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Protective Effect of Melatonin on Rotenone plus Caz"™-Induced
Mitochondrial Oxidative Stress and PC12 Cell Death

SOLANGE C. SOUSA and ROGER F. CASTILHO

ABSTRACT

Chronic systemic inhibition of mitochondrial respiratory chain complex I by rotenone causes nigrostriatal
dopaminergic degeneration in rats, producing an in vivo experimental model of Parkinson’s disease. We re-
cently showed that micromolar Ca2+ concentrations strongly stimulate the release of reactive oxygen species in
rotenone-treated isolated rat brain mitochondria. In the present work, we show that the natural antioxidant
melatonin inhibits Ca?+ plus rotenone-induced oxidative stress in isolated rat brain mitochondria. In addition,
the Ca2* ionophore A23187 strongly potentiates rotenone-induced death of intact cultured pheochromocy-
toma (PC12) cells, in a mechanism sensitive to melatonin. Moreover, melatonin inhibits the detection of reac-
tive oxygen species release in PC12 cells treated with rotenone plus A23187. Melatonin does not alter free Ca2+
concentrations or the inhibitory effect of rotenone on mitochondrial complex I. We conclude that micromolar
Ca?* concentrations stimulate neuronal cell death induced by mitochondrial complex I inhibition in a mecha-
nism involving oxidative stress, preventable by the antioxidant melatonin. Antioxid. Redox Signal. 7, 1110-1116.

INTRODUCTION

MANY NEUROLOGICAL DISORDERS have been associated
with mitochondrial oxidative stress (for reviews, see
7,17, 31), a situation that can be the outcome of either a fail-
ure of mitochondrial antioxidant systems or an increased gen-
eration of reactive oxygen species (ROS). The main sites of
mitochondrial ROS generation have been identified as elec-
tron transport chain components complex I (NADH:ubiquinone
oxidoreductase) and complex III (ubiquinol:cytochrome ¢ ox-
idoreductase) (2, 12, 21, 24, 45, 46). The rate of electron
transport through these complexes, which is largely determined
by the mitochondrial inner membrane potential, plays an im-
portant role in controlling mitochondrial ROS production (2,
21, 24,41, 45, 46).

Recent reports by Greenamyre’s group (9, 39) and others
(2, 48; but see 22) demonstrated that chronic and systemic
treatment of rats with rotenone, a classical respiratory chain
complex [ inhibitor (18), leads to anatomical, neurochemical,
behavioral, and neuropathological features of Parkinson’s dis-
ease. The anatomical findings are characterized by fibrillar

cytoplasmic inclusions in nigral neurons and selective nigros-
triatal dopaminergic degeneration (9). Also, Parkinson’s dis-
ease patients typically present partial inhibition (20—40%) of
respiratory chain complex I activity (26, 36), further support-
ing the idea that chronic treatment of rodents with rotenone
provides an interesting and relevant experimental model to study
neuropathological events in this disorder. Mitochondrial ROS
production secondary to a partial inhibition of complex I is
believed to have a major role in rotenone-induced nigrostriatal
dopaminergic degeneration (9, 38). In fact, rotenone increases
brain mitochondrial ROS generation at complex I when respi-
ration is supported by NADH-linked substrates (6, 21, 24, 40,
46), although it decreases succinate oxidation-stimulated ROS
generation by blocking reverse electron transfer to complex I
from complex II through ubiquinone (44).

We (40) and others (42) have shown that micromolar Ca2* con-
centrations increase rotenone-induced mitochondrial oxidative
stress. This finding may be relevant to situations of excitotoxicity
in neurons with a partial inhibition of complex I. Under this situ-
ation, elevated Ca2* influx to the cytosol will enhance mitochon-
drial ROS release and may result in cellular injury. Considering

Departamento de Patologia Clinica, Faculdade de Ciéncias Médicas, Universidade Estadual de Campinas, Campinas, Brazil.

1110



Ca2+ PLUS ROTENONE-INDUCED CELL DEATH

this perspective, the present report examines the effect of Ca2*
plus rotenone on pheochromocytoma (PC12) cell redox state and
viability. In addition, the effect of melatonin, a natural compound
with antioxidant properties, is tested on rotenone plus Ca?*-
induced mitochondrial oxidative stress and PC12 cell death.

MATERIALS AND METHODS

Isolation of rat forebrain mitochondria

Forebrain mitochondria were isolated, as described by
Rosenthal ef al. (34) with minor modifications, from female
Wistar rats weighing 200-250 g. Rats were killed by decapi-
tation, and their brains rapidly removed (within 1 min) and put
into 10 ml of ice-cold “isolation buffer” containing 225 mM
mannitol, 75 mM sucrose, 1 mM K*-EGTA, 0.1% bovine serum
albumin (free fatty acid), 10 mM K*-HEPES (pH 7.2), and 5
mg of protease. The cerebellum and underlying structures were
removed, and the remaining material was used as the forebrain.
The tissue was cut into small pieces using surgical scissors and
extensively washed. The tissue was then manually homoge-
nized in a Dounce homogenizer using both a loose-fitting and
a tight-fitting pestle. The homogenate was centrifuged for 3 min
at 2,000 g in a Beckman JA 20 rotor. After centrifugation, the
supernatant was recentrifuged for 8 min at 12,000 g. The pel-
let was resuspended in 20 ml of isolation buffer containing 80
ul of 10% digitonin and recentrifuged for 8 min at 12,000 g.
The supernatant was discarded, and the final pellet gently washed
and resuspended in isolation buffer devoid of EGTA, at an ap-
proximate protein concentration of 30-40 mg/ml. The respi-
ratory control ratio (state 3/state 4 respiratory rate) was over
7.0, measured using pyruvate plus malate as substrates.

Standard incubation medium for
isolated mitochondria

The experiments with isolated mitochondria were carried
out at 30°C, with continuous magnetic stirring, in a standard
reaction medium containing 100 mM sucrose, 65 mM KCI, 10
mM K*-HEPES buffer (pH 7.2), 50 uM EGTA, 1 mM P, 2
mM Mg?*, 5 mM malate, 10 mM pyruvate, 200 uM ATP, and 1
pg/ml oligomycin. Other additions are indicated in the figure
legends. The results shown are representative of a series of at
least three experiments, using different mitochondrial prepa-
rations. The results were reproduced within 10% of variation.

Oxygen uptake measurements

Oxygen consumption was measured using a Clark-type elec-
trode (Yellow Springs Instruments, Yellow Springs, OH, U.S.A.)
in 1.3 ml of standard reaction medium, in a sealed glass cu-
vette equipped with a magnetic stirrer.

Determination of free Ca®* concentrations in the
reaction medium

Variations in the concentration of free Ca2" concentrations
were followed by measuring the changes in the absorbance spec-
trum of arsenazo III (40 pM), using an SLM Aminco DW2000
spectrophotometer (SLM Instruments, Inc., Urbana, IL, U.S.A.)
set at the 675-685-nm wavelength pair (35).
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PC12 cell cultures

Cultured PC12 cells (37) were continuously maintained at
37°C and 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) (4.5 g/L glucose) supplemented with 10% horse serum,
5% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin. Because PC12 cells present doubling times of
48-72 h, cells were passaged each 3 days and plated in 75-cm?
tissue culture flasks at an initial density of 125,000 cells/cm?.
For experiments, PC12 cells were plated on 35-mm culture
dishes at an initial density of 125,000 cells/cm?, and the ex-
perimental incubations were conducted after 18-24 h. The ex-
periments to evaluate PC12 cell death and ROS production
were conducted in DMEM (4.5 g/L glucose) at 37°C and 5%
CO,, without horse serum, fetal bovine serum, antibiotics, or
phenol red.

Measurements of cytoplasmic free
Ca?+ concentration

PC12 cells plated on 35-mm culture dishes were loaded with
5 uM Fluo-3 acetoxymethyl ester for 50 min in DMEM con-
taining 0.1% bovine serum albumin, and 5 pM pluronic acid
at 37°C and 5% CO,, without horse serum, fetal bovine serum,
antibiotics, or phenol red. PC12 cells were washed twice and
resuspended in 2 ml of DMEM containing 20 mM Na*-HEPES
buffer (pH 7.2), without phenol red. Intracellular Ca2* mea-
surements were conducted in an F-4500 Hitachi spectrofluo-
rometer (Hitachi Ltd., Tokyo, Japan) equipped with a magnetic
stirrer, at excitation and emission wavelengths of 488 nm and
526 nm, respectively (30). Calibration was performed by se-
quential addition of 0.1% digitonin and 10 mM EGTA. The
results shown are representative of a series of three indepen-
dent experiments.

Estimation of ROS release

The production of ROS [hydrogen peroxide (H,0,)] by mi-
tochondrial suspensions and PC12 cell cultures was deter-
mined spectrofluorometrically in an F-4500 Hitachi spectro-
fluorometer, using 0.025 pM horseradish peroxidase (HRP)
plus 30 uM Amplex Red at 563 nm for excitation and 587 nm
for emission (47). Prior to ROS determination, PC12 cell cul-
tures were incubated for 1 h in the presence of rotenone, A23187,
and/or melatonin, as described in the figure legend. Subse-
quently, Amplex Red and HRP were added to the incubation
medium, and the fluorescence of the supernatant was deter-
mined after 20 min. The rate of H,O, release detected under
control conditions in mitochondrial suspensions and PC12
cultured cells was 245 + 26 and 4.79 + 0.42 pmol of H,0,/
min/mg, respectively.

Alternatively, mitochondrial ROS release was measured
using the membrane-permeable fluorescent dye dichlorodihy-
drofluorescein diacetate (H,-DCFDA; 1 uM) (25, 40). The flu-
orescence of dichlorofluorescein (DCF), the product of H,-
DCF oxidation, was determined at 488 nm for excitation and
525 nm for emission.

Estimation of PC12 cell death

Lactate dehydrogenase (LDH), which is release from dying
cells with permeabilized membranes into the medium, was de-
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termined using a commercially available kit (Doles, Goiana,
GO, Brazil), based on LDH-catalyzed formation of pyruvate
and NADH from lactate and NAD*. Using this kit, the amount
of color formed (at 510 nm) in the assay is proportional to the
number of lysed cells. Each experiment was repeated three
times, and data are expressed as percentage of the LDH release
detected in control samples lysed with 1% Triton X-100.

Chemicals

Most chemicals, including A23187, arsenazo 111, ATP, buty-
lated hydroxytoluene, digitonin, ebselen, glutathione, HEPES,
HRP, malic acid, melatonin (N-acetyl-5-methoxytryptamine),
pyruvic acid, oligomycin, protease (P-8038), and rotenone
(R-8875, minimum 95%), were obtained from Sigma Chemi-
cal Company (St. Louis, MO, U.S.A.). Amplex Red, Fluo-3
acetoxymethyl ester, H-DCFDA, and pluronic acid were pur-
chased from Molecular Probes (Eugene, OR, U.S.A.). Rotenone
was prepared at a stock concentration of 1 mM in 100% ethanol.
Melatonin was prepared at a stock concentration of 0.5 M in
dimethyl sulfoxide (DMSO).

RESULTS

Effect of melatonin on ROS release by isolated rat
brain mitochondria

The results in Fig. 1 show that the addition of Ca2" to iso-
lated rat brain mitochondria treated with rotenone increased
ROS detection (lines b), when ROS release was measured either
using Amplex Red (A) or H-DCFDA (B). These results are
in line with recent reports (40, 42) indicating a synergistic
stimulatory effect of micromolar Ca2* concentrations and res-
piratory chain complex I inhibition on mitochondrial ROS re-
lease. The presence of 50 uM melatonin resulted in a partial
inhibition of ROS detection (lines ¢), suggesting that this com-
pound has an important antioxidant effect under our experi-
mental conditions. This concentration of melatonin did not im-
pair mitochondrial function, as estimated by the respiratory
control ratio (data not shown). Melatonin (50 pM) did not in-
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hibit ROS detection observed under control conditions (lines
f). It is important to note that DCF fluorescence may increase
non-linearly due to self-catalyzed oxidation of H,-DCFDA.

The experiments in Fig. 2 were conducted to verify if the
protective effect of melatonin could be related to free Ca2*
chelation from the incubation medium or due to prevention of
the inhibitory effect of rotenone on respiratory chain complex
I. Measurements of free Ca2* concentrations in the micromo-
lar range were conducted using the metallochromic indicator
arsenazo III, and show that melatonin does not change free
Ca2* concentrations (Fig. 2A). The results in Fig. 2B show mi-
tochondrial oxygen consumption supported by NADH-linked
substrates under phosphorylating conditions (state 3) in the
presence of different rotenone concentrations. The presence
of 50 uM melatonin did not avoid the inhibition of mitochon-
drial oxygen consumption promoted by rotenone, suggesting
that the melatonin effects observed in Fig. 1 occur downstream
of complex I inhibition by rotenone.

Effect of melatonin on PCI12 cell death

To test the effect of complex I inhibition and increased cy-
tosolic Ca2* concentrations on cell viability, we used PC12 cells.
These rat pheochromocytoma cells are able to produce dopa-
mine when differentiated in culture (37). To increase cytoso-
lic Caz*, PC12 cells were treated with the Ca2* ionophore A23187,
which promotes Ca2*/2H* exchange through membranes (32).
Using Fluo-3-loaded PC12 cells in suspension, we verified
that A23187 promoted a fast increase in cytosolic CaZ* con-
centrations, with saturation of the fluorescence signal of this
dye in less than 2 min (Fig. 3, line a). Thus, free cytosolic Ca2*
concentrations, initially at 60—80 nM, increased to levels above
1.5 uM in the presence of A23187.

When incubated in the presence of either rotenone or
A23187 for 5 h, only a small fraction of PC12 cells died, as
estimated by LDH release (Fig. 4). However, rotenone and
A23187, when present simultaneously, induced a high level of
cell death, indicating a synergistic effect of increased cytoso-
lic Ca2* concentration and complex I inhibition on PC12 cell
death. Melatonin shows a dose-dependent inhibitory effect on
rotenone plus A23187-induced cell death. Concentrations of
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FIG.1. Melatonin inhibits rotenone plus Ca2*-induced increase in mitochondrial ROS release. (A) Isolated forebrain mito-
chondria (0.5 mg/ml) were incubated in standard reaction medium containing 30 uM Amplex Red plus 0.025 uM HRP. (B) Brain
mitochondria (0.5 mg/ml) were incubated in standard reaction medium containing 1 uM H,-DCFDA. Rotenone (50 nM; lines b, c,
and d) and/or 120 pM Ca?* (lines b, ¢, and e) were added where indicated by the arrows. Lines ¢ and f represent experiments con-
ducted in the presence of 50 uM melatonin. Lines a and f represent control experiments without the addition of rotenone and Ca?2*.
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FIG. 2. Melatonin has no influence on free Ca2* concentrations and mitochondrial complex I inhibition promoted by
rotenone. (A) Free CaZt concentrations were determined in the absence of brain mitochondria, using arsenazo 111, in the absence
or presence of 50 uM melatonin, as shown. Ca2* (four serial additions of 10 puM) and 500 uM EGTA were added where indicated
by the arrows. (B) Brain mitochondria (0.5 mg/ml) were incubated in standard reaction medium containing 1 mM ADP, without
ATP and oligomycin, in the absence (@) or presence (O) of 50 uM melatonin. Oxygen consumption rates were measured in the
presence of different concentrations of rotenone, as indicated on the abscissa.

melatonin higher than 50 uM did not show a further protec-
tive effect, and promoted decreases in mitochondrial respira-
tory control ratios (data not shown). Moreover, the protective
effect of melatonin was not influenced by melatonin receptor
antagonists prazosin and luzindole (Fig. 4) (19, 20), indicat-
ing that the protective effect of melatonin is not mediated by
activation of melatonin receptors. Melatonin (50 uM) did not
inhibit PC12 cell death under control conditions (data not
shown). In addition, 0.01% DMSO, used to dissolve melatonin,
did not significantly inhibit PC12 cell death in the presence
of A23187 plus rotenone (38.2 + 0.38% of the total LDH re-
lease). Butylated hydroxytoluene (10 pM) or ebselen (5 puM)
plus glutathione (200 pM) had no significant inhibitory effect
on A23187 plus rotenone-induced PC12 cell death (data not
shown), probably due to different properties of these antioxi-
dants when compared with melatonin. While butylated hy-
droxytoluene is highly lipophilic, inhibiting preferentially lipid
peroxidation, glutathione plus ebselen removes H,O, from the
extracellular space.
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FIG.3. Ca?ionophore A23187 increases cytosolic free Ca2+
concentrations ([Ca”]cyt) in PC12 cells. Fluo-3-loaded PC12
cells in suspension were incubated in DMEM containing 20
mM Na*-HEPES buffer (pH 7.2), without phenol red. A23187 (8
uM) (line a), 0.1% digitonin (lines a and b) and 10 mM EGTA
(lines a and b), were added where indicated by the arrows.

Effect of melatonin on ROS release by PC12 cells

To verify the effect of melatonin on ROS release by PC12
cells, H,0, measurements were conducted in the extracellular
medium using Amplex Red. Samples were taken after 1 h of
incubation, i.e., before cells start to die. The presence of
rotenone and A23187 increased H,0, release by PC12 cells
fourfold. This effect was prevented by the presence of 50 uM
melatonin (Fig. 5). Melatonin (50 puM) did not inhibit ROS re-
lease by PC12 cells under control conditions (data not shown).
In addition, 0.01% DMSO, the solvent of melatonin, did not
significantly inhibit ROS release by PC12 cells in the pres-
ence of A23187 plus rotenone (31.5 + 5.2 arbitrary fluores-
cence units).

DISCUSSION

Recently, we (40) and others (42) demonstrated that treat-
ment of isolated brain mitochondria with rotenone and micro-
molar Ca2* concentrations results in increased mitochondrial
ROS production. In the present work, we found that melatonin,
a naturally occurring compound with antioxidant properties
(for recent reviews, see 4, 23, 33, 43), strongly inhibits ROS
release by rotenone-poisoned isolated brain mitochondria treated
with Ca?* (Fig. 1). A similar inhibitory effect of melatonin on
ROS release was observed in PC12 cells treated with rotenone
and the Ca2* ionophore A23187, used to increase the cytoso-
lic free Ca2* concentrations (Figs. 3 and 5). The inhibitory ef-
fect of melatonin on PC12 cell ROS release was correlated
with protection against cell death (Fig. 4). Considering that
the protective effects of melatonin were not sensitive to mela-
tonin receptor antagonists, and that these effects were also
observed with isolated mitochondria, we conclude that mela-
tonin is acting as an antioxidant under our experimental con-
ditions. In fact, melatonin has been extensively reported to
scavange ROS, including hydroxyl radicals, H,O,, nitric oxide,
peroxynitrite anions, singlet oxygen, and oxoferryl-derived
species (4, 33, 43). However, melatonin has poor reactivity
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FIG. 4. Melatonin inhibits rotenone plus
# A23187-induced PC12 cell death. PC12 cells
were incubated for 5 h at 37°C in the presence of
500 nM rotenone, 8 puM Ca2" ionophore A23187,
5-50 uM melatonin, 10 pM prazosin (Praz.), and/
or 10 pM luzindole (Luz.), as indicated on the ab-
scissa. The activity of LDH released due to cell
death was determined in the extracellular medium

as described in Materials and Methods. Values
represent averages of three experiments (+ SEM).
*p < 0.01, post-hoc Bonferroni/Dunn’s test com-
pared with control; #p < 0.01, post-hoc Bonfer-
roni/Dunn’s test compared with rotenone plus
A23187.

with superoxide anions and peroxyl radicals (4, 5). The indole
moiety of the melatonin molecule is probably the reactive
center for most of the oxygen and nitrogen reactive species it
removes (4). It is still possible that, under our conditions, mela-
tonin may also act by decreasing ROS generation.

The protective effects of melatonin found in this study are
in line with similar results observed in experimental models
of neurodegenerative disorders, including Parkinson’s disease
(1, 16, 29), Alzheimer’s disease (28), and ischemia/reperfu-
sion (14, 15). Furthermore, a recent communication by Betar-
bet and collaborators (10) reports a neuroprotective effect of
melatonin on dopaminergic degeneration in adult rats chroni-
cally and systemically treated with rotenone.

Figure 6 summarizes a proposed model by which a partial
respiratory chain complex I inhibition may contribute to neuro-
degeneration under pathological situations, such as in Parkin-
son’s disease. A partial complex I inhibition decreases mito-
chondrial ability to generate ATP (Fig. 6, downward arrow),
which may directly contribute to cell death by compromising
intracellular homeostatic mechanisms. However, a small de-
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FIG. 5. Melatonin inhibits detection of ROS release by
PC12 cells in the presence of rotenone plus A23187. PC12
cells were incubated for 1 h at 37°C in the presence of 500 nM
rotenone, 8 uM Ca?t ionophore A23187, and/or 50 pM mela-
tonin, as indicated on the abscissa. The fluorescence of re-
sorufin, the product of Amplex Red oxidation, was determined
in the extracellular medium as described in Materials and Meth-
ods. Values represent averages of five experiments (= SEM). *p
< 0.05, post-hoc Bonferroni/Dunn’s test compared with con-
trol; **p < 0.01, post-hoc Bonferroni/Dunn’s test compared
with control; #p < 0.01, post-hoc Bonferroni/Dunn’s test com-
pared with rotenone plus A23187. A.U., arbitrary units.

crease in complex I activity may be not sufficient to explain
neuronal cell death only by energy deprivation, and the toxic
effect of this inhibition seems to be mainly mediated by an in-
creased production of superoxide at the mitochondrial respira-
tory chain (forward arrow) (6). Interestingly, a subminimal en-
ergy deprivation promoted by partial complex I may increase
the susceptibility to excitotoxicity (upward arrow) (3, 8, 11,
13), resulting in increased cytosolic free Ca?" concentrations.
Under this condition, complex I inhibition will potentiate the
oxidative stress that accompanies excitotoxicity (8, 13) (for-
ward arrows) and may induce cell death. Melatonin inhibits cell
death in a highly efficient manner by preventing the end effect
of these last two routes, namely, accumulation of mitochondri-
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FIG. 6. Proposed model for neuronal cell death promoted
by mitochondrial respiratory chain complex I inhibition.
Inhibition of respiratory chain complex I activity results in en-
ergy deprivation ({ ATP) and increased ROS production (T ROS).
Energy deprivation may induce excitotoxicity with increased
intracellular Ca2* influx (T Ca2+). When complex I is (partially)
inhibited, increased cytoplasmic Ca2* concentrations further stim-
ulate mitochondrial ROS release. The antioxidant melatonin
can prevent complex I inhibition-induced cell death by inhibit-
ing the resulting oxidative stress.

ally generated ROS. Our findings and the model presented in
Fig. 6 are in accordance with those of Marey-Semper and col-
laborators (27), who show a synergistic effect of N-methyl-D-
aspartate receptor activation and energetic metabolism impair-
ment by rotenone on toxicity to cultured mesencephalic
dopaminergic neurons.

In conclusion, the results of the present study indicate that
energetic metabolism impairment by complex I inhibition and
high cytosolic Ca" concentrations act synergistically in neu-
ronal degeneration, in a mechanism involving oxidative stress.
Under these conditions, the use of antioxidants such as mela-
tonin may be useful to prevent or inhibit cell death.
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ABBREVIATIONS

DCEF, dichlorofluorescein; DMEM, Dulbecco’s modified
Eagle’s medium; DMSO, dimethyl sulfoxide; H,-DCFDA,
dichlorodihydrofluorescein diacetate; H,O,, hydrogen perox-

ide; HRP, horseradish peroxidase; LDH, lactate dehydrogenase;
PC12, pheochromocytoma; ROS, reactive oxygen species.
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