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ABSTRACT

Parkinson’s disease is one of the most common
progressive neurodegenerative disorder. It is
characterized by the depletion of dopamine in
the dopaminergic neurons of the striatum of the
brain. Pharmacological treatment involves the
administration of a dopamine precursor, levodo-
pa (L-Dopa), which crosses the blood-brain bar-
rier and replaces the loss of dopamine in the
brain. One of the main drawbacks of the ad-
ministration of L-Dopa is its short half-life, due
to the presence of enzymes, such as the amino
acid decarboxylase (AADC), able to rapidly me-
tabolize L-Dopa. For this reason the intake of
L-Dopa takes always place together with an
AADC inhibitor such as carbidopa. The assump-
tion of carbidopa increases L-Dopa half-life, but
several patients need to increase the dosage of
the pharmacological therapy during the pro-
gression of the disease. Another area of dispute
is represented by the possibility that L-Dopa can
exert a toxic effect on the cells, both in periph-
eral and in central nervous system, increasing
the production of ROS following its conversion
to dopamine. Past studies reported toxic effects
of L-Dopa in vitro and show conflicting data in in
vivo experiments. More recent studies have how-
ever shown that L-dopa may exert a protective
and antioxidant effect on dopaminergic cells,
and its combination with carbidopa in pharma-
cological treatment amplifies antioxidant capa-
bility.
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1. INTRODUCTION

The first clinical features of Parkinson’s Disease (PD)
were described and published by James Parkinson in
1817 [1]. Nowadays PD is the second most common
progressive neurodegenerative disorder and its preva-
lence reaches 1% - 2% in people over the age of 50 [2].

Parkinson’s Disease is characterized by decreased lev-
els of neurotransmitter dopamine (DA) in the striatum of
the brain, due to the selective degeneration of the ni-
gro-striatal DA neurons [3] and a progressive loss of DA
in the basal ganglia. Pharmacological treatment aims to
slow down neurodegeneration replacing the loss of do-
pamine, but trial with oral dopamine failed because it
cannot cross the blood-brain barrier. Following from this,
George Cotzias demonstrated that high doses of dopa-
mine’s prodrug, levodopa (L-Dopa) promptly enhanced
clinical function in PD patients [4] and corrected the
mechanical disorders at the early stage of the disease [2].
To date L-Dopa is the most effective symptomatic agent
in the treatment of PD. Since its production more than 30
years ago, L-Dopa therapy has provided marked symp-
tomatic benefits to PD patients. Despite the positive ef-
fects, one of the problems of the treatment with L-Dopa
alone is its low central nervous system (CNS) bioavail-
ability because of rapid peripheral decarboxylation to
dopamine [5,6]. Concomitant administration of a dopa
decarboxylase (DDC) inhibitor, such as carbidopa, was
later demonstrated to markedly increase L-Dopa CNS
bioavailability [7,8]. L-Dopa administration is usually
associated with peripheral DDC inhibitors to increase the
amount of drug available to cross the blood brain barrier
[9], however, the response duration to each dose shortens
as the disease progresses [10].

Although L-Dopa remains at present the most power-
ful drug for the treatment of PD, different areas of con-
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troversy exist at least. The main unsolved question is
about L-Dopa toxicity due to its oxidative metabolism,
which generates reactive oxygen species (ROS). Phar-
macological therapy is in the centre of two areas of con-
troversity: whether L-Dopa is toxic and whether L-Dopa
directly causes motor complications [11].

The purpose of this review is to present the latest ex-
perimental evidences about the effects of L-Dopa and
carbidopa treatments.

2. L-DOPA METABOLISM AND
OXIDATIVE STRESS

Dopamine production in neurons of the basal ganglia
of the brain has an important role in coordinating com-
plex movements. In DA neurons the amino acid tyrosine
is converted into L-Dopa by the enzyme tyrosine hy-
droxylase. L-Dopa is metabolized by the enzyme, aro-
matic amino acid decarboxylase, to produce dopamine,
which is finally sequestered into storage vesicles [12].
Dopamine is metabolized and inactivated in the postsy-
naptic cleft by the enzymes catechol-O-méthyl trans-
ferase (COMT) and mono-amine oxidase (MAO). COMT
degrades dopamine by incorporating a methyl group into
the catecholamine function. The MAO catalyses the oxi-
dative deamination of the monoamine group (Figure 1).
L-Dopa is a natural dopamine precursor that can cross
the blood brain barrier to reach the brain and to be con-
verted into dopamine [2], it replenishes the lack of DA in
the striatum [13,14], and increases the DA content of the
brain [15,16]. Biochemical studies have shown that a por-
tion of administered L-Dopa may undergo decarboxyla-
tion to DA [17,18] both in peripheral district and in the
striatum of the brain. Oxygen and semiquinone free radi-
cals derived from DA autoxidation are highly reactive
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Figure 1. Metabolic pathways of L-Dopa.
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and can potentially cause a site-specific oxidative dam-
age [19-22]. The possibility that L-Dopa can induce re-
active oxygen species (ROS) is important in PD be-
cause the substantia nigra pars compacta is in a state of
oxidative stress: post-mortem analysis show increased
levels of the pro-oxidant ferrous iron [23-25] and de-
creased mitochondrial complex I in PD patients [26,27].
Furthermore, there is evidence of oxidative damage to
lipids [28], DNA [29] and proteins [30]. During DA me-
tabolism, hydrogen peroxide (H,O,) is generated [31]:
H,0, could undergo autoxidation in the presence of high
levels of iron, giving rise to highly toxic hydroxyl radi-
cals [32]. For these reasons oxidative stress, resulting
from the imbalance between ROS formation and anti-
oxidant defenses, is thought to play a pivotal role in the
pathogenesis of the disease [1,2] Increased markers of
lipid peroxidation [24], protein nitration [33], DNA da-
mage [29], decreased mitochondrial complex I activity
[27] and lower amount of the reduced form of glu-
tathione (GSH) [34] have all been identified in the SNpc
of PD patients.

ROS can damage all biological macromolecules, in-
cluding DNA, where for example deoxyguanosine is con-
verted to 8-oxo-7,8-dihydro-deoxyguanosine (8-0xodG).
This specific base modification is one of the most abun-
dant products of oxidative damage to DNA and induces
mutations through G to T transversion [35]. Oxidative
DNA damage includes both oxidized purine and pyrimidine
bases and structural DNA changes such as single or dou-
ble DNA strand breakage, results in an elevated genomic
damage, expressed as sister chromatid exchanges or
chromosomal aberrations [36,37].

Based on these considerations it has been postulated
that L-Dopa itself could be toxic to DA neurons [38,39],
so that the chronic administration of L-Dopa would ex-
acerbate the production and the accumulation of ROS
leading neurons to death. Some studies suggest a toxic
effect of L-Dopa in neuronal cells in vitro [40-42] even if
the concentrations used in these experiments are higher
than those reached in the plasma (10 - 20 uM) after one
oral therapy intake [43-45]: in these concentrations
L-Dopa is not toxic to cultured dopamine neurons [11]
and nor toxicity has been confirmed in healthy rodents
[46], nonhuman primates [47] or humans [48]. Moreover,
recent clinical trials did not provide evidence for toxic
effects of L-Dopa [49]. Indeed there is evidence sug-
gesting that in some circumstances L-Dopa might be
protective and have trophic effects [11]. Studies con-
ducted using glia-conditioned media showed that L.-Dopa
can exert a neurotrophic effect manifested by an increase
in cell survival and in growth of neurite [41,50-52]. In
addition, exposure to low concentration of L-Dopa can
protect dopamine neurons from subsequent exposure to
pro-oxidants that would otherwise be toxic [53].
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3. OPTIMIZATION OF
PHARMACOLOGICAL THERAPY OF
PARKINSON'’S DISEASE: L-DOPA IN
COMBINATION WITH CARBIDOPA

One of the fundamental problems of pharmacological
therapy with L-Dopa is its short half-life. L-Dopa is ab-
sorbed in the proximal small intestine after oral intake
and is transported across the blood-brain barrier by an
active amino acid carrier.

L-Dopa is absorbed in the intestine quickly and com-
pletely, but bioavailability is less than 1% in the absence
of aromatic amino acid decarboxylase (AADC) inhibi-
tors. The half-life of a single standard oral dose of L-
Dopa is approximately 1.5 hours in the presence of an
AADC inhibitor and approximately 1 hour without
AADC inhibitor [54,55]. Fluctuation in L-Dopa concen-
tration leads to fluctuations in motor performance and to

the development of drug-induced involuntary movements:

dyskinesias is one of the main problems that occur in the
later stages of the disease [56]. Because of these side
effects it would be important monitor the levels of
L-Dopa in the plasma of patients, in order to determine
whether the motor fluctuations are predictable and
avoidable through an individual optimization of drug
therapy. Despite the use of other medications that in-
crease the stimulation of dopamine receptors in the stria-
tum, the differences in the doses required by patients are
obvious and represent the most important factor for the
improvement of therapy. Pharmacodynamic factors, such
as receptor changes, and pharmacogenetic factors, such
as genetic polymorphism in drug-metabolizing enzymes
are important to study [56]. The total daily dosage of oral
L-Dopa should be individualized, involving two pa-
rameters: the amount of each dose and the frequency of
dose intakes [10]. The strategy to optimize therapy is to
decrease the doses and increase the number of dose in-
takes [57]. However with the progression of the disease
the threshold of L-Dopa concentration for therapeutic
effect increases [55] and it is important that each dose is
large enough to give an appropriate response [10].

All commercially available L-Dopa formulations now
contain an AADC inhibitor: L-Dopa in combination with
an inhibitor of AADC is the most effective treatment in
the progression of PD [10]. The ratio of carbidopa to
L-Dopa was initially 1:10, but was increased to 1:4 [58]
because of pharmacokinetic advantages and decreased
adverse effects. Time to reach peak plasma concentration
may vary between patients and within patients, but it is
usually reported to be about 0.5 - 2 hours [54].

Despite dopa-decarboxylase inhibitors were intro-
duced in PD therapy for the first time several decades
ago, the time of administration, the duration of the effect
of L-Dopa, the dosage of dopa decarboxylase inhibitor
request and the real effectiveness of carbidopa have not
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yet been well defined. [58,59]. Carbidopa is typically ad-
ministered simultaneously with each dose of L-Dopa.
This presumes that the onset of decarboxylase activity
inhibition occurs quickly enough to prevent peripheral
L-Dopa metabolism and this inhibition persists during
the time course of effect of L-Dopa [60,61]. The plasma
half-life of carbidopa is approximately 2.5 h and this
correlates with the extent of decarboxylase activity inhi-
bition [62-64].

The first marketed product containing a combination
of L-Dopa and carbidopa was an immediate-release [3]
oral dosage form under the trade name of Sinemet”™ [2].

4. OXIDATIVE STRESS AND DNA
DAMAGE: EVIDENCES TO SUPPORT
THE PROTECTIVE EFFECT OF
L-DOPA

The presence of oxidative stress, resulting from an
imbalance between the formation of ROS and the anti-
oxidant defense system, has been reported in post-mor-
tem tissues of patients with PD: a decrease activity of
complex I of the mitochondrial respiratory chain [27]
with a decrease in levels of reduced glutathione [34,65,
66] have been observed in the substantia nigra of patients
with PD. Lipids [67], proteins [4] and DNA [68,69] can
all be damaged by free radicals, and can be used as bio-
markers for the quantification of the oxidative stress. The
first study that investigated cytogenetic damage in pa-
tients with de novo PD using the micronucleus assay was
published by Migliore and coworkers (2002) [70]. They
performed micronuclei assay, FISH, standard and modi-
fied Comet assay on leukocytes of 20 patients with the
novo sporadic PD and 16 control subjects showing that
spontaneous micronuclei frequencies are higher in PD
patients compared with control subjects. FISH analysis
showed that the majority of micronuclei is constituted by
acentric fragments, suggesting an increased incidence of
chromosome breaks in the formation of micronuclei in
PD patients. Comet assay showed an increase in the lev-
els of single strand breaks that may well explain the in-
creased centromere-negative micronuclei frequency ob-
served in PD patients (Table 1).

To assess oxidative DNA damage was also performed
the modified version of the comet assay. In this technique
is used an enzyme (Endo III or FPQG) that specifically
induces lesions in DNA in correspondence of oxidized
bases [71]. In this case Migliore and coworkers have
shown that the level of strand breaks due to oxidized
purines is higher in PD patients compared to controls.

Since ROS induce chromosomal aberrations with high
efficiency, the authors conclude that the observed chro-
mosomal damage in somatic cells in PD patients is due
to a high and abnormal oxidative stress in these patients.
Furthermore, these data confirmed the hypothesis that
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Table 1. Summary of experimental evidences.

PD patients w/o

Target Metodologies treatment

PD patients treated with

PD patients treated with

L-Dopa plus DDC inhibitor References

L-Dopa

Standard comet
assay

1

Primary DNA damage )
Micronucleus

assay

1

Modified comet
assay

DCFH assa
Oxidative damage Y

8oxodG
FRAP

Glutathione reductase GR activity
(GR) activity assay

= [70,74]

(LD < 500 mg/die) 9]
(LD > 500 mg/die)

[74]

= [9]

tincrease over control subjects; |reduction over control subjects; =data not significant compared to control subjects.

oxidative damage to DNA also occurs at the peripheral
level and demonstrated for the first time that the oxida-
tive damage to DNA also occurs outside of the central
nervous system in PD patients. The presence of DNA
oxidative damage outside the CNS supports the hypothe-
sis that a systemic derangement parallels neural abnor-
malities in PD patients [70].

In addition to these experimental evidences, Prigione
et al., in 2006 [9], demonstrated a negative correlation
between oxidative stress in peripheral blood mononu-
clear cells from PD patients and LD dosage. In this study
PBMCs from treated patients and healthy subjects were
use as dopaminergic non-neural cell model to study the
ex-vivo relation between oxidative stress and LD intake
by measuring ROS production and glutathione reductase
(GR) activity. ROS levels in PBMCs were significantly
higher in PD patients than in healthy controls neverthe-
less the daily dosage of LD showed significant negative
correlation with ROS production in PBMCs and signifi-
cant positive association with GR activity. To clarify
whether the production of ROS depends on L-Dopa
dosage, patients were divided into two groups: one tak-
ing more than 500 mg/day (L-Dopa > 500) and the other
taking less than 500 mg/day (L-Dopa < 500). The first
group does not present a significant increase in ROS
production compared to the controls. Furthermore, L-
Dopa > 500 significantly reduces the production of ROS
with respect to L-Dopa < 500.

The detected increase in oxidative stress in PBMCs of
PD patients seems to correlate to the intake of L-Dopa,
which in fact seems to exert a protective function.

In addition, the group of PD patients treated with addi-
tional drugs (for example carbidopa) together with L-
Dopa showed no differences in ROS production com-
pared to patients treated with L-Dopa alone (Table 1).
These results were still left open the debate on L-Dopa
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until 2009, when our research group [72] analyzed the
presence of DNA damage in peripheral blood lympho-
cytes [6] isolated from blood samples of nine PD patients
and nine matched controls, during a controlled dosage
and washout of L-Dopa. We evaluated the oxidative
DNA damage fluctuation after L-Dopa intake through the
standard and the Fpg-modified version of Comet assay.
L-Dopa intake was suspended the day before the sam-
plings according to the washout procedure. Each patient
underwent three consecutive venous blood samplings:
the first sampling was performed in early morning (after
15 h of L-Dopa suspension) and the usual L-dopa ther-
apy was administered immediately after. The second and
the third samplings were performed 90 and 180 min,
respectively, after the therapy, according to the LD half-
life.

The group of PD patients analyzed after 15 hours
washout of therapy showed high levels of DNA strand
breaks compared to control subjects. After the intake of
L-Dopa a progressive and significant reduction of DNA
damage within 3 hours after administration (correspond-
ing to the half-life of L-Dopa) was observed. The values
of DNA damage analyzed in control subjects by standard
comet assay remained unchanged in the three sampling
times. To verify if the DNA damage in leukocytes of
these patients was also due to oxidative stress, our re-
search group performed a modified version of the comet
assay by using lesion-specific enzymes able to induce
strand breaks in the site of oxidized nucleosides. The
modified version of comet assay confirmed that only a
small portion of the DNA lesions are due to oxidative
damage, while the total amount of DNA lesions de-
creases after the L-Dopa intake.

As regards the control subjects the observed variability
likely reflects normal cellular metabolic activities and
antioxidant levels in the blood. The concentrations of
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oxidative stress biomarkers in plasma and urine of
healthy subjects follow a circadian rhythm, being very
low at night and early in the morning, with an increasing
trend toward the evening [73].

In 2010 Oli et al. [74] demonstrated no increased
chromosomal damage in L-Dopa-treated patients with
PD. In this study 18 PD patients were recruited: patients
were treated with L-Dopa and a dopa decarboxilase in-
hibitor. Life partners of PD patients were also recruited
in this study to form a control group. Oli and collabora-
tors analyzed 8-0xodG in lymphocyte DNA and detected
significantly elevated levels of oxidative DNA alterations
in PD patients compared to the control group. Therefore,
FRAP capacity (antioxidant capacity of the plasma) was
significantly higher in PD patients than in controls. Ana-
lyzing micronucleus frequencies no difference between
the groups was found (Table 1).

Results obtained from this study confirmed that the
oxidative stress biomarker 8-0x0-dG is elevated in chro-
nically L-Dopa-treated PD patients. A potential explana-
tion of antioxidative capacity of plasma in PD patients
and of low micronucleus frequency is that treatment with
L-Dopa plus carbidopa in these patients could protect
patients from PD-related additional chromosomal dam-
age. This assumption of protective effect is confirmed by
correlation between antioxidant FRAP values and daily
L-Dopa plus carbidopa dosage. As the increase of cyto-
solic levels of dopamine induces formation of ROS,
semiquinones and quinines [75], it is believed that the
increase of 8-oxodG observed in PD patients is caused
by the metabolism of dopamine itself, which also deter-
mines an increase in of 8-0xodG in PC12 cells [74]. On
the basis of these experimental evidences our research
group decided to investigate the in vitro effects of vari-
ous L-Dopa and carbidopa concentrations, alone and in
combination, in a human neuroblastoma cell line, SH-
SYS5Y [76]. In particular, we analyzed the effects of
L-Dopa treatments by evaluating DNA damage levels
and investigating whether this damage was due to oxida-
tive stress. We have analyzed the behavior of L-Dopa in
the presence of oxidative stress exogenously induced by
hydrogen peroxide and we the effect of carbidopa alone
and in combination with L-Dopa, even in the presence of
exogenous oxidative stress.

The results obtained from the standard comet assay
showed that L-dopa induces a significant increase in
DNA damage only at the highest dose used, but we can
exclude that this damage is due to oxidative stress be-
cause neither the FPG modified-comet assay nor the
analysis of intracellular ROS gave significant results. In
addition it must be taken into account that the L-Dopa
dose showing an increased DNA damage is much higher
compared to that present in the cerebrospinal fluid after
taking an oral dose of the drug [11].

Copyright © 2012 SciRes.

To evaluate the protective effect of L-Dopa against
oxidative stress we performed combined treatments with
hydrogen peroxide both short term and 24 hours treat-
ments. We reported a significant protective effect exerted
by L-Dopa against H,O,-induced DNA damage at all
used doses, particularly evident with the highest ones,
showing a close relationship between L-Dopa concentra-
tions and treatment times (Figure 2(a)). We also investi-
gated the effects of carbidopa on neuroblastoma cells:
carbidopa per se’ does not induce DNA damage but is
effective in reducing the damage caused by reactive
oxygen species (Figure 2(b)). Carbidopa in combination
with L-Dopa (in a 4:1 ratio) emphasizes the protective
effects of L-Dopa (Figure 3), decisively acting both in
prolonging L-Dopa half-life as previously shown [2,77],
and protecting cells from oxidative intermediate of L-
Dopa metabolism. Previous in vivo studies had demon-
strated that co-administration of carbidopa and L-Dopa
blocks the generation of hydroxyl radicals due to dopa-
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Figure 2. Protective effects of LD and CD in SH-SYS5Y cells
evaluated by alkaline comet assay. (a) Protective effect in
SH-SYS5Y cells after 30-min-, 1-, 2-, and 24-h treatments with
various concentrations of LD in the presence of H,O, is evalu-
ated in terms of reduction of H,O,-induced DNA damage; (b)
The protective effect in SH-SYS5Y cells after 30-min-, 1-, 2-,
and 24-h treatments with various concentrations of CD in the
presence of H,O, is evaluated in terms of reduction of H,0,-
induced DNA damage. Values of Tail DNA are normalized with
respect to the percentage of DNA damage induced by H,O,
single treatment (100%) and represent the mean results of three
experiments + SE (Standard Error). H,O,: 100 pM; 30-min
treatment. “p < 0.05; ~p < 0.01; ~p < 0.001 (at Mann-Whitney
U test) treated cells versus H,O,-treated ones [76].
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Figure 3. Protective effects of combined treatment LD/CD in a
4:1 ratio in SH-SYSY cells evaluated by alkaline comet assay.
The protective effect in SH-SYSY cells after 30-min-, 1-, 2-,
and 24-h treatments with various concentrations of LD/CD in
the presence of H,0, is evaluated in terms of reduction of
H,0,-induced DNA damage. Values of Tail DNA are normal-
ized with respect to the percentage of DNA damage induced by
H,0, single treatment (100%) and represent the mean results of
three experiments + SE (Standard Error). HO,: 100 uM; 30-
min treatment. ~ p < 0.001 (at Mann-Whitney U test) treated

cells versus H,O,-treated ones [76].
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mine autoxidation [22]. Therefore, from our results we
can deduce that carbidopa can act by inhibiting the for-
mation of intermediates of dopamine metabolism.

5. CONCLUSIONS

Parkinson’s disease is one of the most common age-
related diseases, so the improvement of pharmacological
therapy is of great interest.

Since L-Dopa has begun to be used to relieve the
symptoms of neurodegeneration [4] it showed conflicting
results about its neurotoxicity [40,41] and its ability to
increase oxidative stress inside the cell [28-30,42]. The
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most recent experimental evidences have shown that Par-
kinson’s disease causes an imbalance between oxidative
stress and defense systems in the cell, both at the level of
the central nervous system and in the peripheral districts
[25-30] (Figure 4).

This imbalance causes DNA damage in PD patients
[70] and increases levels of cellular ROS [9,74]. Apart
from baseline damage present in PD patients, L-Dopa
does not seem to have an adverse effect, but rather a
protective effect both on lymphocytes [72] and on human
dopaminergic cell line [76].

The concomitant use of drugs that inhibit the periph-
eral metabolism of L-dopa can increase its half-life and
bioavailability: in particular carbidopa amplifies the an-
tioxidant effects of L-Dopa (Figure 4) and has beneficial
effects in both the peripheral districts [74] and human
dopaminergic cells [76]. In the assessment of the effects
of the pharmacological therapy is also important to con-
sider the physio-pathological and genetic variables
among patients. In this regard it’s fundamental to inves-
tigate effects of the substances used in combination with
L-Dopa in order to restrict the side effects and to im-
prove drug therapy basing on the individual characteris-
tics of each patient.
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