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Abstract Oxidative stress is important in the pathogen-
esis of renal ischemia-reperfusion (IR) injury; however
whether imbalances in reactive oxygen production and
disposal account for susceptibility to injury is unclear. The
purpose of this study was to compare necrosis, apoptosis,
and oxidative stress in IR-resistant Brown Norway rats vs.
IR-susceptible Sprague-Dawley (SD) rats in an in vivo
model of renal IR injury. As superoxide (O3) interacts with
nitric oxide (NO) to form peroxynitrite, inducible NO
synthase (iNOS) and nitrotyrosine were also examined.
Renal IR was induced in SD and BN rats by bilateral
clamping of renal arteries for 45 min followed by reper-
fusion for 24 h (SD 24 and BN 24, respectively). BN
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rats were resistant to renal IR injury as evidenced by lower
plasma creatinine and decreased acute tubular necrosis.
TUNEL staining analysis demonstrated significantly de-
creased apoptosis in the BN rats vs. SD rats after IR.
Following IR, O3 levels were also significantly lower in
renal tissue of BN rats vs. SD rats (P < 0.05) in conjunc-
tion with a preservation of the O3 dismutating protein,
CuZn superoxide dismutase (CuZn SOD) (P < 0.05). This
was accompanied by an overall decrease in 4-hydroxy-
nonenal adducts in the BN but not SD rats after IR. BN rats
also displayed lower iNOS expression (P < 0.05) resulting
in lower tissue NO levels and decreased nitrotyrosine for-
mation (P < 0.01) following IR. Collectively these results
show that the resistance of the BN rat to renal IR injury is
associated with a favorable balance of oxidant production
vs. oxidant removal.

Keywords Acute renal failure - Superoxide dismutase -
Brown Norway - Oxidative stress - Peroxynitrite -
Nitration

Introduction

Acute renal failure, most commonly induced by ischemia-
reperfusion (IR), affects as many as 5% of all hospitalized
patients and has an unacceptably high rate of mortality [1-3].
Currently there are no specific therapies available to prevent
or improve recovery in acute renal failure. While much
attention has been focused on the mechanisms by which IR
causes renal failure, little is known about how the kidney
might be protected from IR injury. Elucidation of mecha-
nisms of intrinsic resistance to injury provides the opportu-
nity to dissect the relative importance of putative protective
pathways on the pathogenesis of acute renal failure.
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Oxygen-derived free radicals have been implicated in
the pathogenesis of IR-induced renal injury [4]. During
reperfusion, the conversion of accumulated hypoxanthine
to xanthine generates O5 [5, 6]. Concomittantly, ischemia
induces nitric oxide synthase (iNOS) in tubule cells gen-
erating nitric oxide (NO). While some studies have shown
that NO is protective against free radical-mediated injury
[7-9] and diminishes apoptosis after renal IR [10], other
investigators have demonstrated a damaging role for iNOS
in IR [11, 12]. It is, however, generally believed that NO
can combine with O3 to form the potently nitrating and
damaging species, peroxynitrite [13-17].

The major cellular mechanism for eliminating reactive
oxygen species is the antioxidant enzyme system that in-
cludes the superoxide dismutases (CuZn SOD and Mn
SOD) that convert O; to H,O, and enzymes (catalase and
glutathione peroxidase) that degrade H,O, to H,O. Para-
doxically, IR results in impairment of intrinsic cellular
antioxidant defenses, which in turn renders the cell more
susceptible to oxidative stress [18-20]. Specifically, it has
been demonstrated that the major mitochondrial antioxi-
dant enzyme, manganese superoxide dismutase (Mn SOD),
is inactivated following warm ischemia in rat kidneys [21].
Further, the cytoplasmic form of the protein, copper zinc
superoxide dismutase (CuZn SOD) is rapidly depleted
following warm ischemia [18]. Over-expression of either
SOD isoform results in protection from ATP depletion or
renal IR injury [22, 23] further demonstrating the impor-
tance of the O removing enzymes in mitigating IR-in-
duced oxidative stress.

Recently, the BN rat strain was discovered to be dra-
matically resistant to cardiac and renal IR injury compared
with other rat strains [24-26]. The protection from renal IR
injury was demonstrated early by maintenance of Na*-K*
ATPase distribution on the cellular levels and later by
inhibition of increases in creatinine concentration, lack of
changes in morphological structure and the maintenance of
control-level excretion rates of Na and water [25]. While
one potential contribution to this resistance was defined,
the mechanisms leading to this resistance have not been
delineated. Recent investigations in a cardiac IR model
demonstrated that BN/Mcwi rats generated less O,, by
maintenance of endothelial NOS function [26] compared to
Dahl S (SS/Mcwi) rats, suggesting that increases in O5
may be responsible for the dysfunction in this model. Thus,
using the BN rats to determine whether specific pathways
of injury/protection are altered can give mechanistic in-
sights into which pathways are involved in resistance/sus-
ceptibility to renal IR injury.

In this study, we hypothesized that the observed resis-
tance in BN rats to IR-induced acute renal failure may be
mediated through altered renal O;- and NO-generating
systems and O;-dismutating enzymes. To explore this
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possibility, we compared apoptosis and oxidative/nitrative
stress parameters in SD rats and BN rats in an in vivo
model of IR injury.

Methods
Animal model of renal IR injury

SD rats and BN rats, purchased from Harlan (Harlan,
Indianapolis, IN) were used. All experiments were ap-
proved by the institutional Animal Care and Use committee
at the Zablocki VA Medical Center. We used a model of IR
injury previously established by one of the co-authors [25].
Renal ischemia was induced in BN and SD rats (BN 24, SD
24) by bilateral clamping of the renal arteries for 45 min
after anesthetizing animals with sodium pentobarbital
(50 mg/kg i.p.). Reperfusion was verified by visual
inspection following removal of the microvascular clips.
Sham controls underwent surgery without renal artery
clamping (BN sham, SD sham). After 24 h recovery, ani-
mals were anesthetized, blood samples obtained and kid-
neys isolated and quick frozen in liquid nitrogen. Kidneys
were stored at —80°C until further analysis. Blood was
sampled using heparinized syringes, centrifuged for 10 min
at 1,500 rpm and plasma stored at —80°C until further
analysis.

Measurement of plasma creatinine

Creatinine was measured in plasma from sham and IR rats
using a commercial kit (Teco Diagnostics, Anaheim, CA).
This method is based on the reaction of creatinine with

picric acid to form a color complex which absorbs at
510 nm.

Histological scoring for acute tubular necrosis

Tissue from a portion of the kidney was fixed in 4%
phosphate-buffered formalin (pH 7.4), and paraffin-
embedded sections were stained with hemotoxylin and
eosin (H&E) or periodic acid Schiff reagent (PAS). His-
tological scoring was performed in a blinded fashion and
was based on a score ranging from 1 to 4, with 1 indicating
minimal change and 4 indicating complete necrosis [27].

TUNEL staining for apoptosis

Apoptosis was measured by the TUNEL assay using
ApopTag® technology (Chemicon International, Temecu-
la, CA) according to manufacturer’s instructions. In this
method, DNA strand breaks are detected by enzymatically
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labeling the free 3’-OH termini with modified nucleotides
with terminal deoxynucleotidyl transferase (TdT). DNA
fragments are then labeled with digoxigenin and bound to
an anti-digoxigenin antibody conjugated to horseradish
peroxidase. The peroxidase conjugate produces a localized
stain (apoptotic body) which can be detected and counted.
Sections were counterstained with H&E. A minimum of
three sections per slide and five fields per section were
counted and apoptotic nuclei quantified.

RNA levels

Total RNA was purified from approximately 60 mg of
frozen tissue using the Promega SV RNA total RNA
isolation kit (Promega, Madison, WI). One pg RNA was
reverse transcribed using the Invitrogen Superscript First
Strand Synthesis System (Invitrogen, Carlsbad, CA) with
oligo (dT) primers as previously described [28]. Amplifi-
cation of rat iNOS, CuZn SOD, and Mn SOD was
performed using the following primers: 5’-caccttggagtt-
cacccagt-3" (sense; iNOS), 5'-tgttgtagcgctgtggtca-3” (anti-
sense; iNOS), 5'-ggagagcattccatcattgg-3” (sense; CuZn
SOD), 5’-caatcacaccacaagccaag-3’ (antisense; CuZn SOD),
and 5’-attaacgcgcagatcatgca-3” (sense; Mn SOD), 5'-
cctcggtgacgttcagattgt-3” (antisense; Mn SOD). For PCR,
1 pul of cDNA was mixed with 25 pmol of each primer and
PCR Supermix (Invitrogen, Carlsbad, CA) to a volume of
25 pl and incubated in an Applied Biosystems Gene Amp®
PCR System 9700 (Applied Biosystems, Foster City, CA)
under the following conditions: 94°C for 5 min, 94°C for
1 min, 60°C for 1 min, 72°C for 1 min for 30 cycles
(AiNOS), 95°C for 5 min, 95°C for 1 min, 60°C for 1 min,
72°C for 1 min (CuZn SOD), and 94°C for 5 min, 94°C for
1 min, 60°C for 45 s, 72°C for 45 s for 30 cycles (Mn
SOD). The PCR products were resolved on a 1% agarose
gel and visualized with ethidium bromide staining followed
by densitometry. Rat GAPDH was used as a control for
cDNA loading.

Lucigenin-enhanced chemiluminescence for O3
detection

Approximately 100 mg of kidney tissue was homogenized
in 10 ml of Krebs—Henseleit buffer containing 10 mM
HEPES (pH = 7.4) similar to that previously described for
cardiac tissue [29]. The tubes containing 1 ml of the
homogenate or buffer as blank were incubated in the dark
either alone or with 100 pM of the SOD mimetic, man-
ganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin penta-
chloride MnTmPyP) for 30 min to test the specificity of
the signal. Lucigenin-enhanced chemiluminescence was
then measured for 3 min in a luminometer (Berthold
Instruments, Autolomat LB 953, Bad Wilblad, Germany)

after the addition of 10 uM lucigenin to each tube. The
tube containing the buffer and lucigenin was read first to
calculate background luminescence and this value was
subtracted from each subsequent value. A BIO-RAD pro-
tein assay was performed for assessment of protein in mg/
ml. Reactive oxygen production was reported as relative
light units emitted (RLU)/mg protein.

Western blotting

Frozen tissue was homogenized in ice-cold, phosphate-
buffered saline (PBS, pH = 7.4) with 1% Triton X-100,
1 mmol/l phenylmethylsulfonyl fluoride, 10 ng/ml each of
pepstatin, leupeptin, and aprotinin. Homogenates were
centrifuged at 10,000 x g for 10 min at 4°C. Protein con-
centration of the supernatant was determined by the Bio-
Rad DC Protein Assay (Bio-Rad, Hercules, CA). Thirty pg
of the protein was electrophoresed on either 7.5% or 12%
SDS-polyacrylamide gels (for iNOS or CuZn SOD and Mn
SOD, respectively) and transferred to Nytran membranes
as described [30]. For determination of 4-hydroxy-2-non-
enal adducts (HNE, a lipid peroxidation product), 10 pg of
protein was electrophoresed on 12% SDS-polyacrylamide
gels. After destaining of membranes and blocking in PBS-
0.05% Tween 20 (1 h), blots were probed with one of the
following antibodies: rabbit anti-iNOS (1:1,000, overnight
at 4°C, Santa Cruz Biotechnology, CA), goat anti-CuZn
SOD (1:1,000, 1 h at room temperature, Calbiochem, San
Diego, CA), rabbit anti-MnSOD (1:1,000, 1 h at room
temperature, Upstate Biotechnology, Lake Placid, NY),
and rabbit anti-HNE (1:1,000, overnight at 4°C, Calbio-
chem, San Diego, CA) and visualized with a 1:5,000 or
1:10,000 dilution of IgG conjugated to horseradish perox-
idase and enhanced chemiluminescence according to
manufacturer’s instructions. Densitometry was performed
on an Alphalmager 2000 Image Analysis System (Alpha
Innotech, San Leandro, CA) and normalized to f-actin.
Membranes were stripped using Restore’™ Western blot
stripping buffer at 37°C for 20 min and reprobed with goat
anti-f-actin (1:1,000, overnight at 4°C, Upstate Biotech-
nology, Lake Placid, NY) as a loading control.

Nitrate/nitrite levels

Plasma NO by-products, nitrate and nitrite, were measured
by a commercial kit (Cayman Chemical, Ann Arbor, MI)
according to manufacturer’s guidelines. For tissue NO
metabolite levels, tissues (~100 mg) were homogenized in
PBS (pH 7.4) and centrifuged at 10,000 x g for 20 min to
remove cellular debris. The supernatant was ultracentri-
fuged at 100,000 x g for 30 min and filtrated with
10,000 MW cut-off filters (Amicon, Millipore Corporation,
Billerica, MA). The resulting ultrafiltrate was used for the
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measurement of nitrate and nitrite using a commercial kit
(Cayman Chemical, Ann Arbor, MI) using manufacturer’s
guidelines. Protein concentration was determined by the
Bio-Rad DC Protein Assay (Bio-Rad, Hercules CA).

Slot blot for nitrotyrosine

Slot-blot immunoassay was used for nitrotyrosine content
as described [31]. Briefly, an aliquot of 3 pg of protein
from kidney homogenates was applied to a Bio-Dot
apparatus (Bio-Rad, Hercules, CA) in duplicate to nitro-
cellulose membranes. After blocking with 3% non-fat milk
in PBS-0.05% Tween-20 for 1 h, the membrane was
incubated overnight at 4°C with 0.8 pg/ml monoclonal
anti-nitrotyrosine antibody (Upstate Biotechnology, Lake
Placid, NY). The blot was visualized with anti-mouse IgG
horseradish peroxidase and enhanced chemiluminescence.
Serial dilutions of nitrated bovine serum albumin (BSA)
standard were used to quantify nitrotyrosine.

Immunohistochemistry for nitrotyrosine

Immunohistochemical analysis for nitrotyrosine was per-
formed as previously described with some modifications
[31]. Briefly, a portion of kidney tissue was fixed and
paraffin-embedded for immunohistochemical analysis. To
quench endogenous background, sections were incubated
with 1% H,0, in methanol for 5 min and washed twice in
7.4% buffered saline. Non-specific binding of secondary
antibody was blocked with BSA for 1 h before incubation
with primary antibody. Sections were incubated with 1:50
dilution of monoclonal anti-nitrotyrosine as primary (Up-
state Biotechnology, Lake Placid, NY) and horseradish
peroxidase-conjugated secondary IgG (Upstate Biotech-
nology, Lake Placid, NY) and counter stained with methyl
green. Negative controls included secondary antibody
incubation alone without primary antibody (data not
shown). For specificity, the positive control used was hu-
man tumor tissue purchased from Dako (Carpinteria, CA).

Statistical analyses
Results are expressed asmean + SEM. Statistical analysis was

done by Analysis of Variance (ANOVA) followed by New-
man Keuls multiple comparison tests, with P-value set at 0.05.

Results
Kidney function, histological damage, and apoptosis
Plasma creatinine levels (for assessing kidney function)

were increased significantly (P < 0.001) after renal IR in
SD rats compared to BN or sham controls (Fig. 1A).
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Histological analysis of the kidney also revealed increased
tubular necrosis in the SD rats vs. BN rats following IR
(Fig. 1B). Histological scoring was based on a score
ranging from 1 to 4, with 1 indicating minimal change, 2
indicating focal ATN, 3 indicating patchy to extensive
ATN, and 4 indicating complete necrosis [27]. SD rats had
damaged proximal tubular epithelium, cytoplasmic and
basement membrane disruption, and exposed nuclei after
IR compared to the BN rat (Fig. 1C). Apoptotic nuclei as
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Fig. 1 (A) Plasma creatinine levels in BN and SD sham and BN and
SD rats following renal IR. Groups include BN sham, SD sham, BN
24, and SD 24. Results are means + SEM. P < 0.001 SD vs. all other
groups (n = 11 for BN 24 and n = 12 for BN sham, SD sham and SD
24). (B) Histological scoring showing acute tubular necrosis (ATN) in
BN and SD rats following renal IR. Results are means + SEM. (C)
Representative image of PAS stained slide showing evidence of
histological damage in SD 24 rats compared to BN sham, SD sham,
and BN 24 rats. Arrows indicate disruption of basement membrane
and exposed nuclei
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measured by TUNEL staining were infrequent to absent in
tissue sections from both BN and SD sham controls
(Fig. 2). After IR, apoptotic nuclei increased significantly
in kidneys of SD rats (Fig .2; P < 0.01, SD 24 vs. all other
groups) but not in kidneys of the BN rats.

Superoxide levels and SOD expression

We next examined renal lucigenin-enhanced chemilumi-
nescence for O5 levels in BN and SD rats after IR. Luci-
genin-enhanced chemiluminescence was slightly higher in
kidneys of BN sham rats vs. SD sham rats; however, after
IR, O3 was dramatically increased in renal tissue of SD
rats only (Fig. 3; P < 0.01 SD 24 vs. SD sham and BN
sham; P < 0.05 SD 24 vs. BN 24). The signal was specific
for O3, since treatment of the extract with 100 pM

SD sham

SD 24

BN sham BN 24

16

* ¥7777/SD sham

14 [ISD 24
BN sham

12 [ |BN24

# Apoptotic nuclei

. e s W

Group

Fig. 2 Upper panel: TUNEL staining depicting apoptotic nuclei in
SD sham, SD 24, BN sham, and BN 24 rats. Lower panel: Graph
depicting apoptotic nuclei/high powered field in BN and SD rats after
renal IR injury. Results are means + SEM (n =4 for all groups).
1P < 0.01 SD 24 vs. all other groups (n = 4 for all groups)

120 777 SD sham
| |SD24

BN sham
100 | IBN24

RLU/mg protein
=)
>

Group

Fig. 3 Lucigenin-enhanced chemiluminescence showing increased
superoxide levels in SD 24 rats compared to BN sham, SD sham, and
BN 24 rats. Results are means = SEM. TP < 0.001 SD 24 vs. SD
sham, *P < 0.05 SD 24 vs. BN sham and BN 24 (n = 3 for all groups)

MnTmPyP, a SOD mimetic for 30 min completely abol-
ished the signal (data not shown).

Western blot analysis revealed no change in MnSOD or
CuZn SOD protein in BN rats after IR compared to BN
sham controls (Fig. 4A). There was a slight decrease in the
MnSOD in the SD 24 rats vs. BN 24 or sham controls after
IR (Fig. 4A), although this difference did not reach sta-
tistical significance. CuZn SOD protein levels were un-
changed after IR in BN rats compared to BN sham controls.
In contrast, after IR, CuZn SOD was significantly de-
creased in SD 24 rats but not in BN 24 rats (Fig. 4A;
P < 0.01, SD 24 vs. all other groups).

In order to determine if the decrease in SOD protein was
due to transcriptional regulation, we did RT-PCR of Mn
SOD and CuZn SOD in SD sham, SD 24, BN sham, and
BN 24 animals. While there was no change in Mn SOD or
CuZn SOD RNA in BN 24 rats compared to BN sham
controls, there was a marked decrease in Mn SOD
(Fig. 4B; P < 0.05 SD 24 vs. all other groups) and CuZn
SOD RNA in the SD 24 rats (Fig. 4B; P < 0.05 SD 24 vs.
SD sham) compared to SD sham control animals. This
indicated that there is differential transcriptional regulation
of the SOD proteins in the two strains after renal IR.

Lipid peroxidation

Oxidation of w6-unsaturated fatty acids by superoxide re-
leases HNE, a highly reactive and cytotoxic aldehyde that
can initiate lipid peroxidation. HNE-protein adducts were
measured to determine the extent of lipid peroxidation in
BN and SD rats in sham controls and BN and SD animals
subjected to renal IR. Western blotting indicated that there
was low levels of HNE-protein adducts in the BN and SD
sham controls (Fig. 5). Quantification of all the immuno-
reactive bands revealed that following IR, immunoreactive
HNE was significantly increased preferentially in the SD

@ Springer



Mol Cell Biochem (2007) 304:1-11

Fig. 4 (A) Upper panel:
Representative Western blot
showing CuZn SOD and
MnSOD protein levels in sham
and reperfused BN and SD rats.
Lower panel: Densitometry of
CuZn SOD and MnSOD as
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Upper panel: Representative
reverse transcriptase PCR (RT-
PCR) showing expression of Mn
SOD and CuZn SOD relative to
GAPDH mRNA in SD sham,
SD 24, BN sham, and BN 24
rats. Lower panel: Densitometry
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rats compared to BN 24 rats or sham controls (Fig. 5;
P < 0.001, SD 24 vs. SD sham and BN sham). While there
was some increase (not statistically significant against
corresponding sham controls) in HNE-adduct formation in
the BN rats following IR this was significantly lower than
the SD 24 rats (Fig. 5; P < 0.01 SD 24 vs. BN 24).

iNOS protein, NO levels, and protein nitration

Using iNOS inhibitors and iNOS knockout mice, previous
investigators have elucidated the importance of iNOS-de-
rived NO in renal IR injury [11, 12]. We therefore exam-
ined if there was a difference in iNOS expression in BN
and SD rats following renal IR injury. Both iNOS RNA
(Fig. 6A) and protein (Fig. 6B) were up-regulated in the
SD strain after IR compared to SD sham controls (Fig. 6B;
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Group

P < 0.01, SD 24 vs. all other groups). However, iNOS
RNA and protein was not increased in renal tissue of the
BN rat after IR relative to either BN sham controls or IR in
SD rats (Fig. 6A, B).

In order to determine whether increased iNOS expres-
sion translated to an increase in NO metabolite levels were
measured in both plasma and renal tissue of BN sham, SD
sham, BN 24, and SD 24 rats. Plasma NO metabolite levels
were similar in both BN and SD sham rats (Fig. 7, upper
panel). Interestingly, after IR, plasma NO levels were
increased to a similar degree in both SD and BN groups
(Fig. 7, upper panel; P <0.01 BN 24 and SD 24 vs.
respective sham controls). However, the pattern for tissue
nitrate—nitrite levels was different. There was no difference
in tissue NO metabolite levels in BN sham or SD sham rats
(Fig. 7, lower panel). Following IR, renal tissue NO
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Fig. 5 Upper panel: Western blot for HNE-protein adducts showing
increased lipid peroxidation in SD rats (SD 24) after IR compared to
the BN rats (BN 24) and respective sham groups. Lower panel:
Densitometry of Western blot in SD sham, SD 24, BN sham, and BN
24 rats. Results are means = SEM. (n = 3 for all groups). P < 0.001
SD 24 vs. SD sham and BN sham, tP < 0.01 SD 24 vs. BN 24

metabolite levels were increased in SD rats but not in BN
rats, although this increase did not reach statistical signif-
icance (Fig. 7, lower panel; P = 0.075 SD 24 vs. BN 24).

O and NO can interact and lead to the formation of the
potent tyrosine nitrating species, peroxynitrite. Total pro-
tein nitrotyrosine was evaluated by slot-blot analysis in
kidney homogenates from BN 24, SD 24, and BN and SD
sham controls. Total nitrotyrosine protein levels in renal
tissue were similar in time-matched, BN and SD surgery
sham control rats. Following IR, there was a significant
increase of total nitrotyrosine protein in the SD rats
(Fig. 8A; P < 0.01, SD 24 vs. all other groups). BN 24 rats
on the other hand, showed no increase in IR-induced
nitrotyrosine formation back to levels observed in sham
controls (Fig. 8A). In order to determine whether nitroty-
rosine levels were increased in the vulnerable tubular
regions of the kidneys, immunohistochemical staining for
nitrotyrosine was done in BN sham, SD sham, BN 24, and
SD 24 kidneys. This revealed that while there was
increased nitrotyrosine immunostaining in the cortico-
medullary region of the SD 24 rat kidney, there was no
nitrotyrosine present in the BN 24 or respective sham
kidneys (Fig. 8B).

Discussion

In this study, we have shown for the first time that the
resistance of the BN rats to renal IR injury is associated
with decreased apoptosis, lower O; levels, decreased lipid
peroxidation, and nitrotyrosine formation.

Group
B
SD sham SD 24 BN sham BN 24
-
it e
— —

— —— - epar s B-Actin

14
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121 [“““SD 24
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z 1 L |BN24
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% 08
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= 0.6
£
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0.2 l_—I_I

0 A
Group

Fig. 6 (A) Upper panel: RT-PCR showing iNOS mRNA relative to
GAPDH mRNA in SD sham, SD 24, BN sham, and BN 24 rats.
Lower panel: Densitometry of RT-PCR for iNOS expressed as a ratio
to the housekeeping gene GAPDH showing an increase of iNOS
mRNA in SD 24 rats compared to BN 24 or sham animals. Results are
means = SEM. Results are not significantly different from each other.
(B) Upper panel: Representative Western blot showing iNOS protein
levels in sham and reperfused BN and SD rats. Lower panel:
Densitometry of iNOS as normalized to fS-actin in SD sham, SD 24,
BN sham, and BN 24 rats. Results are means + SEM. P <0.01 SD
24 vs. all other groups (n = 9 for all groups)

Similar to the original report [25] describing BN’s resis-
tance to IR, we found that compared with SD rats, BN rats
had lower plasma creatinine and less evidence of acute
tubular necrosis after IR. Our finding that the BN rat is
resistant to renal IR injury is consistent with previous reports
that have shown a similar pattern for the kidney [25].

In order to determine if the decreased histological
damage in the BN rat following IR was associated with
decreased programmed cell death, we measured apoptosis
by the TUNEL assay in kidney tissue slices. In addition to
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Fig. 7 Upper panel: Plasma nitrate + nitrite levels in SD sham, SD
24, BN sham, and BN 24 rats. Results are means + SEM (n = 6-9 for
all groups). *P < 0.01 SD 24 and BN 24 vs. respective shams. Lower
panel: Tissue nitrate + nitrite levels in sham and reperfused BN and
SD animals. Results are means + SEM. Results not statistically
different from each other

protection against acute tubular necrosis and preservation
of renal function BN rats also displayed a lower level of
TUNEL staining, compared to SD rats following IR. This
is the first report indicating a differential pattern of apop-
tosis between BN and SD rats following IR. This indicates
that the inherent protection of the BN rats against apoptosis
may be partially responsible for improved renal function in
renal IR injury.

We were next interested in exploring whether mainte-
nance of pro-oxidant/antioxidant balance contributes to the
dramatic resistance of the BN rats to renal IR injury. We
thus determined O3 levels by lucigenin-enhanced chemi-
luminescence in BN and SD sham and IR-operated rats.
Although BN shams had slightly higher signals vs. SD
sham animals, after IR, there was a significant increase in
O3 levels in the SD rats compared to the BN rats. The
source of increased superoxide in our model of injury is not
exactly clear. There is evidence in the literature that inhi-
bition of NADPH oxidase by apocyanin prevents cerebral
[32] and lung [33] IR injury. In addition, inhibition of
xanthine oxidase by allopurinol also prevents renal IR
injury [34]. Although we have preliminary data indicating
that protein levels for the gp®'P"* subunit of the NADPH
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Fig. 8 (A) Slot-blot analysis for nitrotyrosine showing increased
nitrated protein in SD 24 rats compared to sham rats or BN 24 rats.
Results are means = SEM (n = 6 for all groups). P < 0.01 SD 24 vs.
all other groups. (B) Immunohistochemical staining for nitrotyrosine
in SD sham, SD 24, BN sham and BN 24 showing increased nitrated
proteins in the medulla of kidneys of SD 24 rats compared to BN 24
or sham operated controls

oxidase and xanthine oxidase are increased in the SD rats
but not the BN rats following IR injury (data not shown),
we cannot exclude mitochondrial sources of O5 in our
model. While we have not directly measured mitochondrial
ROS formation, it is likely that both membrane NADPH
oxidase and mitochondrial sources may be responsible for
increased O5 levels in the SD rats.

The finding that BN rats had lower O5 levels compared
to SD rats following IR injury, correlates well with an
earlier study comparing the BN/Mcw rat strain to Dahl S
(SS/Mcw) rat strain in a cardiac IR model showing that
hearts of Dahl S rats had much higher levels of O3 com-
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pared to hearts of BN rats [26]. Recently, using chromo-
somal substitution studies, Taylor et al. [35] also con-
cluded that the BN-'*SS consomic strain is resistant to salt-
induced hypertension due to reduced O3 levels compared
to the parental Dahl S strain indicating that specific genes
in the BN rat are responsible for the decreased reactive
oxygen species formation and subsequent protective effect.

The loss of the Oj-scavenging enzymes has been
established before in models of renal IR [18, 20] although
the effect on the expression of anti-oxidant proteins in BN
rats is yet unknown. In our model, in renal tissue of BN
rats, there was a preservation of both RNA and protein of
the O;-removal systems (Mn SOD and CuZn SOD) com-
pared to renal tissue of SD rats post IR. Recently, Alfonso
et al. [36] have shown that CuZn SOD gene expression can
be downreguated by TNF-a via a JNK-/AP1 signaling
pathway. Preliminary data from our lab also indicates that
TNf-o is preferentially increased in the SD but not in BN
rats after renal IR (data not shown). This, in conjunction
with our results indicating that RNA levels of CuZn SOD
and Mn SOD were preserved preferentially only in the BN
rats following IR, suggests that there may be a differential
transcriptional regulation of these genes in the two strains.
Another possibility is that CuZn SOD and Mn SOD RNA
may be degraded more readily in the SD rats compared to
the BN rats after IR. Thus, the preservation of the O3 -
removal systems in the BN rats may contribute to lower O3
levels in this strain compared to the SD rats.

Oxidation of fatty acids by O3 leads to the formation of
the cytotoxic aldehyde, 4-hydroxynonenal (4-HNE) that
initiates lipid peroxidation events. In our model, BN rats
displayed lower levels of HNE adducts indicating that this
strain also had lower lipid peroxidation and overall oxi-
dative stress compared to SD rats after IR. To our knowl-
edge this is the first time that BN rats have shown to have
lower lipid peroxide formation in renal IR. There is evi-
dence of increased immunostaining of malondialdehyde
(MDA) and 4-HNE, both major aldehydic metabolites of
lipid peroxidation within 30 min of warm ischemia in the
cortical regions of the kidney [37]. Interestingly, Walker
et al. [38] found that while HNE adducts increased after
40 min of bilateral renal ischemia, this index of lipid per-
oxidation actually decreased after 3 h or 6 h reperfusion. In
contrast, in our studies increased HNE adducts were evi-
dent even after 24 h of reperfusion in the SD rats. This later
increase in HNE adduct formation in our model may be
related to increases in both reactive oxygen and reactive
nitrogen species because antioxidants and peroxynitrite
scavengers have been shown to effectively limit lipid
peroxidation in renal IR [39, 40].

The deleterious role of iNOS in acute renal failure has been
investigated before using NOS inhibitors such as N (G)-nitro-
L-arginine methyl ester (L-NAME) and L-(1-iminoethyl)lysine

(L-NIL) [40, 41], antisense oligonucleotides to iNOS
[16, 42, 43] or iNOS knockout mice [44, 45] in in vivo and
in vitro models of acute renal failure. Previous studies have
shown that treatment with the iNOS inhibitor, L-NIL, at a dose
that eliminates plasma NO in a mouse model of renal injury
lowers serum creatinine levels [12] and that iNOS knockout
mice also display a similar phenotype [44]. Our results
showing that the BN rat did not show an increase in
IR-induced iNOS expression suggests that the lack of
induction of this protein is potentially at least partially
responsible for the BN’s resistance to IR.

In order to determine whether increased iNOS expres-
sion translated to increased NO levels, we measured
nitrate + nitrite levels in both plasma and renal tissue ho-
mogenates. Surprisingly, in our study plasma NO levels
were increased after IR in both the BN and SD strains. The
source of the circulating levels of NO in our model is not
yet known though it is possible that eNOS-derived NO may
partially contribute to the plasma NO. Previous studies
have shown that while proximal tubules from iNOS
knockout mice are protected against hypoxic insult, tubules
from eNOS knockout mice were severely damaged [45],
indicating that the source, location, and levels of NO may
ultimately be important in determining the level of injury.
The constitutively expressed eNOS is produced by endo-
thelial cells in the kidney and eNOS-derived NO plays an
important role in modulating vascular tone. Additionally,
pretreatment of SD rats with the NO donor molsidomine or
supplementation with arginine attenuates renal dysfunction
and oxidative stress following IR [46, 47]. In contrast,
larger quantities of NO produced by the actions of the
iNOS mediates cellular damage and apoptosis in IR injury.
In our model, after IR, renal tissue NO levels in the BN rats
were similar to BN sham controls while in the SD rats NO
metabolites were increased relative to SD sham controls.
Thus, the tissue production of NO in our model in the SD
rats suggests that excess NO derived from iNOS may
ultimately be responsible for the damage in renal IR.

Furthermore, the combination of NO and O5 can be
even more detrimental due to the production of the potent
tyrosine nitrating and damaging species, peroxynitrite. In
our studies, we found a significant increase in nitrotyrosine,
a footprint for peroxynitrite formation, in SD rats after
renal IR. The BN rats however, had no increase in ni-
trotyrosine content after IR, suggesting that the BN had
overall lower nitrative stress. Additionally, immunohisto-
chemical analysis revealed that the SD rat kidneys had
more nitrotyrosine immunostaining compared to BN kid-
neys following IR injury. This increase was seen not just in
the cortico-medullary region (Fig. 8B) but also in the
glomeruli (data not shown). This corresponds well with
earlier studies showing that nitration in renal IR occurs
specifically in proximal and distal tubules [21] and in some
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cases glomerular tufts and vasculature [48]. At the present
time, the critical targets of nitration in our model are not
clear. Other investigators have shown that MnSOD is nitrated
and inactivated in renal IR injury [21] and that modification
of a single tryptophan residue by peroxynitrite—carbon
dioxide or myeloperoxidase—hydrogen peroxide—nitrite can
nitrate/oxidize CuZn SOD [49, 50]. The specific loss of these
proteins in the SD rat compared to the BN rat after IR in our
study suggest that it is possible that in addition to the dif-
ferent transcriptional regulation, these proteins could also be
differentially targeted for oxidative and nitrative modifica-
tions in the BN and SD rats in IR injury.

In summary, in this study, we have shown for the first
time that the resistance of the BN rat to renal IR is asso-
ciated with the lack of detectable oxidant status and pre-
served antioxidant defenses. These findings provide a
possible basis for understanding the genetic control of
resistance to renal IR injury and may be useful in designing
clinical strategies that target oxidant systems or utilize
antioxidant systems to limit acute renal failure.
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