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 Introduction 

 Parkinson’s disease (PD) is a multisystem disorder 
characterized by the loss of nigrostriatal dopaminergic 
neurons  [1–3] . The cardinal motor features of PD – trem-
or, rigidity, and bradykinesia – emerge when a significant 
proportion of substantia nigra dopamine neurons have 
been lost and striatal dopamine has been reduced by 60 
to 80% ( fig. 1 )  [4–6] .

  The goal of medical management of PD is to control 
signs and symptoms for as long as possible while mini-
mizing adverse events (AEs). Levodopa, combined with a 
dopa decarboxylase (DDC) inhibitor such as carbidopa 
or benserazide, is the current standard treatment for mo-
tor signs. In addition to levodopa, dopamine agonists 
(e.g., pramipexole, ropinirole), centrally acting antimus-
carinic drugs (e.g., trihexyphenidyl, benztropine, or-
phenadrine), monoamine oxidase-B (MAO-B) inhibitors 
(e.g., selegiline, rasagiline), and amantadine are used in 
the treatment of PD  [7–9] . The choice of agents depends 
on a number of factors, including age of the patient, stage 
of disease, level of functional disability, cognitive status, 
and AEs associated with the drug. However, a detailed 
discussion of these agents is beyond the scope of this re-
view which focuses on levodopa.
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 Abstract 

 Levodopa has been the mainstay of treatment for Parkin-
son’s disease (PD) for more than 40 years. During this time, 
researchers have strived to optimize levodopa formulations 
to minimize side effects, enhance central nervous system 
(CNS) bioavailability, and achieve stable therapeutic plasma 
levels. Current strategies include concomitant treatment 
with inhibitors of dopa decarboxylase (DDC) and catechol-
 O -methyltransferase (COMT) to prolong the peripheral le-
vodopa half-life and increase CNS bioavailability. Levodopa 
combined with DDC inhibition is the current standard meth-
od of delivering levodopa for symptomatic treatment of PD. 
Recent research suggests that continuous dopaminergic 
stimulation that more closely approximates physiological 
stimulation may delay or prevent the development of motor 
fluctuations (‘wearing off’) and dyskinesias. Strategies cur-
rently being used to achieve more continuous dopaminergic 
stimulation include the combination of an oral levodopa/
DDC inhibitor with a COMT inhibitor and the enteral infusion 
of a levodopa gel formulation. Attempts are underway to 
develop oral and transdermal very long-acting levodopa 
preparations.  Copyright © 2009 S. Karger AG, Basel 
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  Historical Perspective 

 Development of Levodopa Treatment in PD 
 The development of levodopa formulations is summa-

rized in  table 1 . In 1911,  D,L -dopa was first synthesized in 
the laboratory by Casimir Funk  [10] . Two years later, 
Marcus Guggenheim was the first to isolate  L -dopa from 
 Vicia faba  seedlings  [10] . Both Funk and Guggenheim 
believed dopa to be a possible precursor of adrenaline 
 [10] . Guggenheim’s early investigations into the pharma-
cology of levodopa suggested that the compound was in-
active; however, he became ill and vomited after ingest-
ing 2.5 g. In the late 1920s and early 1930s, investigators 
found that levodopa was biologically active, causing hy-
perglycemia and hypotension in rabbits  [10] . The discov-
ery of DDC in mammalian tissue in 1938 focused levodo-
pa research on the elucidation of the role of levodopa as a 
precursor to biological catecholamines, including dopa-

mine, noradrenaline, and adrenaline  [10] . Dopamine was 
identified in the brains or brainstems of several species 
in the late 1950s  [11, 12] , and Carlsson et al.  [13]  reported 
an  L -dopa-induced increase in the central stimulatory ac-
tion in the rabbit. In the late 1950s and early 1960s, Isamu 
Sano and colleagues  [14]  published the first of a series of 
important papers on the distribution of catecholamines 
in the human brain; this research and subsequent work 
were extensively reviewed by Foley  [15] . In the first re-
port, Sano et al.  [14]  showed that dopamine was localized 
in the lentiform and caudate nuclei and the thalamus and 
hypothalamus.

  Two important achievements followed: the recogni-
tion in 1960 that the predominant neurochemical im-
pairment in PD is a dopamine deficiency in brain regions 
involved in movement control  [16] , and the subsequent 
success of single intravenous injections of levodopa in 
controlling PD symptoms (i.e., transient reversal of aki-
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  Fig. 1.  Schematic representation of the main basal ganglia-thala-
mocortical circuits (left). Normal status: the two output routes 
(‘indirect’ and ‘direct’) are in balance at the level of the output 
structures (the GPi and the SNr) (right). Presumed disturbance in 
PD: depletion of dopamine in the striatum leads to imbalance in 
the two output routes and suppression of thalamocortical activity. 
The thickness of the arrows indicates the level of activity in the 

pathways. D = Dopamine; GABA =  � -aminobutyric acid; GPe = 
external segment of globus pallidus; GPi = internal segment of 
globus pallidus; MD = mediodorsal nucleus; SNr = reticular part 
of the substantia nigra; SNc = pars compacta of the substantia 
nigra; STN = subthalamic nucleus; VA/VL = ventral anterior/ven-
tral lateral thalamic nuclei (used with permission from Bonnet 
 [79] ).   
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nesia) in a small (n = 20) open-label trial reported in 1961 
by Birkmayer and Hornykiewicz  [17] . The injections re-
sulted in marked resolution of akinesia within 2–3 h and 
the effects persisted for up to 24 h  [17] . However, in 1964, 
McGeer and Zeldowicz  [18]  reported that  D,L -dopa had 
‘little to offer as a therapeutic agent in the treatment of 
parkinsonism’. Subsequently, Bertler and Rosengren  [19] 
 suggested that dopamine in the central nervous system 
(CNS) was probably a neurotransmitter, and that it might 
be a response modifier when other agents induce polar-
ization of the nerve cell.

  Following early evidence of the activity of levodopa in 
the symptomatic control of PD  [16] , Cotzias et al.  [20]  
treated 16 PD patients with oral  D,L -dopa 3–16 g/day and 
reported marked improvements in akinesia, tremor, and 
rigidity. However, 4 patients developed agranulocytope-
nia. Cotzias  [21, 22]  subsequently found that the use of 
 L -dopa (8 g/day) rather than the racemic  D,L -dopa result-
ed in symptomatic improvement with less toxicity.

  In 1969, Yahr et al.  [23]  reported results of the first 
double-blind, placebo-controlled study to demonstrate 
the efficacy of levodopa in improving akinesia, tremor, 
and rigidity in patients with PD. AEs included involun-
tary choreiform and athetotic movements at higher dos-
ages (up to 8 g/day was permitted) or after administration 
for about 6 months  [23] . These involuntary movements 
were reported to resolve after dose reduction  [23] . Soon 
thereafter, Bernheimer et al.  [1]  noted morphological and 
neurochemical correlations with brain dopamine levels 
in PD.

  The US Food and Drug Administration approved le-
vodopa as a treatment for PD in 1970. In 1975, Lloyd et al. 
 [24]  analyzed postmortem brain tissue from levodopa-
treated and untreated PD patients and controls, and dem-
onstrated that the effectiveness of levodopa is related to 
its metabolism to dopamine in the brain. Dopamine con-
centrations in the putamen and caudate nucleus were up 
to 15 times higher in treated than untreated patients and 
within the range of that found in control subjects. Dopa-
mine concentrations correlated with the time between 
the last levodopa dose and death. Furthermore, higher 
striatal concentrations of levodopa were found in patients 
who had responded well to treatment  [24] .

  Complications of Levodopa Therapy 
 Although treatment with levodopa was shown to im-

prove the symptoms of PD, it became apparent in the late 
1960s that many patients who responded to levodopa also 
developed motor fluctuations and dyskinesias  [23, 25] . 
Between 40 and 75% of patients developed these compli-
cations after 4–6 years of levodopa therapy  [26, 27] . More 
recently, it has been recognized that both motor and non-
motor symptoms can fluctuate in association with the 
clinical duration of benefit of levodopa  [28, 29] .

  The mechanism by which a patient’s response to le-
vodopa changes during long-term therapy is not fully un-
derstood. The shortening of the clinical response may be 
related to both pre- and postsynaptic events. Carbidopa/
levodopa immediate-release (IR) can be administered 
initially on a TID or QID schedule and will last from dose 
to dose despite the short half-life of levodopa (90 min 

Table 1. Landmarks in the history of levodopa in PD (adapted 
from Hornykiewicz [10] and Tolosa et al. [39])

1911 D,L-Dopa synthesized in laboratory
1913 Levodopa isolated from Vicia faba (fava bean) seedlings
1927 Levodopa found to be biologically active
1938 L-Dopa decarboxylase enzyme identified
1960 Striatal dopamine deficiency in PD patients described [13]
1961 First reported trial of intravenous levodopa in PD [14]
1967 Levodopa activity enhanced with peripheral dopa

decarboxylase inhibitor (benserazide)
1967 Effectiveness of oral levodopa demonstrated in patients 

with parkinsonism [16]
1969 First double-blind, placebo-controlled study showing

efficacy of levodopa but with development of choreiform 
movements [17]

1969 Combined levodopa-decarboxylase inhibitor RO4-4602 
(benserazide) proves more effective than levodopa alone

1974 Clinical use of carbidopa-levodopa reported [34]
1975 Continuous levodopa administration tried for preventing 

complications
1975 Levodopa-benserazide (Madopar) commercialized
1975 Carbidopa-levodopa (Sinemet) commercialized
1989 Sustained-release carbidopa-levodopa (Sinemet CR)

reduces ‘off’ time and improves clinical disability
better than standard carbidopa-levodopa (Sinemet),
but effects are variable [36]

1989 Two COMT inhibitors found to be orally active [40]
1991 Sustained-release carbidopa-levodopa commercially

available
1993 First clinical trial of enteral carbidopa-levodopa infusion 

[65, 72]
1998 First COMT inhibitor became commercially available

(tolcapone; Tasmar)
2003 Combination carbidopa-levodopa-entacapone tablets 

(Stalevo) become commercially available

PD = Parkinson disease; COMT = catechol-O-methyltransfer-
ase.
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when given in combination with carbidopa)  [7] . Presum-
ably, levodopa is taken up into remaining dopamine neu-
rons and converted to dopamine, which is stored and 
slowly released into the synapse over time. However, as 
the loss of dopamine neurons progresses, this conversion, 
storage, and release mechanism is compromised  [30] . 
Eventually, dopamine levels in the synapse begin to re-
flect levels of levodopa in the peripheral circulation, and 
patients become dependent on a constant influx of le-
vodopa into the brain to achieve a clinical response  [30, 
31] . Postsynaptic mechanisms also may be involved in the 
reduced duration of benefit of levodopa as long-term ad-
ministration of dopamine agonists in animal models of 
PD leads to a shortened duration of response  [32] , even 
though these agents act independently of presynaptic do-
pamine neurons.

  The development of dyskinesias is also hypothesized 
to relate in large measure to postsynaptic mechanisms. In 
healthy individuals, dopamine receptors in the striatum 
are generally tonically innervated, and pulsatile stimula-
tion from levodopa-derived dopamine may induce down-
stream changes that alter the function of basal gangli-
onic neurons  [31, 33] . Pulsatile administration of short-
acting dopamine agonists induces more dyskinesia than 
administration of the same agonist in a continuous fash-
ion  [34] . Similarly, continuous administration of levodo-
pa has been associated with a reduction in dyskinesia 
 [33] . Following elucidation of the continuous dopaminer-
gic stimulation concept, research has focused on attempt-
ing to provide more sustained dopamine concentrations 
in the CNS.

  Effect of Dopa Decarboxylase Inhibition 
 Unlike dopamine, which cannot cross the blood-brain 

barrier, the transport of levodopa into the brain is facili-
tated by the large neutral amino acid transport system 
 [35] . However, only 1% of an orally administered dose of 
levodopa enters the brain because of extensive first-pass 
metabolism and rapid plasma clearance by decarboxyl-
ation to dopamine  [35, 36] . The addition of a DDC in-
hibitor, as first performed by Walter Birkmayer, was 
found to provide a better therapeutic profile of levodopa, 
including prolonged efficacy and better tolerability  [37] . 
Concomitant administration of a DDC inhibitor was 
demonstrated to increase levodopa CNS availability 10-
fold  [38] . The mechanism behind this increase in levodo-
pa CNS availability was subsequently discovered by 
DaPrada et al.  [37] . DDC inhibitors such as benserazide 
and carbidopa do not cross the blood-brain barrier. 
Therefore, they primarily block levodopa metabolism in 

the periphery, thereby reducing the rate of the first-pass 
metabolism and slowing the plasma clearance of levodo-
pa. An additional benefit of this reduced peripheral de-
carboxylation of levodopa to dopamine is the ameliora-
tion of the characteristic peripheral side effects of dopa-
mine (i.e., nausea, vomiting, anorexia). When adminis-
tered with a DDC inhibitor, the peripheral half-life of 
levodopa is prolonged to about 90 min and the required 
levodopa dose is reduced by 60–80%  [35, 38] . Combina-
tions of levodopa with benserazide or carbidopa became 
commercially available in 1975  [39] .

  Early clinical studies comparing carbidopa/levodopa 
with levodopa monotherapy showed that the addition of 
carbidopa markedly decreased nausea and vomiting  [40, 
41] , with some improvement in the signs and symptoms 
of PD  [40, 41] . However, more than 75% of patients treat-
ed with carbidopa/levodopa experienced marked dyski-
nesias after 4–6 months of treatment and, after 2 years of 
treatment, the benefits were sustained in only 20% of pa-
tients due to the progression of PD  [41] .

  Carbidopa/levodopa controlled-release (CR) formu-
lations were developed in the hope that they would fur-
ther prolong the half-life of levodopa and stabilize serum 
levels, thereby decreasing the development of motor 
complications  [42–44] . Carbidopa/levodopa CR became 
commercially available in the USA in 1991. In a 5-year 
study comparing carbidopa/levodopa IR with carbido-
pa/levodopa CR, scores on the Unified Parkinson’s Dis-
ease Rating Scale Activities of Daily Living (UPDRS-
ADL) scale were significantly better with carbidopa/le-
vodopa CR than with carbidopa/levodopa IR at annual 
assessments  [45] . In both groups, most improvement 
over baseline occurred in year 1, followed by deteriora-
tion. The rate of deterioration was somewhat slower in 
the CR group, but the incidences of motor fluctuations 
and dyskinesias were not significantly different between 
the two groups  [45] . Thus, carbidopa/levodopa CR was 
not shown to lower the risk of levodopa-related motor 
complications  [45] . However, the trial may have been 
flawed in that carbidopa/levodopa CR was administered 
on a BID schedule  [45]  and this may not have been fre-
quent enough to establish continuous dopamine recep-
tor stimulation.

  Clinical experience also reflected pharmacokinetic 
data and suggested that although carbidopa/levodopa CR 
maintained levodopa levels longer than carbidopa/le-
vodopa IR, the time to onset of clinical benefit was de-
layed owing to slower absorption  [44] . Because of this, 
carbidopa/levodopa CR is commonly administered with 
carbidopa/levodopa IR in patients with motor fluctua-
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tions to maintain optimal control of PD symptoms, par-
ticularly for the first dose in the morning  [42] .

  Effect of Catechol-  O  -Methyltransferase Inhibition 
 The combination of carbidopa and levodopa allowed 

substantial reductions in the effective dosage of levodopa 
and reduced many of the peripheral AEs. However, only 
5–10% of an oral dose of levodopa administered in com-
bination with carbidopa crosses the blood-brain barrier 
 [46] . Inhibition of the decarboxylation pathway with car-
bidopa shifts the metabolism of levodopa to the catechol-
 O -methyltransferase (COMT) metabolic pathway, caus-
ing an increase in the peripheral metabolite 3- O -methyl-
dopa (3-OMD)  [35] , which is a competitive inhibitor of 
the active transport of levodopa through the intestinal 
mucosa and across the blood-brain barrier  [35, 46] . It may 
also compete with levodopa in the synthesis, transport, 
and uptake of dopamine in the CNS  [47] . The discovery 
that inhibition of COMT leads to both an increase in the 
amount of levodopa in the CNS and a reduced formation 
of 3-OMD prompted research into inhibitors of COMT 
 [46] . Early efforts were initially unsuccessful, but two 
compounds did prove orally active  [46] .

  In multiple clinical trials, the addition of the COMT 
inhibitors entacapone and tolcapone to levodopa/DDC 
inhibitor in fluctuating patients has been shown to im-
prove clinical outcomes. Specifically, the addition of ei-
ther compound increases ‘on’ time and decreases ‘off ’ 
time, improves parkinsonian motor status, and decreases 
average levodopa daily dose  [48–58] . Tolcapone became 
commercially available in 1998, and entacapone in 1999. 
Tolcapone has a greater effect on levodopa metabolism 
 [59] , although some studies of patients with motor fluc-
tuations have shown entacapone and tolcapone to have 
somewhat similar clinical effects  [60] . The recognition 
that tolcapone could rarely cause fatal hepatotoxicity gen-
erally limited its use to patients who do not respond to 
other medications  [61] , although this limitation recently 
has been called into question  [62] . An evidence-based re-
view by the American Academy of Neurology recom-
mended that while both entacapone (Level A) and tol-
capone (Level B) reduce ‘off ’ time, tolcapone should be 
used with caution and requires liver function monitoring 
 [9] .

  In four randomized, placebo-controlled trials in pa-
tients with ‘wearing off ‘ motor fluctuations, adding en-
tacapone to levodopa/DDC inhibitor has been demon-
strated to increase ‘on’ time, decrease ‘off ’ time, and pro-
long the duration of response to levodopa  [63–66] . In the 
MPTP marmoset model of PD, the administration of en-

tacapone with carbidopa/levodopa on a QID schedule re-
duced ‘off ’ time and was associated with less dyskinesia 
than the same regimen of carbidopa/levodopa adminis-
tered without entacapone  [67] . More recently, carbidopa/
levodopa was combined with the COMT inhibitor enta-
capone in a single tablet (carbidopa/levodopa/entacapone, 
Stalevo)  [68] .

  A recent double-blind clinical trial in early PD pa-
tients found that carbidopa/levodopa/entacapone 25/
100/200 TID improved PD signs and symptoms signifi-
cantly more than carbidopa/levodopa 25/100 TID with-
out an increase in the development of motor complica-
tions  [69] . Another large, double-blind clinical trial is 
now underway to determine whether carbidopa/levodo-
pa/entacapone delays the onset of dyskinesia compared 
with carbidopa/levodopa in patients with early PD  [33, 
70, 71] .

  Future Directions 

 Several new levodopa formulations that may provide 
more continuous dopamine stimulation are being inves-
tigated. These include oral long-acting, once-daily pills, 
transdermal formulations, and continuous infusion.

  A carbidopa/levodopa gel formulation for enteral in-
fusion has been shown to provide more consistent clini-
cal effects and reduce motor complications in advanced 
patients  [72] . The levodopa gel is contained in a pump 
cartridge that delivers levodopa continuously via a can-
nula to the duodenum. In a series of open-label studies 
reviewed by Nyholm  [72] , a total of 80 patients received 
enteral infusions of carbidopa/levodopa gel for periods of 
up to 7 years. Motor function was improved in all studies, 
with patients in one study showing little or no disease 
progression over 4–7 years of treatment  [72] . In a small 
study (n = 9), after 12 months’ treatment with levodopa 
infusion, ‘off ’ time was reduced by 89% and time with 
dyskinesia was reduced by 74%  [73] . The main limitations 
regarding levodopa infusion include the need for a trans-
abdominal tube with the tip placed in the duodenum  [74]  
and the expense. However, this therapy may offer an im-
portant alternative to deep brain stimulation, as it avoids 
major CNS morbidity and mortality as well as subtle cog-
nitive and behavioral changes.

  The primary technical challenge involved in creating 
an oral once-daily formulation of levodopa is in deliver-
ing sufficient quantities of levodopa to the proximal small 
bowel over time. One approach is the use of sustained-
release floating minitablets that increase the mean resi-
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dence time of levodopa in the gastrointestinal tract, 
thereby increasing the opportunity for absorption. In vi-
tro studies have shown that minitablets coated with an 
insoluble acrylic polymer can remain buoyant for  1 13 h 
and provide sustained release of levodopa for  1 20 h  [75] . 
In vivo testing is planned in the near future.

  Another approach involves administration of a CR 
formulation of a levodopa prodrug that can be absorbed 
along longer portions of the intestinal tract. A recent 
press release regarding the levodopa prodrug XP21279 
(http://phx.corporate-ir.net/phoenix.zhtml?c=187883&
p=irol-newsArticle&ID=1117889&highlight=) reported 
that in a Phase 1 pharmacokinetic study in healthy fed 
controls, for carbidopa/levodopa IR, the mean time to 
peak concentration (T max ) for levodopa was 2.1 h and the 
ratio of the maximum concentration (C max ) to the mean 
concentration at 12 h (C 12 ) was 39.7. In contrast, for 
XP21279, the mean T max  was 4.3 h and the ratio of C max  
to C 12  was 4.2, suggesting relatively continuous levodopa 
levels. Additional levodopa prodrugs are in development 
 [76] , but as yet, no clinical results have been reported.

  The primary technical challenge in developing a le-
vodopa transdermal patch is overcoming the poor solu-
bility and stability of levodopa  [77, 78] . It has been sug-
gested that the stability of levodopa can be improved by 
use of ion-exchange fibers and transdermal iontophoresis 
 [78] , but further research is required. A transdermal 
patch is being developed with a grant from the Michael
J. Fox Foundation for Parkinson’s Disease (http://www. 
michaeljfox.org/research.cfm) using the ethyl ester of 
 levodopa (http://www.neuroderm.co.il/rdip.html and 
http://www.neuroderm.co.il/overview.html). A press re-
lease (http://www.businesswire.com/portal/site/google/
?ndmViewId=news_view&newsId=20070131005754&
newsLang=en) reporting the completion of a pharmaco-
kinetic study showed that levodopa blood levels were 
maintained.

  Summary 

 Parkinson’s disease is a progressive neurodegenerative 
disease associated with the loss of dopamine-producing 
neurons. Levodopa is the gold standard for PD therapy, 
and numerous studies have established its efficacy in re-
ducing the cardinal motor signs of rest tremor, bradyki-
nesia, and rigidity. Advances in levodopa therapy include 
extending its half-life and improving efficacy by concom-
itant dosing with DDC inhibitors and COMT inhibitors. 
Recent research is focused on providing more continuous 

dopaminergic stimulation by using novel levodopa prep-
arations in an effort to minimize the motor complica-
tions associated with current levodopa therapy.
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