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Abstract

We aimed to examine the potential effect of sex on the longitudinal association of baseline
serum uric acid levels with brain amyloid accumulation over time among older adults with
and without abnormal amyloid. At baseline, the study sample comprised 499 older adults,
including 276 men and 223 women. Linear mixed-effects regression models were fitted to
estimate the individual slopes of change in brain amyloid accumulation [as measured by
AV45 standardized uptake value ratio (SUVR)] over time. At baseline, we did not observe a
relationship between serum uric acid levels and brain amyloid deposition in women or men
regardless of amyloid status. Among amyloid negative subjects, women and men did not dif-
fer in the relationship between baseline serum uric acid and the annual change in amyloid
accumulation in subjects with normal amyloid levels. In amyloid positive women, serum uric
acid levels were not associated with the annual change in amyloid accumulation (unstan-
dardized 3 = 0.0005, SE = 0.0006, p value = 0.4179). However, in amyloid positive men,
serum uric acid levels were negatively associated with the annual change in amyloid accu-
mulation (unstandardized 3 =-0.0015, SE = 0.0005, p value = 0.0048). These findings sup-
port a potential sex-specific effect on the relationship between serum uric acid levels and
amyloid accumulation among amyloid positive older adults.

Introduction

Uric acid is a naturally produced antioxidant that accounts for nearly 60% of the antioxidant
capacity in humans. A growing body of studies has investigated the relationship between uric
acid and cognitive decline or Alzheimer’s disease (AD) and yielded mixed results [1-6]. Sev-
eral studies have examined the association of uric acid with AD from the neuropathological
perspective, with contradictory findings. For example, a positive association between serum
uric acid levels and CSF amyloid beta (A),, was found in cognitively healthy men (§ = 0.55, P
=.04) [7]. Li and colleagues reported that serum uric acid levels were negatively correlated
with CSF APy, levels among cognitively healthy older adults [e.i., individuals with highest uric
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acid (> 75% percentile) had lower CSF Ay, levels relative to those with lowest uric acid (B = -
5.1x107%, p = 0.019)] [8]. However, linear regression models adjusted for several potential
covariates suggested that there was no relationship between serum uric acid levels and brain
AP deposition (as measured by ['c] Pittsburgh compound B (PiB)-positron emission tomog-
raphy (PET)) in non-demented Korean participants (§ = 0.001,95% CI = —0.015 to 0.017,

p =0.877) [9].

Given that previous studies on the relationship between uric acid and amyloid deposition
were cross-sectional in design and yielded inconsistent results, and that no study has examined
the potential moderating effect of sex on the relationship between serum uric acid levels and
amyloid accumulation, we aimed to investigate whether there are sex differences in the rela-
tionship between uric acid and the slopes of amyloid accumulation among older adults with
and without abnormal amyloid.

Materials and methods
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database

Data used in the present study were extracted from the ADNI study (https://adni.loni.usc.edu/
), which is an ongoing prospective study using numerous methods, such as neuropsychological
and neuroimaging markers, to measure the clinical progression of mild cognitive impairment
(MCI) and early AD. The Institutional Review Board of each participating study site approved
the ADNI study and all ADNI participants provided written consent.

Participants

Given the longitudinal design of this analysis, we included older adults with serum uric acid
data available at baseline and at least two ['*F] Florbetapir PET (FBP-PET) scans (for measure-
ment of brain amyloid load). At baseline, 499 older adults were consisting of 147 cognitively
normal older adults, 327 older adults with MCI and 25 patients with mild AD dementia. A par-
ticipant was classified as having normal cognition if he/she had a Mini-Mental Status Exami-
nation (MMSE) [10] score between 24 and 30 and a Clinical Dementia Rating (CDR) [11]
score of 0. A participant was diagnosed with MCI if he/she had an MMSE score between 24
and 30, scored 0.5 on the CDR, showed objective memory impairment as evidenced by Wechs-
ler Memory Scale Logical Memory II, and did not have a diagnosis of dementia. A subject was
diagnosed with mild AD dementia if he/she had memory complaint, an MMSE score between
20-26, a global CDR score of 0.5 or 1, memory impairment indicated by the Logical Memory
IT subscale from the Wechsler Memory Scale-Revised and met the NINCDS/ADRDA criteria
for probable AD dementia [12]. The authors cannot have access to information that could
identify individual participants during or after data collection.

Uric acid data

Uric acid data were obtained from the Biospecimen data section of the ADNI database. The
detailed protocols for the collection and measurement of serum uric acid levels can be found
in the Procedures Manual of the ADNI study (https://adni.loni.usc.edu/wp-content/uploads/
2008/07/adni2-procedures-manual.pdf).

Determination of amyloid load

Participants’ amyloid accumulation data were extracted from the ADNI data file “ADNI-
MERGE.csv”. Amyloid accumulation was determined by PET imaging with '*F-AV-45 (flor-
betapir). The summarized standardized uptake value ratios (SUVRs) normalized to the
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cerebellum were extracted from the ADNI database. Further detailed procedures of data col-
lection and processing can be found at the website: https://adni.loni.usc.edu/wp-content/
uploads/2010/05/ADNI2_PET_Tech_Manual_0142011.pdf. A participant was regarded as
amyloid positive if AV45 SUVR > 1.1 based on a previous study [13].

Statistical analysis

Baseline sample characteristics and clinical variables were compared between gender using
Welch two-sample t-tests for continuous variables and Pearson’s Chi-squared tests for categor-
ical variables. At baseline, Pearson’s correlation tests were applied to examine the relationships
between serum uric acid levels and brain amyloid burden (as measured by AV45 SUVR) in
two gender groups separately. In the longitudinal analyses, a linear mixed-effects regression
model with AV45 data from multiple timepoints as the dependent variable and time since
baseline (years) as the independent variable was fitted, and individual slopes of amyloid accu-
mulation were extracted from the model. This model included a random intercept and a ran-
dom slope for each participant. Subsequently, two linear regression models treating the slopes
as the dependent variable and baseline serum uric acid levels as the independent variable were
fitted separately in amyloid negative and amyloid positive participants. To examine the poten-
tial moderation effect of sex on the association of serum uric acid levels with the slopes of amy-
loid accumulation, the interaction term (uric acid*sex) was included in each model. These two
models were adjusted for the effects of several covariates, including age, educational levels,
APOE4 genotype, MMSE, and cognitive diagnosis. A p value < 0.05 was regarded as statistical
significance. All statistical work was conducted in R statistical software, Version 4.1.2 [14].

Results
Sample characteristics by gender

The study sample comprised 499 participants including 276 men and 223 women (Table 1).
Women were younger, less educated, and had lower serum uric acid levels than men (all

p < 0.05). There was no difference in the percentage of APOE4 carriers, MMSE score, clinical
diagnosis or amyloid PET SUVR between women and men (all p > 0.05). Additionally, patient
characteristics stratified based on amyloid status and gender are shown in the S1 Table in S1 File.

Cross-sectional relationship between serum uric acid levels and amyloid
PET SUVR

Pearson’s correlation tests were used to examine the relationship between serum uric acid lev-
els and amyloid PET SUVR in women and men at baseline. As shown in Fig 1, among amy-
loid-negative subjects, serum uric acid levels were not associated with amyloid PET SUVR in
women (r = 0.04, p = 0.65) or in men (r = -0.006, p = 0.94). Among amyloid-positive subjects,
serum uric acid levels were not associated with amyloid PET SUVR in women (r = -0.006,

p = 0.95) or in men (r = -0.039, p = 0.66).

The effect of sex on the association of serum uric acid levels with the slopes
of amyloid accumulation

Among amyloid negative and amyloid positive subjects, two linear regression models with the
slopes of amyloid accumulation as the outcome and the interaction term (Uric acid x Gender)
as the predictor were performed to examine the potential effect of gender on the relationship
between uric acid and the slopes of amyloid accumulation (Table 2 and Fig 2). Among amyloid
negative subjects, the interaction term (Uric acid x Female gender) was not significant
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Table 1. Sample characteristics by gender.

Characteristic Overall, N = 499! Male, N = 276" Female, N = 223! p-value2
Age, years 72 (7) 73 (7) 71(7) 0.022
Education, years 16 (3) 17 (3) 16 (2) <0.001
APOEA4 status >0.9
APOE4 noncarriers 282 (57%) 156 (57%) 126 (57%)
APOEA4 carriers 217 (43%) 120 (43%) 97 (43%)
Clinical diagnosis 0.6
CN 147 (29%) 79 (29%) 68 (30%)
MCI 327 (66%) 181 (66%) 146 (65%)
AD 25 (5.0%) 16 (5.8%) 9 (4.0%)
MMSE 28 (2) 28 (2) 28 (2) 0.3
Amyloid PET SUVR 1.18 (0.22) 1.18 (0.22) 1.19(0.22) 0.6
Serum uric acid, mg/dL 5.47 (1.33) 5.97 (1.16) 4.84 (1.26) <0.001

'Mean (SD); n (%)
*Welch Two Sample t-test; Pearson’s Chi-squared test

Abbreviation: MMSE: Mini Mental Status Examination; SUVR: standardized uptake value ratio.

https://doi.org/10.1371/journal.pone.0296738.t001

(Coefficient = -0.0009, SE = 0.0005, p = 0.09), suggesting that women and men did not differ
in the relationship between baseline serum uric acid and the annual change in amyloid accu-
mulation in subjects with normal amyloid levels (Table 2 and Fig 2A). However, among amy-
loid positive subjects, the interaction term (Uric acid x Female gender) was significant
(Coefficient = 0.0021, SE = 0.0008, p = 0.01), indicating that women and men differed in the
relationship between baseline serum uric acid and the annual change in amyloid accumulation
in subjects with abnormal amyloid levels (Table 2 and Fig 2B). To better understand these

A. Amyloid negative

B. Amyloid positive

Male: r = 0.006, p = 0.94 5 Gender ® Male: r = -0.039, p = 0.66
Female: r = 0.04, p =0.65 g P Female: r = —0.006, p = 0.95
ale
== Female
L]
b . o Yl "8 o0
oo
) L] ()
L o © '! e 0 g @ ® e % ° °
o o L 0% o. %0 g0 o0 ot ‘. 1.751 Ld
° oo o ° L ° °
° o0 0 ° ° ° ® L3
o ° °® ® o o’ % [} ° o = ° ™3
3 ~ o™ L _‘0...... 2 2® _2° 5 ° L * 8 =
(0] e ogo0 % ° ”n *
it ol og 8.8, %° it . o
E 1.0 OO % g © ry . v E ° e o oo ° » %
°, L] L L] L]
= o® on = X !. 8o o '.' ° ] oo ° . s ..: 8 %08 ° ®
2 ® H o0 . Soe o S 1.50 . N .
2 ° H » paes 'Y ° = ° ® o°9% o ° L
£ ® e o, e oo £ o . 0 . $ .
° s ° $ . o o ] °
< °® (Y L < ° °
° o o o Tl Ld % oo °
o %% °® o ——— | ; - (3 2%, > S
L] e o o L] —
. ..o & 78 l' . S8 ° 00® .
° o ® e o o o 0o o o, 6% g o ®
0.9 e o, % L] . 0o g 0
o 1.25 . & [N o e ©
° .. e .:. oo o. s : ..o ° .o . °
o o o °
° ° : * o0 (] . @
. 3 e ® ° %0 o % %o
2 4 8 2 4 6 8

6
Serum uric acid, mg/dL

Serum uric acid, mg/dL

Fig 1. The relationship between serum uric acid levels and amyloid PET SUVR in women and men based on amyloid status. At baseline, serum uric acid
levels were not associated with amyloid PET SUVR in women or men irrespective of amyloid status. Abbreviation: SUVR: standardized uptake value ratio.

https://doi.org/10.1371/journal.pone.0296738.9001
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Table 2. Summary of regression models by amyloid status.

Amyloid negative Amyloid positive

Predictors Coefficient SE P Coefficient SE P
Age 0.00002 0.00004 0.65 0.00006 0.00008 0.44
Education -0.000007 0.0001 0.96 0.0002 0.0002 0.27
APOE4 status (APOE4 carrier) 0.003 0.0007 < 0.001 0.0018 0.0011 0.09
MMSE -0.0001 0.0002 0.67 0.0003 0.0003 0.31
Clinical diagnosis (MCI) -0.0007 0.0007 0.26 0.0016 0.0014 0.25
Clinical diagnosis (AD) -0.002 0.003 0.38 0.0038 0.0028 0.17
Uric acid 0.00003 0.0004 0.94 -0.0015 0.0006 0.006
Female gender 0.004 0.003 0.14 -0.01 0.004 0.015
Uric acid x Female gender -0.0009 0.0005 0.09 0.0021 0.0008 0.01

Abbreviation: MMSE: Mini Mental Status Examination; MCI: Mild cognitive impairment; AD: Alzheimer’s disease. Notes: Coefficients are unstandardized B.

https://doi.org/10.1371/journal.pone.0296738.t1002

interactions among amyloid positive subjects, we further performed two separate linear regres-
sion models adjusting for several potential covariates (i.e., age, education, APOE4 status,
MMSE, and clinical diagnosis) for women and men. In amyloid positive women, serum uric

acid levels were not associated with the annual change in amyloid accumulation (unstandard-
ized B = 0.0005, SE = 0.0006, p value = 0.4179). However, in amyloid positive men, serum uric
acid levels were negatively associated with the annual change in amyloid accumulation
(unstandardized B = -0.0015, SE = 0.0005, p value = 0.0048). Further, we also recoded the gen-

der variable with female as the reference group, and the S2 Table in S1 File shows the summary
of regression models.
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Fig 2. The effect of sex on the associations of baseline serum uric acid levels with the slopes of change in brain
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amyloid accumulation in amyloid-negative and amyloid-positive older adults.

Male

Female

https://doi.org/10.1371/journal.pone.0296738.g002
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Discussion

In this study, at baseline we did not observe a relationship between serum uric acid levels and
brain amyloid deposition in women or men regardless of amyloid status. Among amyloid neg-
ative subjects, women and men did not differ in the relationship between baseline serum uric
acid and the annual change in amyloid accumulation in subjects with normal amyloid levels.
In amyloid positive women, serum uric acid levels were not associated with the annual change
in amyloid accumulation. However, in amyloid positive men, serum uric acid levels were nega-
tively associated with the annual change in amyloid accumulation. Our findings support a
potential sex-specific effect on the association of serum uric acid levels with amyloid accumu-
lation among amyloid positive older adults.

The finding that serum uric acid levels were not correlated with amyloid deposition in the
cross-sectional analyses is consistent with a previous study [9], which showed that serum uric
acid levels were not associated with cerebral amyloid accumulation (as measured by [''C]
PiB-PET) in non-demented Korean participants (age range = 55-90 years). However, two pre-
vious studies examining the relationship between serum uric acid levels and CSF AB42 found
contradictory results, with one showing a positive relationship (mean age = 70.9, standard
deviation = 0.35) [7] and another negative (median age = 63, Interquartile range = 14) [8].
This inconsistency may be attributed to several factors, such as the cognitive status of the study
sample (cognitively healthy vs older adults with different degrees of cognitive impairment), the
mean age of the study sample, and methods utilized to measure Ap levels [cerebral AB deposi-
tion (as measured by PET imaging) vs CSF AP42].

We found that women and men did not differ in the relationship between baseline serum
uric acid and the annual change in amyloid accumulation in subjects with normal amyloid lev-
els. However, among amyloid positive subjects, women and men differed in the relationship
between baseline serum uric acid and the annual change in amyloid accumulation. To our
knowledge, this is the first report of a sex-specific effect on the association of serum uric acid
levels with the slopes of change in brain amyloid accumulation over time among amyloid posi-
tive older adults. In amyloid positive women, serum uric acid levels were not associated with
the annual change in amyloid accumulation. However, in amyloid positive men, serum uric
acid levels were negatively associated with the annual change in amyloid accumulation
(unstandardized B = -0.0015, SE = 0.0005, p value = 0.0048). These findings are consistent with
a previous longitudinal study, which demonstrated that among dementia-free subjects, base-
line higher serum uric acid levels were associated with a slower decline in several cognitive
domains in men, but not in women [15]. Emerging evidence has shown that uric acid plays a
protective role against neurodegenerative processes by decreasing free radicals and oxidative
stress [16, 17], although higher levels of uric acid are associated with a variety of cardiovascular
risk factors and diseases [18], which may contribute to faster amyloid deposition and higher
AD dementia incidence [19, 20].

This study should be interpreted by considering several limitations. First, given the observa-
tional nature of our study, we cannot clarify the causal relationship between uric acid and amy-
loid accumulation. Second, the ADNI participants represent a convenience sample. Thus,
further population-based studies are needed to test the robustness of our findings when apply-
ing our results to other populations. Third, the sample size of the study is relatively small. Fur-
ther studies with larger sample sizes are warranted to test the robustness of current findings.
Fourth, while a significant interaction effect (uric acid*gender) was detected in amyloid-posi-
tive older adults, the actual clinical implications are not certain.

In conclusion, this study found a sex-specific association of serum uric acid levels with
brain amyloid accumulation over time among amyloid positive older adults.
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