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Background:Metabolism of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to toxicMPP� is critical in chemically
induced Parkinson disease.
Results:Mitochondrial CYP2D6 supported by adrenodoxin/adrenodoxin reductase efficiently catalyzed MPTP to MPP�.
Conclusion:Mitochondria from dopaminergic neurons contain the enzymes for the metabolism of MPTP to MPP�.
Significance: This is a new pathway for the metabolism of MPTP to toxic MPP� within the dopaminergic neurons.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a
neurotoxic side product formed in the chemical synthesis of
desmethylprodine opioid analgesic, which induces Parkinson
disease. Monoamine oxidase B, present in the mitochondrial
outer membrane of glial cells, catalyzes the oxidation of MPTP
to the toxic 1-methyl-4-phenylpyridinium ion (MPP�), which
then targets the dopaminergic neurons causing neuronal death.
Here, we demonstrate that mitochondrion-targeted human
cytochrome P450 2D6 (CYP2D6), supported by mitochondrial
adrenodoxin and adrenodoxin reductase, can efficiently cata-
lyze the metabolism of MPTP to MPP�, as shown with purified
enzymes and also in cells expressing mitochondrial CYP2D6.
Neuro-2A cells stably expressing predominantly mitochondrion-
targeted CYP2D6 were more sensitive to MPTP-mediated mito-
chondrial respiratory dysfunction and complex I inhibition than
cells expressing predominantly endoplasmic reticulum-targeted
CYP2D6. Mitochondrial CYP2D6 expressing Neuro-2A cells pro-
duced higher levels of reactive oxygen species and showed abnor-
malmitochondrial structures.MPTPtreatmentalso inducedmito-
chondrial translocation of an autophagic marker, Parkin, and a
mitochondrial fission marker, Drp1, in differentiated neurons
expressing mitochondrial CYP2D6. MPTP-mediated toxicity in
primary dopaminergic neurons was attenuated by CYP2D6 inhib-
itor, quinidine, and also partly bymonoamine oxidase B inhibitors
deprenyl and pargyline. These studies show for the first time that
dopaminergicneuronsexpressingmitochondrialCYP2D6arefully
capable of activating the pro-neurotoxinMPTPand inducingneu-
ronaldamage,which is effectivelypreventedby theCYP2D6 inhib-
itor quinidine.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),3 a
contaminant in synthetic heroin (a “designer drug”), is a neuro-
toxin and induces Parkinson-like syndrome in humans, non-
human primates, and mice (1–3). This compound has been
used as a valuable model substance for investigating mecha-
nisms of Parkinson disease for �30 years. MPTP is a pro-toxin,
and current models suggest that the neurotoxin crosses the
blood-brain barrier following systemic administration and is
oxidized toMPDP� bymonoamine oxidase (MAO)B, localized
on the mitochondrial outer membrane of nondopaminergic
cells (4). MPDP� is an unstable compound that undergoes fur-
ther oxidation to form the active toxic compound MPP� (5).
MPP� is far less lipophilic thanMPTP and cannot easily diffuse
across cellular membrane lipid bilayers (6), but it is actively
transported inside dopaminergic neurons by the dopamine
transporter (7). Within the dopaminergic neurons, MPP�

sequesters inside the mitochondrial compartment because of
the positive charge it carries (8) and preferentially binds to and
inhibits complex I of the electron transport chain (9). Inhibition
of complex I leading to lower ATP generation (10), increased
production of reactive oxygen species (ROS) (11, 12), and even-
tual cell death are believed to be the steps leading to Parkinson
disease (13).
Although MAO-B from glial cells is believed to be the main

enzyme involved in the bioactivation of MPTP, cytochrome
P450 2D6 (CYP2D6) is localized in the dopaminergic neurons
of the substantia nigra (14) and has been suggested to be an
important player in determining MPTP toxicity. This enzyme
has been considered to be involved in detoxification because of
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its demonstrated ability to catalyzeN-demethylation and p-hy-
droxylation of MPTP to form inactive products (15–20).
Microsomal CYP2D6 has also been shown to catalyze the oxi-
dative dehydrogenation of MPTP to form MPP�, albeit less
efficiently than MAO-B (18). Therefore, the delineation
between enzymes that activate and those that inactivate may
not be as clear as once thought. It is also possible that polymor-
phisms inCYP2D6 could affect the extent ofMPTPmetabolism
as well as the nature of the metabolites, as there have been
several reports of substrate-specific activity profiles for
CYP2D6 variant alleles (19). Of the �112 CYP2D6 polymor-
phisms reported thus far, several have been shown to be clini-
cally significant by altering enzyme activity, thereby affecting
drug efficacy and toxicity. It is not clear howpolymorphic forms
of CYP2D6 affect MPTP toxicity or detoxification.
CYP2D6 is predominantly localized in themicrosomalmem-

brane fractions of the liver, brain, and other peripheral tissues.
Several epidemiological investigations have suggested con-
cordance between CYP2D6 gene polymorphism and the inci-
dence of Parkinson disease (20–22); however, other studies
have shown no such association (23–25). Furthermore, studies
in our laboratory showed thatmembers of CYP2 family, includ-
ing CYP2D6, are also targeted to mitochondria, and human
livers showedmarked variations inmitochondrial CYP2D6 (26,
27). In some cases, themitochondrial concentration was higher
than the microsomal content (26). Additionally, studies with
CYP1A1, -2B1, and -2E1 showed some significant difference in
the substrate specificity and catalytic activities of themitochon-
drially localized enzymes compared with their microsomal
counterparts (28). In this study, we investigated the ability of
humanCYP2D6 targeted to themitochondrial compartment of
COS-7 andmouseNeuro-2A cells tometabolizeMPTP, andwe
found that the mitochondrial enzyme supported by Adx and
Adr electron transfer proteins catalyzes the bioactivation of
MPTP to toxicMPP�with efficiency comparablewithMAO-B.
Our results show that dopaminergic neurons contain full capa-
bility for the bioactivation of MPTP to toxic MPP�, which
causes mitochondrial complex I inhibition and neuronal
damage.

MATERIALS AND METHODS

Cell Lines and Culture Conditions—COS-7 fibroblasts
(ATCC CRL-1651) and mouse Neuro-2A cells (ATCC CCL-
131) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine
serum (v/v) and 0.1% gentamycin (w/v). Generation of a doxy-
cycline-inducible cell line was reported previously (26). Stable
Neuro-2A cells were generated by transducing with CYP2D6
cDNAs cloned in a retroviral vector (pBABE-puro), and stable
clones were selected based on resistance to puromycin. Viral
particles for transduction were prepared in 293T cells by co-
transfectionwith gag-pol andVSV-Gplasmids (29). Puromycin
was added after every two passages to ensure the integrity of the
viral vectors. All the experiments were conducted in the cells
that were cultured without puromycin for at least three pas-
sages to rule out the adverse effects of puromycin onmitochon-
drial function. In differentiation studies, medium was changed
to DMEM with 0.5% FBS (differentiation medium, v/v) after

overnight growth and grown for an additional 3 days with 1mM

Bt2cAMP (Sigma).
Preparation and Treatment of Primary Neurons—Primary

neurons were prepared from cortices and mesencephali of
C57BL/6 mouse brains at gestation day 16/17. The isolated tis-
sue was mechanically dissociated and digested with 1 mg/ml of
papain (Worthington) for 15 min at 34 °C followed by addition
of 3 �g/ml DNase I (Roche Diagnostics) for 5 min. The suspen-
sion was triturated, passed through a 70-�m strainer, and cen-
trifuged at 250� g for 8min. Pellet was resuspended inDulbec-
co’s phosphate-buffered saline containing 30 �g/ml DNase I
and centrifuged. Finally, the pellet was washed, resuspended in
Neurobasal medium supplemented with 2% (v/v) B-27 supple-
ment, 0.5 mM L-glutamine (GlutaMAXTM, Invitrogen), and
seeded on poly-D-lysine ((P899, Sigma)-coated coverslips at 8�
104/cm2. The culture was maintained at 37 °C in humidified
95% air, 5%CO2 (v/v) incubator. This procedure typically yields
neuron-enriched cultures containing �98% neurons. In the
case ofmesencephalic neurons, 3–4%were dopaminergic (TH-
positive) cells. On the 8th day in culture (DIV8), neurons were
treated with 50 �MMPTP with and without 10 �M quinidine, 5
�M pargyline, or 10 �M deprenyl for 48 h.
Isolation of Mitochondria from Different Cell Lines—Mito-

chondria were isolated by differential centrifugation of cell
homogenates as described previously (26), using a sucrose/
mannitol buffer (20 mM HEPES, pH 7.5, containing 70 mM

sucrose, 220mMmannitol, and 2mMEDTA). Crudemitochon-
dria, resuspended in sucrose/mannitol buffer, were sedimented
through a layer of 0.8 M sucrose by centrifugation at 14,000 � g
for 20 min. The pellet was then washed with sucrose/mannitol
buffer.When used formetabolic assays, the finalmitochondrial
pellet was resuspended in 50 mM potassium phosphate buffer,
pH 7.5, containing 20% glycerol (v/v), 0.1 mM EDTA, 0.1 mM

dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride. For
other analyses, mitochondria were resuspended in the sucrose/
mannitol buffer containing leupeptin (1 �g/ml) and pepstatin
(1 �g/ml).
Measurements of MAO Activity—Mitochondria were as-

sayed for MAO activity using kynuramine as a substrate (30)
fluorometrically by either using a Photon Technology Interna-
tional spectrofluorometer or a Chameleon Multilabel Detec-
tion Platform. Reactions were performed in a final volume of
1.5ml of 75mMpotassiumphosphate buffer, pH7.4, containing
150 �M kynuramine and 250 �g of mitochondrial protein at
37 °C for 30min in a shakingwater bath. Trichloroacetic acid (1
ml, 10%w/v)was added to terminate the reactions, and 0.5ml of
the clarified supernatant (103 � g for 10 min) was mixed with 1
ml of 1 M NaOH. Measurements (of the product) were made in
an 814 PMT spectrofluorometer (PTI, Birmingham, NJ), with
315 nm extinction and 380 nm emission. Inhibition studies
were performed by preincubating mitochondria with deprenyl
(20 �M) or clorgyline (20 �M) for 10 min on ice before addition
to the reaction mixture.
Fluorometric assays of MAO-A/B (total for the two enzyme)

were done using a Fluoro:MAOdetection kit (Cell Technology,
CA) following the manufacturer’s protocol. Mitochondria (10
�g of protein) was taken for analysis with and without inhibi-
tors in 100 �l of Reaction Mixture in a black 96-well plate. For
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detection ofMAO-B activity, benzylamine was used as the sub-
strate and inhibited by 10 �M pargyline; similarly for MAO-A
activity, tyramine was used as the substrate and inhibited by 10
�M clorgyline (data not shown). In addition to the mitochon-
dria of Neuro-2A cells, mitochondria from rat brain and C6
glioma were tested as positive controls. Plates were incubated
in the dark at 37 °C for 30 min, and readings were taken using a
Microwin Chameleonmicroplate reader, with excitation at 530
nm and an emission wavelength of 590 nm.
Immunoblot Analysis of Proteins—Protein estimation was

done by themethod of Lowry et al. (31).Mitochondrial proteins
(50 �g) were resolved by SDS-PAGE and transferred to sup-
ported nitrocellulosemembranes (Bio-Rad). A CYP2D6mono-
clonal antibodywas used at a dilution of 1:500 (v/v, BDGentest,
BD Biosciences). A tyrosine hydroxylase monoclonal antibody
was used at a dilution of 1:2000 (v/v, Immuno StAR, Hudson,
WI). Blots for cell lysate were co-developed with antibody to
succinate dehydrogenase (1:5000 dilution, v/v; Abcam, Cam-
bridge, MA) or actin (1:5000 dilution, v/v; Abcam, Cambridge,
MA) as loading control. To evaluate microsomal and mito-
chondrial cross-contamination, blots were co-developed with
antibodies toNPR (1:1500 dilution, v/v; Santa Cruz Biotechnol-
ogy), TOM20 (1:1500 dilution, v/v; Santa Cruz Biotechnology),
and 1:50,000 dilutions (v/v) of infrared dye-conjugated second-
ary antibodies. Blots were probed and developed using the
SuperSignal West Femto System (Pierce) and imaged on a Bio-
Rad VersaDoc Imaging System or Odyssey LICOR instrument
(LICOR Biotechnology, Lincoln, NE). Digital image analysis
was performed using Quantity One Version 4.5 software from
Bio-Rad.
Analysis of Cellular O2 Consumption by Respirometry—Ox-

ygen consumption rates (OCR) were measured using a XF24
high sensitivity respirometer (Seahorse Bioscience) as
described by Wu et al. (32), following the manufacturer’s
instructions. Neuro-2A cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) without and with MPTP (400
�M). In each case, 25,000 cells were cultured in DMEM over-
night and changed with XF assay medium, low buffered bicar-
bonate-free DMEM, pH 7.4, for 1 h before the measurement.
The final concentrations of inhibitors used were 2 �g/ml oligo-
mycin, 40 �M 2,4-dinitrophenol (DNP, used as uncoupler), and
1 �M complex I inhibitor rotenone. Each plate (along with the
cartridge) was loaded into the XF analyzer. OCR was measured
under basal conditions and after the sequential addition of oli-
gomycin, DNP, and rotenone. All respiration rates were calcu-
lated as percentage of the rate. Respiration rates at each time
point from three replicate wells were averaged.
Oxidation Assays with MPTP and Bufuralol—Purified

CYP2D6, isolated mitochondria, and microsomes from cell
lines were assayed for oxidation of MPTP and bufuralol using
optimal assay conditions described before (17, 58, 60). As
described before (58, 60), reconstitution with Adx and Adr was
carried out without added liposomes, whereas that with NPR
was carried with phospholipid vesicles. Reactions were carried
out in 0.2 ml (final volume) of 75 mM sodium phosphate buffer,
pH7.4, containing 300�g ofmitochondrial protein or 300�g of
microsomal protein. Mitochondrial enzyme and purified
CYP2D6 (0.1 nmol) were reconstituted with 0.2 nmol of puri-

fiedAdx, 0.02 nmol of purifiedAdr, or 0.2 nmol of purifiedNPR
and 400 �MMPTP.Mitochondria were frozen and thawed four
times in a hypotonic buffer (25 mM sodium phosphate buffer,
pH 7.2) to permeabilize the membranes before addition to the
reaction mixtures. Inhibition studies were performed by prein-
cubating enzymes for 10 min on ice with 10 �l of CYP2D6 of
inhibitory antibody (10 mg/ml, BD Gentest, BD Biosciences),
10 �M quinidine, or 5–20 �M deprenyl (Sigma). Reactions were
initiated by addition of 50�l of 4mMNADPHand incubated for
15 min at 37 °C in a shaking water bath. Reactions were termi-
nated by addition of 50 �l of a HClO4/CH3OH mixture (1:1,
v/v), mixed using a vortex device, and centrifuged at 9000 � g
for 20 min at 4 °C. The supernatants were analyzed by LC/MS.
Bufuralol oxidation assays were carried out as described by

Hanna et al. (17) using 100 pmol of purified CYP2D6, 250 �g of
microsomal protein, or 300 �g of mitochondrial protein from
CYP2D6-expressing cell lines, using conditions essentially as
described forMPTP.Themixtureswere preincubated for 3min
at 37 °C, and then 120 �M NADPH was added to initiate the
reactions. Incubations were carried out for 10 min and then
quenched by addition of 25 �l of 60% HClO4 (w/v). Reaction
mixtures were centrifuged at 3000 � g for 10 min, and the
supernatants were analyzed by LC/MS. For all P450-mediated
assays, quinidine was added from a stock solution in DMSO.
The same volume (10 ml) of DMSOwas added to control reac-
tions. Other inhibitors were added as stocks in distilled water.
LC/MS Analysis of MPTP Products—Samples were analyzed

by LCMSusing aTSQquantummass spectrometerwith aCERI
L-column 2 octadecylsilane column (2.1 � 150 mm, 5 �m,
CERI, Tokyo, Japan). LC conditions were as follow: solvent A
contained 95% (v/v) H2O and 5% (v/v) CH3CN with 0.1% (v/v)
HCO2H, and solvent B contained 95% (v/v) CH3CN and 5%
(v/v) H2O with 0.1% HCO2H. The column was maintained at
20% (v/v) solvent B with a flow rate of 300 �l/min. Data acqui-
sition was performed in the positive ESI mode using selected
reaction monitoring as follows: m/z 1743 91 for MPTP, m/z
172 3 115 for MPDP�, m/z 170 3 128 for MPP�, and m/z
1903 85 for MPTP-OH.
LC/MS Analysis of Bufuralol Metabolites—Samples were

analyzed in an ESI linear trap ion mass spectrometer (LTQ,
Thermo-Fisher, San Jose, CA) connected to a Waters Acquity
UPLC system (Waters, Milford, MA) using an Acquity UPLC
BEH Shield octadecylsilane (RP18) column (1.7 �m, 1.0 � 100
mm). LC conditions were as follows: buffer A contained 0.1%
HCO2H (v/v) in H2O, and buffer B contained 0.1% HCO2H
(v/v) inCH3CN (v/v). The following gradient programwas used
with a flow rate of 150 �l/min: 0–6 min, linear gradient from 5
to 80% B (v/v); 6–6.5 min, linear gradient to 100% B; 6.5–7.5
min, hold at 100%B; 7.5–8.5min, linear gradient to 95%A (v/v);
8–10 min, hold at 95% A (v/v). The temperature of the column
was maintained at 25 °C. Samples (20 �l) were infused with an
auto-sampler. ESI conditionswere as follows: source voltage 3.5
kV, source current 100 �A, auxiliary gas flow rate setting 12,
sheath gas flow setting 43, capillary voltage 20 V, capillary tem-
perature 300 °C, tube lens voltage 45 V. Two transitions, m/z
2783 242 and 2783 186, were used to monitor 1�-hydroxy-
bufuralol formation. MSMS conditions were as follows: nor-
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malized collision energy 30%, activationQ 0.250, and activation
time 30 ms.
Measurement of Mitochondrial Complex I Activity—Com-

plex I activity was assayed as described by Birch-Machin and
Turnbull (33) with modifications, using a NanoDrop 2000c
spectrophotometer (Thermo Scientific, Waltham, MA), and
the decrease in absorbance at 340 nm was recorded for 3 min,
indicating the extent of NADH oxidation (slope1). Rotenone (5
�g/ml) was added to each reaction, and the absorbance was
measured at 340 nm for another 2 min (slope2). The rotenone
sensitive activity (slope1 � slope2) was used to calculate the
final complex I activity for each sample.
Bacterial Expression and Purification of Human CYP2D6—

CYP2D6 (construct DB6, with a C-terminal His6 tag) was
expressed in Escherichia coli and purified as described earlier
(17). RecombinantE. coli ratNPRwas expressed and purified as
described (34).
Quantitative Real Time PCR—Total DNA was isolated from

cells using DNeasy blood and tissue kit in accordance with the
manufacturer’s instructions (Qiagen, CA). The vector DNA
integrated in the genome was determined with using puromy-
cin acetyltransferase gene of the vector construct in relation to
nuclear CcO Vb DNA used as an internal control.
Total RNA was isolated from cells using TRIzol reagent in

accordance with the manufacturer’s instructions (Invitrogen).
The levels of the integrated puromycin resistance RNA in rela-
tion to cellular �-actin used as a control were determined. For
real time PCR analysis, 1 �g of total RNA was reverse-tran-
scribed using the high capacity cDNA archive kit (Applied Bio-
systems), and 50 ng of the resulting cDNAwas used in standard
Power SYBRGreen real timePCRon anABI 7300 real timePCR
machine and analyzed using Primer Express 3.0 (Applied
Biosystems).
Measurement of Extracellular H2O2 by Amplex Red—H2O2

in cells (hereafter referred to as ROS) was measured using the
Amplex Red hydrogen peroxide/peroxidase assay kit from
Invitrogen. For measurement in whole cells, 25 � 103 cells,
pretreated with various antioxidants or inhibitors, were seeded
in a 96-well black bottom plate in phenol-free medium and
incubated at 37 °C for 4 h for cells to adhere, followed by the
incubations with HRP and Amplex Red (10 mM) in PBS for 15
min at 37 °C. The method involves the horseradish peroxidase
(HRP)-catalyzed oxidation of the colorless and nonfluorescent
molecule, N-acetyl-3,7-dihydroxyphenoxazine (Amplex Red)
to resorufin. The fluorescence was recorded at an excitation of
530 nm and emission at 590 nm in a MicroWin chameleon
multilabel detection platform. Superoxide dismutase (from
bovine erythrocytes, Sigma) and catalase (from bovine liver,
Sigma)were added to 100 and 500 units/ml, respectively.Mem-
brane-permeable superoxide dismutase and catalase were used
for assessing specificity of the signal.
Immunofluorescence Microscopy—Cells were fixed with

methanol, permeabilized by 0.1% Triton X-100 (v/v), blocked
with 5% goat serum (v/v), and stainedwith appropriate primary
and secondary antibodies. Fluorescence microscopy was done
usingOlympus BX61microscope, and the Pearson’s coefficient
was calculated using Volocity 5.3 software.

Measurement of Cytochrome P450 Content—The CYP con-
tents ofmitochondrial andmicrosomalmembranesweremeas-
ured by the difference spectra of CO-treated and dithionite-
reduced samples as described by Omura and Sato (35), and as
modified by Guengerich (36), using a dual-beam spectropho-
tometer (Cary 1E; Varian, Walnut Creek, CA). Mitochondrial
or microsomal (0.5 mg) proteins were solubilized in potassium
phosphate buffer (0.1 M, pH 7.4) containing 1 mM EDTA, 20%
glycerol (v/v), sodium cholate (0.5%, w/v), and Triton N-101
(0.4%, w/v). Sodiumhydrosulfite (dithionite) was added and the
base line was recorded. The solution in the sample cuvette was
then bubbled gently with CO for 60 s. The spectrum was
recorded in the range 400–500 nm. The P450 contents were
calculated as described (35).
Quantification of Trypan Blue-positive and TH-immunore-

active Cells—Toassess cell death, cortical neuronswere stained
with 0.4% trypan blue (w/v) for 15 min. Positive trypan blue
staining indicates damaged membrane and loss of cell viability.
Neuronal cell death was calculated by counting trypan blue-
positive cells in six random fields per well at�20magnification
using lightmicroscopy (Nikon Eclipse TE300) and expressed as
a percentage of total number of neurons. To quantify TH-pos-
itive cells, mesencephalic neurons showing TH immunoreac-
tivity were observed on each coverslip. The coverslip was delin-
eated into nine frames and systematically counted both at �10
and �40 magnification using an Olympus BX61 microscope,
equipped withMetamorph Advanced Software. Only cells with
distinct immunoreactivity and clearly visible cell body were
counted from three independent experiments, averaged, and
presented as percentage of control.
Statistical Analysis—Themeans� S.D. were calculated from

three to five experimental values. p valueswere calculated using
a one-tailed equal variance t test when compared with MPTP
(compared with no MPTP) and unequal variance when a t test
was used to calculate significance with MPTP treatment with
different groups.

RESULTS

Metabolism of MPTP by Mitochondria in CYP2D6-express-
ing COS Cells—We previously expressed WT and mutant
CYP2D6 cDNAs with altered targeting signals (26, 37) using a
doxycycline (Dox)-inducible lentiviral vector LVPT-tTRKRAB
(26) in COS cells. Because our objective was to delineate the
roles ofMAOandmitochondrial CYP2D6 in themetabolism of
the neurotoxin MPTP, we assessed the MAO activities in COS
cell mitochondria in comparison with brainmitochondria. The
total MAO activity of brain mitochondria was approximately
four times higher than in COS cell mitochondria (Fig. 1A).
MAO-A activity in COS cell mitochondria was about 5-fold
higher thanMAO-B activity, as indicated by relative inhibition
by deprenyl (a MAO-B inhibitor) and chlorgyline (a MAO-A
inhibitor). We therefore used mitochondria from stably
expressing COS cells to test the ability of mitochondrion-tar-
geted CYP2D6 to oxidize MPTP.
The immunochemical analysis of total cell lysates showed

that the CYP2D6 protein was induced by Dox only in cells
transduced with WT CYP2D6 cDNA containing vector and
that mock-transfected cells did not show any detectable
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CYP2D6 even after Dox treatment (Fig. 1B). The�SRPmutant
carries more hydrophobic substitutions within the N-terminal
signal region and is predicted to have higher affinity for SRP
binding and higher microsomal targeting. The �SRP mutant
carries more hydrophilic mutations and is therefore predicted

to have lower affinity for SRP binding and higher mitochondri-
on-targeting efficiency. TheN-terminal signal domains and the
�SRP and�SRPmutations are shown in Fig. 1F. The SRPbind-
ing efficiency of WT and mutant protein was tested using a
membrane integration assay described before (57). It is seen

FIGURE 1. Oxidation of MPTP by mitochondrial and ER-targeted human CYP2D6. A, MAO activities of mitochondrial preparations from COS-7 cells
mock-transfected with Dox-inducible lentiviral vector and mouse brain mitochondria. Metabolism of kynuramine to 4-hydroxyquinoline was carried out as
described under “Materials and Methods” using isolated mitochondria. Mitochondria (Mito) were preincubated with or without added inhibitors (deprenyl
(Dep) or chlorgyline (Clor), 20 �M each) for 10 min on ice before starting the assay. Means � S.E. are shown (n � 3). B, immunoblots of whole cell extracts (50 �g
each) from COS-7 cells expressing WT CYP2D6 treated with or without Dox (to induce CYP2D6). The blot was also developed with antibody to succinate
dehydrogenase (SDH) to assess loading levels. C, ER membrane integration assay; the SRP binding affinities of WT, �SRP, and �SRP proteins were performed
as described under “Materials and Methods.” The method essentially tests the extent of integration of labeled nascent proteins into unwashed canine
pancreatic ER membrane. T, total translation product used in the assay; M, proteins bound to the ER membrane fraction that was re-isolated and washed.
Proteins were analyzed by SDS-PAGE and subjected to autoradiography. Radiometric analysis was performed to determine the percentage of the total
translation product that associated with the ER membrane for each construct. D, mitochondrial (Mt) and microsomal (Mc) CYP2D6 levels in WT, �SRP, and �SRP
CYP2D6-expressing cells (induced with Dox). A rat liver microsomal (Micro) sample was used as a positive control. Proteins (30 �g each) were subjected to
immunoblot analysis as described under “Materials and Methods.” The blot was developed with a monoclonal antibody to human CYP2D6 (1:1000 dilution,
v/v) and co-developed with NPR antibody (1:1500 dilution, v/v) to assess levels of microsomal contamination of mitochondrial preparations. E, oxidation of
MPTP by mitochondria from Dox-induced COS-7 cells expressing �SRP and �SRP CYP2D6. The oxidation products were quantified by nano-LC-MS-MS analysis
as described under “Materials and Methods.” A standard curve of MPP� was used to calculate moles of MPP� formed per mg of protein. Inhibition studies were
performed by preincubating enzymes for 20 min on ice with 10 �l of CYP2D6 inhibitory antibody or control ascites protein (10 mg/ml, BD Gentest, BD
Biosciences) or 10 �M quinidine and 10 �M pargyline and 10 �M deprenyl at 37 °C for 20 min. F, schematic representation of WT2D6 and its mutant constructs.
Mutated amino acids are underlined.
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that close to 60% of theWT nascent chains associated with the
added unwashed canine pancreatic ER, which was increased to
95% for the �SRP CYP2D6 protein (Fig. 1C). As predicted, the
�SRP CYP2D6 protein with more hydrophilic residues in the
N-terminal signal region bound to the ER at a reduced effi-
ciency of 25% (Fig. 1C). The mitochondrial and microsomal
distributions of CYP2D6 in Dox-induced cells expressing
human WT, �SRP, and �SRP CYP2D6 cDNAs are shown in
Fig. 1D. It is seen that only about 25% of WT CYP2D6 was
targeted to mitochondria (Fig. 1D). Both the �SRP and �SRP
mutant constructs exhibited amarginally lower level of expres-
sion of CYP2D6 than the WT construct, although the �SRP
mutant was preferentially targeted to microsomes, and �SRP
mutant was preferentially targeted to mitochondria (Fig. 1D).
These results support the hypothesis that the SRP binding effi-
ciency is a rate-limiting factor in the targeting of nascent chains
to microsomes or mitochondria.
The oxidation products of MPTP formed by isolated mito-

chondria from �SRP and �SRP 2D6-expressing cells induced
withDoxwere analyzed by LC/MSwith added internal controls
and co-elution with MPP� run as a standard. The results on
formation of MPP� with isolated mitochondria are summa-
rized in Fig. 1E. Mitochondria from �SRP CYP2D6-expressing
cells showed a high level of toxic MPP� formation (0.16
nmol/mg protein), which was not inhibited by control ascites
protein but inhibited about 65% by a CYP2D6-specific anti-
body. The activitywas inhibited by aCYP2D6-specific inhibitor
quinidine further suggesting that most of themetabolic activity
was due to CYP2D6. The known MAO-B inhibitors deprenyl
and pargyline inhibited the activity by 90 and 45%, respectively.
Mitochondria from �SRP CYP2D6-expressing cells showed
nearly 10-fold lower activity, which was partly inhibited by
CYP2D6 antibody, deprenyl and quinidine. Our data support
previous studies showing that deprenyl is a known substrate for
CYP2D6 (38), but inhibition by pargyline was surprising. These
results suggested the possibility that deprenyl and pargyline
inhibit both CYP2D6-dependent as well as MAO-dependent
metabolism of MPTP to MPP�. The relative MPTP metabolic
activities in �SRP CYP2D6- and �SRP CYP2D6-expressing
cells were consistent with the mitochondrial CYP2D6 levels
observed in Fig. 1D. Additionally, the CYP contents of mito-
chondrial preparations in these two cases differed nearly
10-fold with �SRP CYP2D6 mitochondria showing about 0.2
nmol of CYP content/mg of protein.
Oxidation of MPTP by Purified CYP2D6—The ability of

CYP2D6 to oxidize the pro-neurotoxin MPTP to toxic MPP�

and the possible inhibitory effect of deprenyl on CYP2D6-de-
pendent metabolism was investigated using purified CYP2D6
reconstituted with Adx � Adr and NPR electron transfer sys-
tems. Recombinant purified human CYP2D6 actively metabo-
lized MPTP to MPP� in an Adx/Adr-supported system (Fig.
2A). As in the case of reactions with isolated mitochondria,
MPP� (m/z 170 3 128) was the major product formed, and
there was negligible PTP (m/z 160) or MPTP-OH (m/z 190).
Reactions with added control ascites protein yieldedmaximum
activity, whichwas comparablewith no ascites control (Fig. 2B).
Quinidine, a CYP2D6-selective inhibitor and CYP2D6-specific
inhibitory antibody, inhibited the activity by �85%. Similarly,

omission of Adr from the reaction mixture brought down the
activity by �80% (Fig. 2A). In agreement with previous reports
(18), purified CYP2D6 yielded a very low level of MPP� in an
NPR-supported system, 	6% of the amount in the Adx � Adr-
supported system. These results suggest a major difference in
themetabolic activity of the enzyme supported with two differ-
ent electron donor systems. Deprenyl inhibited the
Adx�Adr-supported oxidation ofMPTP by purified CYP2D6,
in a concentration-dependent manner (Fig. 2B). Deprenyl also
inhibited the bufuralol 1�-hydroxylation activity ofmicrosomes
from �SRP CYP2D6-expressing cells and purified CYP2D6
reconstituted with Adx � Adr in a concentration-dependent
manner (Fig. 2, C and D). Thus, inhibition of CYP2D6 activity
by deprenyl is not restricted to a single substrate. Although not

FIGURE 2. Oxidation of MPTP and bufuralol by purified CYP2D6 reconsti-
tuted with Adx and AdxR. CYP2D6-purified enzyme was reconstituted with
mitochondrial electron transfer proteins, Adx and AdxR, or microsomal elec-
tron transfer protein NPR in the presence or absence of added inhibitors as
described under “Materials and Methods.” A, levels of MPP� formed were
quantified using an LC-MS method as described under “Materials and Meth-
ods.” The control sample in A was treated with 10 �l of ascites fluid (10
mg/ml), and the corresponding control without treatment with ascites is pre-
sented in B. In the indicated reactions, the CYP2D6 antibody was added at 10
�g/reaction, and quinidine was added at 10 �M. In the reaction marked
“�/�”, Adr was omitted from the assay mixture. The value for MPP� formed
in each case represents the mean � S.E. for three separate estimates. B, effects
of increasing concentrations of deprenyl (5 and 10 �M) on MPTP metabolism
was tested. In vitro reactions with purified CYP2D6 were run, and the MPP�

metabolite was quantified as described under “Materials and Methods.” C and
D, microsomes from �SRP CYP2D6-expressing cells (200 �g each) and puri-
fied CYP2D6 reconstituted with Adx and Adr as in described in Fig. 1 and
under “Materials and Methods” were used for bufuralol oxidation assays, and
the products were subjected to LC/MS/MS analysis. The indicated concentra-
tions of deprenyl were added to reactions. In one assay, 10 �g of CYP2D6
antibody was added. 1�-Hydroxybufuralol was monitored using two transi-
tions, m/z 2783 242 and m/z 2783 186.
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shown, pargyline also inhibited CYP2D6-dependent activity,
although to a lesser extent than deprenyl (results not shown).
Our results demonstrate that CYP2D6 can efficiently oxidize
MPTP to yield toxic MPP� in an Adx/Adr-supported system
and that the activity is also inhibited by some of the known
MAO-B inhibitors.
Respiratory Patterns of Mouse Neuro-2A Cells Expressing

Various CYP2D6 Forms—To evaluate the pathophysiological
implications of CYP2D6 forms targeted to different cell com-
partments, we generated murine Neuro-2A cells that stably
express different forms of CYP2D6. Because Dox is known to

affectmitochondrial respiratory function in some cells, we used
the retroviral vector pBABE, in which expression was driven by
viral LTR for generating stable cells (39). The �SRP and �SRP
mutations were similar to those described in Fig. 1F and previ-
ously (26, 37). The levels of mitochondrial proteins in bothWT
and�SRPCYP2D6-expressing cells (Fig. 3A) were significantly
higher than seen with an inducible lentiviral system (Fig. 1).
This differencemay be due to the constitutive expression of the
enzyme in the retroviral system. The genome-integrated
markermRNA levels for puromycin acetyltransferasewas iden-
tical suggesting a similar level of expression, and also, the levels

FIGURE 3. Effects of MPTP on Neuro-2A cells stably expressing different CYP2D6 cDNA constructs. A, mitochondrial (Mito) and microsomal (Micro) isolates
from Neuro-2A cells stably transduced with adenoviral vector with cloned WT, �SRP, and �SRP CYP2D6 cDNAs were subjected to immunoblot analysis; 30 �g
of protein was run in each lane. The blot was co-developed with NPR antibody and TOM20 antibody. B and C, relative levels of puromycin acetyltransferase
mRNA, which is the selection marker for the isolation of transduced cells, and the levels of integrated puromycin acetyltransferase gene were quantified to
assess the levels of integration of vector DNA in each cell line. Actin mRNA level was used as internal control for mRNA levels, and CcO Vb gene was used as
internal control for DNA level. D–G, respiration profile was measured in 25,000 cells using Seahorse Bioscience XF24 extracellular analyzer. All parameters were
analyzed using XF software and displayed as oxygen consumption rates (pmol O2/min/well). D, basal OCR accounts for base-line rates of oxygen consumption.
Oligomycin (2 �g/ml), DNP (40 �M), and rotenone (1 �M) were injected through ports A–C respectively. E, DNP-mediated uncoupling generates maximal OCR.
F and G, inhibition by oligomycin and rotenone corresponds to ATP-linked OCR and proton leak, respectively. The number above the bar in the histogram
indicates % inhibition or elevation. Mean values � S.D. were calculated based on three separate measurements. ** denotes p � 0.05; # denotes p � 0.001.
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of integrated vectorDNAwere nearly same suggesting a similar
level of genome integration and possibly expression (Fig. 3, B
and C).
Analysis of respiratory pattern using a SeaHorse flux ana-

lyzer shows that the basal OCR, ATP production, and maximal
respiration (Fig. 3, D–G) were marginally increased in �SRP
CYP2D6-expressing cells compared with WT CYP2D6-ex-
pressing cells. The proton leak OCR was nearly same as WT
CYP2D6-expressing cells. All these functional parameters were
significantly lower in �SRP 2D6-expressing cells. MPTP addi-
tion inhibited basal OCR, ATP production, and maximal OCR
in all cells, although proton leakage was increased by adding
MPTP mostly in �SRP 2D6-expressing cells. A notable differ-
ence was that that MPTP-induced changes were relatively
modest in WT and �SRP CYP2D6-expressing cells (Fig. 3,
D–G), although there weremarked changes in�SRP CYP2D6-
expressing cells.
Metabolic Activities of the WT and Mutant CYP2D6—Con-

sistent with the severe respiratory defects in �SRP CYP2D6-
expressing cells, the highest levels of MPDP (7.6 nmol/mg pro-
tein) and MPP� (1.3 nmol/mg protein) were found in �SRP
CYP2D6-expressing cells (Table 1). These values were closer to
the level of metabolites formed with rat brain mitochondria,
which showed the highest levels (Table 1). The WT CYP2D6-
expressing cells showed levels intermediary between�SRP and
�SRP CYP2D6-expressing cells (Table 1).
As shown in Fig. 4A, the CYP contents of the mitochondrial

and microsomal isolates measured by CO differential spectra
varied markedly. The WT CYP2D6-expressing cells showed
CYP contents of 0.6 nmol/mg for mitochondria and 0.8
nmol/mg protein formicrosomes. For�SRPCYP2D6-express-
ing cells, the mitochondrial content was about 0.27 nmol/mg,
whereas the microsomal content was 0.95 nmol/mg protein. In
contrast, �SRP CYP2D6-expressing cells showed high mito-
chondrial CYP content (0.99 nmol/mg) and very low micro-
somal content, which was close to the mock-transfected cells.
Because of the limited CYP contents of different subcellular
fractions in some cells, a direct comparison of the microsomal
and mitochondrial CYPs for the rates of metabolism of MPTP
and bufuralol was not possible using these cell fractions. As
shown in Fig. 4,B andC, themicrosomal enzymes from theWT
and �SRP CYP2D6-expressing cells exhibited nearly identical
turnover number for bufuralol 1�-hydroxylation, and the mito-
chondrial enzymes from the WT and �SRP 2D6-expressing
cells showed a comparable turnover number for MPP� forma-
tion (	1.2–1.3 nmol/min/nmol P450). It is therefore likely that

the difference in the activities of the mitochondrial versus
microsomal enzymes for MPTP metabolism is largely due to
the difference in the electron transport proteins rather than the
mutations targeted to the N-terminal signal domains.
Effects ofMPTP onComplex I Activity and ROS Production in

Neuro-2ACells—All of the cell lines, including themock-trans-
fected cells, generated similar levels of ROS as measured by the
Amplex Red method (Fig. 5A). The addition of MPTP induced

TABLE 1
Quantification of MPTP metabolites in mitochondria from Neuro-2A
cells stably transduced with human CYP2D6 cDNA constructs
Assays were run with mitochondrial proteins from different cell lines, and the
metabolites were identified by LC/MS as described under “Materials andMethods”
using appropriate internalmarkers and standard curves for converting peak areas to
molar concentration of metabolites.

Nanomoles of metabolite/mg of protein
Constructs MPTP MPDP MPP� MPTP-OH PTP

Mock 70.29 0.39 0.1 0.1 0.1
WT2D6 94.05 3.56 0.59 0.2 0.1
�SRP 2D6 89.1 0.2 0.06 0.06 0.06
�SRP 2D6 113.85 7.62 1.28 0.01 0.1
Rat brain mitochondria 82.1 30.69 3.56 0.29 0.08

FIGURE 4. Cytochrome P450 contents and metabolic activities of mito-
chondrial and microsomal fractions from stable Neuro-2A cells. A, fer-
rous-CO versus ferrous difference spectra of mitochondria and microsomes of
Neuro-2A cells. The P450 contents of mitochondrial and microsomal isolates
were determined by using the dithionite-reduced and CO-bound difference
spectra as described under “Materials and Methods.” B, bufuralol 1�-hydroxy-
lation activity of microsomal 2D6 from WT and �SRP 2D6-expressing cells.
Enzyme reconstitution and reaction conditions to ensure first-order rate
kinetics were as described by Hanna et al. (17). Microsomes (Micro) from �SRP
2D6-expressing cells could not be used because of low CYP content. The
values represent the mean of two separate estimates. Inhibition studies were
performed by preincubating enzymes for 20 min on ice with 10 �l of 2D6
inhibitory antibody (10 mg of protein/ml, BD Gentest, BD Biosciences) or 10
�M quinidine and 10 �M pargyline at 37 °C for 20 min. C, MPTP oxidation by
mitochondria from WT and �SRP 2D6-expressing Neuro-2A cells. Enzyme
reconstitution was carried out as described under “Materials and Methods” in
the presence of added Adx �Adr. Mitochondria from �SRP-expressing cells
were not used because of lower than desirable levels of CYP content. The
values represent means of duplicate reactions.
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ROS production in all cells. The increased ROS production
(even in control cells) is consistent with previous reports sug-
gesting inhibitory effects of MPTP on mitochondrial respira-
tion (40). The rate of ROS production, however, was signifi-
cantly higher in cells expressing �SRP CYP2D6, which is
preferentially targeted to mitochondria. By contrast, ROS pro-
duction in response to added MPTP was lowest in �SRP
CYP2D6-expressing cells. In control experiments (Fig. 5B)
treatment with the cell-permeable superoxide dismutase
increased the Amplex Red signal, suggesting that these cells
produce significant levels of O2

. . The addition of cell-permeable
superoxide dismutasemarkedly increased theMPTP-mediated
increase in fluorescence signal, suggesting a high level of O2

.

production in the treated cells (Fig. 5B). As expected, treatment
with the cell-permeable catalase markedly reduced the signal,
suggesting that the fluorescence signal is indeed due to H2O2
production. ROSproduction in�SRP 2D6-expressing cells was
attenuated by the mitochondrion-targeted antioxidant
mito-CP and also the CYP2D6 inhibitor quinidine (Fig. 5C),
further confirming a role for mitochondrion-targeted CYP2D6
in MPTP-induced ROS production.
MPTP inhibited complex I activity in both undifferentiated

and differentiated neurons (Fig. 6, A and C). MPTP inhibited
complex I activity in mock-transfected cells only marginally,
although the inhibition was quite notable (	45%) in �SRP
2D6-expressing cells (Fig. 6A). The inhibition was concentra-

tion-dependent, i.e. 250 �M MPTP was marginally effective in
complex I inhibition.MPTP-mediated inhibitionwas highest in
�SRP 2D6-expressing cells, moderately high in WT 2D6-ex-
pressing cells, and not visible in �SRP 2D6-expressing cells
(Fig. 6B). The extent of MPTP-mediated complex I inhibition
was highest (	50%) in differentiatedNeuro-2A cells expressing
�SRP 2D6 (Fig. 6C). Both quinidine and deprenyl restored the
MPTP-mediated inhibition of complex I activity in�SRP 2D6-
expressing cells (Fig. 6D). The MPTP-mediated inhibition was
due to mitochondrial CYP2D6 because Neuro-2A cell mito-
chondria did not contain any measurable MAO activity. Thus,
mitochondrion-targeted CYP2D6 potentiated MPTP metabo-
lism and mitochondrial toxicity through the production of
MPP�. Complex IV and other electron transfer chain com-
plexes were not affected significantly by these treatments
(results not shown).

FIGURE 5. MPTP-mediated ROS production in Neuro-2A cells stably
expressing CYP2D6. Stable Neuro-2A cells were grown with or without
added MPTP (400 �M) and/or CYP2D6-specific inhibitor quinidine (10 �M) or a
mitochondrion-specific antioxidant, mito-CP (0.5 �M). A, extracellular H2O2
levels were measured using the Amplex Red method as described under
“Materials and Methods” in mock, WT2D6, �SRP, and �SRP cells. MPTP treat-
ment (400 �M) was carried out for 48 h. B, effect of superoxide dismutase
(SOD) and catalase on ROS in �SRP cells treated with or without MPTP
C, effect of different inhibitors/antioxidant on ROS production in �SRP cells.
10 �M quinidine, deprenyl, and pargyline and 0.5 �M of mito-CP were used.
MPTP treatment was as in A. Values represent the means � S.E. of four sepa-
rate assays.

FIGURE 6. Inhibition of mitochondrial complex I (NADH oxidoreductase)
activity following exposure to MPTP. A and B, complex I activity was meas-
ured in mitochondria isolated from undifferentiated Neuro-2A cells (50 �g of
protein each) treated with or without MPTP. Numbers over the bar diagram in
B show % inhibition by added MPTP compared with the nontreated control
cells. C, complex I activity was measured in mitochondria from differentiated
Neuro-2A cells expressing different CYP2D6 cDNAs. Assays were run as in A.
Effects of the CYP2D6-selective inhibitor quinidine (10 �M) and the MAO-B
inhibitor deprenyl (10 �M) on complex I activity in mitochondria of �SRP cells
were tested. D, inhibition of complex I in cells expressing �SRP 2D6. E, MAO
activity was measured in mitochondria from rat liver, C6 glioma, and
Neuro-2A cells using Amplex� Red monoamine oxidase assay kit, as per the
manufacturer’s protocol. Fluorometric assay of MAO-B was carried out using
benzylamine as the substrate, based on the extent of inhibition by MAO-B
inhibitor pargyline (10 �M). The activity was measured with 530 nm excitation
and 590 nm emission. Results represent mean � S.E. from three separate
assays. * denotes p � 0.05 and # denotes p � 0.001.
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MPTP-mediated Inhibition of Neuronal Differentiation and
Induction of AutophagyMarkers in �SRP 2D6-expressing Cells—
The consequence of mitochondrial CYP2D6-induced MPTP
metabolism on protein kinase A (PKA)-induced differentiation
of Neuro-2A cells was studied by staining cells with hematoxy-
lin and eosin. Both mock-transfected and �SRP 2D6-express-
ing cells underwent efficient differentiation in response to
added cAMP and no MPTP, as seen by long and extensive
axonal growth (Fig. 7A, panel i, and panel iii). The addition of
MPTP marginally affected the differentiation of mock-trans-
fected cells (Fig. 7A, panel ii). In contrast, cells stably expressing
�SRP 2D6 showed blunted differentiation and axon growth in
response to addedMPTP (Fig. 7A, panel iv). These results sug-

gest that metabolism of MPTP by mitochondrion-targeted
CYP2D6 affects neuronal differentiation.
Consistent with the results in Fig. 7A, steady state levels of

TH also varied in these cells. Immunoblots of total cell extracts
(Fig. 7B) showed that TH, a well known marker for differentia-
tion of dopaminergic neurons, is induced by serum deprivation
or treatment with Bt2cAMP for 3 days. MPTP treatment of
mock-transfected cells resulted in marginal reduction in TH
levels, which were not enhanced by treatment with quinidine.
In contrast, MPTP treatment of primarily mitochondrion-tar-
geted CYP2D6-expressing cells resulted in 70–80% inhibition,
which was significantly reversed by treatment with quinidine.
These results further confirm that MPTP oxidation by mito-
chondrion-targetedCYP2D6 contributes tomitochondrial tox-
icity and neuronal function.
We also investigatedmitochondrial dynamics and autophagy

in response to MPTP using immunohistochemical analysis of
Neuro-2A cells. Parkin, which is recruited to mitochondria by
the action of Pink-1, is an important marker for mitochondrial
autophagy (41, 42). In this study, co-localization of Parkin with
mitochondrial genome-coded cytochrome oxidase subunit 1
was used as a measure of mitochondrial localization. MPTP
treatment of mock-transfected cells produced a marginal
increase in mitochondrial localization of Parkin (Fig. 8A, left
panel) which was not altered by treatment with the CYP2D6
inhibitor quinidine (Fig. 8A, bottom panel). In �SRP 2D6-ex-
pressing cells, however, MPTP treatment markedly increased
mitochondrial localization of Parkin (Pearson coefficient 0.91;
Fig. 8B), which was substantially reduced by treatment with
quinidine (Fig. 8B, bottom panel). These results demonstrated
that metabolic activity of mitochondrial CYP2D6 is critical for
MPTP-induced recruitment of Parkin to the mitochondrial
compartment.
Drp-1 is a protein involved in mitochondrial dynamics and

induces mitochondrial fission as part of quality control during
cell division, also during mitochondrial stress (43). The mito-
chondrial Drp-1 level inmock-transfected control cells was rel-
atively low (Fig. 9A, panel i), which increases significantly by
MPTP treatment (Fig. 9A, panel ii). Treatment with quinidine
did not affect the MPTP-induced Drp-1 levels (Fig. 9A, panel
iii). Cells expressing �SRP CYP2D6 also contained relatively
lowmitochondrial Drp-1 (Fig. 9B, panel i), whichwas increased
by treatment withMPTP (Fig. 9B, panel ii, Pearson’s coefficient
0.9). Treatment with quinidine, however, significantly reduced
the MPTP-induced mitochondrial Drp-1 level (Fig. 9B, panel
iii). These results show that MPTP induced mitochondrial
localization of Drp-1 as part of mitochondrial stress, which was
partly relieved by CYP2D6 inhibitor quinidine. These results
together show that mitochondrial CYP2D6 plays a critical role
in MPTP-induced mitochondrial dysfunction and autophagy.
Effects of MPTP on Primary Cortical Neurons—Because the

mouse is an effective model for studying MPTP-induced Par-
kinson disease, we determined the effects of MPTP on the pri-
mary cortical neurons from mouse brain. These neurons are
known to be a mixed population consisting of glutaminergic
and GABAergic neurons (44). We evaluated cell death in con-
trol, MPTP-treated, and MPTP � quinidine-treated cells by
trypan blue staining method. The trypan blue-positive cells

FIGURE 7. Effects of MPTP on the differentiation of Neuro-2A cells
expressing mitochondrion-targeted CYP2D6. Neuro-2A cells were
induced to differentiate for 72 h with 1 mM dibromo-cAMP. In some plates,
MPTP (400 �M) was added after 24 h of differentiation. At the end of treat-
ment, cells were fixed in ice-cold methanol, stained with hematoxylin and
eosin, and viewed through an Olympus upright microscope. A, effects of
MPTP on differentiated state of Neuro-2A cells. Panels i and ii, mock-trans-
fected cells, without and with MPTP, respectively. Panels iii and iv, �SRP
CYP2D6-expressing cells treated without and with MPTP, respectively.
B, immunoblot of whole cell extracts (50 �g each) with antibody to TH (1:2000
dilution, v/v) (Immuno StAR, Hudson, WI). Blots for cell lysate were co-devel-
oped with antibody to actin (1:5000 dilution, v/v; Abcam, Cambridge, MA) as
loading control. Panel ii shows quantitation of the immunoblot probed with
TH antibody. UD, undifferentiated; Diff, differentiated.
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were quantified by manual cell counting from six randomized
fields/well. As shown in Fig. 10, A and B, there was an 	15% of
cell death in control untreated cells, which was increased to
35% in MPTP-treated cells. Quinidine, a CYP2D6 inhibitor,
reduced the cell death to 	25% suggesting that mitochondrial
CYP2D6 plays a role in MPTP-induced cell death.
Effects of MPTP on Primary Dopaminergic Neurons—It is

known that the isolation procedure used here yields a neuronal
population that contains 	3–4% dopaminergic types. The
dopaminergic neurons express their characteristicmarker, TH.
As shown in Fig. 11, i and ii, the TH-positive neurons express
CYP2D6, a significant fraction of which (Pearson’s coefficient
0.74) co-localized with mitochondrion-specific CcO IV anti-
body stain (Fig 11i). Fig. 11iii shows the triple staining of dop-
aminergic neurons with CYP2D6 antibody (red), TH antibody

(blue), and Mitotracker Green FM (green). It is seen that TH
neurons express CYP2D6, some of which co-localized with the
mitochondrion-specific Mitotracker Green stain (Fig 11iii, last
panel).
Fig. 12 shows the effects of MPTP on the TH-positive neu-

rons and the effects of CYP inhibitor quinidine and known
MAO-B inhibitors pargyline and deprenyl. As shown in Fig.
12B, the neuronal morphology is markedly altered with shorter
axonal outgrowths. This loss is prevented to a significant extent
by quinidine but to a lesser extent by the knownMAO-B inhib-
itors shown to have different levels of inhibition on mitochon-
drial CYP2D6-dependent metabolism of MPTP to MPP�.
Quantitation of cell counts in Fig 12F shows that a high number
of cell deaths (	40%) occurred in TH neurons treated with
MPTP, which was partly reversed by pargyline and deprenyl,

FIGURE 8. Effects of MPTP on mitochondrial localization of autophagy marker, Parkin. Immunofluorescence microscopy was carried out in differentiated
Neuro-2A (Mock and �SRP cells) with and without added MPTP (400 �M) for 48 h and the CYP2D6-selective inhibitor quinidine (10 �M). Cells were incubated
with a 1:1000 dilution (v/v) of primary anti-rabbit antibody to Parkin (Abcam, Cambridge, MA) and co-stained with a 1:500 dilution (v/v) of cytochrome oxidase
I (anti-mouse) antibody as a mitochondrion-specific marker (Abcam, Cambridge, MA). The cells were subsequently incubated with Alexa 546-conjugated
anti-rabbit and Alexa 488-conjugated anti-mouse IgG for colocalization of fluorescence signals. A, mock-transfected cells; B, �SRP 2D6-expressing cells. Panel
i, cells with no MPTP treatment; panel ii, cells with added MPTP; panel iii, cells with added MPTP and quinidine. Numbers indicate Pearson coefficients calculated
using Volocity 5.3 software.
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but more effectively by quinidine. These results strongly sug-
gest the in vivo relevance of our findings with cultured stably
transduced Neuro-2A cells.

DISCUSSION

It is widely accepted that MAO-B (localized in the nondop-
aminergic neuronal cells andmostly of glial origin) is the major
enzyme responsible for the toxic effects of neurotoxin, MPTP,
through oxidative dehydrogenation to MPDP�, which is sub-
sequently oxidized toMPP�. The currentmodel for theMPTP-
induced neuronal toxicity is presented in Fig. 13A. A convinc-
ing argument for this possibility was presented by experiments
showing that MAO-B inhibitors (e.g. deprenyl and pargyline)
rendered protection against MPTP and other neuroactive
amines in rodents and primatemodels (1–3, 45, 46). In contrast
to the current paradigm, our results show that mitochondrial
CYP2D6 efficiently catalyzes the oxidation of MPTP to MPP�

and that the catalytic activity of CYP2D6 is also inhibited by

some of the well known inhibitors of MAO-B such as deprenyl
and pargyline. These results therefore present a significant par-
adigm shift and suggest that mitochondrial CYP2D6 should be
a focus of future drug design for treating or attenuating chem-
ically induced Parkinson disease. An alternative model based
on our present data is shown in Fig. 13B.
The inhibition of CYP2D6 activity by deprenyl and pargyline

was an unexpected finding, given the widespread use of these
drug as specific inhibitors of MAO-B in clinical settings. How-
ever, it has been reported that CYP2D6 is involved in the
metabolism of deprenyl (36, 47–48), and deprenyl could there-
fore be acting as a competitive inhibitor of CYP2D6-mediated
metabolism of MPTP. Deprenyl is also known to inhibit
CYP2B1 and CYP1A1 (49, 50) and has been shown to inhibit
aminopyrine N-demethylation activity in mouse brain slices
(51). There are also several studies suggesting that deprenyl
causes a decrease in total microsomal cytochrome P450 levels
in liver and brain (50–52). The mechanism of inhibition by
pargyline remains unclear and needs further investigation. Our
results raise the question on the specificities of many of these
inhibitors and suggest the need for a detailed evaluation of this
problem.
In this study, we demonstrated that mitochondrial CYP2D6

can efficiently oxidizeMPTP and thatMPP� is themajor prod-
uct formed. Reconstitution of purified CYP2D6 enzyme with
the mitochondrial electron transfer proteins Adx and Adr

FIGURE 9. Effects of MPTP on the induction of Drp-1, a marker for mito-
chondrial fission. Immunofluorescence microscopy was carried out in differ-
entiated Neuro-2A (mock and �SRP cells) with and without MPTP (400 �M) for
48 h as described in Fig. 7. Cells were incubated with a 1:250 dilution (v/v) of
anti-rabbit DRP-1 antibody (Novus Biologicals, Littleton, CO) and co-stained
with a 1:500 dilution (v/v) of cytochrome oxidase I (anti-mouse) antibody. The
cells were subsequently incubated with Alexa 546-conjugated anti-rabbit
and Alexa 488-conjugated anti-mouse IgG for co-localization of fluorescence
signals. A, mock-transfected; B, �SRP CYP2D6-expressing cells. Panel i, cells
with no MPTP treatment; panel ii, cells with MPTP treatment; panel iii, cells
treated with MPTP and quinidine. Numbers indicate Pearson coefficients for
co-localization, calculated using Volocity 5.3 software.

FIGURE 10. Effect of MPTP treatment on primary mouse brain neurons.
Primary cortical neurons were seeded and grown for 8 days before treatment
with MPTP and other agents for 48 h. Cell death was determined by trypan
blue (0.4%) uptake by light microscopy (Nikon Eclipse TE 300) on �20 mag-
nification. A, trypan blue staining on neurons without any treatment; B, 50 �M

MPTP treatment, and C, 50 �M MPTP plus 10 �M quinidine for 48 h. D, histo-
gram representation of cell death (%) in control and treated groups. Isolation
of primary neurons and counting methods were as described under “Materi-
als and Methods.” Mean values � S.E. were calculated based on three sepa-
rate measurement. ** denotes p � 0.05; # denotes p � 0.001.
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resulted in the production of MPP� as the major metabolite.
Likewise, production of MPP� by isolated mitochondria was
significantly higher in cells expressing higher levels of mito-
chondrial CYP2D6 (Table 1). The formation of MPP� in
CYP2D6-expressing mitochondria was inhibited by a CYP2D6
inhibitory antibody. In addition, MPTP-mediated inhibition of
mitochondrial complex I activity required either expression of
CYP2D6 in mitochondria or the addition of MAO-B to the
reaction mixtures (data not shown). Together, these results
suggest that mitochondrial CYP2D6 can contribute to MPTP-
mediated mitochondrial toxicity.
Our results are of significance in view of previous data from

our laboratory showing widely varying levels of mitochondrial
CYP2D6 contents in human livers, ranging from relatively low
to amajor part of the hepatocellular pool (26, 37). Additionally,
a study on the mitochondrial and microsomal distribution of
CYP2D6 in different regions of human brain (28) showed that
the substantia nigra, a region that is rich in dopaminergic neu-
rons, contains the highest level of CYP2D6; also, themitochon-
drial level of CYP2D6 in this brain region was nearly equal to or

higher than in the microsomes (28). In support of our hypoth-
esis, it was shown that CYP inhibitors such as piperonyl butox-
ide and SKF-525A significantly protected mouse brain slices
from MPTP-mediated toxicity (51). In support of this, our
results with primary cells not only show expression of CYP2D6
in dopaminergic neurons but also significant localization in the
mitochondrial compartment (Fig. 12).
Several studies suggest that microsomal CYP2D6, supported

by microsomal NPR, has a protective role through production
of the inactive metabolites PTP and MPTP-OH, implying that
higher microsomal CYP2D6 levels render a protective effect
(53). In this regard, both WT and �SRP CYP2D6-expressing
cells showed significantly less toxicity following MPTP treat-
ment despite containing substantial albeit lower levels of mito-
chondrial CYP2D6 (Fig. 3A). Notably, these cell types also con-
tain substantially higher levels of microsomal CYP2D6, which
may be an important factor in their relative resistance to
MPTP-induced toxicity (Figs. 3–5).

FIGURE 11. Mitochondrial CYP2D6 localization in primary dopaminergic
neurons. Immunofluorescence microscopy was carried out as in Fig. 8 to
identify localization of CYP2D6 in neuronal mitochondria. i, neurons were
incubated with a 1:2000 dilution (v/v) of anti-mouse CYP2D6 antibody and
co-stained with a 1:2000 dilution (v/v) of cytochrome oxidase subunit IVi1
(anti-rabbit) antibody. The cells were subsequently incubated with Alexa 488-
conjugated anti-mouse and Alexa 546-conjugated anti-rabbit IgG for green
and red fluorescence signals. ii, presence of CYP2D6 in dopaminergic neurons
(TH) were detected by co-staining of anti-rabbit CYP2D6 (1:2000, Sigma) anti-
body (red) and anti-mouse tyrosine hydroxylase (1:1000) antibody (green). iii,
triple staining was performed with anti-rabbit CYP2D6 antibody, Mitotracker
Green (100 nM), and tyrosine hydroxylase antibody (blue) for verification of
mitochondrial CYP2D6 localization. Numbers indicate Pearson coefficients for
co-localization, calculated using Metamorph Advanced software.

FIGURE 12. Effects of MPTP on dopaminergic neurons. Mesencephalic neu-
rons cultured for 8 days were incubated with and without MPTP (50 �M) for
48 h. To assess the selective role of CYP2D6 in inducing MPTP-mediated tox-
icity, quinidine (10 �M), pargyline (5 �M), or deprenyl (10 �M) was added
individually. Neurons were incubated with 1:1000 dilution of anti-mouse TH
antibody, a marker for dopaminergic neurons and co-stained with DAPI (1
�g/ml). Emission from Alexa 488-conjugated anti-mouse IgG served as fluo-
rescent signal. A, TH-stained dopaminergic neurons without treatment; B,
neurons with MPTP treatment; C, neurons treated with MPTP and quinidine;
D, neurons treated with MPTP and pargyline; E, neurons with MPTP and
deprenyl (10 �M). F, presence of TH-positive neurons with treatments was
determined as percentage of control (no treatment). Mean values � S.E. was
calculated based on three separate measurements. ** denotes p � 0.05.
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Although the molecular basis of altered MPTP metabolism
by mitochondrial CYP2D6 in a Adx/Adr-supported system
remains unclear, previous studies from our laboratory showed
more open structures with lower �-helical contents for mito-
chondrion-targeted CYP1A1, -2E1, and -2B1 as judged by CD
spectroscopy (54–57). Mitochondrial CYP1A1 exhibits high
erythromycin N-demethylation activity and catalyzes the
N-demethylation of at least five different neuroactive amine
drugs that are not oxidized by the microsomal counterpart (56,
58–60). Also, mitochondrial CYP2E1 induced higher oxidative
stress compared with microsomal CYP2E1 in response to alco-
hol treatment (61). At the same time, mitochondrial CYP1A1
exhibits markedly lower aryl hydrocarbon hydroxylase activity
and elimination of hepatic benzo[a]pyrene as compared with
microsomal CYP1A1 (62). It is also possible that the altered
substrate specificity of microsomal cytochrome P450s bimod-
ally targeted to mitochondria may be related to the different
mechanism of electron transfer by the Adx/Adr system. The
differences in the electron transfer systems betweenmitochon-
dria and microsomes could cause different kinetics of electron
transfer or different routes of electron flow, which may differ-
entially modulate the catalytic activities of the cytochrome
P450 enzymes.
Although there is no question that MAO-B localized on the

outer membrane of nondopaminergic cells has high catalytic
activity forMPTPmetabolism, it is not clear how a highly toxic
metabolite with a net positive charge could be transported out
of cells instead of being transported into the mitochondrial
matrix by virtue of its charge. Synthetic compounds of this type
of charge property form steep gradients, with high level of accu-
mulation inmitochondria (63) and progressively lower levels in
the cytosol and extracellular compartments. Based on this, we
propose an alternative model (Fig. 13) in whichMPTP is trans-
ported into dopaminergic neurons, and once inside the cells,
this highly lipophilic compound enters themitochondrial com-
partment without the need for a transporter. MPP� formed

inside the mitochondrial compartment is retained by mito-
chondria because of its positive charge, and the compound
binds to and inhibits complex I activity.
In keeping with the results on significantly altered respira-

tory controls (Fig. 3), higher levels of ROS production (Fig. 5),
and complex I inhibition (Fig. 6) in mitochondrial CYP2D6-
expressing cells in response to added MPTP, these cells also
show impaired neuronal differentiation and markers of altered
mitochondrial dynamics and mitophagy (Figs. 7–9). The ubiq-
uitin ligase Parkin is thought to be a marker for early onset of
Parkinson disease (64, 65). Somemodels propose that Parkin is
recruited by dysfunctionalmitochondria (with disrupted
�m),
where it induces the autophagic process (64). Consistent with
this model, our results show that MPTP induces the localiza-
tion of Parkin in Neuro-2A cell mitochondria. The localization
is markedly increased in cells expressing mitochondrial
CYP2D6 (Fig. 8). The dynamin-like GTPase Drp-1 is an impor-
tant component of mitochondrial fissionmachinery (66). It has
been proposed that extensive mitochondrial fission is a marker
for mitochondrial stress and even apoptosis (67). Increased
mitochondrial localization ofDrp-1 inmitochondrial CYP2D6-
expressing cells in response to MPTP treatment (Fig. 9) pro-
vides additional evidence for increased mitochondrial stress in
these cells. A key point of this study is the reversal of MPTP-
mediated mitochondrial dysfunction, ROS production, and
appearance of autophagymarkers in predominantly mitochon-
drial CYP2D6-expressing cells by added quinidine, which
implicates a direct role for mitochondrial CYP2D6 in potenti-
ating the toxic effects of the pro-neurotoxin. Our results also
show that primary dopaminergic neurons expressing mito-
chondrial CYP2D6 show blunted axon extensions and cell
death when exposed to MPTP, which is attenuated by the
CYP2D6-specific inhibitor quinidine. These results suggest
that our observations on the role of mitochondrial CYP2D6 are
physiologically significant.

FIGURE 13. Proposed new model for MPTP-mediated neurodegeneration.
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For the first time, we provide evidence that the activation of
MPTP and other biogenic amines occurs within the mitochon-
drial compartment of dopaminergic neurons. The CYP2D6
inhibitor quinidine not only inhibited MPTP metabolism but
also attenuated MPTP-mediated complex I inhibition, ROS
production, and progression of mitochondrial autophagy. We
propose that human mitochondrial CYP2D6 potentiates
MPTP-mediated mitochondrial dysfunction in dopaminergic
neurons, the cause of neuronal degeneration in this model of
Parkinson disease (68).
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