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Many in vitro studies have shown that levodopa is a potent toxin which is lethal to various cultured neuronal and 
non-neuronal cells. The in vitro toxicity of levodopa is linked mainly to its auto-oxidation, which generates a variety of 
harmful free radical species including Superoxide, hydrogen peroxide, and hydroxyl radicals, and also semiquinones and 
quinones produced via the dopa-melanin metabolic route. Such toxic effects of levodopa can be blocked by co-treatment 
with antioxidants, particularly thiol-containing compounds. Several studies have shown that levodopa kills cells by trig
gering apoptosis, an active, intrinsic cell suicide program. Exposure of cultured neurons to levodopa induced the char
acteristic apoptotic cascade, including cell shrinkage, membrane blebbing, and nuclear and DNA fragmentation. Al
though levodopa is extremely toxic in vitro, there is no evidence that it damages nigrostriatal dopaminergic neurons in 
vivo in experimental animals and in patients with Parkinson's disease (PD). Likewise, although there is some evidence 
for the occurrence of apoptosis in the parkinsonian substantia nigra, it is not known whether levodopa administration 
is capable of inducing or accelerating programmed ceil death of residual pigmented nigral neurons in PD. 
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Toward the end of the twentieth century, clinical neu
rologists are fortunate to have many therapeutic op
tions at their disposal to improve symptoms and signs, 
motor function, and quality of life of many patients 
with Parkinson's disease (PD). These include pharma-
cologic measures such as dopamine agonists, mono-
amine oxidase (MAO) inhibitors, anticholinergics, and 
amantadines, and also ablative, stimulatory, and trans-
plantational surgical approaches.1' However, despite 
the tremendous progress in the field, levodopa contin
ues to maintain its pivotal role in the treatment of PD 
since its introduction about 30 years ago.3 Oral levo
dopa remains the most effective antiparkinsonian drug 
and its efficacy can be further amplified by its com
bined administration with peripheral dopa decarboxyl-
ase inhibitors, MAO inhibitors and, recently, also with 
catechol-o-methyltransferase (COMT) inhibitors. The 
latter act to decrease peripheral metabolism of levo
dopa, enhance its entry through the blood-brain bar
rier, and increase levels and durations of the dopamine 
generated from the exogenous levodopa in central syn
apses. In all likelihood, use of levodopa as the most 
common and effective drug will also continue in the 
beginning of the next millennium. 

On one hand, the mechanism of action of levodopa 
appears rather simple. Unlike the missing neurotrans-
mitter dopamine, orally administered levodopa can 
cross the blood-brain barrier. Once in the striatum it is 
converted to receptor-accessible dopamine by the en-
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zyme dopa decarboxylase present in the surviving ni
grostriatal nerve terminals and in nondopaminergic cell 
compartments. ' Therefore, exogenous levodopa can 
replenish the markedly reduced levels of dopamine in 
the parkinsonian striatum and repair the arrested or 
suppressed nigrostriatal dopaminergic neurotransmis-
sion. However, accumulating experience derived from 
both clinical and basic research indicates that the inter
actions of long-term levodopa with PD are far from 
simple. Rather, they are extremely complex and, in 
part, still enigmatic. Therefore, although use of levo
dopa provides a remarkable benefit for the patient, its 
utilization causes a persistent concern among neurolo
gists and their patients. There are several reasons for 
this constant apprehension. First, exogenous levodopa 
is not precisely a physiologic treatment for PD. 6 When 
given orally it reaches and floods the entire brain and 
"bombards" not only the basal ganglia and the dopa
minergic receptorial system but also the entire CNS. In 
addition, exogenous levodopa and the dopamine it 
generates are handled differently from the endogenous 
levodopa formed from tyrosine hydroxylation.7 Nor
mally, conversion of tyrosine to levodopa is a rate-
limiting step and is greatly dependent on the firing rate 
of the dopaminergic neuron. Furthermore, the dopa
mine formed from endogenous tyrosine and levodopa 
is mostly stored in vesicles, and its release and synthesis 
are linked to the neuronal firing rates. By contrast, syn
thesis and release of the dopamine formed from exog-
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enous levodopa are entirely dissociated from the dopa-
minergic neuronal activity. In addition, the dopamine 
molecules that are produced from systemically admin
istered levodopa in surviving nigrostriatal terminals and 
also in nondopaminergic striatal compartments (eg, 
glial cells, endothelial cells of capillaries, serotonergic 
and nonaminergic neurons) are, in all likelihood, not 
stored within vesicles but spilled into the synapse as 
soon as they are generated, stimulating the receptors in 
a nonphysiologic manner and being rapidly metabo
lized. These may be the reasons why chronic treatment 
with levodopa is associated with many adverse reac
tions including dyskinesias, complex motor fluctua
tions, and psychosis. 

Another cause for anxiety is the possibility that treat
ment with levodopa may be toxic to the remaining do-
paminergic neurons (and perhaps to other nondopam
inergic neurons and glia). Most importantly, there is 
concern that sustained levodopa administration might 
change the predetermined natural history of PD and 
accelerate its progression by increasing the rate of ni
grostriatal degeneration. If levodopa is indeed toxic to 
the surviving dopaminergic neurons in parkinsonian 
patients, it would be a wise and conservative approach 
not to start treatment with levodopa immediately in 
newly diagnosed cases but rather to postpone it until 
the more advanced stages of the illness.9-12 

In Vitro Toxicity of Levodopa 
Many studies have shown that levodopa is a very pow
erful toxin that readily kills various cultured neuronal 
and non-neuronal cells.13-15 In vitro toxicity of levo
dopa may be linked to auto-oxidation,16 a process ca
pable of generating a variety of toxic reactive oxygen 
species including hydrogen peroxide and the Superox
ide and hydroxyl free radicals. The presence of transi
tion metals may enhance these toxic reactions.1 17 

Levodopa can also undergo auto-oxidation with the 
synthesis of semiquinone and quinone metabolic inter
mediaries and the formation of dopa-melanin pig
ments.18 These species are also toxic and may them
selves be lethal to cells in vitro. Blockade of in vitro 
toxicity of levodopa by combined treatment with anti-
oxidants (particularly the thiol-containing compounds) 
supports the crucial role of levodopa-derived reactive 
oxygen species. ~~~ Levodopa and its damaging me
tabolites may kill cells by causing lipid peroxidation 
and membrane disruption."3 It may poison the mito-
chondrial respiratory apparatus, mainly, but not exclu
sively, complex I and IV.2 2 ' Levodopa has also been 
shown to be genotoxic and to cause nuclear DNA 
damage.27'28 Dopamine itself is also extremely tox
ic,' ' 9 being equipotent to levodopa in its lethal effects 
in tissue culture.1 It has been suggested that levodopa 
toxicity is due, at least in part, to its conversion to 
dopamine.30 

Levodopa and Apoptosis 
There are two major modes of cell death, necrosis and 
apoptosis. -" Necrosis is characterized by the nonse-
lective death of many cell groups, associated with loss 
of membrane integrity, ballooning of the cell and its 
lysis without vesicle formation, and swelling and disin
tegration of intracellular organelles. The lysed cells are 
phagocytized by migrating macrophages, with signifi
cant local inflammatory reaction. By contrast, apopto
sis is a form of cell death that is associated with acti
vation of genetically encoded active cell suicide 
programs. It can involve the death of single individual 
cells, sometimes by purely physiologic stimuli. Mor
phologic characteristics include membrane blebbing, 
initially without loss of membrane integrity, aggrega
tion of chromatin, cell condensation and shrinkage, 
loss of contacts with neighboring cells, and formation 
of membrane-bound vesicles termed apoptotic bodies, 
which are later phagocytized by macrophages with no 
local inflammatory response. As a rule, intracellular or
ganelles remain intact. Cell nuclei become pyknotic, 
and there is fragmentation of nuclear DNA at internu-
cleosomal sites. Apoptosis, or programmed cell death, 
plays a major physiologic role in the differentiation and 
organization of the CNS during its normal develop
ment. The developing brain loses about 50% of its 
cells before it achieves maturity. This neuronal loss is 
mediated by activation of apoptosis in neurons that 
may be predestined to die. More recently, there has 
been interest in the possibility that apoptosis is in
volved in the pathogenesis of degenerative human neu
rologic disorders, particularly those associated with aging. 

Dopamine can exert the characteristic biochemical 
and morphologic features of apoptosis in several neu
ronal (eg, chick sympathetic neurons, mouse cerebellar 
granule cells, and cortical neurons) and non-neuronal 
(eg, rat PC-12 cells and mouse thymocytes, spleno-
cytes, and lymphocytes) cell cultures.3 -3f' Such 
dopamine-induced programmed cell death could be in
hibited by co-treatment with thiol-containing antioxi-
dants 7 and by vector-driven expression of the 
apoptosis-blocking proto-oncogene bcl-2.38 On the ba
sis of these in vitro findings, we suggested that inad
vertent activation of intrinsic, genetically controlled in
ert cell suicide programs in nigral neurons by 
"unrestrained" dopamine and its toxic oxidation prod
ucts may lead to their degeneration by an apoptotic 
mode in PD. Several ultrastructural morphologic stud
ies have already demonstrated that dopaminergic neu
rons are indeed undergoing an active process of apo
ptosis in the parkinsonian substantia nigra.39- 2 There 
is sufficient evidence that the nigra in PD is under 
conditions of excess oxidative stress. 3~ 5 This may be 
due, in part, to auto- and enzymatic oxidation of do
pamine, the presence of the transition metal iron, and 
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synthesis of neuromelanin, which generates semiqui-
nones and quinones en route. 

In the parkinsonian nigra and striatum, at least part 
of the exogenous levodopa is taken up by dendrites and 
nerve terminals, respectively, of the surviving dopami-
nergic neurons and is converted therein to dopa-
mine. In theory, toxic exogenous levodopa and the 
dopamine subsequently formed could contribute to the 
activation of dormant death programs of nigral neu
rons and lead to their enhanced death by apoptosis. 
Levodopa is also an extremely potent inducer of apo
ptosis in cultured postmitotic chick sympathetic neu
rons. At a concentration range of 0.01 to 0.3 M, ex
posure to levodopa led to the characteristic apoptotic 
cascade including cell shrinkage, marked membrane 
blebbing, and nuclear fragmentation shown, among 
others, by flow cytometry and by fluorescence and 
scanning electron microscopy. Similar findings were 
observed using a variety of other neuronal and non-
neuronal cells. Levodopa-induced apoptosis was inhib
ited by the antioxidants dithiothreitol, TV-acetylcysteine 
and reduced glutathione, indicating that it may be me
diated by auto-oxidation products of levodopa. Similar 
findings were reported in catecholaminergic PC-12 
cells.47 

As yet, there is no evidence indicating that systemic 
levodopa administration is responsible for the apopto
tic neurons observed in the parkinsonian nigra.' ' ° 
The number of neurons identified as undergoing apo
ptosis in postmortem nigral tissues obtained from pa
tients with PD is rather small.39" 2 It would have been 
expected that an assault of a systemically administered 
toxic agent such as levodopa would result in a much 
larger number of apoptotic nigral neurons and defi
nitely larger than that caused only by the as yet un
known endogenous etiology of the illness. One expla
nation is that neurons succumbing to apoptosis are 
very rapidly phagocytized by macrophages and disap
pear without a trace of local inflammation or other 
damage. Another related possibility is that, at the time 
of autopsy, illness is well advanced and most of the 
levodopa-triggered apoptotic neurons have already dis
appeared. A third, most plausible option (see below) is 
that levodopa treatment is not toxic to and does not 
evoke apoptosis of nigral neurons in the in vivo situa
tion, including patients with PD. 

Is Levodopa Toxic In Vivo in 
Animals and Patients? 
There is no doubt that levodopa is a very potent toxin 
in vitro and that it can cause neuronal cell death by 
both necrosis and apoptosis. Surprisingly, however, 
most in vivo studies using long-term administration of 
large levodopa doses to experimental animals and clin
ical investigations in patients did not demonstrate 
damage to nigrostriatal neurons or acceleration of the 

illness, respectively. For example, mice fed very large 
doses of levodopa daily for 18 months showed no ev
idence of damage to nigral dopaminergic neurons. 8 

Similar negative findings have been reported else
where. 9 Because these studies were carried out in nor
mal animals with intact nigrostriatal projections, it was 
still possible that if such neurons were rendered vulner
able they would be damaged by levodopa toxicity. 
Therefore, acute levodopa treatment can potentiate the 
toxic effects induced by intracerebroventricular injec
tions of 6-hydroxydopamine in mice. Long-term 
treatment with levodopa induced additional damage 
to rat ventral tegmental (but not nigrostriatal) dopa
minergic neurons surviving prior exposure to 
6-hydroxydopamine.51 Closely similar findings were re
ported in mice. 2 By contrast, it should be noted that 
these findings were not confirmed in a similarly con
ducted recent study in which levodopa was given for 6 
months.5 Likewise, we have shown no damage to do
paminergic neurons by long-term daily injections of 
levodopa, although the animals were made vulnerable 
by combined systemic administration of MPTP. 
Chronic levodopa administration was toxic to and de
stroyed fetal mesencephalic dopaminergic neurons that 
had been grafted into striatum in rats. By contrast, 
no damage could be demonstrated to fetal dopaminer
gic neurons transplanted into rat corpora striata dener-
vated by 6-hydroxydopamine lesions after chronic (27 
weeks) levodopa treatment.5 Likewise, repeated levo
dopa injections to pregnant mice did not damage fetal 
nigrostriatal neurons and did not impair their postnatal 
development. For obvious reasons, clinical studies in 
humans to show or disprove levodopa toxicity are lack
ing and are difficult to carry out, mainly because of the 
current absence of comparative data. In addition, PD 
continues to progress under chronic levodopa therapy. 
However, because levodopa exerts a clinical benefit, it 
is difficult to determine whether the disease progresses 
at its predetermined pace or whether it is further ac
celerated. Nevertheless, most if not all studies indicate 
that chronic levodopa treatment is not toxic to human 
nigrostriatal dopaminergic neurons. Thus, there was no 
evidence of nigral damage in a nonparkinsonian patient 
treated with large oral doses of levodopa for several 
years.58 Similarly negative findings were reported in 
five patients given sustained oral levodopa treatment 
for several (up to 26) years. ' In addition, a postmor
tem examination of a patient with PD who had under
gone a fetal nigral transplantation showed excellent sur
vival and axonal outgrowth of dopaminergic neurons 
within the graft despite uninterrupted and continuous 
levodopa administration postoperatively.60 Other work
ers examined the problem clinically from follow-up of 
their patients and concluded that chronic levodopa does 
not aggravate the natural history of PD. ' 
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Possible Explanations for the Discrepancy 
Between Marked Levodopa Toxicity In Vitro 
and Its Absence In Vivo 
In general, revelations obtained from investigations in 
cell cultures do not necessarily reflect the situation in 
the whole living organism. In cultures, neurons are dis
persed and are therefore more exposed to attack by 
levodopa present in the medium than cells in compact 
tissues. More importantly, cells in culture may lack ad
equate defense mechanisms that naturally occur in the 
target tissue in vivo, such as enzymes that scavenge 
toxic free radical species (superoxide dismutase, cata-
lase, glutathione peroxidase), antioxidants (eg, reduced 
glutathione), and trophic nerve growth factors. There 
may also be other intracellular safeguards, such as the 
soluble protein calretinin.62 One of the most potent 
factors inhibiting inadvertent apoptosis is the proto-
oncogene bcl-2.''"' PC-12 cells overexpressing bcl-2 
were immune to dopamine and also to levodopa tox
icity in vitro.38'' It is possible that ample and even 
upregulated activity of the bcl-2 family of antiapoptotic 
proto-oncogenes in the brain and, particularly, in the 
parkinsonian substantia nigra provides the necessary 
blockade against the chronic onslaught of systemic 
levodopa, the generated dopamine, and reactive oxida
tion species.66 

Another crucial component of the protective appara
tus present in vivo are glial cells, which are remarkably 
resistant to the toxicity of dopamine, H 2 0 2 , MPTP, 
and also levodopa.67 Lethal effects of the latter agents 
toward neuronal cells are drastically suppressed and of
ten completely blocked by the addition of glial cells to 
the culture medium (Offen et al., manuscript in prep
aration). It is likely that glial cells normally present in 
the substantia nigra act to neutralize toxic effects of 
environmental toxins as well as those of endogenous 
noxious compounds such as dopamine, iron, free rad
icals, semiquinones, and quinones, and also of exoge
nous levodopa. One (but not the only) feature that 
renders glia immune to and also protective against ox-
idative toxins is their high intracellular content of the 
potent natural antioxidant glutathione. A few studies 
looking for signs of neuronal apoptosis in the parkin
sonian nigra unexpectedly reported a relatively high 
number of glial cells showing the morphologic charac
teristics of programmed cell death. ' " A plausible ex
planation for this intriguing phenomenon would be 
that, because they as a major defense line against local 
toxins and also exogenous levodopa, the glial cells bear 
the brunt of their attack and may die apoptotically at 
their post shielding and saving their protege neurons. 
In addition, it is also possible that concentrations of 
levodopa in the media of tissue culture experiments are 
much higher than those reached in the CNS of exper
imental animals and parkinsonians in vivo after sys
temic drug administration.68'6y However, it should be 

noted that levodopa was given chronically for extended 
periods in animals and certainly in patients with PD. 
Surprisingly, levodopa may even be protective under 
certain circumstances. Preconditioning of neurons by 
exposure to sublethal concentrations of levodopa ren
ders the cells resistant to repeated exposure to lethal 
doses of the drug (Offen et al., manuscript in prepara
tion). Such levodopa-pretreated cells show higher con
centrations of reduced glutathione. Peripheral blood 
lymphocytes obtained from parkinsonian patients 
treated chronically with levodopa show much higher 
resistance than those obtained from control subjects 
when exposed to a variety of toxic agents including do
pamine, H 2 0 2 , and levodopa. Therefore, it is possible 
that when levodopa is given chronically to patients, 
cells in peripheral tissues and neurons in the brain, in 
general, and in the nigra, in particular, are precondi
tioned, develop or strengthen defense mechanisms such 
as content of glutathione, free radical scavenging en
zymes and trophic factors, become immune to the 
toxic effects of systemic levodopa, and survive. Also, 
chronic levodopa treatment may not be associated at all 
with enhanced oxidative stress, at least in plasma.72 

When dopaminergic neurons in the parkinsonian 
nigra die beyond a certain critical point (probably over 
60% loss), the remaining neurons become hyperactive 
and fire more rapidly than neurons in an intact 
nigra.73 It was suggested that because of the increased 
"wear and tear" associated with such hyperactivity, pro
gression of PD may become accelerated. Although 
there is no clinical proof for a more accelerated course 
as the disease advances, exogenous levodopa, via the 
central production of unstored dopamine freely spilled 
into synapses, would be expected to stimulate autore-
ceptors present on striatal nerve endings and on nigral 
dendrites of surviving hyperactive nigrostriatal neurons 
and to suppress their firing rates. 

In conclusion, levodopa is a powerful toxin in vitro 
but most of the currently available investigations fail to 
show that it damages nigral dopaminergic neurons in 
vivo. However, although these data are reassuring and 
encouraging, they are still inconclusive because it can
not yet be completely ruled out that nigral dopaminer
gic neurons may be particularly susceptible to the toxic 
effects of systemic levodopa. For that reasons, it would 
be a logical measure to remain on the safe side, exercise 
caution, delay initiation of levodopa for as long as pos
sible, and use other drugs, such as potent dopamine 
agonists, in this interim period.''_l2 
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