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Aims: Asymmetric dimethylarginine (ADMA), an endogenous nitric oxide synthase inhibitor, has been
reported to be a novel marker for the progression of chronic kidney disease (CKD). We have recently found
that accumulation of ADMA could trigger peritubular capillary loss, thus contributing to tubulointerstitial
ischemia and fibrosis in a rat model of CKD. However, effects of ADMA on glomerular capillary loss and

Keywords: sclerosis remain to be elucidated.
[A)gx? Main methods: In this study, we investigated whether lowering of ADMA by overexpression of dimeth-
Capillary ylarginine dimethylaminohydrolase (DDAH), a main enzyme that degrades ADMA, could ameliorate glomer-

ular capillary loss and sclerosis in a rat model of CKD. Four weeks after 5/6 subtotal nephrectomy (Nx),
animals were given tail vein injections with recombinant adenovirus vector encoding DDAH-I (Adv-DDAH)
or control vector expressing bacterial B-galactosidase (Adv-1Z), or orally administered with 20 mg/kg/day of
hydralazine (Hyz) which served as a blood pressure control model.

Key findings: Plasma levels of ADMA were associated with decreased number of glomerular capillaries as well
as severity of glomerular sclerosis in Nx-rats. These glomerular changes progressed in Adv-LZ- or Hyz-treated
Nx-rats, while they were ameliorated by the treatment with DDAH overexpression.

Significance: Our present data suggest that ADMA may be involved in glomerular capillary loss and sclerosis,
thus contributing to the progression of CKD. Substitution of DDAH protein or enhancement of its activity may
become a novel therapeutic strategy for the treatment of CKD.
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© 2009 Elsevier Inc. All rights reserved.

1. Introduction Since several animal studies have shown that NOS inhibitors could

cause systemic and glomerular hypertension, glomerular ischemia,
glomerulosclerosis, tubulointerstitial injury and proteinuria (Zatz and
Baylis 1998; Baylis 2008), it is conceivable that ADMA plays a role

Nitric oxide (NO) is synthesized by stereospecific oxidation of
terminal guanidine nitrogen of L-arginine by the action of the NO
synthase (NOS) (Cooke 2000; Ueda et al. 2007). The synthesis of NO
can be blocked by inhibition of the NOS active site with guanidino-
substituted analogues of L-arginine such as asymmetric dimethylargi-
nine (ADMA) (Cooke 2000; Ueda et al. 2007). We, along with others,

Table 1
Clinical variables®,

have reported that plasma levels of ADMA are elevated in patients ADMA Ca up SBP

with hypertension (Matsuoka et al. 1997; Miyazaki et al. 1999), Adv-1Z Before  0.71+0.02 0.93+0.07 72+£15 130177
diabetes (Miyazaki et al. 1999, Tarnow et al. 2004), and chronic kidney A DA ggfzrre g';fig-gi ‘1’-;1 ::: §g§°9* (1523751 22'7* }fg;ﬁgg*
dlsegse (CKD) (Vallance et al. 1992; chcah et al. 2001), thu; sug- After 055 io:os*'** 12 3;0.1'4** 7 ;{:1:5** 122.038%
gesting that plasma ADMA level is a biomarker for future cardiovas-  Hydralazine Before 0.7310.06 0.98.£019 52409 126122
cular events in these high-risk patients (Tarnow et al. 2004; Zoccali After 0794005 087+0.12 92416%  106:+£103*

et al. 2001; Valkonen et al. 2001; Schnabel et al. 2005)' Data were expressed as mean + SE. Adv-1Z, Nx-rats treated with adenovirus encoding 3-

galactosidase; Adv-DDAH, Nx-rats treated with adenovirus encoding dimethylarginine
dimethylaminohydrolase; Hydralazine, Nx-rats treated with hydralazine; ADMA,
asymmetric dimethylarginine {iM}; Cer, creatinine clearance (mL/min); UP, urinary protein
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excretion (g/g creatinine); SBP, systolic blood pressure (mm Hg).

*Details or the assessment for the parameters were reported previously (Matsumoto
et al. 2007).

*P<0.05 compared to the value of the rats before treatment.

**p<0.05 compared to the value of Adv-LZ.
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Fig. 1. A correlation between plasma levels of ADMA and number of glomerular capillaries.
Four weeks after the 5/6 nephrectomy, 11 rats were killed. Then immunohistochemical
analysis was performed. Glomerular capillary endothelial cells were stained with JG-12
antibody.

in the progression of CKD by inhibiting endogenous NO generation
as well. Indeed, we have recently found that overexpression of dimethyl-
arginine dimethylaminohydrolase (DDAH), a rate-limiting enzyme
that degrades ADMA, blocks the elevation of blood pressure (BP) and
peritubular capillary loss and subsequently reduces proteinuria in 5/6
subtotal-nephrectomized rats (Nx-rats), an experimental model of CKD
by lowering ADMA levels (Matsuguma et al. 2006; Matsumoto et al.
2007). These findings have provided a basis for understanding why
plasma level of ADMA could be a prognostic marker for renal impair-
ment in patients with CKD (Fliser et al. 2005; Ravani et al. 2005).
However, the pathophysiological role of ADMA on glomerular capillary
loss and sclerosis remains to be elucidated. In this study, we re-analyzed

Intensity of JG-12 staining
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the samples of our previous experiments on Nx-rats (Matsumoto et al.
2007) in order to clarify whether lowering of ADMA by overexpression
of DDAH could ameliorate glomerular capillary loss and sclerosis in the
rat model of CKD.

2. Materials and methods
2.1. Materials

Recombinant adenoviruses encoding human DDAH-I (Adv-DDAH),
the entire coding region of DDAH and bacterial 3-galactosidase (Adv-LZ)
were prepared as described previously (Ueda et al. 2003).

2.2. Experimental protocol

Detail experimental procedure was described previously (Matsu-
moto et al. 2007). Briefly, 4 weeks after nephrectomy (Nx), the rats
were randomly divided into 4 groups; rats immediately killed (n = 11),
rats treated with tail vein injection of 1.5 x 10'° plaque-forming units of
Adv-DDAH (n=15) or control adenovirus vector expressing bacterial
a-galactosidase (Adv-1Z) (n = 15), rats orally administered with 20 mg/
kg/day of hydralazine (Hyz), which served as a BP control model
(n=26). Fourteen days after the treatment, the rats were sacrificed.
All experimental procedures were conducted in accord with the NIH
Guide for the Care and Use of Laboratory Animals and were approved
by the ethical committee of our institution.

2.3. Chemical analysis
Plasma levels of ADMA were measured by high-performance liquid

chromatography as described previously (Matsuguma et al. 2006;
Matsumoto et al. 2007; Ueda et al. 2003).
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Fig. 2. Effects of DDAH overexpression on progressive loss of glomerular capillaries. Representative data of immunohistochemistry are shown. (A) Adv-1Z-treated Nx-rats. (B) Adv-
DDAH-treated Nx-rats. (C) Hyz-treated Nx-rats (Hyd). (D) Quantitative analysis of immunostaining of glomerular capillaries. *P<0.05 compared to the value before treatment.

##p<0.01 compared to the value of Adv-1Z or Hyz-treated rats.
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2.4. Immunohistochemistry

The kidneys were removed and fixed in 4% paraformaldehyde.
Then the kidneys were embedded in paraffin wax for sectioning. Three-
micrometer paraffin sections were incubated with monoclonal JG-12
antibody raised against aminopeptidase P of capillary endothelial cells
(Bender MedSystems, San Bruno, CA). After exposure to peroxidase-
labeled secondary anti-mouse antibody, the sections were incubated with
3,3'-diaminobenzidine solution. The intensity of JG-12 staining was
analyzed by an image analysis software (Optimas version 6.57; Media
Cybernetics, Silver Spring, MD).

2.5. Renal histology analysis

Three-micrometer paraffin sections were stained with periodic
acid-Schiff (PAS) to evaluate glomerular sclerosis. To semi-quanti-
tate glomerular sclerosis, 50 glomeruli were selected at random,
and the degree of glomerular matrix expansion was determined as
previously described (Tamaki et al. 1994). The percentage of each
glomerulus occupied by a mesangial matrix was estimated and
assigned a score beginning with 0=0%, 1+ =1 to 25%, 2+ =26 to
50%, 3+ =51 to 75% and 4+ = 76 to 100%. The number of glomeruli
showing a lesion of 0 was set n0, 1+nl, 2+n2, 3+n3, 4+n4,
respectively. Fifty glomeruli were examined independently, and
then the sclerosis index was obtained by the following formula:
(0xn0+1xnl+2xn2+3xn3+4xn4)/50x100.

2.6. Statistical analysis

All data were expressed as mean+S.E. Experimental groups
were compared by analysis of variance (ANOVA), and, when appro-
priate, with Scheffe's test for multiple comparisons. Linear regression
analysis was performed between plasma ADMA and glomerular
capillary density. A level of P<0.05 was accepted as statistically
significant.

3. Results
3.1. Data of clinical variables

As previously reported (Matsumoto et al. 2007), baseline cre-
atinine clearance (Ccr), urinary excretion of protein levels (UP),
and systemic BP (SBP) were similar among three groups (Table 1).
Treatment with Adv-DDAH, but not Adv-LZ or Hyz, significantly
decreased plasma levels of ADMA (Table 1) and subsequently
ameliorated Ccr in Nx-rats (Table 1). SBP were progressively
elevated in Adv-LZ-transfected Nx-rats, whereas that of Adv-
DDAH-transfected Nx-rats remained unchanged (Table 1). Hyz
treatment prevented the elevation of BP levels in Nx-rats as well
(Table 1).

3.2. Relationship between plasma ADMA levels and glomerular capillary
loss

We first investigated the relationship between plasma ADMA
levels and glomerular endothelium in Nx-rats. As shown in Fig. 1,
plasma levels of ADMA were correlated with decreased number of
glomerular capillaries in Nx-rats (Fig. 1).

3.3. Effects of DDAH overexpression on glomerular changes

We next investigated the effects of Adv-DDAH on glomerular
changes in Nx-rats. As shown in Figs. 2 and 3, progressive loss of
glomerular capillaries and accelerated glomerular sclerosis were
observed in Adv-LZ- or Hyz-treated Nx-rats, which were signifi-
cantly blocked by the treatment with Adv-DDAH.

4. Discussion

The salient findings of this study are (1) plasma levels of ADMA
were associated with decreased number of glomerular capillaries in
Nx-rats (Figs. 1 and 2) overexpression of DDAH-I, a rate-limiting
enzyme that degrades ADMA, decreased plasma levels of ADMA and
subsequently prevented the progressive loss of glomerular capillaries
and accelerated glomerular sclerosis in Nx-rats (Figs. 2 and 3).
Although Hyz treatment blocked the elevation of BP, it did not
decrease plasma ADMA level or improve these glomerular changes
in Nx-rats. Therefore, the present results suggest that DDAH over-
expression blocks the progression of glomerular damage in a rat
model of CKD by reducing plasma levels of ADMA, but not lowering
BP levels.

It has been previously reported that blockade of NO generation
increases systemic and glomerular pressure and subsequently causes
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Fig. 3. Effects of DDAH overexpression on glomerular scierosis. A. Representative data of
PAS staining are shown. (a) and (b), Adv-LZ-treated Nx-rats; (c) and (d), Adv-DDAH-
treated Nx-rats; (e) and (f), Hyz-treated Nx-rats. Magnification, x 100 ({a), (c}, (e)).
x200 ((b), (d), (f)). B. Quantitative analysis of the extent of glomerular sclerosis.
*P<0.05 compared to the value before treatment. **P<0.01 compared to the value of
Adv-LZ or Hyz-treated rats.
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glomerular sclerosis in Nx-rats (Zatz and Baylis 1998; Baylis 2008;
Kang et al. 2002). Further, it has been reported that glomerular
endothelial cell injury or loss is observed in the early phase of renal
ablation, which could lead to glomerular sclerosis in this model (Lee
et al. 1995; Shimizu et al, 1997). Since NO is known as a critical factor
for endothelial function and endothelial cell survival and repair
(Murohara et al. 1998; Konishi et al. 2007), it is conceivable that ADMA
could cause glomerular capillary damage and subsequently elicit
glomerular sclerosis in Nx-rats by inhibiting endogenous NO produc-
tion. In support of this, DDAH overexpression enhances VEGF
expression in cultured endothelial cells and stimulates tube formation
of these cells (Smith et al. 2003). In a murine model of hindlimb
ischemia, enhanced neovascularization and limb perfusion are
observed in DDAH transgenic mice, which are associated with reduced
plasma levels of ADMA (Jacobi et al. 2005). Further, it has been
reported that VEGF administration enhances glomerular capillary
repair and accelerates resolution of experimentally induced glomer-
ulonephritis (Masuda et al. 2001). We have recently found that DDAH
overexpression blocks peritubular capillary loss as well as tubuloin-
terstitial ischemia and fibrosis in the same remnant kidney model
(Matsumoto et al. 2007).

5. Conclusion

In conclusion, these observations suggest that impairment of the
ADMA-DDAH axis in Nx-rats, that is, decreased renal expression of
DDAH and elevation of ADMA in a rat model of CKD (Matsuguma et al.
2006; Matsumoto et al. 2007), could cause glomerular and peritubular
capillary loss and subsequently elicits glomerular sclerosis and
tubulointerstitial fibrosis, thus leading to the progression of CKD.
Substitution of DDAH protein or enhancement of its activity may
become a novel therapeutic strategy for the treatment of CKD.
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Abstract

Background. IL-1f has the potential to promote progres-
sive renal disease by effects on macrophage recruitment
and activation or by effects mediated through tubular cell
transforming growth factor (TGF)-f production, previously
demonstrated in vitro.

Methods. The in vivo roles of endogenous IL-18 and its
type I receptor (IL-1RI) in renal fibrosis were studied using
wild-type C57BL/6 mice, IL-13~/~ and IL-1RI™/~ mice
with unilateral ureteric obstruction.

Results. After 7 days, IL-1RI™/~ mice (IL-1a and IL-1p
deficient) were protected from injury and collagen accu-
mulation, IL-1p~/~ mice demonstrated some histological
protection, but no reduction in al(1) procollagen mRNA
or biochemically measured collagen accumulation. Com-
pared with obstructed kidneys from wild-type mice, TGF-
B1 mRNA was reduced in IL-1RI~/~ mice (with trends to
reduced TGF-B2 and TGF-B3). Expression of a downstream
TGF-p effector, connective tissue growth factor, was de-
creased in IL-1RI™/~ mice. IL-1RI™/~ mice exhibited less
tubulointerstitial apoptosis compared with wild-type mice.
Macrophage infiltration and adhesion molecule mRNA ex-
pression was unchanged in IL-187/~ or IL-IRI™/~ mice.
While TNF expression was similar to wild-type mice, IFN-
y expression was reduced in both IL-18~/~ and IL-1RI~/~
mice. IL-IRI™/~ mice at 14 days showed a catch-up in
fibrosis compared with wild-type mice.

Conclusion. IL-1/IL-1RI interactions are profibrotic in re-
nal fibrosis. IL-1RI~/~ mice were more protected at an early
stage, associated with changes in TGF-p and downstream
mediators of fibrosis, but independent of the presence of
infiltrating macrophages.

Keywords: IL-1; interstitial fibrosis; macrophages; obstructive
uropathy; TGF-f

Introduction

Tubulointerstitial fibrosis is a common pathway to end-
stage renal failure occurring after a variety of immune and
inflammatory, metabolic or haemodynamic renal insults.
The initiating injury, timing and persistence of the initi-
ating insult are all important in tubulointerstitial fibrosis.
However, observations from human disease and in vitro
and in vivo models have defined several processes com-
mon to tubulointerstitial fibrosis induced by a variety of
different insults. These include tubular injury, the infiltra-
tion of innate immune effectors, epithelial myofibroblast
transformation and the laying down of matrix proteins, in-
cluding collagens and fibronectin, with resulting interstitial
fibrosis, tubular atrophy and loss of renal function [1-3].
Potential pro-fibrogenic mediators present in the
tubulointerstitium include cytokines, secreted by im-
mune/inflammatory cells and/or intrinsic renal cells. IL-18
possesses a variety of proinflammatory effects relevant to
a range of diseases [4,5]. IL-1P binds to the IL-1 recep-
tor (IL-1RI), constitutively expressed at low levels on most
cells, including ‘immune’ cells, endothelial cells, epithelial
cells and fibroblasts [4]. Another member of the IL-1 fam-
ily, IL-1a, can bind to and signal via this receptor. IL-1a
plays an autocrine role in cell activation, being expressed
on the cell surface, intracellularly and also released from
cells [4,5]. The IL-1 receptor antagonist (IL-1Ra) antag-
onizes the activity of IL-1 in vivo by competitively bind-
ing to IL-1RI [6]. Another membrane receptor, IL-1RII,
acts as a decoy receptor and does not signal on binding
to IL-1 [7]. Both IL-1RI and IL-1RII can exist in soluble
forms [4]. IL-1B has a number of biological actions that
might promote fibrosis, including promoting leukocyte in-
filtration, inducing proinflammatory mediators and induc-
ing the production of transforming growth factor (TGF-
B), a key profibrotic growth factor. In vitro, both IL-la
and IL-1p promote TGF-f production [8-10] as well as fi-
bronectin production and loss of E-cadherin expression (by
[L-1a) or induction of a-smooth muscle actin (a-SMA, a

© The Author [2009]. Published by Oxford University Press on behalf of ERA-EDTA. All rights reserved.
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myofibroblast marker) expression (by IL-1B). These
changes in primary cultures of human proximal tubular
cells are TGF-B dependent [8,10]. Both [L-1a and IL-18
are produced by fibroblasts [11,12]. IL-1 has similar effects
on TGF-B and matrix production in cultured cortical fi-
broblasts and also promotes fibroblast proliferation [11,13],
and fibroblasts derived from diseased kidneys demonstrate
greater IL-1 responsiveness than those from normal kidneys
[11,12].

Obstructive uropathy is an important cause of renal fi-
brosis, with the involvement of macrophages, tubular cells
and apoptosis of tubular cells, interstitial myofibroblasts,
soluble cytokines/growth factors (the best known being
TGF-B), proteolytic enzymes and matrix proteins [5,14—
16]. It is commonly modelled by ligating one ureter (uni-
lateral ureteric ligation, UUO) in mice. In this system, bone
marrow-derived CD11b+ and CD18+ cells modified to
overexpress IL-1Ra limit injury in murine UUO after 6
days [17]. The hypothesis tested by the current studies was
that mice genetically deficient in IL-18 or the IL-1RI would
be protected from experimental interstitial fibrosis induced
by UUO.

Methods

Experimental mice

Mice with a deletion of the IL-18 (IL-1p~/~, from Y. Iwakura, Univer-
sity of Tokyo, Tokyo, Japan [18]) or the IL-1R1 gene (IL-IRI™/~, from
A. Satsokar, Ohio State University, OH, USA [19}) on a C57BL/6 back-
ground were bred in an SPF facility (Monash Medical Centre, Clayton,
Victoria, Australia). Male mice (6-8 weeks old) were used. The left ureter
was ligated under general anaesthesia [20] and renal injury was studied
after 7 or 14 days. Experiments were approved by the Monash University,
Monash Medical Centre Animal Ethics Committee. Histological assess-
ment was performed on coded slides, results expressed as mean =+ SD.
For analysis of two groups, the significance of differences between groups
was determined by an unpaired r-test, and for more than two groups by
ANOVA, with Tukey’s post-test (Prism, GraphPad Software, San Diego,
CA, USA). Seven days after UUO, C57BL/6 wild-type (WT) mice (n =
7), IL-1™/~ mice (n = 13) and IL-1RI~/~ mice (n = 7) were studied.
For 14-day analyses, CS7BL/6 WT mice (n = 7) and IL-1RI~/~ mice
(n = 9) were studied.

Detection of IL-1RI in mice subjected to UUO

Renal IL-1RI protein was demonstrated using anti-mouse CD121a (I1L-1
receptor type 1/p80, 35FS5, BD Biosciences, San Jose, CA, USA) conju-
gated with R-phycoerythrin. Cryostat-cut snap frozen sections (6 m)
were incubated with 15% rat serum in 5% BSA/PBS (10 min, room
temperature) and then with anti-IL-1RI-PE (1:50 in 1% BSA/PBS; | h,
room temperature). Sections from IL-1RI™/~ mice were negative
controls.

Assessment of morphological changes and collagen accumulation

Kidney tissues were fixed in Bouin's fixative and embedded in
paraffin, and 3-pm tissue sections from all mice were stained with
picrosirius red (Sigma, St Louis, MO, USA) identifying collagen
fibres (red) [20,21]. Histological assessment of matrix deposition was
determined by point counting using a 10 x 10 grid. A minimum of 10
high power fields (x400, hpf) were assessed per animal, and results
expressed as % interstitial cortical area, excluding glomeruli, blood
vessels, periglomerular and perivascular areas [20,22]. Renal collagen
content was measured by determining total hydroxyproline {23] as
previously described [20], and results expressed as pg/mg kidney wet
weight.
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Interstitial macrophages, neutrophils, cleaved caspase-3
and myofibroblasts

For neutrophils and macrophages, periodate lysine paraformaldehyde-
fixed frozen tissue sections (6 |tm) were stained with RB6-8CS5 (anti-
Gr-1) or F4/80 using a three-layer immunoperoxidase technique [20,24].
Neutrophil numbers were counted in > 10 hpf per animal. As individual
macrophages could not be reliably counted [20], >10 hpf were assessed
per animal and cortical interstitial infiltrate scored as 0-3+ (0-equivalent
to normal animals and the contralateral kidney of experimental animals, 1:
10-40% interstitium, 2: 40-70% interstitium, 3: >70% interstitium). For
cleaved caspase-3, 4 um paraffin-embedded sections were de-paraffinized
(1 h, 60°C), followed by hydration and antigen retrieval. After block-
ing biotin and endogenous peroxidases, the sections were incubated with
10% swine serum (1 h, room temperature), then with a rabbit anti-human
cleaved caspase-3 antibody (1:400, overnight, 4°C; Cell Signaling Tech-
nology, Danvers, MA, USA) that cross-reacts with mouse caspase-3 [25]
and then with swine anti-rabbit biotin (1:100, | h, room temperature;
Dakeo), followed by avidin/biotin (Dako) with 3,3'-diaminobenzidine. Ten
consecutive hpf were assessed per animal, excluding glomeruli and large
vessels, and results expressed as cells/hpf (c¢/hpf). Immunohistochemistry
using Bouin’s fixed tissue sections (4 pwm) was used for a-SMA. The
sections were stained with a peroxidase-conjugated mouse anti-human
a-SMA antibody (1A4) using the Enhanced Polymer One-Step Staining
reagent (Dako) [20] and then incubated overnight at 4°C; binding was de-
tected using 3,3’-diaminobenzidine and the sections were counterstained
with nuclear fast red (BDH Chemicals, Poole, UK). Dako negative control
EPOS immunoglobulins-HRP were used as a negative control. Interstitial
a-SMA accumulation was assessed by point counting.

Assessment of intrarenal chemokine, cytokine and collagen mRNA
expression

The ribonuclease (RNAse) protection assay was performed as previously
described [26]. Kidney RNA was extracted with a TRIzol reagent (Invitro-
gen, CA, USA) from randomly selected mice of a single experiment (n =
5-9 each group with UUQ). Multiprobes incorporating [a->PJUTP were
transcribed from two custom templates (RiboQuant System, Pharmin-
gen), the first containing probes for ICAM-1 IL-1RI, E- selectin, TNF,
VCAM-1, [L-18, IL-1Ra, IL-18, F4/80, IFN-y and macrophage migration
inhibitory factor (MIF), the second containing probes for lymphotoxin-a,
lymphotoxin-B, TNEF, IL- 13, IFN-y, type | procollagen al chain [al(I)
procollagen}, TGF-B1, TGF-B2 and TGF-B3). Gene expression was nor-
malized to the housekeeping gene L32.

For IL-lo mRNA, 1 pg RNA (n = 6-7 for each group with UUO)
was treated with 1 unit of amplification grade DNase I (Invitrogen), then
primed with 500 ng Oligo(dT)15_1g (Roche, Mannheim, Germany) and
reverse-transcribed (Super Script II, Invitrogen). For IL-1a (113 bp prod-
uct) and B-actin (388 bp product) primers (Vector NTI software, Invitro-
gen), see the Supplementary data table. Real-time PCR was performed on a
Rotor Gene RG-3000 (Corbett Research, NSW, Australia) using FastStart
DNA Master, SYBR Green I (Roche). IL-1a and B-actin mRNA expression
was quantified using serial dilutions of an exogenous standard, and IL-1a
levels normalized to B-actin and expressed as arbitrary units. For connec-
tive tissue growth factor (CTGF) and a-SMA mRNA (n = 7-10 each group
with UUO), TagMan minor groove binder probes (Applied Biosystems
7500, Foster City, CA, USA) were linked to 6-carboxyfluorescein, and
gene expression was analysed by real-time quantitative RT-PCR (TagMan,
Applied Biosystems) with 18S ribosomal RNA expression assessed (18S
rRNA TagMan Control Reagent kit) as a control. Results were expressed
proportional to values obtained from WT mice obstructed kidneys.

Results

IL-1p and IL-1RI expression in obstructed kidneys of mice
with UUO

IL-1 and IL-1R family gene expression was assessed in
mice with obstructed kidneys 7 days after UUO. Both IL-
la and IL-1p mRNA were induced in kidneys of mice with
disease (Table 1). In addition to induction of IL-la and
IL-1B expression, induction of the mRNA for IL-1RI and
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Table 1. Expression of IL-1 and 1L-1 receptor family mRNA in kidneys
1 week after unilateral ureteric ligation

Fold induction

WT (x contralateral
contralateral WT UUO  kidney)
IL-la mRNA  0.13 £ 0.07 0.76 £ 0.55* 5.84
IL-13 mRNA  0.74 £+ 0.08 2.79 £ 1.28°% 3.77
IL-IRImRNA  1.33£0.21 3.76 £ 1.20°* 2.82
IL-1Ra mRNA 0.54 4+ 0.10 8.28 £ 1.54* 15.33

All values are expressed as mean = SD, arbitrary units.
2P < 0.05.

Fig. 1. Expression of [L-1RI in obstructed kidneys 7 days after undergoing
unilateral ureteric ligation. In obstructed kidneys from C57BL/6 wild-type
(WT) mice (A), IL-1RI expression was observed in the interstitium and at
varying intensity within tubules. Signal was absent in obstructed kidneys
from IL-1RI~/~ mice (B). Original magnification x200.

IL-1Ra was observed in obstructed kidneys. Immunoflu-
orescent staining for IL-1RI revealed staining in areas of
the interstitium and in tubules in obstructed kidneys from
WT mice at Day 7 after UUO (Figure 1A), with minimal
fluorescence in obstructed kidneys from IL-1RI™/~ mice
(Figure 1B) as a negative control.

Renal interstitial fibrosis is reduced in the absence of the
IL-1RI

Compared with the unobstructed contralateral kidney
(Figure 2A and B), obstructed kidneys from 7-day UUO
mice demonstrated increased picrosirius red staining and
increased matrix production (Figure 2C and D). Histo-
logically, mice deficient in either IL-1§ or IL-1RI exhib-
ited reduced injury with reduced picrosirius red staining
(Figures 2E~H and 3A). Analyses of the biochemical ac-
cumulation of collagen (Figure 3B) and a1(I) procollagen
mRNA expression (Figure 3C) confirmed that IL-1RI™/~
mice were relatively protected from collagen accumulation
in interstitial fibrosis, although values for IL-18~/~ mice
were not different from those for WT mice.

Endogenous IL-1/IL-1RI interactions enhance TGF-p
and CTGF mRNA expression

To understand why IL-1/IL-1RI interactions play a profi-
brotic role in vivo in UUQ, the expression of the three
isoforms of TGF-f and of CTGE, a downstream effector
of TGF-B, was measured. Compared with WT, IL-1RI~/~-
obstructed kidneys expressed less TGF-$1 mRNA and less
CTGF mRNA (Figure 4). Apparent reductions in TGF-
B2 and TGF-B3 did not reach statistical significance. In
IL-1p~/~ mice, TGF-B1 mRNA and CTGF mRNA were
similar to WT values.

Renal tubulointerstitial apoptosis and myofibroblast
accumulation

Apoptosis is important in the development of renal fibrosis
due to obstruction. Immunohistochemistry revealed signif-
icant apoptosis, determined by cleaved caspase-3 positive
tubular and interstitial cells, in obstructed kidneys from WT
mice (Figure 5A and G). IL-1RI™/~ mice were protected
from apoptosis, with fewer cleaved caspase-3-positive cells

Fig. 2. Renal histopathology of C57BL/6 wild-type (WT) mice, IL-1™/~ mice and IL-IRI™/~ mice 7 days after undergoing unilateral ureteric
obstruction. Contralateral kidneys from WT mice demonstrated no abnormalities (A and B). Seven days after ureteric ligation, WT mice demonstrated
tubular dilatation, interstitial expansion and increased matrix expression (red, C and D). In IL-18~/ mice, these changes were relatively less severe (E
and F). Mice deficient in the IL-1RI demonstrated substantial projection from injury (G and H). Picrosirius red staining of paraffin-fixed sections. All
photomicrographs are taken of the outer cortex. Original magnifications x 100 (A, C, E and G) and x200 (B, D, F and H).
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Fig. 3. Collagen accumulation in obstructed kidneys 7 days after undergo-
ing unilateral ureteric ligation. Seven days after unilateral ureteric ligation,
C57BL/6 wild-type (WT) mice exhibited increased picrosirius red staining
(A), increased collagen accumulation measured biochemically by hydrox-
yproline assay (B) and increased expression of mRNA for the a1 chain of
type I procollagen (C). Dotted lines represent values from the contralat-
eral kidneys. IL-1RI~/~ mice were relatively protected from fibrosis in all
three indices, while IL-lﬁ“/ ~ mice had less cortical interstitial expansion,
but no change in biochemically assessed collagen accumulation or al(I)
procollagen mRNA expression. *P < 0.05 versus WT obstructed kidneys.

present in the tubulointerstitium of obstructed kidneys
(Figure 5C), but IL-1p deficiency did not result in re-
duced apoptosis (Figure 5B). As a marker for epithe-
lial myofibroblast transformation, a-SMA was assessed
(Figure 5D-F, H and I). Compared with WT mice
(Figure 5D), IL-13~/~ mice had similar a-SMA mRNA
expression and a similar proportion of the interstitium cov-
ered by a-SMA-expressing cells (Figure SE). In IL-1RI™/~
mice, the reduction in a-SMA mRNA expression fell just
short of statistical significance (ANOVA, P = 0.054).

Macrophage and neutrophil infiltration is unaffected
in the absence of either IL-1B or IL-1RI

Seven days after the induction of UUO, WT mice exhib-
ited a significant infiltrate of F4/80- macrophages in the
tubulointerstitium (Figure 6A and D). The extent of this
macrophage infiltrate was unaltered in the absence of either
IL-1B or IL-1RI (Figure 6 B-D). To confirm this negative
finding, intrarenal expression of F4/80 mRNA was similar
in all three groups of mice at 7 days (Figure 6E). Neutrophil
accumulation was also unaffected by IL-1p or IL-1RI defi-
ciency (WT2.9+1.0,IL-187/~ 2.4+ 1.2,IL-IRT7/~ 3.5+
0.71 cells/hpf).

Expression of pro-inflammatory cytokines and adhesion
molecules in IL-18~/~ and IL-IRI™/~ mice

As IL-1 can induce other proinflammatory mediators,
proinflammatory cytokines and adhesion molecules were
studied in obstructed kidneys from WT, IL-1p~/~ and IL-
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Fig. 4. Pro-fibrotic growth factor mRNA expression in obstructed kid-
neys 7 days after undergoing unilateral ureteric ligation. Compared with
obstructed kidneys from C57BL/6 wild-type (WT) mice, TGF-$1 mRNA
expression was significantly reduced in IL-1RI™/~ mice (A). There was
a trend to reduced TGF-B2 mRNA in both IL-18™/~ mice and IL-1RI™/~
mice that was not significant (B). There was no change in TGF-3 mRNA
expression (C). CTGF mRNA expression was reduced compared with WT
or IL-1~/~ mice in the absence of the IL-1RI (D). Dotted lines represent
values for contralateral kidneys of C57BL/6 WT mice. *P < 0.05 versus
WT obstructed kidneys, **P < 0.01 versus WT or IL-1p™/~ obstructed
kidneys.

L-1p7  IL-1RV”

IRI™/~ mice (Table 2). Induction of these mRNA species
was observed in the obstructed kidney (compared with the
contralateral kidney, except for MIF mRNA, paradoxically
decreased). IL-1p or IL-1RI deficiency did not affect ex-
pression of TNF, MIF or IL-18 mRNA. Compared with
obstructed kidneys from WT mice, IFN-y mRNA expres-
sion was decreased in obstructed kidneys from both IL-
18/~ and IL-1RI~/~ mice. Consistent with the lack of the
effect of endogenous IL-1 on macrophage accumulation,
in obstructed kidneys, mRNA for E-selectin, ICAM-1 and
VCAM-1 was unaffected by the absence of either IL-1f or
IL-1RL

Changes in IL-1/IL- 1R family gene expression in IL-187/~
and IL-1RI™/~ mice

To assess whether up- or downregulation of IL-1a, IL-1RI
or IL-1Ra in IL-1B~/~ mice explains the more significant
protection in IL-IRI™/~ mice, expression of IL-la,
IL-1B, IL-1RI and IL-1Ra was assessed in IL-1~/~ and
IL-1RI"/~ mice (Table 3). No compensatory changes
that would account for this difference were observed.
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Fig. 5. Apoptosis and expression of a-SMA in obstructed kidneys 7 days after unilateral ureteric ligation. Photomicrographs of apoptotic cells, assessed
by immunostaining of cleaved caspase-3 positive cells (arrowed) in WT mice (A), with similar numbers in IL-1~/~ mice (B) and reduced numbers
of IL-1RI™/~ mice (C). Similar proportions of tissues positive for «-SMA were present in all three groups of mice (WT, D; IL-18/~ E and IL-1RI
F). Quantitation of these changes shows a reduced number of apoptotic cells in IL-1RI™/~ mice (G). The dotted line represents the number of cleaved
caspase-3-positive ¢/hpf in contralateral kidneys of wild-type (WT) mice. Compared with obstructed kidneys of C57BL/6 WT mice, there was a trend to
reduced 0-SMA mRNA expression (H) (P = 0.054, ANOVA) in obstructed kidneys of IL-1RI~/~ mice. The proportion of the tubulointerstitium covered
with a-SMA-positive cells (point counting) was similar in all three groups (I). *P < 0.05 versus WT obstructed kidneys. Original magnifications x

400 (A~ €) and x200 (D~ F).

In obstructed kidneys of IL-18~/~ mice, neither IL-la
nor IL-1RI was further up-regulated. IL-1Ra, potentially
protective in UUO, was not downregulated in IL-1p~/~
mice. In obstructed kidneys of IL-1RI™/~ mice, IL-1B was
not upregulated compared with WT. IL-1a mRNA was not
significantly increased in IL-1RI™/~ mice over WT, but
in IL-1RT~/~ mice, mRNA for IL-1Ra was increased over
WT values.

Catch-up in interstitial fibrosis at 2 weeks in IL-1RI™/~
mice

To determine whether IL-1RI deficiency results in last-
ing protection from interstitial fibrosis, IL-1RI™/~ mice
were studied 2 weeks after UUQ. Histologically, fibrosis
had progressed in WT mice and appearances in IL-1RI~/~
mice were similar to WT (Figure 7A-D). This catch-up in
disease was confirmed by measurement of indices of renal
fibrosis. With the exception of a trend to reduced al(1)
procollagen mRNA expression (P = 0.16), values were
similar in 2-week obstructed kidneys in WT and IL-1RI~/~
mice (Figure 8). Analysis of other mediators of fibrosis
and inflammation (Table 4) showed no difference in TGF-§
mRNA, a-SMA accumulation or adhesion molecule ex-
pression. Scoring of infiltrating F4/80+ macrophages was
identical, but compared with obstructed WT kidneys at

2 weeks, F4/80 mRNA was reduced in IL-1RI™/~ mice. The
reduced IFN-y mRNA observed at 1 week was no longer
apparent and both MIF and IL-18 mRNA were increased in
IL-1RI™/~ mice.

Discussion

Interactions between IL-1 and the IL-1RI are important
in inflammatory renal disease. Human data suggest that
polymorphisms in the IL-1 gene cluster, specifically, the
variable-number-of-tandem-repeats polymorphism in the
gene encoding IL-1Ra and a single-nucleotide polymor-
phism in the IL-1a promoter, were associated with an in-
creased risk of end-stage renal failure [27]. We hypothe-
sized that IL-1 and the type I IL-1 receptor contribute to
experimental progressive renal disease. As we expected,
mRNA for the IL-1 family, both proinflammatory (IL-
la, IL-18 and IL-1RI) and anti-inflammatory (IL-1Ra),
were upregulated by 7 days after UUO. Previous studies
have demonstrated upregulation of IL-18 and IL-1RI at an
mRNA and/or protein level [17], and in vitro studies have
demonstrated that renal fibroblasts produce both IL-1a and
IL-1P [12]. The current studies tested the hypotheses that
these interactions are important in obstructive uropathy-
induced renal fibrosis. They demonstrate that IL-1RI plays
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Fig. 6. Macrophage infiltration and F4/80 gene expression in obstructed
kidneys 7 days after undergoing unilateral ureteric ligation There was a sig-
nificant F4/80+ macrophage infiltrate (periodate lysine paraformaldehyde
fixed, frozen tissue section, black reaction product) in C57BL/6 wild-type
(WT) mice (A), IL-18~/~ mice (B) and [L-1RI™/~ mice (C). There was
no difference in the extent of the infiltrate when assessed semiquantita-
tively (D), and the expression of F4/80 mRNA in obstructed kidneys was
similar in all groups (E). Original magnification for panels (A-C) x200.

Table 2. Expression of proinflammatory cytokine and adhesion molecule
genes at | week in kidneys of wild-type (WT), [L-1p~/~ and IL-R1™/~
mice with unilateral ureteric obstruction

WT IL-1p~/~ IL-1R17/~
contralateral  'WT UUO Uuo uuo
TNF 32402 104+£38 140+40 133+£38
IL-18 0.60+0.13 176077 2824083 2974+ 1.42
MIF 749 + 48 369 + 69 335 4 57 396 + 35
IFN-y 20410 1214+15 624120 50+19°

E-selectin  0.68 £0.05 2344049 2404040 2174074
ICAM-1 3.57+0.31 123+£5.2 133£3.6 11.6+74
VCAM-1  45%£05 804+ 134  87.6k£13.9 99.0%26.7

All values are expressed as mean £ SD.
2P < 0.001 versus WT UUO.

Table 3. Comparison of the expression of mRNA for IL-1 family members
in obstructed kidneys from wild-type (WT), IL-1p~/~ and IL-1RI~/~
mice

WT UUO IL-1p~/~ UUO  IL-IRI™/~ UUO

IL-la mRNA 0.77+£056  0.79 £ 0.64 1.08 £ 0.35
IL-18 mRNA 279+1.28 - 249 £ 1.05
IL-1RI mRNA 3754+ 120 4.02+£1.06 -
[L-IRamRNA 828 +1.54  8.66%1.59 14.36 4- 2.48%

All values are expressed as mean + SD, arbitrary units. Data for WT mice
were also presented in Table 1.
2P < 0.001 versus WT UUO.

L. K. Jones et al.

Fig. 7. Renal histopathology of C57BL/6 wild-type (WT) mice and IL-
LRI~/ mice 2 weeks after undergoing unilateral ureteric obstruction. Two
weeks after ureteric ligation, WT mice (A and B) demonstrated increased
interstitial fibrosis compared with 1-week samples (red, C and D). Mice
deficient in the IL-1RI demonstrated similar severity of disease (C and
D). All photomicrographs are taken of the outer cortex. Picrosirius red
staining of paraffin fixed sections. Original magnifications x 100 (A and
C) and x200 (B and D).
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Fig. 8. Collagen accumulation in obstructed kidneys 2 weeks after un-
dergoing unilateral ureteric ligation. Two weeks after unilateral ureteric
ligation, collagen accumulation in IL-1RI™/~ mice was similar to that in
C57BL/6 wild-type (WT) mice assessed by picrosirius red staining (A),
biochemical assessment of collagen accumulation (B) and expression of
mRNA for the al chain of type I procollagen (C, P = 0.16). Dotted lines
represent values from contralateral kidneys.

a profibrotic role in obstructive uropathy by promoting
TGF-B1 mRNA expression and its downstream effects, in-
cluding the induction of CTGF and expression of type I col-
lagen mRNA and protein, findings supported by reduced
apoptosis in IL-1RI~/~ mice. IL-1 can affect macrophages,
particularly by enhancing their recruitment into the kidney,
and in overtly immune-mediated experimental renal injury,
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Table 4. Fibrotic and inflammatory parameters after 2 weeks in kidneys
subjected to unilateral ureteric obstruction in genetically normal wild-type
(WT) mice and IL-1RI~/~ mice

WT IL-IRI/~
TGF-p1 mRNA 57.1 £28.0 54.9 £+ 30.0
TGF-$2 mRNA 59.8 + 30.6 46.8 £ 30.1
TGF-$3 mRNA 473 4+22.9 3134220
a-SMA (%) 52.8 +£20.0 359+ 185
Macrophages (0-3+4) 2.7+02 2.7+£07
F4/80 mRNA 7.0+0.8 44 £0.7°
TNF mRNA 109+ 1.6 124420
Neutrophils (c/hpf) l6+1.2 2612
IL-18 mRNA 1.49 4 0.23 2.18 £033b
MIF mRNA 142 + 35 221 £ 47°
IFN-y mRNA 534244 4,63 £4.22
E-selectin mRNA 3514028 3.20 £+ 0.67
ICAM-1 mRNA 273+£63 242 +6.9
VCAM-1 mRNA 99.3 £ 14.5 119 & 30.6

Except as indicated, all values are expressed as mean + SD, arbitrary units.
4P < 0.01, %P < 0.001.

IL-1 does affect macrophages. However, our studies found
no effects on macrophage or neutrophil infiltration or ex-
pression of adhesion molecules, confirming that IL-1 acts
on TGF-B, independent of effects on immune cells.

The current studies, supporting a profibrotic role for the
IL-1RI in renal fibrosis, are concordant with in vifro studies
[10-13] and in vivo studies using IL.-1Ra [17]. There are
several mechanisms by which this can occur, including ad-
hesion molecule induction, enhancement of inflammatory
macrophage recruitment, macrophage activation or induc-
tion of TGF-B, well recognized as an important profibrotic
growth factor [28]. Some studies in experimental renal
disease have suggested that IL-1/IL-1RI interactions are
pathogenetic due to their effects on leukocyte recruitment
and accumulation {17,29-31]. In our studies, no change in
macrophage infiltration was observed. At least one other
study has inhibited IL-1 and found no alterations in the
recruitment of macrophages, unless other cytokines were
concurrently neutralized [32]. It is likely that the nature and
intensity of the disease (in the current studies, complete
ureteric obstruction) can engage other mediators of leuko-
cyte recruitment in an IL-1RI-independent manner. IL-1
does have the capacity to promote macrophage accumula-
tion and increase the expression of adhesion molecules, and
deficiency of leukocyte adhesion molecules limits fibrosis
in newborn mice [33]. However, E-selectin, [CAM-1 or
VCAM-1 mRNA expression was unchanged in the absence
of IL-1p or IL-1RI. Not all studies have reported that en-
dogenous IL-1 affects adhesion molecules, suggesting that
the affects of IL-1 on adhesion molecules may be stimulus
specific. For example, in MRL/Ipr mice, IL-1 neutraliza-
tion did not alter ICAM-1 expression [34]. The effects of
IL-1/IL-1RI on the production of other proinflammatory
molecules revealed that the expression of TNF, MIF and
IL-18 mRNA was unaffected, but IFN-y mRNA expression
was decreased. While IFN-y activates macrophages to
enhance inflammation, potentially increasing injury and
downstream fibrosis, it can also antagonize TGF-B-induced
collagen gene expression [35]. The net effect of changes in

7

IFN-y expression, particularly in renal diseases indepen-
dent of adaptive immune responses, is uncertain [36-38].

In vitro studies using primary cultures of human prox-
imal tubular cells or cortical fibroblasts suggest that IL-
1B’s profibrotic effects are TGF-f mediated [10,13]. IL-1a
could promote fibrosis by enhancing epithelial myofibrob-
last transformation in a TGF-p-dependent manner [8]. The
current studies demonstrate that in vivo, IL-1/IL-1R1 inter-
actions promote TGF-B, CTGF and a-SMA gene expression
consistent with these and other in vifro studies [8-10,13]. In
addition, reduced apoptosis in IL-1RI™/~ mice is likely to
have been due to reduced TGF- [39]. IL-1B has been previ-
ously demonstrated in infiltrating cells and in tubular cells
in both experimental and human renal disease [40-42]. A
number of cell types, both immune cells and resident tissue
cells, have the capacity to express IL-1a, IL-1p and the IL-
1R. Functional studies using chimeric mice in experimental
glomerulonephritis demonstrated that interactions between
leukocyte-derived IL-1p and renal tissue cell-expressed IL-
1RI are important in renal injury [43,44]. From our studies
it is not possible to ascertain the dominant cellular source
of IL-1 in UUOQ, but IL-1’s effects are likely to be through
IL-1RI on both tubular cells and fibroblasts.

IL-1RI-deficient mice were more protected than IL-
18/~ mice. There were no changes in IL-1a, IL-1RI or
IL-1Ra mRNA in IL-1B~/~ mice, suggesting that IL-1p~/~
mice did not develop compensatory changes in the develop-
mental absence of IL-1p. Incidentally, IL-1RI™/~ mice did
show IL-Ra increased expression, but as the IL-1RI is the
only signalling receptor for IL-1a and IL-1p, this change is
unlikely to be biologically significant. IL-1a is expressed in
diseased human kidneys [42], has pro-inflammatory effects
on renal tubular cells [45] and may induce epithelial myofi-
broblast transformation [8]. Taking these data into account,
the probable explanation for the greater protection in mice
deficient in IL-1RI is that IL-1a plays a pathogenetic role
in disease.

To determine the absolute requirement for IL-1RI, the
effects of IL-1RI deficiency were assessed 2 weeks after
UUO. By this time, IL-1RI~/~ mice had developed similar
disease to that of WT mice, suggesting significant catch-up
in injury. Although there was a trend towards reduced a1(1)
procollagen mRNA, collagen accumulation and histologi-
cal injury were similar, as was the expression of TGF-p
isoforms. These findings demonstrate that, at least in this
model of fibrosis involving an ongoing and pervasive fi-
brotic stimulus (i.e. ureteric obstruction with ongoing me-
chanical stress and inflammation), other pathways that lead
to TGF-B production and fibrosis are able to, with time,
compensate for the absence of IL-1/IL-1R interactions.

IL-1 has the capacity to influence adaptive immune re-
sponses, which can themselves cause fibrosis. Although
reducing inflammation by modulating adaptive immune re-
sponses reduces collagen accumulation [26], renal fibrosis
induced by UUO is T cell (and adaptive immunity) indepen-
dent [46]. The potential for deletion/inhibition of IL-1 or
IL-1RI to modulate the direction of the adaptive immune re-
sponse, while important in some renal diseases [29,43,47],
is not relevant to these studies. The current studies ex-
amine UUO-induced renal fibrosis and cannot necessarily
be generalized to all forms of progressive renal disease.
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However, there is functional evidence in other in vivo mod-
els of progressive renal disease and other organ systems
that IL-1 is important in fibrosis. This evidence includes
IL-1Ra offering protection from progressive renal disease
in pathological adaptive immune responses affecting the
kidney [30], improvement in experimental pulmonary fi-
brosis after IL-1Ra [48] and radiation-induced dermal fi-
brosis [49]. In summary, in renal fibrosis induced by UUO,
interactions between endogenous IL-1 (IL-1a and IL-1B)
and the IL-1RI are profibrotic. Their effects are mediated
through the production and effects of TGF-8 and not by
enhancing macrophage recruitment, but at least in UUO,
the protective effects of IL-1RI deficiency do not persist
when fibrosis progresses.

Supplementary data

Supplementary data are available online at http:/ndt.
oxfordjournals.org.
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Involvement of asymmetric dimethylarginine (ADMA) in
tubulointerstitial ischaemia in the early phase of diabetic nephropathy

Ryo Shibata! Seljl Ueda!, Sho-ichi Yamaglshl Yusuke Kaida!, Yuriko Matsumoto!, Kei Fukami',
Ayako Hayash1da Hldehuo Matsuoka?, Seiya Kato Masumi Kimoto? and Seiya Okuda!

"Division of Nephrology, 2Cardiovascular Medicine, Department of Medicine, Kurume University School of Medicine, Kurume,
3Division of Pathology and Cell Biology, Graduate School and Faculty of Medicine, University of Ryukyus, Okinawa and
“Department of Nutritional Science, Faculty of Health and Welfare Science, Okayama Prefectural University, Soja, Japan

Abstract

Background. Decreased peritubular capillary (PTC) flow
due to impaired endothelial function elicits tubulointersti-
tial ischaemia, thereby enhancing renal damage in chronic
kidney disease, including diabetic nephropathy. Since nitric
oxide (NO) is a vasodilator and known to play an impor-
tant role in the maintenance of PTC flow, it is conceivable
that asymmetric dimethylarginine (ADMA), an endogenous
inhibitor of NO synthase, may cause tubulointerstitial is-
chaemia, thus being involved in the progression of dia-
betic nephropathy. In this study, we investigated whether
overexpression of dimethylarginine dimethylaminohydro-
lase (DDAH), an enzyme that degrades ADMA, could im-
prove tubulointerstitial ischaemia in streptozotocin (STZ)-
induced diabetic rats.

Methods. Recombinant adenovirus vector encoding
DDAH-I (Adv-DDAH) or control vector expressing
bacterial P-galactosidase (Adv-LZ) was intravenously
administrated to diabetic rats. Three days after the treat-
ment, effects of DDAH overexpression on plasma or urinary
levels of ADMA or NO metabolites (NOx), tubulointersti-
tial ischaemia and renal expression of transforming growth
factor-f (TGF-B) were evaluated.

Results. Renal DDAH expression and activity were reduced
in diabetic rats. Urinary levels of ADMA and TGF-f were
increased, while NOx levels were decreased in diabetic
rats. Compared with control rats, pimonidazole-detected
hypoxic areas were larger in the kidney of diabetic rats,
although the number of capillaries in tubulointerstitial re-
gions was not different between the two groups. In addi-
tion, renal expression levels of hypoxia-inducible factor-1a
(HIF-1a) and TGF-p were also increased in diabetic rats.
DDAH overexpression significantly inhibited the increase
of ADMA and the decrease of NOx and subsequently de-
creased urinary albumin excretion levels and ameliorated
tubulointerstitial hypoxia and HIF-1a as well as TGF-P ex-
pression in diabetic rats.

Conclusion. The present study demonstrated for the first
time that the suppression of ADMA by DDAH overexpres-
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sion could improve tubulointerstitial ischaemia and sub-
sequent renal damage in experimental diabetic nephropa-
thy. Substitution of DDAH protein or enhancement of its
activity may become a novel therapeutic strategy for the
treatment of early diabetic nephropathy.

Keywords: asymmetric dimethylarginine; diabetic
nephropathy; dimethylarginine dimethylaminohydrolase;
endothelium; ischaemia

Introduction

Diabetic nephropathy (DN) is a leading cause of end-
stage renal failure, which could account for disabilities and
high mortality rates in patients with diabetes [1]. DN is
characterized by functional and structural changes in the
glomerulus, such as glomerular hyperfiltration, thicken-
ing of glomerular basement membranes and an expansion
of extracellular matrix in mesangial areas [1]. However,
it has recently been recognized that proximal tubular cell
atrophy and tubulointerstitial fibrosis are more important
than glomerulosclerosis in terms of renal prognosis [2,3].
Furthermore, accumulating evidence suggests that chronic
renal hypoxia may have an important role in the progres-
sion of tubulointerstitial fibrosis in chronic kidney disease
(CKD) including DN [2-4]. Chronic renal hypoxia could
be elicited by several factors such as loss of peritubular
capillaries (PTCs), decreased PTC flow, decreased nitric
oxide (NO) production and/or bioavailability and activa-
tion of the renin—angiotensin system [2,3]. Indeed, Kang
et al. recently demonstrated that the inhibition of NO syn-
thase (NOS) accelerated renal damage in a remnant kidney
model by eliciting PTC loss [5,6]. Since NO is not only a
vasodilator but also a mediator of angiogenic signal [7], it is
conceivable that decreased NO production and/or bioavail-
ability may be linked to PTC loss and/or impaired PTC
flow, which could contribute to tubulointerstitial ischaemia
and fibrosis in DN.

Increased levels of asymmetric dimethylarginine
(ADMA), an endogenous inhibitor of NOS, are associ-
ated with endothelial dysfunction in diabetes, which could

© The Author [2008]. Published by Oxford University Press on behalf of ERA-EDTA. All rights reserved.
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account for accelerated atherosclerosis in this population
[8—13]. Further, recently, we have shown that the reduc-
tion of ADMA by overexpression of dimethylarginine
dimethylaminohydrolase (DDAH), a rate-limiting enzyme
that mainly degrades ADMA, inhibits the progressive loss
of PTCs in remnant kidney model rats, thereby protecting
against renal damage in a rat model of CKD [14]. These
observations led us to speculate that increased ADMA level
may be a causative factor of PTC loss or impaired PTC flow,
which could cause tubulointerstitial ischaemia and fibrosis
in DN. Therefore, in this study, we investigated whether
overexpression of DDAH could improve tubulointerstitial
ischaemia and damage via decreased ADMA levels in strep-
tozotocin (STZ)-induced diabetic rats.

Methods

Animal preparation

Seven-week-old male Sprague-Dawley rats received
60 mg/kg intraperitoneal injection of STZ in a 10 mmol/L
citrate buffer. Control non-diabetic rats (control: n = 10)
received a citrate buffer alone. Animals with blood glucose
levels >350 mg/dL 48 h later were considered to be diabetic.
Fourteen days after the injection, rats were divided into
two groups: diabetic rats treated with tail vein injection of
1.5 x 10! plaque-forming units of control vector express-
ing bacterial B-galactosidase (Adv-LZ) (STZ + Adv-LZ:
n = 10) and those with that of recombinant adenovirus vec-
tor encoding DDAH-I (Adv-DDAH) (STZ + Adv-DDAH:
n = 10) [14-16]. Three days after adenovirus infection,
the rats were killed. As shown in the previous publica-
tions [14,15], we confirmed that adenoviral DDAH infec-
tion actually increased its expression in liver and kidney
(Figure 1A).

Chemical analysis

Urinary albumin excretion (UAE) levels were determined
with commercially available ELISA kits (Exocell, Philadel-
phia, PA, USA). Plasma and urinary levels of NO metabo-
lites (NOx: nitrate plus nitrite), L-arginine, ADMA and
symmetric dimethylarginine (SDMA) were measured by a
high-performance liquid chromatography as described pre-
viously [14-16].

Measurement of enzymatic activity of DDAH

Total DDAH activity was measured as described previously
[14-16]. Briefly, homogenized kidney tissues were incu-
bated with 4 umol/L ADMA and 0.1 mol/L sodium phos-
phate buffers (pH 6.5) in a total volume of 0.5 mL for 6 h at
37°C. The reaction was stopped by the addition of an equal
volume of 10% trichloroacetic acid, and the supernatant
was boiled with diacetyl monoxime [0.8% (wt/vol) in 5%
acetic acid] and antipyrine [0.5% (wt/vol) in 50% sulfuric
acid]. The amounts of L-citrulline formed were determined
with the spectrophotometric analysis at 466 nm.

1163
Immunohistochemistry

The kidneys were removed and fixed in 4% paraformalde-
hyde. Then the kidneys were embedded in paraffin wax for
sectioning. Three-micrometre paraffin sections were incu-
bated with a monoclonal JG-12 antibody raised against
aminopeptidase P of capillary endothelial cells (ECs)
(Bender MedSystems, San Bruno, CA, USA). After ex-
posure to the peroxidase-labelled secondary anti-mouse
antibody, the sections were incubated with the 3,3'-
diaminobenzidine solution. Hypoxic area was detected by
using pimonidazole (Chemicon) staining as previously de-
scribed [3,4,17]. The intensity of JG-12 or pimonidazole
staining was quantitatively analysed by image analysis soft-
ware (Optimas version 6.57; Media Cybernetics, Silver
Spring, MD, USA).

Western blot analysis

The kidney cortex tissues were homogenized and lysed
with 25 mmol/L. Tris—=HCI (pH 7.4) containing 1% Tri-
ton X-100, 0.1% SDS, 2 mmol/L EDTA and 1% protease
inhibitor cocktail (Nakarai Tesque, Kyoto, Japan). Then the
supernatant was separated by SDS-PAGE and transferred
to nitrocellulose membranes (Biorad, Hercules, CA, USA)
as described previously [18]. Immune complexes were vi-
sualized with an enhanced chemiluminescence detection
system (ECL; Amersham Bioscience, Buckinghamshire,
UK). A monoclonal antibody against hypoxia-inducible
factor-la (HIF-1a) was purchased from Novus Biologicals
(Littleton, CO, USA), and a polyclonal antibody directed
against endothelial NOS (eNOS) was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Semi-quantitative reverse transcription-polymerase chain
reactions (RT-PCR)

Poly(A)*RNAs were isolated from the kidney and
then analysed by RT-PCR as described previously
[14,15]. Forward and reverse primer sequences were 5'-
CGTGGCCGTGGTGTGCGAGGA-3' and 5'-CAGTTCA-
GACATGCTCACGGGG-3 for detecting DDAH-I, 5'-AG-
AATTGTGGAGATGGGGGATGAG-3 and 5'-CAACC-
CAGGACGCAGAAAGAGAC-3' for detecting DDAH-II,
5'-AACTGAAGCTCGCACTCTCG-3' and 5-TCAGCA-
CAGATCTCCTTGGC-3 for detecting PRMT-1, 5'-AGA-
CATTCGGGAAGCAGTGCCAG-3' and 5'-CATGAGG-
AGCAGGAAGGGTCGG-Y for detecting transforming
growth factor-p (TGF-B) and 5-AGACAGCCGCATCTT-
CTTGT-3 and 5'-CCACAGTCTTCTGAGTGGCA-3' for
detecting GAPDH mRNAs.

Measurement of urinary levels of TGF-§

TGF-f1 in the urine was measured using a sand-
wich enzyme-linked immunosorbent assay (ELISA) kit
(Quantikine, R&D Systems, Minneapolis, MN, USA) as
described previously [19]. Values were expressed as urinary
levels of TGF-B/creatinine (pg/mg).
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Fig. 1. Effects of diabetes or DDAH-I overexpression on DDAH-I, DDAH-II and PRMT]1 expression in liver (A) and kidney (B). Upper panels (a)
show the representative results of RT-PCR. Lower panels show the quantitative data of DDAH-I (b), DDAH-II (¢) and PRMT1 (d) gene expression.
Data were normalized by the intensity of GAPDH mRNA-derived signals and related to the value of the control. (e) Renal enzymatic activity of DDAH.
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Statistical analyses

All data are presented as means + SE. Analysis of
variance (ANOVA) was performed for all studied parame-
ters with Scheffe’s post hoc test to compare variables among
experimental groups. A P-value <0.05 was considered
statistically significant.

Results

Clinical parameters of animals

As shown in Table 1, compared with the control, plasma
glucose levels were elevated and body weights were signif-
icantly lower in STZ+Adv-LZ. Overexpression of DDAH
did not affect glucose levels or body weight in diabetic
rats. There were no significant differences of systolic blood
pressure, heart rate or serum creatinine levels among the
three groups. Creatinine clearance and urinary albumin
excretion (UAE) levels were increased in diabetic rats
(Table 1). DDAH overexpression significantly reduced
UAE levels, but not creatinine clearance. Further, as shown
in Figure 1B, renal DDAH-I gene expression and activ-
ity were decreased in diabetic rats, which were restored

with the treatment of the adenoviral DDAH-I gene transfer.
Renal and liver gene expressions of DDAH-II and protein
arginine methyltransferases 1 (PRMT1), an important en-
zyme for ADMA synthesis, were not different among the
three groups (Figure 1).

Plasma ADMA levels tended to increase in STZ+Adv-
LZ, which was significantly reduced by DDAH infec-
tion (Figure 2A). Compared with non-diabetic control,
urinary excretion levels of ADMA were increased and
NOx levels were decreased in STZ + Adv-LZ, both
of which were suppressed by DDAH overexpression
(Figures 2C and 1F). There were no significant differ-
ences in plasma or urinary levels of SDMA, an inert isomer
of ADMA, which is not degraded by DDAH (Figure 2B
and D), among the groups. Further, plasma L-arginine
levels were significantly lower in STZ+Adv-LZ, which
were not affected by the treatment with DDAH infection
(Figure 2E).

Measurement of the number of renal capillaries

We first examined the effects of diabetes or DDAH overex-
pression on PTC loss in our models. For this, renal capillary
ECs were stained with a JG-12 antibody directed against
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Table 1. Clinical parameters

1165

Control (n = 10) STZ + Adv-LZ STZ + Adv-DDAH
(n=10) (n=10)
Plasma glucose (mg/dL) 152+ 10 S12 4 23* 476 £ 34*
Body weight (g) 370+ 6 285 £ 7* 286 + 8*
Systolic blood pressure (mmHg) 106 &3 110£3 113£2
Heart rate (bpm) 351 +8 302 20 338+ 21
Serum creatinine (mg/dL) 0.24 +0.01 0.24 +0.01 0.27 £0.02
Creatinine clearance (mL/min) 344008 4.2 +045* 3.7+£0.56
Urinary albumin excretion (mg/g creatinine) 28.0+6.1 263 + 56* 101 + 35*
*P < 0.05 compared with the value of the control.
**P < 0.05 compared with the value of the Adv-LZ-treated diabetic rats.
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Fig. 2. Plasma and urinary levels of methylated arginine, L-arginine and NOx. Plasma levels of ADMA (A), SDMA (B) and L-arginine (E) and urinary
levels of ADMA (C), SDMA (D) and NOx (E) were measured by an HPLC. *P < 0.05 compared to the value of the control. **P < 0.05 compared to

the value of the STZ+Adv-LZ,

aminopeptidase P, a specific marker for ECs [14]. As shown
in Figure 3, there were no significant differences in the
number of renal capillaries in tubulointerstitial or glomeru-
lar regions among the three groups. We also confirmed that
expression levels of endothelial NOS, another marker for
ECs, were not different among the groups by western blot
analysis (data not shown).

Effects of DDAH overexpression on tubulointerstitial
ischaemia

We next investigated the effects of diabetes or DDAH
overexpression on tubulointerstitial ischaemia in our mod-
els. For this, we immunostained hypoxic areas by us-
ing pimonidazole, a hypoxic probe [3,4,17]. As shown in
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Fig. 3. Immunohistochemical staining of renal capillaries. Renal capillary ECs were stained with the JG-12 antibody directed against aminopeptidase
P. (A) control, (B) STZ 4 Adv-LZ, (C) STZ+Adv-DDAH. Magnification x200. (D) Quantitative analysis of PTC staining. n.s.: not significant.

Figure 4A and B, intensity of pimonidazole staining was
increased in tubulointerstitial areas of the kidney cor-
tex of STZ-+Adv-LZ, which was significantly blocked
by DDAH overexpression. Further, renal expression of
HIF-1a protein was up-regulated in STZ+Adv-LZ, which
was also suppressed by the treatment with Adv-DDAH
(Figure 4C).

Effects of DDAH overexpression on TGF-p expression

Since hypoxia has been reported to stimulate TGF-f syn-
thesis in tubular cells [12,20], we further studied the effects
of DDAH overexpression on TGF-§ expression in the kid-
ney. As shown in Figure 5A, semi-quantitative RT-PCR re-
vealed that DDAH overexpression inhibited up-regulation
of renal TGF-B gene expression in STZ+Adv-LZ. Urinary
excretion levels of TGF-p were increased in STZ4-Adv-LZ,
which were also blocked by the treatment with Adv-DDAH
(Figure 5B).

Discussion

The salient finding of this study was that overexpression
of DDAH, a rate-limiting enzyme that mainly degrades

ADMA, not only decreased plasma and urinary excretion
levels of ADMA, but also improved the increase in UAE and
tubulointerstitial ischaemia and subsequently suppressed
TGF-B up-regulation in the early phase of experimental DN.

There are several papers to show that plasma levels of
ADMA are elevated in diabetic animals or patients, thus be-
ing involved in vascular injury and accelerated atheroscle-
rosis in diabetes [8,9]. Therefore, the present study has
extended these previous findings showing that elevation
of ADMA levels may participate in tubulointerstitial is-
chaemia, thereby contributing to the development and pro-
gression of DN. In this study, renal DDAH-I expression and
activity were decreased in diabetic rats, which were ame-
liorated by the treatment of the adenoviral DDAH-I gene
transfer. Further, overexpression of DDAH not only low-
ered urinary levels of ADMA, as well as increased the re-
duced levels of urinary NOx generation, but also improved
tubulointerstitial ischaemia in STZ+Adv-LZ. These obser-
vations suggest that the decreased metabolism of ADMA
by DDAH may be mainly involved in tubulointerstitial is-
chaemia in DN. In support of this speculation, decreased
enzymatic activity or expression of DDAH has been re-
ported in STZ-induced diabetic rats, which could be corre-
lated with the elevation of ADMA in this animal [8,21]. In
the present study, we found that urinary excretion levels of
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SDMA, a structural isomer of ADMA, were not changed
among the three groups (Figure 2D). Since cellular uptake
of SDMA is mediated by a y+ transporter, which is also
known to be involved in ADMA uptake [22,23], it is un-
likely that decreased tubular uptake could play a role in
increased urinary excretion of ADMA.

As previously reported by other researchers {24,25], we
found that L-arginine levels were decreased in diabetic rats.
In this study, reduced urinary NOx generation and tubu-
lointerstitial ischaemia were ameliorated by the treatment
of Adv-DDAH, although DDAH infection did not affect
the L-arginine levels in STZ+Adv-LZ. Further, it has been
reported that L-arginine concentration as low as 3 uM is
sufficient to induce half-maximal activity of NOS in vitro
[26,27]. These observations suggest that it is unlikely that
reduced r-arginine levels could contribute to the decrease
in urinary NOx generation and tubulointerstitial ischaemia
in our models. However, we cannot totally exclude the pos-
sibility that L-arginine could play a role in our systems
because there are numerous studies that L-arginine sup-
plementation could augment NO production in humans
and thereby improve endothelium-dependent vasodilata-
tion [28]. In vivo, specifically, in the presence of ADMA,
L-arginine concentration as low as 3 uM may ‘NOT” be suf-
ficient to induce half-maximal activity of endothelial NOS,
and therefore the L-arginine/ ADMA ratio could be a good
marker for NO generation [28,29].

NO is not only a vasodilator but also a mediator of
the angiogenic signal [7]. Therefore, it is conceivable that
elevation of ADMA could cause PTC loss and/or impaired
PTC flow by reducing renal production of NO, which may in
concert contribute to tubulointerstitial ischaemia and fibro-
sis in DN. In this study, diabetes or DDAH overexpression
did not affect PTC loss (Figure 3). Therefore, decreased
metabolism of ADMA by DDAH may cause tubulointersti-
tial ischaemia via impaired PTC flow in our models.

In the present study, UAE levels were increased in dia-
betic rats, which were blocked by the treatment of DDAH
infection (Table 1). Caglar et al. previously reported that
ADMA levels were correlated with proteinuria in pa-
tients with CKD stage I [30]. Since there is a growing
body of evidence that endothelial dysfunction is linked to
proteinuria [31-33], the present observations suggest that
DDAH could ameliorate endothelial dysfunction and sub-
sequently reduce UAE levels in diabetic rats via suppression
of ADMA.

We have previously shown that DDAH overexpression
down-regulates TGF-f expression in a rat remnant kidney
model [14]. In the present study, TGF-B overexpression in
the diabetic kidney was decreased by the treatment with
Adv-DDAH. Several pieces of evidence have implicated
the TGF-P as a major etiologic agent in the pathogenesis
of tubulointerstitial fibrosis in DN [34,35]. Furthermore,
there are several papers to show that the TGF-§ gene is
up-regulated under hypoxic conditions [20]. These obser-
vations suggest that the ADMA-mediated tubulointersti-
tial ischaemia may be involved in TGF- induction and
tubulointerstitial fibrosis in DN. In addition, exogenous ad-
ministration of ADMA to humans caused a long-lasting
decrease in renal perfusion even at doses that failed to al-
ter blood pressure {36], thus further supporting the concept
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that ADMA could elicit tubulointerstitial ischaemia in the
early phase of DN.

A number of studies about the effects of high glucose
and/or diabetes on the renal NO system have often produced
contradictory findings [37]. The use of different techniques
for estimating the renal NO concentration and activity may
explain some of the discrepancies. However, Keynan ef al.
reported that urinary NO production and remal NOS
levels and activity determined by combination techniques,
including immunoblotting, immunohistochemistry and di-
aphorase staining, were reduced during the early phase of
experimental diabetes mellitus [38]. In addition, Palm ef al.
have recently shown that the reduced bioavailable NO
concentration in the renal cortex directly measured by
microsensors is associated with the decreased renal blood
perfusion in the early phase of STZ-induced diabetes [25].
These findings support our concept that ADMA could con-
tribute to early DN by causing tubulointerstitial ischaemia
via suppression of renal NO generation.

In conclusion, the present observations suggest the ac-
tive participation of ADMA~DDAH axis in tubulointersti-
tial ischaemia in DN. Recently, it has been reported that
plasma levels of ADMA could be a strong predictor for
the progression of renal dysfunction in patients with CKD
[39,40], further supporting the clinical relevance of ADMA
in chronic ischaemia and progression of renal injury. Sub-
stitution of DDAH protein or enhancement of its activity
may become a novel therapeutic strategy for the treatment
of DN. To show the direct evidence for the cause—effect
relationship between NO bioavailability and tubulointersti-
tial ischaemia, whether NOS inhibition by L-NMMA could
cause similar renal tubular damage in diabetic rats and if
L-arginine could restore such damages should be clarified.
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