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LRNFLABORATORY STUDY

The Effect of Heavy Muscle Activity on Renal Cytoresistance in Rats

Heavy Muscle Activity and Renal CytoresistanceSelma Cirrik and Gülsen Öner
Akdeniz University, Faculty of Medicine, Department of Physiology, 07070, Campus, Antalya, Turkey

Cytoresistance is the term used to describe the response of the
proximal tubule cells to various stress inducers via cholesterol
accumulation. However, the role of extensive exercise as a renal
insult has not been examined. In this study, the effect of heavy
muscle activity on proximal tubule cytoresistance was investi-
gated. Results obtained from rats subjected to running a treadmill
for five days were compared to those of controls. Extensive muscle
activity-induced soleus citrate synthase and blood lactate elevation
were associated with normal MAP, RBF, and GFR. Blood elec-
trolytes and cholesterol levels remained unchanged, whereas the
total and free cholesterol accumulations in the proximal tubule cells
of the exercised group were higher than controls. Cholesterol-
loaded tubules were more resistant (as proved by LDH release) to
an ATP-depleted/calcium overloaded second stress. These data
clearly demonstrate that heavy muscle activity induces cholesterol
accumulation in the proximal tubules of kidney, without influencing
ATP generation.
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INTRODUCTION

It is well known that exercise results in a significant
redistribution of tissue blood flow, such that it is increased
in the working muscles but decreased in uninvolved organs.
Among these distant uninvolved organs, kidneys have a
crucial importance. An exercising body needs normal kidney
functions for the elimination of exercise-induced elevated
metabolic waste products. Despite conflicted reports,[1,2]

most of the research studying renal blood flow suggests that
each period of exercise creates an ischemia/reperfusion
condition for kidneys when reduced kidney blood flow

due to exercise returns to normal following exercise.[3–8] In
addition to its ischemia/reperfusion-like effects, strenuous
muscle activity induces oxidative stress as measured by
oxidative damage of lipids, proteins, and even genetic
materials responsible for altered enzyme activities.[9]

Exercise-induced elevated oxidative stress has been also
shown to increase apoptosis in the renal tubule cells.[3]

There is clinical evidence supporting the results
obtained from these experimental studies.[10–13] Since
1936, it has been known that violent exercise is associated
with a modification of kidney functions characterized by
diminution of excretory rate, increased urinary pH, and the
appearance of abnormal constituents in the urine.[14] It is
generally accepted that exercise intensity, rather than
duration, has a more extensive effect on protein excretion
rates. According to Poortmans and Labilloy,[15] moderate
or submaximal exercise affects mainly the glomerular
structures, while strenuous exercise has an impact at both
glomerular and tubular levels. Glomerular membrane per-
meability and the S1- S2 segments of proximal tubule cells
seem to be the nephron parts that are most sensitive to bio-
chemical changes related to the intensity of exercise.[15,16]

Today, irrespective of their age and kidney function,
people are encouraged to take regular muscular activity as
part of a healthier lifestyle.[17–19] Thus, the results of the
above-mentioned experimental and clinical studies, indi-
cating renal dysfunctions during heavy exercise,[10–13]

seem to be disregarded. One reason for this is the presence
of lower blood creatinine levels and normal glomerular fil-
tration rates (GFR) in regular exercisers.[20,21] Another reason
is the acceptance of the elevated protein excretion, which
is observed after vigorous exercise, as a non-pathological
proteinuria.[22] In addition, several authors have attributed
the unaltered kidney functions to the unidentified adaptive
metabolic and functional changes induced by endurance
exercise training.[3,23–25] Taken together, these training-induced
adaptive changes and the presence of normal kidney functions
in training athletes[26] may be the reason for the encour-
agement of regular exercise, ignoring the potentially dam-
aging effects of heavy muscle activity on the kidneys.
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The characteristics of endurance exercise-induced
adaptive metabolic and functional changes in kidneys are
not clear, but may include a cytoresistance-like response.
In their numerous studies, Zager et al. have shown that
when proximal tubule cells are subjected to diverse forms of
injury such as acute renal failure, endotoxemia, ischemia/
reperfusion injury, LPS insult, or oxidative stress, they
undergo adaptive changes that serve to protect them from
subsequent attacks.[27–33] They denote these adaptive
changes as acquired cytoresistance, which is generally
expressed by 18 to 24 hrs following the initial insult. In
these studies, heavy muscle activity or exercise is not
included among the stress factors that initiate cytoresis-
tance in proximal tubule cells. However, because kidney
blood flow is reduced during exercise and recovers subse-
quently, strenuous exercise can potentially mimic ischemia/
reperfusion injury, which may cause cytoresistance in the
proximal tubule cells. It is entirely possible that the adap-
tive changes seen in trained athletes occur through this
cytoprotection mechanism.[3,23–25]

However, there is no clear consensus on the benefits
or risks of acute and chronic exercise on kidney functions.
Therefore, assessment of the effects of heavy physical exer-
cise on the physiology and structure of proximal tubule
cells is studied. This is an important clinical question
given the encouragement by the health professionals for
regular exercise at least five days per week.[26] Even elderly
people who are taking medications are encouraged to take up
regular exercise to prevent age-induced kidney damage.[34]

Therefore, we conducted an experimental study in rats
that were subjected to heavy muscle activity in order to
assess whether exercise can induce stress in proximal
tubule cells and initiate acquired renal cytoresistance.

MATERIALS AND METHODS

2.5–3-month-old male Wistar rats weighing 286.92 ±
7.04 g were randomly divided into two groups. Twenty
animals were used as a sedentary control, while the other
20 animals were subjected to heavy muscle activity for
five days. The rats were provided food and water ad libi-
tum. Post-exercise weight of the exercising animals
remained unchanged (272.31 ± 6.62 g). All procedures
were approved by Akdeniz University Animal Care and
Usage Committee (06-12/02).

Exercise Protocol

In order to mimic the effects of irregular heavy
muscle activity on kidney functions of laborers, short-term
exhausting muscle activity was chosen as an exercise

model. Animals were exhausted on a motor-driven tread-
mill (MAY-TME 9805, Commat, Ankara, Turkey) once a
day for five days. Before the exhaustive protocol, the rats
were familiarized with a treadmill running for two days.
The exhaustive protocol was started at 20 m/min and a 5%
gradient for 5 min. The gradient and speed were gradually
increased to 15% and 24 m/min, and running was contin-
ued until exhaustion. For the animals that failed to escape
from electrical stimulation, the exhaustion was approved
by the loss of the straightening reflex for ten seconds when
animals were placed on their back.

All animals were placed in metabolic cages for 24 hours,
and urine samples were collected. The exhausted rats were
placed in metabolic cages at the fourth exercise day and
sacrificed after the last treadmill running. The urine samples
were used for protein, glucose, and creatinine measurements.
Protein, creatinine, and glucose levels were determined using
the Lowry method,[35] Jaffe method,[36] and a commercial kit
(QuantiChrom™ Glucose Assay Kit, DIGL-200), respec-
tively. Urine and serum electrolyte levels were measured by
an autoanalyzer (Roche Hitachi F-800).

Blood Lactate Concentration

Ten minutes following the last exercise session, lactate
concentration was measured in blood samples obtained
from the tail vein using a lactate analyzer BM-Lactate test
strips (Accusport, Mannheim Boehringer, Accusport
Diagnostics & Biochemicals, U.K.).

Activity of Citrate Synthase (CS)

CS activity was determined for the soleus muscle of
each rat according to the spectrophotometric method
described by Srere.[37] Data were expressed as micromoles
per gram wet weight per minute.

Measurement of Main Arterial Pressure (MAP)

Under light ether anesthesia, MAP was determined by
tail cuff method (Biopac, BP HR200 module plus MP100
system, Goleta, California, USA).

Measurement of Renal Blood Flow (RBF)

Renal plasma flow (RPF) was calculated as the clearance
of para-aminohippurate (PAH), and RBF was calculated as
the clearance of RPF/(1 - Hct). Under the urethane anesthesia
(1 mg/kg bw, ip), the left jugular vein and urinary bladder



Heavy Muscle Activity and Renal Cytoresistance 685

were cannulated for PAH infusion (0.6%) and urine
collection, respectively. Plasma and urine PAH concentra-
tions were determined by spectrophotometry.[38,39]

After the collection of urine and blood samples, kidneys
were perfused with ice-cold krebs phosphate buffer (118 mM
NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM
KH2PO4, 24 mM NaHCO3, 11 mM glucose, pH:7.4) to wash
off the blood. Then, both kidneys were excised, cleaned from
adhesive fat tissues, and decapsulated in an ice-cold buffer.
The cooled kidneys were longitudinally dissected, and the
medullary part was discarded. The renal cortical tissue was
used for proximal tubule or mitochondria isolation.

Proximal Tubule Isolation

As previously described,[40] renal proximal tubules were
isolated from rats based on the method of Vinay et al.[41]

Briefly, the digested tissue was separated by centrifugation
into four distinct bands, F1–F4. The proximal tubule-rich
F4 band, after washing three times, was resuspended in
krebs buffer and used for cholesterol determination or
cytoresistance experiments.

Cholesterol Determination

Following isolation, proximal tubules were subjected
to lipid extraction as previously described.[28] Then, total
and free cholesterol (FC) levels were determined using a
commercial kit (Cholesterol Fluorometric (Red) Assay
Kit, Amplex® Red from Molecular Probes, Invitrogen,
A12216). Cholesterol ester (CE) level in samples was
calculated by subtracting the free fraction from the total
cholesterol. Serum total cholesterol and HDL cholesterol
levels (following phosphotungstic acid/magnesium chloride
precipitation) were determined using the same cholesterol
kit. LDL cholesterol levels were calculated by subtracting
the HDL cholesterol from total cholesterol.

Cytoresistance

As outlined by Zager et al.,[28–30] isolated proximal
tubules were incubated either in basal conditions or ATP-
depleted/Ca+2 overloaded conditions, containing mito-
chondrial respiration and glycolysis inhibitors and Ca+2

ionophore (7.5 μM antimycin A, 20 mM 2-deoxyglucose
and 10 μM A23187, respectively) for four hours. Medium
LDH (lactate dehydrogenase) levels were determined
using a commercial kit (QuantiChrom™ Lactate Dehydro-
genase Kit, DLDH-100), and its release was expressed as a
percentage of total LDH level.

Mitochondrial Isolation

Mitochondria were isolated from renal cortical
tissue using a method defined by Weinberg et al.[42]

Isolated mitochondria were used for inorganic phosphate
determination.

Inorganic Phosphate Determination

As an indicator of F0/F1-ATPase activity, inorganic
phosphate levels in the mitochondria and PTSs were mea-
sured. This spectrophotometric method was previously
described by Katewa and Katyare.[43] Data were expressed
as μg.mg prot–1.min–1.

Statistical Analysis

All values are presented as means ± SEM. Statistical
comparisons were performed by unpaired Student’s t-test.
p < 0.05 was considered statistically significant.

RESULTS

In order to attain heavy muscle activity, the rats were
exercised to exhaustion for five days, and the signs of
cytoresistance were evaluated by measuring the tubular
cholesterol and LDH release from the isolated proximal
tubule segments. As shown in Table 1, five days of
exhaustive muscle activity had no significant effect on
MAP, GFR, or RBF. The blood total cholesterol, LDL-HDL

Table 1 
Studied parameters in rats from sedentary control and five-day 

exhausted groups

Groups
Sedentary 

control
Heavy muscle 

activity

MAP (mmHg) 91.20 ± 1.83 86.75 ± 3.69
GFR (mL/dk) 0.572 ± 2.1 0.659 ± 0.11
RBF (mL/dk) 5.45 ± 1.03 7.61 ± 0.99
Urinary glucose (mg/mL) 0.003 ± 0.0027 0.293 ± 0.070*
Urinary protein (mg/dL) 0.054 ± 0.072 0.486 ± 0.071†

FENa
+ 0.151 ± 0.04 0.111 ± 0.04

FEK
+ 52.52 ± 9.32 57.16 ± 13.37

Serum total 
cholesterol (mg/mL)

0.97 ± 0.04 1.17 ± 0.11

HDL cholesterol (mg/mL) 0.28 ± 0.026 0.30 ± 0.045
LDL cholesterol (mg/mL) 0.671 ± 0.034 0.869 ± 0.09

Statistically differences from sedentary control; *p < 0.01,
†p < 0.001.
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cholesterol, and electrolytes were within normal limits.
Fractionated sodium (FENa

+) and potassium (FEK
+) excre-

tion were also unchanged.
Despite normal GFR, the heavily exercised animals

exhibited a significant proteinuria and glucosuria (see Table
1). In the exhausted group, the mean blood lactate level was
increased two-fold (from 1.99 ± 0.11 to 4.22 ± 0.32 mM,
p < 0.001), and CS activity in soleus muscle was elevated
significantly from 60.38 ± 3.45 μM. g ww–1. min–1 to
116.17 ± 6.98 μM. g ww–1. min–1 (p < 0.001; see Figure 1).

The isolated proximal tubule segments exhibited a
different picture when cholesterol levels were considered
(see Figure 2). Despite the lack of alteration in plasma
cholesterol levels, the isolated proximal tubule segments
from the exhausted rats revealed a significant increase in
cholesterol levels with respect to the controls (0.662 ±
0.067 μM/mg prot vs. 0.499 ± 0.008 μM/mg prot; p < 0.05).
The elevation was prominent in the free cholesterol frac-
tion, increasing from 0.234 ± 0.029 μM/mg prot to 0.420 ±
0.037 μM/mg prot (p < 0.01) in the tubule of exhausted
animals. However, the mean esterified cholesterol
levels remained unaltered both in the control (0.230 ±
0.032 μM/mg prot) and the exhausted group (0.265 ±
0.027 μM/mg prot).

Proximal Tubule Cytoresistance (LDH Release)

At the basal conditions, after a four-hour incubation at
37°C, LDH release from the isolated proximal tubules into
the incubation medium was 30.2 ± 7.07% and 30.59 ± 7.27%
in the control and exhausted groups, respectively, whereas
LDH release as a response to ATP-depleted/calcium-over-
loaded conditions, which is used as a second stress model,
was statistically different in the tubules of control and
exhausted group. LDH release was 54.6 ± 8.2% and 34.41 ±
9.99% (p < 0.001) in the tubule segments of sedentary con-
trol and exhausted rats, respectively (see Figure 3).

Inorganic Phosphate Level

Total inorganic phosphate of isolated PTS was simi-
lar both in sedentary and exercising animals (67.57 ±
8.69 and 69.75 ± 5.40 μg/mg prot, respectively). Mito-
chondria, isolated from the renal cortex of control and
exhausted animals, were used to study the F0/F1
ATPase activity, based on inorganic phosphate release
during the 10 min incubation period. Inorganic phos-
phate releasing effect of F0/F1 ATP synthase in the
mitochondria of control and exercised rats was 3.69 ±
0.23 μg.mg prot–1.min–1 and 3.85 ± 0.39 μg.mg prot–1.min–1,
respectively.

Figure 1. CS activity for soleus muscle and blood lactate
levels in the sedentary control and in five-day exhausted animals
(difference from sedentary control; *p < 0.001).
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Figure 2. Total cholesterol (TC), free cholesterol (FC), and
cholesterol ester (CE) levels in proximal tubules isolated from
sedentary control and five-day exhausted animals (differences
from sedentary controls; *p < 0.05, **p < 0.01).
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Figure 3. LDH release from proximal tubules isolated from
control and five-day exhausted rats. LDH release was
determined in the basal and ATP-depleted/Ca+2 overloaded
conditions (7.5 μM Antimycin A, 20mM 2-deoxyglucose and 10 μM
A23187) and expressed as percentage of total LDH (differences
from individual basal conditions; *p < 0.001).
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DISCUSSION

The present study demonstrated that intense physical
activity, as confirmed by increased blood lactate concen-
tration and citrate synthase activity in soleus muscle,
induces some degree of renal dysfunction associated with
proteinuria and glucosuria, without altering MAP, RBF,
and GFR. These results are in agreement with the studies
reporting on the approving and disapproving effects of
vigorous muscle activity on kidney functions.[5–8,10–16,44]

According to Poortmans and Vancalck,[12] proteinuria
and glucosuria, seen as a consequence of strenuous physi-
cal activity, are indications of impaired glomerular and
tubular function, whereas several other authors disagree
with the harmful effects of muscular activity because of
unaltered kidney functions in trained athletes[45] or exercis-
ing animals.[46] In addition, exercise-induced glucosuria
and proteinuria are accepted as nonpathological benign
processes by Bergstein.[22] In that sense, glucosuria and
proteinuria detected in our study may not be regarded as
pathological. Because of the lack of a clear consensus on
the benefits and risks of acute and chronic exercise on renal
functions, the renal cytoresistance theory of Zager et al.[28–32]

seems to be useful for the interpretation of our data.
Zager et al.[27–33] believe that when subjected to

diverse forms of injury, proximal tubule cells develop
adaptive changes as protection against subsequent
attacks. Cholesterol loading in the proximal tubule cells
is one of these adaptive changes and is accepted as the
main criterion for the acquired renal cytoresistance.[27–33]

If so, then our result demonstrating the elevated levels of
both the total and free cholesterol in the proximal tubule
cells of exhausted rats (see Figure 2) should indicate evi-
dence of renal insult, and thus heavy muscle activity
should be included among the other well-studied insults,
such as acute renal failure, ischemia/reperfusion injury,
sepsis, endotoxemia, oxidative stress, and urethral
obstruction.

It is noteworthy that despite significant cholesterol
accumulation in the proximal tubule cells, neither the total
nor HDL-LDL cholesterol levels in the plasma were
altered significantly in these rats. The mechanistic path-
ways of cholesterol accumulation in the proximal tubule
cells, as response to stress, have been discussed in detail
elsewhere[27–33,47] and is not the topic of this study. How-
ever, as demonstrated by Zager et al.,[48] in the sepsis-
induced mice, the elimination of tubular cytoresistancy in
statin-treated exercising rats suggests the involvement of
dysregulated cholesterol biosynthesis (unpublished data). A
sublethal ATP depletion, which initiates both statin sensi-
tive and resistant cholesterol-loading states in the stressed
tubule cells, seems not to be operative in our study. This is
indicated by the normal mitochondrial ATP generation in

the proximal tubule cells of the exhausted rats. In addition
to the existence of normal ATP generation in the tubule
segments of exhausted rats, esterified cholesterol levels
remained normal, whereas free cholesterol levels were ele-
vated. Contrary to these observations, several authors have
reported the predominance of esterified cholesterol accu-
mulation in the tubule cells that are subjected to various
forms of stress[33,47] This could be explained by the fact
that exercise produces reactive oxygen species (ROS) in
the tubule cells,[46,49] which in turn stimulates the PPARg
activity, known to inhibit cholesterol esterification by an
ACAT-independent mechanism.[50,51] Thus, the elevation
of free cholesterol may be explained by disruption of the
fine balance between the exercise-stimulated cholesterol
synthesis[52] and ACAT-independent inhibition of choles-
terol esterification by ROS stimulated PPARg. Moreover,
as seen in Figure 3, with the use of an ATP-depleted/Ca+2-
overload attack, there was increased release of LDH by the
control group of rats as a response to this mitochondrial
stress. Unaltered LDH release from the tubule segments of
rats exposed to heavy muscle activity indicates membrane
resistance in the cholesterol-loaded tubule segments of
exercised animals and may represent some adaptive
changes as reported by Zager et al.[27–33]

In conclusion, we suggest that the muscle activity
model used in this study may be able to stress the proximal
tubule cells, thus causing renal cytoresistance. From a clini-
cal point of view, the functional significance of tubular
cytoresistancy may gain importance in exercising people
subjected to cholesterol-lowering approaches. However, the
clinical implications of heavy muscle activity-induced renal
cytoresistance remains to be elucidated.
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