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ABSTRACT: Microcystins (MCs) are a group of closely related cyclic heptapeptides produced by a variety of common
cyanobacteria. These toxins have been implicated in both human and livestock mortality. Microcystin-LR could affect
renal physiology by altering vascular, glomerular and urinary parameters, indicating that MC-LR could act directly on
the kidney. The aim of the current work was to examine the effect of MC-LR on mitochondrial oxidative phosphorylation

of rat kidney isolated mitochondria.

Furthermore, microcystin-LR decreased both state 3 and carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP)-
uncoupled respiration. The transmembrane potential was strongly depressed by MC-LR in a concentration dependent
manner, pointing to an uncoupling effect; however, microcystin-LR did not increase the permeability of the inner
mitochondria membrane to protons. Therefore, the transmembrane decrease was a consequence of a strong inhibitory
effect on redox complexes. The addition of uncoupling concentrations of MC-LR to Ca**-loaded mitochondria treated with
ruthenium red resulted in mitochondrial permeability transition pore (MPTP) opening, as evidenced by mitochondrial
swelling in isosmotic sucrose medium. Mitochondrial swelling in the presence of Ca* was prevented by cyclosporin A and
was drastically inhibited by catalase and dithiothreitol, indicating the participation of mitochondrial generated reactive
oxygen species in this process. From this study it can be concluded that the bioenergetic lesion promoted by microcystin-
LR seems to be sufficient to explain renal injury. Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction

Contamination of natural waters by cyanobacterial blooms
is a worldwide problem, causing serious water pollution
and public health hazards to humans and livestock (Car-
michael, 1994; Oudra et al., 2001). Members of the cyano-
bacterial genera Microcystis, Oscillatoria and Anabaena
produce cyanotoxins. Microcystins are the most commonly
found group of cyanotoxins and more than 70 variants
are known (Fastner et al., 2002), microcystin-LR being
one of the most abundant and toxic variants in blooms.

Microcystin-LR cannot penetrate the cell membrane
through simple diffusion, but through the bile acid trans-
port system (Runnegar et al., 1991) and by other organic
anion transporters localized in hepatocytes and in the
blood—brain barrier. These transporters are known to be
responsible for the organ-specific toxicity of MC-LR. The
disposition of microcystins to hepatotoxic damage prob-
ably depends on the high concentration of these trans-
porters in the hepatocyte membrane. The toxicity of
microcystins has been attributed to the highly specific
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inhibition of serine/threonine phosphatases-1 and -2A
(Mackintosh ez al., 1990) and/or to the increased formation
of reactive oxygen species (Ding et al., 2000). Cytoskele-
tal changes and apoptosis induced by microcystins were
found in experiments on cultured rat hepatocytes and
kidney cells (Eriksson et al., 1989; Falconer and Yeung,
1992; Wickstrom et al., 1995). They have demonstrated
that in the intestine microcystin-LR and supernatants
of macroph-ages stimulated by this toxin were capable of
promoting water and electrolytes secretion (Nobre et al.,
2004). Acute exposure to MC-LR results in a decrease
in the antioxidant enzymes and an increase in lipid peroxi-
dation in rat liver and kidneys, suggesting that oxidative
stress has an important role in the pathogenesis of MC-
LR-induced toxicity (Ding et al., 1998, 2000; Moreno
et al., 2005). Microcystin-LR induces apoptosis in human
derived CaCo, cell lines and MCF-7 cells via a mecha-
nism similar to that observed for primary rat hepa-
tocytes (Botha et al., 2004). Some studies indicate that
phospholipase A, and arachidonic acid-derived mediators
are involved in the renal alterations promoted by
microcystin-LR (Nobre et al., 2001). Zegura et al. (2004)
showed that microcystin-LR can induce genotoxicity
through ROS formation, which causes the formation of
DNA strand breaks and mutagenic oxidative DNA.
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Studies on the immunohistochemical localization of
MC-LR in the liver of poisoned mice, suggest that detec-
tion of MC-LR in centrilobular hepatocytes isclosely
associated with the onset of hemorrhage and apoptosis
and is related to adduct formation (Yoshida ez al., 1998).
Microcystin-treated hepatocytes and other types of cells
have typical apoptotic morphology, including chromatin
condensation, cell shrinkage and membrane blebbing.
A caspase-dependent mechanism should be involved
in MC toxicity, since caspase inhibitors could retard
the execution (McDermott ez al., 1998; Fladmark et al.,
1999). However, the exact mechanisms underlying the
suggested apoptosis-induced potential are still unknown.
Involvement of mitochondria, including an increase of
reactive oxygen species followed by a loss of mitochond-
rial membrane potential was observed (Ding et al., 2000).
Moreover, mitochondria have been found to be one of the
major targets in the MC-LR induced apoptotic process,
and the onset of mitochondrial permeability transition
(MPT) precedes the characteristic signs of apoptosis
(Ding et al., 2000). Ding et al. (2001) showed that MC-
LR caused an early surge of mitochondrial Ca** prior to
the onset of MPT and cell death in MC-LR treated rat
hepatocytes. Immunochemical and proteomic studies have
enabled the identification of type-1 catalytic subunits,
type-2A protein phosphatases and ATP-synthase beta
subunits as targets for microcystin-LR (Mikhailov ez al.,
2003).

The detoxification of MC-LR in the liver occurs
through conjugation with glutathione (Kondo et al., 1996)
via glutathione S-transferase action (Pflugmacher et al.,
1998; Takenaka, 2001).

Recent studies have demonstrated that microcystin-
LR-stimulated macrophages cause significant increases
in renal vascular resistance, in glomerular filtration rate
and in urinary flow. Furthermore, they release mediators
capable of promoting nephotoxicity in isolated perfused
rat kidney (Nobre et al., 1999), involving phospholipase
A, and a cyclooxygenase in this process (Nobre et al.,
2003). Many authors have already shown that MC-LR
promotes renal alterations and affects renal physiology
(Wickstrom et al., 1995; Nobre et al., 1998; Beasley
et al., 2000; Fischer and Dietrich, 2000; Milutinovic
et al., 2002). Since renal mitochondrial bioenergetics
plays a crucial role in cellular metabolism, the main
objective of this work was to evaluate the effects of
microcystin-LR on isolated kidney mitochondria.

Materials and Methods
Isolation of Rat Kidney Mitochondria
Mitochondria were extracted from a homogenate of rat

kidney by differential centrifugation according to Cain
and Skilleter (1987).

Copyright © 2007 John Wiley & Sons, Ltd.

Wistar rats (male, weighing 300—-400 g) were killed by
decapitation and the kidneys excised. The entire organs
were homogenized (after first removing the capsule) in an
ice-cold isolation medium containing 0.25 M sucrose,
20 mm HEPES, 1 mm ethylene-diaminetetraacetic (EDTA),
0.2% (w/v) defatted bovine serum albumin, pH 7.4, and
homogenized (10 ml g™') using a Potter-Elvejhem homo-
genizer. Mitochondria isolation was performed at 4 °C
without delay using differential centrifugation. Nuclei and
unbroken cells were pelleted by centrifugation at 700 g
for 10 min, and the mitochondria were separated from the
supernatant by centrifugation at 10 000 g for 10 min. The
mitochondrial pellet was washed twice and resuspended
in a medium containing sucrose 0.25 M, 20 mm HEPES,
pH 7.4 and suspended at 15-30 mg of protein ml™'. The
protein concentration of mitochondrial suspension was
determined by the biuret method (Gornall et al., 1949),
in the presence of 0.2% DOC, using BSA as a standard
protein.

Mitochondrial Respiratory Activity

Oxygen consumption of isolated mitochondria was meas-
ured polarographically using a Clark-type oxygen elec-
trode (Estabrook, 1967) connected to a suitable recorder
in a closed water-jacketed 1.0 ml chamber with magnetic
stirring, at 25 °C. Respiration rates were calculated
assuming an oxygen concentration of 450 nAt O ml™ in
the experimental medium at 25 °C. The standard respira-
tory medium consisted of 130 mm sucrose, 50 mm KCl,
5 mm MgCl,, 5 mm KH,PO, and 5 mm Hepes, pH 7.2.
Microcystin-LR was added in aliquots (a few microliters)
to 1 ml of the standard respiratory medium (25 °C) sup-
plemented with mitochondria (0.5 mg protein) and allowed
to incubate for 10 min before the addition of respiratory
substrate, i.e. before the beginning of the respiratory
activity. In all the assays a negative control was included
to evaluate the effect of the ethanol, nevertheless the
volumes used did not induce any significant toxicity.
State 3 was elicited by adding adenosine 5’-diphosphate
(ADP 1 mm) and uncoupled respiration, by adding 1 um
carbonylcyanide p-trifluoromethoxyphenylhydrazone
(FCCP).

Membrane Potential

A tetraphenylphosphonium (TPP*)-sensitive electrode,
prepared according to Kamo et al. (1979), was used to
estimate the potential across the mitochondrial membrane.
TPP" uptake was measured from the decreased TPP* con-
centration in the medium sensed by the electrode. The
potential difference between the selective electrode and
the reference (calomel electrode) was measured with an
electrometer and the data were collected in a Hansatech
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acquisition data system. The voltage response of the TPP*
electrode to log (TPP*) was linear with a slope of 59 *
1, at 25 °C, equating well with the Nernst equation.
Mitochondria (0.5 mg protein) were re-suspended in
1 ml of the standard respiratory medium (the same medium
as described for the oxygen consumption experiments), at
25 °C, with constant stirring. TPP* was added to a final
concentration of 3 um, i.e. an amount low enough to
avoid any detectable toxic effects on mitochondria with
the respiratory substrates. The TPP" uptake was initiated
by the addition of substrate. The Ay was estimated as
indicated by Kamo et al. (1979) from the equation

Ay (mV) = 59 log(v/V) — 59 log(10°4% — 1)

where v, V and AE are the volumes of mitochondrial and
incubation medium and the deflection of the electrode
potential from the baseline, respectively. A matrix vol-
ume of 1.1 ul mg™ mitochondrial protein was considered.
The above equation was derived assuming that the TPP*
distribution between the mitochondria and the medium
followed the Nernst equation and that the law of mass
conservation was applicable. No correction was made
for the passive binding of TPP* to the mitochondrial
membranes, since the purpose of the experiments was to
show relative changes in potentials rather than absolute
values. Calibration runs in the presence of MC-LR
excluded any direct interference in the electrode signal.

Synthesis of Decylubiquinol

Decylubiquinol was synthesized according to the method
of Gudz et al. (1997; 2031) and all procedures were
carried out in subdued light. Decylubiquinone (10 pmol)
was dissolved in 2 ml ethanol + water (1 + 1 v/v; pH 2)
and reduced to the corresponding alcohol by the addi-
tion of NaBH,. The decylubiquinol was twice extracted
from the aqueous ethanol using 1 ml of diethylether +
isooctane (2 + 1; v/v). The organic phases were com-
bined, then washed with 2 ml of 2 M NaCl and evapo-
rated to dryness at room temperature under a stream of
nitrogen. The product was dissolved in ethanol (990 pl),
acidified by the addition of 10 ul of 0.1 m HCI and trans-
ferred to a storage vial. After flushing the airspace of the
vial with nitrogen, the vial was securely capped and the
decylubiquinol solution kept at —20 °C in darkness.

Enzymatic Activities

Complex II activity was measured as the rate of reduction
of ubiquinone to ubiquinol by succinate, and quantified by
the secondary reduction of 2,6-dichlorophenolindophenol
(DCIP) as the quinol formed. The reaction mixture con-
tained 50 mm potassium phosphate buffer (1 ml; pH 7.6),

Copyright © 2007 John Wiley & Sons, Ltd.
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20 mwm succinate, 1.0 mm EDTA, 0.05 mm DCIP and 3 mm
sodium azide. Decylubiquinone (50 um) was added fol-
lowed by mitochondria (65 Lg) to start the reaction. The
decrease in absorbance as DCIP became reduced was
measured at 600 nm. Complex III activity was assayed as
an increase in absorbance at 550 nm as cytochrome ¢ was
reduced by complex III with decylubiquinol present as
the electron donor. The reaction mixture consisted of
50 mMm potassium phosphate buffer (1 ml; pH 7.6) con-
taining 0.1% BSA, 0.1 mm EDTA, 60 um cytochrome c,
3 mMm sodium azide and decylubiquinol (150 um). Mito-
chondria (10 pug protein) were then added to initiate the
reaction. Complex IV activity was measured with reduced
cytochrome c as substrate. The reaction mixture consisted
of 50 mMm potassium phosphate buffer (1 ml; pH 7.6)
containing sucrose (0.25 mm) and 25 um reduced cyto-
chrome c. Mitochondria (10 g protein) were introduced
to start the reaction and the oxidation of cytochrome c
was monitored at 550 nm. Cytochrome c¢ was reduced
with sodium dithionite prior to assay.

ATP-synthase activity was determined by monitoring
the pH increase associated with ATP synthesis (Madeira
et al., 1974). The reaction was carried out in 2 ml of the
reaction medium containing 130 mm sucrose, 50 mm KCl,
5 mm MgCl, and 2 mm KH,PO, (pH 7.2), supplemented
with 5 mm succinate and 1 mg of mitochondrial protein.
The reaction was initiated by the addition of 200 um
ADP to the mitochondrial suspension. The pH change
was evaluated with a Crison pH meter connected to
a Hansatech acquisition data system. The addition
of oligomycin (2 ug mg™ protein) completely halted H*
consumption. H* consumption was calculated after an
elapsed time of 2 min from the start of the reaction.

ATPase activity was determined by monitoring the pH
change associated with ATP hydrolysis (Madeira et al.,
1974). The reaction was carried out in 2 ml of a medium
containing 130 mm sucrose, 50 mm KCI, 5 mm MgCl,
and 0.5 mm Hepes (pH 7.2), supplemented with 2 um
rotenone and mitochondria (1 mg protein of disrupted
mitochondria). The reaction was initiated by the addition
of 2 mmM Mg-ATP and was completely inhibited by the
addition of oligomycin (2 g mg™' mitochondrial protein),
meaning that the activity measured was due to a
mitochondrial F-F, ATPase which is a Mg** ATPase.
Proton production was again calculated 2 min after start-
ing the reaction.

Mitochondrial Swelling

Mitochondrial osmotic swelling was monitored by detect-
ing turbidity, at 520 nm, on a Varian 50 spectrophoto-
meter, in a thermostatic chamber with magnetic stirring at
25 °C. To detect the mitochondrial protonophoric effect
induced by MC-LR, assays were carried out at 25 °C in
2.5 ml of NH,NO; medium (135 mm NH,NO;, 0.1 mm
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EDTA, 5 mm HEPES, pH 7.2), supplemented with 2 um
rotenone and 0.5 mg mitochondria. MC-LR was added in
DMSO solution and incubated for 5 min.

Chemicals

All reagents were of analytical grade commercially
available.

Statistics

The results are presented as a percentage of the controls
+ SEM from at least three independent experiments.
Statistical analyses were performed using two-tailed
unpaired f-tests. A value of P < 0.05 was considered
statistically significant. Some figures are records of
individual experiments representative of three or more
replicates.

Results

Effects of Microcystin-LR on Kidney
Mitochondrial Respiration

The concentration-dependent effects of MC-LR on respi-
ratory rates, characteristics of state 4 (after complete
phosphorylation of 25 nmol of ADP), state 3 respiration
(ADP-stimulated) and uncoupled respiration (FCCP-
stimulated) are illustrated in Fig. 1. Control values for
succinate supported-respirations are expressed in nmol
O min™ mg ' protein. State 4, 56.6 (£10.2); state, 3 169.6
(£25.4); uncoupled respiration, 209 (£12.1). The respir-
atory control (RCR), and coupling oxidative phosphory-
lation (ADP/O ratio) were 3.0 (£0.1) and 1.8 (£0.2),
respectively. State 4 respiration of rat kidney mitochon-
dria was significantly stimulated (40% of the control) by
the MC-LR at concentrations above 15 nmol mg™' (mito-
chondrial protein), but at higher concentrations a signifi-
cant inhibition was observed. When the mitochondria
were incubated in a reaction medium containing 200 nmol
ADP or FCCP at a concentration that promotes maximal
uncoupling (Heytler and Prichard, 1962), the treatment
with microcystin-LR (50 nmol MC-LR mg™" mitochondrial
protein) produced a strong inhibition of the succinate-
sustained oxygen uptake of about 46% and 33% of the
control, respectively, in state 3 and uncoupled respiration.

Effects of Microcystin-LR on Kidney
Mitochondrial Membrane Potential

Mitochondria developed a normal transmembrane poten-
tial (Ay) of about 200 mV (negative inside) upon the

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 1. Effect of MC-LR on respiratory rates of
mitochondria. Mitochondria (0.5 mg) were incubated,
for 10 min, in 1 ml of the respiratory standard medium,
supplemented with rotenone (2 uwm), in the presence
of different MC-LR concentrations. (m) State 4 respira-
tion was initiated by the addition of 15 mm succinate,
(a) State 3 respiration energized by 5 mm succinate
was initiated by the addition of 1.5mm ADP, (e)
FCCP-uncoupled respiration in the presence of 15 mm
succinate was initiated by the addition of 1 um FCCP.
ADP or FCCP were added 2 min after the initiation
of state 4 respiration. Values are the mean + SD of
six independent experiments performed in duplicates.
* Values statistically different from control (P < 0.05)

addition of a respiratory substrate. The presence of MC-
LR in the reaction medium depressed the Ay promoted
by succinate when compared with the control (Fig. 2),
this effect being dependent on the concentration of MC-
LR. Microcystin-LR at the maximum concentration
used in this assay (30 nmol mg™' mitochondrial protein),
decreased the initial Ay by about 20% of the control.
Furthermore, the Ay decreased strongly with time,
collapsing after 10 min of succinate-energization (for the
highest concentration of MC-LR used).

Enzymatic Activities

In order to determine whether the effect of microcystin-
LR on kidney mitochondria bioenergetics is by a direct
action on the respiratory complexes or by an uncoupler
effect, the effect of this compound on respiratory com-
plexes (II, IIT and IV) and in the mitochondria swelling
was evaluated.

The inhibitory effect of MC-LR, on the succinate-
supported respiration at state 3, uncoupled respiration
and also at state 4 respiration for MC-LR concentra-
tions above 15 nmol mg™" protein (Fig. 1), suggests that

J. Appl. Toxicol. 2008; 28: 55-62
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Figure 2. Effect of MC-LR on transmembrane poten-
tial (Ay) supported by succinate. Mitochondria (0.5 mg)
were added to the standard respiratory medium
supplemented with 3 um TPP*. Maximum potential
reached due succinate oxidation after 10 min incuba-
tion with MC-LR (0) and potential reached after 10 min
succinate-respiration (0). Values are the mean + SD of
six independent experiments performed in duplicates.
* Values statistically different from control (P < 0.05)

it may be due to an inhibition on the respiratory com-
plexes and a quite probable inhibition on the phosphory-
lative system (FOF1-ATPase/ATP synthase). Indeed, the
experiments illustrated in Fig. 4 showed that MC-LR
(30 nmol mg™" mitochondrial protein) induced an inhibi-
tion of ATPase and ATP synthase activities of about 45%
and 80%, respectively. Furthermore, all the tested con-
centrations induced statistically significant alterations
(Fig. 4).

Succinate dehydrogenase activity was significantly
inhibited by microcystin treatment at concentrations
higher than 15 nmol mg™' protein. At the maximum con-
centration (30 nmol mg™" protein) MC-LR inhibited
succinate dehydrogenase by 54% compared with the con-
trol (Fig. 3). Moreover, succinate cytochrome oxidase
was similarly inhibited by low MC-LR concentrations, but
at the highest concentration used (30 nmol mg™" protein)
the inhibition was lower by about 15% when compared
with the observed inhibition for succinate dehydrogenase.

From the results obtained for ATPase and ATP
synthase (Fig. 4) it can be seen that both enzymatic
activities were inhibited by MC-LR in a concentration
dependent manner. ATP synthase was more inhibited
than ATPase. At a concentration of 30 nmol mg™' protein,
ATPase and ATP synthase activities were inhibited by
about 46% and 81% compared with the control. The
differences observed for these two enzymatic activities
were statistically significant for MC-LR concentrations
equal to or higher than 5 nmol mg™" protein.

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 3. Effect of microcystin-LR on the respiratory
complexes succinate dehydrogenase (4), succinate cyto-
chrome ¢ reductase (m) and cytochrome c oxidase (®).
The activities were determined as described in Materials
and Methods. Values are the mean + SD of four inde-
pendent experiments performed in duplicates. * Values
statistically different from control (P < 0.05)
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Figure 4. Effect of MC-LR at different concentrations

on ATPase/ATPsynthase activity. Experimental condi-
tions are described in Materials and Methods. Values
are the mean + SD of four independent experiments
performed in duplicates. * Values statistically different
from control (P < 0.05)

Effects of Microcystin-LR on Mitochondrial
Permeability Transition Pore Induction and on
Proton Leak

The mitochondria permeability transition pore participates
in the regulation of matrix Ca™, pH, mitochondrial
membrane potential and volume. Microcystin increased
the susceptibility to induction of permeability transition
(Fig. 5) in calcium-loaded mitochondria. The mitochon-
dria permeability transition pore was rapidly opened by
MC-LR (90 nmol mg™" protein) added to mitochondria

J. Appl. Toxicol. 2008; 28: 55-62
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Figure 5. Mitochondrial permeability transition in-

duced by microcystin-LR on Ca*-loaded (150 nmol mg™'
protein) mitochondria treated with ruthenium red.
Mitochondria (1 mg) were added to 2 ml of reaction
medium (250 mm sucrose, 10 mm HEPES-Na*® buffer
pH 7.2, 1Tmm KH,PO,, supplemented with 4 uwv roten-
one, 0.5 ug oligomycin ml™" and energized with 5 mm
succinate, at 25 °C) in the presence of: (line a) 1 um CsA
(line ¢) 2 mm DTT or (lines a—-f) Ca** (150 nmol). Ruthe-
nium red (1 um) was added where indicated, followed
by the addition of MC-LR (nmol mg™ protein) in the
following concentrations: (lines a, and c) 50, (line b) 0,
(line d) 15, (line e) 30, (line f) 60 and (line g) 90. The
traces represent typical recordings

preloaded with calcium and treated with ruthenium red to
prevent the early mitochondrial calcium surge. However,
pretreatment with cyclosporin A (1 um) or with DTT
(2 mm), completely inhibited the effect of pretreatment
with 60 nmol mg™" protein MC-LR (Fig. 5). Proton leaks
induced by MC-LR through the mitochondrial inner
membrane were investigated by swelling in isoosmotic
NH,NO, (Fig. 6). At the tested conditions no mitochon-
drial protonophoric effect was observed after treatment
with MC-LR.

Discussion

The present work addresses the very first report of the
effect of microcystin-LR on mitochondrial oxidative
phosphorylation of rat kidney isolated mitochondria.
Several studies have reported that microcystins induce
severe hepatic hemorrhage leading to shock (Runnegar
and Falconer, 1982) but also can affect rat kidney, indi-
cating microcystin to be a potential nephrotoxic (Eriksson
etal., 1988, 1989; Hooser et al., 1989; Nobre et al., 1999;
Milutinovic et al., 2003). Some conspicuous effects of
microcystin-LR were also been reported on carp kidney
(Rabergh et al., 1991). Many other studies show the
nephrotoxicity promoted by microcystin-LR (Kotak et al.,
1996; Nobre et al., 1999; Milutinovic et al., 2002, 2003).

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 6. Effect of MC-LR on mitochondrial swelling

in isoosmotic NH,NO; medium. Mitochondria (1 mg)
were incubated for 5 min with MC-LR at the indicated
concentrations in 2ml of NH,NO; medium (135 mm
NH,NO,;, 0.1 mm EDTA, 5mm HEPES, pH 7.2) supple-
mented with 2pum rotenone. The reactions were
carried out at 25°C. The traces represent typical
recordings

Human intoxications were described for populations
exposed through drinking water or recreational activities
(Falconer, 1999) and for many patients submitted to
renal dialysis treatment (Pouria et al., 1998; Azevedo
et al., 2002; Soares et al., 20006).

Mitochondria are known to be the vulnerable target
of microcystin (Ding and Ong, 2003). Microcystin has
been shown to rapidly decrease the MMP in hepatocytes
before LDH leakage, suggesting that membrane potential
depolarization is an early event of microcystin-induced
hepatotoxicity (Ding et al., 2001). It was also demon-
strated that microcystin could bind to ATP synthase,
an important component in the mitochondria (Mikhailov
et al., 2003). Human liver mitochondrial aldehyde
dehydrogenase is also a potential target for microcystin-
LR (Chen et al., 2006), pointing to the relevance of
mitochondria in microcystin toxicity.

The present study demonstrated that MC-LR interacted
with mitochondrial oxidative phosphorylation. Mitochon-
drial basic functions were monitored through respiration
and mitochondrial membrane potential (MMP). The
generation of MMP is due to the asymmetric distribu-
tion of protons and other ions on both sides of the inner
mitochondrial membrane, giving rise to a chemical and
electrical gradient. The MMP alterations in rat kidney
mitochondria were examined using a TPP'-electrode.
Microcystin has been shown to decrease the maximum
MMP achieved by succinate oxidation, but also a strong
inhibitory decrease of MMP which was time and concen-
tration dependent (Fig. 2). The absence of a proton leak
was confirmed by monitoring the mitochondrial swelling
in isoosmotic NH,NO; (Fig. 6). In fact, the permeability
of mitochondria to protons was slightly increased by MC-
LR (90 nmol mg™" protein), a small effect when compared
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with that of FCCP (Fig. 6). Therefore the decrease of the
transmembrane potential induced by MC-LR can simply
be the result of an inhibition of the respiratory complexes
or of the translocation of redox equivalents from succi-
nate to the inside of the mitochondria. Furthermore, the
inhibitory effect observed in the succinate-supported
uncoupled respiration (FCCP-stimulated) was already a
good indicator of an inhibitory effect at the respiratory
complexes level (II, IIT or IV).

In an attempt to elucidate the exact action of MC-LR
on the respiratory redox chain and the phosphorylative
system, studies were made as previously explained
(Fig. 3). From these results it can be concluded that the
effect was mostly localized on succinate cytochrome c
reductase, since mitochondrial incubation with 30 nmol
MC-LR mg™" protein, decreased the activity by about
55% compared with the control. Whereas at this concen-
tration succinate dehydrogenase and succinate cytochrome
¢ oxidase activities were only inhibited by 25% and 15%
of the control, respectively. Furthermore, the phosphory-
lative system was also strongly affected by MC-LR treat-
ment (Fig. 4), since MC-LR (30 nmol mg™' protein)
decreased the ATP synthase and ATPase activities by
about 80% and 40% of the control, respectively.

It has long been known that mitochondrial Ca** over-
load leads to the opening of the mitochondrial permeabil-
ity transition pore (MPT) (Nicholls, 1982; Gunter and
Pfeiffer, 1990; Zoratti and Szabo, 1995). MPT opening
can be enhanced by various Ca®* releasing agents, such as
inorganic phosphate (Pi), arsenate, fatty acids and thiol
oxidants (Nicholls, 1982; Gunter and Pfeiffer, 1990;
Gunter et al., 1994; Zoratti and Szabo, 1995). MPT, also
called the mitochondrial megachannel, represents an
abrupt increase of permeability of the mitochondrial
inner membrane to solutes of molecular mass less than
1500 Da (Lemasters et al., 1998). Ding et al. (2001) have
already demonstrated the effect of MC-LR on inducing
MPT in rat hepatocytes, however, the effect on isolated
mitochondria has never been reported. The data clearly
showed that MC-LR induced MPT in isolated kidney
mitochondria (Fig. 5). Furthermore, this MPT can be in-
hibited by cyclosporin A and DTT, which unequivocally
proves that the observed swelling induced by MC-LR
was due to MPT pore.

Miura et al. (1989) have previously demonstrated that
liver mitochondria isolated from fasted rats treated with
MC-LR showed alterations in appearance which was
correlated with a loss of coupled electron transport. Liver
mitochondria from toxin treated, fasted rats exhibited
complete inhibition of state 3 respiration, while those
from toxin-treated, fed rats had ADP/O ratios and respi-
ratory control indices comparable to the control values
(Miura et al., 1991).

Contrary to the in vitro results obtained in rat liver
mitochondria by Miura et al. (1989), where no effects
were observed for the tested concentrations, the present

Copyright © 2007 John Wiley & Sons, Ltd.
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study showed significant effects on the in vitro studies
with rat kidney isolated mitochondria treated with
MC-LR.

In conclusion, the data clearly indicate that the toxico-
logical effect of MC-LR is due to inhibition of the
mitochondrial phosphorylative system and respiratory
chain, which ultimately lead to disruption of cellular
bioenergetics and metabolism. This energetic disruption
at the mitochondrial level, is mainly responsible for the
renal physiological and metabolic alterations reported by
several authors (Nobre et al., 2001, 2003; Milutinovic
et al., 2003; Moreno et al., 2005).
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