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Epidemiological studies have strongly linked caffeine consumption with a reduced risk of developing Parkinson’s disease (PD) in men.
Interestingly, in women, this inverse association is present only in those who have not taken postmenopausal estrogens, suggesting an
interaction between the influences of estrogen and caffeine use on the risk of PD. To explore a possible biological basis for this interaction,
we systematically investigated how the neuroprotective effect of caffeine is influenced by gender, ovariectomy (OVX), and then exogenous
estrogen in the mouse 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of PD. (1) Caffeine treatment produced a dose-
dependent attenuation of MPTP-induced striatal dopamine loss in both young and retired breeder (RB) male, but not female, mice. (2) In
female mice (both young and RB), caffeine was less potent or altogether ineffective as a neuroprotectant after sham surgery compared to
OVX or after OVX plus estrogen replacement compared to OVX plus placebo treatment. (3) Estrogen treatment also prevented the
protection of caffeine against dopamine loss in young male mice. (4) Consistent with the putative protective effect of estrogen, female and
OVX plus estrogen mice were relatively resistant to MPTP toxicity compared to male and OVX plus placebo mice, respectively. (5) There
was no overall difference in brain levels of caffeine and its metabolites between OVX plus placebo and OVX plus estrogen mice. Together,
these results suggest that estrogen can occlude and thereby prevent the neuroprotective effect of caffeine in a model of PD neurodegen-
eration, supporting a biological basis for the interaction between estrogen and caffeine in modifying the risk of PD.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative dis-
order that is pathologically well characterized. However, the eti-
ology of PD remains unclear. Twin studies (Tanner et al., 1999;
Vieregge et al., 1999; Wirdefeldt et al., 2004) have suggested that
nongenetic factors, such as environmental exposures or random
cellular events that occur during aging, play a prominent role in
promoting the development of typical PD.

A major negative risk factor for PD has been identified re-
cently as the consumption of caffeine. Multiple retrospective as
well as several large prospective epidemiological studies have
demonstrated that among dietary factors, previous coffee or tea

drinking are consistently associated with a reduced risk of devel-
oping PD even after accounting for smoking and other potential
confounding factors (Benedetti et al., 2000; Ross et al., 2000;
Ascherio et al., 2001, 2004). The incidence of PD declines steadily
with increasing intake of caffeine or coffee (but not decaffeinated
coffee).

The mechanisms that underlie this epidemiological correla-
tion remain unclear. One hypothesis that caffeine might repre-
sent a protective environmental factor in PD is supported by our
findings that caffeine can protect against 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced nigrostriatal neu-
rodegeneration in mice (Chen et al., 2001; Oztas et al., 2002).
Moreover, the caffeine metabolites paraxanthine and theophyl-
line provide similar attenuations of MPTP-induced dopaminer-
gic toxicity (Xu et al., 2002b). In contrast to its locomotor stim-
ulant effect, the neuroprotectant effect of caffeine does not show
tolerance after chronic caffeine exposure (Xu et al., 2002a). Re-
cently, the protection of caffeine against dopaminergic neuron
loss and associated behavior changes was confirmed in the
6-OHDA rat model of PD (Joghataie et al., 2004). Together, the
protective effects of caffeine and its metabolites in rodent models
of PD support a causal basis for the inverse relationship between
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human caffeine consumption and the risk of subsequently devel-
oping PD.

Interestingly, the negative link between caffeine intake and
risk of developing PD has been observed consistently in men but
not in women (Benedetti et al., 2000; Ascherio et al., 2001, 2004).
Overall, there was no clear relationship between PD and caffeine
intake in two large prospectively followed populations of women
(Ascherio et al., 2001, 2004). When these women were further
divided by their estrogen use status after menopause, a negative
association between caffeine intake and risk of PD similar to men
was observed in those women who had never used estrogen re-
placement therapy but not in those who had ever used it (Asche-
rio et al., 2003, 2004). These results suggest that estrogen replace-
ment therapy may prevent the beneficial effect of caffeine in
reducing the risk of developing PD.

To address the possibility that estrogen, which can serve as a
neuroprotectant in its own right, may interfere with neuropro-
tection by caffeine against dopaminergic neurotoxicity, we inves-
tigated their interaction in the MPTP mouse model of PD. We
first assessed the difference in neuroprotection by caffeine in
male and female mice. Then we systematically investigated the
effect of exogenous estrogen on the neuroprotection of caffeine.
Finally, we explored the effect of estrogen on the metabolism of
caffeine as a possible mechanism of interaction between estrogen
and caffeine.

Materials and Methods
Animals, ovariectomy, and estrogen replacement. Young (�10 weeks old)
or retired breeder (6 –9 months old) male and female C57BL/6 mice
(Charles River Laboratories, Wilmington, MA) were used in these exper-
iments. All experiments were performed in accordance with Massachu-
setts General Hospital and National Institutes of Health guidelines on the
ethical use of animals. The mice were housed five per cage with ad libitum
access to food and water and were maintained at a constant temperature
and humidity with a 12 h light/dark cycle. To remove the main source of
female hormones, bilateral ovariectomies were performed under anes-
thesia using Avertin (2% 2,2,2-tribromoethanol and 1% amyl alcohol; 20
ml/kg, i.p.) at either Charles River Laboratories or Massachusetts General
Hospital. Sham operations were also included, in which all of the other
procedures were the same, except for removal of the ovaries. In the
experiments in which estrogen replacement was used, placebo or estro-
gen pellets (17�-estradiol, 0.1 mg per pellet, 21 d release; Innovative
Research of America, Sarasota, FL) were implanted at the neck of mice
under anesthesia 7–10 d after ovariectomy. This estrogen regimen was
used because it produces an approximate replacement of physiological
levels within the serum in ovariectomized (OVX) mice (Gao and Dluzen,
2001).

Caffeine and MPTP treatment. Different doses of caffeine (5, 10, 20, or
40 mg/kg) or saline were injected intraperitoneally 10 min before MPTP
(40 mg/kg, i.p.) or saline injection (n � 3–7 for saline treatments and n �
4 –15 for MPTP treatments). The extent of the caffeine dose range used
across experiments varied depending on the number of mice available. In
experiments in which ovariectomy and/or estrogen pellets were im-
planted, caffeine and MPTP treatments were performed 10 d after ovari-
ectomy or estrogen implantation, whichever came later, to assure that
estrogen levels were depleted or maintained at a constant level,
respectively.

Dopamine and 3,4-dihydroxyphenylacetic acid measurement. 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 and
extracted with 150 mM phosphoric acid and 0.2 mM EDTA. The striatum
was homogenized and centrifuged at 12,000 � g for 15 min at 4°C.
Supernatants were analyzed for dopamine and 3,4-dihydroxy-
phenylacetic acid (DOPAC) content using standard reverse-phase HPLC
with electrochemical detection (ESA, Chelmsford, MA). Biogenic amines

were separated on a C-18 5 �m sphere column (Varian, Palo Alto, CA).
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. The dopamine and DOPAC contents were calcu-
lated as picomoles per milligram of tissue, and these values are presented
within the figures as percentage of change from respective saline–saline-
treated controls.

Measurement of caffeine and its metabolites. Ten days after estrogen or
placebo pellet implantation, OVX retired breeder female mice were
treated with saline or caffeine (5 or 40 mg/kg, i.p.; n � 1 for saline and n �
5 for caffeine). The mice were killed at 10, 30, 60, 120, 180, 240, or 360
min after injection by rapid cervical dislocation. The right cerebral hemi-
sphere was dissected out, frozen on dry ice, and stored at �80°C until use.
Each brain tissue was homogenized in 0.1 M monobasic sodium phos-
phate with a volume 10 times of tissue weight and centrifuged at 12,000 �
g for 15 min at 4°C. Supernatants were analyzed using liquid chromatog-
raphy/mass spectrometry for determination of caffeine and its three me-
tabolites, paraxanthine, theophylline, and theobromine. The lower limit
of quantitation was 30 ng/ml. The analysis of caffeine and its metabolites
was gratefully performed by Drs. R. L. Foltz and D. Andrenyak (Center
for Human Toxicology, University of Utah, Salt Lake City, UT).

Statistical analyses. The data from striatal dopamine and DOPAC con-
tent as well as caffeine/metabolite measurements were analyzed by two-
way ANOVA. Post hoc comparisons were performed using Fisher’s least
significant difference test. Data values in the figures represent the group
mean � SEM.

Results
Gender differences in the attenuation of MPTP toxicity
by caffeine
The dose dependence of the neuroprotective effect of caffeine in
the MPTP model of PD was first compared between intact male
and female mice.

Young mice
MPTP treatment depleted the striatal dopamine level measured 1
week later down to 38% of control (saline treated) in �10-week-
old male mice (Fig. 1A). Caffeine pretreatment attenuated
MPTP-induced dopamine loss in a dose-dependent manner in
these young males, with a maximal effect (of doubling residual
dopamine levels) achieved at 10 mg/kg. In female mice of the
same age, MPTP depleted striatal dopamine levels to 62% of
control levels (in saline-treated females). This reduction is signif-
icantly less than that observed in their male counterparts ( p �
0.05), agreeing with previous reports (Brooks et al., 1989; Freyal-
denhoven et al., 1996; Miller et al., 1998) that MPTP induced less
dopaminergic toxicity in female than male mice. However, in
contrast to male mice, female mice showed no attenuation of
MPTP toxicity after lower doses (5, 10, or 20 mg/kg) of caffeine
pretreatment. Only the highest dose (40 mg/kg) of caffeine pro-
tected against MPTP. Simultaneous measurement of DOPAC
(supplemental Fig. 1A, available at www.jneurosci.org as supple-
mental material), the major metabolite of dopamine in mouse,
revealed that lower doses of caffeine pretreatment (10 or 20 mg/
kg) significantly attenuated MPTP-induced depletion in male
mice, whereas only the highest dose of caffeine pretreatment (40
mg/kg) provided similar protection in female mice.

Retired breeders
We also examined the neuroprotection of caffeine against MPTP
toxicity in older (6 –9 months old) retired breeder mice (Fig. 1B).
Because these mice have passed their peak reproductive age, their
comparison may be more relevant to gender differences in epi-
demiological studies of PD, which is usually diagnosed in people
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�50 years old. Not surprisingly, MPTP treatment induced a
greater biochemical lesion in older mice for either gender (Fig. 1,
compare A, B), as reported previously (Irwin et al., 1992). In male
retired breeders, MPTP treatment depleted striatal dopamine
levels to 8% of unlesioned controls (Fig. 1B). As in the younger
male mice, caffeine pretreatment �10 mg/kg again significantly
attenuated MPTP-induced dopamine depletion. In female re-
tired breeders, MPTP treatment depleted striatal dopamine levels
to 23% of control levels. Again, female retired breeder mice also
showed less MPTP toxicity compared with that of male mice.
However, just as in young mice, pretreatment with only the high-
est dose of caffeine (40 mg/kg) significantly attenuated the dopa-
mine loss. Caffeine pretreatment, at all doses tested (10, 20, or 40
mg/kg), also attenuated loss of DOPAC in male mice, whereas
only higher doses provided similar protection in female mice
(supplemental Fig. 1B, available at www.jneurosci.org as supple-
mental material).

Ovariectomy increases the potency of the protective effect
of caffeine
To investigate whether the gender difference in the neuroprotec-
tive effects of caffeine may relate to differences in female hor-
mone status, we examined the effect of caffeine on MPTP toxicity
in young female mice whose ovaries, the main site of female
hormone production, were removed (OVX) or in sham-operated
female littermates (Fig. 2). MPTP treatment depleted striatal

dopamine levels in both OVX and sham-operated mice. How-
ever, the lower dose of caffeine tested significantly increased re-
sidual striatal dopamine levels only in OVX females (Fig. 1,
males). In contrast, sham-operated females (like intact females)
required pretreatment with a higher dose of caffeine for attenu-
ation of MPTP-induced dopamine loss.

Estrogen attenuates the neuroprotection of caffeine in
ovariectomized female mice
Young mice
To determine whether estrogen, the main female sex hormone,
can account for the above-identified ovarian influence on neuro-
protection by caffeine, we examined the effect of prolonged es-
trogen replacement on neuroprotection by caffeine in female
mice depleted of endogenous estrogen (Fig. 3A). These OVX
mice were implanted with subcutaneous pellets containing pla-
cebo or estrogen (17�-estradiol), which is continuously released
to maintain steady-state concentrations for 21 d. MPTP treat-
ment reduced striatal dopamine content to 27% of control in
placebo-treated mice (OVX�P). The same MPTP exposure in
OVX mice treated with estrogen pellets (OVX�E) depleted stri-
atal dopamine levels, but to a significantly lesser extent (down to
39% of control), consistent with previous reports (Dluzen et al.,
1996; Miller et al., 1998). In these OVX�P mice, pretreatment
with caffeine, both at 10 and 20 mg/kg, significantly attenuated
MPTP-induced striatal dopamine loss. In mice that were receiv-
ing estrogen replacement (OVX�E), however, only the higher
dose of caffeine (20 mg/kg) provided significant protection. The
striatal levels of DOPAC (supplemental Fig. 2A, available at
www.jneurosci.org as supplemental material) demonstrated a
similar phenomenon.

Retired breeders
To better model estrogen replacement in the menopausal state, a
parallel experiment was conducted in retired breeder (rather than
young) mice (Fig. 3B). Again, estrogen by itself significantly at-
tenuated MPTP-induced striatal dopamine loss. MPTP depleted
dopamine levels to 23% of control in OVX�P mice, whereas it
reduced them to 36% of control in OVX�E mice. In keeping with

Figure 1. Caffeine dose-dependently attenuates MPTP-induced dopamine depletion in
male but not female C57BL/6 mice, either young (�10 weeks old; A) or retired breeder (6 –9
months old; B). Caffeine (5– 40 mg/kg, i.p.) or saline was administered 10 min before a single
dose of MPTP (40 mg/kg, i.p.; n � 4 –12) or saline (n � 3– 6). One week later, striatal dopa-
mine content was determined. The bars represent striatal dopamine levels (mean � SEM)
calculated as a percentage of their respective controls (i.e., S�S group). The dopamine concen-
trations (in picomoles per milligram of tissue) of these controls are 71.8 � 2.4 and 70.6 � 2.6
(A) and 80 � 9 and 92 � 9.8 (B) for males and females, respectively. Data were analyzed by
two-way ANOVA, followed by Fisher’s LSD test. A, *p � 0.05, **p � 0.01, and ***p � 0.001
compared with the respective S�M group; #p � 0.05 compared with the respective C5�M
group; �p � 0.05 compared with S�M in male mice; @p � 0.01 compared with C40�M in
male mice. B, *p �0.05 and **p �0.01 compared with the respective S�M group; #p �0.05
compared with the respective C10�M group; @p�0.05 compared with C40�M in male mice.
S, Saline; M, MPTP; C5– 40, caffeine at 5– 40 mg/kg.

Figure 2. A low dose of caffeine attenuates MPTP-induced dopamine depletion in OVX but
not sham-operated young female mice. Ten days after ovariectomy or sham operation, mice
received caffeine (5 or 20 mg/kg, i.p.) or saline administration 10 min before a single dose of
MPTP (40 mg/kg, i.p.; n � 8) or saline (n � 5–7). One week later, striatal dopamine content
was determined. The bars represent striatal dopamine levels (mean � SEM) calculated as a
percentage of their respective controls (i.e., S�S group). The dopamine concentrations of these
controls are 61 � 3.7 and 67 � 2.7 pmol/mg of tissue for OVX and sham mice, respectively.
Data were analyzed by two-way ANOVA, followed by Fisher’s LSD test. **p � 0.01 and ***p �
0.001 compared with the respective S�M group; #p � 0.001 compared with the respective
C5�M group; @p � 0.01 compared with C5�M in OVX mice. S, Saline; M, MPTP; C5 or C20,
caffeine at 5 or 20 mg/kg.
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observations in young mice, caffeine pretreatments (5, 20, or 40
mg/kg) significantly attenuated MPTP-induced dopamine loss in
the OVX�P retired breeder mice, with complete reversal
achieved at the highest dose of caffeine. However, in the setting of
estrogen replacement in these OVX retired breeders, caffeine pre-
treatment did not confer protection at any dose tested. The mea-
surement of DOPAC (supplemental Fig. 2B, available at www.
jneurosci.org as supplemental material) yielded a similar set of
findings, with caffeine pretreatment (20 or 40 mg/kg) signifi-
cantly reducing DOPAC loss in OVX�P but not OVX�E mice.
Together, these results demonstrate that estrogen replacement
can reduce or abolish the neuroprotective effect of caffeine on
MPTP toxicity in young and older OVX females.

Estrogen can prevent neuroprotection by caffeine in
male mice
The above effects of manipulating endogenous and exogenous
estrogen in female mice suggest that estrogen status may be the
key factor accounting for the gender difference in the neuropro-
tective action of caffeine in the MPTP model of PD. To determine
whether the neuroprotective effect of caffeine in males indeed
relies on the absence or relatively low levels of estrogen, we as-
sessed the effects of caffeine on MPTP toxicity in male mice im-
planted with placebo or estrogen pellets (Fig. 4). MPTP treatment
depleted striatal dopamine levels to 44% and 55% of their respec-

tive control level in male mice pretreated for 21 d with placebo or
estrogen, suggestive of a mild protective estrogen effect as repeat-
edly observed above. In the placebo-implanted males, caffeine
pretreatments significantly attenuated striatal dopamine loss.
However, no dose of caffeine pretreatment protected the male
mice treated with estrogen pellets. These results demonstrate that
estrogen can abolish the neuroprotection of caffeine not only in
female mice but also in male mice.

The effect of estrogen on caffeine metabolism in
ovariectomized female mice
As a first step to understanding the mechanism of the influence of
estrogen on neuroprotection by caffeine, we measured the brain
levels of caffeine (trimethylxanthine) and its major demethyl-
ation metabolites (dimethylxanthines; i.e., paraxanthine, the-
ophylline, and theobromine) at multiple time points after treat-
ment with caffeine in OVX retired breeder female mice treated
with placebo or estrogen pellets. Because estrogen status most
consistently modulated the protective effect of lower doses of
caffeine, we assessed the effect of estrogen on the CNS pharma-
cokinetics of caffeine administered intraperitoneally at 5 mg/kg
(Fig. 5A). Brain concentrations of caffeine, which were maximal
within 10 min of injection and declined with a half-life of �50
min, were indistinguishable between the estrogen and placebo
groups at all time points measured. When caffeine was adminis-
tered at this low dose, the concentrations of its metabolites were
below the limits of reliable detection. There was no measurable
caffeine after saline injection.

As demonstrated above (Fig. 3B), in these OVX retired
breeder mice, caffeine pretreatments attenuated dopamine de-
pletion in placebo-treated but not in estrogen-treated mice, with
the biggest difference found in the 40 mg/kg caffeine group.
Therefore, we also determined brain concentrations of caffeine
and its metabolites after intraperitoneal injection of caffeine at 40
mg/kg (Fig. 5B). There was no difference in brain caffeine con-
centrations between OVX�E and OVX�P mice. There was a
small effect of estrogen on brain paraxanthine concentrations,
which were slightly but significantly higher in OVX�P than in
OVX�E mice at 120, 180, and 360 min. There was also a minor
effect on brain theophylline concentrations, which were slightly
higher in OVX�P than OVX�E mice 60 min after caffeine in-

Figure 3. Caffeine attenuates MPTP-induced dopamine depletion in OVX female mice re-
ceiving placebo (OVX�P) but not estrogen (OVX�E) replacement (A, young mice; B, retired
breeders). Ten days after ovariectomy, mice were implanted with placebo or estrogen pellets
(17�-estradiol, 0.1 mg per pellet, 21 d release) subcutaneously. Ten days later, caffeine (5– 40
mg/kg, i.p.) or saline was administered 10 min before a single dose of MPTP (40 mg/kg, i.p.; n�
6 –15) or saline (n � 3– 6). Striatal dopamine content was determined 1 week after MPTP. The
bars represent striatal dopamine levels (mean � SEM) calculated as a percentage of their
respective controls (i.e., S�S group). The dopamine concentrations (in picomoles per milligram
of tissue) of these controls are 72 � 4 and 78 � 4.7 (A) and 78.9 � 7.3 and 73.9 � 7.7 (B) for
males and females, respectively. Data were analyzed by two-way ANOVA, followed by Fisher’s
LSD test. A, **p � 0.01 and ***p � 0.001 compared with the respective S�M group; #p �
0.05 compared with the respective C5�M and C10�M groups; �p � 0.05 compared with the
respective S�M or C5�M in OVX�P mice. B, *p � 0.05, **p � 0.01, and ***p � 0.001
compared with the respective S�M group; #p � 0.001 compared with the respective C5�M,
C10�M, or C20�M group; @p � 0.05 compared with C40�M in OVX�P mice. S, Saline; M,
MPTP; C5– 40, caffeine at 5– 40 mg/kg.

Figure 4. Caffeine attenuates MPTP-induced dopamine depletion in young male mice re-
ceiving placebo but not estrogen treatment. Mice were implanted with placebo or estrogen
pellets. Ten days later, caffeine (10 – 40 mg/kg, i.p.) or saline was administered 10 min before
a single dose of MPTP (40 mg/kg, i.p.; n � 8 –9) or saline (n � 3). Striatal dopamine content
was determined 1 week after MPTP. The bars represent striatal dopamine levels (mean � SEM)
calculated as a percentage of their respective controls (i.e., S�S group). The dopamine concen-
trations of these controls are 79 � 10.6 and 80.6 � 4.2 pmol/mg of tissue for placebo- and
estrogen-treated mice, respectively. Data were analyzed by two-way ANOVA, followed by Fish-
er’s LSD test. *p � 0.05 and **p � 0.01 compared with the respective S�M group. S, Saline;
M, MPTP; C10 – 40, caffeine at 10 – 40 mg/kg.
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jection. There was no difference in brain theobromine concen-
trations after caffeine injection. Thus, exposure to estrogen, un-
der conditions that attenuated the neuroprotective effect of
caffeine, had no effect on brain concentrations of caffeine. More-
over, the overall concentrations of the three caffeine dimethyl
metabolites even when combined are much (an order of magni-
tude) lower than that of caffeine such that the slight differences in
metabolite concentrations found at some time points are not
sufficient to explain the difference in caffeine neuroprotection
between OVX�E and OVX�P mice.

Discussion
The present data reveal a novel interaction between estrogen and
caffeine in a mouse model of PD, an interaction that recapitulates
the relationship between estrogen and caffeine exposures in the
human epidemiology of PD. In male but not female mice, low
doses of caffeine attenuated MPTP-induced depletion of striatal
dopamine and DOPAC content, functional markers of the nigro-

striatal neurons that degenerate in PD. Remarkably, neuropro-
tection by low doses of caffeine was abolished in the presence of
estrogen (either endogenous or exogenous) in young and retired
breeder OVX female mice. Moreover, estrogen placement in
male mice effectively replicated the female phenotype of attenu-
ated neuroprotection by caffeine.

Estrogen treatment by itself protects against MPTP toxicity
Our data, in agreement with previous reports (Brooks et al., 1989;
Freyaldenhoven et al., 1996; Miller et al., 1998), demonstrated
that MPTP induced greater striatal dopamine loss in male than
female mice. These experimental findings are consistent with ep-
idemiological studies, which have generally demonstrated a
higher prevalence of PD in men than women (Dluzen et al., 1998;
Baldereschi et al., 2000; Ascherio et al., 2001, 2004). The gender
differences observed in PD patients and animal models support
the possibility that estrogen may play a protective role in dopa-
minergic neurodegeneration. Indeed, our current data confirm
the neuroprotective effect of estrogen replacement therapy in this
mouse model of PD (Dluzen et al., 1996; Callier et al., 2001;
Ramirez et al., 2003).

Attenuation of MPTP toxicity by caffeine is diminished in the
presence of estrogen
The current data confirm our previous findings (Chen et al.,
2001; Xu et al., 2002a,b) that caffeine dose-dependently attenu-
ates MPTP-induced striatal dopamine loss in male mice. More-
over, our data demonstrate that this phenomenon persists as an-
imals age. These findings support a biological basis for a causal
epidemiological correlation between caffeine consumption and
reduced risk of developing PD.

Strikingly, the protection by lower doses of caffeine against
MPTP-induced dopamine depletion was lost in female mice. The
gender difference in the dose–response relationship of caffeine
with neuroprotection can be described pharmacologically as a
reduction in the potency of caffeine in female compared with
male mice. In both young and retired breeder mice (Fig. 1), an
ED50 value of �5 mg/kg is apparent in males compared with �20
mg/kg in females. As we discussed above, female mice are less
vulnerable than males to MPTP toxicity, raising the possibility
that attenuated protection by caffeine in females may also reflect
a “ceiling effect” rather than reduced potency. However, the loss
of protection in both moderate and severe lesions together with
repeatedly significant protection achieved by the highest dose of
caffeine in female mice of different ages argue against an impen-
etrable ceiling and support a lower potency in females. The cur-
rent data correlate well with the epidemiological studies that
showed no inverse association between caffeine or coffee intake
and risk of PD in women (Benedetti et al., 2000; Ascherio et al.,
2001). The neuroprotection observed in female mice was re-
stricted to the highest caffeine dose of 40 mg/kg and may not be
relevant to PD epidemiology. This dose in rodents may be com-
parable to a human exposure to the caffeine in some 10 cups of
coffee (Fredholm et al., 1999), which exceeds the daily consump-
tion of almost any human subject in PD epidemiology studies.

The most notable finding of the current study is that the pres-
ence of the major female steroid hormone estrogen prevents neu-
roprotection by caffeine (or reduces its potency) in female and
male mice. The estrogen effects observed in young mice were
more robust in mice past their reproductive prime, highlighting
the relevance of these findings to epidemiological studies linking
PD risk to caffeine and estrogen exposures of middle-aged adults.
These data systematically demonstrate that estrogen treatment

Figure 5. Caffeine metabolism is not changed by estrogen replacement in OVX retired
breeder female mice. Ten days after ovariectomy, mice were implanted with placebo or estro-
gen pellets. Caffeine (5 or 40 mg/kg, i.p.) was administered 10 d after pellet implantation. Brain
concentrations of caffeine and its metabolites were measured at 10, 30, 60, 120, 180, 240, or
360 min after injection (n � 5 for each time point). A, Brain caffeine concentration after intra-
peritoneal 5 mg/kg caffeine. The levels of metabolites are below the detection limit. B, Brain
concentrations of caffeine, paraxanthine, theophylline, and theobromine, respectively, after
intraperitoneal 40 mg/kg caffeine. Data were analyzed by two-way ANOVA, followed by Fisher’s
LSD test. *p � 0.05 and **p � 0.01 compared with the respective estrogen-treated group.
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attenuates the protection of caffeine against MPTP toxicity in this
mouse model of PD, providing a possible biological basis for the
epidemiological findings that an interaction between estrogen
and caffeine exposure modulates the risk of PD (Ascherio et al.,
2003, 2004).

Mechanism of interaction between caffeine and estrogen
In pursuing the mechanism, a pharmacokinetic or metabolic in-
teraction is an important consideration. Human data (Pat-
wardhan et al., 1980; Abernethy and Todd, 1985; Pollock et al.,
1999) have demonstrated that caffeine metabolism is inhibited in
women taking estrogen-containing oral contraceptives or estro-
gen replacement therapy after menopause, suggesting that the
actions of caffeine would be enhanced rather than attenuated by
estrogen. However, our data show no difference in brain caffeine
concentrations over the time course (extending beyond three
half-lives) of measurement in OVX retired breeder female mice
treated with either estrogen or placebo.

Interestingly, two metabolites of caffeine (paraxanthine and
theophylline) have been shown to provide protection against
MPTP-induced dopaminergic toxicity with potencies compara-
ble to caffeine (Xu et al., 2002b). So paradoxically, delaying or
inhibiting the metabolism of caffeine could result in a decreased
level of these metabolites, which might cause reduced protection
against neurotoxicity after estrogen therapy in human or ani-
mals. In the present study, however, although there were slight
differences in the brain concentrations of paraxanthine and the-
ophylline between estrogen- and placebo-treated mice, the levels
of these metabolites were much lower (�25 times) than that of
caffeine, therefore arguing against their involvement.

It is interesting that although both estrogen and caffeine indi-
vidually protect nigrostriatal dopaminergic neurons, when com-
bined, estrogen diminished the potency (rather than enhancing
the efficacy) of the neuroprotective action of caffeine. This find-
ing suggests that these two agents may work through a common
mechanism to prevent MPTP toxicity. Estrogen may compete
with caffeine for its activation of a protective pathway, effectively
“occluding” the pathway and shifting the dose–response curve of
caffeine for neuroprotection to the right. It is worth noting that
estrogen and caffeine as well as MPTP share a cytochrome P450,
CYP1A2, for their metabolism or detoxification (Gu et al., 1992;
Tassaneeyakul et al., 1994; Yamazaki et al., 1998; Forsyth et al.,
2000). Therefore, metabolism of caffeine and/or estrogen could
alter MPTP metabolism. However, because CYP1A2 contributes
to hepatic detoxification of MPTP (Forsyth et al., 2000), compe-
tition for this enzyme by caffeine or estrogen would be expected
to exacerbate rather than ameliorate MPTP toxicity. Moreover,
because the brain MPTP levels were unaffected by acute caffeine
treatment (Chen et al., 2001), it is unlikely that estrogen modu-
lates the protection of caffeine through its action on MPTP me-
tabolism. Alternatively, estrogen may noncompetitively inhibit
the neuroprotective effect of caffeine while it provides its own
independent protection effect. Our findings that higher doses of
caffeine generally produce additional protection, however, argue
against a simple noncompetitive inhibition.

Caffeine at the doses used in the present study, which pro-
duced peak brain concentrations of �4 – 40 �g/ml, most likely
functions as an antagonist of adenosine A1 and A2A receptors
(Fredholm et al., 1999). Our previous study (Chen et al., 2001)
indicates that the attenuated neurotoxicity of caffeine likely in-
volves its antagonism at the A2A receptor (A2AR). Therefore, es-
trogen might directly modulate the neuroprotection by caffeine
through an action on the A2AR, although there is no information

currently on such an interaction. It is reported (Rose’Meyer et al.,
2003) that A2AR expression is significantly decreased after OVX.
However, we found no difference in striatal A2AR binding densi-
ties between OVX mice treated with estrogen and placebo (data
not shown). Among the potential mechanisms for neuroprotec-
tion by caffeine (and more specific A2A antagonists (for review,
see Xu et al., 2005), the attenuation of glutamate release and of
resultant excitotoxicity may be a protective mechanism shared
with estrogen (O’Neill et al., 2004; Ritz et al., 2004; Saleh et al.,
2004). Interestingly, it has been reported that estrogen can alter
dopamine D2 receptor (D2R)/G-protein coupling (Levesque and
Di Paolo, 1993; Thompson and Certain, 2005) and D2R affinity
(Di Paolo et al., 1988). Because it is well known that A2ARs colo-
calize with D2Rs in the basal ganglia and interact with each other
closely (for review, see Xu et al., 2005), it is possible that estrogen
could modulate A2AR through its action on D2R. Whether these
or other shared mechanisms of neuroprotection by caffeine and
estrogen can account for their interaction in the MPTP model
and in the epidemiology of PD remains to be clarified.

Relevance of an estrogen– caffeine interaction for PD
The attenuation of the neuroprotective effect of caffeine by estro-
gen in the MPTP model of PD establishes a potential neural basis
for the epidemiological association between estrogen replace-
ment therapy, caffeine consumption, and risk of developing PD
in women. This convergence of laboratory and human epidemi-
ological findings strengthens the contention that widely used ex-
ogenous estrogen, which may provide neuroprotection by itself,
interacts with the nearly ubiquitously consumed A2A antagonist
caffeine to modify the risk of developing PD. The present study
also establishes an animal model of this interaction in humans,
along with the opportunity to pursue its molecular mecha-
nism(s). In addition, the cumulative evidence for this interaction
is sufficiently compelling to influence the design and interpreta-
tion of neuroprotection trials of estrogen or caffeine currently
underway or under consideration (Ravina et al., 2003). Ulti-
mately, a better understanding of the interplay between environ-
mental factors like caffeine and estrogen may suggest effective
preventative as well as therapeutic strategies for this neurodegen-
erative disorder.
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