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Abstract

Paraquat (PQ2") is a prototypic toxin known to exert injurious effects through oxidative stress and
bears a structural similarity to the Parkinson disease toxicant, 1-methyl-4-pheynlpyridinium. The
cellular sources of PQ%*-induced reactive oxygen species (ROS) production, specifically in
neuronal tissue, remain to be identified. The goal of this study was to determine the involvement
of brain mitochondria in PQ2*-induced ROS production. Highly purified rat brain mitochondria
were obtained using a Percoll density gradient method. PQ2*-induced hydrogen peroxide (H,05)
production was measured by fluorometric and polarographic methods. The production of H,O2
was evaluated in the presence of inhibitors and modulators of the mitochondrial respiratory chain.
The results presented here suggest that in the rat brain, () mitochondria are a principal cellular
site of PQ2*-induced H,0, production, (b) PQ2*-induced H,0, production requires the presence
of respiratory substrates, (c) complex I1 of the electron transport chain is centrally involved in
H,0, production by PQ2*, and (d) the mechanism by which PQ2* generates H,0, depends on the
mitochondrial inner transmembrane potential. These observations were further confirmed by
measuring PQ2*-induced H,0, production in primary neuronal cells derived from the midbrain.
These findings shed light on the mechanism through which mitochondria may contribute to ROS
production by other environmental and endogenous redox cycling agents implicated in
Parkinson’s disease.

Parkinson disease (PD)2 is an age-related neurodegenerative disorder believed to originate
in part via reactive oxygen species (ROS) overproduction, leading to oxidative stress and
mitochondrial dysfunction (1). The disease is characterized pathologically by a progressive
loss of dopaminergic neurons in the substantia nigra pars compacta. Both environmental and
genetic factors are implicated in specific damage to the nigrostriatal system, contributing to
the motor dysfunctions characteristic of PD (2,3). However, the mechanisms by which such
factors cause neurodegeneration remain relatively unknown.

Neurotoxins represent the most accepted tools used to produce experimental models of PD
both in vivo and in vitro. The most commonly used agents include 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine, 6-hydroxydopamine, rotenone, and paraquat (PQZ%*) (4).
PQ?2*, a member of the widely used bipyridyl herbicides, is a prototypic compound known to
exert its toxic effects via oxidative stress. A number of studies have exploited this action of
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PQ?2*to test response and sensitivity to oxidative damage in various models (5-10). The
possibility of PQ2* as a neurotoxin has arisen from evidence that significant damage to the
brain is observed in individuals exposed to lethal doses of the herbicide (11,12).
Furthermore, epidemiological studies have suggested an increased risk for developing PD
following exposure to the herbicide (13). This has lead to an increased interest in the
neurotoxic actions of PQ2*, along with the idea that PQ%* and other herbicides may act as
environmental triggers for PD (14). Therefore, in recent years, PQ2* has become an
increasingly popular model for studying the etiology of PD, alone and also in combination
with other environmental toxins (15,16). Systemic exposure of rodents to PQ2* has been
shown to reproduce many of the pathological features of PD, including selective
degeneration of dopaminergic neurons in the substantia nigra and presence of intracellular o-
synuclein deposits (15,17-19). Although these studies show that agents such as PQ%*can
produce selective neurodegeneration, the pathophysiological mechanisms underlying this
damage remain unknown.

Interestingly, PQ2* exhibits a remarkable structural similarity to MPP™, the toxic metabolite
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Although both of these compounds are
believed to cause toxicity via oxidative stress, PQ%* exerts its deleterious effects on
dopamine neurons in a unique manner compared with MPP* (20). PQ2* belongs to a broad
class of redox cycling compounds known to produce ROS. The proposed mechanism of
redox cycling for PQ2* involves the enzymatic reduction to form its cationic radical (Fig. 1,

reaction 1), which then can reduce molecular oxygen (O) to superoxide radical ( O,) while

also regenerating the parent compound (reaction 2). O; is subsequently converted to H,O;
either spontaneously (reaction 3) or through the actions of superoxide dismutase (reaction
4). The rate-limiting reaction in this process is the enzymatic reduction of PQ%* depicted in
reaction 1. The identities of enzymes capable of transferring electrons to PQ?* in this
reaction are not completely defined.

It is widely accepted that PQ%*-induced generation of ROS arises from a number of cellular
sources. Enzymes capable of initiating the redox cycling process of PQ2* have been
identified in microsomal, plasma membrane, and cytosolic components through the actions
of NADPH oxidase (21,22), nitric-oxide synthase (23), and NADPH-cytochrome c reductase
(24). However, the role of mitochondria in PQ2* toxicity is remains unknown.

The purpose of this study was to examine the role that mitochondria play in PQ2*-induced
ROS production in the brain. This was achieved by measuring rates of H,O, production
using polarographic and fluorometric methods. In particular, mitochondrial components
capable of participating in the redox cycling-dependent ROS generation by PQ%* were
examined.

EXPERIMENTAL PROCEDURES

Isolation of Purified Rat Brain Mitochondria

Animal housing was conducted in compliance with University of Colorado at Denver Health
Sciences Center procedures. Mitochondria were isolated from adult male Sprague-Dawley
rats using Percoll density gradient centrifugation (25). Rat brain (excluding cerebellum) was
homogenized in mitochondrial isolation buffer (70 mM sucrose, 210 mM mannitol, 5 mM
Tris-HCI, 1 mM EDTA, pH 7.4) and then diluted 1:1 in 24% Percoll. Homogenates were
centrifuged at 30,700 x g at 4 °C, for 10 min. The supernatant was saved as the cytosolic
fraction, and the sediment was subjected to Percoll gradient (19% on 40%) centrifugation at
30,700 x g at 4 °C for 10 min. The material located at the interface of the lowest two layers
was slowly diluted 1:4 with mitochondrial isolation buffer and centrifuged at 16,700 x g at 4
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°C for 10 min. The pellets were resuspended in 5 ml of isolation buffer containing 1 mg/ml
bovine serum albumin and centrifuged at 6700 x g at 4 °C for 10 min to obtain final pellets
consisting of respiring mitochondria. Protein concentration was measured by using the
Coomassie Plus™ protein assay reagent (Pierce).

Immunoblot Analysis of Mitochondrial Purity

Denatured proteins (20 ug) of cytosolic and mitochondrial fractions from Percoll isolation
were separated by electrophoresis on 12% polyacrylamide gels (Bio-Rad) and transferred to
polyvinylidene difluoride membrane (0.22 xM). Membrane blots were incubated with
primary antibodies for anti-lactate dehydrogenase (1:100) (Rockland, Gilbertsville, PA) or
anti-cytochrome oxidase subunit IV (1:1000) (Molecular Probes, Inc., Eugene, OR). For
lactate dehydrogenase, membranes were incubated with horseradish peroxidase-conjugated
anti-goat secondary antibody (Sigma), and for cytochrome oxidase subunit IV, membranes
were incubated with horseradish peroxidase-conjugated anti-mouse secondary antibody (BD
Biosciences). The membranes were developed using ECL Western blotting detection reagent
(Amersham Biosciences). Cytochrome oxidase subunit IV was undetectable in cytosolic
fractions and robustly expressed in mitochondrial fractions, whereas lactate dehydrogenase
was only detectable in cytosolic fractions, indicating highly purified cellular fractions (data
not shown).

Fluorometric Detection of H,O, Production

H,0, was measured using the horseradish peroxidase-linked Amplex Ultra Red™
fluorometric assay (Invitrogen). Cellular fractions (10 xg) were added to a 96-well plate
containing 100 ul of reaction buffer containing 0.1 units/ml horseradish peroxidase, 50 uM
Amplex UltraRed, and one of the following respiration substrates: 2.5 mM malate plus 5
mM pyruvate, 2.5 mM malate plus 10 mM glutamate, or 10 mM succinate. Additionally,
carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP; 10 xM) was used as an
uncoupler to determine the role of mitochondrial membrane potential. The reaction was
started with the addition of 250 M PQ?2* (final concentration). The following inhibitors
were used in experiments: 10 uM rotenone (complex 1), 10 uM 4,4 ,4-trifluoro-1-(2-
thienyl)-1,3-butanedione (TTFA; complex 1), 30 «g/ml antimycin A (complex II1), 1 mM
potassium cyanide (complex 1V), and 10 uM FCCP. All inhibitors used in these studies were
obtained from Sigma. Resorufin fluorescence was followed by a Gemini fluorescence
microplate reader (Molecular Devices, Sunnyvale, CA). Superoxide dismutase (SOD) and
catalase were added as controls at concentrations of 500 and 40 units/ml, respectively.

Polarographic Measurement of H,O, Production

H,0, production in cellular components was measured using an Apollo 4000 Free Radical
Analyzer (WPI, Sarasota, FL) equipped with a 100-um H,0, sensor. The measurements
were conducted in a water-jacketed open chamber at 30 °C with continuous stirring in a final
reaction volume of 2 ml. Each measurement was started with the addition of reaction buffer
(100 mM KCl, 75 mM mannitol, 25 mM sucrose, 10 mM Tris-Cl, 10 mM KH,POy, pH 7.4)
to the chamber. Once the output signal stabilized, the following were consecutively added:
respiration substrate (2.5 mM malate plus 5 mM pyruvate, 2.5 mM malate plus 10 mM
glutamate, or 10 mM succinate) and cellular fraction (200 ug of protein). The output signal
was allowed to stabilize subsequent to each addition, followed by the addition of 250 uM
PQ?2* to the chamber and the trace recorded. After 2-3 min of recording, vehicle (Me,SO) or
inhibitor of the mitochondrial respiratory chain was added. Inhibitors of the respiratory
chain were added at the concentrations described above.
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Fluorometric Detection of PQ2*-induced H,O5 Production by Cell Cultures

Midbrain cell cultures were prepared from embryonic day 16 rats according to methods
described previously for cortical cultures (26). For the assessment of PQ2*-induced H,0,
production, cells were plated in poly-D-lysine-coated 48-well plates at a density of 3.2 x 10°
cells/well. All tissue culture reagents were obtained from Invitrogen. Primary midbrain cell
cultures were maintained for 2 weeks before being tested for H,O, production via
fluorometry. Each well was incubated for 6 h at 37 °C in 250 ul of a medium containing 1.8
mM CaCly, 5.4 mM KCI, 0.8 mM MgSOy, 116 mM NaCl, 14.7 mM NaHCOs3, 1 mM
NaH,PO4, 10 mM HEPES, 5.5 mM D-glucose, pH 7.4, also containing 0.1 units/ml
horseradish peroxidase and 50 M Amplex Red. PQ2* and inhibitors were added at the same
time at concentrations described previously. Resorufin fluorescence was followed using a
Gemini fluorescence microplate reader (Molecular Devices, Sunnyvale, CA).

Measurement of Mitochondrial PQ2* Uptake

Isolated brain mitochondria were incubated in reaction buffer (1 mg/ml protein) at 30 °C in
the presence of 250 M PQ?2*, respiration substrates, and respiration inhibitors where
indicated. After 5 min of incubation, the tubes were rapidly cooled at 4 °C and centrifuged
for 8 min at 5400 xg, and pellet volume was measured. The pellets were washed with 1 ml
of reaction buffer containing respiration substrates and/or inhibitors but without PQ2*. The
pellet was resuspended in 200 wl of distilled water and sonicated, followed by the addition of
1% perchloric acid, and centrifuged at 16,000 xg for 10 min at 4 °C. The amount of PQ%* in
the supernatant was analyzed by high performance liquid chromatography using a published
procedure (27) with minor modifications. Chromatographic separation was achieved on a
YMC ODS-A S 3-um 120-A column (Waters, Milford, MA). The mobile phase consisted of
sodium chloride with 4% acetonitrile, pH 2.8, pumped at 0.6 ml/min.

RESULTS

Mitochondria Are a Major Subcellular Source of PQ%*-induced ROS Generation

To address the question of what cellular components of the brain are involved in PQ2*-
induced ROS production, brain homogenate, cytosolic, and mitochondrial fractions were
analyzed for H,0, production after the addition of PQ2*. Immunoblots for mitochondrial
and cytosolic proteins were performed to confirm highly purified mitochondrial fractions
void of any contamination from other cellular components (see “Experimental Procedures”).
Fig. 2a shows the fluorometric determination of PQ2*-induced H,0, production in rat brain
homogenate, cytosolic, and mitochondrial fractions. Following the addition of PQ2* in the
presence of respiration substrates (malate + glutamate), mitochondria showed an immediate
and robust production of H,O,, whereas rates were much lower in homogenate and cytosolic
fractions. Concerns over the use of the Amplex UltraRed fluorescent assay to measure HoO2
have arisen from the possibility that endogenous reducing equivalents may interfere with the
fluorescence (28). Therefore, in order to validate results from the high throughput
fluorometric method to measure H,O, production, a polarographic method was also used.
Shown in Fig. 2b, H,0, production using this polarographic method showed very similar
rates in each cellular component following the addition of PQ2*. Rates of H,0, production
obtained from these traces under the conditions described are summarized in Table 1. All
rates are compared with the PQ2*-dependent H,0, production rate in mitochondria in the
presence of malate and glutamate, which is expressed as 100%. In the absence of exogenous
substrates, mitochondria generated H,O» at a rate 5 times that of whole brain homogenates,
whereas the cytosol generated the least amount of H,O». The addition of substrates feeding
the tricarboxylic acid cycle and electron transport chain (ETC) at the level of complex |
(malate + glutamate, malate + pyruvate) or at the level of complex Il (succinate) did not
have any effect on rates of HoO, production from the cytosolic fraction (Fig. 2). In the brain
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homogenate and mitochondrial fractions, the addition of respiration substrates significantly
increased production in the range of 20-40- and 83-145-fold, respectively (Table 1). As
expected, mitochondrial rates of H,O, production with substrates were greatest (Fig. 2).

Involvement of the Respiratory Chain in PQ%*-induced H,0, Production in Brain
Mitochondria

After establishing that mitochondria are a major subcellular source involved in PQ2*-
induced ROS production, possible mitochondrial components implicated in this process
were investigated. The generation of ROS via the redox cycling action of PQ2*requires
reduction to its cationic radical PQ*" as an obligatory first step. The complexes of the ETC
represent good candidates for this reduction, since they act to transport electrons and possess
redox potentials in the range required for PQ2*. To test this hypothesis, PQ?*-dependent
H,0, production in brain mitochondria was assayed in the presence of inhibitors of the
ETC. Fig. 3a shows rates of H,O, production determined by a fluorometric assay. As
expected, mitochondria stimulated by malate and glutamate in the presence of PQ%*
produced an immediate and robust increase in HoO5 production. Exogenous SOD had no
effect on H,O, production rates, whereas catalase almost completely attenuated this process
(Fig. 3a). Antimycin A, a specific inhibitor of complex 111, generated low rates of H,0, by
itself. However, co-administration with PQ2* showed rates similar to those observed with
antimycin A alone (Fig. 3a and Fig. 4). Using the polarographic method, antimycin A
inhibition of PQ%*-induced H,0, production was utilized to validate results obtained via
fluorometry (Fig. 3b). Following the addition of PQ2*in the presence of malate and
glutamate, H,O, was measured at a rate termed “steady state 1.” Inhibitors of the ETC
changed the rate of H,O, production to the rate determined as “steady state 2.” The addition
of antimycin A to inhibit complex I11 activity significantly decreased the rate of PQ2*-
induced H,O5 production (dashed line). Catalase was added as a control (dotted line) at a
concentration (12.5 units/ml) to provide a balance between H,O, production and
consumption in the system. Rotenone, an inhibitor of complex I, did not significantly alter
the rate of HoO, generation in the presence of malate and glutamate as respiration substrates
(solid line).

A more comprehensive screening was subsequently performed to determine effects on
PQ2*-induced H,0, production in the presence of inhibitors of all complexes of the ETC.
H»0, production rates are summarized in Fig. 4, in the presence of malate and glutamate
(Fig. 4a) or succinate (Fig. 4b). These substrates act to feed electrons into the ETC at the
level of complex | via NADH or directly to complex I, respectively. Inhibition of
complexes I and 111 without the addition of PQ2* produced a significant rate of H,0,
generation, but this production was never greater than 24% of the amount produced
following PQ2* administration in controls. Significant decreases in rates of H,O, production
were observed with both complex Il and 111 inhibition by TTFA and antimycin A,
respectively. This decrease was to an extent that is comparable with that obtained in the
absence of PQ2* (Fig. 4). Rotenone also significantly decreased H,O5 generation in
mitochondria fed electrons via succinate, but to a lesser extent than antimycin A or TTFA.
As shown in Fig. 3b, SOD had no effect on PQ2*-induced H,0, production, whereas
catalase was able to completely attenuate this effect.

Effect of Mitochondrial Membrane Potential on PQ2?*-induced H,0, Production

In respiring mitochondria, the transport of electrons through the ETC is accompanied by
vectorial pumping of protons from the matrix to the intermembrane space, thereby creating
an electrochemical gradient that establishes the inner mitochondrial transmembrane potential
(A¥m). In intact mitochondria, ROS production is sharply regulated by the amplitude of
A¥m (29). To evaluate the role of A¥m in PQ2*-induced ROS production, the effect of a
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mitochondrial uncoupler, FCCP, was examined. In the presence of substrates malate and
glutamate (Fig. 4a) or succinate (Fig. 4b) to stimulate mitochondrial respiration, FCCP was
able to completely abolish production of H,0, by PQ2*,

Mitochondrial Uptake of PQ2*

The majority of the ETC components reside in the mitochondrial inner membrane and face
either the lipid phase of the membrane, the intermembrane space, or the matrix. Therefore,
for PQ2* to interact with ETC complexes and generate ROS, it must be capable of traversing
the outer mitochondrial membrane and entering the inter-membrane space and matrix. The
ability of PQ%*to do this was assessed in the following manner. Mitochondria were
incubated with PQ2* under experimental conditions, extensively washed, and sonicated.
PQ2%* was measured via HPLC with electrochemical detection as described under
“Experimental Procedures.” Under nonrespiring conditions (i.e. in the absence of exogenous
substrates) PQ%* was effectively taken up into mitochondria at a rate of ~50% compared
with the starting concentration (250 xM) in the incubation buffer (Table 2). Mitochondria
sonicated prior to incubation showed very low levels of PQ%* when measured by HPLC.
Respiring mitochondria showed slightly increased uptake of PQ?2*, but not significantly
different from nonrespiring controls. Additionally, the addition of antimycin A or FCCP had
no effect on mitochondrial PQ2*concentrations, indicating that these compounds do not
prevent PQZ* uptake (Table 2).

Confirmation of PQ2*-induced H,0, Production in Cell Culture Model

To examine if mitochondrial mechanisms of PQ2*-dependent H,0, production are involved
in a more physiologically relevant model of whole cells, midbrain primary cultures obtained
from embryonic rats were used. H,O» production was determined exclusively via the
horseradish peroxidase-linked Amplex UltraRed fluorometric assay due to methodological
limitations of polarographic detection in cell culture. Following 6-h incubation of midbrain
cultures with PQ2* in the presence of ETC complex inhibitors, H,O, production was
measured and expressed as percentage of control (Fig. 5). In this in vitro model, H,0,
production was inhibited completely only in the presence of antimycin A compared with
controls without PQ2*. Rotenone also significantly attenuated PQ%*-induced H,0,
production but to a much lesser extent than antimycin A. As observed in isolated
mitochondria, FCCP abolished mitochondrial PQ2*-induced H,0, production.

DISCUSSION

Several novel findings emerge from the present study regarding the mechanism of PQ2*-
induced ROS production in brain tissue. First, mitochondria are a major cellular component
involved in ROS generation induced by PQ2* in the rat brain. PQ2*-induced H,0,
production by brain mitochondria is dependent on a constant electron flow provided by
respiration substrates and a functional ETC. With the use of specific inhibitors of the ETC,
complex 111 has been identified as a novel site of action for PQ2* in the process of redox
cycling to generate ROS. Last, the mechanism of PQ%*-induced ROS production is
dependent on mitochondrial membrane potential.

Rat Brain Mitochondria Are a Major Cellular Component Involved in PQ2*-induced ROS

Generation

The mechanism of ROS generation by redox cycling of PQ2* has been widely studied in
both in vivo and in vitro systems. These studies point out the involvement of several
mitochondrial (30), microsomal (31,32), and cytosolic (23,33) enzymes in ROS production
by PQ2*. Several studies have suggested the involvement of mitochondria in PQ2*-induced
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0O generation. In the yeast Saccharomyces cerevisiae, it was suggested that the
mitochondrial ETC could be considered a potential site for PQ2* reduction (34).
Additionally, in Candida albicans, the inhibition of respiration almost completely
suppressed PQ?*-induced generation of ROS (35). However, the relevance of mitochondria
in mammalian systems has remained relatively unexplored. In this study, we clearly
demonstrate that among the subcellular fractions of the rat brain, mitochondria are strongly
implicated in PQ2*-induced ROS generation.

In the absence of exogenously added substrates, PQ2*-induced H,0, production was highest
in the mitochondrial fraction, followed by the homogenate and last the cystosol. This can be
explained by the fact that mitochondria retain reducing equivalents in the matrix following
isolation. Therefore, mitochondria are still able to undergo respiration at this time (36). The
brain homogenate fraction also contains mitochondria, albeit at lesser amounts, which is
why this component shows greater H,O, production than cytosol in the absence of
respiration substrates. This also explains why an increase in H,O, production is observed in
the homogenates following the addition of substrates. The addition of external respiration
substrates produced significantly greater PQ2*-induced H,0, in the mitochondria compared
with other cell compartments. These data suggest that PQ2*-induced H,0, production is
highly dependent on substrates that stimulate mitochondrial respiration.

The issue regarding transport of PQ2* into the brain and finally into the mitochondria
remains an important aspect when examining its toxic actions as performed in this study. It
has been demonstrated that PQ2* can be taken up into the brain by neutral amino acid
transporters in the blood-brain barrier and subsequently transported into cells in a sodium-
dependent manner (37). It is expected that mitochondria may use similar transport systems
for PQ2*. In this study, we provide evidence that mitochondria are able to efficiently
transport PQ2*under both nonrespiring and respiring conditions. Additionally, antimycin A
and FCCP had no effect on this uptake, confirming a transport system independent of ETC
inhibition or transmembrane potential.

The use of SOD and catalase as controls in this study provide important insight regarding
the nature of PQ2*-induced ROS production in isolated mitochondria. If PQ?*-induced ROS
production occurred outside the mitochondria, exogenously added SOD would increase the

rate of H,0, production due to the rapidly catalyzed conversion of O, to H,0, before other
mechanisms could consume the oxygen radical. However, SOD failed to inhibit PQ2*-
induced ROS production. This observation indicates that PQ%* produces ROS in the
mitochondria, which is then converted to H,O, by mitochondrial systems, such as MnSOD,
and/or by spontaneous dismutation. H>O5 is then capable of diffusing through the
mitochondrial membrane into the extracellular medium, where it can be consumed
enzymatically by exogenously added catalase or measured via polarographic and fluorescent
methods shown here.

Involvement of the ETC and Role of Complex Ill in PQ?*-induced H,O5 Production

In this study, we demonstrate that respiration substrates are essential for mitochondria to
generate significant amounts of H,O5 in the presence of PQ2*. Additionally, the inhibition
of complex Il and 111 in isolated mitochondria by TTFA and antimycin A, respectively,
completely attenuated this effect. These data suggest that in mitochondria with a functional
ETC, electrons can be transferred to PQ?* at the level of these two complexes, thus initiating
the redox cycling reaction and subsequent ROS production. However, in primary midbrain
cultures, only complex Il inhibition by antimycin A was able to block H,O» production,
whereas no effect was observed with complex Il inhibition by TTFA. This somewhat
contradictory effect may be explained as follows. First, the isolated mitochondria used in
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this study are maintained in a buffer that allows mitochondria to function under a high
electrochemical potential. Under such conditions, complexes in the ETC exist in a highly
reduced state more likely to exhibit electron leak and reverse electron transport that may
lead in part to the observed generation of ROS. These electrons may also possess the
capability of reducing PQ2*to initiate the redox cycling process involved in H,0,
production. However, in the whole cell model of primary midbrain cultures, mitochondria
are functioning at a much lower electrochemical potential, more typical of what exists
physiologically, where electron leak and reverse electron transport are not relevant (38).
Therefore, complexes that may act to reduce PQ2* via such mechanisms in isolated
mitochondria may not be involved in this cell culture model.

Another possible explanation for the contrasting data regarding complexes 11 and 111
involves the metabolic processes being affected by the addition of substrates and inhibitors.
Complex Il of the ETC is also known as succinate dehydrogenase, an enzyme involved in
the mitochondrial tricarboxylic acid cycle. In isolated mitochondria supplied with malate
and glutamate or succinate, the use of TTFA inhibits both actions of the enzyme and may
completely block electron flow into the ETC, since no other substrates are available to
overcome this inhibition. In such an event, no electrons would be available to reduce PQ2",
and no ROS will subsequently be produced, as was observed in this study. Alternatively, in
primary midbrain cultures, glucose is provided as the major energy source. In the presence
of glucose, multiple metabolic pathways may also be acting as a means of producing
reducing equivalents and substrates capable of feeding into the tricarboxylic acid cycle or
ETC at alternate sites. For example, a-glycerol phosphate produced during glycolysis is able
to feed electrons to ubiquinone in the ETC, downstream of complexes | and Il. Therefore, in
cultured cells where TTFA is added to inhibit complex Il and block part of the tricarboxylic
acid cycle, anapleratic reactions may play a significant role in providing alternative
substrates to overcome this inhibition in the ETC and tricarboxylic acid cycle.

Each of the above cases provides an explanation for why complex Il inhibition does not
attenuate PQ2*-induced H,0, production in primary midbrain cultures. The data obtained
from this in vitro model implicate a role for complex |11 of the ETC in the PQ%* mechanism
of toxic action.

Role of Mitochondrial Membrane Potential in PQ%*-induced ROS Production

The proton gradient between the mitochondrial matrix and intermembrane space establishes
a transmembrane electrochemical potential of A¥m. The nonphosphorylating “state 4”
conditions (39) used in this study favor a high membrane potential and high degree of
reduction of the redox carriers in the complexes of the ETC. Based on the use of a
mitochondrial uncoupler, FCCP, our results demonstrate that an established membrane
potential is required for PQ2*-induced H,0, production. In particular, a high reduction state
of complex 111 may be a required step in the reduction of PQ?* to its cationic radical capable
of redox cycling. The dissipation of the membrane potential with the use of FCCP
diminishes the reducing capacity of ETC complexes and, as a consequence, abolishes the
ability to pass electrons to PQ?* and lead to the generation of ROS.

Proposed Mechanisms Involved in Mitochondria-dependent PQ2*-induced ROS Production

The dependence of PQ2*-induced ROS generation on the presence of respiration substrates
in mitochondria suggests the involvement of the ETC. The paired substrates malate and
glutamate or malate and pyruvate are finally transformed to NADH in the tricarboxylic acid
cycle and subsequently feed electrons into the ETC at the level of complex I, whereas
succinate is an intermediate in the tricarboxylic acid cycle and is able to feed electrons
directly at the level of complex Il. The electrons from either of these two complexes then
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flow into the ubiquinone cycle and transfer their electrons to complex Il1. It is at this point in
the flow of electrons through complex 111 that electrons are hypothesized to be transferred to
PQ?2*, thus initiating the process of redox cycling. This process is analogous to the

production of O; from complex 11 that has been characterized (40). A critical role for
complex 111 was revealed by Chen et al. (41) in mediating H,O, production in heart
subsarcolemmal mitochondria using substrates for complex | and complex Il and a variety of
ETC inhibitors. Based on their approach, we can speculate the following regarding PQ2%*-
induced H»O5 production in our studies. (a) The finding that rotenone inhibition produces
minimal change in PQ2*-induced H,0, production in mitochondria suggests that complex |
may not be the major site of PQ%*-induced net H,O, generation in mitochondria oxidizing
complex | substrates. (b) Complex I11 inhibition produced a substantial reduction of PQ2*-
induced H»O5 production in the presence of complex I or Il substrates, suggesting that the
site of ROS production is downstream in the respiratory chain, most likely at complex Ill.
(c) Complex IV inhibition may be ruled out due to the lack of effect of cyanide on PQ2*-
induced H,0, production. (d) Inhibition of PQ2*-induced H,0, production by complex I
inhibitors in the presence of complex | or Il substrates may be due to direct reduction of
PQ?2* by the complex or indirectly by feeding electrons to complex I11. However, our results
using intact cells suggest that complex Il has a minor role when compared with complex I11
as a primary site for net H,0O, production induced by PQ2* in brain mitochondria.

It is difficult to speculate upon the precise mechanism responsible for PQ?* reduction and
ROS production at the level of the complex I11. Assuming that antimycin A can block the
electron transfers between cytochrome b, and by and from cytochrome by_to iron-sulfur
protein (42), a direct involvement of these cytochromes in PQ2* reduction may be plausible.
Since these cytochromes have deep membrane localization, it is difficult to predict the
precise site of H,0, generation after PQ2* reduction. However, our studies show that a
significant amount of H,0, produced by PQ?* is released from mitochondria, which would
imply that reactions following reduction of PQ2* that generate H,0O, occur in a site facing
the intermembrane space, where mitochondria lack antioxidant defenses to remove H,0,.

Palmeira et al. (43) and more recently Gomez et al. (44) suggest that high concentrations of
PQ?2* may exert nonselective direct oxidative damage toward all ETC complexes, leading to
an impairment of their activity. This may be due to oxidative damage and compromised
function of the ETC complexes as a consequence of their proximity to the site of
mitochondrial ROS production by PQ2*, namely complex I11. This mechanism is supported
by the observation that mitochondrial ETC complexes are susceptible to inactivation by a
wide range of oxidants (45). It has also been reported that microglial activation and
consequent induction of NADPH oxidase plays a significant role in PQ%*-induced
dopaminergic cell degeneration (9,22). These studies suggest that NADPH oxidase may be
one enzyme redox-cycling with PQ2*. However, the induction of NADPH oxidase is a
delayed response following PQ%* administration in vivo. Our results demonstrate a robust
and instantaneous production of H,0, by mitochondria after exposure to PQ2*. We propose
that mitochondrial H,0, production induced by PQ2* in the brain is an early event that may
later initiate other cellular events, such as nonspecific ETC inactivation, microgliosis, and
NADPH oxidase activation (Fig. 6). Together, these results highlight the significance and
potential consequences of PQ2*-induced mitochondrial ROS production.

PQ?2* is an increasingly popular model of inducing systemic and cellular injury via the
production of ROS (5-10). These findings may clarify possible mechanisms of the actions
of PQ2* in diverse models. Furthermore, they lead to the suggestion that similar mechanisms
of mitochondrial ROS generation may be employed by other redox-cycling agents, both
environmental and endogenous, that bear structural and functional resemblance to PQ?2*.
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PQ* + ¢ — PQ" (1)
PQ" +0, — PQ™ + 0O;" (2)
H+
PQ+' + 0O, —» PQ2++02_ —» H,0, 3)

H+
0, +0,— 0,+H,0, (4)

FIGURE 1.
Chemical reactions proposed to participate in mechanisms of H,O, production by PQ2*,
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FIGURE 2. PQ?*-induced H,0, production in cellular fractions from the brain

Fluorometric (a) and polarographic (b) assays were used to measure H,O5 in the presence of
malate and glutmate following the addition of 250 M PQ?* to equal amounts of protein
from each rat brain fraction: mitochondria (solid line), cytosol (dotted line), and homogenate
(dashed line).
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FIGURE 3. Inhibition of PQ2+-induced H»>O» production in stimulated mitochondria
Fluorometric (a) measurement of H,O, production from isolated mitochondria in the
presence of succinate was measured in the presence of PQ2*(250 xM, o), antimycin A (@),
antimycin A and PQ%*(<>), PQ?* and SOD (A ), and PQ2*and catalase (A). Polarographic
(b) measurement was used to confirm results. Following the addition of 250 M PQ?2*, H,0,
production in mitochondria was monitored with inhibitors added as indicated: rote-none
(solid line), catalase (dotted line), and antimycin A (dashed line). Rates of H,O, production
before and after the addition of inhibitor (steady state 1 and 2, respectively) were compared
with obtain the percentage of H,O» production under each condition (see Fig. 5).

J Biol Chem. Author manuscript; available in PMC 2011 May 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Castello et al.

(@)  Malate + Glutamate

150- .
5
g
E T 1004 A |
N
I & 504
5 = o
2 JLlUmlaalNaies I N

Page 15

HE Control
— PQ 2+

S
< M D
& N \ & \ < 9 AV
9 & < ?
o @(\00 (\Q ) 6\?' o %
* &
©
Inhibitors
150+ (b) Succinate
%
3 100+
£ b
™
S 8 :
I X
e 504
5
5
N
€ SN O S S
& @ N & W@
< o‘\\ Q '0?' C!é o‘b
& < ~§w:..‘ +
<& o.&“
2

Inhibitors

I Control
=PQ2+

FIGURE 4. Effect of ETC inhibitors on PQ2*-induced H,0» production in isolated

mitochondria

Mitochondria were stimulated with respiration substrates (malate plus glutamate (a) or
succinate (b)), and H,O, production was measured in the absence (closed bars) or presence
(open bars) of 250 xM PQZ2*. Inhibitors were added as described under “Experimental
Procedures.” H,O, production in mitochondrial fraction stimulated with malate plus
glutamate as respiration substrates in the presence of PQ2* was considered 100%, and all
values are expressed as a percentage of this (mean £S.E., n =3). *, p <0.05 compared with

PQ2*-treated control mitochondria (one-way analysis of variance).

J Biol Chem. Author manuscript; available in PMC 2011 May 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Castello et al.

Page 16

150+
H Control
— A2
E T PQ
® 3 1004 h
o Sl
=) "E * I
o)
£ 8 :
~ X 504
ON-..-
XL * *
Jml | W wll W1 wll af
N

¢ & <ﬂ‘<"’\ AP SR
A
<® &s\
O
v

Inhibitors

FIGURE 5. Effect of ETC inhibitors on PQ2+-induced H»O» production in primary midbrain
cultures

H,0, production was measured in midbrain cultures incubated in buffer containing PQ2*
and inhibitors where indicated using a fluorometric method as described under
“Experimental Procedures.” H,0, production in the presence of PQ%* was considered
100%, and all values are expressed as a percentage of this (mean £ S.E., n =3). *, p < 0.05
compared with PQZ*-treated control mitochondria (one-way analysis of variance).
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FIGURE 6. Proposed involvement of ETC in PQ2+-dependent H,0» generation in brain
mitochondria

Electrons feed into the ETC at the level of complex | or complex Il and are transferred to
ubiquinone (CoQ), complex cytochrome c (c), and complex IV sequentially. Complex 111
has the ability transfer these electrons to PQ2*, thus forming the PQ™" radical, leading ROS
formation and subsequent cell damage.
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TABLE 1
Rates of PQ%*-induced H,0, production in cellular fractions

Equal protein amounts from each fraction were assayed for H,O, production using a fluorometric method

following the addition of 250 xM PQ?2*. H,0, production in mitochondrial fraction stimulated with malate
plus glutamate as respiration substrates was considered 100%, and all values are expressed as a percentage of
this (mean = S.E., n = 3).

Substrate
Fraction With endogenous substrate ~ With succinate ~ With Mal/Pyr With Mal/Glu
Homogenate (21 + 0,022 452 +0.192 7.99 +0.348 5.55+0.178
Cytosol 0.02 +0.003 0.06  0.01 0.03+0.01 0.05 % 0.02
Mitochondria ¢ gg + 0,072,0 81.48+3532P 14383+6.118P  100.00 +3.108P

aSignificantIy different from cytosolic fraction (p < 0.05, one-way analysis of variance) grouped by respiration substrate.

bSignificantly different from homogenate fraction (p < 0.05, one-way analysis of variance) grouped by respiration substrate.
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TABLE 2
PQ?*uptake by rat brain mitochondria

Isolated mitochondria (Mito) were incubated in 250 M PQ?2* in the presence of respiration substrates and

inhibitors, and intramitochondrial PQ2* concentrations were measured via HPLC. Values are presented as
mean + S.E., n=3.

Condition Intramitochondrial PQ%*
M

Mito + PQ?* + buffer 137.5+50

Mito + PQ?* + buffer + sonication 20+125

Mito + PQ?* + buffer + succinate 1625+ 75

Mito + PQ?* + buffer + succinate + antimycin A 225 +50
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Mito + PQ?* + buffer + succinate + FCCP

20075
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