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ABSTRACT 

Tyrosine hydroxylase, monoamine oxidase and aldehyde dehydrogenase all form oxygen radicals as part of their 
mechanisms of action. These oxygen radicals damage dopaminergic neurons in the substantianigra of the midbrain and 
cause them to die by a process of necrosis or apoptosis. Oxygen radicals quickly abstract hydrogen from DNA forming 
DNA radicals and causing DNA fragmentation, activation of DNA protective mechanisms, NAD depletion and cell 
death. Tyrosine hydroxylase is present in all dopaminergic neurons, is involved in the synthesis of dopamine and forms 
oxygen radicals in a redox mechanism involving its cofactor, tetrahydrobiopterin. Levodopa is used therapeutically in 
Parkinson’s disease patients since it is a precursor for dopamine, an inhibitor of tyrosine hydroxylase, and prolongs pa-
tient’s lives. Monoamine oxidase converts dopamine into 3,4-dihydroxyphenylacetaldehyde and forms oxygen radi-
cals.Aldehyde dehydrogenase oxidizes the aldehyde and forms oxygen radicals and 3,4-dihydroxyphenylacetic acid. 
The treatment of Parkinson’s disease should involveinhibitors of oxygen radical formation in dopaminergic neurons and 
neuroprotective agents that stimulate DNA repair and prevent cell death. 
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1. Introduction 

Even though drug therapy in Parkinson’s diseaseis effec-
tive treatment for the symptoms of patients in the early 
stages of the disease [1,2], the disease progresses. It has 
been known since the 1950’s that levodopa (Figure 1) 
prolongs the lives of patients with Parkinson’s disease 
[1]. Many drugs are currently used in Parkinson’s disease 
including rotigotine and other dopamine agonists, entaca- 
pone which inhibits catechol-O-methyltransferase (COMT) 
and monoamine oxidase (MAO) inhibitors. 

Newdrug therapy in Parkinson’s disease should invol-
veneuroprotective agents that protect the brain from the 
damaging effects of oxygen radicals and slow down the 
progression of the disease [1]. It has been suggested that 
Parkinson’s disease, like Alzheimer’s disease, will affect 
most people who live long enough. It is known that, 
many people develop both Alzheimer’s and Parkinson’s 
diseases [3].  

Parkinson’s disease is caused by the destruction of 
dopaminergic neurons, especially in the midbrain. Animal 
models of Parkinson’s disease have shown that dopa-
minergic neurons undergo apoptosis or necrosis [1]. Do- 
paminergic neurons die by a multifactorial process of 
oxidative stress involving oxygen radical generation by 
several mechanisms. The major source of oxygen radi-
cals in dopaminergic neurons is the enzymatic oxidation 
of dopamine, not the nonenzymatic oxidation of dopa-

mine with the formation of 6-hydroxydopamine [4], since 
this is a minor product of dopamine oxidation. Sponta-
neous oxidation of inherently unstable 6-hydroxydopa-
mine produces superoxide radical anion, hydrogen per-
oxide and perhaps hydroxyl radical [5,6]. Iron or neuro-
melanin may be involved in the oxidation of 6-hydroxy- 
dopamine [7,8]. 

The major oxidation of dopamine occurs by MAO 
which produces oxygen radicals as part of its mechanism. 
These radicals attack DNA very rapidly [1]. Aging in-
creases DNA fragmentation induced by oxygen radicals 
[9]. Neuroprotective agents that enhance DNA protective 
mechanisms may be able to slow down the progression 
of Parkinson’s disease. 

Several mechanisms of oxygen radical formation in 
dopaminergic neurons are known. A minor mechanism is 
that dopamine may oxidize, nonenzymatically, forming 
oxygen radicals, dopaminequinones, dopamine semiqui- 
nones and neuromelanin [10]. Another minor pathway 
involves MAO formation of dopaminesemiquinone radi-
cals and similar metabolites of dopamine [11-13]. 

Dopamine oxidation by MAO is a major factor in the 
progression of Parksinons’s disease. Dopamine autoxida-
tion is clearly not the major mechanism involved the 
progression of Parkinson’s disease. Levodopa therapy 
increases brain dopamine levels, increases dopamine 
turnover and prolongs the lives of patients [14-16]. Levo- 
dopa greatly improves the quality of life and length of  
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Figure 1. The metabolic oxidation of levodopa in the body. 
COMT is catechol-O-methyltransferase. MAO is monoam-
ine oxidase. ALDH is aldehyde dehydrogenase. DOPAC is 
dihydroxyphenylacetic acid. HVA is homovanillic acid. 
 
life in Parkinson’s disease patients [1]. Dopamine auto- 
xidation is not the major mechanism critical to disease 
progression, since levodopa treated patients do not die 
faster than untreated patients. Of course, levodopa may 
be able to induce toxicity in the midbrain after prolonged 
use, which may limit the long term use of levodopa.  

Several antioxidants, that protect lipids from oxygen 
radical damage, have been examined with no success. 
Vitamin E is a very potent inhibitor of lipid peroxidation 
and is not effective at slowing the progression of the dis-
ease [1]. Clearly, protecting lipids in dopaminergic neu-
rons is not the critical mechanism in Parkinson’s disease.  

Current therapy involves dopaminergic agonists, pra- 
mipexole andropinirole, as the first therapy in Parkin-
son’s disease or as adjuncts to levodopa [17-19]. There is 
preliminary evidence that these agents may be able to 
slow down disease progression [20-22]. However, stud-
ies must be done to see if dopamine agonists really ex-
tend the lives of patients. Despite putative neuroprotec-
tion in a five year study with ropinirole and pramipexole, 
the motor scores of patients were worse than levodopa 
treated patients [23]. This result may indicate that levo- 
dopa slows disease progression whereas dopamine ago-  

nists do not. However, patients treated with pramipexole 
or ropinirole have a delayed requirement for levodopa 
therapy. This may imply that pramipexole and ropinirole 
slow down disease progression somewhat. Longevity stu- 
dies are required to see if dopamine agonists actually do 
slow down disease progression. 

Both pramipexole and ropinirole have toxicity prob-
lems in patients. They induce orthostatic hypotension and 
dizziness [24], which may lead to falling, hip fracture and 
potential death of patients. Apomorphine, a dopamine 
agonist, induces cardiac toxicity, including sudden death, 
myocardial infarction and angina, in 4% of patients [24]. 
All dopaminergic agonists induce hallucinations in a 
large portion of patients [25], which can make caring for 
patients a problem. As the disease progresses, the effects 
of dopamine agonists wane [26].Post marketing studies 
of pramipexole and ropinirole have reportedcardiac tox-
icity includingheart valve fibrosis [27], although at a 
lower incidence than for the dopaminergic agonists, ca-
bergoline and pergolide [28]. Cardiac toxicity from do-
pamine agonists may limit their use in Parkinson’s dis-
ease. 

2. Apoptosis or Necrosis 

Dopaminergic neurons die through both necrotic and 
apoptotic mechanisms. Necrosis involves swelling and 
rupture of the nucleus, swelling and rupture of the cyto-
plasm, intranuclear vacuoles, loss of cytoplasmic organi- 
zation, and occasionally mitochondrial swelling [29,30]. 
Apoptosis involves condensation of the nucleus, con-
densation of the cytoplasm, large cytoplasmic vacuoles, 
and mitochondrial shrinkage, leading to disintegration of 
the cell with the formation of apoptotic bodies [29-31].  

Work with t-butylhydroperoxide, an oxidative stress 
inducing agent, has shown that the dose of oxidative 
stress determines whether the cells die predominantly 
from necrosis or apoptosis [29,30,32]. The presence of 
large amounts of reactive oxygen species causes predo- 
minantly necrosis. DNA is a primary target of oxygen 
radicals and fragments within minutes [30-32]. This ac-
tivates poly(ADP-ribose) polymerase and other protec-
tive enzymes [30-32]. Normal cellular defense mecha-
nisms, involving glutathione and other mechanisms, are 
overwhelmed [33-35]. The normal energy supply, in-
volving ATP, NADH and NADPH, is exhausted [31]. 
This may allow cytoplasmic membrane channels to open 
with the influx of ions and water. The cell cannot survive 
and dies by necrosis. 

Apoptosis involves a smaller dose of reactive oxygen 
species [29,30,32]. A small amount of DNA fragmenta-
tion occurs. Protective enzymes are activated, without the 
depletion of ATP, NADH and NADPH. DNA fragmen-
tation may activate apoptotic programs that lead to de-
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layed cell death. The apoptotic programs activated in 
Parkinson’s disease have been described [36]. 

2.1. Dopamine Oxidation by MAO 

Free dopamine, in nerve terminals, can oxidize and pro- 
ducequinones, semiquinones and neuromelanin [10]. How- 
ever, there is very little free dopamine in nerve terminals 
since it is captured and stored in vesicles to be reutilized. 
Some dopamine encounters mitochondria where it may 
be metabolized by MAO B and MAO A to produce hy-
drogen peroxide, superoxide and hydroxyl radical [37]. 
This is probably the major source of oxygen radicals 
from dopamine oxidation. Hydrogen peroxide is detoxi-
fied by glutathione peroxidase with glutathione oxidation, 
a sign of oxidative stress induction in neurons [38]. Do- 
pamine oxidation by MAO produces 3,4-dihydroxypheny- 
lacetaldehyde. MAO is a flavin protein found in all mi-
tochondria and derives reducing equivalents from its sub-
strate amines. One electron is donated from the amine to 
make the anionic semiquinoneflavin [39]. Dopamine is 
converted into an aminium radical cation that abstracts 
hydrogen from an adjacent carbon forming an imminium 
radical after loss of a proton. The imminium radical hy- 
drolyzes to form the product aldehyde, and ammonia. 
However, the anionic semiquinoneflavin (Fl–) can inter- 
act with oxygen to make hydrogen peroxide or oxygen 
radicals (Figure 2).  

A hallmark of Parkinson’s disease is low levels of do-
pamine in the striatum [1]. As dopamine levels decrease, 
the oxidation of dopamine may decrease such that the 
formation of oxygen radicals may decrease. However, 
the turnover of dopamine may increase during the dis-
ease process [40] such that oxygen radical formation may 
be high in some neurons.  

Inhibition of MAO B is a therapeutic mechanism used 
in Parkinson’s disease with selegiline. The inhibition of 
MAO B could decrease oxygen radical formation in 
dopaminergic neurons and could be neuroprotective. The 
DATATOP study and studies by the Norwegian-Danish 
Study Group and the Swedish Parkinson Study Group 
have shown that selegilinedelays the need for levodopa 
therapy and slows down disease progression [41-43]. 
However, selegiline can also causepostural hypotension, 
arrhythmias, hypertension and the serotonin syndrome 
[44]. It interacts with meperidine and serotonin reuptake 
inhibitors such as fluoxetine to cause death or serious 
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Figure 2. Oxygen radical formation by MAO. Fl is flavin. 

complications due to the serotonin syndrome [24]. Rasa- 
giline is an irreversible MAO inhibitor, used in Parkin-
son’s disease, which appears to be selective for MAO B. 
Selegiline isan irreversible inhibitor of MAO B. When 
MAO B is irreversibly inhibited, it must be replaced by 
newly synthesized MAO B. This process may take 40 
days [45]. It may make sense to use selegiline once every 
month. More frequent use of selegiline could result in 
overdosing and potential toxicity. 

2.2. Aldehyde Dehydrogenase 

Aldehyde dehydrogenase is a family of related enzymes 
that oxidize exogenous and endogenous aldehydes. The 
brain contains fairly abundant amounts of aldehyde de- 
hydrogenase [46]. In some brain areas such as the stria- 
tum, the majority of the enzyme is mitochondrial. Alde- 
hyde dehydrogenase is not aflavoprotein. The enzyme 
oxidizes aldehydes such as 3,4-dihydroxyphenylacetald- 
hyde (DOPAL) to produce 3,4-dihydroxyphenylacetic acid 
(DOPAC, Figure 1). Mitochondrial (ALDH2) and cyto-
solic (ALDH1) human aldehyde dehydrogenases have 
been characterized. They have 70% identity in their pri-
mary sequences and are expressed in the brain at the 
same levels [46]. 

A sulfhydryl and NAD+ are present inthe catalytic 
center of aldehyde dehydrogenase. The sulfhydryl is 
probably active as a thiolate anion (Figure 3). The sulf- 
hydryl binds aldehydes, which allows NAD+ to abstract 
hydrogen from the aldehyde forming a pyridinyl radical 
and a substrate radical [47]. The sulfhydryl group stabi- 
lizes the substrate radical through double bond formation. 
An electron is then transferred to the pyridinyl radical, 
which allows the formation of NADH. In general, sulfur 
radicals are fairly stable which may allow oxygen to in-
teract forming superoxide. The sulfur radical may also 
transfer an electron to the pyridinyl moiety, forming the 
pyridinylradical, which is more stable than the sulfur 
radical. The pyridinyl radical can then interact with an- 
other molecule of oxygen forming more superoxide. It 
should be mentioned that the majority of the catalytic 
mechanism occurs through a two electron (H−) hydride 
transfer [48] from the substrate to NAD+. The sulfhydryl  
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Figure 3. Oxygen radical formation by ALDH. 
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bound ketone is formed, that hydrolyzes making the 
product acid. 

Aldehyde dehydrogenase inhibitors could be consid-
ered for use in Parkinson’s disease. Aldehyde dehydro-
genase inhibitors could slow down the progression of the 
disease, since they might inhibit oxygen radical forma-
tion. There is a major interaction of alcohol and aldehyde 
dehydrogenase inhibitors. Severe nausea and vomiting 
can result from this interaction and may seriously limit 
the use of aldehyde dehydrogenase inhibitors in Parkin-
son’s disease. 

2.3. Tyrosine Hydroxylase  

Tyrosine hydroxylase makes dopamine from tyrosine and 
is the rate limiting enzyme in the synthesis of dopamine 
[1]. The enzyme is found only in dopaminergic and cate- 
cholaminergic neurons and adrenal cells. The enzyme 
contains iron and biopterin as (6R,6S)-5,6,7,8-tetrahydro- 
biopterin, and forms oxygen radicals [49]. Tyrosine hy-
droxylase activity decreases with age due to enhanced 
deactivation [50]. The enzyme exists in four forms and is 
most abundant in human brain as TH1 and TH2 [51]. 
Dopamine binds to a specific site in the N-terminus and 
exerts feedback inhibition on the enzyme [49,52]. As 
dopamine levels decrease due to Parkinson’s disease, this 
feedback inhibition is released. This may result in in-
creased dopamine synthesis in some neurons with in-
creased oxygen radical formation by tyrosine hydroxy-
lase. Levodopa therapy increases dopamine levels in neu- 
rons reestablishing the feedback inhibition and decreas-
ing oxygen radical formation [46]. Therefore, it appears 
that dopamine inhibition of tyrosine hydroxylase is a cri- 
tical mechanism in decreasing oxygen radical formation 
in Parkinson’s disease therapy. 

Tyrosine hydroxylase performs both one and two elec-
tron reductions [49]. The major catalytic mechanism in-
volves one electron processes with 4a-carbinolamine 
formation from tetrahydrobiopterin (Figure 4). This in-
volves electron donation from tetrahydrobiopterin 1 to 
ferric iron making 2, the radical cation [49,53]. This is 
the major mechanism of the enzyme.Oxygen interacts 
with the radical cationforming an unstable intermediate 
such as a peroxyl radical or radical hydroperoxide 3. In 
addition, oxygen can interact with the radical cation to 
produce superoxide. Otherresearch has also found oxy-
gen radical generation from tyrosine hydroxylase [54, 
55].  

Levodopa should remain the mainstay of Parkinson’s 
disease therapy [24]. Levodopa has two main mecha-
nisms of action: as a precursor for dopamine; and as a 
feedback inhibitor of tyrosine hydroxylase, which de-
creases oxygen radical formation [49]. Therapeutic levels 
of levodopa, through dopamine, are adequate to fully  
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Figure 4. Oxygen radical formation by tyrosine hydroxylase. 
Tetrahydrobiopterin (1), radicalcation (2), hydroperoxide (3), 
quinonoiddihydrobiopterin (4). 
 
inhibit tyrosine hydroxylase anddecrease oxygen radical 
formation by the enzyme [49]. This is a neuroprotective 
effect of levodopa. Levodopa is the only agent shown to 
increase the life span of patients [14-16]. Prior to levo- 
dopa, patients only lived 10 - 15 years after diagnosis. 
Since the introduction of levodopa, patients live longer. 
Levodopa may also be more effective against symptoms 
than other agents [18,26].  

Levodopa is clearly toxic to neurons in culture [56]. It 
has been suggested that levodopa cannonenzymatically-
oxidize leading to oxygen radical formation [56]. This 
could lead to dyskinesias and on-off phenomena noted 
after 5 years or more of levodopa treatment. However, 
studies have demonstrated that disease duration (progres-
sion), not therapy duration, correlates with dyskinesias 
and motor fluctuations [23]. Nonetheless, decreasing the 
dose of levodopa is a goal in Parkinson’s disease. This 
can be done with concomitant use of other agents such 
asdopamine agonists or selegiline. 

Inhibitors of tyrosine hydroxylase, other than levodopa, 
should be examined in Parkinson’s disease. Patients on 
levodopa appear to exist for years with inhibited tyrosine 
hydroxylase. Other inhibitors might be useful in Parkin-
son’s disease. Tyrosine hydroxylase inhibitors could pro- 
vide a new approach to the treatment of Parkinson’s dis- 
ease. 

3. Nicotinamide 

Neuroprotection through protection of DNA in dopa-
minergic neurons is an approach to the treatment of 
Parkinson’s disease. Nicotinamide, a vitamin B3, has 
been shown to protect DNA in the midbrain and decrease 
cell death in a model of Parkinson’s disease [30]. 
Nicotinamide is a precursor for brain NAD, is taken up 
rapidly into the brain and results in 50% increases in 
brain NAD levels within a few hours [32]. NAD is a sub-
strate for poly (ADP-ribose) polymerase (PARP), a criti-
cal enzyme in DNA protection, that is activated by DNA  
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nicks and double strand breaks. PARP uses NAD to alter 
the activities of histones and other nuclear enzymes 
through poly (ADP-ribosylation). This ribosylation proc-
ess activates several repair enzymes that rapidly restore 
DNA. However, the consequence of PARP activity is 
decreased levels of NAD, [32] an adenine containing 
compound. Depletion of NAD also causes ATP depletion 
[57] and the loss of cellular energy that leads to cell 
death. Nicotinamide is a precursor for NAD and protects 
cellular NAD and ATP levels during DNA damage and 
repair [57].  

Nicotinamide has been shown to decrease cell death 
that occurs through apoptotic or necrotic mechanisms [9, 
30,57-60]. In animals treated with t-butylhydroperoxide, 
apoptosis decreased in the brains of animals treated with 
nicotinamide [58]. In a stroke model, the brain had a 
smaller infarct volume, less necrosis and less apoptosis in 
animals treated with nicotinamide [59,60]. Nicotinamide 
could be easily tested in clinical trials since it is a well 
known vitamin. 

Up to 30% of elderly people are deficient in nicotina-
mide [61]. Severe nicotinamide deficiency causes fatal 
neurodegeneration, known as Pellagra. Clinical trials have 
found good results with NAD therapy in Alzheimer’s 
disease and Parkinson’s disease [62,63]. NAD is de-
graded to nicotinamide in the gut such that NAD is a 
delivery form for nicotinamide. Nicotinamide itself may 
be useful therapy in Parkinson’s disease. 

The toxicity of nicotinamide is mild. Nicotinamideis 
associated with none of thetoxicity of niacin. Nicotina-
midehas been shown to produce vasodilation, induce 
several enzymes and inhibit the synthesis of other en-
zymes [31]. The major metabolic product of nicotina-
mide is NAD, in the brain and other organs [31]. A minor 
metabolite of nicotinamide is N-methylnicotinamide [31], 
which interacts with complex 1 in mitochondria to pro-
duce oxygen radicals and destroy complex 1 [64]. Injec-
tion of N-methylnicotinamide into the rodent midbrain 
decreases striatal dopamine [64]. The formation of N- 
methylnicotinamide from nicotinamide in the brain should 
be examined. Nicotinamide in excess can shorten the life 
span of some cells in culture possibly by inhibiting Sir2 
enzymes [65]. The possible importance of this mecha- 
nism should be examined in the brain. 

4. Conclusion 

Many important mechanisms of oxygen radical forma-
tion exist in dopaminergic neurons. MAO makes oxygen 
radicalsandis important in Parkinson’s disease. MAO B 
inhibition is a widely used therapy in Parkinson’s disease, 
although the benefits may be mild. The formation of 
oxygen radicals by aldehyde dehydrogenase is not a cur-
rent therapeutic target in Parkinson’s disease. Inhibition  

of aldehyde dehydrogenase can produce very unpleasant 
interactions with alcohol. Tyrosine hydroxylase induced 
oxygen radical formation is already a mainstay in Park-
inson’s disease therapy with levodopa. Levodopa causes 
dopamine levels to increase in dopaminergic neurons, 
which can inhibit tyrosine hydroxylase through feed back 
inhibition. Nicotinamide protects neuronal DNA, is neu-
roprotective and should be explored as a means of de-
creasing the progression of Parkinson’s disease. 
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