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ABSTRACT. The cause of neurodegeneration in Parkinson’s disease (PD) remains unknown. However,
isoquinoline derivatives structurally related to the selective dopaminergic toxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and its active metabolite, 1-methyl-4-phenylpyridinim (MPP™), have emerged as
candidate endogenous neurotoxins causing nigral cell death in Parkinson’s disease. Isoquinoline derivatives are
widely distributed in the environment, being present in many plants and foodstuffs, and readily cross the
blood—brain barrier. These compounds occur naturally in human brain where they are synthesized by
non-enzymatic condensation of biogenic amines (e.g. catecholamines and phenylethylamine) with aldehydes,
and are metabolized by cytochrome P450s and N-methyltransferases. In addition, isoquinoline derivatives are
oxidized by monoamine oxidases to produce isoquinolinium cations with the concomitant generation of reactive
oxygen species. Neutral and quaternary isoquinoline derivatives accumulate in dopaminergic nerve terminals via
the dopamine re-uptake system, for which they have moderate to poor affinity as substrates. Several isoquinoline
derivatives are selective and more potent inhibitors of NADH ubiquinone reductase (complex I) and
a-ketoglutarate dehydrogenase activity in mitochondrial fragments than MPP™", and lipophilicity appears to be
important for complex I inhibition by isoquinoline derivatives. However, compared with MPP*, isoquinoline
derivatives are selective but less potent inhibitors of NADH-linked respiration in intact mitochondria, and this
appears to be a consequence of their rate-limiting ability to cross mitochondrial membranes. Although both
active and passive processes are involved in the accumulation of isoquinoline derivatives in mitochondria,
inhibition of respiration is determined by steric rather than electrostatic properties. Compared with 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine or MPP*, isoquinoline derivatives show selective but relatively weak
toxicity to dopamine-containing cells in culture and following systemic or intracerebral administration to
experimental animals, which appears to be a consequence of poor sequestration of isoquinoline derivatives by
mitochondria and by dopamine-containing neurones. In conclusion, the 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine-like cytotoxic characteristics of isoquinoline derivatives and the endogenous/environmental presence of
these compounds make it conceivable that high concentrations of and/or prolonged exposure to isoquinoline
derivatives might cause neurodegeneration and Parkinson’s disease in humans. BIOCHEM PHARMACOL 56;8:
921-933, 1998. © 1998 Elsevier Science Inc.
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PDY is an age-related neurodegenerative disorder charac- ment, the cardinal symptoms of which are tremor, rigidity,
terized clinically by a slowly progressive disorder of move- and bradykinesia. The primary pathology of the disease is
degeneration of the pigmented dopamine-containing neu-
§ Corresponding author: Professor Peter Jenner, Pharmacology Group, rones of the substantia nigra pars compacta in the midbrain,
Biomedical Sciences Division, King’s College, Manresa Road, London, resulting in destruction of the nigrostriatal pathway and loss
SW3 6LX, UK. Tel. 44-171-333-4716; FAX 44-171-376-4736; E-mail: ¢ d d . dth
pjenner@kelac.uk of caudate-putamen dopamine content, and the appearance
q Abbreviations: L-DOPA,  1-3,4-dihydroxyphenylalanine; y-GTP, of Lewy bodies in the surviving neurones [1, 2]. However,
vy-glutamyl-transpeptidase; «-KGDH, a-ketoglutarate dehydrogenase; other neuronal systems (e.g. cerebral cholinergic, raphe

MAOQO, monoamine oxidase; MPP*, 1-methyl-4-phenylpyridinium; MPTP, . . d1 1 d . 1
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson’s disease; serotoninergic, and locus coeruleus noradrenergic) are also

and TPB", tetraphenylboron. destroyed to varying degrees, and this may be responsible
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FIG. 1. Illustration of the mechanism of action of MPTP. In brain, MPTP is metabolized in astrocytes/serotoninergic neurones by
MAO-B to produce its active metabolite MPP*. MPP* is released into the extracellular space, and then accumulates in
dopamine-containing neurones via the dopamine re-uptake system. In neurones, MPP™ utilizes an energy-dependent mechanism for
concentration within mitochondria where it inhibits complex I of the respiratory chain and a-KGDH of the tricarboxylic acid (TCA)
cycle. Consequently, ATP depletion, elevation of reactive oxygen species, and possibly an increase in glutamate levels precede neuronal

death.

for the occurrence of dementia and depression in advanced
PD [1, 2]. The cause of nigral cell death in PD has been
extensively sought, but remains unknown. Current con-
cepts, however, suggest a genetic predisposition to the
actions of an environmental or endogenous toxic sub-
stance, leading to cell death by a degenerative process
involving oxidative stress and mitochondrial dysfunction
[3]. The genetic contribution to PD is unclear, but this may
be related to an inherited defect of xenobiotic metabolism
leading to increased susceptibility to neurotoxic action [4].
This relates to findings that the activity of cytochrome
P450 isoenzymes and N-acetyltransferase 2, and the metab-
olism of sulphur-containing compounds, may be impaired
in PD [3-5]. Involvement of oxidative stress in the substan-
tia nigra in PD is suggested by post-mortem evidence for
free radical generation and reduced antioxidant defences.
Thus, in the substantia nigra in PD, there are increased
levels of iron with decreased or unaltered ferritin content,
increased mitochondrial superoxide dismutase activity, de-
creased levels of GSH, and increased y-GTP activity [6-9].
In addition, there are decreased levels of polyunsaturated
fatty acids with elevated levels of malondialdehyde and
lipid hydroperoxides, and increased levels of 8-hydroxy-2-
deoxyguanosine, indicative of elevated lipid peroxidation
and DNA fragmentation, respectively [10, 11]. The contri-
bution of mitochondrial dysfunction to the pathogenesis of
nigral cell death in PD is evident from inhibition of NADH
ubiquinone reductase (complex I) activity and reduced
immunostaining for the tricarboxylic acid (TCA) cycle
enzyme a-KGDH [12, 13]. There is, at present, no con-
vincing evidence to suggest that oxidative stress or mito-
chondrial dysfunction is related to abnormal genetic func-
tion. Rather, these biochemical changes appear to result
from a neurotoxin acting in genetically vulnerable individ-
uals.

No toxic substance thought to be responsible for neuro-
degeneration in PD has been identified, despite evidence

that the occurrence of the disease parallels industrialization,
the use of agrochemicals, rural residence, and the drinking
of well water [14]. Indeed, several chemical agents can
induce an irreversible (e.g. manganese, carbon monoxide,
and carbon dioxide) or a reversible (e.g. phenothiazines and
reserpine) parkinsonian-like syndrome in humans, but the
clinical and pathological characteristics of these disorders
are different from those of idiopathic PD [15, 16]. However,
the discovery that MPTP induces a parkinsonian syndrome
in humans and experimental animals by selective destruc-
tion of the nigrostriatal pathway supports the role of
neurotoxic action in the cause of PD [17, 18]. In the brain,
MPTP is metabolized by glial MAO-B to produce its active
metabolite MPP™ (Fig. 1) [19]. MPP™ is actively accumu-
lated into dopaminergic neurones via the dopamine re-
uptake system prior to its energy-dependent concentration
within mitochondria (Fig. 1) [20, 21]. MPP" induces cell
death by selective inhibition of complex I and a-KGDH
activity, resulting in ATP depletion and the concomitant
generation of reactive oxygen species and possibly gluta-
mate (Fig. 1) [22-24]. However, MPTP or closely related
analogs could not be the cause of PD because, for example,
antibodies to MPTP/MPP™ show no immunoreactivity in
brain in PD [25]. Nevertheless, the discovery of MPTP
suggests that similar toxins may accumulate in the brain
and cause PD, and this has stimulated the search for
MPTP-like agents. Isoquinoline derivatives were discov-
ered as possible MPTP-like endogenous/environmental
neurotoxins causing PD [26, 27]. The initial interest in
these compounds arose from their structural similarity to
MPTP/MPP*. But ongoing efforts to describe their neuro-
toxicity indicate that although isoquinoline derivatives
possess many of the cytotoxic characteristics of MPTP, they
also have unique properties relevant to the aetiology of PD
[26]. This review examines the chemistry, distribution, and
neurotoxicity of isoquinoline derivatives, and their possible
involvement in the aetiology of PD.
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FIG. 2. Pictet-Spengler biosynthesis and enzyme-mediated metabolism of isoquinoline derivatives. One example of such a reaction,
under physiological conditions in the human brain, would be dopamine condensing with acetaldehyde non-enzymatically to produce
racemic (R- and S-enantiomers) 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline (salsolinol). 1-Methyl-6,7-dihydroxy-1,2,3,4-
tetrahydroisoquinoline is converted by N-methyltransferase to produce 1,2-dimethyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline,
which, in turn, is oxidized (possibly by cytochrome P450) to produce 1,2-dimethyl-3,4-dihydroisoquinoline. 1,2-Dimethyl-3,4-
dihydroisoquinoline is metabolized by MAO-A/B to produce the 1,2-dimethyl-6,7-dihydroxyisoquinolinium cation. Debrisoquine
(2-amidino-1,2,3,4-tetrahydroisoquinoline) is hydroxylated in hepatic microsomes and possibly in brain by the cytochrome P450
isoenzyme CYP2D6 to produce 4-hydroxydebrisoquine (2-amidino-4-hydroxy-1,2,3,4-tetrahydroisoquinoline).

CHEMISTRY AND OCCURRENCE OF
ISOQUINOLINE DERIVATIVES
Basic Chemistry

Isoquinoline derivatives refer to isoquinoline itself, substi-
tuted congeners (e.g. 6-methoxyisoquinoline) and the var-
ious reduced species (1,2-/3,4-dihydroisoquinolines and
1,2,3,4-tetrahydroisoquinolines), all of which may occur in
their neutral or charged quaternary (isoquinolinium ion)
form (Figs. 2 and 3). These compounds are heterocycles in
which a benzene ring and a pyridine ring are fused through
carbon, and are formed from Pictet—Spengler non-enzy-
matic condensation of catecholamines (e.g. dopamine and
L-DOPA) with aldehydes (Figs. 2 and 3) [28, 29].

Environmental Distribution

The history of isoquinoline derivatives emerged following
the discovery of isoquinoline (and various methylated
derivatives) in 1885 as a constituent of coal tar [30, 31]. In
the early 1900s, salsolinol (1-methyl-6,7-dihydroxy-1,2,3,4-
tetrahydroisoquinoline) was isolated from the desert plant

Salsola richteri, of the family Chenopodiaceae, present in the
Turkmenistan desert [30, 31]. This compound has also been
detected in the pulp (40 pg/g) and the peel (260 pg/g) of
bananas. 1,2,3,4-Tetrahydroisoquinolines have been found
in Cactus species and several species of Guatteria (Annon-
aceae) present in the Amazon forest [30, 31]. More re-
cently, isoquinoline derivatives have been reported to
occur in Guatteria ouregtou, Magnolia salicifolia, Eschscholtzia
tenuifolia, Papaver orientale, and P. somniferum [30, 31].
There is some evidence to suggest that isoquinoline deriv-
atives serve as precursors in the natural biosynthesis of
opiates in the poppy. Indeed, papaverine, morphine, and
emetine are tetrahydroisoquinoline alkaloids, and are found
in poppies [30, 31].

Occurrence in Foodstuffs

Isoquinoline derivatives occur in various foodstuffs. 1,2,3,4-
Tetrahydroisoquinoline is present in flour (0.52 ng/g),
banana (2.2), cheese (5.2), broiled sardine (0.96), broiled
beef (1.3), and the yolk (1.8) and white (2.2) of boiled eggs
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FIG. 3. Structures of isoquinoline derivatives, MPTP and
MPP™*. The effects of a range of compounds from these classes
of isoquinoline derivatives on mitochondrial function, affinity
for the dopamine re-uptake system, and toxicity to dopamine-
containing cells are presented in Table 1.

:

[32, 33]. 1-Methyl-1,2,3,4-tetrahydroisoquinoline (6.5
ng/g) and 1,2,3,4-tetrahydroisoquinoline (0.8 ng/g) occur
in cocoa [32, 33]. 1,2,3,4-Tetrahydroisoquinolines are also
present in various alcoholic beverages including wine
(0.56 ng/g), beer (0.36), and whisky (0.73), and in milk
(3.3) [32, 33].

Occurrence In Vivo

Isoquinoline derivatives were first shown to occur in hu-
mans around 1970. The compounds are normally synthe-
sized under physiological conditions and have been de-
tected in mammalian adrenal glands, kidneys, liver, brain,
urine, blood, and cerebrospinal fluid (CSF) [28, 29]. In-
deed, 1,2,3,4-tetrahydroisoquinoline (5-7 ng/g), N-methyl-
1,2,3,4-tetrahydroisoquinoline (1-3 ng/g), salsolinol, and
other isoquinoline derivatives are found in the brain of
various animal species and in humans [34—-46]. These
compounds are synthesized in wivo by Pictet—Spengler
non-enzymatic condensation of biogenic amines (e.g. cat-
echolamines and phenylethylamines) with aldehydes (or
with a-keto acids followed by decarboxylation). Recent
studies suggest that some isoquinoline derivatives may also
be formed enzymatically in mammalian brain [26]. Iso-
quinoline derivatives are metabolized by various enzymes
including N-methyltransferase and MAQO (but very slowly
compared with MPTP) to produce N-methylated deriva-
tives and isoquinolinium cations, respectively (Fig. 2)
[38—41]. Isoquinoline derivatives are also metabolized in
the brain and liver by cytochrome P450 isoenzymes to
produce 4-hydroxylated products (Fig. 2) [47]. Recent
reports suggest that isoquinoline derivatives occur intran-
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euronally as well as extraneuronally, and that their synthe-
sis, metabolism, and levels are selectively elevated in
dopaminergic neurones of the substantia nigra compared
with other brain regions [38, 39]. Indeed, the (R)-enantio-
mer of salsolinol in human brain is methylated to N-
methylsalsolinol, which, in turn, is oxidized to 1,2-dimeth-
yl-6,7-dihydroxyisoquinolinium cation, that, unlike salsoli-
nol and its methylated derivative, could only be detected in
the substantia nigra (Fig. 2) [38, 39]. Some isoquinoline
derivatives are able to cross the blood—brain barrier, and
this may represent additional means of CNS accumulation

(42, 43].

NEUROTOXICOLOGY OF
ISOQUINOLINE DERIVATIVES
Biological Functions

The physiological function of isoquinoline derivatives is
poorly understood. However, there is evidence to suggest
that these compounds function as neurotransmitters/neuro-
modulators (e.g. dopamine receptor antagonists, and B-ad-
renergic receptor agonists and antagonists), and may be
involved in the regulation of monoamine function through
reversible and competitive inhibition of enzymes involved
in monoamine synthesis and metabolism (e.g. tyrosine
hydroxylase, L-aromatic amino acid decarboxylase, cate-
chol-O-methyltransferase, and MAO-A and -B) [28, 29,
48, 49]. In human disease, isoquinoline derivatives have
been implicated in the pathophysiology of alcohol addic-
tion, monoamine-related neurological and psychiatric dis-
orders (e.g. schizophrenia and depression), and in phenyl-
ketonuria, but there is little or no convincing evidence to

support such roles [28, 29, 31, 48].

Effects on Mitochondrial Enzymes

Impairment of complex I activity and «-KGDH in PD and
by MPP" prompted the examination of the effects of
isoquinoline derivatives on mitochondrial function. Suzuki
and colleagues [50, 51] first reported that 1,2,3,4-tetrahy-
droisoquinoline and its oxidized quaternary cation, N-
methylisoquinolinium, concentration-dependently inhib-
ited the activity of complex I but had no effect on
complexes II, III, or IV in mouse brain mitochondrial
fragments. Subsequently, we conducted a comprehensive
study to determine the selectivity, potency, and molecular
requirements of a range of structurally closely related
isoquinoline derivatives (eleven isoquinolines, two dihy-
droisoquinolines, and nine 1,2,3,4-tetrahydroisoquinolines)
on respiratory and non-respiratory chain enzymes in mito-
chondrial fragments (Fig. 3) [52, 53]. Most of the com-
pounds studied selectively inhibited complex I and
oa-KGDH activity in a concentration-dependent manner,
and several isoquinoline derivatives were markedly more
potent than MPP™ (Table 1). Although no clear structure—
activity relationship was found for the inhibition of com-
plex I or «-KGDH activity, lipophilicity, as with MPP*
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TABLE 1. Effects of isoquinoline derivatives on mitochondrial function, affinity for the dopamine re-uptake system, and toxicity to
dopamine-containing cells

Toxicity to

Inhibition of Inhibition of Inhibition of Inhibition of PC12
«-KGDH complex I  mitochondrial [*H]dopamine cellsq Nigral cell death
activityt activity$ respiration§ uptake! (EC50» in vivo**
Compounds* (150 mM)  (1C5o, mM) (%, Mean) (%, Mean) pM) (%, Mean)
Isoquinolines
I[soquinoline 6.5 0.75 31.3 36.0 640 —
6-Methoxyisoquinoline — 0.5 100 — — —
7-Methoxyisoquinoline — 1.1 48.5 50.0 (10.0) — —
6,7-Dimethoxyisoquinoline — 15 0 — — —
6,7-Methylenedioxyisoquinoline — 0.39 51.4 37.0 600
Isoquinolinium cations
N-Methylisoquinolinium — 1.3 71.4 33 1050 —
N-Propylisoquinolinium 3.0 — 78.7 32.8 — 0
N-Methyl-6- — 0.7 100 52.4 (10) — —
methoxyisoquinolinium
N-Methyl-7- — 0.85 4.7 7.0 — —
methoxyisoquinolinium
N-Methyl-6,7- — 2.3 13.4 — — 41.5
dimethoxyisoquinolinium
N-Methyl-6,7- — 15.4 100 7.0 — —
methylenedioxyisoquinolinium
Dihydroisoquinolines
6,7-Dimethoxy-1-styryl-3,4- — — — 6.6 — 0
dihydroisoquinoline
N-Methyl-6-methoxy-1,2- — — — — — —
dihydroisoquinoline
1,2,3,4-Tetrahydroisoquinolines
1,2,3,4-Tetrahydroisoquinoline 18.2 22 43.2 50.0 (50.0) 820 20.2
N-Methyl-1,2,3,4- 2.0 43 17.6 61.1 (8.0) — —
tetrahydroisoquinoline
6-Methoxy-1,2,3,4- — 0.38 — — — —
tetrahydroisoquinoline
N-Methyl-6-methoxy-1,2,3,4- — 0.36 9.5 — — —
tetrahydroisoquinoline
7-Methoxy-1,2,3,4- — 1.1 — — — —
tetrahydroisoquinoline
6,7-Dihydroxy-1,2,3,4- — Not attained 0 23.5 — —
tetrahydroisoquinoline
N-Methyl-6,7-dihydroxy-1,2,3,4- Not attained 8.9 12.5 393 — —
tetrahydroisoquinoline
1,2-Dimethyl-6,7-dihydroxy-1,2,3,4- — 4.6 13 72.7 (37.0) — —
tetrahydroisoquinoline
1-Methyl-4-phenylpyridinium 18.9 4.1 100 100 (0.33) 375 88.3

(MPP™*)

*See Fig. 3 for structures.

FInhibition of a-KGDH activity in rat brain mitochondrial fragments by isoquinoline derivatives and MPP ™. Results are presented as mean ICso (mM), and were obtained from
Ref. 52.

#Inhibition of complex [ activity in rat brain mitochondrial fragments by isoquinoline derivatives and MPP*. Results are presented as mean I1C5 (mM), and were obtained from
Ref. 53.

§Inhibition of glutamate + malate supported state 3 respiration in intact isolated rat liver mitochondria by isoquinoline derivatives and MPP* at a concentration of 0.5 mM
and an incubation time of 20 min. Results are presented as mean percent inhibition, and were obtained from Ref. 63.

Inhibition of PH]dopamine uptake into rat striatal synaptosomes by isoquinoline derivatives and MPP™ at a concentration of 100 wM. Results are presented as mean percent
inhibition (figures in parentheses represent 1Cso, M), and were obtained from Ref. 72.

JCytotoxicity of isoquinoline derivatives and MPP* to cultured PC12 cells. Results are presented as mean EC5o (uM) for the release of lactate dehydrogenase activity after
3 days of treatment, and were obtained from Ref. 77.

#*#Cytotoxicity of isoquinoline derivatives (150 nmol/24 hr) and MPP* (33 nmol/24 hr) to tyrosine hydroxylase-positive neurones following continuous (7 days) unilateral
supranigral infusion in conscious adult rats. Results are presented as mean reduction in the number of ipsilateral TH-positive neurones in the substantia nigra pars compacta, and
were obtained from Ref. 84.

analogs, appeared to be important for inhibition of complex
[ activity. Indeed, recently, the presence of dimethoxy
residues in the catechol ring of papaverine has been
suggested to be responsible for the increased potency of

papaverine in inhibiting rat brain complex I activity com-
pared with tetrahydropapaveroline [54]. Surprisingly, how-
ever, the kinetics of inhibition of complex I and a-KGDH
activity by isoquinoline derivatives have not been exam-
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dehydrogenase; ETF, electron-transferring flavoprotein; complex I, NADH ubiquinone reductase; complex II, succinate cytochrome
¢ reductase; complex I11, ferrocytochrome c reductase; and complex 1V, cytochrome c oxidase. Note that only enzymes that generate

NADH and FADH, in the TCA cycle and the B-oxidation pathway are shown.

ined. Determination of this is important because the
marked mitochondrial inhibitory potency of rotenone (the
most potent inhibitor of complex I known) is attributed to
its slow dissociation from its binding site on complex I [55].
MPP* binds partially reversibly and competitively to com-
plex I, and, therefore, it is a less effective inhibitor of
mitochondrial function. So, it is necessary to determine the
kinetic parameters for inhibition of complex I and
o-KGDH activity by isoquinoline derivatives to fully assess
their mitochondrial toxicity.

The ability of isoquinoline derivatives to inhibit
a-KGDH activity is important for their mitochondrial
toxicity and involvement in PD. Complex [ is one of a few
enzymatic pathways by which reducing equivalents enter
the respiratory chain (Fig. 4). Therefore, it is unlikely that
specific inhibition of complex I activity can produce mito-
chondrial failure. When complex I is defective, complex 11
serves as an alternative electron transfer pathway, but it is
not inhibited in PD [12]. However, because a-KGDH
catalyses the oxidation of a-ketoglutarate to succinate,
which serves as a substrate for complex I, inhibition of
o-KGDH would inhibit electron transfer via complex II.
Furthermore, electron transfer via complex I would be
partially inhibited since the metabolism of a-ketoglutarate
by «-KGDH also produces NADH, which enters the
respiratory chain via complex 1 (Fig. 4). Overall, the
general function of the TCA cycle would be impaired

because o-KGDH is a rate-limiting component. Thus,
combined inhibition of a-KGDH and complex I by iso-
quinoline derivatives appears more likely to cause mito-
chondrial failure and neurodegeneration in PD. It is not yet
known if isoquinoline derivatives can inhibit complex V
(ATP synthase) or other crucial enzymes involved in
mitochondrial energy metabolism, such as isocitrate dehy-
drogenase, malate dehydrogenase, and pyruvate dehydroge-
nase, although none of these appear to be inhibited by
MPP* (Fig. 4) [56].

Mitochondrial Accumulation

Complex | and a-KGDH in mitochondrial fragments can
be readily inhibited by isoquinoline derivatives, MPP™, and
related analogs because the enzymes and their inhibitor
binding sites are easily accessible [57]. Thus, inhibition of
complex [ or a-KGDH activity in mitochondrial fragments
does not indicate whether or not isoquinoline derivatives
can inhibit mitochondrial function in intact mitochondria
or whether these compounds are concentrated by mito-
chondria in a manner similar to MPP*. Determination of
this is important since studies with MPTP/MPP™ analogs
suggest that a nitrogen moiety positively charged at intra-
cellular pH is required for concentration within mitochon-
dria by an electrochemical gradient and that lipophilicity is
necessary to gain access to the complex I inhibitory site
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[58—60]. Indeed, some MPTP/MPP" analogs, such as
4-phenylpyridines, which are potent inhibitors of complex
[ activity in mitochondrial fragments, are without effect on
intact mitochondria since they do not possess the necessary
steric/electrostatic properties for mitochondrial accumula-
tion [57]. Conversely, some MPTP/MPP™ analogs that are
weak inhibitors of complex I activity in mitochondrial
fragments, such as N-methylpyridinium cations including
MPP*, become potent inhibitors of respiration due to their
active mitochondrial concentration [57]. Hence, the effects
of isoquinoline derivatives on mitochondrial respiration
have been studied. 1,2,3,4-Tetrahydroisoquinoline and N-
methylisoquinolinium, and the related alkaloids, tetrahy-
dropapaveroline, tetrahydropapaverine, and salsolinol,
concentration-dependently inhibit state 3 and state 4
respiration supported by glutamate + malate, pyruvate +
malate or a-ketoglutarate (but not succinate) and reduce
ATP synthesis in intact mouse brain mitochondria [61, 62].
Recently, we determined the selectivity, potency, and
structural requirements of isoquinoline derivatives for inhi-
bition of respiration in intact mitochondria by studying a
range of neutral and quaternary isoquinoline derivatives
(Fig. 3) [63]. Most of the compounds examined inhibited
glutamate + malate, but not succinate + rotenone or
tetramethylparaphenylenediamine (TMPD) + ascorbate
supported respiration (Table 1). These findings support
previous studies showing that isoquinoline derivatives are
selective inhibitors of complex I and a-KGDH activity in
mitochondrial fragments (Fig. 4). In our study, none of the
isoquinoline derivatives were found to be as potent as
MPP¥ in inhibiting respiration. However, recently papav-
erine was shown to be more potent than MPP* in inhib-
iting mitochondrial respiration [54]. Isoquinoline deriva-
tives are less potent in inhibiting respiration in intact
mitochondria than in impairing complex I activity in
mitochondrial fragments, suggesting that they are not
accumulated by mitochondria as avidly as MPP™ (Table 1)
[53, 63]. Recently, isoquinoline and 1,2,3,4-tetrahydroiso-
quinoline were shown to inhibit ATP synthesis sup-
ported by pyruvate + malate or a-ketoglutarate +
malate, but not succinate + rotenone, in PC12 cells and
SK-N-MC dopaminergic cell lines [64].

Studies using intact mitochondria have provided some
clear insights into the structural requirements for inhibition
of mitochondrial function [63]. Mitochondrial respiration is
inhibited by both charged and neutral isoquinoline deriv-
atives, suggesting that isoquinoline derivatives utilize both
active and passive processes to enter mitochondria, al-
though the quaternary nitrogen moiety of the isoquino-
linium cations favours mitochondrial accumulation and
inhibition of respiration [63]. The inhibitory potency of
isoquinoline derivatives towards mitochondrial respiration
is determined more by their steric than their electrostatic
properties [63]. Furthermore, a hypothetical binding site for
isoquinoline derivatives has been deduced, which may be
related to the rate-limiting transport process rather than to
enzyme inhibition [63]. The mechanism of inhibition of
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mitochondrial respiration and complex I activity by iso-
quinoline derivatives has not been investigated. One pos-
sibility is to determine the effects of TPB™, because this
compound acts by ion pairing with MPP" to facilitate
penetration into mitochondria as well as aiding access to
the hydrophobic inhibitory site on complex I [58, 59].
Examining the effects of TPB™ on the inhibition of
mitochondrial function by isoquinoline derivatives may
provide further insights into the mechanism of their mito-
chondrial accumulation and the nature of the enzyme
binding site(s) and mechanism(s) of inhibition.

Generation of Free Radicals

[soquinoline derivatives may cause oxidative stress, but
only a few studies have addressed this issue. The non-
enzymatic auto-oxidation of N-methylsalsolinol produces
isoquinolinium cations and hydroxyl radicals, a process that
is inhibited by the antioxidants ascorbate and glutathione,
but is enhanced by Fe’* [65, 66]. N-Methylsalsolinol
induces DNA damage and apoptotic cell death in human
dopaminergic neuroblastoma SH-SY5Y cells by a mecha-
nism that involves the generation of hydroxyl radicals [67].
The antioxidants catalase and GSH protected these cells
from N-methylsalsolinol-induced DNA fragmentation [67].
In addition, deprenyl and semicarbazide inhibited DNA
damage in SH-SY5Y cells, and this was attributed to
hydroxyl radical scavenging and the metabolism of N-
methylsalsolinol by these compounds, respectively [67]. A
recent study showed that isoquinoline and 1,2,3,4-tetrahy-
droisoquinoline induced apoptotic cell death in PC12 cells
and SK-N-MC dopaminergic cell lines by a mechanism
involving generation of free radicals, perhaps secondary to
inhibition of the mitochondrial respiratory chain [64].
Apoptosis in these cells was prevented by the antioxidants,
dihydrolipoic acid, N-acetylcysteine, and pyrrolidine di-
thiocarbamate [64]. Isoquinoline derivatives may also im-
pair antioxidant defence mechanisms. Papaverine was once
used as a smooth muscle relaxant to treat various diseases,
but its use is now limited due to the tendency to cause
hepatotoxicity, which may be attributed to its ability to
alter glutathione levels [68]. The possibility of release of
free radicals from the mitochondrial respiratory chain
following inhibition by isoquinoline derivatives remains to
be explored. Determination of this is important since the
inhibition of complex I activity by MPP™ is accompanied
by the release of reactive oxygen species from the respira-
tory chain [24]. These, in turn, produce partial irreversible
inactivation of complex I, which is promoted and pre-
vented by free radical generators and scavengers, respec-
tively [24]. Therefore, free radical production and impaired
antioxidant defences may contribute to the mechanism of
action of isoquinoline derivatives in causing neurodegen-
eration.



928

Accumulation in Dopaminergic Neurones

Uptake of MPP" via the dopamine re-uptake system is
required for dopaminergic toxicity (Fig. 1). Several studies
have suggested that isoquinoline derivatives may accumu-
late in dopaminergic neurones in a manner similar to
MPP™. Tritiated 6,7-dihydroxy-1,2,3,4-tetrahydroisoquino-
line and 1-methyl-4,6,7-trihydroxy-1,2,3,4-tetrahydroiso-
quinoline accumulate in rat brain synaptosomes in a con-
centration-dependent manner [69]. These compounds and
salsolinol also inhibit [*’H]dopamine uptake in a concentra-
tion-dependent manner, and, additionally, salsolinol causes
release of stored ["H]dopamine [69]. Similarly, N-methyli-
soquinolinium has been shown to accumulate in rat striatal
slices and 2-methyl-4,6,7-trihydroxy-1,2,3,4-tetrahydroiso-
quinoline depletes striatal dopamine in rat brain [70, 71].
Recently, 1-(3’,4'-dihydroxybenzyl)-1,2,3,4-tetrahydroiso-
quinoline and  1-benzyl-6,7-dihydroxy-1,2,3,4-tetrahy-
droisoquinoline were shown to accumulate in isolated rat
striatal synaptosomes via the dopamine re-uptake system
[44]. Uptake was concentration-dependent and was atten-
uated by inhibitors of the dopamine re-uptake system [44].
The substrate affinity of isoquinoline derivatives for the
dopamine re-uptake system, assessed by determining their
effects on the uptake of [’H]dopamine into rat striatal
synaptosomes, showed that isoquinoline derivatives were
moderate to poor substrates for the dopamine re-uptake
system (Table 1) [72]. This suggests that low affinity of
isoquinoline derivatives for the dopamine re-uptake system
may be a rate-limiting factor in nigral toxicity.

Previous studies have shown that the selective dopami-
nergic toxicity of MPTP via MPP™ is due, in part, to its
relatively high affinity for the dopamine re-uptake system
and poor affinity for other neurotransmitter uptake systems,
including those for acetylcholine, serotonin, and noradren-
aline [18, 20]. Therefore, it is of particular importance to
determine the affinity of isoquinoline derivatives for these
and other neurotransmitter uptake systems.

Toxicity to Cells in Culture

Using cells in culture, N-methylisoquinolinium, 1,2,3,4-
tetrahydroisoquinoline, papaverine, and tetrahydropapav-
erine exerted dose-dependent toxicity towards tyrosine
hydroxylase, but not y-aminobutyric acid-like, immunore-
active cells in rat embryonic mesencephalic culture and
ventral mesencephalic striatal co-culture [73-75]. 1,2-Di-
methyl-6,7-dihydroxyisoquinolinium, but not its parent
compound, N-methylsalsolinol, causes necrotic cell death
in human dopaminergic neuroblastoma SH-SY5Y cells [67].
The cytotoxicity of a range of isoquinoline derivatives to
human dopaminergic neuroblastoma SH-SY5Y cells
showed that catechol isoquinoline derivatives (e.g. salsoli-
nol and 1,2-dimethyl-6,7-dihydroxyisoquinolinium) were
more potent than their non-catechol congeners (1,2,3,4-
tetrahydroisoquinoline and 1,2-dimethylisoquinolinium) in
conferring toxicity to SH-SY5Y cells [76]. A recent study
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showed that isoquinoline and 1,2,3,4-tetrahydroisoquino-
line caused apoptotic cell death in PC12 cells and SK-
N-MC dopaminergic cell lines by a mechanism that appears
to involve inhibition of the mitochondrial respiratory chain
and generation of free radicals [64]. In our studies, the
toxicity of the isoquinoline derivatives, isoquinoline, N-
methylisoquinolinium, 6,7-methylenedioxyisoquinoline, and
1,2,3,4-tetrahydroisoquinoline to PC12 cells, directly corre-
lated with their affinity for the dopamine re-uptake system
(but not mitochondrial inhibitory potency) which appeared to
be the limiting factor in their relatively weak toxicity (Table

1) [77].

In Vivo Neurotoxicity

Studies of the in vivo neurotoxicity of isoquinoline deriva-
tives have produced conflicting results. Subcutaneous ad-
ministration of 1,2,3,4-tetrahydroisoquinoline to marmo-
sets (50 mg/kg daily for 11 days) or squirrel monkeys (20
mg/kg for 104 days) was reported to produce a parkinsonian
syndrome with biochemical (inhibition of nigral tyrosine
hydroxylase activity), neurochemical (reduction in nigral
dopamine levels), and behavioural changes indicative of
neuronal toxicity [27, 78]. Also, chronic administration of
1-benzyl-1,2,3,4-tetrahydroisoquinoline was reported to in-
duce parkinsonism in primates [46]. In contrast, subcutane-
ous administration of N-methyl-1,2,3,4-tetrahydroiso-
quinoline (10 mg/kg twice daily for 100 days) to aged rhesus
or crab-eating monkeys produced no pathological abnor-
malities in the substantia nigra [79]. Similarly, chronic
infusion (30 mg over 4 weeks, then 150 mg over the next
4 weeks) of N-methylisoquinolinium and N-methylnorsal-
solinol into the lateral ventricles of macaque monkeys
again failed to produce pathological change in the substan-
tia nigra [79]. In black C57 mice, subcutaneous injection of
1,2,3,4-tetrahydroisoquinoline (50 mg/kg daily for 70 days)
was not toxic to nigral dopamine-containing neurones even
though these cells are susceptible to MPP™ [80]. Indeed,
treatment of black C57 mice for 26 days with the maximum
tolerated dose of 1,2,3,4-tetrahydroisoquinoline (cumula-
tive dose, 2120 mg/kg, s.c.) produced no effect on striatal
dopamine content [81]. Furthermore, treatment of black
C57 mice for 5 days with the maximum tolerated dose of
1-(3’,4'-dihydroxybenzyl)-1,2,3,4-tetrahydroisoquinoline

or 1-benzyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline
produced some or no behavioural abnormality indicative of
parkinsonism [44]. Indeed, unilateral injection (8 pg) of
N-methylnorsalsolinol into the medial forebrain bundle of
rats did not produce cell death [82].

These discrepancies may relate to the route, dose, and
period of administration, and to the physiochemical prop-
erties (e.g. lipophilicity) of the particular isoquinoline
derivatives studied. For example, while systemic adminis-
tration of MPTP to primates produces a marked nigrostri-
atal toxicity due to its ability to cross the blood—brain
barrier, isoquinoline derivatives, such as salsolinol [83],
1,2,3,4-tetrahydroisoquinoline and N-methyl-1,2,3,4-tetra-
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hydroisoquinoline [42, 43], are less lipophilic and may not
enter the brain to the same degree. However, isoquinoline
derivatives are synthesized and metabolized in brain, and so
their direct toxicity to nigral cells needs to be assessed
[38—41]. Indeed, direct intracerebral (intranigral, intraven-
tricular, or intrastriatal) application of MPP™ is required to
produce destruction of the substantia nigra pars compacta
and nigrostriatal pathway. As such, we examined the effects
of chronic (7 days; 150 nmol/day) unilateral supranigral
infusion of N-n-propylisoquinolinium, 6,7-dimethoxy-1-
styryl-3,4-dihydroisoquinoline, ~N-methyl-6,7-dimethoxy-
isoquinolinium and 1,2,3,4-tetrahydroisoquinoline com-
pared with those of MPP™ in rats (Fig. 3) [84]. The latter
two isoquinoline derivatives produced destruction of the
nigrostriatal system, although they were less toxic than
MPP* (Table 1). In addition, while affinity for the dopa-
mine re-uptake system appeared to be the limiting factor in
the expression of toxicity, inhibition of mitochondrial
function was the primary, if not the only mechanism by
which these compounds exerted toxicity [84]. These find-
ings suggest that high concentrations of and/or prolonged
exposure to isoquinoline derivatives may be necessary to
produce significant dopaminergic toxicity. This, however,
does not discount the possible involvement of isoquinoline
derivatives in the pathophysiology of PD since the slowly
progressive nature of the disease, which often spans several
decades, suggests that a mild but prolonged degenerative
process may be responsible for neuronal loss in the disease.

CLINICAL RELEVANCE

Can Isoquinoline Derivatives Cause Neurodegeneration
in PD?

The scarcity of data on the levels of isoquinoline deriva-
tives in the brains of untreated PD patients makes it
difficult to relate their potency in inhibiting mitochondrial
function, affinity for the dopamine re-uptake system, and
their toxicity to dopamine-containing cells in culture and
in experimental animal models, to their potential for
causing neurodegeneration in PD. However, even if only
low concentrations of isoquinoline derivatives are found in
PD and if they have only weak neurotoxic properties, the
effects could be cumulative over a prolonged period of
exposure. This is important considering that the pre-
symptomatic and symptomatic stages of PD span many
years. Alternatively, the concentrations of isoquinoline
derivatives in brain could be elevated due to increased
synthesis or impaired metabolism, and there is evidence to
suggest that this could be the case in PD. For example, the
levels of 1,2,3,4-tetrahydroisoquinoline, tetrahydropapav-
eroline, and salsolinol are elevated in the brain and urine of
parkinsonian patients [36, 37, 85]. Although this may be
related to L-DOPA treatment, resulting in increased syn-
thesis of isoquinoline derivatives, impaired metabolism of
these compounds cannot be excluded. Indeed, metabolism
of debrisoquine (2-amidino-1,2,3,4-tetrahydroisoquinoline)
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and the activity of cytochrome P450 isoenzymes may be
impaired in some parkinsonian patients, although this is
controversial [4, 86].

Is There Evidence That Isoquinoline Derivatives Cause
Neurodegeneration in PD?

If isoquinoline derivatives are responsible for neuronal
death in PD, then it is reasonable to presume that increased
risk of developing the disease and the occurrence of PD
would be associated with exogenous/endogenous factors
increasing brain concentrations of these compounds and/or
imparting vulnerability to their toxic actions at normal or
elevated levels. Since isoquinoline derivatives are widely
distributed in the environment and are able to cross the
blood—brain barrier, it is reasonable to suspect that the
incidence and prevalence of PD could be higher in coun-
tries/communities where these sources of isoquinoline de-
rivatives constitute a part of the normal diet. However,
there is no evidence to suggest that the occurrence of PD is
related to diet in any country [14]. Indeed, plants and fruits
containing high levels of isoquinoline derivatives predom-
inate in extreme climates like the desert and tropics, but
the occurrence of PD in these regions shows little or no
difference compared with other countries [31, 87]. In the
brain of animals and humans, increased levels of isoquino-
line derivatives occur following alcohol consumption
(which is metabolized in vivo to produce aldehydes), eleva-
tion of dopamine levels in schizophrenics, or following
L-DOPA administration [28, 48]. However, there is no
evidence to suggest that chronic alcoholism leading to
Wernicke-Korsakoff syndrome or schizophrenia is associ-
ated with an increased risk of developing PD. In parkinso-
nian patients undergoing chronic 1-DOPA therapy, the
levels of some isoquinoline derivatives are increased in the
brain and urine, but this may be due to the L-DOPA
therapy itself. It is therefore necessary to determine the
levels of isoquinoline derivatives in untreated PD subjects
compared with normal individuals to determine the corre-
lation between the levels of isoquinoline derivatives and
occurrence of the disease. Indeed, in recent years, there has
been some concern that, despite L-DOPA being the most
effective symptomatic therapeutic agent for treating PD, it
may also hasten the underlying neurodegenerative process
[88, 89]. This is thought to be due to increased synthesis
and metabolism of dopamine-generating free radicals and
other toxic species [88, 89]. However, increased production
of isoquinoline derivatives cannot be excluded. Interest-
ingly, a recent study reported that increased CSF salsolinol
levels in normal, treated, and untreated PD patients were
not affected by L-DOPA treatment, but may be associated
with the occurrence of dementia [90]. The failure to
associate the development of PD with increased endoge-
nous isoquinoline derivatives may be due to the possibility
that PD patients have a genetically determined susceptibil-
ity to normal brain levels of isoquinoline derivatives.
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Indeed, metabolism of various xenobiotics (e.g. phenytoin
and debrisoquine) may be impaired in PD, and these may be
determined genetically [3-5, 86]. In addition, other sub-
stances that are acquired (or genetically derived) may be
required to operate simultaneously or in sequence with
isoquinoline derivatives to cause nigral cell death. This
hypothesis relates to the observation that the co-adminis-
tration of ethanol or acetaldehyde with MPTP in mice
markedly increased irreversible dopamine depletion and
nigrostriatal damage as compared with MPTP treatment
alone [91, 92]. Although the underlying mechanism of this
is not known, it is not due to alterations in the metabolism,
dopaminergic uptake, or pharmacokinetics of MPTP [91,
92]. The ageing process may also play an important role in
the activity of isoquinoline derivatives through increased
synthesis and accumulation, reduced ability for metabolism
and clearance, and increased mitochondrial susceptibility.
However, at present, little or nothing is known of these
factors with regards to the neurotoxic potential of isoquino-
line derivatives.

CONCLUSION

These early studies have provided valuable insights into
some of the neurotoxic properties of isoquinoline deriva-
tives. The emerging evidence suggests that isoquinoline
derivatives are metabolized to generate active isoquino-
linium cations and free radicals. Isoquinoline derivatives
are selective and potent inhibitors of complex I and
o-KGDH activity, but are less effective inhibitors of
NADH:-linked mitochondrial respiration, are moderate to
poor substrates for the dopamine re-uptake system, and
display weak toxicity to dopamine-containing cells. Sub-
strate affinity for the dopamine re-uptake system appears to
be the limiting factor in cytotoxicity of isoquinoline deriv-
atives, although inhibition of mitochondrial function
and/or generation of free radicals mediate necrotic and
apoptotic cell death. Therefore, it is conceivable that if
there are high concentrations of and/or prolonged exposure
to isoquinoline derivatives, or if these compounds are
formed intraneuronally, isoquinoline derivatives could
cause neuronal death in PD. There are, however, other
areas of investigation that will further advance our knowl-
edge of the neurotoxic potential of isoquinoline derivatives
and their relevance to the aetiology of PD. In particular, it
is crucial to perform further studies to determine the normal
and pathological (in the pre-symptomatic and symptomatic
stages of untreated PD) concentrations of isoquinoline
derivatives in brain to provide a clearer picture of their
neurotoxic potential for causing PD.
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