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ABSTRACT 

Objectives: The process of transplantation is associ- 
ated with exposure to both long and short cold and 
warm ischemic times that result in ischemia/reperfu- 
sion injury. Oxidative stress contributes to tissue fi- 
brosis, renal dysfunction, and/or rejection. Treat- 
ments that scavenge oxygen free radicals and have 
antioxidant properties can ameliorate the damaging 
results in renal grafts following ischemia/reperfusion 
injury. The present study tests the hypothesis that an 
antioxidant-fortified diet given to rats before and af- 
ter renal ischemia/reperfusion injury will reduce the 
kidney damage that results and improve renal func- 
tion. Endothelial and inducible nitric oxide synthases 
may change with tissue injury, including ischemia/ 
reperfusion. Materials and Methods: Male Wistar 
rats were subjected to ischemia/reperfusion injury at 
7 or 19 weeks of age with or without dietary anti- 
oxidant supplementation. One week later, glomerular 
filtration rate, mean arterial pressure and urinary 
nitric oxide were measured, and renal endothelial and 
inducible nitric oxide synthases examined. Results: 
The glomerular filtration rate was elevated more than 
two-fold above the normal range at 8 weeks in ani-
mals on the regular diet exposed to ischemia/reperfu- 
sion, while in the 8 week antioxidant-fortified diet 
group the glomerular filtration rate was normal. Also, 
in 8 week rats, levels of endothelial nitric oxide syn-
thase protein in cortex were higher on the regular 
than on the antioxidant-fortified diet. Conclusion: 
Early after ischemia/reper-fusion injury renal endo-
thelial nitric oxide synthase levels rise, possibly con-
tributing to vascular dilation and hyperperfusion, 
and an antioxidant-fortified diet can ameliorate these 
changes in the younger age group. 
 
Keywords: Antioxidants; Ischemia/Reperfusion; Kidney; 
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1. INTRODUCTION 

Renal transplantation is the most effective and cost 
efficient treatment for patients with end stage renal 
disease [1]. The number of patients requiring kidney 
transplants in the United States is growing, thus leading 
to the use of “marginal” kidneys, such as kidneys from 
older donors being transplanted [2]. Clinical studies have 
shown that kidneys from donors over the age of 60 do 
not result in significantly higher serum creatinine levels 
compared to those in patients receiving much younger 
donor kidneys when followed for 12 months [3]. In 
addition, with the “baby boomers” coming of age and 
due to longer life spans, older recipients are increasingly 
being considered as renal transplant candidates [4].  

The process of transplantation is associated with 
exposure to both long and short cold and warm ischemic 
times that result in ischemia/reperfusion (I/R) injury. I/R 
injury is a non-immune factor that contributes to both 
short- and long-term graft dysfunction [5,6]. With the 
growing number of older kidneys being transplanted, this 
may become an even larger issue both in short- and 
long-term graft survival. With increasing age, donor 
kidneys are likely to harbor greater amounts of ischemic 
tissue and thus the transplanted kidney may be more 
susceptible to the more severe damaging effects of I/R 
injury [7]. In conjunction with this, older donor kidneys 
have fewer functional nephrons compared to younger 
donor kidneys accounting for a stronger chance of even- 
tual graft dysfunction/rejection [8].  

There have been many mechanisms described that are 
thought to contribute to I/R injury. One such possibility 
is oxidative stress. Following the I/R event, oxygen free 
radicals are released which are very damaging to the 
kidney. This causes tissue fibrosis, renal dysfunction, 
and/or rejection [9-11]. Further, it has been shown that 
administering treatments that scavenge oxygen free radi- 
cals and have antioxidant properties can ameliorate the 
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damaging results in renal grafts following I/R injury 
[12-15].  

Oxidative stress increases with age. Also, in older rats 
(21 months), renal tubular dopamine receptors are de- 
creased while the angiotensin II receptors have exagge- 
rated functions which affect sodium homeostasis and 
blood pressure [16]. In addition, in the aging kidney, cell 
senescence associated with oxidative stress increases 
[17]. Thus, both I/R injury and aging cause oxidative 
stress to the kidney. 

Nitric oxide (NO) production and the NO synthases 
(NOS) are associated with multiple metabolic actions in 
the kidney that are important for normal renal function 
including regulation of renal hemodynamics and media- 
tion of pressure natriuresis maintenance of medullary 
perfusion, blunting of tubule-glomerular feedback, inhi- 
bition of tubular sodium reabsorption and modulation of 
renal sympathetic neural activity. All three NOS iso- 
forms, endothelial (eNOS), neuronal (nNOS) and indu- 
cible (iNOS) contribute to NO synthesis in kidney to 
maintain diuresis and natriuresis [18]. Renal I/R injury 
results in the generation of nitric oxide (NO) and causes 
multiple enzyme systems to be activated, including iNOS 
[19]. This causes cytoskeleton disruption, membrane 
damage and DNA degradation, and eventually cell death 
[20]. The activity of endothelial NOS (eNOS) is reduced 
during I/R injury, possibly due to the high NO. 

concentration generated by iNOS and this reduction in 
eNOS contributes to dysfunction and injury by pro- 
moting vasoconstriction of the renal circulation [19]. 
Alterations in the NO system are also associated with 
aging. In aged spontaneously hypertensive rats there are 
severe renal lesions and a NO deficiency with a decrease 
in renal eNOS compared to young rats [21]. In the renal 
arteries of older rats, there is an increase in iNOS 
compared to what is observed in younger rats [22]. Thus, 
both I/R injury and aging cause alterations in the NO 
system in the kidney. The combination of oxidative stress 
and alterations in the NO system results in the formation 
of increased levels of oxygen free radicals and reactive 
nitrogen species. NOS isoforms can act as sources of 
superoxide. All of these molecules can damage the 
mitochondria and cause cell death [23,24]. NO synthe- 
sized by eNOS plays an important role in maintaining 
renal blood flow following renal transplantation and 
therefore normal regulation of the NO system needs to be 
maintained [25]. Diabetic nephropathy is another kidney 
disease where oxidative stress is increased and NO 
production is altered. Dietary supplementation with 
antioxidants has been shown in several studies to have a 
positive effect on kidney function in diabetic nephro- 
pathy and these effects have been associated with 
changes in renal NO production and NOS activity [26-31] 
Because of the role of oxidative damage and free radicals 
in I/R injury as well, pretreatment of scheduled donors 

with a diet fortified in antioxidants might help ameliorate 
free radical over-production and decrease I/R damage. 
Accordingly, the hypothesis of this study is that an 
antioxidant therapeutic treatment given to rats for a 
defined time both prior to and following renal I/R injury 
will reduce the kidney damage that results from I/R 
injury and improve renal function. The antioxidant diet 
used in this study was developed in our laboratories at 
Ohio University and successfully tested on a rat model of 
diabetic nephropathy [26]. The present study tests this 
antioxidant diet as a therapeutic approach to prevention 
of I/R injury. 

2. MATHERIALS AND METHODS 

2.1. Animal Groups 

All experiments were conducted with the approval of the 
Animal Care and Use Committee of Ohio University. 
Studies were conducted on Wistar male rats (n = 31) 
obtained from Harlan-Sprague Dawley (Indianapolis, IN) 
at four weeks or 18 weeks of age, housed under con- 
trolled conditions of lighting, temperature and humidity. 
Starting at 6 weeks of age (younger animals) or upon 
arrival at 18 weeks of age (older animals), the rats were 
fed ad libitum a regular (REG) rat diet or a matched 
antioxidant-fortified (AO) diet, both from Purina Mills, 
Inc. (St. Louis, MO) as described before [26,27]. One 
week after the AO or REG diet was started, warm 
ischemia was induced and the respective diets continued 
for an additional week.  

2.2. Experimental Measurements  

In 8 week peri-pubertal rats and 20 week young adult 
rats, the following parameters were measured: body 
weight; kidney weight (KW); glomerular filtration rate 
(GFR), GFR adjusted to KW (GFR/KW) mean arterial 
pressure (MAP), urine NO and renal eNOS and iNOS in 
both cortex and medulla.  

2.3. Induction of 30 Minutes Warm Ischemia 

At 7 weeks or 19 weeks, rats were anesthetized with 
sodium pentobarbital (60 mg/kg, i.p., Abbott Labora- 
tories, North Chicago, IL). A 30-minute period of pre-re- 
trieval warm ischemia was achieved by intrinsic occlu- 
sion of the suprarenal aorta as described before. This 
model mimics a situation in which the donor kidney is 
exposed to low perfusion pressures and blood flow [32].  

2.4. Urinary NO Measurements 

Twenty-four hours prior to the experiment, animals were 
placed in metabolic cages and fasted, with free access to 
water. Urine collected for the 24 hours prior to the 
experiment was assayed for NO using the Apollo 4000 
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free radical detector (World Precision Instruments, Sara- 
sota, FL) [26]. 

2.5. Kidney Function Measurements 

To assess the renal function 7 days post I/R injury, GFR 
was determined by the urinary iohexol clearance method 
using 180 mg/ml iohexol. The rat was anesthetized with 
ethyl-(1-methyl-propyl)-malonyl-thio-urea (Inactin; 100 
mg/kg, i.p. Sigma-Aldrich Corporation, St. Louis, MO) 
and the procedure performed as described previously 
[26]. 

2.6. Immunoblot Analyses of eNOS and iNOS 

Immunoblots were performed to assess the kidney cortex 
and medulla protein levels of the eNOS and iNOS as 
previously described [27].  

2.7. Statistical Analysis  

Results were compared between groups using one-way 
ANOVA and expressed as the mean ± SEM. The 0.05 
level of probability was used as the criterion of signi- 
ficance.  

3. RESULTS  

3.1. Effect of Diet and Age on GFR  

The GFR was elevated above the normal range of 1.25 ± 
0.10 ml/min [33] at 8 weeks in animals on the REG diet 
exposed to I/R (Figure 1), while in the 8 week AO diet 
group the GFR was normal. There were no significant 
differences in GFR in I/R rats with age. There were no 
differences in GFR/KW between groups on different 
diets or at different ages. 
 

 

Figure 1. GFR according to the diet and 
age in I/R rats. Group 1: 8 weeks, REG 
diet; Group 2: 8 weeks, AO diet; Group 
3: 20 weeks, REG diet; Group 4: 20 
weeks, AO diet. *p < 0.05 between AO 
and REG diet, n = 7 (Group 1), 8 
(Group 2), 8 (Group 3), 8 (Group 4). All 
data are shown as mean ± SEM. 

3.2. Effect of Diet and Age on Urinary NO  
Excretion and MAP 

There were no statistically significant differences in uri- 
nary NO excretion related to the applied diet or age 
(Figure 2). There were no differences in MAP with age 
or diet (data not shown). 

3.3. Effect of Diet and Age on eNOS and iNOS  
Protein Content in Kidney Cortex and  
Medulla 

The obtained results of diet and age are presented for 
eNOS in Figure 3(a) and for iNOS in Figure 3(b). There 
were no significant effects of age observed in I/R rats. In 
8 week rats, levels of eNOS protein in cortex were higher 
on REG than on AO diet. There were no regional differ- 
ences in NOS isoform content between kidney medulla 
and cortex. However, at 20 weeks, in rats on REG diet 
the amount of eNOS protein in cortex was higher than in 
medulla.  

The immunoblots show a number of antibody-specific 
positive bands for each isoform that may represent alter- 
natively spliced monomers and also dimers. For eNOS 
the bands detected were as follows: 380, 320, 280, 254, 
210, 150, 116, 77, 67 kDa that most likely represent 
homo- and hetero-dimers (380 - 210 kDa), splice forms 
of monomers (150 - 67 kDa) and differentially phos- 
phorylated forms [34]. The iNOS bands were detected as 
follows: 322, 301, 224, 139, 122, 115, 77, 70 kDa that 
most likely represent homo- and hetero-dimers (322 - 
224 kDa) and monomer splice forms (139 - 68 kDa).  

In all groups of rats, the prevalence of monomers was 
higher than that of dimers (Figure 4). At 8 weeks the 
dimer/monomer ratios for eNOS in cortex were lower 
than at 20 weeks on the REG diet. At 20 weeks, the ani- 
mals on the AO diet had a lower dimer/monomer ratio 
for eNOS in cortex than animals on the REG diet. 

4. DISCUSSION 

It is well established that oxidative stress is a contri-  
 

 

Figure 2. Effect of age and diet on urinary 
NO in I/R rats, Group 1: 8 weeks, REG 
diet; Group 2: 8 weeks, AO diet; Group 3: 
20 weeks, REG diet; Group 4: 20 weeks, 
AO diet. n = 5 (Group 1), 6 (Group 2), 7 
(Group 3), 2 (Group 4). All data are shown 
as mean ± SEM. 
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(a) 

(b)  

Figure 3. eNOS/beta-actin (a) and iNOS/beta-actin (b) 
ratios in I/R rat kidney cortex and medulla. Group 1: 8 
weeks, REG diet; Group 2: 8 weeks, AO diet; Group 3: 
20 weeks, REG diet; Group 4: 20 weeks, AO diet. For (a): 
n = 7 (Group 1), 2 (Group 2), 5 (Group 3), 3 (Group 4). 
For (b): n = 5 (Group 1), 4 (Group 2), 3 (Group 3), 2 
(Group 4). All data are shown as mean ± SEM. #p < 0.05 
between REG and AO diet; *p < 0.05 between cortex and 
medulla. 
 

 

Figure 4. Effect of age and diet on eNOS and iNOS dimer/ 
monomer ratio in I/R rats. Numbers of animals are the same as 
in Figures 3(a) and (b). All data are shown as mean ± SEM. *p 
< 0.05 compared to REG 20 week group. 

 
buting factor to renal I/R injury [9-11]. The AO-fortified 
diet regimen used in the present study prevented early 
hyperfiltration in response to I/R injury, but only at 8 
weeks of age. At 20 weeks, there was no difference in 
GFR between diets. Based on this, the AO-fortified diet 
may be more beneficial in very young animals and dif- 
ferent AO formulations need to be tested to optimize the 
effect in more mature animals. We previously observed 
different responses with age to the diet used in this study, 
in obese diabetic Zucker rats with nephropathy [26,27]. 
The sensitivity to renal I/R injury also increases with age 

[35], which may further exacerbate age-related differ- 
ences. 

Our data show a significant effect of the AO diet de- 
creasing total eNOS protein at 8 weeks and a trend to- 
ward their being relatively more dimers in the AO diet 
group. Maintenance of normal or even elevated eNOS 
during ischemia and reperfusion has been shown to be 
beneficial to renal function. However, Increased oxida- 
tive stress can uncouple NOS, leading to a decrease in 
activity and some investigators have shown a decrease in 
eNOS activity despite an increase in protein in renal tu- 
bules early (24 - 72 hours) after I/R injury [19,36] lead- 
ing to vasoconstriction. Data from the present study in- 
dicate higher levels of eNOS are associated with elevated 
GFR at 8 weeks (Group 1 vs Group 2, Figures 1 and 
3(a)), at the later time interval of 1 week post injury. 
During this period, increased eNOS in renal cortex may 
result in renal vasodilation causing hyperperfusion and 
hyperfiltration, both of which damage the integrity of the 
glomerular capillary membrane, and may result in even- 
tual decline in renal function [37]. Overall, this could 
reflect increased levels of functional eNOS dimers in the 
AO diet group in the setting of less oxidative stress, but 
increased total levels of eNOS contributing to increased 
levels of NO causing vasodilation in the hyperfiltering 
REG diet animals. An increase in eNOS, but not iNOS, 
in renal cortex is consistent with the findings of Veelken 
et al. who observed this in kidneys of diabetic rats dur- 
ing the early hyperfiltration phase of diabetic nephropa- 
thy [38]. 

Substantial elevations of NO can also contribute to 
formation of peroxynitrites and increased oxidative 
damage [23,24]. Although the urinary NO was higher in 
the REG diet males at 8 weeks compared to the AO diet 
males, this difference did not reach statistical signifi- 
cance, This may be due to the fact that urinary NO re- 
flects the total circulating NO in addition to the renal NO. 
However, the increased filtration rate coupled with the 
increased NO concentration could result in increased NO 
excretion in the REG diet group. 

In previous studies we showed a beneficial effect of 
this AO-fortified diet in the Zucker rat model of type 2 
diabetes that was greater in females than their male 
counterparts [26,27]. Gender may also influence the se- 
verity of I/R injury due to the inhibitory effect of testos- 
terone on eNOS activity [39]. It would thus be of interest 
to see how the AO diet affects female rats exposed to I/R 
injury. 

The role of antioxidants and oxidative stress in I/R in- 
jury is complex. Exposure to previous insults that in- 
crease oxidative stress in the kidney may result in sub- 
sequent protection by up-regulated endogenous factors 
such as superoxide dismutase [10]. In this setting, ex- 
ogenous antioxidants may only be beneficial during cer- 
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tain time intervals, possibly because of activation of 
other mechanisms of cellular injury and death, such as 
inflammation, increased intracellular calcium and active- 
tion of caspases [7] by hypoxemia and acidosis. 

Because dietary supplementation is a well-tolerated, 
cost effective therapy, future studies are needed that in- 
clude additional modifications of dietary content and 
time frame, female gender, and older animals. 
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