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Abstract: Spontaneous dynamic exercise promotes sympathoinhibition and decreases arterial 

pressure in two-kidney, one-clip (2K-1C) hypertensive rats. Renal sympathetic nerves stimulate 

renin secretion and increase renal tubular sodium reabsorption. We hypothesized that daily 

voluntary wheel running exercise by 2K-1C rats will decrease mean arterial pressure (MAP), 

plasma angiotensin II (Ang II), and aldosterone as well as normalize urinary sodium and potas-

sium excretion independent of changes in glomerular filtration rate (GFR). Five-week-old male 

Sprague Dawley rats underwent sham clipping (Sham) or right renal artery clipping (2K-1C). 

Rats were randomized to standard caging (SED) or cages with running wheels (EX). After 12 

weeks, rats were assigned to either collection of aortic blood for measurement of Ang II and 

aldosterone or assessment of inulin clearances and excretory function. Running distances were 

comparable in both EX groups. MAP was lower in 2K-1C EX vs 2K-1C SED rats (P<0.05). 

Plasma Ang II and aldosterone were significantly higher in 2K-1C SED rats and decreased in 

2K-1C EX rats to levels similar to Sham SED or Sham EX rats. Clipped kidney weights were 

significantly lower in both 2K-1C groups, but GFR and urine flow rates were no different from 

right and left kidneys among the four groups. Total and fractional sodium excretion rates from 

the unclipped kidney of 2K-1C SED rats were higher vs either Sham group (P<0.05). Values in 

2K-1C EX rats were similar to the Sham groups. Potassium excretion paralleled sodium excre-

tion. These studies show that voluntary dynamic exercise in 2K-1C rats decreases plasma Ang 

II and aldosterone, which contribute to the lower arterial pressure without deleterious effects 

on GFR. The effects on sodium excretion underscore the impact of pressure natriuresis despite 

elevated plasma Ang II and aldosterone in sedentary 2K-1C rats. In contrast, potassium excretion 

is primarily regulated by circulating aldosterone and distal sodium delivery.

Keywords: glomerular filtration rate, Goldblatt kidney, sodium excretion, potassium excretion, 

sympathetic nervous system

Introduction
Regular dynamic exercise has been shown to decrease systemic arterial blood pres-

sure, and is accompanied by diminishing efferent sympathetic nerve activity,1,2 in 

humans3,4 and in several, but not all, models of hypertension in rats.5–8 In spontane-

ously hypertensive rats (SHR), daily volitional exercise decreases blood pressure and 

plasma renin activity, whereas results in stroke-prone SHR have been less consistent.5,7 

In Dahl salt-sensitive rats, a model of kidney-mediated hypertension, regular dynamic 

exercise does not reduce systolic pressure despite decreasing the response to ganglionic 

blockade consistent with diminished sympathetic outflow.6 In two-kidney, one-clip 

(2K-1C) hypertensive rats, the type of dynamic exercise influences the hemodynamic 
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response. Although neither treadmill exercise9,10 nor forced 

swimming exercise10,11 decreases blood pressure, voluntary 

wheel running exercise significantly decreases systemic 

arterial pressure, lowers plasma angiotensin II (Ang II) lev-

els, and modulates renal sympathetic nerve activity in this 

model.8 The effect of exercise on both blood pressure and 

sympathetic activity is dependent on the severity of 2K-1C 

hypertension, with reductions occurring in moderate but not 

severe hypertension.8,10

Improvement in structural parameters, such as collagen 

deposition and inflammatory infiltration, have been reported 

in the kidneys of exercised 2K-1C rats,11,12 but scant informa-

tion exists about the effects of exercise on parameters of renal 

function in this model. Notably, efferent renal sympathetic 

nerves influence three major renal functions: renal blood 

flow, renin secretion, and renal tubular sodium reabsorption.13 

Evidence from studies with renal denervation indicate that 

efferent renal sympathetic nerve activity exerts little or no 

influence on effective renal blood flow rate in either normal14 

or hypertensive rats.15,16 In contrast, renal sympathetic nerve 

activation increases renin secretion leading to activation of 

the renin–angiotensin–aldosterone cascade.17 Ang II and 

aldosterone actions on renal tubules are known to increase 

renal tubular sodium reabsorption. Moreover, direct action of 

norepinephrine released from nerve endings onto adrenergic 

receptors on the tubules enhances renal sodium reabsorption 

independent of changes in glomerular filtration rate (GFR).18,19 

Renal denervation of the clipped kidney20 and regular dynamic 

exercise in 2K-1C rats,8 by virtue of their sympathoinhibi-

tory influence, significantly decrease plasma Ang II levels 

in 2K-1C hypertensive rats. The combined decrease in direct 

sympathetic vasomotor tone and diminished Ang II actions 

on the vasculature should contribute to a decrease in systemic 

arterial pressure. The decline in plasma Ang II with exercise 

along with the expected parallel changes in aldosterone should 

attenuate renal tubular sodium reabsorption and further con-

tribute to the reduction in arterial pressure.

The focus of studies on exercise and exercise training 

in 2K-1C rats in the past has been on the impact on arterial 

pressure and neurocardiac function.8,9,11 Changes in renal 

histology have been reported,11 but direct effects on glomeru-

lar filtration and urinary excretion have not been studied. 

Importantly, arterial pressure in 2K-1C rats is lower after 

only 6 weeks of exercise but the impact on renal sympathetic 

nerve activity is observed only after 12 weeks of voluntary 

wheel exercise.8 This suggests that mechanisms underlying 

the arterial pressure–lowering effects of regular exercise 

may differ over time. Thus, it is reasonable to assess the 

contribution that decreased renal sympathetic inputs on the 

renin–angiotensin–aldosterone system and tubular sodium 

reabsorption may exert at the 12-week time point.

Given the foregoing observations, we hypothesize that 

the decrease in arterial pressure seen with 12 weeks of 

daily wheel running exercise by moderately hypertensive 

2K-1C rats is due, at least in part, to decreases in plasma 

Ang II and aldosterone concentrations and normalization 

of urinary sodium and potassium excretion independent of 

changes in GFR.

Methods
Male Sprague Dawley rats (Harlan Sprague Dawley, India-

napolis, IN, USA) used in all the studies were housed under 

controlled conditions (21°C–23°C; lights on, 07:00–19:00 

hours) and were permitted free access to water and standard 

rat chow. The rats were cared for in accordance with the 

principles of the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. All protocols were 

approved by the Wayne State University Institutional Animal 

Care and Use Committee.

Renal artery clipping and telemetry 
transmitter placement
Five-week-old rats were anesthetized with combined ketamine 

80 mg/kg and xylazine 5 mg/kg intraperitoneally (ip). A silver 

clip (0.2 mm) was surgically placed around the right renal 

artery (2K-1C group) via a flank incision as we have previ-

ously reported.8,20,21 Rats in the sham-clipped (Sham) groups 

underwent identical surgery but were not clipped. The flank 

incision was closed. A ventral midline incision was made in 

the neck and a radiotelemetry transmitter (TA11PA-C40; Data 

Sciences Intl) was implanted into each rat by exposing the 

left carotid artery, temporarily occluding the proximal end, 

and inserting the gel-filled catheter attached to the transmitter 

device into the artery with a 21-gauge needle. The catheter was 

advanced into the aorta and secured with medical adhesive 

and the transmitter was tunneled subcutaneously and sutured 

to the muscles between the scapulae. The incision was closed 

with surgical staples. At the end of surgery, each rat received 

butorphanol tartrate 0.075 mg subcutaneously for analgesia. 

Each rat was returned to its individual home cage with its 

own telemetry receiver. Telemetric-derived hemodynamic 

data were recorded at the end of the protocols.

Exercise and sedentary protocols
Five days after surgery, Sham or 2K-1C rats were further 

assigned randomly to either sedentary (SED) or exercise 
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(EX) groups resulting in four groups: Sham SED, Sham EX, 

2K-1C SED, and 2K-1C EX. Roughly, 15% additional rats 

were placed into each EX group to account for rats that would 

fail to exercise within 2 SDs of the overall mean distance 

and would require a priori removal from the protocol. SED 

rats were left in their individual home cages for the duration 

of the experiment. EX rats were placed in cages identical to 

the SED rats but with access to running wheels (1.1 m per 

revolution) equipped with an optical sensor to detect and 

record total revolutions (Lafayette Instruments). Running 

distances were averaged over 24-hour periods for each ani-

mal. Rats were allowed free access to the wheels 24 h/day, 

7 days/week for 12 weeks. Any rat running <1000 m/day for 

2 weeks was excluded from analysis a priori. To avoid acute 

exercise-induced effects, the running wheel was closed off 

to the EX rats for 24 hours before undergoing further testing.

Protocol 1: plasma Ang II and aldosterone 
measurements
After the sedentary and exercise protocols were completed, 

the running wheels were closed off to the exercise groups 

for 24 hours. Mean arterial pressure (MAP) and heart rate 

were assessed by telemetry in the home cage over the next 

24 hours. Then, a random subset of rats from each of the four 

groups (Sham SED, Sham EX, 2K-1C SED, and 2K-1C EX) 

was chosen to assess plasma Ang II and aldosterone. This 

approach sought to minimize the impact of surgical stress, 

fluid infusion, and blood drawing from the clearance experi-

ments that may have independently influenced the hormone 

levels. Each rat was anesthetized with pentobarbital sodium 

(50 mg/kg ip). The aorta was exposed via midline abdominal 

incision. A ligature was placed on distal aorta just above the 

bifurcation of the iliac arteries. A suture was loosely placed 

around the proximal aorta between the superior mesenteric 

and renal arteries. The aorta was rapidly cannulated and 2 mL 

of blood was collected for subsequent analysis of Ang II and 

aldosterone. Then, the rat was euthanized and the kidneys 

were harvested and weighed.

Protocol 2: renal clearance and excretion
A separate set of rats from each of the four groups underwent 

assessment of GFR and urinary sodium and potassium excre-

tion rates using standard clearance methodology we have 

previously reported.22 As in Protocol 1, the running wheels 

were closed off to the exercised groups for 24 hours, and then 

hemodynamic data were recorded during the next 24 hours.

Each rat was anesthetized with pentobarbital sodium (50 

mg/kg ip). A 23-gauge polyethylene catheter was inserted 

into the right femoral artery for blood pressure monitoring 

and for blood sampling and into the right femoral vein for 

infusion. Arterial pressure was monitored continuously during 

the clearance periods by connecting the arterial catheter to 

a pressure transducer (Gould P23 XL) coupled to an ampli-

fier (Digi0Med BPA-200). The heart rate was derived from 

the beat-to-beat arterial pressure pulse and averaged over 

 1-second intervals using custom programmed data acquisition 

software (Dasylab; Biotech Products). To determine GFR, 

a bolus of 2.0 mL/kg body weight of 8 mg/mL fluorescein 

isothiocyanate (FITC)-inulin (Sigma-Aldrich Co.) in 0.9% 

saline was infused followed by continuous infusion of 4 mg/

mL at 0.055 mL/min to maintain a steady-state plasma inulin 

concentration and to account for fluid loss.23 The right and 

left ureters were cannulated with 27-gauge polyethylene cath-

eters for urine sampling from each kidney. After a 30-minute 

stabilization period, urine was collected for two consecutive 

15-minute time periods, and an arterial blood sample (0.2 mL) 

was collected from the femoral arterial catheter at the mid-

point of each collection to assess plasma inulin, sodium, and 

potassium concentrations. Rats were then euthanized with an 

overdose of sodium pentobarbital (200 mg/kg intravenously). 

The kidneys were collected and weighed.

Analytical measurements and calculations
Plasma and urinary FITC-inulin concentrations were quan-

titated using a Synergy H1 microplate reader (Biotek Instru-

ments) at Ex/Em 485/535. Plasma and urinary sodium and 

potassium concentrations were determined with flame pho-

tometry with internal lithium standardization (Cole Parmer 

Instruments). Urine volume was assessed gravimetrically.

GFR as well as urinary excretion rates of sodium and 

potassium and fractional excretion of sodium and potassium 

were assessed using standard formulae. Inulin clearance 

values were expressed after correction for body weight (mL/

min/kg BW) as well as for kidney weight (mL/min/g KW).

Plasma samples for Ang II were processed as described 

previously24 with minimal modification. Briefly, 1 mL of 

plasma was extracted twice with 90% methanol. The extracts 

were combined, taken to dryness under nitrogen, and stored 

overnight at −20°C. The extracts were reconstituted in 0.5 mL 

assay buffer consisting of 50 mM Na phosphate, 1 mM ethyl-

enediaminetetraacetic acid, 0.25 mM thimerosal, and 0.25% 

peptidase-free human serum albumin. All samples were 

assayed in duplicate using 125I-labeled Ang II (Perkin-Elmer, 

Billerica, MA, USA) as the tracer and anti-Ang II antibody 

(Peninsula Laboratories, San Carlos, CA, USA) at final dilu-

tion of 1:660,000. Nonspecific binding was 2.1%, the lower 
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limit of detection was 0.5 fmol/tube, and 50% binding was 

15.2 fmol/tube. Plasma aldosterone was assessed directly on 

plasma with 125I-aldosterone as the tracer in the solid phase 

Coat-a-Count radioimmunoassay system (Siemens).

Statistical analysis
Values are presented as mean ± SE. All comparisons among 

groups were made by one-way analysis of variance with the 

Tukey–Kramer post hoc analysis for multiple comparisons. 

Comparisons within the same group of rats were analyzed 

by paired t-test. A P-value <0.05 was taken as significant.

Results
Running distances by the Sham EX and 2K-1C EX rats over 

the 12 weeks were comparable for Protocol 1 (Figure 1, upper 

panel) and Protocol 2 (Figure 1, lower panel). The 2K-1C 

rats in Protocol 2 tended to run greater distances early in the 

experiment but distances became similar after week 5. One 

2K-1C rat in Protocol 2 consistently ran <800 m/day for 3 

weeks and was excluded from the study by design.

Protocol 1
Parameters for rats in Protocol 1 are provided in Table 1. Body 

weights of Sham and 2K-1C rats were similar at the beginning 

of Protocol 1. At the end of the 12 weeks, body weights of both 

EX groups were similar to each other but were significantly 

less than their respective SED groups. This occurred despite 

equivalent caloric intake (average ~14 g chow/day/rat in all 

groups). Kidney weights of the right (clipped) kidney were 

significantly lower than those of the left kidney in both 2K-1C 

groups. Diurnal variation during the brief 24-hour period of 

telemetric data collection appeared to be preserved and the dif-

ferences among the groups during daytime and nighttime MAP 

were similar (data not shown). MAP assessed by telemetry 

and averaged over the entire 24-hour period was significantly 

lower in the 2K-1C EX group compared with the 2K-1C SED 

group. Exercise training did not result in a difference in MAP 

in the Sham EX rats but this group displayed a significant bra-

dycardic effect compared with Sham SED. The 2K-1C SED 

rats exhibited significantly elevated levels of plasma Ang II and 

aldosterone compared with either Sham SED or Sham EX rats. 

Plasma Ang II and aldosterone in the 2K-1C EX rats decreased 

significantly compared with 2K-1C SED rats and were not 

significantly different from those in either of the Sham groups.

Protocol 2
Average body weights at the end of 12 weeks in Protocol 2 

did not differ significantly among the four groups (Table 2). 

Initial weights were also similar among the groups (data not 

shown). MAP assessed by telemetry was higher in the 2K-1C 

SED group (189.5±8.2 mmHg) compared with either Sham 

SED (132.0±2.8 mmHg) or Sham EX (133.9±2.7 mmHg) 

groups (P<0.01). MAP in the 2K-1C EX rats was lower in 

the 2K-1C EX group (162.7±6.7 mmHg) compared with the 

2K-1C SED rats (P<0.05), but remained higher than in either 

of the Sham groups (P<0.05). Similar to measurements in 

conscious rats acquired by telemetry, MAP in 2K-1C SED 

rats after anesthesia for clearance studies was lower (P<0.05 

vs telemetry) than in the conscious state but remained signifi-

cantly higher than MAP in any of the other groups (Table 2). 

Notably, the decrease in MAP with anesthesia was less evi-

dent in the Sham groups and the 2K-1C EX group and did 

not achieve significance (~1–5 mmHg; P>0.05).

As in Protocol 1, the Sham EX group displayed a sig-

nificantly lower heart rate (372±10 bpm) compared with the 

Sham SED group (425±11 bpm, P<0.05). The 2K-1C EX 

group had a lower heart rate (384±6 bpm) compared with 

2K-1C SED group (402±10 bpm), but this did not achieve 

significance (P>0.05).

Figure 1 Running distances in the rats in Protocols 1 and 2.
Notes: Average running distances over the course of 12 weeks of voluntary wheel 
running for Sham EX (n=12) and 2K-IC EX (n=7) rats in Table 1 (Protocol 1; upper 
panel) and for Sham EX (n=7) and 2K-1C EX (n=7) rats in Table 2 (Protocol 2; lower 
panel). Values are mean ± SE; *P<0.05 vs Sham.
Abbreviations: 2K-1C, two-kidney, one-clip; Sham, sham clipped; EX, exercise.
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The clipped kidneys exhibited significantly lower kidney 

weights. GFRs did not differ among the groups. When GFR 

was expressed per body weight, there was no difference 

between left and right kidneys. When GFR was expressed per 

kidney weight, in light of the differences in kidney weights, 

the clipped kidney of the 2K-1C SED group was significantly 

higher than that of the nonclipped, left kidney.

Plasma sodium concentrations were similar among the 

groups. Plasma potassium levels were significantly lower 

in the 2K-1C SED rats compared with values in the three 

other groups (Table 2). Figure 2 shows that the left unclipped 

kidneys in the 2K-1C SED group displayed higher sodium 

excretion rates than the left kidneys of either of the Sham 

groups. Sodium excretion by the unclipped kidney of the 

2K-1C EX group was significantly lower than that of the 

2K-1C SED group and did not differ from that of either of the 

Sham groups. Sodium excretion by the clipped kidneys did 

not differ among any of the groups. Fractional sodium excre-

tion exhibited the same pattern among the groups (Figure 3).

Potassium excretion rates from the unclipped kidneys 

were higher in the 2K-1C SED rats than either Sham SED or 

Sham EX rats (Figure 2). Potassium excretion was also higher 

from the unclipped kidneys in the 2K-1C SED rats compared 

with Sham EX rats. The 2K-1C EX group displayed potas-

sium excretion rates from both left and right kidneys that 

were significantly lower than the corresponding kidneys of 

the 2K-1C SED group. Potassium excretion from right or 

left kidneys did not differ from the corresponding kidneys in 

either of the Sham groups. Likewise, fractional excretion of 

potassium from the left unclipped kidney was significantly 

higher in the 2K-1C SED group compared with either Sham 

group and was significantly lower from the left kidney of the 

2K-1C EX group (Figure 3).

Discussion
As the prevalence of renovascular hypertension rises,25 

knowledge about the impact of regular voluntary dynamic 

exercise on blood pressure and renal function in this condi-

tion becomes vital. The present study reports several findings 

in the 2K-1C rat, a model of unilateral renal artery stenosis. 

First, daily exercise for 12 weeks decreased arterial pressure 

in 2K-1C hypertensive rats. Second, with daily exercise in 

2K-1C rats, elevated plasma Ang II and aldosterone levels 

returned to levels not different from those observed in the 

sham-clipped rats. Third, GFR did not differ between seden-

tary sham and 2K-1C groups and, further, was not altered by 

exercise in either group. Fourth, both absolute and fractional 

urinary sodium and potassium excretion values from the 

nonclipped kidneys of sedentary 2K-1C rats was significantly 

elevated compared with that of sham-clipped rats. Notably, 

urinary sodium and potassium excretion by the 2K-1C 

exercised rats was not different from that of sham-clipped 

normotensive rats.

Hemodynamic response to exercise 
training
Our data indicate that voluntary wheel running exercise in 

2K-1C rats decreased arterial pressure when measured by 

telemetry in conscious freely moving rats or by direct arterial 

pressure recording in pentobarbital-anesthetized rats. The 

arterial pressure–lowering effect of exercise training was 

most evident in the hypertensive 2K-1C group rather than the 

sham-clipped normotensive rats. The blood pressure–lower-

ing effect of exercise training in 2K-1C hypertension has 

been observed by some investigators8,26 but not others.9–11 

These discrepancies may be related to the type of exercise 

regimen, the technique used for assessing blood pressure, 

or the presence, type, or depth of anesthesia. For example, 

an 8- to 12-week forced treadmill regimen did not decrease 

arterial pressure.9,10 Forced swimming exercise over a 4-week 

period reduced arterial pressure to an extent similar to that 

seen in the present study.11,26 However, Maia et al11 showed 

that additional weeks of forced swimming resulted in no dif-

ference between exercise and sedentary 2K-1C groups. The 

Table 1 Body weights, kidney weights, baseline resting hemodynamic parameters, and plasma Ang II and aldosterone levels in sham-
clipped and two-kidney, one-clip hypertensive rats after 12-week sedentary or exercise conditions (Protocol 1)

Groups N BW 
beginning

BW after  
12 weeks

KW (g) MAP Heart  
rate

Plasma  
Ang II

Plasma  
aldosterone

g g Left Right mmHg bpm fmol/mL pg/mL

Sham SED 9 161±3 407±10 1.63±0.07 1.68±0.05 133±1 415±12 29.3±8.1 577±209
Sham EX 12 157±3 370±8a 1.53±0.07 1.49±0.06 135±1 379±9a 47.3±7.1 304±80
2K-1C SED 7 153±3 432±10 1.71±0.73 1.30±0.12d 191±4a,b 379±11 187.4±43.6a,b 3.173±1.213a,b

2K-1C EX 7 158±6 374±9 1.51±0.70 1.17±0.06a,d 169±2a–c 392±5 48.9±7.5c 739±151c

Notes: Values are mean ± SE; right kidneys clipped. aP<0.01 vs Sham SED; bP<0.01 vs Sham EX; cP<0.05 vs 2K-1C SED; dP<0.05 vs left kidney.
Abbreviations: BW, body weight; EX, exercise; KW, kidney weight; MAP, mean arterial pressure; SED, sedentary; 2K-1C, two-kidney, one-clip.
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disruption of circadian rhythms may also have reduced the 

impact of forced treadmill or swimming exercise on arterial 

pressure,27 whereas voluntary wheel exercise is performed 

during the normal waking cycle of the rat. The use of tail 

cuff measurements in some of these earlier studies may have 

obscured differences in blood pressure because of concurrent 

restraint stress,28 which exerts a disproportionate influence 

on higher arterial pressures.29 Notably, sodium pentobarbital 

anesthesia may affect blood pressure in hypertensive rats to 

a greater extent than in normotensive animals.30,31 Consistent 

with these earlier studies, the hypertensive sedentary 2K-1C 

displayed a significant difference in MAP between conscious 

and anesthetized states, whereas this was not observed in the 

sham-clipped normotensive groups. Notably, anesthesia had 

an attenuated effect to lower MAP in the exercised 2K-1C 

rats (Table 2). Nonetheless, the impact of regular exercise on 

MAP was preserved when comparing 2K-1C sedentary vs 

exercised rats. Our studies confirm earlier findings that vol-

untary wheel running exercise decreases arterial pressure in 

2K-1C rats under both conscious and anesthetized conditions.

We observed a significant bradycardic response to 

exercise training in the sham-clipped but not the 2K-1C 

rats in both protocols. Although 2K-1C rats clearly exhibit 

increased sympathetic nerve activity,20 2K-1C rats32,33 and 

mice34 display decreased parasympathetic tone. The same 

has been suggested in human renovascular hypertension.35 

The lack of effect of voluntary wheel running exercise on 

heart rate has also been reported in Dahl salt-sensitive rats.6 

While daily spontaneous wheel running decreases renal 

sympathetic activity in the 2K-1C model,8 it is possible that 

exercise-induced augmentation of parasympathetic control of 

heart rate may be less effective in 2K-1C than sham-clipped 

normotensive rats or that renal sympathetic tone may decrease 

to a greater extent than cardiac sympathetic activity.36 It 

should be noted that the study was not powered to evaluate 

changes in heart rate, which tends to have greater variability.

Plasma Ang II and aldosterone levels
Plasma Ang II and aldosterone levels in both groups of sham-

clipped rats and sedentary 2K-1C rats were elevated similar 

to values reported previously.24,37,38 Daily exercise clearly 

decreased plasma Ang II and aldosterone levels to concentra-

tions similar to those in sham-clipped animals. Taken together 

with evidence indicating that daily exercise attenuates renal 

sympathetic nerve activity2,8 and that sympathetic inputs to 

the kidney regulate activity of the renin–angiotensin–aldoste-

rone system,17 the decrease in plasma Ang II and aldosterone 

levels in 2K-1C exercised rats strongly supports the concept T
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that sympathoinhibition due to exercise can attenuate activa-

tion of the renin–angiotensin–aldosterone system in 2K-1C 

hypertension. As circulating Ang II and aldosterone promote 

renal sympathoexcitation,39,40 the decline in both of these 

hormones may, in turn, further contribute to the sympatho-

inhibitory effect of regular exercise and lowering of arterial 

pressure in this model.

Glomerular filtration rate
In the present study, GFR did not differ significantly between 

sedentary sham-clipped and 2K-1C groups. This has been 

observed in some,41–43 but not all,44 earlier studies of the 

2K-1C model and may have depended on the size of the clip, 

the age of the rat at the time of clipping, and the time after 

clipping at which renal function was assessed.

In addition, GFR remained unchanged in exercised 

2K-1C rats despite lowering arterial pressure and Ang II. 

Our previous studies have shown that voluntary wheel 

running exercise inhibits renal sympathetic nerve activ-

ity.8 A possible explanation is that the combined effects 

of sympathoinhibition and lower Ang II result in a greater 

decrease in afferent vs efferent arteriolar resistance thereby 

Figure 2 Total urinary sodium and potassium excretion rates.
Notes: Urinary excretion rates for sodium (upper panel) and potassium (lower panel) for left and right kidneys in the four groups. Values are mean ± SE; n as in Table 2. 
*P<0.001 vs Sham SED; §P<0.05 vs Sham EX; ‡P<0.001 vs left kidney; and ^P<0.001 vs 2K-IC SED.
Abbreviations: 2K-1C SED, two-kidney, one-clip sedentary; 2K-1C EX, two-kidney, one-clip exercise; Sham EX, sham-clipped exercise; Sham SED, sham-clipped sedentary.
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maintaining intraglomerular pressure and GFR. These data 

are consistent with existing studies demonstrating that 

pharmacologic inhibition of Ang II actions alone does not 

decrease glomerular filtration.42,45,46 In addition, glomerular 

filtrate rate remains unchanged when Ang II is blocked 

after acute renal denervation in 2K-1C rats.43 Thus, regular 

dynamic exercise does not exert a detrimental effect on 

GFR in moderately hypertensive 2K-1C rats. The small 

but significant increase in GFR from the clipped kidney 

of sedentary 2K-1C when expressed per kidney weight 

may be due to a more complex interplay of the sympa-

thetic nervous system and both systemic and intrarenal 

renin–angiotensin systems. While the elevated systemic 

Ang II levels may serve to preserve GFR via preferential 

efferent arteriolar vasoconstriction, intrarenal Ang II has 

been known to modulate tubuloglomerular feedback favor-

ing afferent vasoconstriction.47 Intrarenal Ang II was high 

in the clipped kidney 1 week after renal artery clipping; 

however, after 9 weeks, renal cortical Ang II decline levels 

were no different from those in sham-clipped rats.20 Thus, 

the timing after clipping may also contribute substantially 

to the impact on GFR. It is plausible that efferent arteriolar 

vasoconstriction in response to systemic Ang II, which is 

threefold higher in the sedentary 2K-1C group, serves to 

maintain GFR at 12 weeks. Studies designed to assess these 

complex interactions would be required.

Figure 3 Fractional excretion of sodium and potassium.
Notes: Fractional excretion of sodium (upper panel) and potassium (lower panel) for left and right kidneys in the four groups. Values are mean ± SE; n as in Table 2. *P<0.01 
vs Sham SED; §P<0.05 vs Sham EX; ‡P<0.001 vs left kidney; and ^P<0.05 vs 2K-1C SED.
Abbreviations: 2K-1C EX, two-kidney, one-clip exercise; 2K-1C SED, two-kidney, one-clip sedentary; Sham EX, sham-clipped exercise; Sham SED, sham-clipped sedentary.
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Excretory function
The higher urinary sodium excretion rate by the unclipped 

kidney but not the clipped kidney in the sedentary 2K-1C 

group reflects the substantial influence that renal perfusion 

pressure exerts via pressure natriuresis.48 Our findings are 

consistent with studies showing that acutely elevated levels 

of Ang II are antinatriuretic when renal perfusion pressure is 

prevented from increasing but natriuretic when renal perfu-

sion pressure is permitted to rise.49 A similar excretory pattern 

has been observed in 2K-1C rats when renal perfusion pres-

sure is controlled.41 This would not, however, fully explain 

how urinary sodium excretion was virtually identical to that 

in the sham-clipped groups although arterial pressure was still 

significantly elevated in the exercise-trained 2K-1C group. 

Thus, only a component of the decrease in sodium excretion 

can be attributed to a decrease in renal perfusion pressure.

Together with the known inhibition of renal sympathetic 

activity,2,8 the observed decline in plasma Ang II would have 

predicted an increase in urinary sodium excretion with regular 

exercise in the 2K-1C group.43 Consistent with our findings, 

renal sympathetic innervation is paradoxically permissive 

for sodium excretion in response to exogenous Ang II in the 

canine split bladder model.50 Despite a decrease of plasma 

Ang II to values similar to sham-clipped animals, denerva-

tion of the clipped kidney results in a profound decrease in 

renal sympathetic nerve activity but no change in intrarenal 

Ang II to the unclipped kidney.20 Although renal tissue Ang 

II was not measured in the current study, it is possible that 

persistent tubular effects by intrarenal Ang II contributed 

to the decrease in sodium excretion by the exercise-trained 

2K-1C rats.45 Furthermore, as these short-term clearance 

experiments were performed at the end of the 12-week 

exercise regimen at a time when the animals were likely in 

electrolyte balance, we cannot exclude the possibility that a 

greater or lesser amount of sodium was excreted earlier in 

the course by the exercised 2K-1C rats.51,52

In contrast to the results with sodium excretion, the 

impact on urinary potassium excretion appears more 

straightforward. The elevated plasma aldosterone levels in 

the sedentary 2K-1C rats contributed to the greater urinary 

potassium excretion by the unclipped kidney despite lower 

plasma potassium levels. Increased sodium delivery to the 

distal nephron segments also potentially increased potassium 

secretion53 despite a counter-regulatory effect by Ang II.54 

By decreasing aldosterone, daily exercise attenuated urinary 

potassium losses and restored plasma potassium levels. In 

addition, exercise-induced sympathoinhibition may have 

further contributed to the lower urinary potassium excretion 

in the exercised 2K-1C rats,43 thereby further supporting the 

dual action of diminished activation of the renin–angioten-

sin–aldosterone system and sympathetic nervous system.

Summary and perspectives
In summary, these studies support the concept that volun-

tary dynamic exercise lowers systemic arterial pressure and 

decreases plasma Ang II and aldosterone levels in the 2K-1C 

model of renovascular hypertension without deleterious 

effects on GFR. The differences among the groups in sodium 

excretion underscore the impact of pressure natriuresis 

despite elevated plasma Ang II and aldosterone in the sed-

entary 2K-1C rats. In contrast, potassium excretion appears 

to be primarily regulated by ambient aldosterone levels and 

distal sodium delivery. Importantly, atherosclerotic renal 

artery stenosis is increasing in prevalence, particularly in 

high-risk populations, and carries a high risk of cardiovas-

cular morbidity and mortality.25 In addition to the beneficial 

effects on arterial pressure, regular dynamic exercise may be 

of benefit via diminished circulating Ang II and aldosterone, 

both of which contribute to deleterious cardiac and vascular 

remodeling.55,56 Existing studies in humans evaluated renal 

function during exercise and suggested a detrimental effect 

in renovascular hypertension.57 To our knowledge, follow-

up investigations of the impact of regular exercise on renal 

function have not occurred. Our findings strongly support 

the possibility of beneficial long-term effects and need 

for further studies on the cardiovascular and renal impact 

of regular dynamic exercise in humans with renovascular 

hypertension.
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