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Abstract.

The role of nitric oxide (NO) derived from all three NO synthases (NOSs) in renal

lesion formation remains to be fully elucidated. We addressed this point in mice lacking all NOSs.
Renal injury was induced by unilateral ureteral obstruction (UUO). UUO caused significant renal
lesion formation (tubular apoptosis, interstitial fibrosis, and glomerulosclerosis) in wild-type, sin-
gly, and triply NOS™" mice. However, the extents of renal lesion formation were markedly and
most accelerated in the triply NOS™ genotype. UUO also elicited the infiltration of inflammatory
macrophages, up-regulation of transforming growth factor (TGF)-£1, and induction of epithelial
mesenchymal transition (EMT) in all of the genotypes; however, the extents were again largest by
far in the triply NOS™" genotype. Importantly, long-term treatment with the angiotensin II type 1
(AT;)-receptor blocker olmesartan significantly prevented the exacerbation of those renal struc-
tural changes after UUO in the triply NOS™ genotype, along with amelioration of the macrophage
infiltration, TGF-f1 levels, and EMT. These results provide the first evidence that the complete
disruption of all NOS genes results in markedly accelerated renal lesion formation in response to
UUO in mice in vivo through the AT;-receptor pathway, demonstrating the critical renoprotective
role of all NOSs-derived NO against pathological renal remodeling.
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Introduction

Nitric oxide (NO) plays an important role in maintain-
ing renal homeostasis (1 — 3). Endogenous NO is formed
from its precursor L-arginine by a family of NO synthases
(NOSs) with stoichiometric production of L-citrulline
(4 — 10). Three distinct NOS isoforms exist: neuronal
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(nNOS or NOS1), inducible (iNOS or NOS2), and en-
dothelial NOS (eNOS or NOS3). All NOS isoforms are
expressed in the kidney in both physiological and patho-
logical situations.

Chronic unilateral ureteral obstruction (UUO) is a
well-characterized model of experimental obstructive
nephropathy, culminating in renal tubular apoptosis, in-
terstitial fibrosis, and glomerulosclerosis (11, 12). These
alterations are also a common feature associated with a
variety of kidney disorders, including chronic kidney
disease (CKD) and end-stage renal disease (ESRD) (13).
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It has been reported that eNOS plays a role in suppress-
ing renal interstitial fibrosis after UUO in a study with
eNOS-deficient (eNOS™) mice (14), and that iNOS
plays a role in attenuating renal tubular apoptosis (11)
and interstitial fibrosis (15, 16) following UUO in studies
with iNOS™ mice. On the other hand, the role of NO
derived from all NOSs in the UUO model has been
examined in pharmacological studies with non-selective
NOS inhibitors such as L-arginine methyl ester (L-
NAME). However, the results of the studies with L-
NAME are conflicting: intraperitoneal treatment with L-
NAME for 7 days significantly increased renal tubular
apoptosis of the mouse obstructed kidney after UUO
(11), whereas oral treatment with L-NAME in drinking
water for 6 days did not significantly affect renal intersti-
tial fibrosis of the rat obstructed kidney after UUO (12).
Thus, the precise role of NO derived from all NOSs in
renal remodeling still remains to be fully elucidated. To
address this point, in this study we used mice that lack all
three NOS genes (triply n/i/eNOS™ mice) (17, 18).

Although multiple mechanisms contribute to the pro-
gression of renal injury induced by UUO, a potential role
of the renin-angiotensin system has been suggested.
Angiotensin II contents in the kidney were significantly
increased in rats with UUO (19). In these animals, gene
expression of the angiotensin II type 1 (AT)) receptor
and the binding affinity of angiotensin II with the AT,
receptor in the kidney were also increased (20). Treat-
ment with the AT,-receptor blockers (21) or angiotensin-
converting enzyme (ACE) inhibitors (22) is known to
ameliorate UUO-induced renal injury in mice and rats.
Other studies have shown that UUO-induced renal fibro-
sis is reduced in mice lacking angiotensinogen (23) or
the AT}, receptor (24). On the basis of these findings, in
this study we also investigated the effects of long-term
treatment with the AT,-receptor blocker olmesartan on
the UUO-induced renal remodeling in the triply
n/i/eNOS™ mice.

Materials and Methods

Animal preparation

This study was reviewed and approved by the Ethics
Committee of Animal Care and Experimentation, Uni-
versity of Occupational and Environmental Health, Japan
and University of the Ryukyus, Japan and was carried
out according to the Institutional Guidelines for Animal
Experimentation and the Law (No.105) and Notification
(No.6) of the Japanese Government. This investigation
conformed to the Guide for the Care and Use of Labora-
tory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996).
Experiments were performed in 8 — 12-week-old male

wild-type (WT), singly nNOS ™, iNOS™, eNOS ™, and
triply n/i/eNOS™ mice. The genotypes for the nNOS,
iNOS, and eNOS genes were determined by polymerase
chain reaction (PCR) of tail genomic DNA (17). We
generated the triply n/i/eNOS™ mice by crossing singly
NOS ™ mice, as previously reported (17). Systolic blood
pressure was measured by the tail-cuff method under
conscious conditions (Model MK-2000; Muromachi
Kikai Co., Ltd., Tokyo).

vuo

Surgical procedures were performed under general
anesthesia with pentobarbital (60 mg/kg, i.p.) (Kyoritsu
Seiyaku Corporation, Tokyo). The abdomen was opened
by a left lateral incision, and the left proximal ureter was
exposed and permanently ligated with 3-0 nylon sutures.
Sham-operated mice had their ureter exposed but not
ligated. The incision was then closed with 3-0 silken
threads. On days 3, 7, and 14 following UUO, the mice
were euthanized by inhalation of an overdose of diethyl
ether (Wako Pure Chemical Industries, Osaka), and the
kidneys were harvested. The isolated kidneys were fixed
in 10% phosphate—buffered formalin and embedded in
paraffin for histological analysis. Portions of the kidneys
were stored at —80°C, until ACE activity, transforming
growth factor (TGF)-f1, NOx (nitrite plus nitrate), or
angiotensin II levels were assayed.

Histological analysis

Kidney slices 5-um-thick were stained with hematox-
ylin-eosin, Masson-Trichrome, or periodic acid-Schiff
(PAS) solutions for evaluating tubular apoptosis, intersti-
tial fibrosis, or glomerulosclerosis, respectively. The
sections were scanned with a light microscope equipped
with a 2-dimensional analysis system (Axiovert 135TV;
Carl Zeiss, Jena, Germany) (25). The extent of tubular
apoptosis was determined by counting the number of
apoptotic and non-apoptotic cells, and expressed as the
percentage of the apoptotic cell number per 100 cells
studied. The extent of interstitial fibrosis was analyzed
by using a standard point-counting method (26, 27) and
expressed as the percentage of the fibrotic grid points to
the total grid points examined. The extent of glomerulo-
sclerosis was assessed by counting the number of glo-
meruli with and without global glomerular sclerosis and
expressed as the percentage of the global sclerotic glo-
meruli number to the total glomeruli number evaluated.
All the analyses were performed in a blind manner by
two independent investigators (an experienced patholo-
gist and a physician), and the mean values were used.

Immunostaining
Paraffin-embedded kidney sections were incubated
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with a rat monoclonal F4/80 antibody (AbD Serotec,
Raleigh, NC, USA), a rabbit polyclonal TGF-£1 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), or a
mouse monoclonal a-smooth muscle actin (SMA) (Dako,
Tokyo) (28), as we previously reported (25). F4/80 is a
160-kDa plasma membrane component of mouse mono-
nuclear phagocytes and a marker of macrophages (29).
The number of F4/80-positive macrophages was counted
in 10 consecutive non-overlapping high power fields
(15). The a-SMA—positive area was analyzed by a stan-
dard point-counting method (26, 27).

TGF-p level

The expression levels of TGF-£1 in the kidney were
evaluated with a TGF-A1 ELISA kit (Promega Corpora-
tion, Madison, WI, USA). The obtained values were
corrected by wet tissue weight.

ACE activity

The renal ACE activity was measured with an ACE
activity assay kit (Life laboratory, Yamagata), as we
previously reported (30).

NOx level
NOx levels in the kidneys were assayed by the Griess
method, as previously reported (31).

Angiotensin 11 level

The mice were sacrificed by cervical dislocation, and
angiotensin II levels in isolated kidneys were analyzed
with an angiotensin II EIA kit (Phoenix Pharmaceuticals,
Inc., Burlingame, CA, USA).

Drug treatment

To examine the effects of pharmacological treatments
on UUO-induced renal lesion formation, the following
six groups were studied: untreated control WT and
n/i/eNOS™ mice, WT and n/i/eNOS ™ mice that received
olmesartan (5 mg/kg per day, Daiichi Sankyo Co., Ltd.,
Tokyo) in chow (30), and WT and n/i/eNOS™ mice that
received hydralazine (0.05 mg/ml; Sigma, St. Louis, MO,
USA) in drinking water (30). In addition, to study the
effects of NO supplementation, the following two groups
were studied: untreated control n/i/eNOS™ mice and
n/i/eNOS™ mice that received isosorbide dinitrate
(ISDN, 0.3 mg/ml; Eisai Co., Ltd., Tokyo) in drinking
water (32). These treatments were performed for 14 days,
from 7 days before to 7 days after UUO.

Statistical analyses

Results are expressed as the mean + S.E.M. Statistical
analysis was performed by ANOVA followed by Scheffe
post-hoc test for multiple comparisons. A value of

P <0.05 was considered to be statistically significant.
Results

Exacerbated renal architecture after UUO in mice lack-
ing all NOSs

We first examined the time course of renal structural
changes before and on days 3, 7, and 14 after UUO in the
WT and triply n/i/eNOS™ mice (Fig. 1A). Before UUO,
mild but significant renal tubular apoptosis (Fig. 1B) was
seen in the triply n/i/eNOS ™ mice as compared with the
WT mice, as we previously reported (17). In both the WT
and triply n/i/eNOS™ mice, UUO caused significant
increases in renal tubular dilatation (Fig. 1A), tubular
apoptosis (Fig. 1B), interstitial fibrosis (Fig. 1C), and
global glomerulosclerosis (Fig. 1D). However, the ex-
tents of those UUO-induced renal structural changes
were markedly larger in the triply n/i/eNOS™ than in the
WT mice (Fig. 1).

We next compared the extents of the UUO-induced
renal lesion formation among the WT, singly NOS ™,
and triply NOS™" mice. Because significant differences
in renal tubular apoptosis in the WT and triply
n/i/eNOS ™ mice were noted on days 3 and 7, but not on
day 14, after UUO (Fig. 1B), the following experiments
were performed on day 7 after UUO (Fig. 2A). While
renal tubular apoptosis on day 7 after UUO was signifi-
cantly enhanced in the singly iNOS™ and triply
n/i/eNOS™ mice as compared with the WT mice, its
extent was largest in the triply n/i/eNOS™ mice (Fig.
2B). While interstitial fibrosis on day 7 after UUO was
augmented in the singly iNOS™", eNOS™, and triply
n/i/eNOS™ mice compared with the WT mice, its extent
was also greatest in the triply n/i/eNOS ™ mice (Fig. 2C).
Furthermore, while global glomerulosclerosis on day 7
after UUO was significantly increased in the singly
eNOS ™ and triply n/i/eNOS™ mice, it was again most
accelerated in the triply n/i/eNOS™ mice (Fig. 2D).

Increased renal macrophage infiltration after UUQO in
mice lacking all NOSs

We then investigated the involvement of inflammation
by evaluating the infiltration of F4/80-immunoreactive
macrophages. UUO significantly increased the number
of renal F4/80-positive macrophages in all the WT, singly
NOS™, and triply NOS™ strains studied (Fig. 3: A, B).
When compared with the WT mice, the number of renal
F4/80-positive macrophages on day 7 after UUO was
significantly larger only in the triply n/i/eNOS™" mice,
but not in any singly NOS™ mice (Fig. 3: A, B).
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Fig. 1. Renal lesions before and on days 3,
7, and 14 after unilateral ureteral obstruction
(UUO) in wild-type (WT) and triply
n/i/eNOS™ mice. A: Periodic acid-Schiff
(PAS) staining in the obstructed kidney of
the WT and n/i/eNOS™ mice before and on
days 3, 7, and 14 after UUO. The scale bar
indicates 100 gm. B: The number of renal
tubular apoptotic cells (n =4 —7). C: Renal
interstitial fibrosis (n=6—10). D: Global
glomerulosclerosis (n =4 — 7). ¥*P < 0.05 vs.
Day 0, /P < 0.05 vs. WT.

Fig. 2. Renal lesions before and on day 7
after UUO in WT, singly, and triply NOS™
mice. A: PAS staining in the obstructed kid-
ney. Scale bars show 100 zm. B: The number
of renal tubular apoptotic cells (n=4-75).
C: Renal interstitial fibrosis (n =6 —10). D:
Global  glomerulosclerosis  (n=4-5).
P <0.05 vs. before UUO, *P < 0.05 vs. WT,
P <0.05 vs. iNOS™ or eNOS ™.
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Fig. 3. F4/80-immunoreactive macrophages, transforming growth factor (TGF)-£1, and a-smooth muscle actin (a-SMA) levels
before and on day 7 after UUO in WT, singly NOS™", and triply NOS™ mice. Scale bars in panels A, C, and E represent 100 zm.
A: Immunostaining for F4/80, a marker of macrophages, on day 7 after UUO in the obstructed kidney. B: The number of F4/80-
positive cells per high power field (HPF) in the obstructed kidney (n =4 — 5). C: Immunostaining for TGF-£1 on day 7 after UUO
in the obstructed kidney. D: TGF-f1 protein levels of the obstructed kidney measured by ELISA (each, n = 5). E: Immunostaining
for a-SMA on day 7 after UUO in the obstructed kidney. F: a-SMA—immunoreactive area in the obstructed kidney (n =4 — 6).
P <0.05 vs. before UUO, *P < 0.05 vs. WT, “P < 0.05 vs. INOS™ or eNOS ™.

Enhanced renal TGF-f1 levels after UUO in mice lack- renal TGF-A1 protein levels in all the WT, singly NOS ™",
ing all NOSs and triply NOS™ genotypes (Fig. 3: C, D). The renal

TGF-f1 is implicated in renal pathology, including TGF-f1 levels on day 7 after UUO were significantly
interstitial fibrosis. Both immunostaining and ELISA for higher only in the triply n/i/eNOS™ mice, but not in any
TGF-p1 revealed that UUO significantly up-regulated singly NOS™ mice, as compared with the WT mice (Fig.
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3: C, D). There was a significant correlation between the
renal TGF-f1 levels and the extent of renal interstitial
fibrosis on day 7 after UUO (r=10.993,n=9, P <0.05).

Augmented renal a-SMA levels after UUQ in mice lack-
ing all NOSs

We studied the involvement of epithelial mesenchymal
transition (EMT) by assessing the immunoreactivity of
0o-SMA, which is a marker of mesenchymal myofibro-
blasts. UUO significantly increased the renal a-SMA—
positive area in all the WT, singly NOS™, and triply
NOS ™ genotypes (Fig. 3: E, F). Although significant
increases in the renal a-SMA—positive area on day 7 after
UUO were found in the singly iNOS™", eNOS™", and
triply n/i/eNOS™ mice, the greatest increase was noted

>

n/ileNOS™-, Day 7 after UUO

None

in the triply n/i/eNOS™ mice. There was a significant
correlation between the renal a-SMA-—positive area and
the extent of renal interstitial fibrosis on day 7 after UUO
(r=0.976,n=9, P <0.05).

NO supplementation prevents renal lesion formation
after UUO in mice lacking all NOSs

We examined whether NO supplementation by long-
term treatment with the NO donor ISDN would prevent
renal lesion formation after UUO in the n/i/eNOS™ mice
(Fig. 4A). Long-term treatment with ISDN for 14 days
significantly attenuated the UUO-induced increases in
renal tubular apoptosis (Fig. 4B), interstitial fibrosis (Fig.
4C), and global glomerulosclerosis (Fig. 4D) in the
n/i/eNOS™" mice. The long-term treatment with ISDN

*
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Fig. 4. Effects of long-term treatment with isosorbide di-
nitrate (ISDN) for 14 days in the n/i/eNOS™ mice. A: PAS
staining in the obstructed kidney of the n/i/eNOS™ mice
* with and without the ISDN treatment on day 7 after UUO.
The scale bar indicates 100 gum. B: The number of renal
tubular apoptotic cells in the obstructed kidney of the n/i/
eNOS™ mice with and without the ISDN treatment on day
7 after UUO (n =4 — 5). C: Interstitial fibrosis (n = 8 — 10).
D: Global glomerulosclerosis (n =4 —5). E: The number

E=
<
[$]
@
©
[}
©
k)
©
k]
)
o
12
25 40 x
= 35 2 10
@£ 20 3\/ 8
2 2 30 % 8
O ~
52 15 £ * 2
23 £ 20 2 6
g8 10 * £ 15 £
o= "@' o 4
= 2 10 =
5 5 = g 2
[ 5 2
0]
0 0 0
[0} zZ (9] z
5 o 5 =)
2 2 2 o
n/i/leNOS' n/i/leNOS'
30 70 35
™ — 30
& 25 B 60
< 2 % 25
> 20 % £ 50
2 B * —~
& 15 * s 40 £ 20
2 2 <
2 2 30 = 15
g 10 - C/Jcls
S = 20 10
5 5 1 5
ol =10
0 0 0
o z @ z
S a S a
2 @ 2 9
n/ileNOS" n/ileNOS"

n/ileNOS”

P of F4/80-positive cells (n =4 — 5). F: TGF-f1 protein levels
2 (each, n =5). G: a-SMA—immunoreactive area (n =4 — 5).
*P < 0.05 vs. none.



Renal Remodeling in Mice Lacking All NOSs 385

also suppressed the UUO-induced increases in the num- TGF-p1 levels (Fig. 4F), and the a-SMA—positive area
ber of renal F4/80-positive macrophages (Fig. 4E), the (Fig. 4G) in the n/i/eNOS™ mice.
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Fig. 5. Angiotensin-converting enzyme (ACE) activity and the effects of long-term treatment with the angiotensin II type 1
(AT))-receptor antagonist olmesartan or anti-hypertensive drug hydralazine for 14 days. A: ACE activity in the WT, singly NOS™,
and triply NOS™ mice before and on day 7 after UUO (n = 4 — 5). TP < 0.05 vs. before UUO, ‘P < 0.05 vs. WT. B: PAS staining
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treatment. The scale bar represents 100 um. C: The number of renal tubular apoptotic cells in the obstructed kidney of the n/i/
eNOS™ mice that received either no treatment, the olmesartan treatment, or the hydralazine treatment on day 7 after UUO
(n=4-9). D: Interstitial fibrosis (n=15-9). E: Global glomerulosclerosis (n =4 —5). F: The number of F4/80-positive cells
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AT -receptor blocker olmesartan, but not anti-hyperten-
sive drug hydralazine, mitigates renal lesion formation
after UUQO in mice lacking all NOSs

We finally investigated the molecular mechanism(s)
for the accelerated renal lesion formation after UUO in
the n/i/eNOS ™ mice. Renal ACE activity and angiotensin
II levels on day 7 after UUO was significantly higher in
the n/i/eNOS™ mice than in the WT mice (Fig. 5A).
From these results, we further examined our hypothesis
that the AT;-receptor pathway is involved in the exacer-
bated renal architecture after UUO in the n/i/eNOS™~
mice. To this end, we used the AT;-receptor blocker
olmesartan and the anti-hypertensive drug hydralazine
(Fig. 5B). Blood pressure (mmHg) was significantly
higher in the n/i/eNOS™ mice (111.0 £ 2.3) than in the
WT mice (90.8 + 2.7), and long-term treatment with ei-
ther olmesartan (100.3 £ 1.1) or hydralazine (103.6 + 3.4)
for 14 days significantly reduced the blood pressure
levels of the n/i/eNOS™ mice to a similar extent
(n=6-8, each P <0.05). The long-term treatment with
olmesartan significantly and markedly ameliorated the
UUO-induced increases in renal tubular apoptosis (Fig.
5C), interstitial fibrosis (Fig. 5D), and global glomerulo-
sclerosis (Fig. SE) in the obstructed kidney of the WT
and n/i/eNOS ™ mice. The inhibitory effects of olmesar-
tan on the UUO-induced increases in renal tubular
apoptosis and interstitial fibrosis were greater in the
n/i/eNOS™ mice than in the WT mice. The long-term
treatment with olmesartan also significantly and mark-
edly alleviated the UUO-induced increases in the number
of F4/80-positive macrophages (Fig. 5SF), TGF-f1 levels
(Fig. 5G), and a-SMA-—positive area (Fig. 5H) in the
obstructed kidney of the n/i/eNOS™ mice. Although the
long-term treatment with hydralazine significantly inhib-
ited the UUO-induced increases in renal tubular apoptosis
(Fig. 5C), interstitial fibrosis (Fig. 5D), and global glo-
merulosclerosis (Fig. SE) in the obstructed kidney of the
1/i/eNOS ™ mice as in the case with olmesartan, the in-
hibitory effects of hydralazine on renal tubular apoptosis
(Fig. 5C) and interstitial fibrosis (Fig. 5D) were signifi-
cantly less than those of olmesartan. In addition, no sig-
nificant effect of hydralazine was noted in terms of the
number of F4/80-positive macrophages (Fig. 5F), the
TGF-p1 levels (Fig. 5G), or the a-SMA—positive area
(Fig. 5H) in the n/i/eNOS™" genotype.

On days 0 and 7 after UUO, renal NOx levels were
markedly reduced in the n/i/eNOS™ mice as compared
with the WT mice (Fig. 6A). The long-term treatment
with olmesartan tended to increase renal NOx levels in
both the WT and n/i/eNOS ™~ mice; however, it did not
reach statistically significant difference. Renal angio-
tensin II levels were significantly higher in the
n/i/eNOS™ mice than in the WT mice on days 0 and 7
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Fig. 6. Renal NOx and angiotensin II levels and the effects of long-
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(n=5-6). *P<0.05 vs. WT. B: Renal angiotensin II levels
(n=5-16)."P<0.05vs. WT, *P < 0.05 vs. none, ‘P < 0.05 vs. day 0.

after UUO, and as compared on day 0, renal angiotensin
11 levels were significantly increased on day 7 after UUO
in both the WT and n/i/eNOS™ mice (Fig. 6B). The
long-term treatment with olmesartan significantly re-
duced the increase in renal angiotensin II levels on day 7
after UUO in the two genotypes.

Discussion

The major novel findings of the present study were
that the genetic deletion of the entire NOS system re-
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sulted in a remarkable exacerbation of renal lesion for-
mation following UUO in mice and that long-term
pharmacological blockade of the AT, receptor reversed
those renal structural changes. These results provide di-
rect evidence for the important role of NO derived from
all NOSs in suppressing pathological renal remodeling.

Role of NO derived from all NOSs in renal lesion forma-
tion after UUO

Previous studies reported that the eNOS™ mice exhibit
exacerbated renal interstitial fibrosis (14) and global
glomerulosclerosis (33) and that the iNOS™" mice show
worsened renal tubular apoptosis (11) and interstitial
fibrosis (15, 16). We confirmed those findings in the
present study. Although we examined the role of nNOS
by using the nNOS™ mice, there was no significant dif-
ference in the extent of renal lesion formation between
the WT and nNOS™ mice. Thus, it is likely that NO
derived from eNOS and iNOS, but not from nNOS, plays
a role in the UUO-induced renal lesion formation. Nota-
bly, the triply NOS ™" mice exhibited the most accelerated
renal lesion formation after UUO. Furthermore, NO
supplementation by long-term treatment with the NO
donor ISDN inhibited the UUO-induced renal lesion
formation in the triply NOS™ mice. Thus, it is possible
that NO derived from all NOSs plays a critical renopro-
tective role in renal lesion formation. Slight but signifi-
cant increases in renal tubular apoptosis and global
glomerulosclerosis were already recognized in the triply
NOS ™ mice before UUO, suggesting a possibility that
the progression of UUO-induced renal injury in the triply
NOS ™ mice might merely depend on renal injury and/or
dysfunction at baseline. However, because the marked
progression of UUO-induced renal injury was noted in
the triply NOS™" mice but not in the WT mice, and be-
cause no renal interstitial fibrosis was observed in the
triply NOS™ mice at baseline, this possibility would be
unlikely.

Mechanisms for renal remodeling after UUO in mice
lacking all NOSs

The inflammatory reaction plays a pivotal role in the
pathogenesis of renal diseases. In the present study, infil-
tration of inflammatory F4/80-positive macrophages was
significantly enhanced in the obstructed kidney of the
triply NOS™" mice, suggesting the involvement of in-
flammation in renal remodeling after UUO in the geno-
type. Renal NOx levels were reduced in the triply NOS ™
mice. Since NO exerts an anti-inflammatory effect (1), it
is possible that the NO deficiency plays a role in the in-
filtration of inflammatory cells. Renal angiotensin II
levels were enhanced in the obstructed kidney of the tri-
ply NOS™ mice. Because angiotensin II stimulates an

inflammatory reaction (34), it is likely that angiotensin II
also plays a role in the inflammatory cell infiltration.

Renal interstitial fibrosis is the final common pathway
of a variety of progressive injuries. TGF-# plays a pivotal
role in chronic inflammatory changes of the interstitium
and accumulation of extracellular matrix during renal
fibrogenesis. In this study, increased renal TGF-£ levels
were noted in the obstructed kidney after UUO in the
triply NOS™ mice, and the renal TGF-# levels were
significantly related to the extent of renal interstitial fi-
brosis. Thus, it is likely that up-regulation of renal TGF-f
expression is also involved in the UUO-induced renal
remodeling in the triply NOS™ mice. Consistent with
our findings, a previous study reported that targeted
disruption of TGF-£1/Smad3 signaling protects against
renal interstitial fibrosis induced by UUO (35).

TGF-p initiates the transition of renal tubular epithelial
cells to myofibroblasts, the cellular source of extracel-
lular matrix deposition (i.e., EMT), leading ultimately to
irreversible renal failure. The triply NOS™ mice exhib-
ited a marked increase in a-SMA, a marker of mesenchy-
mal myofibroblasts, in the obstructed kidney, and there
was a significant relationship between the renal a-SMA
levels and the extent of renal interstitial fibrosis, thus
suggesting the involvement of the induction of EMT in
the UUO-induced renal lesion formation of the triply
NOS™ mice.

Involvement of AT, receptor pathway in renal remodel-
ing after UUQ in mice lacking all NOSs

Renal ACE activity and angiotensin II levels after
UUO were higher in the triply NOS™ mice than in the
WT mice, suggesting that the renal renin-angiotensin
system is activated in the obstructed kidneys of the triply
NOS™ mice. Based on that evidence, we further exam-
ined the molecular mechanism(s) for renal remodeling
after UUO in the triply NOS ™ mice. The long-term treat-
ment with the AT;-receptor blocker olmesartan markedly
diminished the UUO-induced renal lesion formation in
the triply NOS™ mice, along with the reduction in renal
angiotensin II levels. The plasma concentration of olme-
sartan achieved by the olmesartan treatment that we used
in this study has been shown to inhibit the binding of the
AT, receptor almost completely without affecting the
AT, receptor (36), indicating that olmesartan antagonizes
the AT, receptor both selectively and potently under our
experimental conditions. It is thus evident that the AT;-
receptor pathway plays a pivotal role in pathological renal
remodeling after UUO in the triply NOS™ genotype.

Although the anti-hypertensive drug hydralazine had
an equi-hypotensive property, the inhibitory effects of
hydralazine on renal lesion formation after UUO were
significantly less than those of olmesartan, and no favor-



388 N Morisada et al

able effect of hydralazine on macrophage infiltration,
TGF-4, or a-SMA levels was noted. Thus, it is conceiv-
able that the blockade of the AT, receptor, rather than the
lowering of blood pressure, is involved in the beneficial
effects of olmesartan on renal lesion formation after
UUO in the triply NOS™ genotype. The beneficial ef-
fects of olmesartan were associated with the reduction in
enhanced macrophage infiltration, TGF-f, and a-SMA
levels. These results suggest that olmesartan elicits
renoprotective effects through inhibitions of the inflam-
mation, TGF-f1, and EMT.

Clinical implications

Several lines of evidence suggest the association of
defective NO production with renal disorders in humans
(1). First, it has been reported that urinary NOx excre-
tion, a marker of NO production derived from all three
types of NOSs, are reduced in patients with CKD and
ESRD on both peritoneal dialysis and hemodialysis
(37 —39). Secondly, it has been shown that whole body
NO production (as assessed by giving an intravenous
infusion of [°N;]-arginine and measuring isotopic plasma
enrichment of ['°N]-citrulline) is decreased in patients
with CKD (40, 41). Finally, it has been indicated that
plasma levels of asymmetric dimethylarginine (ADMA),
an endogenous NOS inhibitor, are elevated in patients
with end-stage chronic renal failure (42). These results
may imply the clinical significance of the present find-
ings with the triply NOSs genetic model.

In conclusion, we were able to prove that the complete
disruption of all NOS genes causes markedly accelerated
renal lesion formation in response to UUO in mice in
vivo through the AT,-receptor pathway, demonstrating
the critical renoprotective role of all NOSs-derived NO
against pathological renal remodeling. The inflammatory
reaction, up-regulation of TGF-f, and induction of EMT
appear to be involved in the UUO-induced renal lesion
formation. The present findings should contribute to a
better understanding of the role of the endogenous NO/
NOS system in renal pathophysiology.
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