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Abstract

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxin causing symptoms
that may resemble those observed in patients suVering from Parkinson’s disease. Therefore,
MPTP-treated laboratory animals are currently the most favored models to study therapeutic
intervention strategies in this disease. It was demonstrated recently that caVeine (1,2,3-trimeth-
ylxanthine) intake decreases the risk of Parkinson’s disease in various human populations and
attenuates MPTP-induced neurological eVects in animal models. Since the eVects of caVeine on
MPTP-treated animals were mimicked by several antagonists of the adenosine A2A receptor, it
was suggested that caVeine attenuates MPTP toxicity by blocking this receptor. Here, using
microcalorimetry and molecular modeling, we demonstrate that caVeine can form stacking
(�–�) complexes with MPTP. We found that a biological activity of MPTP (induction of
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mutations in a microbiological mutagenicity assay), which is completely independent on the
A2A receptor blockade, is signiWcantly reduced by caVeine. Therefore, we suggest that caVeine
may attenuate neurotoxicity of MPTP (and possibly other polycyclic aromatic toxins) and
reveal its protective eVects on the risk of Parkinson’s disease not only by blocking the A2A
receptor but also by sequestering neurotoxin molecules in mixed complexes, especially in
stomach.
  2005 Elsevier Inc. All rights reserved. 
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1. Introduction

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; Fig. 1A) is a neurotoxin,
which induces in humans a syndrome virtually identical to Parkinson’s disease and is
extensively used in studies on animal models of this disorder (for recent reviews
about MPTP and Parkinson’s disease see [1–10]). Parkinson’s disease is characterized
by massive degeneration of dopaminergic neurons in the substantia nigra, the loss of
striatal dopaminergic Wbers and a dramatic reduction of the striatal dopamine levels.
The massive striatal dopamine deWciency causes motor deWcits in patients, including
bradykinesia, rigidity, and resting tremor, which are the most characteristic symp-
toms of this disease.

MPTP selectively damages dopaminergic neurons, predominantly those originat-
ing in the substantia nigra pars compacta. This leads to impaired dopaminergic neu-
rotransmission accompanied by a loss of dopaminergic nerve terminals in the
striatum. Primates treated with MPTP develop motor disturbances resembling those
observed in patients suVering from Parkinson’s disease, namely bradykinesia, rigid-
ity, and postural abnormalities. Therefore, MPTP-based animal models have played
a crucial role in elucidating the mechanism of Parkinson’s disease. Importantly,
MPTP-treated animals (particularly primates) are responsive to all commonly used
antiparkinsonian agents, and eVects of these agents assessed in such studies have
proved to be highly predictive of symptomatic drug action in Parkinson’s disease. In
addition, compounds antagonizing or potentiating MPTP eVects have indicated new
therapies for this disease [1–10].

Epidemiological studies indicated that higher coVee intake is associated with a sig-
niWcantly lower incidence of Parkinson’s disease [11]. Results of those studies sug-
gested that the mechanism of this phenomenon may be related to caVeine intake and
not to other nutrients contained in coVee. Subsequently, a protective eVect of moder-
ate doses of caVeine on risk of Parkinson’s disease in various human populations was
conWrmed [12,13]. Moreover, it was demonstrated that caVeine attenuated MPTP-
induced loss of striatal dopamine and dopamine transporter binding sites [14,15]. In
accordance to these Wndings, it was reported that caVeine improves the memory deW-
cits observed in MPTP-lesioned rats [16].
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CaVeine (1,2,3-trimethylxanthine; Fig. 1A), apart from its other activities, is an
antagonist of the adenosine A2A receptor [17]. Since the eVects of caVeine on MPTP-
treated animals were mimicked by several A2A antagonists [14,18,19] and by genetic
inactivation of the A2A receptor [14], it was suggested that caVeine attenuates MPTP
toxicity by A2A receptor blockade [14,20].

Fig. 1. Chemical structures of caVeine (CAF; 1,2,3-trimethylxanthine) and MPTP (1-methy-4-phenyl-
1,2,3,6-tetrahydropyridine) (A) and titration of MPTP with caVeine (B). (B) Microcalorimetric titration of
MPTP (initial concentration of 1.28 mM) with caVeine (CAF) (stock solution concentration 101.85 mM)
(solid line), and buVer with caVeine (dotted line). Ten aliquots of caVeine (10 �L each) were added at 5 min
intervals and the heat of exchange (in �cal/s) was measured as a function of time.
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It was demonstrated recently that caVeine can form stacking (�–�) complexes with
various polycyclic aromatic agents [21–24]. Formation of mixed aggregates with
caVeine might reduce concentrations of aromatic agents in their free forms in solu-
tion, preventing their biological activities. Since MPTP is an aromatic chemical
(Fig. 1A), here we asked whether caVeine can form stacking complexes with this com-
pound and reduce its biological activity by an additional mechanism, apart from
already postulated [14,20] blocking of the A2A receptor.

2. Methods

2.1. Chemicals

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP) and caVeine
(1,2,3-trimethylxanthine) were used. These chemicals were purchased from Sigma–
Aldrich.

2.2. Microcalorimetry

The microcalorimetric titrations were performed at 30 § 0.1 °C in the buVer com-
posed of 5 mM Hepes and 0.15 M NaCl, pH 7.4, using Omega Titration Calorimeter
(Microcal). Then, portions of caVeine (stock solution concentration 101.9 mM), 10 �L
each, were added to 1.3 mL of the titrated solution and the heat process was mea-
sured as a function of time (�cal/s). The results of titration were corrected for heat of
components’ dilution, and expressed as the heat per mol of caVeine, as described pre-
viously [21–23].

2.3. Molecular modeling

All the calculations were performed using HyperChem software (Hypercube).
The semi-empirical PM3 method with steepest descent algorithm for geometry
optimization and minimization of total energy of the system was used. Molecules
of caVeine, MPTP and their several possible conWgurations in complexes were built
and optimized (terminal condition—RMS gradient lower than 0.2 for molecules
alone or 0.3 for complexes). On the basis of these calculations, optimal geometries
of the complexes have been evaluated. The energy of MPTP–caVeine complex for-
mation was estimated by subtraction of energies of formation of caVeine and
MPTP (both molecules in the same conformation as in the complex) from total
energy of the complex.

2.4. The Vibrio harveyi mutagenicity assay

The V. harveyi mutagenicity assay is based on the use of a series of genetically
modiWed strains of this bacterium [25–27]. V. harveyi is naturally sensitive to neomy-
cin, but mutants resistant to this antibiotic can be isolated. The frequency of the
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appearance of such mutants increases in the presence of mutagens in a dose–response
manner [25,26]. To assess mutagenicity of MPTP in the presence or absence of
caVeine, V. harveyi BB7 [28] and BB7M [25] strains (as various V. harveyi tester
strains respond diVerentially to diVerent mutagens, in preliminary experiments we
determined that BB7 and BB7M are the most sensitive strains to MPTP mutagenic-
ity) were cultivated in the BOSS medium [29] at 30 °C. To exponentially growing cul-
tures, indicated amounts of MPTP and/or caVeine were added and cultivation was
continued for 3 h. Then, 5 £ 106 cells were spread onto BOSS agar plates containing
neomycin (0.1 mg/mL). Following 48 h incubation at 30 °C, neomycin-resistant colo-
nies were counted. To estimate number of spontaneous neomycin-resistant mutants,
analogous experiments were performed in which neither MPTP nor caVeine was
added. Number of such mutants was then subtracted from number of mutants in cul-
tures treated with MPTP and/or caVeine.

3. Results

3.1. Microcalorimetric studies on direct interactions between caVeine and MPTP

To study interactions between caVeine and MPTP, we used the method of titration
microcalorimetry. The UV/Vis spectroscopy could not be employed in this case
because two analyzed compounds have absorption abilities in similar wavelength
ranges (maximum of caVeine absorption is at 272 nm and that of MPTP is at 240 nm).

Results of titrations of MPTP (initial concentration 1.28 mM) with caVeine (stock
solution concentration 101.85 mM; concentration range in cell 0.75–7.22 mM) and
buVer with caVeine are presented in Fig. 1B. The latter titration has been performed
to estimate the heat of dilution of caVeine. Control titrations of MPTP with buVer
(heat of dilution of MPTP) and buVer with buVer (heat exchange between syringe
and cell) have also been carried out (data not shown). The approximate value of heat
of interaction between MPTP and caVeine was corrected by subtraction of the sum of
heats of dilution of caVeine and MPTP. The obtained results were extrapolated to
values of [CAF]/[MPTP]! 0 (where CAF, caVeine) and are presented in Fig. 2 as
kcal/mol of titrant injected (caVeine) vs. [CAF]/[MPTP]. Calculated heat of interac-
tion between MPTP and caVeine is �H D ¡149 (§2) cal/mol. These results strongly
suggest that caVeine can directly interact with MPTP.

3.2. Molecular modeling

MPTP was purchased as a hydrochloride salt which exists in a water solution as a
cation (pKa D 8.66 [30]) in four possible conformations. The 1,2,3,6-tetrahydropyri-
dine ring adopts only the envelope conformation because of the appearance of a dou-
ble bond. The methyl group may appear in an equatorial or axial position. The
structures with the methyl group at an axial position are less energetically preferred
because of the steric hindrance. There are only two possible conformations with
the methyl group in an equatorial position. These two energetically preferred
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conformations diVer only by a position of the double bond (Figs. 3A and B). These
structures were used for further calculations.

Results of the molecular modeling (performed as described under Section 2) indi-
cated that MPTP can potentially form stacking complexes with caVeine. The most
stable putative complexes are presented in Fig. 3C–H. The distance between rings is
equal to about 3.4–3.6 Å, and the hydrogen bond might be formed between the
hydrogen connected to nitrogen in MPTP and oxygen at C2 in caVeine. The appear-
ance of intermolecular hydrogen bond may stabilize the stacking complexes. The for-
mation energy of such complexes has been estimated at about ¡12 kcal/mol.

3.3. Reduction of mutagenic activity of MPTP by caVeine

Since results of our studies described above (Figs. 1–3) strongly suggested that
caVeine can form stacking complexes with MPTP, we asked whether these interac-
tions have any biological relevance. One might assume that due to formation of
mixed complexes between caVeine and MPTP, a concentration of free molecules of
the latter compound should decrease, resulting in its reduced biological activity. We
aimed to test this hypothesis, however, since caVeine-mediated attenuation of MPTP
neurotoxicity was previously proposed to arise from the A2A receptor blockade
[14,20], animal models would not be optimal in such studies due to putative overlap-
ping of these two possible mechanisms. One could consider the use of animals with
knock-out mutations in the gene coding for the A2A receptor or the use of blockers of
this receptor. However, both experimental systems would result in the attenuated
response to MPTP, similar to that caused by caVeine [14,20]. This would potentially

Fig. 2. Heat of interaction between MPTP and caVeine as estimated by microcalorimetric titration. The
heat of reaction (�H D ¡149 cal/mol) was corrected for the heat of dilution of components (not shown)
and calculated by extrapolation to [CAF]/[MPTP] ! 0 (CAF, caVeine).
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cause serious problems with interpretation of results. Therefore, we decided to mea-
sure a biological activity of MPTP which is completely independent on the A2A
receptor status. Mutagenicity of MPTP, demonstrated previously [31], fulWlls this
requirement. Thus, we assessed mutagenic activity of MPTP in the absence and pres-
ence of caVeine. We employed the V. harveyi mutagenicity assay [25–27], which has
been demonstrated previously to be suitable for assessment of mutagenic activities of
various chemicals [24,26,32].

We observed a mutagenic activity of MPTP (Fig. 4A), which corroborates previ-
ously reported conclusion based on results obtained using another mutagenicity
assay [31]. In our assays, caVeine had no considerable mutagenic activity at concen-
trations up to 1 mM (data not shown). At the MPTP concentration (1.2 �M) giving
the highest mutagenicity in the assays with the BB7 tester strain, we observed a sig-
niWcant, dose-dependent reduction of this eVect by caVeine (Fig. 4B). Similar results
were obtained when another tester strain, BB7M (which is generally more sensitive to
various mutagens), was used (Fig. 4C), conWrming that the observed phenomenon is
not strain-speciWc. Reduction of MPTP mutagenicity in the presence of caVeine was
also observed at MPTP concentrations lower than 1.2 �M (results not shown), indi-
cating that a putative increase in bioavailability of MPTP by caVeine (and resultant
decrease in mutagenicity, resembling that observed at 2.4�M MPTP in the absence of
caVeine; see Fig. 4A) is unlikely.

Fig. 3. MPTP conformations revealing the lowest energy (A and B) and formation of possible stacking
complexes between MPTP and caVeine, predicted by molecular modeling (C–H). (C and F) MPTP adopts
two diVerent conformations (presented in A and B, respectively). Energies of formation of these com-
plexes do not diVer signiWcantly (¡11.7 and ¡12.0 kcal/mol). (D, E and G, H) Complexes depicted in (C
and F), respectively, from other perspectives. The intermolecular hydrogen bond (shown on D and G as
thin lines) stabilizes the complex. For clarity of the Wgure, double bonds are not shown.
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Fig. 4. Mutagenicity of MPTP and its attenuation by caVeine. (A) Mutagenicity of MPTP as assessed
using the V. harveyi mutagenicity assay. Cultures of the BB7 strain were treated with indicated concentra-
tions of MPTP. (B and C) EVects of caVeine on mutagenicity of MPTP. In experiments shown in (B), cul-
tures of the V. harveyi BB7 strain were treated with 1.2 �M MPTP and indicated concentrations of
caVeine. In experiments shown in (C), cultures of the V. harveyi BB7M strain were treated with either
0.5 mM caVeine (CAF) or 1.2 �M MPTP (MPTP) or both (MPTP + CAF). In all panels, presented results
are mean values from 3–5 experiments with bars indicating standard deviation.
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4. Discussion

Parkinson’s disease is the second most common neurodegenerative disorder,
which aVects up to a few percent of human population over the age of 65 years [17].
Since treatment of animals with MPTP causes the clinical symptoms that resemble
those observed in patients suVering from Parkinson’s disease, this neurotoxin has
been very useful in studies on mechanisms of this disease, as well as on development
of therapeutic intervention strategies [3,4,6,7,10].

It was demonstrated recently that caVeine has a protective eVect on risk of Parkin-
son’s disease in various human populations [11–13]. Moreover, caVeine attenuates
MPTP-induced neurological eVects in mice models [14–16]. Since the eVects of
caVeine on MPTP-treated animals were mimicked by several antagonists of the aden-
osine A2A receptor, it was suggested that caVeine attenuates MPTP toxicity by block-
ing this receptor[14,20].

Here we present results strongly suggesting that caVeine interacts with MPTP
directly. Heat of this interaction, estimated by microcalorimetric titration, is
�H D ¡149 (§2) cal/mol. This value is similar to that obtained for caVeine–quina-
crine mustard interaction (�H D ¡116 cal/mol) [22]. Formation of mixed aggregates
between caVeine and quinacrine mustard has been conWrmed by UV/Vis spectros-
copy and by statistical–thermodynamical model of mixed aggregation, with mixed
association constant of the interaction KAC D 59.1 (§2) M¡1 [22]. Similar experiments
were performed to demonstrate caVeine interactions with other compounds, like
Xuorochromes [21,33,34], selected anticancer drugs [23] and some mutagens [22,24].
All these compounds have aromatic structures and form stacking complexes with
caVeine. These interactions have been conWrmed by NMR studies [35–37]. Impor-
tantly, caVeine does not interact with mutagens of diVerent (non-aromatic) chemical
structures and does not reduce their mutagenicity [22,24]. MPTP molecule has an
aromatic structure and potentially can form �–� complexes with caVeine, as demon-
strated in this report by molecular modeling and microcalorimetry. Such interactions
might lower the concentrations of a free, active form of this neurotoxin.

We found that addition of caVeine attenuates biological eVects of MPTP in an
experimental system that is completely independent on activity of the A2A receptor,
i.e., in the V. harveyi mutagenicity assay. Using this assay, we detected a mutagenic
eVect of MPTP similar to that reported previously [31], though we observed a maxi-
mal mutagenicity at several-fold lower than the toxin concentrations. This may be
explained by a higher sensitivity of the V. harveyi mutagenicity assay in comparison
to the Ames test (as demonstrated for some other mutagens [26]), which was
employed previously [31]. Nevertheless, in both experimental systems, a decrease in
the number of detected mutants was observed at high MPTP concentrations. This
might arise from induction of multiple mutations in cells, causing lethal eVects or
drastic decrease of growth rate, which prevented formation of bacterial colonies.

SigniWcant (more than 3-fold) inhibition of MPTP-mediated induction of muta-
tions in the V. harveyi assay was observed at molar ratio of caVeine to MPTP equal
to » 40:1. Complete (or almost complete) biological inactivation of the toxin was
achieved at the molar ratios between 400:1 and 800:1. These values might appear
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relatively high, however, it is worth noting that in studies on animal models of Par-
kinson’s disease, commonly used concentrations of MPTP are between 1.73 �M
(equal to 0.3 mg/kg) in monkeys and 173�M (equal to 30 mg/kg) in mice [38], and
concentrations of caVeine used in the animal studies were around 100 �M (equal to
about 20 mg/kg). This may correspond to caVeine intake experienced by coVee drink-
ers that use a few cups of coVee daily, as average caVeine content per a 16-oz cup of
coVee was estimated to about 200 mg [39]. Therefore, in some studies on caVeine-
mediated attenuation of MPTP neurotoxicity, amounts of caVeine might be suY-

ciently high to sequester a part of the neurotoxin molecules.
Apart from laboratory studies on MPTP models, even more pronounced eVects of

neurotoxin sequestration by caVeine could be expected in the protection of humans
against Parkinson’s disease. Namely, man-made toxins, such as industrial chemicals
and herbicides or pesticides, have been suggested to increase the risk of developing of
Parkinson’s disease. The signiWcance of such factors in etiology of this disease has
recently been highlighted [1]. Many of the toxins mentioned above are aromatic
chemicals. Since caVeine was found to be able to form stacking complexes with vari-
ous polycyclic aromatic agents [21–24], including a neurotoxin (this report), one
might assume that mixed complexes can also be formed between caVeine and some
other neurotoxins that may be involved in development of parkinsonism. In fact,
analysis of structures of molecules that were demonstrated to act as neurotoxins
causing Parkinson’s disease, like paraquat [40–43], salsolinol [44], 6-hydroxydop-
amine [45] or methamphetamine [46], strongly suggest that due to their aromatic
character they can form stacking complexes with caVeine (our unpublished data).

It is worth noting that toxins occur in natural environment usually at very low
concentrations, and eVects of these chemicals are observed due to their long-term
accumulation in organisms. Thus, concentrations of caVeine in bodies of persons that
use this compound in their diet might be high enough to sequester a large portion of
polycyclic aromatic toxins. Moreover, we would like to stress that concentrations of
caVeine, when administered orally, are especially high in a digestive tract. Thus, we
suspect that the protective action of caVeine, due to formation of complexes with
neurotoxins, might be signiWcant in stomach, and to some extend in intestine, after
oral administration of this compound (either with coVee or as a puriWed chemical),
rather than in blood or brain where it would be diluted. Therefore, previously
reported results [14], indicating little inXuence of caVeine on levels of MPTP deriva-
tives in mice brain, are not contradictory to our proposal. Namely, in those experi-
ments both MPTP and caVeine were administered by an intraperitoneal injection,
and relatively high concentrations (10–40 mg/kg) of both compounds were used,
whereas caVeine can eVectively form stacking complexes with MPTP when present at
concentrations many times higher than those of the neurotoxin. Such a proportion of
these two compounds may occur in stomach but not in experiments with intraperito-
neal injections, discussed above.

In summary, we suggest that caVeine may attenuate neurotoxicity of MPTP (and
possibly other polycyclic aromatic toxins) and reveal its protective eVects on the risk
of Parkinson’s disease not only by blocking the A2A receptor but also by sequestering
neurotoxin molecules in mixed complexes, especially in stomach. Interestingly,
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A2A receptor antagonists that can mimic eVects of caVeine on MPTP-treated animals
[14,18,19], e.g., SCH58261, 3,7-dimethyl-1-propargylxanthine, KW-6002 or KF18446,
are polycyclic aromatic agents that may also potentially form stacking complexes
(our unpublished data). Moreover, a structure of MPP+ molecule, which is actually
the neurotoxic species that mediates MPTP neurotoxicity [3], indicates that it can
form stacking complexes with caVeine, while it is unlikely that caVeine may inXuence
a conversion of MPTP to MPP+ (our unpublished results).
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