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Introduction 
 
Identifying the mechanisms by which caffeine and more specific A2A antagonists protect 
dopaminergic neurons in multiple toxin models of Parkinson’s disease (PD) will advance 
our knowledge of the pathophysiology, epidemiology and therapeutics of PD. 
 
The overarching hypothesis pursued by this proposal is that multiple environmental 
protectants and toxins interact to influence of the health of the dopaminergic 
neurons lost in Parkinson’s disease. Here we endeavor to characterize the interplay 
between several environmental agents (pesticides, caffeine and estrogen) that are leading 
candidate modulators of PD risk. 
We are pursuing 3 specific hypotheses: 

1) Caffeine acts through blockade of brain A2ARs to protect dopaminergic neurons 
in both acute and chronic toxin models of PD. (Specific Aim #1) 

2) Caffeine perfusion and focal A2AR inactivation within the striatum are 
sufficient to attenuate MPTP toxicity, by reducing toxin-induced release of 
glutamate and/or GABA. (Specific Aim #2) 

3) Estrogen attenuates the protective effect of caffeine but not the protective of 
A2AR deletion because it acts by altering caffeine metabolism or A2AR 
expression. (Specific Aim #3) 

 
 

Statement of Relevance (from our proposal) 

A.  Parkinson’s Disease - 
Basic neuroscience significance - The results will improve our understanding of 

adenosine receptor neurobiology, and will provide insight into the role of 
endogenous adenosine in basal ganglia biology physiology and PD pathophysiology. 

 
Epidemiological significance - Establishing the ability of caffeine to protect 

dopaminergic neurons in PD models and identifying a plausible mechanism of action 
greatly strengthens the hypothesis that a neuroprotective effect of caffeine is the 
basis for its inverse epidemiological association with risk of PD. 

 
Therapeutic significance - With several specific adenosine A2A antagonists emerging 

as promising therapeutic candidates based on their motor-enhancing (symptom-
relieving) action, the prospects for additional neuroprotective benefit substantiated 
by this project may considerably enhance their therapeutic potential.  In addition, 
identifying a biological basis for caffeine-estrogen interaction in modifying PD risk 
could also affect recommendations for estrogen replacement strategies in women 
with PD taking A2A antagonists or caffeine (and vice versa).  Furthermore, based on 
evidence that A2ARs contribute to the neurotoxicity affecting cortical and striatal 
neurons (as well as dopaminergic neurons), our findings may support novel A2AR-
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based neuroprotective treatments for a wider range of neurological diseases from 
stroke to amyotrophic lateral sclerosis (ALS) to Alzheimer’s disease. 

 
B.  Environmental Neurotoxin Exposure in Military Service – By characterizing the 
neuroprotective effects of caffeine in a chronic pesticide model of PD (as well as the 
acute MPTP model), the proposed work will define a prototypical interaction between 
environmental toxins and protectants in determining the extent of a well-characterized 
neurological lesion (dopaminergic neuron death).  Although there has been no compelling 
evidence to suggest that the incidence of PD will itself increase in association with 
military service or combat theatre exposures,[1] putative toxin exposure in the military 
may be linked to the development of another debilitating neurodegenerative disorder, 
ALS.[2]  Moreover, some objective biological measures in veterans diagnosed with a 
“Persian Gulf War syndrome” have indicated dysfunction of dopaminergic 
neurotransmission in the basal ganglia,[3] raising the possibility (together with other 
data[4]) of altered risk for PD in this group. In any event, establishing a biological 
precedent for neurotoxin-neuroprotectant interplay in the relatively common disorder of 
PD, may provide a ‘roadmap’ that can be used should any neurological illness be 
confirmed to develop in association with prior military exposures. 
 
 
C.  Understanding the Non-stimulant CNS Effects of Caffeine.  The psychoactive 
agent caffeine has been endorsed for military use at relatively high doses to help maintain 
operational readiness.[5]  This recommendation has been based on a large body of 
evidence demonstrating sustainment of mental task performance by caffeine, and a lack 
of evidence for substantial harm at these doses.  However, adopting the use of any CNS-
active drug by protocol warrants careful consideration of newly appreciated neuronal 
actions of the agent.  Accordingly, the proposed investigation of the novel 
neuroprotective effect of caffeine and its underlying mechanisms (e.g., altered 
neurotransmitter release) would be of significance for military programs that provide 
specific doses of caffeine to personnel to enhance cognitive function.  
 
 
D.  Gender Differences in How Environmental Factors Impact Toxin Susceptibility. 
Our investigation of how caffeine and estrogen exposures interact to modify neurotoxin 
susceptibility in laboratory models of PD may have substantial significance for the 
human epidemiology that prompted our pursuit of this line of research.  In addition, the 
proposed studies may provide a prototype for modeling how gender and estrogen status 
interact with environmental exposures of relevance to the military (i.e., neurotoxins, 
caffeine).  A better appreciation of how gender alters susceptibility to environmental 
toxins or protectants may ultimately lead to a better understanding (and modification) of 
the differential risks faced by women and men serving in the same military operations. 
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Body of the Report 
 
Progress during Year 3 on Specific Aims and experiments as laid out in our Statement of 
Work (SOW [in blue]) is described here in detail. 

STATEMENT OF WORK (focus on main areas of progress in Yr 3) 
 
Specific Aim #1 – to definitively determine whether brain A2ARs or A1Rs contribute to 
dopaminergic neuron degeneration in acute and chronic toxin models of PD, and whether 
the brain A2AR is required for caffeine’s protective effect in these PD models.  
[Please see abstract publications in Appendices A and B.] 

Hypothesis 1: Caffeine acts through blockade of brain A2A (not A1) receptors to 
protect dopaminergic neurons in both acute (MPTP) and chronic 
(paraquat/maneb) toxin models of PD. 

 

Exp# 2 – Effect of brain-specific A2A KO in MPTP and Pq/Mb models. 
As reported for Year 1, we completed the generation and initial characterization 

of a conditional (Cre/loxP system) KO of post-natal forebrain neuronal A2A receptors. 
The CamKIIα promoter was used to drive expression of the cre recombinase gene in 
postnatal forebrain neurons, and thus to cause selective depletion of striatal neuron 
A2A receptors following brain development. We published (Bastia et al, 2005[6]) 
evidence of successful forebrain-specific recombination by genetic, autoradiographic 
and behavioral assessments.  We reported that during project Yr 2 that we found no 
consistent phenotype of the forebrain neuron A2A receptor conditional KO (cKO) with 
respect to acute MPTP toxicity (see below).   

In contrast, during Yr 3 we have 
found substantial attenuation of 
dopaminergic neuron injury in the 
forebrain neuron A2A cKO mice in a 
more subacute toxin exposure (multiple 
smaller doses of MPTP administered 
over days) – potentially of greater 
pathophysiological relevance than the 
the acute/single high dose MPTP 
paradigm.  In experiments conducted in 
collaboration with the laboratory of 
Prof. Micaela Morelli of the Univ. of 
Cagliari we found (Fig. 1) that the loss 
of doapminergic (TH-IR) nigral neurons 
and the accompanying astrogliosis 
(GFAP-IR cell increase) was completely 
absent in littermate forebrain neuron 
A2A cKO mice (i.e., mice homozygous 
for the floxed A2A gene and also 
transgenic for the cre gene. 

Fig. 1 
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Exp# 3 – Brain A2AR-dependence of caffeine’s neuroprotective effect.  
To explore this possibility in a chronic dual pesticide (paraquat + maneb) model 

of PD we first had to determine whether caffeine is protective in this model.  C57Bl/6 
mice were treated twice weekly with paraquat (Pq) and maneb (Mb) i.p. for 8 weeks.  
Ten min prior to each Pq+Mb toxin administration mice were pretreated with caffeine 
at 0 (saline vehicle), 5 or 20 mg/kg. Caffeine at the moderate dose of 20 mg/kg 
significantly attenuated the pesticide-induced loss of dopaminergic (TH+) nigral 
neurons, assessed by rigorous stereological methods. (See Fig. 2A and Appendix A.)  
By contrast, caffeine had no effect on TH- (non-TH immunoreactive) nigral cells (Fig. 
2B), confirming the neuroprotective effect of caffeine (i.e., by excluding an induction 
of TH-immunorectivity in originally TH- cells masking a loss of originally TH+ 
neurons in the mice pretreated with 20 mg/kg caffeine). 

 
In Yr 3 we also initiated a study of the neuroprotective potential of urate, the end 

product of adenosine metabolism in humans, the immediate oxidation of xanthine, and 
a structural analog of caffeine (a.k.a. tri-methyl-xanthine). Urate is also a major 
antioxidant and is the main circulating antioxidant in humans in whom it circulates 
near the limits of solubility (and hence its pathophysiological role in urate crystal 
diseases like gout).  Based on its antioxidant and chelating properties we and others 
have found urate to be the first molecular predictor of both risk of PD and the rate at 
which it progresses. (See Appendix E for furhter background.) We have provided the 
first evidence that urate can be neuroprotective in an in vivo model of PD (see 
Appendix B) by showing that locally administered (intracerebroventricular) urate can 
attenuate the toxicity of systemic MPTP.  

 
 

Fig. 2 
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Specific Aim #2 – to localize the region within brain through which caffeine or A2A 
receptor inactivation produces its neuroprotective effect in the MPTP model of PD.  
[Please see abstract publication in Appendix C.] 

 
Hypothesis 2: Caffeine perfusion and focal A2A receptors inactivation within 
striatum (but not frontal cortex) are sufficient to attenuate MPTP toxicity, by 
reducing toxin-induced striatal release of glutamate and/or GABA.   

 
Exp# 5 – Effect of intracerebral infusion of Cre-expressing adeno-associated virus 

(AAV-Cre) on MPTP-induced toxicity in floxed A2AR mice: Homozygous 
floxed A2AR mice that previously received a stereotactic infusion of AAV-Cre or 
AAV-green fluorescent protein (AAV-GFP) into the striatum (or frontal cortex or 
substantia nigra) will be acutely exposed to systemic MPTP.  One week later 
infusion needle track will be localized histochemically, while dopaminergic 
neuron integrity will be visualized by striatal DAT binding and nigral TH-IR 
counts will be assessed as in Exp #4. 
As reported in Yr 2 we have characterized the time course and the dose-(titer-) 

dependence of unilateral local recombination and subsequent disruption of the A2A 
gene in the viral Cre/loxP conditional KO mothod we adopted. 

During Yr 3 we have further characterized the phenotype of this A2AR cKO in the 
striatum of adult mice by testing the effect of unilateral striatal A2AR loss in turning 
behavior and MPTP-induced loss of striatonigral dopaminergic neurons. Working with 
AAV2/1-cre and AAV2/1-GFP viruses (provided through a collaboration with Dr. 
Miguel Sena-Esteves of our institution), Dr. Augusta Pisanu has now demonstrated 
that: 

 Using this AAV-Cre/loxP system, a double injection of AAV2/1-cre 
(3x1013 gc/ml) into the rostral and caudal striatum induces 50% of loss of 
A2A striatal receptors in A2A

flox/flox mice (Fig 3). This focal A2AR KO 
phenotype was reached 30 days post injection and was still stable until 
60 days post injection, although at that time cell toxicity was detected in 
the center of the infected area in some mice, probably related to an over-
expression of Cre across time. (To reduce this late cell toxicity, in 
collaboration with Dr. Esteves, we are now testing a new and promising 
AVV vector, which delivers the Cre recombinase gene under control of a 
weaker promoter with the goal of eliminating toxicity.)  



W81XWH-04-1-0881  Annual Report (Year 3) 

 - 9 - 

  

  

 This degree of unilateral loss of A2AR in mouse striatum is sufficient to 
induce a behavioral phenotype. Starting from the 30th day, to assess for 
asymmetries in striatal control of movement, turning behaviour was 
monitored in unilateral cKO mice (AAV2/1-cre, A2ARflox/flox) and in 
control mice (AAV2/1-GFP, A2ARflox/flox). None of the experimental 
groups showed a biased spontaneous turning behaviour. In unilateral 
conditional KO mice the A2A antagonist KW-6002 (3 mg/kg, ip; in the 
presence of a sub-threshold dose of the dopamine D2 antagonist 
haloperidol) induced ipsilateral turning, and amphetamine (2.5 mg/kg i.p. 

Cre IR 

A2A IR 

rostral 
striatum 

caudal 
striatum 

Fig. 3 
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on its own) induced contralateral turning relative to that in the control 
animals (Fig. 4).  

  

 AAV2/1-cre injection into the striatum of A2ARflox/flox mice confered a 
partial but significant neuroprotection against acute MPTP intoxication. 
50 days after infection AAV2/1-cre injected mice and their respective 
AAV2/1-GFP controls were treated with MPTP or saline (4 times 
15mg/kg i.p every 2 hours). Seven days after, the TH immunoreactivity 
of sparing projections in the striatum was measured: the AAV2/1-cre, 
A2ARflox/flox mice showed a more intense TH staining in the infected side, 
compared to the intact one, while in the AAV2/1-GFP, A2ARflox/flox group 
no difference was detectable (Figs. 5 and 6). Further stereological 
analysis of sparing neurons in substantia nigra pars compacta is now in 
progress, to confirm that focal disruption of A2A receptor in the striatum 
is able to confer neuroprotection to dopaminergic neurons in the MPTP 
model of PD. 

 

AAV2/1-GFP 
Intact 
side 

MPTP 

saline 

AAV2/1-cre 
Injected 
side 

Intact 
side 

Injected 
side 

Intact 
side 

Injected 
side 

Intact 
side 

Injected 
side 

Fig. 4 

Fig. 5 
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 This methodological advance will allow us to dissect A2A receptor 
involvement in neurotoxin models of PD with an unprecedented 
combination of anatomical and molecular precision in different brain 
structures.  

 
 

Methods (for Figs. 3-6) 
Mice with a floxed A2AR gene were generated by insertion of loxP sequences 

within the introns flanking the exon 2 of the A2AR gene (YJ Day and J linden, 
unpublished results). Homozygous adult male mice were anesthetized with an i.p. 
injection of Avertin and positioned in a stereotaxic frame for double injection into 
the left striatum (rostral: AP: +1.2; ML: +1.5; DV: -2.75; caudal: AP: -0.15; ML: 
+2.5; DV: -2.65) of 1 µl of AAV2/1-cre or AAV2/1-GFP (3x1013 gc/ml) at a rate 
of 0.1 µl/min by using a 30 gauge needle connected to a 50µl Hamilton syringe 
driven by a  microinfusion pump.  

After 30 days mice were tested for asymmetries in striatal control of movement 
by recording contralateral and ipsilateral turns during the dark phase of their 
circadian rhythm, using an automated rotometry system (San Diego Instruments, 
San Diego, CA). Each mouse was placed at the center of 1 of 12 opaque glass flat-
bottom bowls (10 cm diameter base, 13 cm high wall, with opening diameter of 26 
cm) and connected to the lower end of a customized cable tether by a rubber band 
snugly fitted around the chest. The upper end of the cable is attached to a swivel 
box, which in turn is linked to a computer interface.  

The 50th day the animals were randomly divided in 4 groups and received 
MPTP or saline injections (4 time 15mg/kg i.p. MPTP-HCL  or saline every 2 
hour) and 7 days later they were anesthetized and intracardially perfused with 10 

* 

Fig. 6 
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ml of ice-cold saline followed by 30 ml of 4% paraphormaldehyde in 0.1 M 
phosphate buffer. After perfusion brains were removed and incubated overnight in 
the same fixative than cryoprotected by incubation in phosphate buffered 30% 
sucrose. Serial 25 µm-thick coronal sections were cut on a freezing microtome and 
collected in 50 mM Tris buffer. Adjacent sections starting from the rostral part of 
the Striatum to the Sunstantia Nigra pars compacta (Snc) were collected for 
immunohistochemical staining for Cre recombinase (1:2000 Novagen anti-Cre 
rabbit polyclonal antibody) A2AR (1:200 Santa Cruz anti A2AR goat polyclonal 
antibody) and Tyrosine Hydroxylase(1:1000 Biomol anti-TH rabbit polyclonal 
antibody). Goat or Horse anti-species antibodies conjugated to biotin, Vectastain 
ABC Kit and fast DAB Kit were used for detecting primary antibodies. 
Immunostainig controls were done without the primary antibody. Quantification of 
Cre and A2aR-immunoreactivity (IR) was performed every sixth section at 4X 
magnification by measuring the extent of the immunopositive or immunonegative 
area in the Striatum. TH-immunoreactivity was quantified every 12 sections at 4X 
magnification by measuring the Optical Density (OD) of the striatal area, corrected 
by the OD of overlying cortex. as background. Statistical analysis was performed 
by Oneway ANOVA followed by a Tukey post hoc analysis of means difference 
between groups.Student’s t test was used for the remaining statistical analyses. A 
value of p   0.05 was considered to be significant. 

 
 

Specific Aim #3 – to investigate caffeine-estrogen interactions in the MPTP model of PD 
by determining the effect estrogen replacement on the neuroprotective phenotype of A2A 
KO mice, and exploring potential peripheral and CNS mechanisms contributing to 
caffeine’s reduced neuroprotective efficacy in the presence of estrogen.  
[Please see publication in Appendix D, a translational neuroscience review focused 
on developing neuroprotective therapeutics for PD, with caffeine and estrogen 
included in the context of broader strategies.] 

With support from this award we have now fully completed and published our 
studies of estrogen-caffeine interaction in the MPTP model of Parkinson’s disease, as 
detailed in our Yr 2 progress reported. Our results demonstrate that estrogen reduces 
caffeine’s neuroprotective effect against MPTP toxicity in both male and female mice. 
In the context of human epidemiology on PD, our findings suggest a biological basis 
for the interaction between estrogen and caffeine in modifying the risk of PD. 
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Key Research Accomplishments (in Year 3) 

 Demonstration that neuronal forebrain A2A receptors can play a critical role in 
dopaminergic neuron injury in the MPTP model of neurodegeneration in 
Parkinson’s disease. 

 Using a powerful newly Cre/LoxP conditional knockout system, we have 
obtained evidence that it is the neuronal forebrain A2A receptors in the striatum 
that are responsible for this toxicity. Thus it is through these receptors that 
caffeine and more specific antagonists of the adenosine A2A receptor may offer 
neuroprotection against the development or progression of PD. 

 Demonstration for the first time that caffeine’s neuroprotective effect extends to 
the dual pesticide – parequat plus maneb – model of PD, a chronic, potentially 
more environmentally relevant model of the disease.    

 Demonstration for the first time that urate can be neuroprotective in an in vivo 
model of PD.  This finding may have a particularly rapid translational impact as 
urate-elevating therapy is now being pursued as potential neuroprotectant for PD 
patients. 

 Methodological advances were achieved with a viral vector-based Cre/LoxP 
conditional knockout system. It will allow us to dissect caffeine and A2A receptor 
involvement in neurotoxin models of PD with an unprecedented combination of 
anatomical and molecular precision in different brain structures. 

 
 
Reportable Outcomes  
1) Publications (with acknowledgements citing W81XWH-04-1-0881/ USAMRAA) 

• Kachroo A, Prasad K, Irizarry MC, Richfield EK, Schwarzschild MA. 2007. 
Caffeine protects against combined paraquat and maneb-induced neurotoxicity of 
dopaminergic nigral neurons. 2007 Neuroscience Meeting. San Diego, CA: 
Society for Neuroscience.  Abstract # 265.20/U10.  [See Appendix A.] 

 
• Luo W, Schwarzschild MA, Xu K. 2007. Urate attenuates MPTP-induced 

dopaminergic neurotoxicity in mice. 2007 Neuroscience Meeting. San Diego, CA: 
Society for Neuroscience.  Abstract # 797.8/O12. [See Appendix B.] 

 
• Pisanu A, Sena-Esteves M, Schwarzschild MA. 2007. Behavioural phenotype of 

unilateral conditional knockout of striatal adenosine A2A receptors using a viral 
Cre/loxP system. 2007 Neuroscience Meeting. San Diego, CA: Society for 
Neuroscience.  Abstract # 314.7/GGG27. [See Appendix C.] 

 
• Hung AY, Schwarzschild MA. 2007. Clinical trials for neuroprotection in 

Parkinson's disease: overcoming angst and futility? Curr Opin Neurol. 20:477-
483. [See Appendix D.] 
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2) Major presentations (with support from/acknowledgements including 
DoD/USAMRAA/NETRP) 

• October 18, 2006 – Society for Neuroscience annual meeting (Atlanta) 
Symposium: Purinergic Signaling in Neuron-Glia Interactions “Adenosine A2A 
Receptors in Neurodegeneration” {Eweson Lectureship}. 

 
• April 5, 2007, 5th Annual NIEHS/CCPDER Meeting (Asilomar/Monterey) 

“Purines & Parkinson’s: Pursuing environmental exposures linked to reduced 
risk” {keynote speaker}. 

 
• June 27, 2007, Parkinson’s Disease and Environment Consensus Conference 

(Sunnyvale, CA) “Metabolic Concerns: Serum urate predicts progression of 
Parkinson’s disease” {panel presenter}. 

 
• July 15, 2007 – International Brain Research Organization (IBRO) World 

Congress of Neuroscience.  (Melbourne) Symposium: “Role of adenosine A2A 
receptors in noxious brain conditions: effects on neurons, astrocytes or 
microglia?” {chair; presenter}. 

 
 
Conclusions  
Central hypothesis: Multiple environmental protectants and toxins interact to influence of 
the health of the dopaminergic neurons lost in Parkinson’s disease.  Our progress under 
this award supports the central hypothesis, particularly with respect to caffeine-estrogen 
interactions in models of PD (SA 3). Critical to our ability to successfully pursue the 
Specific Aims of our research program, we have made substantial progress in 
establishing and charactering the key KO methodologies of this project, and now have 
initial data applying this method to the MPTP model of neurodegeneration in PD.  We 
expect to build on our conceptual and technical advances of the first three years in our 
final, publishing many of the preliminary data reported here. 
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The etiology of idiopathic Parkinson’s disease (PD) remains unknown though certain risk factors have been
identified. On the one hand, genetic determinants and environmental neurotoxicants such as pesticides
have been linked to an increased risk of developing PD. On the other hand, several environmental factors
such as caffeine intake have been inversely linked to PD risk. The present study sought to determine
whether caffeine (a non-specific adenosine antagonist) attenuates dopamine neuron toxicity from
combined exposure to the herbicide paraquat (PQ) and the fungicide maneb (MB). The intraperitoneal
injection paradigm involved dual administration of 10mg/kg PQ and 30mg/kg MB, in the absence or
presence of caffeine at 5mg/kg and 20mg/kg (injected 10 min prior to pesticides), twice a week for 8
weeks. PQ/MB treated mice did not demonstrate any motor deficits when tested 24-48 h post injection,
using open field locomotor activity. Stereological assessment of neurons in the substantia nigra pars
compacta was performed using tissue sections stained for tyrosine hydroxylase (TH) and counterstained
with cresyl violet. The data showed that the numbers of TH-positive (dopaminergic) nigral neurons were
significantly reduced (40%) after paraquat and maneb treatment. Pretreatment with caffeine at 20mg/kg,
but not 5mg/kg, provided significant protection against TH-positive neuronal cell loss. The lack of a
significant difference observed between control and pesticide-treated groups when counting TH-negative
(non-dopaminergic) neurons confirms the specificity of these pesticides for targeting dopaminergic neurons.
These data demonstrate that caffeine is able to neuroprotect dopaminergic nigral neurons in the setting of
an environmentally relevant model of PD.
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Findings from large prospectively followed populations have firmly linked higher urate level with a reduced 
risk of developing Parkinson's disease (PD). Recently, higher serum urate has been identified as a 
predictor of slower progression of PD symptoms and signs in two long-term, rigorously conducted clinical 
trials (together comprising over 1600 early cases of PD). These observations raise the possibility of a novel 
neuroprotective effect of urate in PD, and prompted us to explore its role in an animal model of PD. We 
examined the effect of locally administered urate on MPTP toxicity in young male C57Bl/6 mice. Urate (0, 
2.5, 5, 7.5, or 10 mg/dL in artificial CSF) was perfused through microdialysis probe within a guide canula 
into the left lateral ventricle of free moving mice for 48 hours. MPTP-HCl (single ip injection of 40 mg/kg) or 
saline was given 24 hours after the start of urate perfusion. One week after MPTP, striatal dopamine 
content was determined. Urate (5mg/dL but not at higher dose) perfusion significantly attenuated 
MPTP-induced striatal dopamine loss. These preliminary data support a neuroprotective role of urate in the 
MPTP mouse model of PD.
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Genetic knockout (KO) approaches to the study of receptor function complement traditional 
pharmacological methods by offering complete specificity and inactivation. However, standard KO 
strategies globally eliminate the targeted receptor starting prenatally, and thus their use for investigating 
the role of receptors in the adult brain can be confounded by developmental or systemic phenotypes. The 
transgenic Cre/loxP conditional KO system can achieve partial control over the timing and distribution of 
receptor inactivation using a specific promoter to direct Cre recombinase gene (cre) expression postnatally 
and/or in a selected cell subtype. A2A receptors (A2AR) have been reported to modulate motor functions in 
basal ganglia circuitry and their antagonists possess anti-parkinsonian activity in animal models. 
Convergent epidemiological and laboratory data have also suggested that A2AR blockade may confer
neuroprotection against the dopaminergic neuron degeneration that causes Parkinson’s Disease.
Stereotaxic infusion of an adeno-associated virus (AAV) vector encoding Cre recombinase into the left
striatum of homozygous floxed A2AR (A2ARflox/flox) adult mice was used to analyze the role of striatal 
A2AR in motor control and neuroprotection. Neuronal Cre expression and A2AR loss were visualized by 
immunohistochemistry and correlated with turning behaviour to assess for asymmetries in striatal control of 
movement. Cre expression appeared maximal 15 days post-infusion of AAV2/1-cre vector whereas loss of 
A2AR immunoreactivity reached its maximum extent at 30 days post-injection. Starting from the 30th day 

turning behaviour was assessed in unilateral conditional KO mice (AAV2/1-cre, A2ARflox/flox) and in two 

control groups (AAV2/1-GFP, A2ARflox/flox and AAV2/1-cre, A2AR+/+ mice). None of the experimental 
groups showed a biased spontaneous turning behaviour. In unilateral conditional KO mice the A2A
antagonist KW-6002 (3 mg/kg, ip; in the presence of a sub-threshold dose of the dopamine D2 antagonist 
haloperidol) induced ipsilateral turning, and amphetamine (2.5 mg/kg i.p. on its own) induced contralateral 
turning relative to that in the control animals. Thus the AAV2/1-Cre/loxP conditional KO system provides a 
means to precisely eliminate the A2AR postnatally in discrete brain regions, and can be used to further 
explore the neurobiology of adenosine receptors and their pathophysiology in models of CNS disease.
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Clinical trials for neuroprotectio
n in Parkinson’s disease:

overcoming angst and futility?
Albert Y. Hunga and Michael A. Schwarzschilda,b
Purpose of review

To summarize recently published results of neuroprotection

trials for Parkinson’s disease, and discuss them in the

context of evolving concepts in clinical study design and

animal models.

Recent findings

Despite compelling preclinical evidence from laboratory

models suggesting potential neuroprotective benefits, the

antioxidant, antiapoptotic, antiexcitotoxic,

immunomodulatory and neurotrophic agents studied to

date have not shown clear benefit in human studies. The

futility study design, an alternative approach focused on

efficiently excluding less promising compounds, has been

adopted recently to investigate four candidate

neuroprotectants. A delayed-start trial design has also been

introduced in a study of the monoamine oxidase inhibitor

rasagiline, demonstrating a possible neuroprotective effect

as well as its clear symptomatic benefit. In parallel with

these clinical innovations, preclinical research initiatives are

identifying new animal models that more closely resemble

the clinical course and pathology of Parkinson’s disease.

Summary

Angst over disappointing results of neuroprotection trials in

Parkinson’s disease has engendered efforts to refine animal

models at one end of the therapeutics pipeline, and to

optimize clinical trial design at the other. Building on new

insights into the genetics, epidemiology and pathogenesis

of Parkinson’s disease, these recent improvements in

‘translational infrastructure’ will enhance the prospects of

achieving the critical goal of slowing the progression of

disability.

Keywords

clinical trial, futility study, neuroprotection, Parkinson’s

disease
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Introduction
Parkinson’s disease is characterized clinically by the

cardinal features of resting tremor, rigidity, bradykinesia,

and gait difficulty with postural instability. Motor dys-

function results from the progressive and selective loss of

dopaminergic neurons in the substantia nigra pars com-

pacta. Highly effective symptomatic treatments, primar-

ily based on dopamine replacement strategies, are avail-

able to treat early to moderate stage Parkinson’s disease,

providing significant improvement in motor function and

quality of life. Despite advances in understanding of the

pathogenesis of Parkinson’s disease, however, efforts to

identify a therapy to slow or reverse disease progression

have been disappointing. Indeed, a recent practice

parameter submitted by the American Academy of

Neurology concluded that ‘no treatment has been shown

to be neuroprotective’ [1��]. Thus, clinical and basic

research focused on identifying these neuroprotective

strategies addresses a major unmet need [2�].

The etiology of idiopathic Parkinson’s disease remains

uncertain. A number of genetic mutations have recently

been identified in some patients with a familial form of

the disorder (reviewed elsewhere in this volume). These

mutations, however, account for only a small percentage

of cases of Parkinson’s disease. In addition, twin studies

suggest that while genetic factors may predispose young-

onset patients to Parkinson’s disease, they appear to be

less important in the majority of individuals with later

onset disease [3]. Indeed, current models propose a

complex interplay of biochemical and cellular processes,

including oxidative stress, mitochondrial dysfunction,

excitotoxicity, inflammation, trophic factor deficiency,

and apoptosis [4,5]. In light of the significant clinical

impact that would be achieved by identifying agents

slowing disease progression, the Committee to Identify

Neuroprotective Agents in Parkinson’s (CINAPS) was

formed and assigned the task of prioritizing prospective

neuroprotective candidates for clinical trials [6]. Four

primary criteria were used: scientific rationale, evidence
1
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Table 1 Putative neuroprotective agents identified by the Com-

mittee to Identify Neuroprotective Agents in Parkinson’s

(CINAPS) group

Agent Primary mechanism

Caffeine Adenosine antagonist
Coenzyme Q10 Antioxidant/mitochondrial stabilizer
Creatine Antioxidant/mitochondrial stabilizer
Estrogen Unknown
GM-1 ganglioside Trophic factor
Minocycline Antiinflammatory/antiapopotic
Nicotine Unknown
GPI-1485 Trophic factor
Pramipexole Antioxidant
Rasagiline Antioxidant/antiapoptotic
Ropinirole Antioxidant
Selegiline Antioxidant/antiapoptotic

Data from [6].
of blood–brain barrier penetration, adequate safety and

tolerability data, and efficacy in animal models and pre-

liminary human studies. Based on these criteria, 12

compounds were selected as attractive candidates for

further study (Table 1). Here, we review the recent

clinical trials focused on these and other agents, and

discuss the limitations of current clinical study design

and preclinical animal models.

Lessons from early neuroprotective trials
Clinical neuroprotection trials for Parkinson’s disease

date back to the early 1980s, when oxidative stress and

oxidative activation of putative environmental protoxins

were first proposed as mechanisms for dopamine neuron

loss. On the basis of this hypothesis, early trials focused

on the potential effectiveness of selegiline, a selective,

irreversible inhibitor of monoamine oxidase type B

(MAO-B) that had been shown to protect against dopa-

mine cell loss in animal models (Table 2) [7–16,17��,

18�,19�,20–26,27��,28], reviewed in [29��]. Using defined

clinical endpoints [time until symptomatic treatment

was required, or changes in the Unified Parkinson’s

Disease Rating Scale (UPDRS)], these studies demon-

strated a clear benefit in those who received selegiline.

It became evident, however, that these results could

similarly be explained by a symptomatic effect of the

study intervention.

In order to overcome the confounding effects of sympto-

matic benefit, several studies employed radiotracer

imaging as a surrogate measure of dopaminergic nigros-

triatal neuron integrity. 123I-b-CIT single photon emis-

sion computed tomography (SPECT) reflects binding to

the dopamine transporter on dopaminergic cells, and

[18F]fluorodopa PET measures the uptake and conver-

sion of the tracer into fluorodopamine in surviving

neurons. This approach was used to study the potential

neuroprotective effects of the nonergot dopamine ago-

nists pramipexole and ropinirole [20,21]. Both of these

agents (compared with levodopa) resulted in less
reduction in uptake of the putative biomarker over

the course of the treatment period, suggesting a pos-

sible neuroprotective effect with agonist therapy. The

ELLDOPA study [22], investigating the effects of levo-

dopa on disease progression, has brought the reliability of

imaging measures into question. In this study, patients

treated with carbidopa-levodopa showed a smaller

decrease in UPDRS scores, but a significantly greater

decline in b-CIT uptake. Thus, as radiotracer imaging

does not consistently correlate with clinical endpoints,

it has not been established as an appropriate surrogate

of neurodegeneration in neuroprotection trials for

Parkinson’s disease [30].

Antioxidants
The focus on oxidative stress as a mechanism of dopa-

minergic cell loss has led to several additional trials

examining whether antioxidant therapy can modify the

course of Parkinson’s disease. Coenzyme Q10 is a cofactor

in the electron transport chain, and has potent antioxidant

effects. It is also thought to stabilize mitochondrial func-

tion. In a pilot study of coenzyme Q10 in early Parkinson’s

disease, a total of 80 patients were assigned to placebo or

one of three different doses (300, 600 and 1200 mg per

day) [16]. Using change in UPDRS as the primary out-

come measure, there appeared to be an inverse trend

between dose and degree of clinical change, suggesting

possible neuroprotection. The potential benefit of coen-

zyme Q10 was most clearly suggested at the highest dose,

though at this and other doses there was no significant

effect on secondary measures of a timed tapping test of

motor function or of the time until levodopa therapy

initiation was warranted. Since that study, daily doses as

high as 2400 mg have been shown to be well tolerated

[31].

Creatine is a dietary supplement that plays an important

role in mitochondrial ATP production. In animal models

of Parkinson’s disease, oral creatine supplementation

has been shown to have a neuroprotective effect [32].

The results from a 2-year placebo-controlled pilot

efficacy trial were recently reported [18�]. Changes in

dopamine transporter SPECT were used as the primary

outcome measure, and the UPDRS and 36-item Short

Form Health Survey (SF-36) were secondary outcome

measures for disease progression. In this study, creatine

supplementation had no significant effect on SPECT

variables, nor did it result in a change in overall UPDRS

scores. With creatine, there was a slight improvement in

mood (as assessed by UPDRS subscale I, ‘Mentation,

behavior, mood’). There was also a lower relative increase

in agonist dose in patients treated with creatine, although

this reflected primarily a difference in baseline dose

rather than final dose. The authors concluded, however,

that the negative results could potentially be related to

the low doses used in the study.
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Table 2 Published randomized neuroprotection trials in Parkinson’s disease

Class Agent n Primary outcome Duration Comments Reference

Antioxidant/MAO inhibitor Selegiline 800 Time to symptomatic treatment DATATOP [7]
Selegiline 54 Time to symptomatic treatment 3 years [8]
Selegiline 157 Time to symptomatic treatment 1–3 years [9]
Selegiline 101 Change in UPDRS 14 months 2 month washout [10]
Selegiline 79 Change in UPDRS 60 months 1 month washout [11]
Lazabemide 321 Time to symptomatic treatment 12 months [12]
Rasagiline 404 Change in UPDRS 12 months Delayed start [13]
Selegiline 157 Change in UPDRS 7 years With levodopa [14]

Antioxidant Vitamin E 800 Time to symptomatic treatment DATATOP [15]
Coenzyme Q10 80 Change in UPDRS 16 months QE2 [16]
Coenzyme Q10 213 Change in UPDRS 12 months Futility study [17��]
Creatine 60 [123I]-FP-CIT SPECT 24 months [18�]
Creatine 200 Change in UPDRS 12 months Futility study [19�]

DA replacement Pramipexole 82 [123I]-b-CIT SPECT 46 months CALM-PD [20]
Ropinirole 186 [18F]-dopa PET 24 months REAL-PET [21]
Levodopa 360 Change in UPDRS 40 weeks ELLDOPA;

2 week washout
[22]

Glutamate antagonist Riluzole 20 Change in UPDRS 6 months [23]

Trophic factor GDNF 50 Change in UPDRS motor score 8 months [24]
GDNF 34 Change in UPDRS motor score 6 months [25]

Neuroimmunophilin GPI-1485 300 Change in UPDRS motor score 6 months Discussed
in [26]

ligand GPI-1485 213 Time to symptomatic treatment 12 months Futility study [17��]

Antiapoptotic agent TCH346 301 Change in UPDRS 12–18 months [27��]
CEP-1347 806 Change in UPDRS Average 21.4 months PRECEPT [28]
Minocycline 200 Time to symptomatic treatment 12 months Futility study [19�]

MAO, monoamine oxidase; UPDRS, Unified Parkinson’s Disease Rating Scale; SPECT, single photon emission computed tomography; DA, dopamine;
GDNF, glial cell line-derived neurotrophic factor.
As a step to assessing whether coenzyme Q10 or creatine

are suitable for further study as neuroprotective agents,

phase II studies were conducted, concluding that neither

agent could be rejected as futile (see below; [17��,19�]).

On the basis of these data, larger multicenter study using

coenzyme Q10 and creatine are being planned or in

progress.

Antiapoptotic agents
Apoptosis, or programmed cell death, has been proposed

to contribute to the pathogenesis of neurodegenerative

disorders, including Parkinson’s disease, although the

neuropathologic evidence remains somewhat controver-

sial [33]. Despite this uncertainty, there are numerous

reports to suggest that interfering with apoptotic path-

ways can protect against neuronal cell death [34–36]. One

class of antiapoptotic agents, the propargylamines, has

been proposed as neuroprotective agents [37�]. TCH346

(N-methyl-N-propargyl-10-aminomethyl-dibenzo[b,f]-

oxepin; also called CGP3466) is a propargylamine that

resembles structurally selegiline, but lacks MAO inhibi-

tor activity. Its antiapoptotic mechanism of action is

thought to involve binding to glyceraldehyde-3-phos-

phate [38]. In animal models of Parkinson’s disease,

the agent has been shown to protect against neurode-

generation and associated behavioral deficits [39,40]. A

recent clinical study examined the putative neuroprotec-

tive effects of TCH346 on disease progression [27��].
Patients were randomly assigned to placebo or one of

three treatment doses. After a 12–18-month treatment

period and 4-week washout, they failed to show any

difference in the primary endpoint (time to disability

requiring dopaminergic therapy) or secondary endpoints

(change in UPDRS or the Parkinson’s disease question-

naire (PDQ)-39, a measure of quality of life).

CEP-1347 inhibits the mixed lineage kinases (MLKs)

that activate the c-Jun N-terminal kinase (JNK) signaling

cascade, a pathway that mediates apoptotic cell death.

MLK inhibition and disruption of this pathway have

consistently been shown in preclinical models to enhance

neuronal survival [41,42]. These promising data promp-

ted the PRECEPT trial, the largest neuroprotection trial

completed to date, in which patients not yet requiring

dopaminergic therapy were randomized to placebo or one

of the doses of CEP-1347 [28]. Using time to disability

requiring dopaminergic therapy as the primary endpoint,

and changes in UPDRS and b-CIT SPECT imaging as

secondary endpoints, this study was concluded early

(average of 21.4 months of follow up) after an interim

analysis showed that a greater percentage of patients

on the lowest and highest doses of experimental drug

(10 and 50 mg twice a day) reached the primary endpoint,

compared with the placebo group. Similarly, all active

treatment groups showed a greater decline in striatal

b-CIT. Thus, CEP-1347 was shown to be ineffective
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at modifying disease progression in Parkinson’s disease.

Based on these negative clinical trials, the relevance of

apoptosis to designing neuroprotective agents requires

reassessment [43��]. Alternatively, it has been suggested

that apoptosis may contribute as just one of several routes

to neuronal degeneration, such that blockade of apoptosis

may lead to a different (e.g. necrotic) cell death pathway

that may produce at least as much neuronal injury [44,45].

The ‘delayed start’ design
Recently, the use of a ‘delayed start’ design has been

proposed for neuroprotection trials [13,46��]. As noted,

symptomatic effects of study interventions can confound

interpretation when clinical measures are used as surro-

gates of disease progression. While this is addressed in

part by incorporation of a ‘washout’ phase, when clinical

performance is compared between untreated baseline

and final visits, it is difficult to exclude the possibility

that the treatment may have long-lasting effects that

exceed the duration of the washout. Ethical issues have

also been raised about withholding effective treatment

during the washout period.

In the delayed start design, some study participants begin

treatment with the experimental agent immediately,

while others begin after a delay. This design presumes

that the symptomatic benefit of the medication is similar

in both groups at the end of treatment. Thus, any change

in outcome measure should reflect a disease-modifying

effect. The delayed start design has been used to study

the effects of rasagiline, a propargylamine MAO-B inhibi-

tor [13] that has been shown to protect against 1-methyl

4-phenyl 1,2,3,6-tetrahydropyridine (MPTP)-induced

dopaminergic cell loss in animal models [47]. In an initial

6-month placebo-controlled phase, treatment with rasagi-

line resulted in improvement in Parkinsonian symptoms

[48]. Following this phase, study participants previously

treated with placebo were given rasagiline (2 mg per day)

and compared with individuals taking rasagiline from the

start. Those treated with rasagiline (1 or 2 mg daily) for

12 months showed a lesser decline in clinical performance

(as measured by change in UPDRS scores) than those

only taking the medication for 6 months. This study has

been interpreted to suggest that rasagiline can slow the

rate of disease progression, prompting a similar but longer

and larger study now underway [49].

The use of futility studies
The failure of agents proven effective in preclinical

studies to have any efficacy in human studies has led

clinical investigators to ask whether there is a more

efficient way to screen out compounds that are ineffective

as neuroprotectants. In the last several years, a futility

study design has been used to assess several prospective

neuroprotective agents [50,51��,52�]. This methodology

has been used previously to evaluate cancer treatments
and more recently, stroke treatments. Phase II pilot

studies with such a design require a smaller number of

patients over a shorter time period than large phase III

efficacy studies. They focus on distinguishing between

potentially effective agents appropriate for larger rando-

mized studies, and agents that are demonstrably ‘futile’

(at least at the dose tested). In order for such an approach

to be effective, it is necessary to identify clinical outcome

measures that would be expected to change sufficiently

in untreated patients over 6–12 months, the short time

period intended in futility studies. An analysis of histori-

cal Parkinson’s disease data sets identified change in total

UPDRS or change in motor plus activities of daily living

(ADL) UPDRS (subscales 2 and 3) as requiring the

smallest sample sizes [50]. While some efficacy data

can be obtained from such studies, however, they lack

(by design) sufficient statistical power to test whether a

drug is actually disease modifying.

A randomized, double-blind futility trial was conducted

by the National Institutes of Health (NIH) Exploratory

Trials in Parkinson’s disease (NET-PD) program, exam-

ining a potential neuroprotective effect of creatine

and minocycline [19�]. Minocycline is a semi-synthetic

second-generation tetracycline that has been proposed to

protect against MPTP-induced dopaminergic cell loss via

its antiinflammatory action [53]. A total of 200 partici-

pants were randomized to receive either placebo, creatine

(10 g per day), or minocycline (200 mg per day). Using

change in total UPDRS as the primary endpoint, neither

agent could be rejected as futile. All three treatment

groups were fairly well tolerated (91% in creatine group,

77% in minocycline group); the most common adverse

events included upper respiratory symptoms (26%), joint

pain (19%), and nausea (17%).

Neuroimmunophilins are a family of proteins present in

the nervous system that were initially identified as targets

of the immunosuppressive agents FK506 and rapamycin

[26,54]. The neuroimmunophilin ligand GPI-1046 has

been shown to reverse the loss of corticostriatal long-term

potentiation in 6-hydroxydopamine lesioned rodents,

suggesting that it may protect dopaminergic cell function

[55]. An initial study using a similar agent, GPI-1485, at a

maximal dose of 4000 mg daily showed no treatment

benefit on the primary outcome of change in UPDRS

motor score [26]. To assess whether GPI-1485 deserves

further study, the agent was tested along with coenzyme

Q10 using the futility trial design [17��]. In this study,

a total of 213 individuals were randomized to placebo,

coenzyme Q10 (2400 mg per day), or GPI-1485 (4000 mg

per day). Over a 12-month trial period (or until sympto-

matic therapy was warranted), the primary outcome

measure (change in total UPDRS scores) again did

not meet the prespecified criteria for futility of either

agent. Like the other two agents studied, the study
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interventions were well tolerated, with a similar set of

adverse effects.

Based on these studies, all four agents tested remain

potential candidates for larger phase III trials. Several

important issues, however, have been raised by these

reports. The placebo group in the creatine/minocycline

study showed a mean change in total UPDRS of 8.39,

whereas the coenzyme Q10/GPI-1485 placebo group

showed a much smaller change (6.31). When the four

treatment arms were analyzed in comparison to the

combined mean of both placebo groups and the placebo

arm of the PRECEPT trial, only creatine was not found

to be futile (i.e. potentially disease modifying). Thus, the

study conclusion depends on the placebo data used to

determine the futility threshold. This raises the concern

that changes in UPDRS, the primary response variable

used in these trials, may be an inadequate primary out-

come measure. It may be necessary to employ multiple

outcome measures or global statistical tests [46��].

Limitation of preclinical rationales: animal
models
The recent negative results from clinical trials of a small

but diverse set of potential neuroprotectants may reflect a

series of individual inadequacies in the identification of

candidate drugs or in the design and execution of clinical

trials for neuroprotection in Parkinson’s disease. Alter-

natively, they could reflect a broader systematic problem

in our identification or testing of candidate agents.

Accordingly, in addition to clinical trial design, the ade-

quacy of available animal models has also come into

question. Short of being confirmed as predictive of a

drug’s neuroprotective potential in humans, an animal

model of neurodegeneration can be validated by demon-

strating that it shares the progressive nature of the disease

and the defining pathologic features. Most preclinical

studies have used the MPTP or 6-hydroxydopamine

(6-OHDA) model to characterize protective effects on

dopaminergic cell loss [56]. Indeed, results from these

models served as one of the primary evaluation criteria for

inclusion in the list of attractive candidates by CINAPS

[6]. MPTP is a mitochondrial complex I inhibitor, dama-

ging dopamine neurons in part through the generation of

reactive oxygen species. 6-OHDA, when administered

intracerebrally, also induces oxidative injury by entering

cells through catecholamine transporters. Nevertheless,

these models have limitations [57]. The 6-OHDA model

causes acute degeneration of nigrostriatal neurons, and

does not cause the pathognomonic cytoplasmic inclusions

(Lewy bodies) seen in Parkinson’s disease. Similarly,

most MPTP protocols use acute treatments and fail to

produce Lewy bodies, though Lewy body-like cyto-

plasmic inclusions have been reported in a chronic

MPTP infusion model [58]. Moreover, the effects of

putative neuroprotectants have been shown to vary
depending on the toxin administration protocol [59�]. In

an effort to enhance the environmental relevance of toxin

models of Parkinson’s disease, the pesticide rotenone and

herbicide paraquat have been used in toxin models of

Parkinson’s disease. While some reports indicate a chronic,

progressive loss of nigrostriatal neurons, inconsistent

pathologic effects have undermined their utility for testing

neuroprotective compounds [60].

Recent genetic data have implicated dysfunction in the

ubiquitin–proteasome system in the pathogenesis of

Parkinson’s disease (reviewed elsewhere in this volume).

This led McNaught and colleagues [61,62�] to investigate

the effect of systemic exposure to proteasome inhibitors.

They reported that rodents treated with epoxomicin or

PSI, two different proteasome inhibitors, for 2 weeks

produced a progressive dopamine-responsive neurologic

syndrome suggestive of Parkinsonism after a latency of

1–2 weeks. Moreover, pathologic analysis confirmed

depletion of striatal dopamine and dopaminergic cell

loss. If validated, such a model may be appropriate for

testing putative neuroprotective compounds. Unfortu-

nately, these findings have been difficult to confirm. A

series of recent reports have highlighted the controversy,

with a number of laboratories only partially replicating or

completely failing to replicate the model (reviewed in

[63��,64�–68�]). In light of this uncertainty, the protea-

somal inhibition model, despite its early promise,

requires further validation before it can be used to screen

compounds for potential clinical use.

Conclusion
Angst over the disappointing results from clinical neuro-

protection trials for Parkinson’s disease has engendered

efforts to optimize neuroprotection trial design, as well as

to refine the animal models in which candidate neuro-

protectants are advanced. The early use of clinical

measures such as time until dopaminergic therapy or

change in clinical rating scales as primary outcomes were

complicated by confounding effects of symptomatic

improvement. While the use of delayed start designs

may help to overcome these confounders, there is never-

theless a need to develop better, more objective bio-

markers of disease progression. Futility studies may

prove to be helpful to exclude more efficiently com-

pounds that are unlikely to be useful. The variability

in the calibration placebo in the first two futility trials,

however, raises concern that compounds may be deemed

futile or not futile inappropriately. In reexamining the

process by which promising neuroprotectants are ident-

ified, the validity of our toxin-based animal models has

been questioned, prompting new models that more

closely mimic the progressive features and pathology

of the disease. Continued advances in our understanding

of genetic and environmental factors contributing to

Parkinson’s disease will lead to more promising
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therapeutic candidates. The prospects for their trans-

lation into clinical practice will be enhanced by further

improvements in animal models and clinical trial designs

for Parkinson’s disease.
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ABSTRACT 

Context    Prospective epidemiological studies consistently indicate that 
Parkinson’s disease (PD) risk declines with increasing serum urate.  

Objective    To determine whether serum urate, a purine metabolite and potent 
antioxidant, predicts prognosis in PD.  

Design, Setting, and Participants  Prospective study among 804 subjects with 
early PD enrolled in the PRECEPT study, a clinical trial of the neuroprotectant 
potential of CEP-1347, conducted between April 2002 and August 2005 (average 
follow-up time 21.4 months).  

Main Outcome Measures  The primary study endpoint was progression to clinical 
disability sufficient to warrant dopaminergic therapy.  Cox proportional hazards 
models were used to estimate the hazard ratio (HR) of reaching endpoint according 
to quintiles of baseline serum urate, adjusting for gender, age and other potential 
covariates. Change in striatal uptake of [123I]β-CIT, a marker for the presynaptic 
dopamine transporter, was assessed with linear regression for a subset of 399 
subjects. 

Results    The adjusted HR of reaching endpoint declined with increasing baseline 
concentrations of urate; subjects in the top quintile reached the endpoint at only 
half the rate of subjects in the bottom quintile (HR=0.51; 95% CI: 0.37 to 0.72; 
p=0.0002).  This association was markedly stronger in men (HR=0.39; 95% CI: 
0.26 to 0.60; p<0.0001) than in women (HR=0.77; 95% CI: 0.39 to 1.50; p=0.4).   
The percent loss in striatal [123I]β-CIT uptake also improved with increasing serum 
urate concentrations (overall p for trend=0.002; men, p=0.0008; women, p= 0.4).  

Conclusion   These findings identify serum urate as the first molecular factor 
directly linked to the progression of typical PD and suggest that targeting urate or 
its determinants could be an effective disease modifying therapy in PD. 
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As a consequence of mutations in the urate oxidase gene early in primate evolution,1 
urate in humans circulates at high concentrations near the limits of its solubility and 
constitutes the main end product of purine metabolism. Urate has an anti-oxidant efficacy 
comparable to that of ascorbate, and thus its high level serves as one of our major 
defenses against oxidative damage caused by reactive nitrogen and oxygen species.2 
Because oxidative stress may contribute to the loss of dopaminergic neurons in the 
substantia nigra of individuals with Parkinson’s disease (PD)3 and to the pathophysiology 
of other neurodegenerative diseases,4 blood urate could be an important determinant of 
disease susceptibility and progression.   
 
Supporting this notion, the results of prospective epidemiological studies consistently 
indicate that among healthy people the risk of PD declines with increasing uricemia.5,6, 7 
Whether uricemia also predicts a better prognosis in established PD had not, however, 
been investigated.  To address this question efficiently we sought completed, rigorously 
conducted clinical studies of PD progression in which prospectively determined 
(baseline) levels of urate are available. We identified a large randomized clinical trial 
entitled, “Parkinson Research Examination of CEP-1347 Trial” (PRECEPT), which was 
originally designed to investigate a candidate neuroprotectant in PD using clinical and 
imaging assessments of neurodegeneration, 8 as an ideal opportunity to evaluate the 
potential association between serum urate and subsequent rates of PD progression.  
 
 
 
METHODS 
 
Study design 
We conducted a longitudinal cohort investigation among participants in the PRECEPT 
study, a two-year double-blind, randomized trial of oral CEP-1347, an antiapoptotic 
mixed lineage kinase inhibitor that had been found to be neuroprotective in animal 
models of PD. 8 The PRECEPT study was designed to determine whether this drug could 
slow the progression of early PD.  It was carried out by the Parkinson Study Group, and 
sponsored by Cephalon, Inc. and H. Lundbeck A/S.  The participants (n=806) were 
enrolled between April 2002 and April 2004 at 65 sites across the United States and 
Canada. All participating sites obtained approval of the protocol by their institutional 
review boards, and all subjects gave written consent for study participation. 
 
Study population 
Subjects to be enrolled in the study had to have early PD (modified Hoehn and Yahr 
stage of ≤2.5 with two of the cardinal signs: resting tremor, bradykinesia or rigidity), not 
requiring the use of dopaminergic therapy, and age at diagnosis ≥30 years. 8 Exclusion 
criteria included atypical parkinsonism, a diagnosis of PD ≥ 5 years duration, a tremor 
score ≥3, a Mini-Mental Status Exam score ≤ 26, a Beck Depression Inventory score ≥15, 
the use of symptomatic therapy within six months prior to randomization, or an 
expectation that dopaminergic therapy would be required within three months of study 
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enrollment. Subjects were randomly assigned to receive placebo or CEP-1347 10 mg, 25 
mg, or 50 mg twice daily. 
 
Serum urate and covariates 
Serum urate was measured at screening as well as the subsequent baseline visit (on 
average 4 weeks apart) as one component of the routine safety monitoring performed. 
The correlation between the screening and baseline serum urate was high (r=0.88; 
p<0.0001), and only baseline values, which were available for 99.8% of patients enrolled 
in the trial, have been used in the present analyses. Serum urate levels were determined 
using an enzymatic assay on non-fasting blood, performed at a central commercial 
clinical laboratory (Covance, Indianapolis, IN).  Information on past medical history and 
regular use of medications was collected at the screening visit. 
 
Clinical evaluation  
Following the initial screening and baseline visits, subjects were seen one month after 
starting the study drug, and then every three months until 24 months had elapsed. At each 
visit the site investigator conducted a clinical assessment, and evaluated the subject for 
disability sufficient to require dopaminergic therapy, the primary endpoint for the study. 
 A follow-up visit was performed one month after discontinuing the study medication. Of 
the 806 randomized patients, 95 (11.8%) were censored, 48 because of withdrawal and 47 
because they requested dopaminergic treatment before this was considered required by 
the investigators.  The average follow-up time was 21.4 months.8 
 
Outcome 
The primary endpoint was time to disability requiring dopaminergic therapy, 9 , 8 
determined by individual investigators masked to treatment assignment. Secondary 
endpoints included changes in the Unified PD Rating Scale (UPDRS) (sum of the motor, 
cognitive, and activity of daily living subscales) and β-CIT SPECT imaging of ligand 
binding to striatal dopamine transporter, a marker for nigrostriatal dopaminergic nerve 
terminals.  Because the UPDRS is modified by the dopaminergic treatment instituted at 
endpoint, the annualized rate of change in UPDRS was determined based on change from 
baseline to endpoint for each subject, and was calculated as: ([total UPDRS at the last 
assessment before initiation of dopaminergic treatment – total UPDRS at baseline] / 
number of days between the two assessments) × (365 days/year).   
 
Neuroimaging substudy 
Single-photon emission computed-tomography (SPECT) of iodine-123-labeled 2-β-
carboxymethoxy-3-β-(4-iodophenyl)tropane ([123I]β-CIT) uptake was used at baseline to 
measure striatal dopamine-transporter density among all subjects in the trial; imaging was 
carried out at the Institute for Neurodegenerative Disorders in New Haven, Connecticut 
with methods as described previously.10 All subjects were invited to repeat the SPECT at 
the end of the follow-up.  The 399 subjects with repeated SPECT imaging completed as 
of May 2005 and with baseline serum urate were included in a subanalyses on the 
relation between baseline serum urate and percent change in the ratio of the specific 
striatal [123I]β-CIT uptake to the non-displaceable striatal [123I]β-CIT uptake between the 
two images.  Mean interval between the two SPECT scans was 22 months. 
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Statistical analysis 
Cox proportional hazards models were used to estimate the hazard ratios of reaching the 
endpoint according to quintiles of baseline serum urate, adjusting for gender and age (5-
year groups).  Initial analyses were conducted using quintiles based on the combined 
urate distribution in men and women (“common quintiles”). An important advantage of 
using common quintiles is that the hazard ratios in men and women estimate the effects 
of similar levels of serum urate.  However, because of the expected higher level of urate 
in men, this categorization resulted in a markedly skewed distribution within gender, with 
most men in the top quintiles and most women in the bottom quintiles of serum urate, and 
thus in a loss of power of analyses within gender.  These analyses were therefore 
complemented by estimating hazard ratios for gender-specific quintiles.  In these analyses 
the advantage of a more balanced distribution of subjects across quintiles is in part offset 
by the lack of comparability of the hazard ratios; for example, in men the cut-offs for 
lowest and highest quintiles are< 4.9 and  >7.0 mg/dL, versus <3.7 and  >5.6 mg/dL in 
women.  Tests for trend were conducted by including serum urate as a continuous 
variable in the proportional hazard models (Wald test).  Potential confounding was 
assessed by adjusting the regression analyses for cigarette smoking (never, past, or 
current), body mass index (quintiles), serum cholesterol (continuous), and use of 
antihypertensive drugs or non-steroidal antiinflammatory drugs (use versus no-use).  
Because the adjusted results were not materially different from the unadjusted, and none 
of these covariates was significantly related to PD progression, only the age- and gender-
adjusted results have been included in this report.  Possible interactions between serum 
urate and age, gender, and treatment group were explored by including in the 
proportional hazard model the cross-product of serum urate as a continuous variable with 
the corresponding covariates (age: continuous in years; gender: 0,1 ; treatment: 0, 1, 2, 3, 
for placebo and each of the CEP-1347 doses).  None of the interaction terms was 
significant, and only results not including these terms are reported.  There was no 
significant deviation from the proportional hazard assumption, tested by adding the cross 
product of urate (continuous) with time of follow-up (0 for first year, 1 thereafter) to the 
Cox model. 
 
The relation between serum urate and rate of change in UPDRS or percent change in 
striatal [123I]β-CIT uptake were assessed by linear regression.  For each of these 
outcomes, we fitted regression models including age, gender (for analyses including men 
and women combined), and either common quintiles of serum urate or gender-specific 
quintiles, as outlined above.  Because of the skewed distribution of UPDRS rates, 
analyses for this outcome were also conducted using Spearman correlation.  All the p 
values presented are for 2-tailed tests with levels < 0.05 defined as significant. 
 
 
RESULTS 
Serum urate at baseline was available for 804 (517 men and 287 women) of the 806 
subjects enrolled in the trial.  Selected characteristics of these subjects are shown in Table 
1. As expected, serum urate concentrations were positively correlated with male gender, 
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body mass index, use of thiazide diuretics, and history of gout and hypertension (Table 
1).   
 
Overall, 493 (61%) of participants reached the endpoint of disability sufficient to require 
dopaminergic therapy during follow-up.  The hazard ratio of reaching the endpoint 
declined with increasing concentrations of serum urate; subjects in the top common 
quintile reached endpoint at approximately half the rate of subjects in the bottom quintile 
(HR = 0.51; 95% CI: 0.37 to 0.72; p< 0.0001) (Table 2).  This association was markedly 
stronger in men than in women, although a test for interaction of urate with gender was 
not significant (Table 2).  Results of analyses based on gender-specific quintiles were 
similar, and are summarized in Kaplan-Meier curves (Figure 1).  
 
The rate of change in UPDRS (points per year) in men and women combined was 16.9 
among patients in the lowest quintile of baseline urate, and 14.3 among those in the 
highest quintile (p for trend = 0.09).  Among men, there was a modest but significant 
inverse association between baseline serum urate and rate of UPDRS change (Spearman 
correlation coefficient = -0.10; p=0.02). A significantly lower rate of change in UPDRS 
was observed among patients in the highest as compared with those in the lowest gender-
specific quintile of serum urate (adjusted difference = 7.0; p = 0.02).  In contrast, no 
significant association was found in women (Spearman r = -0.03, p = 0.5). 
 
The percent change in striatal [123I]β-CIT uptake also declined with increasing serum 
urate concentrations (p for trend = 0.002), although the trend was largely driven by a 
lower percent change among subjects in the top quintile of serum urate, with little or no 
differences between quintiles 1 through 4 (Figure 2).  Because there were only 4 women 
in the top quintile of serum urate when the cut-offs for quintiles were generated from men 
and women combined, stratified analyses were only conducted using gender-specific 
quintiles. As in the endpoint analyses, a significant association was only seen in men 
(Figure 2). 
 
 
COMMENT 
In this large prospective investigation among subjects in the early stages of PD enrolled 
in a randomized clinical trial, we found that the rate of progression to the primary clinical 
endpoint declined with increasing levels of baseline serum urate.  There was a clear dose-
response relationship with a 35% reduction in rate of progression among patients in the 
fourth quintile of serum urate and a 49% reduction among those in the highest quintile, as 
compared with those in the lowest quintile.  These associations were highly significant, 
and corroborated by the finding that patients with higher urate also had a lower percent 
loss of striatal [123I]β-CIT uptake during the follow-up.   
 
Strengths of this study include the longitudinal design, the measurement of serum urate at 
baseline and before starting any anti-parkinsonian treatment, the large number of 
participants, and the rigorous clinical assessment of all patients.  We specifically 
examined the relation between serum urate and PD progression because of the strong a 
priori evidence that individuals with high levels of serum urate have a markedly reduced 
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risk of developing PD. 5-7  The convergence between the results of previous 
epidemiological studies and those of the present investigation is striking.  Combined, 
these results support the continuity of the neurodegenerative process before and after the 
onset of the first motor symptoms that lead to the diagnosis of PD, and imply that either 
higher serum urate itself is neuroprotective, or it serves as an indirect marker of 
protection of the dopaminergic neurons that are lost in PD. 
 
The inverse association between uricemia and PD progression could be explained if both 
were affected by a common factor, or, in epidemiological lexicon, a confounder.   In 
subjects without PD, the strongest correlates of serum urate are male gender, obesity, and 
arterial hypertension. 11  Further, use of thiazide diuretics is known to increase urate 
levels. 12 These correlations were also found among participants in our study, suggesting 
that the main determinants of serum urate are the same in individual with or without PD.  
However, the relation between serum urate and PD progression in our study was 
independent from these factors.  Also, adjustment for cigarette smoking and use of non-
steroidal anti-inflammatory drugs, which have been related to PD risk, did not 
appreciably change the results.  Genetic factors could also affect both serum urate and PD 
progression, and thus act as confounders. Heritability of serum urate is estimated to range 
from 25% to 70% 13, and several genetic mutations that affect uricemia have been 
identified.  14-16   Known mutations with marked effects on uricemia, however, are rare 
and seem unlikely to fully explain the strong inverse associations between uricemia and 
both PD risk and PD progression.  Finally, dietary factors should also be considered.  
High dairy consumption has been associated with an increased risk of PD17-19 and with 
decreased serum urate 20, but the latter association  is weak and unlikely to account for 
much variation in urate levels. On the other hand, high alcohol consumption increases 
serum urate,21 but in longitudinal studies alcohol consumption was not consistently 
related to PD risk.22  Purine 20 and fructose 23 intakes also increase serum urate, but these 
effects are modest and there is no evidence that these nutrients would affect PD risk or 
progression independently from their effects on uricemia.  Overall, it seems therefore 
unlikely that the inverse relation between uricemia and PD progression is due to 
confounding by known factors.  As in all observational studies, however, a role for 
unknown factors cannot be excluded.  
 
Although several clinical features of PD (e.g., prominent asymmetry, rest tremor 
predominance, absence of early cognitive or gait dysfunction) have been identified 
previously as predictors of a slower rate of clinical progression24, 25 these are complex 
behavioral characteristics of the disease and are thus likely to result from, rather than 
influence pathogenic mechanisms. By contrast, as an antioxidant with peroxynitrite 
scavenging properties, urate is well positioned to serve as a neuroprotectant against the 
underlying neurodegeneration of PD. Considerable evidence from genetic as well as 
idiopathic forms of PD has implicated oxidative and nitrative stress as central pathogentic 
mechanisms. 26 , 27 Urate at physiological concentrations is as effective an antioxidant as 
ascorbate.2 It also stabilizes ascorbate,28 possibly by forming complexes with iron ions,29 
and scavenges nitrogen radicals.30, 31 Further, administration of urate reduced the 
exacerbation of the oxidative stress and mitochondrial dysfunction in human 
dopaminergic cells exposed to the pesticide rotenone or to iron ions.32   
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Alternatively, the predictive association between urate and PD progression could reflect a 
neuroprotective effect of a urate precursor, rather than urate itself.  For example, 
adenosine and its deaminated metabolite inosine (which is in turn deribosylated and 
oxidized to urate) both modulate neuronal death on their own. Adenosine can have either 
neuroprotective or neurotoxic effects on dopaminergic neurons via adenosine A1 and A2A 
receptors, respectively.33, 34  Inosine has also shown potential as a neuroprotectant in 
models of stroke and multiple sclerosis.35, 36  Whether urate, its metabolic precursors or 
other determinants modulate neurodegeneration in PD, their potential is supported by 
lower levels of urate in cerebrospinal fluid37 and post-mortem substantia nigra38 of 
patients with PD.  
 
Whereas the concentration-dependent inverse relationship was robust and highly 
significant statistically in men, it appeared as a weak non-significant trend amongst 
women. This difference between men and women (also noted for the association between 
urate and [123I]β-CIT uptake neuroimaging) could result in part from a biological effect of 
gender on urate mechanisms in PD.39 Alternatively, it may reflect the substantially lower 
average urate concentrations in women, who comprise only 16% of the subjects in the 
two uppermost quintiles in which the substantially slower rates of disease progression 
were observed.  
 
That urate and its metabolic pathway are particularly amenable to existing 
pharmacological and dietary manipulations enhances the potential therapeutic 
significance of the present findings. A purine-rich diet can elevate serum urate, and the 
purine supplement inosine, used as a potential therapy for multiple sclerosis in a phase II 
randomized clinical trial,  markedly and chronically raised urate concentrations without 
inducing gout or other adverse effects.40 41 It is also well known that thiazide diuretics 
even at low doses elevate urate by reducing its renal clearance.12 Individuals with higher 
serum urate, however, have an increased risk of hypertension, coronary heart disease, and 
stroke. 5, 42  Although these associations may in part be confounded by obesity and other 
risk factors,43 44 a long-term neuroprotective effect of urate or its precursors would have 
to be weighed against potential adverse cardiovascular effects.  
 
It should be noted that measurement of urate on its own in newly diagnosed PD patients 
as an indicator of an individual patient’s future rate of progression is likely to be of 
modest clinical utility.  45  On the other hand, urate testing may aid the rational design of 
neuroprotective trials in PD, particularly those targeting mechanisms (antioxidant or 
purinergic) that are potentially shared with urate.  For example, coenzyme Q10, creatine 
and rasagiline – potential neuroprotectants targeting oxidative stress pathways in planned 
neuroprotection trials – might be most effective in PD patients whose endogenous 
antioxidant pool (including urate) is lowest at baseline, and thus controlling for an 
interaction with or stratifying by urate levels at baseline may improve the power of such 
trials.  
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Of note, the present discovery of a urate link to PD progression was achieved through 
additional analyses of a rigorously conducted clinical trial whose database was made 
available to test unforeseen hypotheses upon conclusion of the primary investigation.8 
The findings thus reflect a broader opportunity to retrospectively explore a growing 
repository of high quality data from neuroprotection trials for PD, Alzheimer’s disease 
and other progressive degenerative disorders. 
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APPENDIX 
The following members of the Parkinson Study Group were investigators in 
PRECEPT (Parkinson Research Examination of CEP-1347 Trial) and 
authored this report. 
 
Colorado Neurological Institute, Englewood, CO: Rajeev Kumar, MD; London 
Health Sciences Center, London, Canada: Mandar Jog, MD, Cheryl Horn, RN; 
Rush-Presbyterian-St. Luke’s Medical Center, Chicago, IL: Kathleen Shannon, 
MD; University of Colorado Health Sciences Center, Denver, CO: Maureen 
Leehey, MD, Teresa Derian, RN; Ottawa Hospital Civic Site, Ottawa, Ontario, 
Canada: David Grimes, MD, Melodie Mortensen, BSCN; University of 
Minnesota/Minnesota VA Medical Center, Minneapolis, MN: Paul Tuite, MD; 
University of California Irvine, Irvine, CA: Neal Hermanowicz, MD, Shari 
Niswonger, RN; University of Rochester, Rochester, NY: Roger Kurlan, MD, 
Irenita Gardiner, RN, CCRC; Toronto Western Hospital, University Health 
Network, Toronto, Ontario, Canada: Janis Miyasaki, MD, FRCPC, Lisa Johnston, 
RN, BSCN, CNN; The Parkinson’s Institute, Sunnyvale, CA: James Tetrud, MD; 
NeuroHealth Parkinson’s Disease Movement Disorders Center, Warwick, RI: 
Joseph Friedman, MD, Hubert Fernandez, MD; University of Iowa, Iowa City, IA: 
Robert Rodnitzky, MD, Judith Dobson, RN, CCRC; Mayo Clinic Arizona, 
Scottsdale, AZ: Virgilio Evidente, MD, Marlene Lind, RN; Oregon Health & 
Science University, Portland, OR: Pamela Andrews, BS; Chum-Hotel Dieu/McGill 
Center for Studies in Aging, Montreal, Quebec, Canada: Michel Panisset, MD; 
Washington University School of Medicine, St. Louis, MO: Brad Racette, MD, 
Patricia Deppen, RN; Baylor College of Medicine, Houston, TX: Joseph Jankovic, 
MD, Christine Hunter, RN, CCRC; Albany Medical College, Albany, NY: Eric 
Molho, MD, Stewart Factor, MD; Indiana University School of Medicine, 
Indianapolis, IN: Joanne Wojcieszek, MD, JoAnn Belden, RN, LPN; University of 
California Davis, Sacramento, CA: Lisa Wilson, MS, CCRP, Patricia Campbell, 
RN; Duke University Medical Center, Durham, NC: Burton Scott, MD; Cleveland 
Clinic, Cleveland, OH: Thyagarajan Subramanian, MD, Ruth Kolb, CCRP; 
University of Pennsylvania, Philadelphia, PA: Andrew Siderowf, MD, Heather 
Maccarone, RN, BSN; University of South Florida, Tampa, FL: Robert Hauser, 
MD, Diana Delaney, BHS, Joanne Nemeth, RN; Johns Hopkins University, 
Baltimore, MD: Joseph Savitt, MD, PhD, Melissa Gerstenhaber, RNC, MSN; 
University of Cincinnati/Cincinnati Children’s Hospital, Cincinnati, OH: Alok 
Sahay, MD, Maureen Gartner, RN; Mayo Clinic Jacksonville, Jacksonville, FL: 
Ryan Uitti, MD, Margaret Turk, RN; University of Sherbrooke, Sherbrooke, 
Quebec, Canada: Jean Rivest, MD, Daniel Soucy, RN; University of Virginia, 
Charlottesville, VA: Frederick Wooten, MD, Elke Rost-Ruffner, RN, BSN; 
Massachusetts General Hospital, Boston, MA: Michael Schwarzschild, MD, PhD, 
Marsha Tennis, RN; Medical College of Georgia, Augusta, GA: Kapil Sethi, MD, 
Lisa Hatch, RN, BSN; University of Tennessee-Memphis, Memphis, TN: Ronald 
Pfeiffer, MD, Brenda Pfeiffer, RN, BSN; North Shore-LIJ Health System, 
Manhasset, NY: Andrew Feigin, MD, Jean Ayan, RN, Barbara Shannon, RN; 
Northwestern University, Chicago, IL: Tanya Simuni, MD, Karen Williams, BA, 
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Annette Kaczmarek, CCRC, Michele Wolff, BA; Medical University of Ohio, 
Toledo, OH: Lawrence Elmer, MD, PhD, Kathy Davis, RN; University of 
Connecticut, Glastonbury, CT: Antonelle deMarcaida, MD, Sheila Thurlow, RN; 
Hotel-Dieu Hospital-CHUM, Montreal, Quebec, Canada: Sylvain Chouinard, MD, 
Hubert Poiffaut, RN; Barrow Neurological Institute, Phoenix, AZ: Holly Shill, MD, 
Mark Stacy, MD, Lynn Marlor, BSN, MSHS; The Parkinson’s & Movement 
Disorder Institute, Fountain Valley, CA: Daniel Truong, MD; LSU Health Science 
Center Shreveport, Shreveport, LA: Richard Zweig, MD, Rhonda Feldt, RN; 
Columbia University Medical Center, New York, NY: Cheryl Waters, MD, Angel 
Figueroa, BBA; University of Kansas Medical Center, Kansas City, KS: Rajesh 
Pahwa, MD, Amy Parsons, RN, BSN; University of Southern California, Los 
Angeles, CA: Jennifer Hui, MD, Allan Wu, MD; University of Alberta, Edmonton, 
AB, Canada: Richard Camicioli, MD, Pamela King, BScN, RN; University of 
Chicago, Chicago, IL: Arif Dalvi, MD, Un Jung Kang, MD; University of Maryland 
School of Medicine, Baltimore, MD: Stephen Reich, MD, Lisa Shulman, MD, 
Kelly Dustin, RN: UMDNJ Robert Wood Johnson Medical School, New 
Brunswick, NJ: Margery Mark, MD; Saskatoon Dist Health Board Royal 
University Hospital, Saskatoon SK, Canada: Ali Rajput, MD; Boston University, 
Boston, MA: Peter Novak, MD; University of California San Diego, La Jolla, CA: 
David Song, MD; Creighton University, Omaha, NE: Carolyn Peterson, RN; 
Medical College of Wisconsin, Milwaukee, WI: Karen Blindauer, MD, Jeanine 
Petit, ANP; Scott & White Hospital/Texas A&M University, Temple, TX: Bala 
Manyam, MD, Danielle McNeil-Keller, LMSW; Clinical Neuroscience Center, 
Southfield, MI: Peter LeWitt, MD; University of Calgary, Calgary, AB, Canada: 
Ranjit Ranawaya, MD, Oksana Suchowersky, MD, Carol Pantella, RN; Brigham 
& Women’s Hospital, Boston, MA: Lewis Sudarsky, MD; Beth Israel Deaconess 
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Center, New Hyde Park, NY: Mark Forrest Gordon, MD; Beth Israel Medical 
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Weston, FL: Nestor Galvez-Jimenez, MD; University of Arkansas for Medical 
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Table 1.  Characteristics of study participants according to quintiles of baseline serum 
urate (n=804). 

 

 Quintile of baseline serum urate  

 1 2 3 4 5 All 

Serum urate (mg/dL) <4.3 4.3-<5.1 5.1-<5.8 5.8-<6.7 >=6.7  

 N. of patients 177 157 147 169 154 804 

Female % 74.6 44.6 25.2 15.4 14.3 35.7 

Age (median) 57 60 59 61 60 59 

BMI 25.0 26.2 27.8 28.7 29.9 27.5 

Current smokers % 6.2 5.1 14.3 5.3 5.2 7.1 

Gout % 0 0.6 0.7 1.2 5.2 1.5 

Hypertension (% use of 
antihypertensive drugs) 

19.8 26.8 36.1 37.3 57.1 35.0 

Thiazides % 5.7 6.4 10.2 14.2 16.2 10.4 

NSAIDs use % 27.7 29.3 29.9 20.7 30.5 27.5 

Endpoint:  Yes % 67.8 61.8 64.0 59.2 53.3 61.3 

UPDRS rate of change 
during follow-up (mean) 

16.9 17.0 14.8 14.1 14.3 14.9 

% chanµge in striatal     
β-CIT uptake (mean) 

- 10 -9 -10 -8 -4 -8 
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Table 2.  Hazard ratios (HR)† for reaching the endpoint according to common quintiles of baseline serum urate. 

 

All (n=804) Men (n=517) Women (n=287) Serum urate 

quintile 

Median 

serum urate 

(mg/dL) 

HR† (95% CI) p value n HR‡ (95% CI) p value n HR‡ (95% CI) p value 

1 3.8 1.00 (Ref)  - 45 1.00 (Ref)  - 132 1.00 (Ref)  - 

2 4.8 0.80 (0.60-1.07) 0.12 87 0.61 (0.40-0.94) 0.03 70 0.93 (0.63-1.37 0.70 

3 5.5 0.85 (0.63-1.15) 0.29 110 0.66 (0.44-1.00) 0.05 37 1.00 (0.61-1.64) 0.99 

4 6.3 0.65 (0.47-0.88) 0.006 143 0.51 (0.34-0.76) 0.001 26 0.76 (0.41-1.39) 0.37 

5 7.5 0.51 (0.37-0.72) <0.0001 132 0.39 (0.26-0.60) <0.0001 22 0.77 (0.39-1.50) 0.44 

p, for trend  0.0002   <0.0001   0.33 

p, for gender-urate interaction  0.15       

 

†Adjusted for age and gender; ‡ adjusted for age only. 
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Figure 1.  Kaplan-Meier estimates of the cumulative probability of reaching the end point by 24 months of follow-up, according to 
gender-specific quintiles of baseline serum urate.  A. Men; B. Women.  Log-rank tests: p=0.0011 in men, p=0.47 in women.  
At 24 months sample size was 46 in men and 21 in women.
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Figure 2.  Age-adjusted percent change in striatal [123I]β-CIT uptake according to overall 
and gender-specific quintiles of baseline serum urate.  Median serum urate by 
quintiles (1 to 5) mg/dL: All: 3.8, 4.8, 5.5, 6.3, 7.5 ; Men: 4.4, 5.3, 6.0, 6.6, 7.8; 
Women: 3.1, 4.0, 4.5, 5.2, 6.6.   * p < 0.05; ** p < 0.001 compared to 
corresponding quintile 1. P for linear trend: all, p= 0.002; men, p=0.0008; women, 
p=0.4.
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