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proteins and ameliorated anemia without affecting renal 
function or arterial pressure.  Conclusions:  CRF resulted in 
upregulation of prooxidant/proinflammatory pathways in 
LV. These changes were ameliorated by exercise, which indi-
cates the potential cardiovascular benefit of exercise in renal 
insufficiency.  Copyright © 2008 S. Karger AG, Basel 

 Introduction 

 Chronic renal failure (CRF) is associated with a sig-
nificant reduction of exercise capacity and a marked in-
crease in the risk of atherosclerosis and cardiovascular 
disease (CVD)  [1, 2] . Atherosclerosis and CVD in CRF 
are associated with and largely driven by oxidative stress 
 [3–5] , inflammation  [6, 7] , reduced nitric oxide (NO) 
availability  [8, 9] , upregulation of tissue renin-angioten-
sin system  [10] , hypertension (HTN), and dyslipidemia 
 [11] .

  Sedentary life style and poor physical fitness heighten, 
whereas physical fitness lowers, the risk of atherosclerot-
ic CVD in the general population  [12, 13] . Moreover, ex-
ercise as an intervention improves risk factors for CVD 
 [14–16] . The favorable cardiovascular effects of physical 
activity are particularly pronounced in individuals with 
CVD risk factors such as insulin resistance and obesity. 
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 Abstract 

  Background:  Chronic renal failure (CRF) results in dimin-
ished physical activity and increased risk of cardiovascular 
disease (CVD). CVD risk factors are raised by sedentary life 
style and ameliorated by physical fitness in the general pop-
ulation. Accordingly, exercise improves hypertension, endo-
thelial dysfunction, insulin resistance, dyslipidemia, inflam-
mation and oxidative stress in high-risk populations. This 
study was designed to explore the effect of exercise on oxi-
dative and inflammatory mediators in the left ventricle (LV) 
of CRF rats.  Methods and Results:  One week after 5/6 ne-
phrectomy female rats were housed in either regular cages 
or cages equipped with running wheels for 4 weeks. Sham-
operated rats housed in regular cages served as controls. 
Sedentary CRF rats exhibited azotemia, hypertension, ane-
mia, oxidative stress, activation of NF- � B and upregulations 
of reactive oxygen species-generating enzyme, NAD(P)H ox-
idase, MCP-1, cyclooxygenase-2 (COX-2), and PAI-1 in LV. The 
CRF rats assigned to the exercise group ran 6.8  8  0.7 km/day 
and 72  8  8 min/day. Voluntary exercise reversed NF- � B ac-
tivation and lowered NAD(P)H oxidase, PAI-1, MCP-1 and 
COX-2 abundance, increased LV mass by raising myofibrillar 
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Indeed, increased levels of fitness appear to have a great-
er protective effect against CVD in obese than in lean 
populations  [12] .

  Physical exercise can lower the risk of CVD by a num-
ber of mechanisms. For instance, regular exercise can 
lower blood pressure in hypertensive patients  [17] . More-
over, exercise training can significantly improve endo-
thelial function in patients with congestive heart failure 
and type 2 diabetes  [18, 19] . In addition, exercise alone or 
in combination with dietary modifications can amelio-
rate lipid disorders, insulin resistance, inflammation and 
oxidative stress in high-risk populations  [12, 15, 16, 20, 
21] . Long-term exercise training has been shown to im-
prove endothelial function, increase NO availability and 
attenuate HTN in patients with CVD  [22, 23] . The favor-
able effect of long-term exercise on endothelial function 
appears to be, in part, due to reduction of reactive oxygen 
species (ROS) production and thus enhanced NO avail-
ability in the cardiovascular tissues  [24] .

  For a variety of medical and psychological reasons, 
physical activity is greatly reduced in patients with ad-
vanced chronic kidney disease. Given the deleterious ef-
fects of sedentary life style and beneficial effects of phys-
ical activity on cardiovascular system, we hypothesized 
that exercise training may attenuate the expression of 
mediators of oxidative stress and inflammation in the 
heart of CRF animals.

  Methods 

 Study Groups 
 Female Sprague-Dawley rats with an average body weight of 

224 g (Harlan Sprague Dawley, Indianapolis, Ind., USA) were 
used in this study. Animals were housed in a climate-controlled 
vivarium with 12-hour light and dark cycles and were fed a stan-
dard laboratory diet (Purina Rat Chow; Purina Mills,   Brentwood, 
Mo., USA) and water ad libitum. All rats were initially placed in 
wheel-equipped cages (with the capability to record the distance 
and duration of running exercise) for 7 days in order to become 
familiar with the running exercise. They were then returned to 
standard cages and randomly assigned to the CRF and sham-op-
erated control groups. The CRF group underwent 5/6 nephrec-
tomy by surgical resection of the upper and lower thirds of the left 
kidney followed by right nephrectomy 4 days later. The control 
group underwent sham operations. The procedures were carried 
out under general anesthesia (pentobarbital sodium 50 mg/kg 
i.p.) using strict hemostasis and aseptic techniques. The nephrec-
tomy procedures were accomplished via dorsal incisions as de-
scribed previously  [25] . After a 7-day recuperation period the CRF 
animals were randomized to the exercise and sedentary sub-
groups. The animals assigned to the exercise group were placed 
in the wheel-equipped cages whereas those assigned to the seden-
tary subgroups were housed in the standard laboratory cages. 

Only 1 animal was placed in each standard or wheel-equipped 
cage throughout the study period. The animals were observed for 
4 weeks. At the conclusion of the study period, the animals were 
placed in individual metabolic cages for a timed urine collection. 
The animals were then anesthetized (pentobarbital 50 mg/kg i.p.) 
and euthanized by exsanguinations using cardiac puncture. The 
heart was immediately removed, cleaned with PBS, snap-frozen 
in liquid nitrogen, and stored at –80   °   C until processed. 

  Plasma urea nitrogen, creatinine concentrations, and creati-
nine clearance were determined using standard laboratory proce-
dures. The experimental protocol employed in the study was ap-
proved by the Institutional Animal Care and Use Committee of 
the University of California, Irvine. 

  Measurement of Arterial Pressure 
 Arterial pressure was determined by tail plethysmography 

(Harvard Apparatus, Natick, Mass., USA) as described previous-
ly  [26] . Briefly, the conscious animal was placed in a restrainer 
and permitted to rest for 10–15 min. The cuff was then placed on 
the tail and was inflated and released several times to condition 
the animal to the procedure. After stabilization, blood pressure 
was measured 3 times, and the average of these values was used. 

  Measurements of Creatinine and Urea Concentrations 
 Creatinine concentration was determined with the use of the 

DICT-500 kit purchased from BioAssay Systems (Hayward, Ca-
lif., USA). This colorimetric assay is based on the kinetic Jaffe 
reaction. Urea concentration was measured with the DIUR-500 
kit (BioAssay Systems) utilizing the  o -phthaldialdehyde reagent. 

  Tissue Preparation 
 The left ventricle (LV) was separated and homogenized in 

10 mM HEPES buffer, pH 7.4, containing 320 mM sucrose, 1 mM 
EDTA, 1 mM DTT, 10 mg/ml leupeptin, 2 mg/ml aprotinin, and 
1  � M phenylmethylsulfonyl fluoride at 0–4   °   C. A Polytron tissue 
mixing and blending device was used to blend the tissue into a 
smooth homogenate. Homogenates were centrifuged at 12,000  g  
for 10 min at 4   °   C to precipitate tissue debris. The supernatant was 
used to perform the Western analyses. Total protein concentra-
tion was determined by Bradford assay with the use of a Bio-Rad 
kit (Bio-Rad Laboratories, Hercules, Calif., USA).

  Western Blot Analyses 
 Protein  abundance of cyclooxygenase-2 (COX-2), MCP-1, 

 PAI-1, and NAD(P)H oxidase subunits (gp91 phox , NOX-4, and 
p22 phox ) were measured by Western blot analysis as described in 
our earlier studies  [27] . Polyclonal antibody against COX-2 was 
purchased from Cayman Chemical (Ann Arbor, Mich., USA). 
Anti-MCP-1 antibody was purchased from Abcam (Cambridge, 
Mass., USA). PAI-1 antibody was purchased from BD Bioscienc-
es (San Diego, Calif., USA). The polyclonal antibody against 
 gp91 phox  was purchased from Upstate (Lake Placid, N.Y., USA). 
The anti-p22 antibody was a generous gift from Dr. A.J. Jesaitis 
(Montana State University). Western blot blue staining (Perkin 
Elmer, Boston, Mass., USA) was used to verify the uniformity of 
protein load and transfer efficiency across the test samples. Ex-
periments failing this test were discarded. Peroxidase-conjugated 
immunopure goat anti-rabbit IgG (H+L, Pierce Biotechnology, 
Rockford, Ill., USA) and sheep anti-mouse IgG, HRP linked (Am-
ersham ECL, GE Healthcare, Piscataway, N.J., USA) were used as 
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secondary antibodies and diluted in 5% nonfat milk at 1–10,000. 
NF- � B activation was assessed by measuring tissue phospho-I � B 
abundance by Western analysis using a polyclonal rabbit anti-
body  purchased from Cell Signaling Technology (Denver, Colo., 
USA). The monoclonal antibody against GAPDH was purchased 
from Genetex (San Antonio, Tex., USA). Optical densities of the 
target protein bands were determined by a laser densitometer 
(Molecular Dynamics, Sunnyvale, Calif., USA) quantified with 
Image Quant 5.2 and normalized against those of GAPDH. 

  Myofibrillar Protein Determination 
 Myofibrillar protein was determined as previously described 

 [28] . Briefly, muscle samples were weighed, then homogenized in 
approximately 20 vol of an ice-cold solution containing 250 m M  
sucrose, 100 m M  KCl, and 5 m M  EDTA. The homogenate was 
washed (suspended, then centrifuged at 1,000  g  for 10 min) suc-
cessively in three solutions: (1) 250 m M  sucrose, 100 m M  KCl, 20 
m M  imidazole, and 5 m M  EDTA (pH 6.8); (2) 0.5% Triton X and 
175 m M  KCl (pH 6.8), and (3) 150 m M  KCl and 20 m M  imidazole 
(pH 7.0). Each wash was repeated 3 times. The final pellet was re-

suspended in 10 vol of 150 m M  KCl (relative to extracted muscle 
weight). The myofibrillar protein concentration of this final solu-
tion was determined using the biuret method.

  Data Analysis 
 Analysis of variance was used in statistical evaluation of the 

data using GraphPad Prism version 5.0. Data are given as mean 
 8  SEM. p  !  0.05 was considered significant.

  Results 

 General Data 
 Data are shown in  table 1  and  figure 1 . Body weight 

obtained at the conclusion of the study was significantly 
lower in the CRF rats than in the control animals. The 
CRF rats assigned to the exercise group ran 6.8  8  0.7 
km/day and 72  8  8 min/day. The intensity and duration 

Table 1. Body weight, muscle mass, blood hemoglobin concentration, left ventricular mass and myofibrillar 
protein levels in sham-operated control rats, 5/6 nephrectomized rats housed in regular cages (CRF) and 5/6 
nephrectomized rats housed in cages equipped with running wheels (CRF exercise)

Groups Body 
mass, g

Medial gastrocnemius
muscle mass
mg � g body mass–1

Hemoglobin Left ventricular

mass
mg � g body mass–1

myofibrillar protein
mg � g muscle–1

Control 27489 2.3980.07 17.580.3 2.1680.03 78.083.1
CRF 260810 2.3880.06 14.080.3* 2.3880.08 85.283.6
CRF exercise 25085 2.5480.07 17.982 2.9980.06*, + 79.683.4

* p < 0.05 versus control; + p < 0.05 versus CRF.
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  Fig. 1.  Plasma creatinine ( a ) and urea ( b ) concentrations in sham-operated (control) group, 5/6 nephrectomized 
rats housed in regular cages (sedentary CRF) and 5/6 nephrectomized rats housed in cages equipped with run-
ning wheels (exercise CRF group) for 4 weeks.  *  p  !  0.05, CRF versus other groups (n = 6 animals in each sub-
group). 
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of voluntary exercise in CRF animals were not signifi-
cantly different from those observed prior to 5/6 nephrec-
tomy. The exercise regimen resulted in a mild reduction 
of body weight in the study animals. However, the reduc-
tion in body weight was associated with a rise in the mus-
cle mass/body weight ratio. As expected, serum creati-
nine and urea nitrogen concentrations were significantly 
elevated in the CRF group and were not affected by exer-
cise training ( fig. 1 ). Blood hemoglobin concentration 
was significantly reduced in the CRF rats, reflecting ane-
mia of chronic kidney disease ( table 1 ). The CRF-induced 
anemia was significantly ameliorated in the exercise 
group. Arterial blood pressure was significantly higher in 
CRF rats than in the sham-operated animals and was not 
significantly altered by the exercise regimen as shown in 
a previous study  [28] . 

  LV Size and Composition Data 
 CRF animals studied 5 weeks after 5/6 nephrectomy 

did not show significant changes in either the mass, total 
protein content or myofibrillar protein content of the 
heart. However, voluntary exercise resulted in a 26% in-
crease in both cardiac and LV mass. The observed LV 
hypertrophy was accompanied by a proportional increase 
in myofibrillar protein content. Consequently, concen-

Control Sedentary CRF Exercise CRFa

gp91phox

0

200

400

600

GAPDH

Re
la

ti
ve

 p
ro

te
in

 a
b

un
d

an
ce *

Control
sham

CRF
sedentary

CRF
exercise

Exercise CRFControl Sedentary CRF

*

b

NOX-4

0

500

1,000

1,500

GAPDH

Re
la

ti
ve

 p
ro

te
in

 a
b

un
d

an
ce

Control
sham

CRF
sedentary

CRF
exercise

  Fig. 2.  Representative Western blots and group data depicting gp91 phox  (a) and NOX-4 (b) abundance in the LV 
of sham-operated (control) group, 5/6 nephrectomized rats housed in regular cages (sedentary CRF) and 5/6 
nephrectomized rats housed in cages equipped with running wheels (exercise CRF group) for 4 weeks.  *  p  !  
0.05, sedentary CRF versus other groups (n = 5–6 animals in each subgroup). 
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  Fig. 3.  Representative Western blots and group data depicting 
p22 phox  abundance in the LV of sham-operated (control) group, 5/6 
nephrectomized rats housed in regular cages (sedentary CRF) and 
5/6 nephrectomized rats housed in cages equipped with running 
wheels (exercise CRF group) for 4 weeks.    *  p  !  0.05, sedentary CRF 
versus other groups (n = 5–6 animals in each subgroup). 
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tration of contractile proteins remained normal ( table 1 ). 
This proportional increase in contractile elements indi-
cates that the observed hypertrophy represents the func-
tional adaptation to increased demand imposed by exer-
cise and as such is akin to ‘athlete’s heart’  [29, 30]  as op-
posed to pathological hypertrophy involving myocardial 
fibrosis  [31, 32] .

  NAD(P)H Oxidase Data 
 Data  are  shown in  figure 3 . Compared with the con-

trol  rats,  the  CRF group showed marked upregulations 
of  gp91 phox   and  NOX-4  and  a  mild  upregulation of 
p22 phox  abundance in the cardiac tissue. Voluntary exer-
cise resulted in the reversal of upregulation of these 
NAD(P)H oxidase subunits in the CRF rats.

  Antioxidant Enzyme Data 
 Data are shown in  figure 4 . Upregulation of the super-

oxide-generating enzyme, NAD(P)H oxidase, in seden-
tary CRF rats was accompanied by compensatory upreg-
ulations of cytoplasmic (CuZn SOD) and mitochondrial 
(Mn SOD) superoxide dismutase. Voluntary exercise re-
sulted in normalization of cardiac tissue CuZn SOD and 
Mn SOD abundance.
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  Fig. 4.  Representative Western blots and group data depicting CuZn SOD ( a ) and Mn SOD ( b ) abundance in 
the LV of sham-operated (control) group, 5/6 nephrectomized rats housed in regular cages (sedentary CRF)
and 5/6 nephrectomized rats housed in cages equipped with running wheels (exercise CRF group) for 4 weeks. 
     *  p  !  0.05, sedentary CRF versus other groups (n = 6 animals in each subgroup). 
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  Fig. 5.  Representative Western blots and group data depicting 
COX-2 abundance in the LV of sham-operated (control) group, 
5/6 nephrectomized rats housed in regular cages (sedentary CRF) 
and 5/6 nephrectomized rats housed in cages equipped with run-
ning wheels (exercise CRF group) for 4 weeks.          *  p  !  0.05, seden-
tary CRF versus other groups (n = 6 animals in each subgroup). 
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  COX-2, MCP-1 and PAI-1 Data 
 Data are shown in  figures 5–7 . The sedentary CRF rats 

showed significant upregulations of COX-2, MCP-1 and 
PAI-1 in LV tissue. The exercise regimen normalized 
MCP-1 and COX-2 expression and attenuated upregula-
tion of PAI-1 in this tissue.

  NF- � B Data 
 Data are illustrated in  figure 8 . The sedentary CRF 

group showed a significant increase in phospho-I � B 
abundance pointing to increased activation of this proin-
flammatory transcription factor. The exercise regimen 
resulted in a significant reduction of phospho-I � B abun-
dance in the cardiac tissue of the CRF animals. 

  Discussion 

 The sedentary 5/6 nephrectomized rats employed in 
the present study exhibited significant upregulations 
NAD(P)H oxidase, COX-2, MCP-1 and PAI-1, and activa-
tion of NF- � B in the cardiac tissue. These findings indi-

cate that renal mass reduction, per se, in the absence of 
any underlying systemic disease, can heighten oxidative 
and inflammatory pathways in the heart. Similar chang-
es have been found in the remnant kidney and vascular 
tissues in this model  [33–35] . 

  Despite significant renal insufficiency, the 5/6 ne-
phrectomized animals resumed voluntary exercise. The 
intensity and duration of exercise seen in the CRF animals 
was similar to that observed prior to renal mass reduction. 
This observation suggests that moderate renal insuffi-
ciency, per se, may not severely curtail exercise  capacity. 
Moreover, voluntary exercise ameliorated upregulations 
of cardiac tissue NAD(P)H oxidase, COX-2, MCP-1 and 
PAI-1 and attenuated NF- � B activation without signifi-
cantly affecting renal function or arterial pressure. These 
findings suggest that regular exercise suppresses oxida-
tive and inflammatory pathways in the uremic heart and 
that the anti-inflammatory and antioxidant actions of ex-
ercise in the cardiac tissue are not mediated by modula-
tions of arterial pressure or progression of renal disease.

  There is mounting evidence that increased production 
of ROS in the kidney and cardiovascular tissues contrib-
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  Fig. 6.  Representative Western blots and group data depicting 
PAI-1 abundance in the LV of sham-operated (control) group, 5/6 
nephrectomized rats housed in regular cages (sedentary CRF) 
and 5/6 nephrectomized rats housed in cages equipped with run-
ning wheels (exercise CRF group) for 4 weeks.          *  p  !  0.05, seden-
tary CRF versus other groups;  +  p  !  0.05, exercise versus seden-
tary group (n = 5 animals in each group). 
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  Fig. 7.  Representative Western blots and group data depicting 
MCP-1 abundance in the LV of sham-operated (control) group, 
5/6 nephrectomized rats housed in regular cages (sedentary CRF) 
and 5/6 nephrectomized rats housed in cages equipped with run-
ning wheels (exercise CRF group) for 4 weeks.          *  p  !  0.05, seden-
tary CRF versus other groups (n = 5 animals in each group).     
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utes to HTN, inflammation, cardiovascular remodeling, 
and atherosclerosis  [36, 37]  (http://hyper.ahajournals.
org/cgi/content/full/47/1/81 – R2-057984). Phagocytic 
and tissue-specific isoforms of NAD(P)H oxidase are a 
major source of ROS in the cardiovascular tissues  [38–
41] . NAD(P)H oxidase expression and activity in the re-
nal and cardiovascular tissues are regulated by several 
factors including mechanical stress, hormones, hypoxia, 
inflammatory cytokines/chemokines and angiotensin II 
 [42–44] . The sedentary CRF animals employed in the 
present study showed marked upregulation of NAD(P)H 
oxidase in the cardiac tissue. NAD(P)H oxidase-derived 
ROS can contribute to tissue injury and dysfunction by 
attacking/denaturing structural and functional mole-
cules and by activating redox-sensitive signal transduc-
tion pathways and transcription factors such as NF- � B 
and AP-1  [45, 46] . For instance, ROS activate NF- � B 
which, in turn, promotes production of proinflammato-
ry/profibrotic cytokines and chemokines in the affected 
tissue. In fact, activation of NF- � B (as evidenced by in-
creased phospho-I � B) in the cardiac tissues of our seden-
tary CRF rats was accompanied by upregulations of car-

diac tissue MCP-1 and PAI-1 which play a major role in 
the pathogenesis of atherosclerosis and CVD  [47] .

  Cycloxygenases catalyze the conversion of polyunsat-
urated fatty acids to a family of biologically active lipids 
such as prostaglandins, thromboxanes, and leukotrienes. 
These products participate in a wide array of physiologi-
cal and pathological processes such as inflammation, ox-
idative reactions, cell growth, vascular permeability, and 
regulation of local and systemic hemodynamics among 
others  [48–50] . COX-2 abundance was significantly ele-
vated in the hearts of our sedentary CRF animals. 

  Voluntary exercise for 4 weeks attenuated gp91 phox , 
NOX-4, MCP-1, PAI-1, and COX-2 in the hearts of the 
CRF rats. Using internal mammary artery specimens 
obtained during coronary bypass surgery, Adams et al. 
 [51]  reported significant reductions of NAD(P)H oxi-
dase expression and a marked improvement of endothe-
lium-dependent vasorelaxation in a group of patients 
with coronary artery disease enrolled in a 4-week exer-
cise training program. The favorable response to exer-
cise training reported in the mammary arteries of pa-
tients with coronary artery disease parallel the results 
observed in the hearts of uremic animals employed in 
the present study.

  In conclusion, CRF results in NF- � B activation, and 
upregulations of NAD(P)H oxidase, COX-2, MCP-1, and 
PAI-1 in the cardiac tissue. Voluntary wheel running ex-
ercise for 4 weeks reversed or attenuated these abnormal-
ities. Although regular exercise resulted in LV hypertro-
phy, this was due to an adaptive rise in myofibrillar pro-
teins as opposed to the pathological hypertrophy which 
is due to myocardial fibrosis. These observations point to 
the potential cardiovascular benefit of exercise in renal 
insufficiency.
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