regions staining that was predominantly for
IgG with little IgM or C3. IgA and Clq were
negative. These features were consistent with
type I MPGN associated with HBV and HCV
infection. A liver biopsy was not performed
but there was no evidence of cirrhosis on ul-
trasound examination of the abdomen. Blood
pressure control was poor despite treatment
cilnidipine 20 mg once a day and amlodipine
besilate 5 mg once a day. To reduce protein-
uria and high blood pressure, olmesartan
40 mg once a day was initiated. In July 2006,
therapy with interferon-o 40 pg per week and



Clinical Nephrology, Vol. 73 — No. 2/2010 — Letters to the editor

168

Figure 1.

rivabirin 400 mg per day was started. After 6
weeks, despite the initially good clinical re-
sponse, hemolytic anemia appeared and
rivabirin was tapered off. 4 weeks later, ane-
mia had improved and rivabirin was started
again. We increased rivabirin to a dose of 800
mg/day 4 weeks after restarting rivabirin. In
December 2006, the patient showed no ap-
pearance of HBV-DNA and HCV-RNA by
quantitative blood analysis. One year after
treatment, the patient was still in clinical and
virologic remission.

This case suggests that the association of
MPGN with chronic hepatitis is due to repli-
cative HBV and HCV. The HCV associated
CGN seems to be related to the glomerular
deposition of immune complexes made by the
HCYV antigen, anti-HCV IgG antibodies, and
a rheumatoid factor, which is an IgM kappa

Light microscopic: Proliferation of endocapillary cells and mesangial cells as well as matrix are
visible, resuiting in a lobular formation appearance. (a) Periodic acid-Schiff stain. Original magpnification
x 400. Immunofluorescence microscopy, using polyclonal IgG antibodies, showing deposits only in the
mesangium; these deposits were graded on a scale of 0 to 4+ as 3+ for IgG (b), 2+ for IgM (c), and 3+ for C3
(d). Original magnification x 400.

[3], while several studies reveal that patients
with MPGN have a significant HBsAg carrier
rate and report the pathogenesis to be immune
complex mediated {4], though glomerular de-
posits of HBsAg may not be detectable as in
our present case. The cause and effect relation-
ship of HBV infection and glomerulonephritis
could be proven only by demonstrating disap-
pearance of the glomerular abnormalities on
histology following seroconversion of virus
after interferon therapy. In owr case, HBV
DNA had disappeared and clinical remission
was prominent though seroconversion of
HBYV had not been achieved. Recently, it has
been reported that interferon in HBV-asso-
ciated glomerulonephritis achieved remission
of proteinuria without seroconversion to
anti-HBe [5]. The mechanism of remission of
proteinuria using interferon in simultaneous
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Figure 2. Clinical course of the patient.

HBV and HCV related glomerulonephritis is
still unclear and requires further study.
Regarding treatment of HCV related
glomerulonephritis, a combined therapy with
interferon-o. and ribavirin has become the
standard treatment [6]. Once this combina-
tion therapy was started in our case, protein-
uria and viremia were further decreased.
Proteinuria dropped to a minimum level of
200mg per day 8 weeks after starting this
therapy. HCV RNA titers were also signifi-
cantly reduced. Owing to hemolytic anemia,
ribavirin was stopped for a little while.
Karmar et al. recommend to treat HCV re-
lated glomerulonephritis patients for at least
48 weeks and to continue the anti-viral ther-
apy even in the absence of a decrease in HCV
RNA concentration of 2 log at week 12 [7].

This is why we are now still continuing anti-
viral therapy.

The present case demonstrated a patient
with MPGN associated with simultaneous
HBYV and HCV infection. She achieved clini-
cal remission under a full spectrum of drugs.
We conclude that MPGN can be associated
with simultaneous HBV and HCV infection
and responds well to therapy with inter -
feron-o and ribavirin.
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Although some guanidine compounds were reported as superior substrates for organic cation
transporter (OCT)2 than OCT1, it was unclear whether this guanidino group was an important factor in
determining the specificity of hOCT1 and hOCT2. Using HEK293 cells transfected with human (h)OCT1 or
hOCT2 ¢DNA, we assessed the role of hOCT1 and/or hOCT2 in the transport of guanidine compounds such

Keth_JrffS-' as uremic toxins and therapeutic agents. Guanidine, creatinine and aminoguanidine more markedly
Guanidine inhibited the uptake of [*C]tetraethylammonium (TEA) by hOCT2 than by hOCT1. [™C|TEA uptake by
Aminoguanidine hOCT2, but not hOCT1, was trans-stimulated by unlabeled guanidine, methylguanidine, creatinine,
OCT1 . [ g . . . . i .

oCT2 aminoguanidine and phenylguanidine. In patients with renal failure, the impairment of hOCT2 might
Uremic toxins decrease the excretion of guanidine, methylguanidine, and creatinine as uremic toxins. The uptake of
Kidney aminoguanidine, a candidate for an anti-diabetic agent, was enhanced by hOCT2 with the Michaelis

constant (Ky) of 4.10 £ 0.35 mM. Metformin, which was also an anti-diabetic agent, and creatinine more
potently inhibited the uptake of [**CJaminoguanidine by hOCT2 than that by hOCT1. Aminoguanidine had
little impact on the uptake of ["*Clmetformin by hOCT1, but inhibited that by hOCT2 with the ICsq of
1.49 = 0.14 mM. These results indicated that the specificity of hOCT1 and hOCT2 was not determined simply
by guanidino group. Among guanidine compounds, aminoguanidine was identified as a new superior

substrate for hOCT2.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Organic cation transporters (OCTs) play an important role in the
tissue distribution of a wide variety of positively charged
molecules, including drugs and endogenous substrates. Human
organic cation transporter 1 (hOCT1) is preferentially expressed in
the liver, and mediates hepatic uptake of cationic compounds [1,2].
In contrast, hOCT2 is specifically expressed in the renal proximal
tubules, and is considered to mediate the renal uptake of cationic
compounds [3,4]. Functional studies suggested that these trans-
porters were often similar in substrate specificity [4,5], but in
recent years, the compounds with a guanidino group such as
guanidine, creatinine, and metformin were reported to be better
substrates for OCT2 than OCT1 in rat andfor human [6-8].
However, it was unclear whether a guanidino group was important
in determining the affinity of the two transporters.

Some guanidine compounds have been known as uremic toxins
[9-14]. Other guanidine compounds have been reported as anti-
diabetic agents, in particular, aminoguanidine is positively charged
at physiological pH, and its renal clearance was more than twice

* Corresponding author. Tel.: +81 75 751 3577; fax: +81 75 751 4207.
E-mail address: inui@kuhp.kyoto-u.ac.jp (K.-i. Inui).

0006-2952/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2009.01.010

the glomerular filtration rate (GFR), suggesting the contribution of
tubular secretion [15-17].

The aim of this study was to compare the specificity of hOCT1
and hOCT2 for several guanidine compounds, including uremic
toxins and aminoguanidine (Fig. 1).

2. Materials and methods
2.1. Materials

[Ethyl-1-1*C]tetraethylammonium bromide (55 mCi/mmol)
was purchased from American Radiolabeled Chemicals (St. Louis,
MO, USA). ['“Claminoguanidine (51 mCi/mmol) and [biguanidi-
ne-'“C]metformin hydrochloride (26 mCi/mmol) were purchased
from Moravek Biochemicals, Inc. (Brea, CA). [°H]1-methyl-4-
phenylpyridium acetate (MPP) (2.7 TBq/mmol) was purchased
from PerkinElmer Life and Analytical Sciences Waltham, MA).
Creatinine and guanidine hydrochloride were obtained from
Nacalai Tesque (Kyoto, Japan). N,-Acetyl-L-arginine, aminoguani-
dine bicarbonate salt, 1-butylguanidine sulfate, creatine anhy-
drous, 1,1-dimethylguanidine sulfate salt, guanidinoacetic acid,
guanidinosuccinic acid, guanidinovaleric acid hemihydrate,
methylguanidine hydrochloride, N-propylguanidine sulfate, phe-
nylguanidine carbonate salt, 1,1,3,3-tetramethylguanidine, and 1-
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Fig. 1. Chemical structures of guanidine compounds.

methyl-4-phenylpyridium iodide were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). All other compounds used were of
the highest purity available.

2.2. Cell culture

HEK 293 cells (ATCC CRL-1573, American Type Culture
Collection, Manassas, VA) were cultured in complete medium
consisting of Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum in an atmosphere of 5% C0,/95% air at 37 °C, and
used as host cells. The transfectant stably expressing hOCT1 and
hOCT2 were established as described previously [7,8]. The HEK293
cells transiently transfected with pCMV6-XL4 plasmid vector DNA
(OriGene Technologies, Rockville, MD) containing hOCT1, hOCT2
or hOCT3-cDNA were prepared as described previously [7,18]. The
cell monolayers were used at day 3 of culture for uptake
experiments. In the present study, cells were used between the
78th and 90th passages.

2.3. Uptake experiments

The cellular uptake of cationic compounds was measured with
monolayer cultures of HEK293 cells grown on poly-p-lysine-
coated 24-well plates [7,19]. The protein content of the
solubilized cells was determined by the method of Bradford
[20], using a Bio-Rad Protein Assay Kit {Bio-Rad Laboratories,
Hercules, CA) with bovine-globulin as a standard. For the cis-
inhibition study, the uptake of ['*C]tetraethylammonium (TEA),
[**Claminoguanidine, or [**C]metformin was achieved by adding
various concentrations of unlabeled inhibitors to the incubation
medium. ICsq values were calculated from the inhibition plots

based on the equation, V = Vo/[1 + {[1]/ICs0)"]. by a nonlinear least
square regression analysis with Kaleidagraph Version 4.00
(Synergy Software, Reading, PA, USA). V and V,, were the uptake
rates of ["*C|TEA, ['*C]aminoguanidine, or ['*C]metformin in the
presence and absence of inhibitor, respectively. [I] is the
concentration of inhibitor, and n is the Hill coefficient. For the

Table 1
The apparent ICsg values of guanidine compounds for [*#CJTEA uptake by hOCT1
and hOCT2.

Guanidine compounds ICso values for [**CJTEA uptake (mM)

hOCT1 hOCT2
Uremic toxins®

Creatinine NjA 6.06 &+ 0.98
Guanidine N/A 3.03 1042
Guanidinosuccinic acid 1.54 £ 0.15 147 020
Methylguanidine 2.36 £0.06 1.53+0.31
Acetyl arginine NjA N/A
Creatine NfA N/A
Guanidinoacetic acid NJ/A N/A
Guanidinovaleric acid 0.66+0.03 1184014
Butylguanidine 0.21+002 0.12+ 001
Dimethylguanidine 0.54 + 0.09 0.36 + 0.02
Propylguanidine 036 +0.04 0291 0.02
Tetramethylguanidine 048008 078 £0.13
Aminoguanidine N/A 0.80:+0.11
Phenylguanidine 0.23+0.03 0.26 + 0.02

See experimental conditions in the legend of Fig. 2. The apparent 1Cso values were
calculated from inhibition plots {Fig. 2) by nonlinear regression analysis as
described in Section 2. The data represent the mean = S.E. of three independent
experiments. NJA, not available. ‘P < 0.05, significantly different from the IC5o value of
hOCT1.

2 {18].
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trans-inhibition study, the cells were preincubated with either the
incubation medium {control) or the incubation medium plus the
indicated concentration of unlabeled compounds for 30 min. The
cells were rinsed twice with 1 mL of ice-cold incubation medium
before the uptake experiments. The concentration dependence of
the transport of aminoguanidine by hOCT1 and hOCT2 was
analyzed using the Michaelis—-Menten equation; V= Vp,.x[S]/
(K + [S]) + Kaier[S], where V is the transport rate, V., is the
maximum transport rate, [S] is the concentration of aminogua-
nidine, K, is the Michaelis constant and Ky is a diffusion
constant. The accumulation of ['*Claminoguanidine by hOCT1-
and hOCT2-HEK293 cells was measured at various concentrations
(0.1-10 mM) for 2 min at 37 °C (pH 7.4).
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2.4. Statistical analysis

Data were expressed as the mean + S.E. Data were analyzed
statistically using the non-paired Student’s t test or one-way analysis
of variance (ANOVA) and Dunnett’s multiple comparison procedure.

3. Results

3.1. Inhibitory effects of guanidine compounds on TEA uptake by
hOCT1 and hOCT2

To compare the specificity of hOCT1 and hOCT2, the inhibitory
effects of several guanidine compounds on the uptake of ['4C]TEA

100

P-3
o

O creatinine
@guanidine
A guanidinosuccinic acid
Amethylguanidine

0 PUTT AEPTTTS JERT T RPRTT NTTee Srgree Iy

0 1 10 10% 10% 10* 10°
INHIBITOR (uM)
120 50

100

ACCUMULATION
(% of controt)
3

%)
<

—
=X
=

80
60
40

(% of control)

'O acetyl arginine
®creating

20 Faguanidinoacetic acid
Aguanidinovaleric acid
0 svomd_xxannd o ownd_s somd s sl il o

0 1 10 107 10® 10* 10°
INHIBITOR (uM)

ACCUMULATION

120

100
80
60

(% of control)

40

[Obutylguanidine
@dimathytguanidin
20 lapropylguanidine
Atetramethylguanidin

ACCUMULATION =

0
0 1 10 10% 10°% 10* 10°

INHIBITOR (uM)

—~
o0

) 120
100
80
60
40

ACCUMULATION
(% of control)

| Oaminoguanidine
@phenylguanidine

0 sasod st s ot ol saved siuad o
0 1 10 10% 10® 10* 10%
INHIBITOR (M)

20

Fig. 2. Effects of guanidine compounds on ['*C]TEA uptake by hOCT1 (a, ¢, e and g) and hOCT2 {b, d, f and h). HEK293 celis transfected with hOCT1 and hOCT2 were incubated
at 37 °C for 2 min with 5 uM ["*C]TEA (pH 7.4) in the presence of (a and b); creatinine (open circle), guanidine (closed circle), guanidinosuccinic acid (open triangle), or
methylguanidine (closed triangle), (¢ and d); acetyl arginine (open circle), creatine (closed circle), guanidinoacetic acid (open triangle), or guanidinovaleric acid (closed
triangle), (e and f); butyiguanidine (open circle), dimethylguanidine {closed circle), propylguanidine (open triangle), or tetramethylguanidine (closed triangle), (g and h);
aminoguanidine (open circle), or phenylguanidine (closed circle). Each point represents the mean + S.E. of three independent experiments.
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experimental conditions in the legend of Fig. 2. The apparent ICso values were
calculated from inhibition piots (Fig. 2) by nonlinear regression analysis as
described in Section 2. Octanol/water partition coefficients (log P) were calculated
using Chem Draw Ultra 7.0 software.

(a typical substrate for the organic cation transporter) were
examined (Table 1, Fig. 2). The inhibitory effects of guanidino-
succinic acid and methylguanidine were comparable between
hOCT1 and hOCT2. Guanidine and creatinine had stronger

inhibitory effects on ["*C]TEA uptake by hOCT2 than by hOCT1,
whereas guanidinovaleric acid inhibited hOCT1 more than hOCT2.
Guanidinoacetic acid tended to inhibit the uptake of [**C]TEA by
both hOCT1 and hOCT2, while creatine tended only to inhibit the
hOCT2. Acetyl arginine did not inhibit ['*CJTEA uptake by either
transporters. The inhibition curves of alkyl guanidine compounds
for ["4CJTEA uptake showed that alky! guanidine compounds had
potent inhibitory effects on both hOCT1 and hOCT2, and that only
butylguanidine had moderately higher affinity for hOCT2 than
hOCT1. Phenylguanidine had an inhibitory effect on [MCJTEA
uptake by both hOCT1 and hOCT2, while aminoguanidine had a
much greater inhibitory effect on hOCT2 than hOCT1. Fig. 3 plots
the relationship between the log of the measured IC5o values
(Table 1) and the calculated log P values {Clog P) of guanidine
compounds.

3.2. Trans-stimulation effects of guanidine compounds on TEA uptake
by hOCT1 and hOCT2

To examine whether these guanidine compounds were sub-
strates of hOCT1 and hOCT?2, trans-stimulation experiments were
performed. The transfectants were preincubated with a concen-
tration equivalent to approximately 3-fold the ICsp value of the
unlabeled guanidine compounds, or else with 10 mM if the ICsq
value was not available (Table 1) [5]. Then, the [1*C]TEA uptake by
the preincubated transfectants was measured. Fig. 4 shows the
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Fig. 4. Trans-stimulation effects of guanidine compounds as uremic toxins on [*CJTEA uptake by hOCT1 (a) and hOCT2 (b). HEK-hOCT1 and HEK-hOCT?2 cells were incubated
for 2 min at 37 °C with 5 uM ["C]TEA after preincubation with incubation medium (control) or incubation medium containing TEA (5 mM), creatinine (10 mM, hOCT1;
20 mM, hOCT2), guanidine (10 mM, hOCT1; 9 mM, hOCT2), guanidinosuccinic acid (5 mM, hOCT1; 4 mM, hOCT2), methylguanidine (7 mM hOCT1; 5 mM, hOCT2), acetyl
arginine (10 mM), creatine (10 mM), guanidinoacetic acid (10 mM), and guanidinovaleric acid (2 mM, hOCT1; 4 mM, hOCT2) for 30 min at 37 °C, respectively. Data are
expressed as a percentage of the control value. Control values for HEK-hOCT1 and HEK-hOCT2 were 25.6 & 1.4 and 14.5 + 1.2 pmol/mg protein{2 min, respectively. Each column
represents the mean + S.E. of three independent experiments. P < 0.05, P < 0.01, significantly different from the control.
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Fig. 5. Trans-stimulation effects of alkyl guanidine compounds, aminoguanidine and phenylguanidine on [*C]TEA uptake by hOCT1 (a) and hOCT2 (b). HEK-hOCT1 and HEK-
hOCT?2 cells were incubated for 2 min at 37 °C with 5 uM [*C]TEA after preincubation with incubation medium (control) or incubation medium containing TEA (5 mM),
butylguanidine (0.6 mM, hOCT1; 0.4 mM, hOCT2), dimethylguanidine (2 mM hOCT1; 1 mM, hOCT2), propylguanidine (1 mM, hOCT1; 0.9 mM, hOCT2), tetramethylguanidine
(1 mM, hOCT1; 2 mM, hOCT2), aminoguanidine (10 mM, hOCT1; 2 mM hOCT2) and phenylguanidine (0.7 mM, hOCT1; 0.8 mM, hOCT2) for 30 min at 37 °C, respectively. Data
are expressed as a percentage of the control value. Control values for HEK-hOCT1 and HEK-hOCT2 were 25.9 + 1.4 and 11.0 + 0.2 pmol/mg protein/2 min, respectively. Each
column represents the mean + S.E. of three independent experiments. P < 0.05, P < 0.01, significantly different from the control.
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Fig. 6. Concentration dependence of ["*Claminoguanidine transport by hOCT1 (a) and hOCT2 (b). hOCT1 and hOCT2 transfectants were incubated at 37 °C for 2 min with
various concentrations of {**Claminoguanidine (0.1, 0.25, 0.5, 1, 2.5, 5, 7.5 and 10 mM) in the absence (open circle) or presence (closed circle) of 5 mM 1-methyi-4-
phenylpyridinium (pH 7.4). Each point represents the mean + S.E. of three independent experiments.
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Fig. 7. Effects of TEA, creatinine and metformin on ['“Claminoguanidine transport by hOCT1 (a) and hOCT2 (b). HEK 293 cells transfected with hOCT1 and hOCT2 were
incubated at 37 “C for 2 min with 10 M [ **CJaminoguanidine (pH 7.4) in the absence (open circle) or presence of TEA (closed circle), creatinine (open triangie), or metformin
(closed triangle). Each point represents the mean + S.E. of three independent experiments.

trans-stimulation effects of endogenous guanidine compounds as
uremic toxin. Preincubation with unlabeled guanidine, methyl-
guanidine, and creatinine significantly increased the uptake of
[1C]TEA by hOCT2 but not hOCT1. Meanwhile, preincubation with
guanidinovaleric acid increased the ['*C]TEA uptake by hOCT1 but
not hOCT2. As shown in Fig. 5, we examined the trans-stimulation
effects of the other guanidine compounds. Preincubation with
unlabeled butylguanidine, propylguanidine, dimethylguanidine,
and tetramethylguanidine increased the uptake of ['“C]TEA by
both transfectants. On the other hand, the preincubation with
aminoguanidine and phenylguanidine significantly enhanced the
[*C]TEA uptake by hOCT2 but not hOCT1.

3.3. Uptake of aminoguanidine by hOCT1 and hOCT2

To obtain more information about the substrate specificity
of hOCT2, the transport characteristics of ['*Claminoguanidine
was compared between hOCT1 and hOCT2. Fig. 6 shows the
concentration dependence of ['*Claminoguanidine uptake by
hOCT1 and hOCT2. The uptake by hOCT2 was greater than that by
hOCT1. The uptake was saturated at high concentrations in
hOCT2-expressing cells, although no such saturation was
observed in hOCT1-expressing cells. The apparent Michaelis-
Menten constant (K.,) for the uptake of ["*ClJaminoguanidine by
hOCT2 was 4.10 +0.35 mM. The maximal uptake rate (Viax) in
hOCT2-expressing cells was 4.40 + 0.42 nmol/mg protein/min
(mean + S.E. of three separate experiments). Next, we examined
the inhibitory effects of TEA, creatinine and metformin on the uptake
of {**Claminoguanidine by hOCT1 and hOCT2 (Fig. 7). Fig. 7a and b

shows the inhibition curves of TEA, creatinine and metformin in
hOCT1- and hOCT2-expressing cells, respectively. Although TEA,
creatinine and metformin inhibited the uptake of ['“C]aminogua-
nidine by both hOCT1 and hOCT2 in a dose-dependent manner, the
uptake by hOCT2 was more inhibited. We calculated the ICsq values of
these cationic compounds from the inhibition plots as described in
Section 2 (Table 2). We also examined the inhibitory effect of
aminoguanidine on the uptake of ['*C]metformin (Fig. 8). Amino-
guanidine had little impact on the uptake of ['“C]metformin by
hOCT1, and the ICsq value of aminoguanidine was not estimated
(Fig. 8a). However, aminoguanidine inhibited the ['4Cjmetformin
uptake by hOCT2 with the ICsq of 1.49 + 0.14 mM (Fig. 8b).

To confirm aminoguanidine as a new substrate selective for
hOCT2, the influence of cis-inhibition and trans-stimulation of
aminoguanidine on the [PH]MPP transport by hOCT3 was

Table 2
The apparent iCso values of cationic compounds for { **Claminoguanidine uptake by
hOCT1 and hOCT2.

Inhibitors ICsp values for [**CJaminoguanidine uptake
(mM)
hOCT1 hOCT2
TEA 139+ 0.06 0.16 1 0.02
Creatinine N/A 424126
Metformine 9.48 + 0.56 2374020

See experimental conditions in the legend of Fig. 7. The apparent ICso values were
calculated from inhibition plots (Fig. 7) by nonlinear regression analysis as
described in Section 2. The data represent the mean + S.E. of three independent
experiments. NJA, not available,



