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Abstract

Increased levels of nitric oxide (NO) are found in rejecting rena alografts. Inducible NO synthase (iNOS) in infiltrating
monocytes,/ macrophages could lead to NO bursts. NO may modulate the inflammatory response of early rejection due to its high
reactivity with superoxide to yield peroxynitrite. To define the role of iINOS in acute renal alograft, rejection effects of the specific iINOS
blockers iminoethyl-lysine and 7-butylhexahydro-1H-azepin-2-imine,monohydrochloride on renal function and morphology were investi-
gated in rena alografts. Lewis rats received Brown Norway grafts with one kidney left in situ. All recipients were treated with low dose
cyclosporine-A (2.5 mg/kg BW /day s.c.) to alow moderate rejection. In addition, one group received iminoethyl-lysine (10 mg,/kg
BW /day gavage) and one group received butylhexahydro-azepin-imine (3.4 mg,/kg BW /day i.p.). Sham operated Brown Norway donor
rats served as basdline controls. Compared to controls, low dose cyclosporine-A decreased glomerular filtration rate (P < 0.05) and
numerically increased renal vascular resistance. Adding iminoethyl-lysine to cyclosporine-A improved renal hemodynamics. Adding
butylhexahydro-azepin-imine to cyclosporine-A practicaly restored glomerular filtration rate and renal vascular resistance (P < 0.05) to
control levels. Grafts treated with cyclosporine-A aone showed vascular, glomerular and tubulointerstitial lesions. Adding iminoethyl-
lysine or butylhexahydro-azepin-imine to cyclosporine-A did not significantly reduce vascular and glomerular injury, but diminished
tubulointerstitial injury as well as nitrotyrosine staining in tubular epithelium (P < 0.05). Thus, adding the iNOS blockersiminoethyl-lysine
or butylhexahydro-azepin-imine to cyclosporine-A improved graft function and reduced tubulointerstitial lesions. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Despite immunosuppression, acute rejection of the rena
alograft still remains a problem for successful long-term
graft survival. The free radical nitric oxide (NO) is consid-
ered an important agent in acute transplant rejection (Lan-
grehr et al., 1992a,b; Stojanovic et al., 1996; Szabolics et
al., 1998). Congtitutive NO synthase (eNQOS) in endothe-
lium resulting in NO production at low concentrations
antagonises platelet aggregation (De Graaf et al., 1992)
and neutrophil adhesion (Gauthier et al., 1995). NO at high
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concentrations, however, is associated with pathophysio-
logical responses due to avid binding to another radical,
namely, superoxide (O, ) to form cytotoxic peroxynitrite
(ONOO™) (Beckman and Koppenol, 1996; Buttery et al.,
1996).

Inducible NO synthase (iNOS) is responsible for pro-
duction of large bursts of NO (Wever et al., 1997). iNOS
can be expressed in several cells of the kidney: tubular
epithelium, smooth muscle cells, and above all, in
mononuclear inflammatory cells (Langrehr et al., 1993),
that during acute rejection of a renal alograft infiltrate the
kidney parenchyma. Circulating cytokines, such as inter-
leukin-1 and tumor necrosis factor-a, of which release is
increased in the rejecting kidney (Langrehr et a., 1992a,b;
Mclay et al., 1994; Floege and Grone, 1995; Takada et al.,
1997), trigger iNOS expression. In fact, production of NO
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was increased excessively during acute rejection, as as-
sessed by plasma or urinary measurements (Winlaw et 4.,
1995; Worral et a., 1995, 1996, 1997), and it has been
postulated that NO synthesised by iNOS can enhance
rejection processes.

Activated macrophages produce both NO and O; radi-
cds via activation of iNOS (Goto et a., 1997; MacMick-
ing et a., 1997). Indeed, iNOS has recently been shown to
be a peroxynitrite-generating enzyme (Xia and Zweier,
1997), leading to nitrotyrosine formation. Infiltrating
monocytes and iINOS expression have been found to be
co-localised in a kidney transplant model (Cattell et al.,
1994; Heeringa et al., 1998). This suggests that several
structural and functional features of acute regjection could
be mediated by macrophages. However, the role of NO
production by iINOS as a pathophysiological mediator of
infiltrating mononuclear cells during acute graft rejection
has not yet been specifically tested.

If INOS is a mediator of the induction and progression
of acute rejection, then selective iNOS inhibition may
ameliorate histologic lesions as well as reduce transplant
dysfunction. iNOS blockade may ultimately enhance pro-
longed long-term graft survival. In order to define the role
of iINOS in acute rena allograft rejection, the effects of
two different highly specific iNOS blockers, L-N6-(1-imin-
oethyl)-lysine-hydrochloride (Moore et a., 1994; Salvem-
ini et al., 1995, 1996; Schwartz et a., 1997; Wolff et al.,
1998) and 7-butylhexahydro-1H-azepin-2-imine-monohy-
drochloride [WO 95/11231, PCT /US94 /11832] on renal
function and pathology, were investigated in an allogenic
rat kidney transplant model.

2. Materials and methods

2.1. Biological activity of iINOSinhibitors iminoethyl-lysine
and butylhexahydro-azepin-imine

In vitro experiments confirmed that iminoethyl-lysine
acts as a highly specific inhibitor of iNOS, reported to be
approximately 30-fold more selective for iNOS (IC, = 3.3
M) than for eNOS (IC, = 92 wM) or nNOS (IC,, = 61
wM) (Moore et a., 1994). Butylhexahydro-azepin-imine,
prepared by chemical synthesis, has a 50-fold higher selec-
tivity for iNOS (IC;, = 0.55 wM) than for eNOS and
nNOS (IC,, = 106 M) [WO 95,/11231, PCT/US%4/
11832].

2.2. Rat renal transplant model

Left kidneys of male Brown Norway (BN = RT1") rats
were transplanted heterotopically into male Lewis (LEW
= RT1') recipients, with one native kidney in situ. The
donors (180-210 g) and the recipients (300-350 g) were
obtained from Harlan (Bicester, UK). Maintenance oc-
curred under standard conditions (day /night 12/12; hu-
midity 55%; temperature 22°C) with water and chow

(RMH-TM rat chow; protein 22.2%; fat 4.8%; potassium
0.85%; sodium 0.40%, Hope Farms, Woerden, NL) ad
libitum. The protocol was approved by the Utrecht Univer-
sity Committee for study in experimental animals.

2.3. Kidney transplantation

Donor nephrectomy, preservation, and heterotopic kid-
ney transplantation procedures were performed as previ-
ously described by Fischer and Lee (1965) with some
modifications (Stojanovic et al., 1996). The right donor
kidney was perfused with and preserved in Custodiol
(HTK-Tramedico, Alsbach) at 4°C. Cold ischemia was
limited to 15 min. The vascular anastomoses were per-
formed in an end-to-side-fashion using 8-0 nylon suture
(Ethicon). Blood flow was restored to the graft within 30
min. After vascular anastomoses were checked for leakage,
the ureter anastomosis was performed using 11-0 nylon
suture in an end-to-end-fashion.

2.4. Experimental groups

The kidney recipients were divided into four groups
(1-9).

Group 1 were sham operated Brown Norway rats for
baseline values of the donor kidney prior to transplanta
tion.

Groups 2, 3 and 4 had renal alografts and received a
low dose of cyclosporin-A (2.5 mg/kg/day s.c.) to alow
moderate vascular and interstitial rejection. Cyclosporine-A
(Sandimune, Novartis Pharma, Basel, Switserland) was
injected twice daily s.c. in half daily doses. The rats were
weighed daily before administration of cyclosporine-A.

Group 3 was treated with cyclosporine-A and the selec-
tive iINOS-blocker iminoethyl-lysine. The dosage of imi-
noethyl-lysine of 10 mg/kg/day has been reported to
effectively inhibit INOS in vivo in the rat (Salvemini et 4.,
1995; Schwartz et al., 1997). Iminoethyl-lysine was admin-
istered twice daily by gavage in distilled water in half
daily doses.

Group 4 was treated with cyclosporine-A and the
iNOS-blocker butylhexahydro-azepin-imine in a dosage of
3.4 mg/kg/day [WO 95/,/11231, PCT/US94,11832].
Butylhexahydro-azepin-imine was injected i.p. twice daily,
in half daily doses, diluted in saline.

2.5. Clearance measurements

Clearances of inulin (C,,,) and para-aminohippuric acid
(PAH) (Cp,y) were measured on day 7 post transplanta-
tion, using conventional techniques (Fransen and Koomans,
1995). Animals were anaesthetised with inactin. The left
jugular vein was catheterised for infusions. The right
femoral artery was catheterised for continuous measure-
ment of mean arterial pressure and to draw arterial blood
samples for determination of hematocrit and plasma con-
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centrations of creatinine, inulin and PAH. We catheterised
the ureter of the contralateral kidney while the transplanted
kidney continued to drain into the bladder, in which a
catheter was placed through a midline incision. After 1 h
equilibration period, C oy, Cpan» Cin Were measured dur-
ing four 30 min urine collections to assess glomerular
filtration rate and renal blood flow. At the start, midpoint
and end of the clearance period, an arterial blood sample
was drawn. Plasma and urine creatinine levels were deter-
mined colorimetrically (Sigma, St. Louis, MO). Inulin and
PAH concentrations were measured photometrically with
indoleacetic acid after hydrolysation to fructose and by a
chromogenic aldehyde reaction, respectively.

2.6. Histology

Kidney dlices were fixed in formalin or methacarn,
embedded in paraffin, and stained with periodic acid Schiff
(PAS) and trichrome. Sections were numbered and the
pathologist was blinded to the code. Kidneys were evalu-
ated for evidence of rejection and tubulointerstitial injury.
The various types of injury were semiquantitatively scored
from 0 to 3, with 0 indicating no pathological changes: 1,
dight; 2, moderate; and 3, severe alterations. Vascular
changes due to adhesion of inflammatory mononuclear
cells to intima, thrombosis, or necrosis were evaluated for
all preglomerular vessels per whole kidney section. Total
vascular injury index was calculated as the sum of the
severity scores (1, slight; 2, moderate; or 3, severe lesions)
which were multiplied by the percentage of vessels dis-
playing the concerning score. One hundred Glomeruli per
kidney sections were evaluated for ischemic collapse, cap-
illary obliteration by thrombosis, and mesangial matrix
increase. Tubulitis was indicated by infiltrated mononu-
clear cells in the tubular epithelium, with score 1 indicat-
ing 4 cells per tubular cross-section, 2 indicating 4-9 cells,
and 3 indicating more than 10 cells per cross-section.
Tubular injury index was determined semiquantitively in
10 high power fields (40 X objective) with score 1 indicat-
ing mild lesions, 2 indicating moderate with cytoplasmic
vacuolisation, and 3 indicating severe lesions with disrup-
tions of basal membrane and loss of brush border. The
interstitial injury index was semiquantitatively scored in 10
high power fields (40 X objective) with score 1 indicating
occasiond infiltration, 2 indicating focal infiltration, and 3
indicating entirely scattered infiltration of mononuclear
inflammatory cells with more than 60% of the interstitial
field covered.

2.7. Immunohistochemistry

I mmunohistochemistry was carried out on 5 pm section
of paraffin-embedded tissue. The monoclonal antibody
ED1 (Serotec, Camon, Wiesbaden, Germany) was used on
methacarn-fixed tissue at a dilution of 1:100 to demon-
strate monocytes/macrophages. An akaline phosphatase

anti-alkaline phosphatase detection system was applied
(Dako, Hamburg, Germany). The number of ED1*-cells
(monocytes,/macrophages) was counted per glomerular
cross-section in 100 glomeruli and also in 15 high power
fields (40 x objective) of tubulointerstitium. A polyclonal
immunoglobulinG rabbit antibody against nitrotyrosine
(Upstate Biotechnology Bizol Eching, Germany) was used
at a dilution of 1:20, to document peroxynitrite-induced
modifications. Formaldehyde-fixed tissue was treated by
microwave. A biotin-streptavidin-peroxidase detection kit
supplied by Vectastain (Camon, Wiesbaden, Germany)
was applied. Nitrotyrosine formation was evaluated semi-
guantitatively scored from 0 to 2, with O indicating no
cytoplasmic staining, 1 pale staining and 2 profound inten-
sity of staining in tubules of the inner cortex and outer
medulla.

2.8. Satistics

One-way analysis of variance (ANOVA) on ranks
(Kruskal Wallis), followed by the post-hoc Dunn’s test
was used to evaluate the data. P < 0.05 was considered
significant. Data are presented as mean + SE.M.

3. Results
3.1. Follow up

Initial body weights were similar for al three groups of
allograft recipients. In group 1 (consisting of sham oper-
ated donors), body weight was lower since animals were
matched for donor kidney weight to compare functional
and morphological parameters. In the first 3 days after
transplantation, all animals lost weight. Cyclosporine-A
treatment led to a slower decline of body weight than
either cyclosporine-A + iminoethyl-lysine or cyclosporine-
A + butylhexahydro-azepin-imine treatment, which were
not significantly different (P = 0.09).

3.2. Clearance data of non-immunosuppressed groups

To assess the therapeutic value of selective iINOS inhi-
bition with regard to graft function upon transplantation,
we examined renal function of the renal alograft after 7
days of treatment with cclosporine-A alone, versus the
iNOS blockers iinoethyl-lysine or bylhexahydro-azepin-
iminein addition to cclosporine-A. Means of kidney weight
and functional parameters are presented in Table 1.

To identify the hemodynamic effects of transplantation
with cyclosporine-A alone, we evaluated graft function in
comparison with normal function of donor kidneys prior to
transplantation. Cyclosporine-A had no effect on mean
arterial pressure and hematocrit values compared to con-
trols. Transplantation and cyclosporine-A aone reduced
glomerular filtration rate by approximately 50%. Rena
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Table 1

Rena hemodynamic parameters before and after transplantation

Renal hemodynamics of transplanted kidney of immunosuppressed con-
trol recipients (CyA, cyclosporine-A) and iNOS blocked recipients (CyA
+L-NIL, cyclosporine-A +iminoethyl-lysing; CyA +BAI, cyclosporine-
A + butylhexahydro-azepin-imine) versus native donor kidney (BN,
Brown Norway).

Data are mean+ S.E.M.; tested by one-way ANOVA on ranks (Dunn’s
method).

KW, kidney weight; MAP, mean arterial pressure; HT, hematocrit; Cy ey,
clearance of credtinine; C;,, clearance of inulin; RBF, rena blood flow;
and RVR, renal vascular resistance.

BN CyA CyA+L-NIL CyA+BAI
n 6 7 7 6
KW g 0.824+0.01 0.83+0.03 0.84+0.03 0.79+0.03
MAP mm Hg 95+4 90+4 103+4 91+2
HT % 41+2 42+1 45+1 42+1
Cereat 091+0.14 0.61+0.10 0.50+0.06 1.09+0.24
ml /min/g KW
Ci, 1.194+0.19 0.61+0.13* 0.74+0.09  0.96+0.08
ml /min/g KW
RBF 7.09+1.09 457+093 502+0.76 7.50+0.36
ml /min/g KW
RVR 155+225 294+7.00 253+514 12.7+047°
units/g KW

4P < 0.05 compared to BN.
PP < 0.05 compared to treatment with cyclosporine-A alone.

blood flow was 30% lower in cyclosporine-A treated rena
allografts, although this did not reach significance. Calcu-
lated rena vascular resistance was twofold higher after
transplantation and cyclosporine-A treatment than in con-
trol donor kidneys. Neither iminoethyl-lysine nor butylhex-
ahydro-azepin-imine administration in addition to cy-
closporine-A had any effect on mean arterial pressure or
hematocrit compared to cyclosporine-A treatment only.
Iminoethyl-lysine and in particular butylhexahydro-
azepin-imine corrected the decrease in glomerular filtration
rate of the renal graft toward glomerular filtration rate
values found in control donors. Renal vascular resistance
values were completely normalised by butylhexahydro-
azepin-imine and were significantly lower than after treat-
ment with cyclosporine-A aone. Renal blood flow values
were not statistically different between the groups, but
butylhexahydro-azepin-imine prevented any decrease from
control donor levels.

3.3. Pathology

To examine the effect of iINOS inhibition on the patho-
logic features of rena alografts, we evauated kidney
weight, the extent of vascular, glomerular, interstitial and
tubular lesions in cyclosporine-A alone compared to iNOS
blocked rena transplants at 7 days post transplantation
(Table 2; photographs in Figs. 1-3).

Weight of renal graft, spleen, and heart of the cy-
closporine-A treated rats, with or without iNOS blockers,
did not differ at 7 days after transplantation. No histologi-

cal lesions were detected in the native kidneys of control
rats. In rena alografts treated with low dose cyclosporine-
A only, there were indications of acute cellular rejection
with vascular, glomerular and tubulointerstitial lesions due
to the residual inflammatory response. iNOS inhibition by
iminoethyl-lysine or butylhexahydro-azepin-imine in addi-
tion to cyclosporine-A had no significant effects on total
vascular and glomerular injury indices, although a clear
tendency to less vascular lesions was found with a reduc-
tion in endothelial swelling, or thrombosis. Tubul cintersti-
tial injury, however, was reduced significantly by both
iminoethyl-lysine and butylhexahydro-azepin-imine. Renal
cortex and outer medulla demonstrated decreased tubular
swelling and tubular atrophy. Butylhexahydro-azepin-im-
ine significantly reduced disruptions in proximal and distal
tubular integrity, whereas iminoethyl-lysine treatment sig-
nificantly reduced tubulitis (Fig. 1A,B,C). Interstitia in-
jury, including amount and expansion of interstitial cell
infiltrates, interstitial oedema, and occasional small haem-
orrhages declined after treatment with both iNOS blockers.

To determine the amount and expansion of inflamma-
tion, the number of monocytes per glomerulus and per
tubulo-interstitial area was scored on ED1 stained kidney
sections. In native kidneys of control rats, practically no
adherent and infiltrating cells were found in glomeruli or
around blood vessels. In the grafts treated with low doses
of cyclosporine-A, with or without iNOS blockers, ED1*-
cells were the dominant infiltrating cell (Fig. 2A,B,C).
Neither iminoethyl-lysine nor butylhexahydro-azepin-im-

Table 2

Vascular, glomerular and tubulointerstitial injury in renal allografts
Organ wet weight of transplanted kidney, spleen and heart of immuno-
suppressed control recipients (CyA, cyclosporine-A) and iNOS blocked
recipients (CyA +L-NIL, cyclosporine-A +iminoethyl-lysine; CyA +
BAI, cyclosporine-A + butylhexahydro-azepin-imine). Organ weights are
expressed in gram per 100 g body weight. Semiquantitative histological
analysis of alogenic renal transplants treated with cyclosporine-A aone,
treated with cyclosporine-A +iminoethyl-lysine, or treated with cy-
closporine-A + butylhexahydro-azepin-imine for 7 days after transplanta-
tion.

Data are mean+ S.E.M.; one way ANOVA on ranks (Dunn’s method);
T.I. = tubulointerstitial macrophages (per 1 high power field).

CyA CyA+L-NIL CyA+BAlI
n 7 7 7
body weight 29+ 65 306+11 308+7
kidney weight 0.27+0.01 0.27+0.01 0.26+0.01
spleen weight 0.21+0.01 0.20+0.01 0.22+0.01
heart weight 0.31+0.01 0.29+0.01 0.32+0.03
total vascular injury index 85.8+12.0 69.7+10.3 749483
glomerular lesion index 36.1+85 331+6.3 234428
macrophages/glomerulus  2.6+0.5 21+0.2 16+0.2
tubulitis index 72+1.0 344042 49+0.8
tubulo injury index 99419 6.94+1.2 4.4+1.02
interstitial injury index 209+1.7 146+112 152+1.12
T.l. macrophages 80+18 66+ 16 57+7
nitrotyrosine index 85+1.2 24405? 4.6+0.82

4P < 0.05 compared to treatment with cyclosporine-A alone.
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Fig. 1. (A) Allograft treated with low-dose cyclosporine-A, with normal arteriole and glomerulus, but severely injured and vacuolised tubules, with
perivascular mononuclear cell infiltrate in oedematous areas (PAS staining; x 100). (B) Allograft treated with low-dose cyclosporine-A + iminoethyl-lysine,

without vascular, glomerular and tubular damage. There is a slight rim of mononuclear cells around tubuli. This is significantly less than in (A) (PAS
staining; X< 100). (C) Allograft treated with low-dose cyclosporine-A + butylhexahydro-azepin-imine, without vascular and glomerular damage and only

slight tubular lesions (PAS staining; X 100).

ine had a significant effect on the number of ED*-cells in
glomeruli or in interstitium (Table 2). However, the distri-
bution of infiltrating cells was different. In cyclosporine-A
treated grafts, the heavy leukocyte infiltration was intensi-
fied in large perivascular and periglomerular aggregates
with predominantly ED1*-cells and correlated with severe
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oedema formation and/or tubulointerstitial injury (Fig.
2A). In cyclosporine-A + iminoethyl-lysine treated grafts,
the macrophages were scattered throughout the parenchyma
(Fig. 2B). Cyclosporine-A + butylhexahydro-azepin-imine
showed smaller perivascular cell infiltrates with dlight
extension to the interstitium (Fig. 2C).

R I 0

Fig. 2. (A) Allograft treated with low-dose cyclosporine-A demonstrated severe cortica diffuse mononuclear cell infiltration (ED1 staining; X 50). (B)
Cyclosporine-A + iminoethyl-lysine treated allograft with cortically scattered infiltration of monocytes/macrophages (ED1 staining; x50). (C) Cy-
closporine-A + butylhexahydro-azepin-imine treated alograft, with perivascular and slight periglomerular foca infiltration of monocytes,/macrophages

(ED1 staining; X 50).
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Fig. 3. (A) Nitrotyrosine in cyclosporine-A treated allograft, staining in proxima tubule and distal tubules and mononuclear cells (x200). (B)
Nitrotyrosine in cyclosporine-A + iminoethyl-lysine treated allograft; no staining in distal tubules and mononuclear cells, significantly less positive staining
in proximal tubules as compared to (A) (x200). (C) Nitrotyrosine in cyclosporine-A + butylhexahydro-azepin-imine treated allograft; no staining of
mononuclear cells or distal tubules, significantly less positive staining in proximal tubules (X 200).

Kidney grafts of recipients treated with cyclosporine-A
alone showed significant nitrotyrosine staining detectable
as cytoplasmic staining in the proximal and distal tubules
of the inner cortex and outer medulla as well as on
infiltrating mononuclear cells (Fig. 3A). In contrast, only
pale tubular nitrotyrosine staining was detected in the
allografts of iminoethyl-lysine + cyclosporine-A (Fig. 3B)
and butylhexahydro-azepin-imine + cyclosporine-A treated
recipients (Fig. 3C).

4, Discussion

Administration of the selective iNOS blockers, imi-
noethyl-lysine, and butylhexahydro-azepin-imine, to renal
allografts treated with low-dose cyclosporine-A modulated
the fall in renal function. Particularly, butylhexahydro-
azepin-imine preserved glomerular filtration rate at near
normal levels. Furthermore, both iminoethyl-lysine and
butylhexahydro-azepin-imine had beneficial effects on
tubulointerstitial morphology.

Iminoethyl-lysine and butylhexahydro-azepin-imine are
considered to act as selective INOS blockers as was shown
by in vitro experiments. Mean arterial pressure did not
change after iINOS blockade, which implies that these
iNOS blockers in the dosage administered in vivo did not
effectively block constitutive NOS of endothelium.

In the cyclosporine-A treated rena allograft, we ob-
served a marked reduction of glomerular filtration rate and
an increase — not reaching significance — of rend
vascular resistance, as has been described previously dur-

ing acute rejection (Munger et al., 1993). Cyclosporine-A
+ iminoethyl-lysine treatment tended to prevent the reduc-
tion in glomerular filtration rate, whereas cyclosporine-A
+ butylhexahydro-azepin-imine treatment completely re-
stored both glomerular filtration rate and renal vascular
resistance, implying a better recovery of acute rena failure
due to surgery and aloimmunity. Possibly butylhexa
hydro-azepin-imine is a more effective agent than imi-
noethyl-lysine. Neither iminoethyl-lysine nor butylhexahy-
dro-azepin-imine combined with cyclosporine-A caused
differences in hematocrit and mean arterial pressure when
compared to cyclosporine-A treatment only, indicating a
direct effect of iminoethyl-lysine and butylhexahydro-
azepin-imine on renal hemodynamics rather than a sys-
temic effect. Some of the anti-inflammatory effects of
iminoethyl-lysine have been attributed to inhibition of
cyclo-oxygenase Il (Salvemini et al., 1995). However,
inhibition of cyclo-oxygenase Il does not seem to have
been of importance in the present study, because less
synthesis of prostaglandins would have resulted in a de-
crease of glomerular filtration rate (Ter Wee et a., 1986)
and rena blood flow (Ortiz et al., 1986).

The beneficial effects of iINOS inhibition on renal func-
tion suggest a role for NO produced by iNOS in contribut-
ing to progressive damage of glomerular and vascular
structures. A tendency to the reduction in vascular damage
and glomerular lesions was shown after iminoethyl-lysine
and butylhexahydro-azepin-imine treatment. In contrast,
sustained iNOS inhibition (i.e, 28 days of iminoethyl-
lysine) in an aortic alograft model of chronic rejection
(Shears et al., 1997), significantly increased intimal thick-
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ening. A possible explanation could be that sustained
iNOS induction mediates protection against myocyte pro-
liferation and tissue scarring, by the antiproliferative ac-
tions of NO, while early iNOS induction, as in our model,
mainly mediates a cytotoxic inflammatory response to the
graft. Macrophages infiltrating into the graft during the
initial inflammatory response and subsequent acute rejec-
tion are the major source of NO (Cattell et al., 1994; Goto
et a., 1997) and O;. Both NO and O; can be produced
via activated iNOS, especially in macrophages (MacMick-
ing et a., 1997; Xiaand Zweier, 1997). We postul ated that
active iINOS is an important macrophage effect or mecha-
nism in graft regjection. In this study, the selective iNOS
inhibitors, iminoethyl-lysine and butylhexahydro-azepin-
imine, did not significantly decrease the number of macro-
phages, but the inflammatory pattern was different in that
perivascular aggregation and the interstitial expansion of
macrophages was limited. The latter was associated with
less oedema and tubular atrophy, suggesting a restricted
migration of macrophages towards primarily injured tubu-
lointergtitial areas. Hence, blockade of iNOS in the early
phase of transplant rejection may reduce reperfusion-medi-
ated tubulointerstitial injury and the subsequent attraction
of macrophages. Iminoethyl-lysine in fact was demon-
strated to reduce nitrotyrosine formation and lipid per-
oxidation secondary to ischemia/reperfusion (Noiri et al.,
1997). Moreover, our data on nitrotyrosine staining inten-
sity suggest that iminoethyl-lysine and butylhexahydro-
azepin-imine probably decreased the production of NO
and/or O, . Peroxynitrite, a strong stable oxidant (Beck-
man and Koppenol, 1996), has been demonstrated after
ischemia/reperfusion (Noiri et al., 1997), in inflamed
tissue (Heeringa et a., 1998), and in proximal tubular
epithelium of rejecting human renal alografts (MacMil-
lan-Crow et al., 1996). We demonstrated that iNOS block-
ade reduced tubulointerstitial nitrotyrosine staining, as well
as damage. The tubulointerstitial damage possibly occurred
in response to peroxynitrite formation. The decrease in
macrophages infiltrated in the tubular epithelium after
treatment with iminoethyl-lysine was possibly related to
the decrease in nitrotyrosine staining.

In conclusion, this study shows that iNOS blockers,
such as iminoethyl-lysine and butylhexahydro-azepin-im-
ine, may have an additive effect on low-dose cyclosporine-
A treatment, improving graft function and reducing early
formation of tubulointerstitial lesions in the renal allograft.
Independent of the therapeutic aspect, one should consider
that these data strengthen the concept that NO generated
by iINOS is significantly involved in acute rejection.
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