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ABSTRACT

Objective: Ions, particularly calcium ions, play an important role in ischemia-reperfusion
cell injury. In this study, we investigated the action of verapamil on the mitochondrial function of
kidneys submitted to ischemia without blood reperfusion in order to study isolated early and late
ischemic effects.

Materials and Methods: 44 rats were submitted to bilateral warm renal ischemia for 30 min-
utes. The kidneys were then immediately reperfused with saline or Euro-Collins (EC) solution, with
and without previous administration of 0.35 mg/kg of verapamil. Mitochondrial function was as-
sessed at the end of renal perfusion and after 24 hours of cold preservation.

Results: In kidneys perfused with saline, verapamil allowed a significant early preserva-
tion of state III mitochondrial respiration, a result that was no longer evident after 24 hours. In
kidneys perfused with EC solution, verapamil did not change state III for either early or late evalu-
ations. Comparison of the groups showed that the results obtained for kidneys perfused with EC
were always superior to those obtained for the saline group, except for the initial analysis of kid-
neys treated with saline and verapamil, which showed results similar to those obtained with EC
perfusion alone.

Conclusion: Administration of verapamil before warm ischemia provides partial and short-
lasting functional protection of the mitochondrial function in kidneys perfused with sodium rich sa-
line. With Euro-Collins solution, verapamil did not show any additional beneficial effect. This fact
permits us to conclude that protective action is effective only under conditions that facilitate increased
sodium uptake and/or potassium loss.
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INTRODUCTION

Despite the care taken to preserve vital func-
tions in brain dead patients and candidates for organ
donation, organs removed from them may pass
through a variable period of hypoxia and/or ischemia
secondary to a low renal blood flow with a conse-

quent deleterious effect on renal cell metabolism that
may affect function after transplantation (1).

In an attempt to reduce renal cell damage,
kidney preservation for transplantation currently con-
sists of arterial perfusion with solutions whose com-
position is similar to that of the intracellular medium
used at low temperature. Hypothermia is mandatory
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because it decreases the cellular metabolic rate, re-
ducing the renal oxygen demand by 84% at 20° C
and by 95% at 10° C (2).

In addition of hypothermia and different pres-
ervation solutions, several drugs have been used to
maintain cell integrity and to preserve the organs for
transplantation (3,4). Among them, calcium channel
blockers have shown reduction of cell damage in-
duced by oxygen deprivation. Verapamil has shown
a protective effect on renal function in animal mod-
els, specifically acute ischemic renal failure when
administered before an ischemic episode ranging from
40 to 60 minutes, usually with blood reperfusion af-
ter the period of ischemia (5-9), as well as in renal
transplantation (10). In addition, there is an anti-oxi-
dant protective effect against tissue injury attribut-
able to oxidative stress (11).

Considering these aspects, the objective of
the present study was to assess the action of verapamil
on the mitochondrial function in kidneys of rats sub-
mitted to 30 minutes of warm ischemia and then im-
mediately perfused with two different solutions at low
temperature with no blood reperfusion of the kidney
in order to study isolated early and late ischemic ef-
fects.

MATERIALS AND METHODS

This study was approved by the Institution
Committee on Animal Research, following the rec-
ommendations for animal research by the National
Institute of Health.

Forty-four male Wistar rats weighing 300 to
345 g were used. Of these, 37 underwent bilateral
warm renal ischemia and were divided into 4 groups
(A, B, C and D).

Warm renal ischemia: after thionembutal an-
esthesia (40 mg/kg, intra-peritoneal) and laparotomy,
the aorta and vena cava were dissected and renal ar-
terial blood flow was interrupted for 30 minutes by
placing vascular clamps in the aorta above the emer-
gence of the renal arteries. Groups B and D animals
received 0.35 mg/kg of verapamil intravenously 15
minutes before the beginning of ischemia. After that,
the aorta and the vena cava were ligated above and
below the renal vessels. A small incision was made

in the vena cava and in situ renal perfusion was started
with 20 mL of a solution stored on ice and slowly
injected by puncturing the aorta. The injected solu-
tion varied between groups, as described below. The
incision in the vena cava permitted the drainage of
blood and perfusion fluid. One of the kidneys was
then randomly removed in order to obtain mitochon-
dria and determine their function. The contralateral
kidney was removed and kept in a flask immersed in
ice (0 to 4° C), which contained the solution with
which the kidney had been perfused. This organ was
used 24 hours later for a new determination of mito-
chondrial function.

Perfusion solutions: Groups A (n = 8) and B
(n = 5) - saline (0.9% NaCL); Groups C (n = 12) and
D (n = 12) - Euro-Collins®  solution. Seven additional
rats were used for the determination of control mito-
chondrial function. Euro-Collins was used in this
study due to its frequent use as the main solution for
organ perfusion in cadaveric and live donor kidney
transplant at our institution.

Determination of mitochondrial function: to
obtain the mitochondrial fraction, the kidney is
washed in 0.9% saline solution conserved on ice and
then fragmented in appropriate medium (0.25 M su-
crose, 1 mM EDTA, 1 mg/mL albumin, pH 7.4) us-
ing a Potter Elvehjem blender 3 times for 3 seconds
at 1 minute intervals. The fraction containing the
mitochondria is obtained by centrifugation of this tis-
sue, first at 750 x g for 3 minutes, and then twice at
15000 x g for 10 minutes. All centrifugations were
done at 4° Celsius. A Himac CR21 refrigerated
Hitachi® centrifuge was used. The final precipitate
was suspended and used to determine the protein con-
tent and the respiratory activity of mitochondria. The
protein concentration was assayed by means of the
biuret modified reaction (12,13). The polarographic
method involving oxygen electrodes using a Gilson
oxygraph was applied to determine the respiratory
activity of mitochondria (14).

The parameters of mitochondrial function
studied were state III (oxygen consumption in the
presence of ADP) and state IV (basal respiration af-
ter the mitochondria had converted to ATP all the ADP
available in the assay). With these two parameters,
the respiratory control ratio (RCR) was calculated for
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each respiratory assay. This ratio measures the cou-
pling of oxidative phosphorylation and is used as the
quality control of the mitochondrial preparation. In
the present study, the only data used were obtained in
the experiments in which the RCR of the control mi-
tochondrial preparation presented a value higher than
3.5.

The paired and unpaired Student t-test was
used for parametrical variables and the Wilcoxon-
Mann-Whitney test for non-parametric variables, with
level of significance set at 5%.

RESULTS

Data of mitochondrial function obtained for
73 organs were used, considering the mitochondrial
RCR as the quality control of the preparations.

Kidneys perfused with saline and verapamil
showed a significant preservation of state III mito-
chondrial respiration in the evaluation performed
immediately after the perfusion period when com-
pared with kidneys without verapamil (p < 0.05).
However, this difference was not observed after 24
hours of cold kidney preservation.

In organs perfused with Euro-Collins® solu-
tion, the administration of verapamil before ischemia
did not significantly alter the state III values either at
the immediate or at the 24-hour evaluation periods.
However, there was a tendency to higher values of
these parameters in the animals that received this
drug.

When the groups were compared, the re-
sults obtained after perfusion with Euro-Collins®

solution were always superior to those obtained for
the kidneys perfused with saline (p < 0.05), except
for the animals which received verapamil in combi-
nation with saline, whose results were similar to
those obtained with perfusion of Euro-Collins® alone
(p > 0.05).

State III and RCR values are listed in Table-1.

COMMENTS

In aerobic organisms, oxidative phosphory-
lation is the major source of ATP for all vital pro-
cesses needing a supply of chemical energy. The varia-
tion in free energy to maintain these processes origi-
nates from carbon substrates and from the correspond-

Table 1 – Data concerning state III of mitochondrial respiration and respiratory control ratio (RCR) (mean ± standard
error).

Experimental Groups                        Time       State III     RCR

A (S) I 130*, ** ± 11.7 3.17 ± 0.38
L  163.2** ± 12.5 2.47 ± 0.33

B (S + V) I    256.8* ± 5.8 3.97 ± 0.40
L  184.7** ± 10.2 2.55 ± 0.38

C (EC) I      235.1 ± 12.7 4.77 ± 0.57
L      229.6 ± 17.1 3.75 ± 0.28

D (EC + V) I      278.1 ± 17.8 3.65 ± 0.38
L      270.0 ± 15.2 4.87 ± 0.43

Control         390 ± 7.8 5.21 ± 0.71

p < 0.05 - level of significance; * saline group difference with/without verapamil, ** different from Euro-Collins group in the same
experimental condition. I = evaluation at the end of perfusion, L = evaluation 24 hours after perfusion, S = saline, EC = Euro-Collins®

solution, V = verapamil. State III data are reported as nAtoms O
2 
/min. mg prot.
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ing electron transport in the respiratory chain that
occurs inside the mitochondrial membrane. Oxygen
is required as the final electron receptor for the main-
tenance of these metabolic processes. During is-
chemia, anoxia prevents this efficient form of ATP
production, consequently impairing cell functions.

The cause-effect relationship between the
processes for obtaining chemical energy is still quite
obscure and depends on membrane integrity (such as
integrity of the mitochondrial membrane) and on re-
nal function, which depends on cell organization. In
the kidney, one of the consequences of ischemia is
the loss of tubular cell polarity and the redistribution
of the Na+, K+ ATPase enzyme, which represents cel-
lular disorganization and compromises renal function.
The relation of this disorganization to the fall in ATP
levels has been proposed by other investigators (15).
In the absence of oxygen, the anaerobic glycolytic
pathway is activated, with glycogen degradation, lac-
tate and H+ production, increase in the number of
particles with a consequent increase in osmotic pres-
sure, and development of cellular edema (16,17). Not
only the lack of oxygen but also the interruption of
tissue removal of metabolites contributes to this con-
dition.

Several studies have indicated an important
contribution of calcium ion to cell damage in the pro-
cess of renal ischemia-reperfusion (18,19). Usually,
the rapid accumulation of H+ permits the exchange
of this ion with Na+ and concomitantly the exchange
of Na+ with Ca++. The ion calcium activates phospho-
lipases and proteases (17,20) and a further increase
in plasma membrane permeability with a massive
calcium influx into the cytoplasmic and the mitochon-
drial compartments. This process leads to irrevers-
ible cell injury.

The beneficial effects of verapamil in the pro-
cesses of kidney ischemia-reperfusion have been dem-
onstrated. However, this protection may be due both
to its vasodilating action and to its effect as a calcium
channel blocker (5). Electron microscopy studies have
shown that verapamil also acts to preserve the ultra
structure of the mitochondrial membrane (21), and
possibly reducing the infiltration of neutrophils into
the ischemic kidney (22). In the present study, we
assessed the action of verapamil on the mitochondrial

function of renal cells when administered in combi-
nation with two different perfusion solutions. Any
vasodilating effect was excluded, since nephrectomy
was performed with no blood reperfusion of the kid-
ney.

The evaluation performed at the end of per-
fusion showed that in organs perfused with saline,
the administration of verapamil before ischemia al-
lowed a significant preservation of state III mitochon-
drial respiration compared to the group that did not
receive the drug. This beneficial effect may corre-
spond to the maintenance of structural membrane in-
tegrity observed by Alvarez et al. (21). In addition,
the similarity in state III values for groups B and C
(p > 0.05) in the evaluation performed immediately
after nephrectomy suggest that the protection of the
mitochondrial membrane provided by Euro-Collins®

perfusion was qualitatively similar to that obtained
with verapamil.

These data confirm the inadequacy of sodium
saline solution alone for renal preservation (allowing
for the manifestation of the action of verapamil) and,
more importantly, indicate that the ionic effect, i.e.,
the short duration effect, may be exerted by both the
verapamil and the Euro-Collins® solution. This sug-
gests that the prevention of the sodium increase by
EC is as beneficial as the initial prevention of the
increase in calcium, without synergistic effects of the
two maneuvers on prolonged preservation. In acute
and short duration episodes of ischemia during which
the effects of the changes in ATP levels affecting the
functioning of the cellular ion pumps may be initially
and partially prevented by the anaerobic production
of ATP, the use of verapamil may permit renal mem-
brane preservation in addition to preserving vascular
endothelium obtained with the use of sodium rich
saline (23).

The disappearance of the protective effect of
verapamil on organs assessed 24 hours after renal
perfusion with saline may suggest that the action of
the drug is short lasting, or that blockade of calcium
entry by verapamil occurs only initially. Thus, if so-
dium continues to be offered through the 0.9% saline
solution, the ischemic injury will increase and cell
and mitochondrial function will fall over time even
under conditions of hypothermia.
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The results obtained for the kidneys perfused
with the Euro-Collins® solution showed higher val-
ues of state III mitochondrial respiration after previ-
ous administration of verapamil. These values did not
reach a statistically significant level, but may indi-
cate a protective tendency of the drug in addition to
that provided by the Euro-Collins® solution. The
analysis performed after 24 hours of cold ischemia
revealed the persistence of this tendency and favors
the hypothesis that the results obtained for the group
perfused with saline solution may really represent a
worsening of cell injury. It should be pointed out that
by not permitting renal reperfusion, we limited the
action of verapamil exclusively to the period of is-
chemia.

This aspect of the experimental design per-
mits us to exclude from the discussion some block-
ing action of the drug on the calcium elicited phe-
nomena and its eventual vasodilating effects that
might be observed at the time of reperfusion. Admin-
istration of verapamil before warm ischemia provides
partial- and short-lasting functional protection of the
mitochondrial fraction in kidneys perfused with so-
dium rich saline. When the kidneys were perfused
with Euro-Collins®, a high potassium solution simi-
lar to the intracellular medium, verapamil did not
show any additional beneficial effect. This fact al-
lows for the conclusion that the protective action of
verapamil is effective only under conditions that fa-
cilitate increased sodium uptake and/or potassium
loss.

Values of state III mitochondrial respiration
closer to those observed in controls suggest that the
mitochondrial membranes were functionally more
efficient with a greater capacity for synthesis, and
therefore were able to re-establish, at least theoreti-
cally, ATP stores after organ reperfusion, contribut-
ing to the return of cell function.

Recently, the study of prolonged periods of
total ischemia in skeletal muscle whose dimensions
were maintained in order to preserve energy metabo-
lism (24,25) showed that the variation in state III res-
piration was a more sensitive indicator of mitochon-
drial damage than the membrane potential, basal mi-
tochondrial respiration (state IV), or RCR (25). How-
ever, the last index (RCR) still seems to represent a

relatively simple and reliable form of evaluating the
quality of mitochondrial preparations.

In conclusion, analysis of these results as a
whole indicates that the administration of verapamil
before the ischemic episode provides only partial- and
short-lasting functional protection of mitochondrial
function and this protection is superimposed on that
promoted by renal perfusion with Euro-Collins® so-
lution before ischemia. On the other hand, early events
occurring during the initial period of ischemia may
include a possible direct sodium effect upon mito-
chondrial function. Therefore, this possibility may
deserve further investigation when the role of kidney
function upon ionic homeostasis is taken into account.
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