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Background
Chronic renal insufficiency (CRI) is associated with a high incidence 
of hypertension (HTN), endothelial dysfunction, atherosclerosis and 
cardiovascular disease. Sedentary life style increases, whereas regular 
exercise reduces the risk of cardiovascular disease. This study was 
designed to test the effect of regular exercise on vasodilatory and 
vasoconstrictive responses of the thoracic aorta in rats with renal 
mass reduction.

Methods
One week after 5/6 nephrectomy (CRI) or sham operation (control), 
rats were housed in either regular cages or cages equipped with 
running wheels for 4 weeks. Thereafter, thoracic aorta was harvested 
and contractile response to potassium and phenylephrine (PhE), and 
relaxation response to acetylcholine (ACh) and sodium nitroprusside 
(SNP) were determined.

Results
Compared with the control animals, sedentary CRI animals exhibited 
significant azotemia, proteinuria, HTN, oxidative stress, and increased 
sensitivity to potassium and PhE, and reduced sensitivity to ACh 
and SNP. Exercise training for 4 weeks reduced oxidative stress, 
reversed CRI-induced heightened sensitivity of the aorta to PhE and 
potassium, and restored its sensitivity to ACh (but not SNP) without 
affecting arterial pressure or renal function.

Conclusions
CRI results in heightened sensitivity to potassium- and alpha-1 
adrenergic-mediated contractility and depressed sensitivity to 
endothelium-dependent relaxation in the aorta. Regular exercise 
improves these abnormalities without affecting arterial pressure or 
renal function. These observations suggest that exercise training 
can improve vascular function in animals, and perhaps humans, with 
chronic kidney disease.
Am J Hypertens 2008; 21:564-569 © 2008 American Journal of Hypertension, Ltd.
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Chronic renal insufficiency (CRI) is associated with a high 
incidence of endothelial dysfunction, atherosclerosis, and 
cardiovascular disease.1,2 These events are associated with 
and primarily caused by oxidative stress,3 inflammation,4,5 
reduced nitric oxide (NO) availability,6,7 upregulation of tis-
sue renin–angiotensin system,8,9 hypertension (HTN), and 
dyslipidemia.10

Sedentary life style and poor physical fitness increase, 
whereas, physical fitness reduces the risk of atherosclerotic 
cardiovascular disease11,12 and lowers the cardiovascular risk 
factors in the general population.13–15 The beneficial effects of 
physical activity are especially pronounced in high-risk indi-
viduals such as those with insulin resistance and obesity.11

Regular exercise can reduce the risk of cardiovascular disease 
by several mechanisms. First, regular exercise can lower arte-
rial pressure in hypertensive individuals.16 Second, exercise 
has been shown to improve endothelial function in patients 

with type 2 diabetes and congestive heart failure.17,18 Third, 
in high-risk populations, exercise with or without dietary 
modifications can improve insulin resistance, inflammation, 
oxidative stress, and lipid disorders.11,14,15,19 Finally, long-
term exercise training is reported to attenuate HTN, improve 
endothelial function, and increase NO availability in patients 
with cardiovascular disease.20,21 The beneficial effects of long-
term exercise on endothelial function appears to be, in part, 
due to improvement of antioxidant capacity and reduction of 
reactive oxygen species and thereby increased NO availabil-
ity in the vascular tissue.22 In fact, exercise training increases 
superoxide dismutase, which is a major part of the antioxidant 
system and as such, exercise can be viewed as an effective anti-
oxidant therapy.22

Physical activity is invariably curtailed in patients with 
advanced chronic kidney disease.23 Several factors contribute 
to the reduction of physical activity in this population. These 
include impaired cardiac function, skeletal muscle weakness, 
anemia, malnutrition, peripheral neuropathy, deconditioning, 
among others.23,24

In view of the deleterious effects of sedentary life style and 
favorable impact of exercise on cardiovascular system in the 
general population, we sought to explore the effect of exer-
cise training on contractile and vasodilatory responses in the 
thoracic aorta of rats with CRI. We chose to study thoracic 
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aorta because it is commonly affected by atherosclerosis, soft 
tissue calcification, and loss of elasticity, events that have 
significant hemodynamic and pathological impacts. The 
thoracic aorta is the most compliant vessel in the arterial 
circulation and serves to convert intermittent flow from the 
heart to a continuous pulsatile flow downstream. The com-
pliance of the aorta is decreased by sympathetic stimulation 
and increased by endothelium-derived NO. Measurements of 
phenylephrine (PhE)-induced contraction and acetylcholine 
(ACh)-induced relaxation were used as surrogates for these 
aortic functions in this study.

METHODS
Study groups. Male Sprague-Dawley rats with an average body 
weight of 224 ± 15 g (Harlan Sprague Dawley, Indianapolis, 
IN) were used in this study. Animals were housed in a climate-
controlled vivarium with 12-h day and night cycles and were 
fed a standard laboratory diet (Purina Rat Chow; Purina Mills, 
Brentwood, MO) and water ad libitum. All rats were initially 
placed in wheel-equipped cages for 7 days in order to become 
familiar with the running exercise. During this familiarization 
period, animals whose running distances were >1 s.d. from 
the mean value of the entire cohort were removed from the 
study. The remaining rats were then returned to standard cages 
and randomly assigned to the CRI and sham-operated con-
trol groups. The CRI groups underwent 5/6 nephrectomy by 
surgical resection of the upper and lower thirds of 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 IP) 
using strict hemostasis and aseptic techniques. The nephrec-
tomy procedures were accomplished via dorsal incisions as 
described previously.25

After a 7-day recuperation period, the CRI rats were rand-
omized to exercise (CRIE) and sedentary (CRI) subgroups. Five 
animals were included in each subgroup. The animals assigned 
to the exercise group were placed in the wheel-equipped cages, 
whereas those assigned to the sedentary subgroups were 
housed in the standard laboratory cages. Only one 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, animals were placed in individ-
ual metabolic cages for a timed urine collection. Arterial blood 
pressure was measured by tail plethysmography as described 

previously.26 The animals were then anesthetized (pentobarbital 
50 mg/kg, IP) and killed by exsanguination using cardiac punc-
ture. Blood samples were removed at this time and used for the 
assays in Table 1. The thoracic aorta was also removed imme-
diately for utilization in concentration–response studies. The 
experimental protocol used in the study was approved by the 
Institutional Animal Care and Use Committee of the University 
of California, Irvine.

Exercise metrics. Running wheels were instrumented to record 
the number of revolutions completed as described previously.27 
These data were collected daily and, in conjunction with the 
wheel diameter, used to calculate the daily running distance 
for each rat. The animals were observed for 4 weeks. At the 
conclusion of the 4-week observation period, the animals were 
killed as described earlier.

Thoracic aorta preparation. The aorta was placed in a modi-
fied Krebs bicarbonate solution bubbled with 95% O2 and 5% 
CO2 and consisting (in mmol/l): NaCl, 118; KCl, 4.7; CaCl2, 
2.5; MgSO4, 1.6; KH2PO4, 1.2; NaHCO3, 24; and d-glucose, 10. 
Tissues were cleaned to remove fat adhering to the adventi-
tia. The aortas were then sectioned into two transverse rings of 
3 mm in length per rat. In some experiments, endothelial cells 
were removed from the rings by gently rubbing the intimal 
surface with a steel rod. Removal of the endothelium was later 
determined by the inability of ACh (1 µmol/l) to elicit relaxa-
tion after precontraction by PhE (1 µmol/l).

Tension registration. The aortic rings were carefully suspended 
between two triangles of 28-gauge stainless steel. The rings 
were then immediately placed in an organ bath containing 
10 ml of Krebs solution, heated to 37 °C, and bubbled with 
O2 and CO2. One of the two triangles was attached to a post 
in the tissue bath and the other to a Fort 10 isometric force 
transducer (World Precision Instruments, Sarasota, FL). 
The transducer was connected to a TMB-4 amplifier trans-
bridge (World Precision Instruments, Sarota, FL) which was 
itself attached to a MacLab digital to analog converter (AD 
Instruments, Colorado Springs, CO) which converted tension 
to a tracing on a computer screen. The aortic rings were then 
slowly stretched using a micrometer to a tension of 2 g over 
the course of 10 min. The tissue was allowed to equilibrate in 
the bath for 2 h while a constant tension of 2 g was maintained. 

Table 1 | Body weight, systolic blood pressure (BP), plasma concentrations of creatinine, urea, triglyceride, cholesterol, and 
malondialdehyde (MDA), creatinine clearance (Ccr), and urine protein/creatinine ratio in sham-operated controls (SC), chronic renal 
failure controls (CRI), and chronic renal insufficiency exercisers (CRIE)

Groups BW (g) BP  
(mm Hg)

Creatinine 
(mg/dl)

Ccr  
(ml/min)

Urea  
(mg/dl)

Chol  
mg/dl

Triglyceride  
mg/dl

MDA  
(µmol/l)

U-Prot/Cr  
(mg/mg)

SC 374 ± 11* 121 ± 5* 0.45 ± 0.03* 2.08 ± 0.5* 43 ± 3* 69 ± 3* 20 ± 30* 92 ± 6 0.07 ± 0.008*

CRI 331 ± 8 154 ± 2 1.35 ± 0.09 0.5 ± 0.14 98 ± 8 186 ± 37 143 ± 36 126 ± 9* 6.3 ± 2.2

CRIE 321 ± 7 162 ± 7 1.26 ± 0.06 0.44 ± 0.07 118 ± 9 148 ± 14 141 ± 20 84 ± 8 12.7 ± 3.5**

*P < 0.05 vs. other groups, **P < 0.05 vs. CRI group, n = 5 in each group.
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In preliminary experiments, we found that a 2-g pre-stretch 
for 2 h provides optimal condition for subsequent induction of 
maximal contraction. Additional preliminary work indicated 
that these tissues hold contraction upon stimulation with either 
PhE or KCl for a minimum of 45 min, which is well under the 
time required for the experiments.

Concentration–response curves. All concentration–response 
curves (CRCs) were obtained by the cumulative addition of 
compounds, allowing force to reach steady-state before the 
addition of the next concentration. Using endothelium denuded 
rings, CRCs were first obtained for potassium chloride (KCl). 
Then tissues were washed once with fresh Krebs solution, 
allowed to equilibrate back to baseline for 1 h, and then PhE 
CRCs were obtained. After this, the tissues were washed six 
times with fresh Krebs and again allowed to re-equilibrate for 
1 h. Finally, the rings were contracted to a stable steady state 
with 1 μmol/l PhE, and sodium nitroprusside (SNP) relaxation 
curves were obtained. In separate experiments, endothelium-
intact thoracic aorta rings were contracted with 1 μmol/l PhE 
and ACh relaxation CRCs were obtained. Between 70 and 90% 
of maximal contraction was evoked by 1 µmol/l PhE in the tho-
racic aorta. Contractions remained stable for at least 40 min 
in all three treatment groups, a duration longer than that 
required for completion of the relaxation CRCs. Indomethacin 
(10 µmol/l) and l-arginine (50 µmol/l) were used with the 
study of the relaxing effect of ACh to block the formation of 
prostaglandins and avoid substrate limitation for the forma-
tion NO, respectively. The concentration causing 50% of maxi-
mal response (EC50) was used as the measure of sensitivity.

Creatinine and urea assays. Plasma creatinine concentra-
tion was determined using the DICT-500 kit purchased from 
BioAssay Systems (Hayward, CA). This colorimetric assay is 
based on the Jaffe reaction. Plasma urea concentration was 
measured by the DIUR-500 kit (BioAssay Systems) utilizing 
the o-phthaldialdehyde reagent.

Plasma malondialdehyde and lipid assays. Plasma malondi-
aldehyde (MDA) concentration was measured using high-
performance liquid chromatography as described previously.26 
Plasma cholesterol and triglyceride concentrations were meas-
ured by colorimetric assays in 96-well plates using reagents 
purchased from Thermo Electron (Waltham, MA) and the 
Spectra Max, Gemini XS plate reader (Molecular Devices, 
Sunnyvale, CA).

Materials. Acetylcholine iodide, PhE, SNP, d-glucose, sodium 
chloride, KCl, magnesium sulfate, calcium chloride, potassium 
phosphate monobasic, and sodium bicarbonate were pur-
chased from Sigma Chemical (St Louis, MO).

Statistical analysis. All values are reported as means and s.e.m. 
Differences among the CRCs of the three groups were deter-
mined using two-way ANOVA employing the Prism software 
package (Graphpad, San Diego, CA). Prism was also used for 

calculating EC50s and performing unpaired, two-tailed t-tests 
on single dose response. For all statistical tests, P < 0.05 level of 
confidence was accepted for significance.

RESULTS
General data
Data are shown in Table 1. Body weight obtained at the con-
clusion of the study was significantly lower in all CRI rats than 
in the control animals. As expected, serum creatinine and urea 
concentrations were significantly elevated in the CRI groups as 
compared with the corresponding values found in the control 
rats. Voluntary exercise for 4 weeks did not significantly affect 
serum urea or creatinine concentrations. Plasma triglycer-
ide and cholesterol concentrations were significantly elevated 
in the sedentary CRI (CRI) group and were not significantly 
altered by exercise training. Arterial blood pressure was sig-
nificantly higher in CRI rats than in the sham-operated ani-
mals and was not significantly altered by exercise regimen. As 
expected, urinary protein excretion was significantly greater 
in the CRI rats than in the control animals. Urinary protein 
excretion increased further with exercise training in the CRI 
group. Physical exercise is well known to raise protein excre-
tion transiently in subjects with proteinuria. This phenomenon 
is attributed to the alteration of renal hemodynamics and 
does not appear to reflect deterioration of kidney structure.28 
Plasma lipid peroxidation product, MDA, was significantly 
elevated, denoting presence of oxidative stress in the sedentary 
CRI rats. Exercise training reversed CRI-associated elevation 
of plasma MDA. The latter observation points to amelioration 
of oxidative stress with exercise training in the CRI animals.

Exercise activity data
The CRI rats assigned to the exercise group ran an average of 
3.3 ± 0.2 km/day during the 4-week observation period. This 
included an initial low volume of running upon re-admittance 
to the running wheels (1.8 ± 0.16 km/day) and subsequent 
recovery to 5.5 ± 1.4 km/day by the end of the study.

Contractile response to potassium and PhE
KCl and PhE induced a concentration-dependent contraction 
in aortic rings from all groups (Figures 1 and 2). The sensitivity 
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Figure 1 | Cumulative concentration–response curve for potassium chloride 
(KCl) in denuded rat thoracic aorta rings from sham-operated control (SC), 
sedentary chronic renal insufficiency (CRI) and CRI-exercise (CRIE) groups.  
*P < 0.05 vs. SC, #P < 0.05 vs. CRI, n = 5 in each group.
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to high concentrations of KCl was not significantly different 
among the study groups. However, the CRI groups showed 
increased sensitivity to KCl at 20 mmol/l concentration. The 
EC50 of responses to KCl and PhE are presented in Table  2.
There was a significant difference in the EC50 between control 
and CRI with PhE. Maximum responses to KCl and PhE were 
not significantly different among the study groups (Table 3).

Relaxation response to ACh and SNP
Acetylcholine and SNP induced a 62–97% reduction in con-
traction evoked by 1 µmol/l PhE in the aortic rings from all 
animals. Maximum relaxations evoked by ACh and SNP did 

not differ significantly among the study groups (Table 3). In 
order to determine aorta sensitivities to the relaxing effects of 
ACh and SNP, y axes for the respective CRCs were normalized 
as follows. The maximal precontractions to 1 µmol/l PhE were 
assigned the value of 0% and all maximal relaxations to either 
ACh or SNP were assigned the value of 100%. The respective 
resulting CRCs are shown in Figures 3 and 4 and the pD2 (−log 
[EC50]) values derived from these curves are given in Table 2. 
Sensitivity to ACh was significantly lower in the sedentary 
CRI rats compared with the control group but was completely 
restored by exercise in the exercised CRI (CRIE) animals.

The aorta rings from both sedentary CRI and CRIE rats 
showed lower sensitivity to SNP as compared with those from 
the control animals (Table 2, Figure 4). Thus, exercise training 
failed to reverse the effect of CRI on aorta sensitivity to SNP. In 
fact, exercise training resulted in further reduction of sensitivity 
of the aorta to the NO donor. The pD2 values for SNP are pre-
sented in Table 2. No significant differences were found between 
maximal responses to SNP among the study groups (Table 3).

DISCUSSION
The CRI rats placed in the wheel-equipped cages demonstrated 
progressive increase in the running behavior during the study 
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Figure 2 | Cumulative concentration–response curve for phenylephrine 
(PhE) in denuded rat thoracic aorta rings from sham-operated control (SC), 
sedentary chronic renal insufficiency (CRI) and CRI-exercise (CRIE) groups.  
*P < 0.05 vs. SC, #P < 0.05 vs. CRI, n = 5 in each group.

Table 2 | Aortic sensitivity

Groups KCl PhE ACh SNP

SC 1.52 ± 0.02 
 (30)

6.62 ± 0.02 
(240)

7.74 ± 0.06  
(18)

8.82 ± 0.08 
(1.5)

CRI 1.45 ± 0.05  
(35)

7.26 ± 0.04* 
(55)

7.15 ± 0.07* 
(70)

8.14 ± 0.05* 
(7.2)

CRIE 1.41 ± 0.04  
(39)

6.24 ± 0.03* 
(580)

7.77 ± 0.04  
(17)

7.96 ± 0.06* 
(11)

Contractile sensitivity (pD2 ± s.e.) for potassium chloride (KCl) and phenylephrine (PhE), 
and relaxing effect of acetylcholine (ACh), and sodium nitroprusside (SNP) in thoracic 
aorta from different groups: sham-operated control (SC), chronic renal insufficiency 
control (CRI), and chronic renal insufficiency exercisers (CRIE). Except for ACh, aortic rings 
were endothelium denuded. Numbers in parenthesis are EC50s expressed in mmol/l for 
KCl and nmol/l for all others.
*P < 0.05 vs. SC, n = 5 in each group.

Table 3 | Maximum contraction and relaxation

Groups KCl (mN/mm) PhE (mN/mm) ACh (%) SNP (%)

SC 12 + 0.5 11.3 + 0.5 97 + 2 86 + 6

CRI  9.5 + 0.5 8.6 + 0.7 82 + 10 77 + 9

CRIE 10.3 + 0.8 11 + 2 71 + 10 62 + 6

No significant differences amongst sham-operated control (SC), chronic renal 
insufficiency (CRI) control or chronic renal insufficiency exercisers (CRIE), n = 5 in each 
group. Maximum contraction (mN/mm) for potassium chloride (KCl) and phenylephrine 
(PhE), and maximum relaxation (% of max PhE response) for acetylcholine (ACh), and 
sodium nitroprusside (SNP), in thoracic aorta from different groups: SC, CRI, and CRIE. 
Except for ACh, aortic rings were denuded. No significant differences amongst SC, CRI or 
CRIE (P > 0.05), n = 5 in each group.
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Figure 3 | Cumulative concentration–response curve for acetylcholine after 
precontraction with phenylephrine (1 µmol/l) in endothelium intact rat 
thoracic aorta rings from sham-operated control (SC), sedentary chronic renal 
insufficiency (CRI) and CRI-exercise (CRIE) groups. *P < 0.05 vs. SC, n = 5 in 
each group.

0

−9 −8 −7 −6
Sodium nitroprusside (log, M)

25

50

75

100

R
el

ax
at

io
n 

(%
 o

f m
ax

 S
N

P
 r

es
po

ns
e) SC

CRI
CRIE

*

*
*,#

*,#

*
*

Figure 4 | Cumulative concentration–response curve for sodium 
nitroprusside (SNP) after precontraction with phenylephrine (1 µmol/l) in 
denuded rat thoracic aorta rings from sham-operated control (SC),  
sedentary chronic renal insufficiency (CRI) and CRI-exercise (CRIE) groups.  
*P < 0.05 vs. SC, #P = 0.05 vs. CRI, n = 5 in each group.
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period. This observation points to positive effects of chronic 
exercise training in preserving functional capacity of animals 
with moderate renal insufficiency.

The sedentary CRI animals used in this study exhibited sys-
temic oxidative stress as evidenced by significant elevation of 
plasma lipid peroxidation product, MDA. Exercise training 
attenuated CRI-associated elevation of plasma MDA. This 
observation points to amelioration of oxidative stress with 
exercise training in the CRI animals. There is increasing evi-
dence that oxidative stress and reduced NO availability in the 
kidney and cardiovascular tissues contribute to endothelial 
dysfunction, HTN, inflammation, cardiovascular remodeling, 
and atherosclerosis.29,30 For instance, reactive oxygen species 
avidly react with and inactivate NO. In addition, uncontained 
reactive oxygen species inhibit NO production by uncoupling 
endothelial NO synthase, by depleting NO synthase cofactor, 
tetrahydrobiopterin, and by raising the level of asymmetrical 
dimethyl-arginine, which is a potent endogenous NO syn-
thase inhibitor.31,32 The reduction in endothelium-derived NO 
availability, in turn, lowers vasodilatory tone and depresses the 
physiological response to shear stress in vivo and ACh in vitro. 
In addition to oxidative stress, vascular calcification and severe 
dyslipidemia contribute to altered vascular function and struc-
ture in CRI.10 Together, these conditions can affect vascular 
function and structure. In this study we examined the effects 
of CRI and exercise training on the contractile and relaxation 
responses in the thoracic aorta of rats with CRI. We chose tho-
racic aorta because it is commonly affected by atherosclero-
sis, soft tissue calcification, and loss of elasticity—events that 
have significant hemodynamic and pathological implications. 
Moreover, thoracic aorta accounts for a significant portion of 
the total arterial bed compliance.33

The contractile activity of thoracic aorta was tested using 
potassium and PhE in endothelium-denuded rings. Although 
sensitivity at EC50 and maximum response to potassium were 
similar among the study groups, the contractile response to low 
potassium concentration (20 mmol/l) was significantly higher 
in CRI than in the control animals. In addition, thoracic aorta 
from the CRI animals showed a more than fourfold increase 
in sensitivity to PhE. Similar trends have been reported in sev-
eral other models of HTN and vascular diseases. For instance, 
vessels from stroke-prone spontaneously hypertensive rats and 
rats with renal vascular HTN exhibit heightened sensitivity 
to potassium-induced contraction. In addition, vessels from 
spontaneously hypertensive rats show increased sensitivity to 
adrenoreceptor agonists (PhE and norepinephrine) and cal-
cium ionophore (Bay K 8644).34–36 The reason for heightened 
vascular sensitivity to contractile actions of potassium and α-1 
receptor agonist, PhE, in CRI animals is uncertain. However, it 
may be, in part, due to depressed cytosolic ionized magnesium 
([Mg2+]i) and elevated cytosolic ionized calcium concentra-
tion ([Ca2+]i), which have been documented in CRI humans 
and animals.37,38

We used ACh and SNP to study relaxation responses in 
the study animals. The maximal relaxations caused by these 
agents ranged between 62 and 97%. However, there were no 

significant differences between the treatment groups. It must 
be noted that the magnitudes of maximal relaxation were all 
numerically less in the aorta rings from CRI and CRIE com-
pared with control rats. Thus, it is possible that significant dif-
ferences would be found using a larger number of animals.

Compared with controls, CRI rats showed markedly reduced 
sensitivity of de-endothelialized aorta rings to SNP. Moreover, 
the CRIE group exhibited a further reduction in sensitivity of 
de-endothelialized aorta rings to SNP. Because SNP is an NO 
donor, these results show that CRI lowers vascular smooth mus-
cle sensitivity to NO and that this effect is magnified by exercise. 
CRI also decreased sensitivity to the endothelium-dependent 
relaxing effects of ACh. This could be, in part, due to CRI-
induced reduction of vascular smooth muscle sensitivity to NO 
(see above). In addition, CRI could have reduced availability of 
endothelium-derived NO by promoting its inactivation via oxi-
dative stress which was present in CRI animals (Table 1).

Exercise restored the sensitivity of endothelium-intact aorta 
to the relaxing effects of Ach in rats with CRI. Accordingly, 
the ACh relaxation CRCs in control- and CRIE-derived aortas 
were completely superimposed (Figure 3). It should be noted 
that the restoration of sensitivity in CRIE-derived aorta to 
ACh occurred in the face of a very marked decrease in vascular 
smooth muscle sensitivity to NO in the same tissues (Figure 4, 
Table 2). Because prostaglandin synthesis was fully inhibited 
in these experiments, the relaxation caused by ACh was likely 
due exclusively to the release of NO from the endothelium. 
We conclude that exercise markedly enhanced endothelial-
dependent control of the aorta tone in tissues obtained from 
the CRIE rats.

A possible limitation in this study was the use of 1 µmol/l PhE 
to elicit precontractions in the relaxation measurements. PhE 
caused ~85 and 70% of maximal contraction in control and 
CRIE-derived aorta rings, respectively. Thus, this difference 
could have influenced the results of the relaxation experiment. 
However, we suggest that it did not on the following grounds. 
The sensitivity to SNP was markedly reduced in CRIE-  
compared with control-derived aorta rings. In contrast, the sen-
sitivity to Ach was markedly increased in the CRIE- compared 
with control-derived rings. The small difference in pre-contrac-
tion cannot account for these diametrically opposed shifts in 
the CRCs to ACh vs. SNP. Thus, we conclude that in CRIE rats, 
exercise further decreased vascular smooth muscle sensitivity 
to NO, but enhanced endothelium-dependent relaxation by 
an effect on the endothelium itself. The enhanced endothelial 
function manifested as greater sensitivity to nearly all submax-
imal concentrations of ACh. We suggest that the enhanced 
endothelial function by exercise may reflect enhanced ACh-
induced NO output. In addition, reduction of reactive oxygen 
species-mediated NO inactivation, occasioned by attenuation 
of oxidative stress, may have enhanced NO availability in CRI 
rats undergoing exercise training. These findings are consist-
ent with the results of the studies conducted by Adams et al.39 
in humans and Chen et al.40 in experimental animals. Using 
internal mammary artery specimens obtained during coronary 
bypass surgery, Adams et al.39 reported a marked improvement 
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of endothelium-dependent vasorelaxation in patients with cor-
onary artery disease enrolled in a 4-week exercise training pro-
gram. Similarly, earlier studies have demonstrated enhanced 
ACh-stimulated endothelium-derived NO release with exer-
cise training in spontaneously hypertensive40 rats.

In conclusion, CRI results in diminished sensitivity to 
endothelium-dependent and independent vasorelaxation and 
increased sensitivity to potassium- and PhE-mediated vaso-
constriction in thoracic aorta. Exercise training improves 
sensitivity to endothelium-dependent (but not endothelium-
independent) relaxation and reduces sensitivity to α agonist- 
and potassium-induced contraction in thoracic aorta. These 
findings suggest that the favorable effect of exercise may be 
mediated by improvement in endothelium-derived NO avail-
ability in thoracic aorta of CRI animals.
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