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Abstract
Objective
To investigate whether women and men with Parkinson disease (PD) differ in their bio-
chemical and clinical responses to long-term treatment with inosine.

Methods
The Safety of Urate Elevation in Parkinson’s Disease (SURE-PD) trial enrolled 75 people with
early PD and baseline serum urate below 6 mg/dL and randomized them to 3 double-blinded
treatment arms: oral placebo or inosine titrated to produce mild (6.1–7.0 mg/dL) or moderate
(7.1–8.0 mg/dL) serum urate elevation for up to 2 years. Parkinsonism, serum urate, and
plasma antioxidant capacity were measured at baseline and repeatedly on treatment; CSF urate
was assessed once, at 3 months. Here in secondary analyses results are stratified by sex.

Results
Inosine produced an absolute increase in average serum urate from baseline that was 50%
greater in women (3.0 mg/dL) than in men (2.0 mg/dL), consistent with expected lower
baseline levels in women. Similarly, only among women was CSF urate significantly greater on
mild or moderate inosine (+87% [p < 0.001] and +98% [p < 0.001], respectively) than on
placebo (in contrast to men: +10% [p = 0.6] and +14% [p = 0.4], respectively). Women in the
higher inosine dosing group showed a 7.0 Unified Parkinson’s Disease Rating Scale (UPDRS)
points/year lower rate of decline vs placebo (p = 0.01). In women, slower rates of UPDRS
change were associated with greater increases in serum urate (r = −0.52; p = 0.001), and with
greater increases in plasma antioxidant capacity (r = −0.44; p = 0.006). No significant associ-
ations were observed in men.

Conclusions
Inosine produced greater increases in serum and CSF urate in women compared to men in the
SURE-PD trial, consistent with the study’s design and with preliminary evidence for slower
clinical decline in early PD among women treated with urate-elevating doses of inosine.

Clinicaltrials.gov identifier
NCT00833690.

Classification of evidence
This study provides Class II evidence that inosine produced greater urate elevation in women
than men and may slow PD progression in women.
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Serum urate is a reduced risk factor for Parkinson disease (PD)
1–5 and a prognostic biomarker of favorable PD
progression.6–9 These prospective associations are robust in
men, but weaker or absent in women.10–12 One plausible ex-
planation for the difference implicates greater biological effects
of urate (or a determinant of urate levels) on PD pathophys-
iology in men than in women. Sex-specific modulation of
disease mechanisms is supported by the well-established lesser
risk of PD among women, though clinical progression of PD
does not appear to differ consistently by sex.13 Alternatively,
assuming similar biological effects of urate in men and women,
observational studies may underestimate such effects among
women because of their substantially lower urate levels (typ-
ically;1.0mg/dL lower thanmen in both general14 and PD6,7

populations) in combination with a nonlinear relationship
between urate concentration and PD outcomes, which is more
robust above the population median of serum urate concen-
tration (i.e., >6 mg/dL, at which men outnumber women 6:1
in early PD trials).6,7 Therapy designed to raise serum urate to
a fixed target range (e.g., 7–8 mg/dL)15 would produce
a greater average increase in serum urate, and, presumably,
a greater clinical effect in women than men.

The Safety of Urate Elevation in Parkinson’s Disease (SURE-
PD) trial, a randomized, double-blind, placebo-controlled,
dose-finding trial of the urate precursor inosine,15 provides an
opportunity to explore these complementary hypotheses.
Seventy-five participants with early, largely untreated PD and
serum urate below 6 mg/dL were randomly assigned to 1 of 3
treatment groups: placebo or inosine dosed to increase serum
urate to 6.1–7.0 or 7.1–8.0 mg/dL. Women constituted the
majority (55%) of study participants and a similar proportion
across the groups (52%, 58%, and 54%, respectively),15 in
contrast to the consistent proportion of ;34% women in de
novo PD clinical trials.6,7,16 The higher proportion in SURE-
PD was expected due to the exclusion (by design) of con-
sented participants whose screening serum urate was above
the population median serum urate value of 6 mg/dL, the vast
majority of whom were men (as above).

The primary analyses of SURE-PD15 were conducted on the
data from all women andmen combined because the study was
powered to determine the safety, tolerability, and urate-
elevating potential of inosine—the primary outcomes—among
all participants rather than in any subgroup. Inosine taken orally

Glossary
AE = adverse event;ANOVA = analysis of variance;CI = confidence interval; FRAP = ferric reducing antioxidant power;MAO-
B = monoamine oxidase-B; PD = Parkinson disease; SAE = serious adverse event; SURE-PD = Safety of Urate Elevation in
Parkinson’s Disease; UPDRS = Unified Parkinson’s Disease Rating Scale.
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up to 3.0 g/d (;1.4 g/d on average) for up to 2 years (18
months on average) was found to be generally safe, well-
tolerated, and effective in dose-dependently elevating serum
urate by 2.3 and 3.0 mg/dL to achieve the targeted ranges of
6.1–7.0 and 7.1–8.0 mg/dL. Similarly, CSF urate levels mea-
sured once (at the 3-month visit) were significantly higher in
each inosine treatment arm compared to the placebo arm.

Exploratory secondary analyses were also conducted on long-
term clinical outcomes for all SURE-PD participants despite
the study’s main limitation of inadequate power for detecting
modest treatment effects on these measures. Nevertheless,
trends toward a slower rate of clinical decline were observed
with increasing inosine dosing based on changes in Unified
Parkinson’s Disease Rating Scale (UPDRS) scores. These
trends were not statistically significant and were not observed
for the complementary long-term outcomemeasure of clinical
decline based on time to disability warranting initiation of
dopaminergic therapy. Here we explore whether sex differ-
ences may have contributed to the effects of inosine on serum
and CSF urate levels, and preliminarily on long-term clinical
outcomes of the SURE-PD trial.

Methods
The trial design, implementation, and primary results of
SURE-PD have been detailed in prior publications15,17 and
under its ClinicalTrials.gov registration NCT00833690, and
are summarized below. Here the baseline characteristics of
study participants and the primary and secondary analyses are
stratified by sex.

Participants, sites, and approval
The 75 participants who enrolled at 16 credentialed Parkin-
son Study Group clinical sites in the United States between
2009 and 2011 met criteria designed to select people with
early typical PD not yet requiring addition of symptomatic
antiparkinsonian drug therapy, who had serum urate levels
below the population median of ;6 mg/dL. Key eligibility
criteria also excluded those at the greatest risk for complica-
tions of increased urate levels (e.g., those with a history of
gout or uric acid kidney stones) and precluded enrollment of
people taking levodopa or other dopamine-replacement
medications (except for a stable dose of a monoamine
oxidase-B [MAO-B] inhibitor, which was permitted after
a protocol amendment in late 2010 to enhance initially slow
enrollment). The study protocol was approved by in-
stitutional review boards of the administrative and co-
ordination centers and all clinical sites, and executed under
a noncommercial investigational new drug (#100896) ac-
cepted by the Food and Drug Administration. All participants
provided written informed consent.

Intervention, dosing, and follow-up
Eligible participants were randomized 1:1:1 to 3 treatment
groups: (1) placebo, (2) inosine titrated to mildly elevate

serum urate (to 6.1–7.0 mg/dL), and (3) inosine titrated to
moderately elevate serum urate (to 7.1–8.0 mg/dL). Key
covariates did not differ appreciably between randomized
treatment groups,15 including for men and women separately
(data not shown). Treatment was self-administered orally as
capsules containing 500 mg of study drug: inosine (active
drug) or lactose (placebo) for up to 24 months before
a 1-month washout period. Study drug was taken in 1–2
capsule doses from 1–3 times per day based on a titration
algorithm targeting the specified elevated urate ranges for the
inosine groups, and on an algorithm intended to match the
daily capsule intake of active drug for the placebo group.
The algorithms entailed dose adjustments in response to
levels of serum urate measured at study visits (before which
participants took their daily study drug doses), nomore than 3
months apart. Participants and site staff were blinded to
treatment group assignment and serum urate results.

Outcomes
Prespecified primary outcomes were safety, tolerability, and
efficacy for urate elevation. Safety was defined as the absence
of serious adverse events (AEs) that warranted terminating an
inosine treatment arm or the trial. Tolerability of study drug
was defined as the extent to which assigned treatment could
continue without prolonged dose reduction due to AEs. Ef-
ficacy for urate elevation was considered demonstrated if ei-
ther CSF urate (measured at the 12-week visit) or serum urate
(measured as change from baseline) levels were significantly
greater than in the placebo group.

Secondary outcomes
Additional outcomes, which were intended to aid the design
of a potential phase 3 clinical efficacy trial, included clinical
outcomes based on serial measurements of parkinsonism
(UPDRS subscales, determinations of the need for dopami-
nergic therapy, and nonmotor assessments) and a biomarker
assessment of systemic antioxidant capacity.17

Statistical analysis
Serum urate and plasma ferric reducing antioxidant power
(FRAP) levels were analyzed in separate shared-baseline,
repeated-measures mixed model analyses of variance
(ANOVAs) with fixed effects for sex, treatment group, visit
(baseline, 2 or 6 months, and end of study), sex × visit, treat-
ment × postbaseline visit, and sex × treatment × postbaseline
visit and unstructured within-person covariance among visits.
CSF urate levels were log-transformed and analyzed in 2-way
ANOVA of sex × treatment. Estimates were back-transformed.
Total UPDRS (defined as the sum of parts I–III) scores were
analyzed in a shared-baseline, random-slopesmixedmodel with
fixed effects of sex, treatment group, time since baseline,
treatment × time, and sex × treatment × time and random
participant-specific intercepts and slopes with unstructured
covariance. To address whether any observed sex-dependent
difference could be explained by other sex-associated baseline
characteristics, we also estimated sex-dependent differences in
changes in serum urate, plasma FRAP, CSF urate, and UPDRS
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total score in sensitivity analyses that adjusted for baseline se-
rum urate level, body mass index, use of an MAO-B inhibitor,
or use of a thiazide diuretic. Given our limited sample size, we
tested each characteristic separately, including in each of the
models above terms for the covariate, its 2-way interaction with
visit or time, and its 3-way interaction with visit or time and
treatment. Missing data, from loss to follow-up, procedural
error or omission, or censoring after initiation of dopaminergic
therapy for UPDRS scores, were assumed missing at random
conditional on the observed data and the modeled within-
person covariance structure, yielding unbiased estimates.
Pearson correlations were calculated between the empirical
Bayes estimate of UPDRS rate of change for each participant
from the unadjusted random-slopes model and the increase
from the average of all pretreatment serum urate or plasma
FRAP levels to the average serum urate from all visits starting
after the second inosine titration (6 weeks after baseline) for
each participant or to the average plasma FRAP level at the 2
postbaseline visits at which it was measured (6 months and end
of study). Times to disability warranting dopaminergic therapy
were summarized by Kaplan-Meier product-limit estimates and
analyzed by log-rank test, stratifying by treatment group.
Analyses were performed using SAS (version 9.4; SAS Institute,
Cary, NC) or R (version 3.0.1; R Foundation for Statistical
Computing, Vienna, Austria). Inference was based on 2-tailed
tests with α = 0.05 without correction formultiple comparisons.

Classification of evidence
This study investigates whether biochemical and clinical
outcomes of the SURE-PD trial may differ by sex, and pro-
vides Class II evidence that inosine treatment producing
greater increases of serum and CSF urate in women than men
with early PD may slow the rate of UPDRS change over 1–2
years to a greater extent among women than men (time ×
treatment × sex interaction p = 0.007).

Data availability
All individual de-identified participant data from the SURE-
PD trial along with its clinical protocol and statistical analysis
plan will be shared with qualified researchers upon request to
the regulatory sponsor–investigator (Dr. Schwarzschild), the
database owner (TheMassachusetts General Hospital), or the
primary study grantor (The Michael J. Fox Foundation for
Parkinson’s Research), as feasible. Qualified researchers in-
clude those who agree to use the shared study data and

materials ethically and exclusively for prespecified biomedical
research, the results of which will be made public promptly
upon their generation.

Results
Among the primary outcomes of the SURE-PD trial, study
drug tolerability was excellent (>95%) in all 3 groups and its
safety in the inosine groups was comparable to if not better
than that in the placebo group, as previously reported.15 The
distribution of serious AEs (SAEs) between women and men
was similar for each treatment group despite the pre-
dominance of SAEs in the placebo group (table). However,
the risk of kidney stones—the 1 urate-specific AE that likely
resulted from inosine treatment—appeared to differ between
the sexes, with all 3 occurring in women. Although higher
serum urate has been linked to elevated metabolic (glucose
and cholesterol) and physiologic (blood pressure) measures,
none of these was altered by inosine treatment in SURE-PD
overall,15 nor were they modified in men and women sepa-
rately (data not shown). For example, the change in serum
glucose from screening to;18 months of treatment with the
higher dose of inosine vs placebo was +6.4% in women (p =
0.37) and −6.6% in men (p = 0.33, sex difference p = 0.19).

The initial analysis of SURE-PD also demonstrated positive
results for the third primary outcome of serum or CSF urate
elevation by inosine (see figure 2 in reference 14). However,
the increases in serum urate were greater in women than men,
and the levels of CSF urate on inosine were greater than on
placebo only among women. Although the titration of inosine
dosing was equally successful for men and women in
achieving the targeted ranges of elevated serum urate (figure
1A), women on average started at a 0.5 mg/dL lower baseline
serum urate level (4.3 mg/dL in women and 4.8 mg/dL in
men; p < 0.004), contributing to a greater net increase for
women than men in either inosine dosing group (1.1 mg/dL
[95% confidence interval (CI) −0.36 to 2.5 mg/dL] for mild
vs placebo and 1.0 mg/dL [95% CI −0.41 to 2.4 mg/dL] for
moderate vs placebo). This represents a ;70% greater in-
crease in model-estimated serum urate for women compared
to men, based on a ;90% greater increase from baseline to
final visit on study drug for women vs men among those
assigned to mild inosine dosing vs placebo, and a ;50%

Table Serious and known urate-related adverse events (AEs), by treatment group and sex

Treatment group, n (%)

Placebo Inosine (mild) Inosine (moderate)

Women (n = 13) Men (n = 12) Women (n = 14) Men (n = 10) Women (n = 14) Men (n = 12)

Serious AEs 6 (38) 5 (33) 1 (7) 1 (10) 2 (14) 2 (17)

Gout 0 0 0 0 0 0

Kidney stones 0 0 1 (7) 0 2 (14) 0
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greater increase for women vs men among those assigned to
moderate inosine dosing vs placebo. Similarly, the absolute
inosine-induced increase in model-estimated serum urate was
50% greater in women than in men: 3.0 vs 2.0 mg/dL
increases, respectively, for those in either inosine group
compared to the placebo group.

Consistent with the greater inosine-induced increase in serum
urate in women vs men, an inosine-induced increase in uri-
nary urate output in women was approximately double that in
men, which may have contributed to the occurrence of kidney
stone AEs only in women in this study. Among women on
lower and higher dose inosine, daily output of urinary urate at
the 12-week visit was 88% and 135% above the output in the
placebo group (with mean values in mg/24-hour ± SD of 408
± 122, 767 ± 324, and 959 ± 492 in placebo, lower inosine, and
higher inosine groups, respectively). Among men in the lower

and higher dose inosine groups, 24-hour urine urate output at
the 12-week visit was 58% and 56% above the output in the
placebo group (with values of 615 ± 177, 970 ± 470, and 958 ±
356, respectively). Also in keeping with a greater urate in-
crease in women, they were titrated to a greater number of
(500 mg) inosine capsules per day (2.8 ± 1.8 in women vs 2.3
± 1.4 in men for the mild and moderate inosine dosing arms
combined at the end of study; p = 0.30).

In the subset of participants in whomCSF urate was measured
(once at the 12-week visit), those in each inosine treatment
group had significantly higher levels than those in the placebo
group (p < 0.01).15 However, when stratified by sex (figure
1B), CSF urate was significantly greater on mild or moderate
inosine (+87% [p < 0.001] and +98% [p < 0.001], re-
spectively) compared to placebo only in women. CSF urate
levels among men on mild or moderate inosine were

Figure 1 Greater effects of inosine on serum and CSF urate in women than men

(A) Serumurate wasmeasured prior to treatment randomization (baseline), after steady-state dosing of inosine was achieved (2months visit), and on the last
visit on study drug (;18months), and values are presented for each of the 3 treatment arms (placebo, and inosine [Ino] dosed to produce amild ormoderate
[mod] elevation in serum urate in women and men) (upper panel). Values plotted are point estimates and standard errors from the shared-baseline,
repeated-measures, mixedmodel analysis of variance (ANOVA). (B) CSF urate wasmeasured only once, at the 3-month visit, and is shown for each treatment
group, stratified for women and men (upper panel). Values plotted are point estimates and standard errors from the two-way ANOVA.
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minimally higher (+10% [p = 0.6] and +14% [p = 0.4], re-
spectively), perhaps reflecting high levels among men on
placebo (0.55 mg/dL vs 0.29 mg/dL in women) and limited
by the small sample size of men with CSF urate values in each
group (n = 6–8). Although we previously observed

substantially (50%) higher baseline levels of CSF urate in men
with PD (0.42 mg/dL, n = 473) than women with PD (0.28
mg/dL, n = 240),7 in SURE-PD the CSF urate levels among
men in the placebo group (n = 6) were higher than expected
as they were 90% higher than in women in the placebo group

Figure 2 Rates of long-term change in total Unified Parkinson’s Disease Rating Scale (UPDRS) (parts I–III) scores by
treatment group

(A) Women. (B) Men. Values plotted are from
the shared-baseline, random-slopes mixed
model (**p = 0.01; ns = nonsignificant com-
pared to placebo). Ino = inosine.

Figure 3 Individual profiles of total Unified Parkinson’s Disease Rating Scale (UPDRS) (parts I–III) scores

Individual profiles of total UPDRS (parts I–III) scores over months to years, and before (filled symbols) and after (unfilled symbols) need for dopaminergic
therapy was determined for each participant randomized to (A) placebo, or to Inosine titrated to a (B) mildly (mild) or (C) moderately (mod) elevated serum
urate range, and stratified by sex. Estimated rate (indicated by a dashed line in each profile) of UPDRS total score change prior to initiation of dopaminergic
treatment were based on the shared-baseline, random-slopes mixed model. Total UPDRS scores following determination of need for levodopa or other
antiparkinsonianmedication (indicated by unfilled Post-Rx symbols) often were lower (better) thanwhat was projected (dashed line) rate of change based on
total UPDRS scores prior to the determination, consistent with symptomatic benefit in some patients.
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(n = 5) (figure 1B) and were also 30% higher in absolute
terms compared to previously reported CSF urate levels in
men with PD.7

Although the SURE-PD trial was not powered to determine
the effects of inosine on clinical progression, an exploratory
analysis indicated non-futility of conducting subsequent larger
efficacy trials to test the hypothesis that urate-elevating ino-
sine treatment slows clinical decline in PD.15 It also demon-
strated a nonsignificant reduction in the rate of clinical
deterioration with increasing inosine treatment as assessed by
annualized UPDRS score change, though not by the com-
plementary measure of time to disability warranting dopa-
minergic therapy.15 Stratifying treatment effects on UPDRS
score change by sex (figure 2) showed that the trend resulted
from a clear inverse association or effect in women but not in
men. With randomized assignment to increasing inosine
dosing, women showed a dose-dependent decrease in the rate
of change in total UPDRS score (parts I–III; p = 0.010), with
a 4-fold lower rate of decline in the moderate inosine dosing
group compared to the placebo group.

By contrast, there was no decrease in clinical progression with
increasing inosine dosing among men. Instead, those in the
moderate inosine dosing group showed a 2-fold higher rate
compared to placebo (p > 0.05, time × treatment × sex in-
teraction p = 0.007, p = 0.002 to 0.014 in models adjusting for
baseline serum urate and other sex-associated baseline char-
acteristics). The difference between sexes in this small sample
set can be appreciated by reviewing the raw total UPDRS data
graphed over time for each participant among women

separately from men (figure 3). Assessment of the comple-
mentary measure of time to disability warranting dopami-
nergic therapy suggested a similar pattern of dissociation by
sex, with a weak association of increasing inosine dosing and
time to disability in women and a weak inverse association in
men (figure 4).

Individual increases in serum urate on study drug also correlated
inversely with the rate of clinical deterioration, measured as
increase in total UPDRS, in women (r = −0.52; p < 0.001), but
not men (r = 0.18; p > 0.05; figure 5). Similarly, individual
increases in FRAP, an index of antioxidant capacity in plasma,18

which was also increased by inosine treatment in SURE-PD17

and correlated with serum urate increases in both women (r =
0.87; p < 0.001) and men (r = 0.84; p < 0.001), correlated
inversely with the rate of clinical deterioration in women (r =
−0.44; p < 0.01), but not men (r = 0.13; p > 0.05; figure 6).

Discussion
Subanalysis of SURE-PD data stratified by sex demonstrates
that inosine produced greater serum and CSF urate elevations
in women than in men. The difference in inosine-induced
serum urate increase reflects the well-established sex differ-
ence in baseline serum urate levels (;1 mg/dL lower in
women,6,7,14 possibly due to estrogen effects on the renal
tubule19) in combination with the trial’s design. Although
SURE-PD employed the same serum urate eligibility
requirements (<6 mg/dL) and target ranges (6.1–7.0 and
7.1–8.0 mg/dL for the 2 inosine treatment groups)

Figure 4 Kaplan-Meier plot of time to need for dopaminergic therapy

(A) Women. (B) Men.
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irrespective of sex, the expected (and confirmed) lower
baseline level in women resulted in their experiencing
a greater inosine-induced increase of 1.0 mg/dL to achieve the

same targeted range for elevated serum urate. Similarly, CSF
urate levels in the inosine groups were significantly greater
than on placebo only among women.

Figure 5 Relationships between change in serum urate and estimated rate of clinical decline

(A) Women. (B) Men. For each participant, the increase in serum urate from baseline to the average of on-treatment values was plotted against the individual’s
annualized change in total UPDRS score estimated from the random-slopesmodel shown in figure 2. The placebo group data (circles) appear on the left of each plot
given the expected lack of any urate change. Although a clustering of men in the placebo group showed no decline during the trial (filled circles in lower left),
contributing to an overall trend towardworseningwith increasing urate amongmen, the trendwas not significant. UPDRS = Unified Parkinson’s Disease Rating Scale.

Figure 6 Relationships between change in plasma total antioxidant capacity and rate of clinical decline

(A) Women. (B) Men. For each participant, the increase in plasma ferric reducing antioxidant power (FRAP) from baseline to the average of on-treatment (6
months and;18 months visit) values was plotted against the individual’s annualized change in total UPDRS score using the conservative mixedmodel slope
estimate shown in figure 2. The placebo group data (circles) appear on the left of each plot given the lack of FRAP change as expected in this group. Although
a clustering of men in the placebo group showed no clinical decline during the trial (filled circles in lower left), contributing to an overall trend toward
worsening with increasing FRAP (like urate) among men, the trend was not significant. UPDRS = Unified Parkinson’s Disease Rating Scale.
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If the effects of urate elevation are biologically similar in women
and men, then it may be expected that urate-mediated benefits
and adverse effects of inosine under the conditions of SURE-
PD would be greater in women. Although serious AEs overall
were actually less common in the inosine compared to the
placebo treatment group in this trial, kidney stones have been
the main AE in prior inosine trials (for multiple sclerosis)20,21

and indeed occurred in SURE-PD only in the inosine groups.
The episodes of stones in SURE-PD also occurred only in (3)
women, despite men typically experiencing kidney stones at
twice the incidence as women.22 Thus the occurrence of
inosine-associated kidney stones only in women in this study
may reflect the greater urate elevations produced by inosine in
women or the higher inosine dosages required to achieve those
increases, although chance association with women cannot be
excluded given the small number of stone AEs.

Similarly, the exploratory analysis of long-term clinical out-
comes in SURE-PD when stratified by sex indicated a signifi-
cant difference by sex with slowing of clinical progression only
in women, and an association between slower progression and
greater elevation of urate only in women in this study.
Mechanistically, the close correlation between greater FRAP
as well as serum urate increases and favorable clinical pro-
gression in women lends indirect support to the possibility
that a disease-modifying benefit of elevating urate is associ-
ated with if not mediated by its well-established antioxidant
properties.23 Interestingly, in recently reported results of
a randomized, placebo-controlled trial of IV urate as a pro-
tective treatment of evolving ischemic stroke, stratification of
the results by sex in a prespecified secondary analysis of the
primary outcome showed evidence that an excellent func-
tional outcome was significantly more likely at 90 days (pri-
mary outcome) in women but not in men.24,25 The authors
similarly speculated that because women have lower baseline
urate levels than do men, “A lower antioxidant capacity in
women than in men might have been a factor in the greater
benefits seen in women after uric acid replacement …”24

The present data suggest that womenwould stand to gain at least
as much as men from urate-elevating inosine therapy if it were
indeed found to protect against long-term clinical decline in PD.
The results also suggest an explanation for the seemingly para-
doxical epidemiologic data linking higher urate levels to a lower
risk1–5,10,11 or slower progression6–9 of PD in men more than
women. These association studies demonstrated favorable PD
outcomes with increasing serum urate primarily above the
population median for serum urate (;6 mg/dL). Thus women,
who represent a relatively small proportion of patients with PD
naturally having urate levels above the median, would as a group
show a statistically weaker reduction in risk of PD or its pro-
gression. Conversely, with their naturally low levels of urate,
women may be more likely to experience benefit from targeted
urate elevation into a hypothetically “protective” range.

The sex-stratified results of SURE-PD have practical impli-
cations for future clinical trials investigating urate elevation

in neurology. Although the identification of urate as an in-
verse PD risk factor primarily in men raised the possibility of
conducting initial inosine trials exclusively in men with PD,
the current data argue strongly for the inclusion of women as
well as men in full efficacy trials of urate-elevating strategies
for PD and other disorders of neuronal injury or de-
generation. One might even argue based on the present data
with long-term benefit apparent only in women to focus
exclusively on women in subsequent phase 3 trials for PD,
stroke, and other neurologic diseases. However, the greatest
limitation of the current subanalysis of SURE-PD clinical
progression data is that it is substantially underpowered for
drawing conclusions about disease-modifying efficacy of
inosine for all participants (with only ;25 participants per
treatment group), let alone for women or men separately.
Accordingly, the lack of evidence for attenuated progression
in the subset of men does not constitute evidence against
such an effect in men, and it does not warrant their exclusion
from subsequent clinical testing, especially in light of the
robust epidemiologic links in men.

Other limitations of our study include its uncertain rele-
vance to those with higher serum urate because of the eli-
gibility criterion restricting enrollment to those with a serum
urate level of ≥6 mg/dL (which excluded 43% of consented
participants prior to randomization). However, this exclu-
sion was based on safety concerns (over urate elevation in
participants with higher urate levels at baseline) rather than
any evidence that the role of urate in PD pathophysiology
diminishes at higher concentrations. Another study limita-
tion is the lack of a direct measure of oxidative damage as
a biomarker of the potential to benefit from inosine treat-
ment given a putative antioxidant mechanism of action.
Nevertheless, documentation of elevated urate and antiox-
idant capacity (FRAP) represents at least indirect evidence
of target engagement by inosine. Moreover, the study’s re-
striction to a PD subpopulation with lower serum urate
provides an early example of a precision medicine
strategy26—based on targeting only patients with PD with
diminished serum urate and therefore likely with diminished
peripheral antioxidant capacity and possibly greater oxida-
tive damage, who thus may benefit more from bolstering
antioxidant capacity.

The demonstration of significantly greater absolute increases in
urate inwomen than inmen, in part due to the design of SURE-
PD, encourages consideration of sex-specific serum urate target
ranges (i.e., a higher one for men) in planning a phase 3 trial of
inosine for PD. However, the dearth of available data on clinical
progression in PD with serum urate levels >8 mg/dL in com-
bination with the markedly increased risk (to ≥1% annual in-
cidence) of gout in people who chronically exceed this level27

suggest that a conservative target for sustained elevation of
serum urate at this point remains no more than 8.0 mg/dL for
both men and women. Overall, the present post hoc analysis of
sex differences in SURE-PD outcomes strengthens the evi-
dence that the biological relationship between urate and PD is
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as important in women as in men, and may be most prudently
incorporated into future efficacy trials by ensuring the pre-
specified inclusion of secondary analysis by sex.

Author contributions
Michael A. Schwarzschild: drafting/revising the manuscript,
data acquisition, study concept or design, analysis or in-
terpretation of data, accepts responsibility for conduct of re-
search and final approval, study supervision, obtaining funding.
Eric A. Macklin: drafting/revising the manuscript, analysis or
interpretation of data, accepts responsibility for conduct of
research and final approval, statistical analysis. Rachit Bakshi:
data acquisition, analysis or interpretation of data, accepts re-
sponsibility for conduct of research and final approval. Shamik
Bhattacharyya: drafting/revising the manuscript, data acquisi-
tion, analysis or interpretation of data, accepts responsibility for
conduct of research and final approval. Robert Logan: data
acquisition, analysis or interpretation of data, accepts re-
sponsibility for conduct of research and final approval. Alberto
J. Espay: drafting/revising the manuscript, analysis or in-
terpretation of data, accepts responsibility for conduct of re-
search and final approval, acquisition of data. Albert Hung:
drafting/revising the manuscript, accepts responsibility for
conduct of research and approval, acquisition of data. Grace
Bwala: data acquisition, accepts responsibility for conduct of
research and final approval, acquisition of data. Christopher G.
Goetz: drafting/revising the manuscript, accepts responsibility
for conduct of research and final approval, acquisition of data,
study supervision. David S. Russell: drafting/revising the
manuscript, data acquisition, accepts responsibility for conduct
of research and final approval. John Goudreau: drafting/
revising the manuscript, data acquisition, accepts responsibility
for conduct of research and final approval, acquisition of data.
Sotirios Andreas Parashos: drafting/revising the manuscript,
data acquisition, accepts responsibility for conduct of research
and final approval. Marie-Helene Saint-Hilaire: drafting/
revising the manuscript, data acquisition, accepts re-
sponsibility for conduct of research and final approval, acqui-
sition of data. Alice Rudolph: drafting/revising the manuscript,
accepts responsibility for conduct of research and final ap-
proval, study supervision. Joshua Hare: drafting/revising the
manuscript, analysis or interpretation of data, accepts re-
sponsibility for conduct of research and final approval,
obtaining funding. Gary Curhan: drafting/revising the manu-
script, analysis or interpretation of data, accepts responsibility
for conduct of research and final approval. Alberto Ascherio:
drafting/revising the manuscript, study concept or design,
analysis or interpretation of data, accepts responsibility for
conduct of research and final approval.

Acknowledgment
The authors thank the Parkinson Study Group SURE-PD
Investigators and contributors. Their complete listings can be
found in reference 14. The authors thank Roseanna Battista
for her assistance in organizing the manuscript submission
and the study participants and their families for their
contributions.

Study funding
The study is not industry-sponsored. This study is funded by
The Michael J. Fox Foundation for Parkinson’s Research
(MJFF2768) with additional support from the NIH
5U01NS090259, a Jane & Alan Batkin Fellowship, and for
biostatistical services from theHarvardNeuroDiscovery Center.

Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/N for full disclosures.

Publication history
Received by Neurology November 10, 2018. Accepted in final form
May 10, 2019.

References
1. Davis JW, Grandinetti A, Waslien CI, Ross GW, White LR, Morens DM. Observa-

tions on serum uric acid levels and the risk of idiopathic Parkinson’s disease. Am J
Epidemiol 1996;144:480–484.

2. de Lau LM, Koudstaal PJ, Hofman A, Breteler MM. Serum uric acid levels and the risk
of Parkinson disease. Ann Neurol 2005;58:797–800.

3. Weisskopf MG, O’Reilly E, Chen H, Schwarzschild MA, Ascherio A. Plasma urate and
risk of Parkinson’s disease. Am J Epidemiol 2007;166:561–567.

4. Shen C, Guo Y, Luo W, Lin C, Ding M. Serum urate and the risk of Parkinson’s
disease: results from a meta-analysis. Can J Neurol Sci 2013;40:73–79.

5. Ascherio A, Schwarzschild MA. The epidemiology of Parkinson’s disease: risk factors
and prevention. Lancet Neurol 2016;15:1257–1272.

6. Schwarzschild MA, Schwid SR, Marek K, et al. Serum urate as a predictor of clinical
and radiographic progression in Parkinson disease. Arch Neurol 2008;65:716–723.

7. Ascherio A, LeWitt PA, Xu K, et al; Parkinson Study Group DATATOP Investigators.
Urate as a predictor of the rate of clinical decline in Parkinson disease. Arch Neurol
2009;66:1460–1468.

8. Moccia M, Picillo M, Erro R, et al. Presence and progression of non-motor symptoms
in relation to uric acid in de novo Parkinson’s disease. Eur J Neurol 2015;22:93–98.

9. Pellecchia MT, Savastano R, Moccia M, et al. Lower serum uric acid is associated with
mild cognitive impairment in early Parkinson’s disease: a 4-year follow-up study.
J Neural Transm 2016;123:1399–1402.

10. Chen H, Mosley TH, Alonso A, Huang X. Plasma urate and Parkinson’s disease in the
Atherosclerosis Risk in Communities (ARIC) study. Am J Epidemiol 2009;169:
1064–1069.
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24. Chamorro Á, Amaro S, Castellanos M, et al; URICO-ICTUS Investigators.
Safety and efficacy of uric acid in patients with acute stroke (URICO-ICTUS):
a randomised, double-blind phase 2b/3 trial. Lancet Neurol 2014;13:453–460.
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