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Abstract

The monoamine oxidase (MAO) metabolites of norepinephrine (NE) or epinephrine (EPI) and of dopamine (DA) are

3,4-dihydroxyphenylglycolaldehyde (DOPEGAL) and 3,4-dihydroxyphenylacetaldehyde (DOPAL), respectively. The

toxicity of these catecholamine (CA) MAO metabolites was predicted over 50 years ago. However, until our recent

chemical synthesis of these CA aldehyde metabolites, the hypothesis about their toxicity could not be tested. The present

paper reviews recent knowledge gained about these compounds. Topics to be reviewed include: chemical synthesis

and properties of DOPEGAL and DOPAL; in vitro and in vivo toxicity of CA aldehydes; subcellular mechanisms of

toxicity; free radical formation by DOPEGAL versus DOPAL; mechanisms of accumulation of CA aldehydes in

Alzheimer’s disease (AD) and Parkinson’s disease (PD) and potential therapeutic targets in Alzheimer’s disease and

Parkinson’s disease.
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INTRODUCTION

3,4-Dihydroxyphenylglycolaldehyde (DOPEGAL)
and 3,4-dihydroxyphenylacetaldehyde (DOPAL) are

the products of the action of monamine oxidase
(MAO) on catecholamines (CA). There are three major
CA in human tissues: norepinephrine (NE), epinephr-
ine (EPI), and dopamine (DA). All three are central
neurotransmitters and, in addition, NE is released by
peripheral sympathetic nerves onto blood vessels and
both NE and EPI are hormones secreted by the adrenal
medulla. In the brain, the nerve cell bodies which
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synthesize CA are located chiefly in the brainstem and
hypothalamus. NE is formed in the locus ceruleus
(LC), EPI in the rostral ventral lateral medulla (RVLM)
and DA is synthesized by neurons in the substantia
nigra (SN), ventral tegmental area (VTA) and hypotha-
lamus. These CA neurotransmitters have widespread
projections to the cortex, basal ganglia, limbic areas
and spinal cord. They play an important role in reg-
ulation of brain functions of memory, mood, move-
ment, behavior and autonomic functions such as
blood pressure regulation. These functions are lost
in Alzheimer’s disease (AD) and in Parkinson’s disease
(PD) due to loss of the CA neurons, which regulate
these brain functions.

MAO has two isoforms: A and B. NE, EPI and DA
are the preferred substrates of MAO-A (Rivett et al.,
1982; Waldmeier et al., 1976). However, MAO-B can
also metabolize these CA (Glover and Sandler, 1977;
Rivett et al., 1982). Importantly, however, CA neurons
in LC, RVLM and SN contain MAO-A (Burke et al.,
1992; Westlund et al., 1985). The MAO product of
either NE or EPI is DOPEGAL. The MAO product of
DA is DOPAL Researchers initially considered these
aldehydes, synthesized on the outer mitochondrial
membrane, merely ephemeral intermediates in CA
metabolism. However, Blashko’s studies of MAO
action on CA (Blashko, 1952; Blashko and Burn,
1951) predicted the presence of its CA aldehyde meta-
bolites in tissues. Sandler’s finding of tetrahydropapa-
veroline, the condensation product of DA and DOPAL,
in L-DOPA treated PD patients (Sandler et al., 1973)
supported this prediction. In 1952 Blashko predicted
that the aldehyde metabolites of amines would be
highly reactive and toxic to cells in which they are
formed (Blashko, 1952). It took the chemical synthesis
of large quantities of pure DOPEGAL (Li et al., 1994)
and DOPAL (Li et al., 1998) to test Blashko’s hypothesis
and to demonstrate a potential role for these compounds
in human diseases (Burke et al., 1999a,b, 2000a, 2002;
Kristal et al., 2001).

SYNTHESIS AND CHEMISTRY OF
DOPEGAL AND DOPAL

A number of early studies used MAO to synthesize
DOPEGAL enzymatically (Davis et al., 1979; Duncan,
1975; Duncan and Sourkes, 1974; Leeper et al.,
1958; Renson et al., 1964). A variety of purification
of procedures were used including aqueous/ether
extraction or ion exchange with or without alumina
chromatography. Methods to identify it included paper

chromatography and colorimetric reaction with 2,3-
dinitrophenylhydrazine. These procedures did not
produce a sufficient quantity of chemically pure
DOPEGAL to test its toxicity. Li was the first to
chemically synthesize and purify DOPEGAL (Li
et al., 1994) (Fig. 1). All intermediates in the synthesis
of DOPEGAL were identified by mass spectroscopy
(MS). The yield of each intermediate was provided. The
physical and chemical characteristics of DOPEGAL
were described in detail including: purity by HPLC
(99.8%); color/state, yellow/powder; melting point,
105–107 8C; NMR (DMSO-d6) d, 9.60 (d, 1H,
CHO), 7.50–7.60 (c, 3H, aromatic), 6.90 (d, 1H,
CH); UV (CH3OH), l 232 nm (E ¼ 9562), 282 nm
(E ¼ 5896); IR (nujol) cm �1, 3400 (OH) 1680, (CO);
MS (TMS derivative), 384; analysis for C8H8O4H2O,
C 52.0%, H 5.25% (Burke et al., 2000a; Li et al.,
1994). This was thus the first chemical synthesis
of large quantities of fully characterized pure
DOPEGAL, which has enabled us to test Blashko’s
hypothesis (Burke et al., 1996, 1997, 1998, 2000a,
2001).

DOPAL has also been synthesized enzymatically
(Davis et al., 1970; Mattammal et al., 1993; Tabakoff
et al., 1970; Tank and Weiner, 1979; Tottmar, 1986).
However, only Mattammal provides GC–MS identifi-
cation of enzymatically synthesized DOPAL (Mattam-
mal et al., 1993). Robbins reported a chemical
synthesis of DOPAL based on a pinacol-pinacolone
rearrangement which occurs when EPI is heated in acid
(Fellman, 1958; Robbins, 1966). The product was
characterized with paper chromatography and DNPH.
Duncan questioned Robbins’ synthesis and prepared
DOPAL by heating EPI in phosphoric acid (Duncan,
1975). He used ion exchange to purify DOPAL and
DNPH to identify the aldehyde. However, the purity of
these preparations of DOPAL has been questioned
(Colzi et al., 1996; Li et al., 1998; Tank and Weiner,
1979). Several groups synthesized DOPAL by using a
Darzen condensation and provided GC–MS identifica-
tion of the final product (Colzi et al., 1996; Lamensdorf
et al., 2000a). These syntheses of DOPAL have proved
adequate for studying enzyme kinetics (Duncan, 1975;
Duncan and Sourkes, 1974; Tabakoff et al., 1973; Tank
and Weiner, 1979; Tottmar, 1986), alkaloid formation
(Davis et al., 1974; Davis et al., 1970) and identifica-
tion of these compounds in tissues (Colzi et al., 1996;
Fornai et al., 2000; Lamensdorf et al., 2000a; Mattam-
mal et al., 1993). However, none of these syntheses
provide chemical identification of intermediates in the
synthesis pathway and complete physical and chemical
characterization of the product.
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Li was the first to chemically synthesize and purify
DOPAL with complete MS identification and yields of
all intermediates provided (Li et al., 1998) (Fig. 2). The
physical and chemical characteristics are described in
detail including: purity by HPLC (99.5%); color/state,
white/powder; melting point 110–112 8C; NMR
(DMSO-d6) d, 9.67 (t, 1H, CHO), 7.27 (dd, 1H, aro-
matic), 6.90 (d, 1H, aromatic), 3.50 (d, 2H, CH2); UV
(CH2OH) l 228 nm (E ¼ 9173), 263 nm (E ¼ 2181); IR
(nujol) cm�1 3425 (OH), 1690 (CHO); MS (TMS
derivative) 296; analysis for C8H8O4H2O, C 56.18%,
H 6.18% (Burke et al., 2000a; Li et al., 1998). Che-
mical synthesis of large amounts of pure DOPAL has
allowed testing of Blashko’s hypothesis (Burke et al.,
2000a, 2002; Kristal et al., 2001; Lamensdorf et al.,
2000a,b).

In order to measure DOPEGAL and DOPAL in
tissues, we developed a microcolumn high-perfor-
mance liquid chromatographic method with electro-
chemic detection (MHPLC-EC) (Burke et al., 1999a).
This method allows separation and quantitation of NE,
EPI, DA and their major oxidative and methylated
metabolites. We have used MHPLC-EC to quantitate

DOPEGAL and DOPAL in human brain, plasma, urine
and rat adrenal medulla (Burke et al., 1999a, 1995)
(Fig. 3).

TOXICITY OF DOPEGAL AND DOPAL

In Vitro Toxicity

Blashko predicted the toxicity of aldehydes derived
from MAO action on amines based on their chemical
reactivity (Blashko, 1952). Our synthesis of chemically
pure DOPEGAL (Li et al., 1994) and DOPAL (Li et al.,
1998) allowed us to test Blashko’s longstanding
hypothesis. We showed that DOPEGAL is selectively
toxic to PC-12 cells in tissue culture, a model for CA
neurons. DOPEGAL, but not NE or its oxidative or
methylated metabolies, kills PC-12 cells in a time and
dose-dependent manner with doses as low as 6 mM
(Burke et al., 1996). The concentration of DOPEGAL
in the culture medium does not necessarily reflect
the amounts getting into the cells. There is a linear
increase in DOPEGAL in PC-12 cells exposed to

Fig. 1. Steps in the chemical synthesis of DOPEGAL (1). Intermediates include: 3,4-dihydroxybenzaldehyde (2); 3,4-tetrahydropyranoxy-

benzaldehyde (3); thioacetal of 3,4-di-tetrahydropyranoxy-a-hydroxybenzaldehyde (4); 2-(3,4-dihydroxy-a-hydroxybenzyl-1,3-dithiane (5).

Taken from Li et al., 1994.
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30 mM DOPEGAL such that after 2 h the amount of
DOPEGAL in each cell is 11.6 fg (Burke et al., 2001).
Most of the PC-12 cell loss after exposure to DOPEGAL
occurs at 3 days (Burke et al., 1996). Assuming a linear
increase in the amount of DOPEGAL taken up by these
PC-12 cells over 72 h, the amount of DOPEGAL in
each cell at this time would be 417.6 fg. We found the
amount of DOPEGAL in normal human postmortem
LC to be 500 fg/neuron. (Burke et al., 1999b). We found
no evidence of significant postmortem DOPEGAL
accumulation (Burke et al., 1999b). This amount
increased by three-fold in AD LC.

We have also estimated the concentration of DOPE-
GAL in a normal postmortem human LC at 1.4 mM
(Burke et al., 1999a). Cultured sympathetic ganglion
(SG) neurons are even more sensitive to DOPEGAL
than PC-12 cells in that 3 mM DOPEGAL kills SG
neurons (Burke et al., 2000a). Hoechst staining of SG
neuron nuclei indicated that these cells also die by
apoptosis when exposed to DOPEGAL (Fig. 4). These
data suggest that physiologically relevant concentra-
tions of DOPEGAL are toxic to CA neurons based on
concentrations we found in human postmortem brain
(Burke et al., 1999a,b). These results also suggest that
there may be mechanisms which protect CA neurons
from DOPEGAL-induced cell death which may be
overcome in AD (Burke et al., 1999b). In fact, levels
of calbindin 28 K, a Ca2þ binding protein and of
glutathione peroxidase, which reduces H2O2 levels,

Fig. 2. Steps in the chemical synthesis of DOPAL (1).

Intermediates include: piperonal (2); ethyl-3-(3,4-methylenediox-

yphenyl) glycidate (3); sodium 3-(3,4-methylenedioxyphenyl)

glycidate (4); 3,4-methylenedioxyphenylacetaldehyde (5). Che-

micals used in the reactions include: ethylchloracetate, NaOC2H5

(a); NaOH, ethanol (b); acetic acid, benzene (c); BCl3/S (CH3)2,

1,2-dichlorethane (d). Taken from Li et al., 1998.

Fig. 3. Separation of DOPEGAL and DOPAL from CA and their metabolites by MHPLC-EC. Chromatogram of urine. An aliquot of urine

was extracted on an alumina N column and quantitated by MHPLC-EC. Peak identification and retention times in seconds: (1) VMA, 150;

(2) DOPAC, 175; (3) NA, 241; (4) HVA, 275; (5) EPI, 366; (6) DOPEGAL, 425; (7) DHBA, 463; (8) MHPG, 575; (9) NMTN, 6653; (10)

DOPAL, 692; (11) DA, 807; (12) MTN, 1007. Taken from Burke et al., 1999a.

104 W.J. Burke et al. / NeuroToxicology 25 (2004) 101–115



are decreased in selectively vulnerable CA neurons
(Hirsch et al., 1997). Both Ca2þ and H2O2 are required
for CA aldehydes to trigger cell death mechanisms
(Burke et al., 1998). We found calbindin D 28 K in
a medullary region containing adrenergic neurons
(Fig. 5). Calbindin D 28 K immunoreactivity was
reduced in these neurons in an AD patient (Fig. 5).

DOPAL is also selectively toxic to cultured NGF-
differentiated PC-12 cells in that DOPAL, but neither
DA nor its oxidative or methylated metabolites nor its
DOPAL condensation product, kills these cells in a
dose-dependent manner (Kristal et al., 2001). Concen-
trations of DOPAL as low as 6 mM are toxic. Kristal
provides evidence that this concentration is physiolo-
gically relevant based on the 2.3 mM concentrations of
DOPAL we found present in normal postmortem
human SN (Burke et al., 1999a; Kristal et al., 2001).
Others have also reported in vitro toxicity of DOPAL
(Lamensdorf et al., 2000a,b).

In Vivo Toxicity

Not all compounds which are toxic in vitro are also
toxic in vivo. To determine if DOPEGAL was toxic in
vivo we injected increasing amounts of DOPEGAL

into the C-1 adrenergic cell column in RVLM of the rat.
DOPEGAL at doses as low as 50 ng produced loss of
C-1 neurons stained immunohistochemically with anti-
body to phenylethanol amine N-methyltransferase
(PNMT) to identify adrenergic neurons (Burke et al.,
2001). The toxicity was specific in that neither NE nor
its major metabolite 4-hydroxy-3-methoxyphenylgly-
col (MHPG) produced cell loss when injected into C-1.
Low doses of DOPEGAL produced apoptosis as evi-
denced by TUNEL stain. Higher doses of DOPEGAL
from 0.5 to 2.0 ug injected into C-1 produced tissue
necrosis. However, when injected into cortex, 2.5 ug of
DOPEGAL killed cortical neurons but not glia. We
suggested that this selective toxicity according to neu-
ron type may, in part, be due to the presence of the CA
uptake transporter which is present in C-1 adrenergic
neurons but not in cortical neurons or glia (Burke et al.,
2001). In support of this view we showed that active
uptake of DOPEGAL into PC-12 cells was blocked by
desipramine, a CA uptake transport blocker.

Although DA has long been considered toxic, it
is not toxic in vivo, except in very large amounts
(Fahn, 1997; Filloux and Townsend, 1993). To deter-
mine if DOPAL is the toxic metabolite of DA we
injected DOPAL into rat VTA and SN in amounts

Fig. 4. DOPEGAL induces apoptosis in sympathetic neurons. Superior cervical ganglia neurons were cultured in the presence of 30 mM

DOPEGAL as previously described (Deckworth and Johnson, 1993). Phase contrast (A) and Hoechst stained neurons (B) demonstrate dense

nuclear staining (arrows) indicative of chromatin condensation, a marker for apoptosis.
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from 50 to 750 ng. In other rats, 500 ng DAwas injected
into these regions. Sections were stained immunohis-
tochemically with tyrosine hydroxylase (TH) and neu-
ronal nuclear antigen (NeuN) as well as with antibody
to glial acidic fibrillary protein (GFAP) (Burke et al.,
2002). Doses as low as 100 ng of DOPAL produced loss
of TH, NeuN and GFAP staining at the center of the
injection with evidence of a glial reaction around the
lesion. At the 50 ng DOPAL dose, a glial reaction was
seen. In contrast, 500 ng of DA had no effect on neurons
in SN or VTA. In addition, DOPAL toxicity was
selective as to neuronal type in that VTA neurons were
consistently less affected than SN neurons. Interest-
ingly, such a selective vulnerability has been noted in
PD and has been attributed to a higher expression of the
DA transporter (DAT) in SN compared to VTA neurons

(Storch and Schwarz, 2000). These results suggest that
DOPAL is the toxic metabolite of DA.

MECHANISM OF TOXICITY

As described under toxicity, we showed that the
cellular mechanism of death produced by CA aldehydes
includes apoptosis both in vitro and in vivo. However,
these findings do not exclude the possibility that at
higher concentrations aldehydes may induce necrosis
or intermediate forms of cell death. In fact, some of the
mitochondrial mechanisms involved in apoptosis may
also be activated in necrosis. In this section, we discuss
subcellular and chemical mechanisms which underlie
toxicity of DOPEGAL and DOPAL.

Fig. 5. Calbindin D28K is present in human C-2 medullary neurons. The C-2 region of brain stem which contains adrenergic neurons was

stained immunohistochemically with monoclonal antibody to calbindin D28K. Dendrites from C-2 neurons show immunoreactivity for

calbindin 28K (arrowheads). There is decreased calbindin D28K immunoreactivity in AD brain (B) compared to control brain (A).
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Subcellular Mechanisms of Toxicity

Because MAO, which synthesizes the CA aldehydes,
is located on the outer mitochondrial membrane, the
recent discovery that mitochondria play a role in
apoptotic neuron death (Wallace, 1999) has brought
attention to Blashko’s hypothesis (Blashko, 1952).
There is a pore on the inner mitochondrial membrane
called the permeability transition (PT) pore. It has been
proposed that this pore includes the adenine nucleotide
transporter (ANT) and the voltage dependent anion
channel (Wallace, 1999; Fig. 6). PT induction appears
to be one mechanism involved in releasing factors
including cytochrome C (Cytc) (Klock et al., 1997;
Scarlett and Murphy, 1997) that activate the down-
stream caspase cascade leading to apoptosis (Kathakota
et al., 1997; Kluck et al., 1997; Scarlett and Murphy,
1997; Wallace, 1999). Specifically, Cytc appears to be
involved in activation of caspase 3 (Hengartner, 2000).
The PT pore is induced by reactive chemical species
including aldehydes (Kristal et al., 1996; Zoratti and
Szabo, 1995). Because DOPEGAL is a reactive che-
mical species (Burke et al., 1998), we tested its capacity
to activate mitochondrial PT. DOPEGAL, but not NE,

induces mitochondrial PT in concentrations as low as
6 mM in the presence of Ca2þ (Burke et al., 1998).

Apoptosis is associated with Ca2þ dysregulation
(Orrenius and Nicotera, 1994) and caspase activation
(Scarlett and Murphy, 1997). DOPEGAL (0.5 mM)
induced a 12-fold increase in cytosolic Ca2þ 10 min
after exposure of PC-12 cells (Burke et al., 2000a).
Exposure of isolated mitochondria to 20 mM DOPE-
GAL showed that DOPEGAL may release Ca2þ from
mitochondria (Burke et al., 2000a). Alternately, some
of the cytosolic Ca2þ released by DOPEGAL may
come from endoplasmic reticular stores. To determine
whether caspases were involved in DOPEGAL-
induced apoptosis, we measured DOPEGAL toxicity
in cultured sympathetic neurons in the presence or
absence of the caspase inhibitor, Boc-aspartate-fluor-
omethyl-ketone (BAF). BAF blocked toxicity of low
doses of DOPEGAL (Burke et al., 2000a). PC-12 cells
cultured in the presence of DOPEGAL showed
increased caspase 3 activity (Burke et al., 2000a).
These results support the view that DOPEGAL induces
apoptotic cell death by activating mitochondrial PT
resulting in release of Ca2þ and Cytc, which trigger the
apoptotic cascade (Fig. 6).

Fig. 6. Proposed mechanism by which catecholamine aldehydes trigger the mitochondrially mediated neuronal cell death mechanism.

Abbreviations: DA—dopamine; DOPAL—3,4-dihydroxyphenylacetaldehyde; MAO-A—monoaminoxidase-A; �OH—free hydroxyl

radical; ANT—adenine nucleotide transporter; VDAC—voltage dependent anion channel; Cytc—cytochrome c. ANT/VDAC are proposed

constituents of the mitochondrial permeability transition pore (Wallace, 1999). Alternately, the aldehyde structure of DOPAL may activate

the mitochondrial permeability transition pore (Kristal et al., 1996).
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Similarly, DOPAL, but not DA, activates mitochon-
drial PT (Kristal et al., 2001). In the absence of exo-
genous respiratory substrates, DOPAL concentrations
as low as 125 nM increased the rate of PT induction at
physiological Ca2þ concentrations. Activation of mito-
chondrial PT was blocked by specific PT inhibitors. PT
inhibitors also partially blocked NGF-differentiated
PC-12 cell death induced by DOPAL, providing strong
evidence that mitochondrial PT activation is involved in
DOPAL-induced neuronal death (Kristal et al., 2001)
(Fig. 6).

Chemical Mechanism of Toxicity

Activation of mitochondrial PT requires a reactive
chemical species. To determine whether DOPEGAL
forms a reactive chemical species, we performed elec-
tron paramagnetic resonance (EPR) experiments on
DOPEGAL and NE in the presence of H2O2. DOPE-
GAL, but not NE, produces a free radical under
oxidative stress (Burke et al., 1998). These results
are supported by the finding of Liu that NE is a free
radical scavenger (Liu and Mori, 1993) and by our
findings of a low redox potential for DOPEGAL (Li
et al., 2001). The free radical signal generated by
DOPEGAL differed from that of hydroxyl radicals.
To determine whether DOPEGAL itself may have a
free radical form, we reacted DOPEGAL, NE, DA and
their metabolites with the radical trapping agent 5,5-
dimethyl-1-pyroline-N-oxide (DMPO) and compared
it to the product without DMPO by HPLC (Burke et al.,
2000a; Stoyanovsky and Cederbaum, 1998). Results
show that DOPEGAL, but no other CA or metabolite,
forms an adduct with DMPO, suggesting that DOPE-
GAL itself has a free radical form (Table 1; Fig. 7). To
determine if the side chain hydroxyl was involved in
the free radical formed by DOPEGAL, we synthesized
3,4-dimethoxyphenylglycolaldehyde and measured
free radical formation in the presence of H2O2 by
EPR. The results suggest that the side chain hydroxyl
plays a role in the free radical formed by DOPEGAL
(Burke et al., 2000b; Li et al., 2001).

Because of the relative insolubility of DOPAL, we
used measurement of salicylate hydroxylation products
by HPLC-EC rather than use EPR to determine if
DOPAL generates a free hydroxyl radical in the pre-
sence of H2O2. In this procedure salicylate forms two
hydroxylation products, 2,5-dihydroxybenzoic acid
and 2,3-dihydroxybenzoic acid, in the presence of
free hydroxyl radicals (Halliwell et al., 1991). DOPAL,
but not DA, DOPEGAL or other DA metabolites,
generates a free hydroxyl radical under oxidative stress

Table 1

DOPEGAL, but neither norepinephrine or its other metabolites,

forms an adduct with DMPO as determined by MHPLC-EC

Compound tested Adduct formed

DOPEGAL DOPEGAL-DMPO

DOPAL None

DA None

NE None

EPI None

DOPAC None

MHPG None

VMA None

HVA None

DOMA None

DOPEG None

Results of MHPLC-EC analysis of adduct formation by catecholamines

and their metabolites with spin trapping agent DMPO (Burke et al., 2000a).

The concentration of constituents was: catecholamine metabolite (1.6 mM),

DMPO (55 mM), H2O2 (2 mM) in phosphate buffer pH 7.2. Constituents

were incubated for 30 min at 25 8C prior to MHPLC-EC analysis.

Abbreviations: DOPEGAL—3,4-dihydroxyphenylglycolaldehyde; DO-

PAL—3,4-dihydroxyphenylacetaldehyde; DA—dopamine; NE—norepi-

nephrine; EPI—epinephrine; DOPAC—3,4-dihydroxyphenylacetic acid;

MHPG—3-methoxy-4-hydroxyphenylglycol; VMA—vanilylmandelic

acid; HVA—homovanillic acid; DOMA—3,4-dihydroxymandelic acid;

DOPEG—3,4-dihydroxyphenylglycol.
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(Li et al., 2001). Atomic absorbtion spectroscopy and
heavy metal screening indicated the results were not
due to iron or heavy metal contaminants. Our findings
were consistent with those of Liu, who showed that DA
and its other metabolites are free radical scavengers
(Liu and Mori, 1993). These results indicate that
DOPAL and DOPEGAL generate free radicals by
different mechanisms (Fig. 7; Table 1; Li et al.,
2001). It is of interest that the formation of DOPAL
and DOPEGAL by MAO from DA and NE, respec-
tively, also produces H2O2 (Fig. 6). The fact that
DOPEGAL and DOPAL generate free radicals in the
presence of H2O2, whereas their CA precursors and
further metabolites do not, provides a chemical expla-
nation for the fact that these aldehydes activate mito-
chondrial PT and are toxic, while their CA precursors
and metabolites are not toxic (Fig. 6). Alternately,
the aldehyde structure itself may trigger changes in
mitochondrial PT, leading to cell death (Kristal et al.,
1996).

POSSIBLE ROLE FOR DOPEGAL AND DOPAL
IN NEURODEGENERATIVE DISEASES

Alzheimer’s Disease

Clinical symptoms in degenerative diseases are due
to loss of specific subsets of neurons. Both NE neurons
in the locus ceruleus (Bondareff et al., 1982) and EPI
neurons in the C-1 area of RVLM (Burke et al., 1990a;
Burke et al., 1994a) undergo degeneration in AD.
Alterations in attention, sleep, mood, behavior and

blood pressure regulation in AD (Bondareff et al.,
1982; Burke et al., 1994b) are likely due, in part, to
loss of these CA neurons. Neurons in AD appear to die
by apoptosis (Lassman et al., 1995), the mechanism of
neuron death triggered by DOPEGAL (Burke et al.,
1997; Burke et al., 2001). C-1 EPI neurons in AD
become atrophic (Burke et al., 1994a) just like those
exposed to DOPEGAL. We have recently shown that
DOPEGAL and the enzymes involved in its synthe-
sis, MAO-A and dopamine-B-hydroxylase (DBH),
increase by 2.8–10.7-fold in cell bodies of NE neurons
in AD (Burke et al., 1999b). We hypothesized that
this accumulation of DOPEGAL leads to apoptotic loss
of LC neurons in AD (Burke et al., 1999b). We and
others have postulated that defective axonal transport,
which leads to the accumulation of neurotoxins like
DOPEGAL (Younkin et al., 1988; Burke et al., 1990a,b,
1999b), is a basic mechanism underlying neuron death
in AD.

Our hypothesis on the mechanism of cell death in
AD is consistent with other theories of neuronal death
in AD, which implicate the two major pathological
markers of AD, tangles and plaques, in neuron death.
Neurofibrillary tangles (NFT) consist of a phosphory-
lated form of tau protein (Lee et al., 1991). Normally,
tau binds to and stimulates formation of the micro-
tubule transport system in neurons. However, when tau
becomes phosphorylated in AD, it loses this function
(Lee et al., 1991; Strittmatter et al., 1994). Defective
microtubule assembly has been shown to occur in AD
brain (Iqbal et al., 1986). On the other hand, the plaque
is made of b-amyloid (BA), a peptide fragment of a
larger protein, the b-amyloid precursor protein (BAP).
Mutations in BAP gene have been linked to cases of
familial AD (Goate et al., 1991). Similarly, BA has
been linked to the defective microtubule transport
theory of neuron death in AD because BA induces
phosphorylation of tau and thus may destabilize micro-
tubule transport (Busciglio et al., 1995). A recent study
indicates that tau protein is essential to BA-induced
neurotoxicity (Rapoport et al., 2002). The authors
suggest that defective axonal transport is the mecha-
nism of BA toxicity.

Parkinson’s Disease

All CA neuron subtypes (DA, NE, EPI) are lost in PD
(Gai et al., 1993; Lang and Lozano, 1998). Although
other neurons may be affected in PD, the major symp-
toms of PD, including tremor, rigidity, bradykinesia,
sleep deficit and depression, have been linked to loss
of DA and NE neurons in SN and LC, respectively.

Fig. 7. Hypothetical chemical diagram of free radical formation

by DOPEGAL (A) and DOPAL (B).
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In addition, not all DA neurons are equally affected in
PD. There is a spectrum of vulnerability of DA neu-
rons: SN pars compacta > VTA > hypothalamic arc-
uate neurons (Storch and Schwarz, 2000). This high
degree of selectivity suggests that CA neurons may
produce toxic products. In addition, selectivity may
provide clues to underlying mechanisms causing neu-
ron death in PD. A number of discoveries point to a
central role for DOPEGAL and DOPAL in neuron
death in PD: (1) DOPEGAL and DOPAL are highly
toxic CA metabolites which are synthesized in the EPI,
NE and DA neurons affected in PD, as we have already
described. (2) L-DOPA, the main treatment for PD,
elevates rat brain DOPAL levels by 18-fold (Fornai
et al., 2000). (3) The distribution of the DA transporter
mimics the distribution of DA selective neuron loss
SN pc > VTA > hypothalamus (Storch and Schwarz,
2000). Other factors which contribute to selective
vulnerability of SN pc neurons include relative deficits
in calbindin D28K, a Ca2þ binding protein and glu-
tathione synthetase, involved in free radical scavenging
(Hirsch et al., 1997). These deficits, which would
increase cytosolic Ca2þ and H2O2 levels, would make
these neurons more susceptible to DOPAL. In fact, we
show that SN neurons are more vulnerable to DOPAL
than VTA neurons (Burke et al., 2002). 4. There is a
mitochondrial complex I deficit in PD SN (Schapira
et al., 1990). Complex I synthesizes NAD, a cofactor
for aldehyde dehydrogenase, which metabolizes
DOPAL to DOPAC. Inhibition of complex I with
the pesticide rotenone, along with inhibition of alde-
hyde dehydrogenase, elevates DOPAL levels 12-fold
(Lamensdorf et al., 2000a). We showed that rotenone
enhances DOPAL-induced death in NGF-differentiated

PC-12 cells, an accepted model for CA neurons
(Kristal et al., 2001). 5. Chronic rotenone injections
have recently been shown to produce a precise model
of PD pathology in rats (Betarbet et al., 2000). The
model produces selective loss of SN and LC neurons
with relative sparing of VTA neurons mimicking PD.
In addition, Lewy bodies made up of a-synuclein
appeared in SN neurons in rotenone-treated rats. The
accumulation of a-synuclein into Lewy bodies was
attributed to increased oxidative stress from rotenone’s
inhibition of complex I (Betarbet et al., 2000; Giasson
and Lee, 2000). We have postulated that the free
hydroxyl radical generated by DOPAL in the presence
of H2O2 could lead to oxidative modification of
a-synuclein and its accumulation in DA SN neurons
(Li et al., 2001). In fact, the free hydroxyl radical
appears to accelerate aggregation of a-synuclein into
its toxic form in a cell free system (Hashimoto et al.,
1999a,b; Fig. 8). Rotenone also enhances a-synuclein
aggregation in cultured cells, possibly via free hydro-
xyl radicals generated by DOPAL (Lee et al., 2000). 6.
A defect in protein degradation has been proposed as a
mechanism of PD pathogenesis. Damage to proteins
through oxidative stress induced by DA metabolism
has been implicated in this process (Taylor et al., 2002).
Both the �OH radical generated by DOPAL and
DOPAL itself could contribute to protein damage
(Conway et al., 2001; Li et al., 2001; Fig. 7). 7. Finally,
a small number of genetic PD cases have been reported
with mutations in a-synuclein (Polymeropoulos et al.,
1997). This implicates a-synuclein in a primary role in
PD pathogenesis. However, because of its widespread
distribution in brain in neurons and glia (Piao et al.,
2000), a-synuclein cannot, by itself, account for the

Fig. 8. Hydroxyl radicals trigger aggregation of a-synuclein fragment 61–95 (a-syn61–95) (MW ¼ 3:26 kDa). Alph-syn61–95 was incubated

at 37 8C in the presence or absence of �OH generated by the Fenton reaction (Fe2þ þ H2O2) with or without the free radical scavenger

N-acetylcysteine (NAC) for 5 h. The reactants were then subjected to polyacrylamide gel electrophoresis and the gel stained with silver stain.

Lane 1: a-syn61–95. Lane 2: a-syn61�95 þ Fe2þ þ H2O2. Lane 3: a-syn61�95 þ Fe2þ þ H2O2 þ NAC. Lane 4: a-syn61�95 þ Fe2þ. Lane 5:

a-syn61�95 þ trace Fe2þ þ H2O2. The gel shows a band in lane 2 with a MW estimated a 5.1 kDa. There is no band in the presence of the

free radical scavenger (lane 3). Results support previous reports that �OH radicals trigger aggregation of full length a-syn (Hashimoto

et al., 1999a,b).
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highly selective DA neuron death in PD (Storch and
Schwarz, 2000). However, a-synuclein could enhance
DOPAL neurotoxicity in several ways. Alpha-synu-
clein binds to DAT, enhances DA uptake (Lee et al.,
2001), permeabilizes storage vesicles (Volles et al.,
2001), and catalyzes the formation of H2O2 (Turnbull
et al., 2001). These pathologic functions of a-synuclein
would be expected to increase cytosolic DOPAL levels
and DOPAL-generated free hydroxyl radicals (Li et al.,
2001). This could lead to a cell death cycle in which
hydroxyl radicals generated by DOPAL trigger aggre-
gation of a-synuclein into protofibrils whose toxicity
is mediated by elevated levels of cytosolic DOPAL
caused by the action of these toxic a-synuclein oligo-
mers (Lee et al., 2001; Volles et al., 2001; Fig. 9). In
fact,a-synuclein enhances DA neurotoxicity (Lee et al.,
2001). As described above, there are several apparently
incompatible hypotheses to explain DA neuron death
in PD, including: the DA (Fahn, 1997); a-synuclein
(Lee et al., 2001); free radical (Hirsch et al., 1997); DA
transporter (Storch and Schwarz, 2000); complex

I deficiency (Schapira et al., 1990); environmental
pesticide (Betarbet et al., 2000); and protein degrada-
tion (Taylor et al., 2002) hypotheses. We postulate that
DOPAL is the key DA neuronal death messenger
in PD which links multiple apparently competing
mechanisms into a unified hypothesis of DA neuron
loss in PD.

POTENTIAL THERAPEUTIC TARGETS IN
ALZHEIMER’S AND PARKINSON’S DISEASE

Drug therapy has two goals in AD and PD. The first
goal is neurotransmitter replacement which in AD
is provided by acetylcholinesterase inhibitors and in
PD by L-DOPA. A more recent goal is to halt the
progression of these diseases by preventing neuron
loss. This latter goal is the topic of this section.

Alzheimer’s Disease

Our data (Burke et al., 1990a,b, 1999b) and that of
others (Iqbal et al., 1986; Lee et al., 1991; Rapoport
et al., 2002; Strittmatter et al., 1994; Younkin et al.,
1988;) (Table 2) suggest that defective axonal transport
may play a role in neuron death in AD. One drug that
stabilizes the microtubule transport system is taxol
(Lataste et al., 1984). We have used taxol in different
systems to prevent neuronal death (Burke et al.,
1994c; Stadlan et al., 1994). In particular, taxol at a
low concentration (50 nM) limited Ca2þ mediated cell
death (Burke et al., 1994c) which appears to play a role
in DOPEGAL-induced cell death (Burke et al., 2000a).
However, at high concentrations taxol is neurotoxic and
appears to accelerate BA-induced cell death (Burke
et al., 1994c; Rapoport et al., 2002). Although taxol
itself may be limited by its neurotoxicity (Burke et al.,
1994c) and its ability to cross the blood brain barrier,
the goal of finding drugs which protect the microtubule
transport system for use in treatment of AD seems a
worthy one.

Fig. 9. Hypothetical interaction between a-synuclein (a-syn) and

dopamine (DA) to produce substantia nigra DA neuron death in

Parkinson’s disease (see Lee et al., 2001, 2002; Li et al., 2001;

Turnbull et al., 2001; Volles et al., 2001). The free hydroxyl radical

(�OH) (Burke et al., 1998) or 3,4-dihydroxyphenylacetaldehyde

(DOPAL) itself (Kristal et al., 1996) activates mitochondrial per-

meability transition, leading to neuron death (Burke et al., 2002;

Kristal et al., 2001).

Table 2

Evidence for defective axonal transport in Alzheimer’s dementia: enzymes which accumulate in neuronal cell bodies in AD

Enzyme accumulating in cell body Neuronal location Reference

Cholineacetyl transferase Cholinergic neurons in nucleus basalis of Meynert Younkin et al., 1986

Phenylethanolamine N-methyltransferase Adrenergic neurons in rostral ventral lateral medulla Burke et al., 1990a

Tryptophan hydroxylase Serotonergic neurons in dorsal raphe nucleus Burke et al., 1990b

Dopamine B-hydroxylase Noradrenergic neurons in locus ceruleus Burke et al., 1999b

Monoamine oxidase-A Noradrenergic neurons in locus ceruleus Burke et al., 1999b

The accumulation of enzymes in neuronal cell bodies was attributed to defective axonal transport because amounts of the neurotransmitter enzyme or product

was decreased in axonal projection areas.
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Parkinson’s Disease

Our studies provide the basis for the therapeutic
strategies for PD, which dissociate the beneficial
effects of DA mediated by its receptors and its toxic
effects mediated by DOPAL. In this regard, our studies
on DOPAL provide several therapeutic targets which
have as their goal reduction of intraneuronal levels of
this toxic metabolite or blocking its toxic effects
(Table 3). Some of these targets (e.g. complex I and
free radicals) are being actively investigated in neuro-
degenerative diseases (Adair et al., 2001; Shults et al.,
1999). Although vitamin E was not effective in delay-
ing progression of PD, other more potent free radical
scavengers, such as N-acetylcysteine (Adair et al.,
2001) or a-lipoic acid (Liu et al., 2002; Hagen,
1998), may deserve a trial. DAT inhibitors, which
are already available, have been suggested as a way
to retard progression of PD (Falkenburger et al., 2001).
However, treatment trials have not been done. Alpha
synuclein, especially converted to its protofibrillar
form (Volles et al., 2001) seems a likely target but
as yet, no compounds have been developed. The MAO-
B inhibitor deprenyl, has been used in PD without a
convincing long term effect (Lees, 2001). However,
because DOPAL is synthesized intraneuronally by
MAO-A under normal basal conditions (Fornai et al.,
2000), MAO-A inhibitors may be more effective.
Unfortunately, inhibition of MAO-A causes hyperten-
sion and a mechanism to apply these agents directly to
SN or striatum may be needed. Such technology is
currently available. This approach would have the
potential additional benefit of producing immediate
clinical benefit by increasing brain DA levels. Alter-
nately, an agent which inhibits both MAO-A and
MAO-B may prove even more effective because

MAO-B in glia may convert excess DA to DOPAL
(Glover and Sandler, 1977).
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