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Abstract

Epidemiological studies have raised the possibility of caffeine serving as a neuroprotective agent in
Parkinson’s disease (PD). This possibility has gained support from findings that dopaminergic neuron
toxicity induced by MPTP or other neurotoxins is attenuated by co-administration of caffeine in mice.
Here we examined the time window of caffeine’s neuroprotection as well as the effects of caffeine’s
metabolites (theophylline and paraxanthine) in the MPTP mouse model of PD. In the first experiment,
caffeine pre-treatment (30mg/kg ip) significantly attenuated MPTP-induced striatal dopamine
depletion when it was given 10min, 30min, 1hr, or 2hr but not 6hr before MPTP (40mg/kg ip)
treatment. Meanwhile, caffeine post-treatment also significantly attenuated striatal dopamine loss
when it was given 10min, 30min, 1hr or 2hr but not 4hr, 8hr or 24hr after MPTP injection. In the
second experiment, both theophylline (10 or 20 mg/kg) and paraxanthine (10 or 30 mg/kg)
administration (10min before MPTP) significantly attenuated MPTP-induced dopamine depletion in
mice, as did caffeine (10mg/kg) treatment. Thus the metabolites of caffeine also provide
neuroprotective effects in this mouse model of PD. The data suggest that if caffeine protects against
putative toxin-induced dopaminergic neuron injury in humans, then precise temporal pairing between
caffeine and toxin exposures may not be critical because the duration of neuroprotection by caffeine
may be extended by protective effects of its major metabolites.
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Caffeine is the most widely used psychoactive substance in the world (Fredholm et al.,
1999). Multiple epidemiological studies (both prospective and retrospective) have strongly
linked caffeine intake to a reduced risk of developing Parkinson’s disease (PD, Benedetti et
al., 2000; Ross et al., 2000; Ascherio et al., 2001), raising the possibility of neuroprotection
by caffeine. This hypothesis has been strengthened by preclinical demonstrations of
neuroprotection by caffeine in a variety of neurotoxin models of PD. Caffeine attenuated
neurochemical and anatomical dopaminergic lesions induced by 1-methyl-4-phenyl-1,2,3,6-
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tetrahydropyridine (MPTP) (Chen et al., 2001; Xu et al., 2002; Xu et al., 2006a; Chen et al.,
2008; Singh et al 2009), 6-hydroxydopamine (Joghataie et al, 2004; Aguiar et al., 2006), or the
pesticide combination of paraquat plus maneb (Kachroo et al., 2007). Moreover in contrast to
the motor stimulant properties of caffeine, which show tolerance upon repeated exposure, the
neuroprotective effect of caffeine was not reduced after repeated administration (Xu et al.,
2002).

In the MPTP model of PD the neuroprotective effect of caffeine has been assessed by
effectively co-administering it together with the toxicant, with caffeine preceding MPTP by
10 min. In humans, however, caffeine intake typically occurs once or a couple of times a day
in a periodic fashion, and thus it may not necessarily pair together with the potential toxin
exposure. Here we investigate caffeine pharmacokinetics and the temporal requirements for
pairing caffeine and neurotoxin in mice in an effort to better understand the relationship
between caffeine intake and reduced risk of PD. We employ a single-dose toxin regimen
(MPTP<HCI 40 mg/kg, i.p.) because it affords simplicity in assessing the temporal features of
protectant-toxicant relationships, and because it is the most common toxicant paradigm used
in earlier studies of caffeine in PD models (Chen et al., 2001, Xu et al., 2002, Xu et al.,
2006a). Despite its limitations (e.g., the lack of Lewy body-like inclusions or reliable
behavioral deficits characteristic of PD) acute MPTP intoxication in mice remains one of the
best-characterized animal models of PD and faithfully recapitulates core neurochemical and
anatomical features of PD (Dawson et al., 2002).

To pursue the pharmacodynamics of neuroprotection by caffeine we considered the major
routes of caffeine metabolism. In human adults caffeine is virtually completely metabolized,
with less than 2% of the ingested compound being recoverable in urine unchanged (Arnaud,
1987; Somani and Gupta, 1988). In humans caffeine (i.e., 1,3,7-trimethylxanthine) is
demethylated to its dimethyl metabolic intermediates, with over 80% of orally administered
caffeine metabolized to paraxanthine (1,7-dimethylxanthine), and about 16% is converted to
theobromine (3,7-dimethylxanthine) and theophylline (1,3-dimethylxanthine) (Lelo et al.,
1986; Benowitz et al., 1995). In rodents, paraxanthine is the major metabolite, but levels of
theophylline are also high (Bonati et al., 1984-1985; Fredholm et al., 1999). Paraxanthine can
contribute to the pharmacological action of caffeine (Benowitz et al., 1995), especially during
long-term caffeine consumption at higher doses when there is accumulation of paraxanthine
in plasma due to its saturable metabolism (Denaro et al., 1990). These metabolites of caffeine
share many of the pharmacological actions of caffeine (Denaro et al., 1990). Thus they should
be taken into account when considering the biological actions of caffeine. Therefore, in the
current study, we examined the effects of caffeine’s metabolites (theophylline and
paraxanthine) as well as its time window of action in the MPTP model of PD.

Experimental procedures

Animals and drug treatments

Male C57BL/6 mice (~23-27 gm) from Charles River Laboratories (Wilmington, MA) were
housed five in each cage in temperature- and humidity-controlled rooms with a 12-h dark: light
cycle and had free access to food and water. In the first experiment, mice received saline or
caffeine (30mg/kg) 10min, 30min, 1hr, 2hr or 6hr before (Experiment 1A), or 10min, 30min,
1hr, 2hr, 4hr, 8hr or 24hr after (Experiment 1B) MPTP (40mg/kg, n=7-20; note all doses for
MPTP refer to that of its chloride salt, MPTP+HCI; Sigma-Aldrich, St. Louis, MO) or saline
(n=3-6) treatment. In the second experiment, caffeine (10mg/kg), theophylline (10 or 20 mg/
kg), paraxanthine (10 or 30 mg/kg) or saline was administered 10 min before MPTP (40mg/
kg, n=7-20) or saline (n-3-7) treatment. In the third experiment, mice were treated with
caffeine (10 or 30 mg/kg) and killed at 5, 10, 20, 30, 60, 120, 360min or 24hr (n=6 for each
time point) after injection. All injections were administered intraperitoneally (ip) in a volume
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of 0.1ml/10 gm of body weight. All experiments were conducted in accordance with
Massachusetts General Hospital and NIH Guidelines on the ethical use of animals.

Measurement of dopamine

In the first two experiments, one week after MPTP treatment, mice were killed by rapid cervical
dislocation. The striatum was dissected out from the right cerebral hemisphere, frozen on dry
ice and stored at —80°C until use. Each striatum was weighed, homogenized with 150 mM
phosphoric acid and 0.2 mM EDTA and centrifuged at 12,000 g for 15 min at 4°C. Supernatants
were analyzed for dopamine content using standard reverse-phase HPLC with electrochemical
detection. Biogenic amines were separated on a C-18, 5- um sphere column. The mobile phase
consisted of 0.1 M sodium phosphate monobasic, 0.1 mM EDTA, 0.18 mM sodium octyl
sulfate, and 8% methanol in filtered distilled water. The final pH of 3.3 was obtained with the
addition of concentrated phosphoric acid, and the mobile phase was filtered and degassed
before use.

Measurement of caffeine and its metabolites

Statistics

Results

In the third experiment, mice were killed at different time points by rapid cervical dislocation.
Trunk blood was collected and centrifuged immediately at 12,000 x g for 30 min at 4°C. The
right cerebral hemisphere was dissected out, frozen on dry ice, and stored at —80°C until use.
Brain tissue was homogenized in 0.1 M monobasic sodium phosphate with a volume 10 times
that of tissue weight (i.e., 10 ul/mg tissue assuming a tissue density of 1 ul/mg) and centrifuged
at 12,000 x g for 15 min at 4°C. Serum and supernatant of brain homogenates were analyzed
using liquid chromatography/mass spectrometry for determination of caffeine and its three
dimethyl xanthine metabolites: paraxanthine, theophylline, and theobromine. The lower limit
of quantitation was 0.030 pg/ml. The results of caffeine and metabolites concentrations in brain
were calculated (i.e., pg/ml homogenate x 10 ml homogenate/g tissue) and presented as pg/g
tissue. The analysis of caffeine and its metabolites was performed by Drs. R. L. Foltz and D.
Andrenyak (Center for Human Toxicology, University of Utah, Salt Lake City, UT) asa service
of the National Institute of Drug Abuse (NIDA Drug Supply & Analytical Services; Dr. H.H.
Singh, program administrator).

The dopamine content data from MPTP-treated mice were analyzed with one-way ANOVA
followed by Fisher’s LSD tests.

In the first experiment, we sought to determine the therapeutic window through which pre- or
post-treatment with caffeine confers neuroprotection against MPTP-induced dopaminergic
toxicity in mice (Figure 1). Caffeine (30 mg/Kkg, i.p.) significantly attenuated MPTP-induced
dopamine depletion not only when it was effectively co-administered with (10min before)
MPTP (p<0.001) as demonstrated previously (Chen et al., 2001), but also when it was given
30min (p<0.001), 1hr (p<0.001) or 2hr (p<0.01) before MPTP treatment. However when
caffeine administration preceded that of MPTP by 6 hr, then any attenuation of dopamine loss
did not reach statistical significance (Figure 1A). Similarly, when toxin exposure preceded
caffeine treatment, striatal dopamine depletion was significantly reduced if caffeine was given
10min (p<0.001), 30min (p<0.001), 1hr (p<0.001) or 2hr (p<0.01) after MPTP treatment.
However, MPTP-induced striatal dopamine depletion was not appreciably altered when
caffeine was given 4, 8 or 24 hours after MPTP (Figure 1B).

To further characterize the mechanism of caffeine’s neuroprotection in the MPTP mouse model
of PD, inthe second experiment we investigated the effects of caffeine metabolites theophylline
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and paraxanthine upon MPTP-induced striatal dopaminergic toxicity. Both theophylline
(10mg/kg, p<0.05; 20mg/kg, p<0.05) and paraxanthine (10mg/kg, p<0.05; 30mg/kg, p<0.01)
pre-treatments (10 min before MPTP) significantly attenuated MPTP-induced dopamine
depletion in mice, as observed with the caffeine (10mg/kg, p<0.01) pre-treatment (Figure 2).

We also measured the concentrations of caffeine and its metabolites in serum and brain at
different time points after injection (Figure 3). Caffeine concentrations in serum were higher
than those in the brain at all time points. The brain levels of caffeine were about 54% — 65%
of blood levels. Serum and brain concentrations of caffeine reached a peak at 10 min after
injection (30 mg/kg ip). At 60 min after injection, the concentrations are about 50% of maximal
values. Six hours after injection, caffeine levels were close to zero in both serum and brain.
Caffeine could not be detected in either serum or brain 24 hours after injection. Meanwhile,
the concentrations of caffeine’s metabolites (theophylline, paraxanthine and theobromine)
increased steadily after injection (from 5 to 120 min), though they were much lower than those
of caffeine for at least 2 hr after injection. The levels of metabolites were close to zero 6 hr and
could not be detected 24 hours after injection. Paraxanthine was the major metabolite and its
levels were higher than those of theophylline or theobromine at all time points. When
administered at a 3-fold lower dose (10 mg/kg), caffeine showed a similar pharmacokinetic
pattern with a proportionally smaller peak also seen 10 min after administration.

Discussion

The results of current study demonstrated that caffeine’s neuroprotective effect in the MPTP
mouse model of PD can be achieved when administered either preceding or following toxin
exposure for up to 2 hrs. Moreover, caffeine’s neuroprotective effect was mimicked by
comparable doses of its dimethyl metabolites theophylline and paraxanthine.

Interestingly, like caffeine, two of its dimethylxanthine metabolites displayed similar
neuroprotective properties in this mouse model of PD. Both paraxanthine and theophylline,
two major metabolites of caffeine in humans as well as rodents, attenuated the loss of striatal
dopamine induced by acute MPTP intoxication. These metabolites share many features of
caffeine’s actions including those affecting central nervous system. For example, theophylline
and paraxanthine (using doses similar to those applied in this study) enhance motor (e.g.,
rotational or locomotor) behaviors in rodents as does caffeine (Wantanabe et al., 1982; Logan
et al., 1986). Paraxanthine and theophylline also share pharmacologically properties with
caffeine as all three methylxanthines are adenosine receptor antagonists, phosphodiesterase
inhibitors and capable of releasing intracellular calcium stores. However relatively high
concentrations of caffeine or its metabolites are required to exert their effects on
phosphodiesterase and calcium release (Fredholm et al., 1999; Guerreiro et al., 2008). By
contrast, lower dosages and concentrations are sufficient to achieve blockade of adenosine
receptors. For example, serum caffeine concentrations produced by the ingestion of a single
cup of caffeinated coffee are sufficient to significantly displace endogenous adenosine from
A and App receptors, whereas near toxic exposures to caffeine are required to produce
meaningfully inhibit phosphodiesterase activity. Furthermore, the behavioral stimulant
potencies of caffeine and its metabolites correlate with their affinities for occupation of
adenosine receptors (Kaplan et al., 1997). Theophylline is more potent than caffeine as an
inhibitor of both adenosine Ay and Apa receptors, and paraxanthine is also at least as potent
as caffeine (Mally and Stone, 1994). In the current experiments, the brain concentrations of
caffeine (as shown in Fig. 3B) ranged from ~32 to 110 uM after 30 mg/kg ip, and ~26 to 44
uM after 10mg/kg ip. At these levels, caffeine mainly blocks adenosine A; and A, receptors,
although other mechanisms cannot be excluded (Fredholm et al., 1999). We have demonstrated
previously that the neuroprotective effect of caffeine probably involves its antagonism at the
A, adenosine receptor. For example, selective adenosine A,a, but not Aq, antagonists (e.g.,
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SCH58261 and KW6002) provided similar protection against MPTP toxicity in mice as those
treated with caffeine (Chen et al., 2001). Moreover, caffeine’s neuroprotective effect was lost
in Aya knockout mice that lack functional A, receptors (Xu et al., 2006b). Thus, the
neuroprotective effects of theophylline and paraxanthine may similarly rely on their actions as
Ao a receptor antagonists. Although paraxanthine has been found protect dopaminergic neurons
in culture by an Ay receptor-independent mechanism, the concentrations employed were
greater than those that bind adenosine receptors or that are achieved in vivo (Fredholm et al.,
1999; Guerreiro et al., 2008). These findings are consistent with the hypothesis that caffeine
or other methylxanthines confer protection on dopaminergic neurons in vivo by Ao receptors
that are expressed on non-dopaminergic neurons (Xu et al, 2005).

The mechanism by which caffeine and in turn blockade of adenosine Ao receptors protect
against MPTP-induced dopaminergic toxicity remains uncertain, although various hypotheses
have been suggested (Chen et al., 2008; Yu et al., 2008; Carta et al., 2009). MPTP is
metabolized to MPDP* and then oxidized to active metabolite MPP*. Previously, we have
shown that caffeine does not change MPTP’s entry into the brain or its metabolizism to
MPDP* and MPP™ in the C57BI/6 mice (Chen et al., 2001, 2002). MPP* level peaks at 90min
after single injection (Giovanni et al, 1991; Chen et al., 2002). Therefore, our current
demonstration that caffeine produces its full protective effect even when administered 2 hr
after MPTP injection further substantiates that caffeine’s action occurs downstream of MPTP
entry into the CNS and of its conversion to the active dopaminergic neuron toxin MPP*.

The pharmacokinetic profile of caffeine and its metabolites corresponded closely with the
functional time course of neuroprotection by caffeine in the present study. Six hours after
caffeine injection, caffeine cannot be detected, and only very low levels of paraxanthine or
theobromine can be detected in the blood and brain. Similarly, we did not see caffeine’s
protection when it was given six hours before MPTP. Thus the physical presence of caffeine
or related methylxanthine and their direct action (for example, blockade of A, receptors)
might be required in order for caffeine to disrupt a critical early pathophysiological step in the
injury of dopaminergic neurons.

We found that caffeine’s half-life was about 60 min in both blood and brain in C57BI/6 male
mice agreeing with that found in CD1 and CD-COBS mice (Bonati 1984-85; Kaplan et al.,
1989, 1990), accounting in part for the relatively narrow time window of protection by caffeine.
In addition, although paraxanthine was found to protective and to be the major
dimethylxanthine metabolite of caffeine in C57BI/6 mice, its levels (as well as the levels of
the other two metabolites) are much lower than those of caffeine at all time points studied.
Similar differences between levels of caffeine and its metabolites were found in CD-COBS
(Bonati 1984-85) and DBA/2J (Kuzmin 2000) mice. However, caffeine’s metabolism varies
considerably among different species of animals and humans. For example, in humans,
caffeine’s half life was found to be around 2.5-4.5 hours (Bonati 1984-85; Arnaud 1987)
instead of ~1 hour in rodents. Moreover, paraxanthine levels were found to be more than one-
third of caffeine levels in humans while paraxanthine level was a much smaller fraction (~one-
tenth to one-fifth) of that of caffeine in rodents (Bonati 1984-85 and current study). Thus the
demonstration of neuroprotection by paraxanthine and theophylline may contribute only
modestly to caffeine’s neuroprotective effect in C57B1/6 mice employed here. Of practical
significance, the relative brevity of the 4 hr period straddling MPTP exposure in which
protection was demonstrated suggests that more continuous caffeine exposure may be required
to test its protective potential in chronic toxin or genetic mouse models of PD.

In humans however, the relatively prolonged half-life of caffeine, which results in elevated
levels of caffeine and paraxanthine after bolus intake (Bruce et al., 1986), together with the
newly identified neuroprotective potential of its primary metabolite paraxanthine, raise the
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possibility that any true protective effect of individual caffeine ingestions could be relatively
long-lasting. Epidemiological studies linking higher rates of caffeine consumption to a reduced
risk of PD showed the reduced risk was greatest for those consuming multiple cups of coffee
per day (Benedetti et al., 2000; Ross et al., 2000; Ascherio et al., 2001), in whom significant
blockade of adenosine receptors may have been achieved by dimethylxanthine metabolites as
much as by caffeine throughout much of the day. The current findings demonstrate that caffeine
must be paired with the dopaminergic neuron toxin MPTP (i.e., with co-administration or a
stagger of no more than a few hours) in order for its neuroprotective effect to be realized. By
contrast in humans, if a neuroprotective effect of caffeine were in fact the basis of the reduced
risk amongst caffeine consumers, then close pairing between caffeine and episodic exposures
to putative environmental neurotoxins contributing to PD may not be necessary. This temporal
relationship between caffeine and toxin exposures in the MPTP model and its extrapolation to
humans has implications for possible neuroprotection trials of caffeine in PD, which have been
suggested based on available epidemiological and laboratory data (Richardson et al., 1997;
Kanda et al., 1998; Grondin et al., 1999; Ravina et al., 2003) despite a lack of demonstrated
association between caffeine use and clinical progression in PD (Schwarzschild et al., 2003;
Simon et al, 2008) For example, a regimen of twice or thrice daily caffeine dosing could
produce effectively continuous blockade of adenosine receptors and allow for a reliable
pharmacological design for such a trial.

Clinical relevance of the present findings also arises given the routine long-term use of
theophylline to treat asthma. A protective effect of theophylline in a mouse model of PD raises
the possibility that asthmatics chronically treated with theophylline may be at reduced risk for
developing PD. Although theophylline use is routine its prevalence (e.qg., relative to caffeine
exposure) is modest and unlikely to be informative in prospective epidemiological studies of
PD. Nevertheless, in light of its established safety record for chronic pharmacotherapy in
clinical practice our findings suggest it may also be considered as a candidate disease-
modifying treatment for PD. Indeed based on its known adenosine receptor antagonism and
preclinical benefits for motor control, theophylline has been tested in small-scale clinical trials
for patients with PD resulting in both positive (Mally and Stone, 1994) and negative
(Magnussen et al., 1977; Kulisevsky et al., 2002) results. However, like selective A, receptor
antagonists in clinical trials for PD (currently developed by multiple pharmaceutical companies
such as Kyowa-Kirin, Schering-Plough, Biogen-ldec, etc.), neither theophylline nor caffeine
has yet been investigated in a trial designed to assess long-term outcomes in PD. Our findings
support the practicality of considering natural methylxanthines with adenosine antagonist
properties as candidate neuroprotectants in PD.
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Figure 1A. Caffeine pre-treatment significantly attenuate MPTP-induced dopaminergic
toxicity. C57BI/6 male mice received saline or caffeine (30mg/kg ip) at different time points
before MPTP (40mg/kg, n=7-9) or saline (n=3-4) ip treatment. Striatal dopamine content was
determined one week later. Bars represent striatal dopamine levels (mean £+ SEM) calculated
as percentage of their control (i.e., saline 10min before saline treatment group, in which
dopamine content is 65+2.1 pmol/mg tissue). Data were analyzed with one-way ANOVA
followed by Fisher’s LSD test. **-p<0.01, ***-p<0.001 when compared with saline 10min
before MPTP treatment group.

Figure 1B. Caffeine post-treatment significantly attenuate MPTP-induced dopaminergic
toxicity. C57BI/6 male mice received saline or caffeine (30mg/kg ip) at different time points
after MPTP (40mg/kg, n=7-20) or saline (n=5-6) ip treatment. Striatal dopamine content was
determined one week after MPTP. Bars represent striatal dopamine levels (mean + SEM)
calculated as percentage of their control (i.e., saline 10min post saline treatment group in which
dopamine content is 42+4.8 pmol/mg tissue). Data were analyzed with one-way ANOVA
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followed by Fisher’s LSD test. **-p<0.01, ***-p<0.001 when compared with Saline 10min
post MPTP treatment group.
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Figure 2. Caffeine’fs metabolites significantly attenuate MPTP-induced dopaminergic toxicity
C57BI/6 male mice received ip injection of caffeine (10mg/kg), theophylline (10 or 20 mg/
kg), paraxanthine (10 or 30 mg/kg) or saline 10 min before MPTP (40mg/kg, n=7-20) or saline
(n=3-7) ip treatment. Striatal dopamine content was determined one week later. Bars represent
striatal dopamine levels (mean + SEM) calculated as percentage of their control (i.e., saline
10min before saline treatment group in which dopamine content is 58+3.5 pmol/mg tissue).
P10 or P30, paraxanthine 10 or 30 mg/kg, respectively; T10 or T20, theophylline 10 or 20 mg/
kg, respectively. Data were analyzed with one-way ANOVA followed by Fisher’s LSD test.
*-p<0.05, ***-p<0.01when compared with saline 10min before MPTP treatment group.
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Figure 3. Serum and brain levels of caffeine and its metabolites after caffeine injection
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C57bl/6 male mice were treated with caffeine (10 or 30 mg/kg ip) and killed at 5, 10, 20, 30,
60, 120, 360min or 24hr (n=6 for each time point) after injection. Serum and brain
concentrations of caffeine and its metabolites (paraxanthine, theophylline and theobromine)
were determined.
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