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Introduction: Cholesterol levels have been associated with age-related cognitive
decline, however, such an association has not been comprehensively explored in
people with Parkinson’s disease (PD). To address this uncertainty, the current cross-
sectional study examined the cholesterol profile and cognitive performance in a cohort
of PD patients.

Methods: Cognitive function was evaluated using two validated assessments (ACE-
R and SCOPA-COG) in 182 people with PD from the Australian Parkinson’s Disease
Registry. Total cholesterol (TC), high-density lipoprotein (HDL), low-density lipoprotein
(LDL), and Triglyceride (TRG) levels were examined within this cohort. The influence of
individual lipid subfractions on domain-specific cognitive performance was investigated
using covariate-adjusted generalised linear models.

Results: Females with PD exhibited significantly higher lipid subfraction levels (TC,
HDL, and LDL) when compared to male counterparts. While accounting for covariates,
HDL levels were strongly associated with poorer performance across multiple cognitive
domains in females but not males. Conversely, TC and LDL levels were not associated
with cognitive status in people with PD.

Conclusion: Higher serum HDL associates with poorer cognitive function in females
with PD and presents a sex-specific biomarker for cognitive impairment in PD.

Keywords: Parkinson’s disease, cognitive decline, cognitive impairment, domain-specific, cholesterol, HDL-
cholesterol, sex-specific

INTRODUCTION

Parkinson’s disease (PD) is the world’s second most common neurological disease and is associated
with a variety of motor and non-motor symptoms. Non-motor symptoms, including cognitive
impairment and dementia, are commonly reported as being equally as debilitating as cardinal
motor symptoms (Triantafyllou et al., 2008; Tarolli et al., 2019). Longitudinal studies indicate that
nearly 50% of people with PD develop some degree of mild cognitive impairment (MCI) after
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10 years of the disease. This proportion rises to over 80% after
20 years of disease course, which is particularly disturbing as PD-
MCI itself is associated with impaired quality of life, increased
caregiver burden, and increased risk of progression to dementia
(PDD) (Hely et al., 2008; Aarsland and Kurz, 2010; Cosgrove
et al,, 2015). As such, developing objective biological measures
associated with the progression of disease-associated cognitive
decline will greatly assist in clinical practice.

As a well-established risk factor for cerebrovascular and
cardiovascular disease (CVD) (Goldstein and Brown, 2015;
Leritz et al, 2016; Mansoor et al., 2016a), cholesterol profiles
and metabolism are being increasingly implicated in age-
related cognitive impairment, vascular dementia, and Alzheimer’s
disease. Interestingly, within the context of PD, a number of
studies have indicated that higher serum cholesterol levels are
associated with reduced risk of PD, and that certain lipid
subfractions are lower in individuals with PD when compared
to healthy controls (Huang et al., 2011; Rozani et al., 2018;
Kummer et al, 2019; Choe et al., 2021). Serum cholesterol
is comprised of a number of lipid subfractions including
low-density lipoproteins (LDLs) and high-density lipoproteins
(HDLs). When in excess, unused LDL subfractions are commonly
deposited in the arteries (Goldstein and Brown, 2015; Mansoor
etal., 2016a,b) and for this reason have been associated with poor
cardiovascular outcomes. However, in more recent larger studies,
lower LDL levels have been associated with age-associated
dementia, indicating a possible protective effect of this form of
cholesterol (Zhou et al., 2018).

In contrast, HDL is thought to have anti-oxidative, anti-
inflammatory and cardioprotective capabilities (Hottman et al.,
2014). For instance, some studies have tied elevated HDL levels
with superior cognitive function (Henderson et al., 2003; Reitz
et al., 2010; Crichton et al., 2014; Svensson et al., 2019) and low
HDL levels being associated with decreased hippocampal volume
(Wolf et al., 2004; Ledreux et al., 2016). A recent cross-sectional
study investigated the relationship between serum lipid profile
and cognitive function in healthy ageing women, with elevated
HDL level being identified as a marker for improved cognition,
better verbal memory and superior learning ability (Bates
et al., 2017). While associated with disease risk of a number of
neurodegenerative diseases (Martin et al., 2014), there is a paucity
of studies of this nature within the context of cognitive decline
in PD. While one recent study examined the association between
lipid levels and PD-related symptoms, no significant associations
were noted (Choe et al., 2021). However, an increasing body
of literature indicates notable sex-differences among various
aspects of the clinical presentation of PD (Augustine et al.,
2015; Liu et al., 2015; Bakeberg et al., 2020a), and cognitive
impairment specifically (Bakeberg et al., 2019, 2021). Thus, it is
of utmost importance to examine these associations in light of
such sex-differences.

As an individual’s lipid profile is known to be a relatively
modifiable target for intervention and prevention through
non-invasive means, coupled with growing evidence implicating
cholesterol levels in cognition, exploring the association between
lipid profile and cognitive impairment in PD is of major clinical
significance and therapeutic potential. Although an individual’s

sex is identified to significantly change the trajectory of cognitive
decline (Song et al., 2014; Nicoletti et al., 2017; Cholerton et al.,
2018; Reekes et al., 2020), it is often disregarded (Leritz et al.,
2016; de Oliveira et al., 2017), and rarely controlled for Reitz
etal. (2010); Crichton et al. (2014), Sterling et al. (2016); Svensson
et al. (2019). Here, we focussed on cholesterol markers (TC,
LDL, and HDL levels) that have previously been examined in the
context of cognitive impairment, and whether or not there was
a sex-specific effect of these lipid fractions on cognitive ability
in people with PD.

MATERIALS AND METHODS

Participants

One hundred and eighty-two community-based individuals with
PD (114 males and 68 females) were sequentially recruited,
as previously described (Evans et al., 2017; Riley et al., 2018;
Bakeberg et al., 2019). In brief, participants were recruited
from Movement Disorders Clinics at the Perron Institute for
Neurological and Translational Science (Perth, WA, Australia)
and St. Vincents Hospital (Melbourne, VIC, Australia), between
2012 and 2015. All individuals with PD were examined by
a movement disorder neurologist prior to inclusion in the
study for verification of the diagnosis in accordance with
the United Kingdom Brain Bank criteria for idiopathic PD
(Hughes et al., 1992). This study was approved by a Human
Research and Ethics Committee (Approval number 2006/073),
and written informed consent was obtained from all participants,
in accordance with the National Health and Medical Research
Council guidelines.

Clinical Assessments of Participants

Clinical evaluations included collection of patient demographic
variables and medication dosage, assessments of motor and
cognitive function, and other disease-related features (Table 1).
All PD medications were converted to a total levodopa
equivalent daily dose (LEDD), based on a previously reported
conversion equation (Parkin et al, 2002; Tomlinson et al,
2010). Motor symptoms were evaluated in the “ON” state using
the Movement Disorder Society-Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) Part III (Goetz et al, 2007). In
addition, each participant was evaluated by a clinical psychologist
and completed a panel of neuropsychological assessments, as
previously described (Evans et al., 2017; Bakeberg et al., 2019).
Briefly, global cognitive function was assessed using the Scales
of Outcomes in Parkinson’s disease — Cognition (SCOPA-Cog),
and global and domain-specific cognition was also assessed
using the revised “Addenbrooke’s Cognitive Examination” (ACE-
R 2004). The SCOPA-Cog is a reliable and validated tool to
assess cognitive function, specifically within PD (Marinus et al.,
2003), whereby scores can range between 0 and 43, with higher
scores representing superior cognitive performance. Studies have
determined that scores of 30 or less may be considered accurately
representative of MCI (Marras et al., 2013). Whereas, the ACE-R
provides an evaluation of global cognitive function, as well
as domain-specific assessment of attention and orientation,
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TABLE 1 | Clinical characteristics of the PD cohort used in this study, when combined and when compared by sex.

Mean (SD) or n (%)

Clinical characteristics Combined (n = 182)

Males (n = 114)

Females (n = 68) Significance 2 (p-value; Cohen’s d)

Age (years) 64.5 (9.5) 64.9 (10.4) 63.9 (7.8) p=0.236;,d=0.11
Age at onset (years) 55.4 (10.5) 55.4 (11.4) 55.3(8.8) p=0.997; d =0.01
Disease duration (years) 9.2 (6.0) 9.5 (6.4) 8.6 (5.6) p=0.473;d=0.15
LEDD (mg/day) 942.1 (622.6) 932.9 (618.4) 957.3 (633.7) p=0.883; d=0.04
DBS Yes 26 (14.3%) 19 (16.7%) 7 (10.3%) p < 0.001

No 156 (85.7%) 95 (83.3%) 61 (89.7%)
DA Yes 87 (47.8%) 52 (45.6%) 32 (47.1%) p =0.603

No 94 (51.6%) 63 (54.4%) 35 (51.5%)
MDS-UPDRS Il 20.6 (14.9) 22.5(14.7) 17.4 (14.7) p =0.005; d =0.35
ACE-R Total 85.3 (13.4) 84.2 (14.7) 87.0 (11.0) p=0.274;d =0.22
SCOPA-Cog Total 26.5(8.1) 25.8 (8.4) 27.3 (7.6) p=0.324;,d=0.19

aIndependent Samples test, Mann-Whitney U test or Spearman’s Chi Square test conducted for between group analyses, based on sex.
LEDD, Levodopa Equivalent Daily Dose; DBS, deep brain stimulation; DA, dopamine agonists; MDS-UPDRS Ill, Movement Disorder Society-Unified Parkinson’s Disease
Rating Scale lll; ACE-R, Addenbrooke’s Cognitive Examination — Revised; SCOPA-Cog, Scales for Outcomes in Parkinson’s Disease Cognition.

Bolding to highlight statistical significance. These italic values are stylistic.

memory, verbal fluency, language and visuospatial-perceptual
ability (Mioshi et al., 2006; Bakeberg et al., 2020b). Cut-off ACE-R
scores of <88 out of 100 have been used previously as an indicator
for probable cases of MCI (Marras et al., 2013).

Serum Analysis

Fasted participant blood samples were collected prior to clinical
and psychological assessments. For blood collection, 10 ml
of whole blood was taken from a median cubital vein, and
stored in a standard BD EDTA vacutainer® (Becton Dickinson
and Company, Franklin Lakes, NJ, United States). Serum TC,
LDL, HDL, and triglyceride (TRG) levels were assessed via
routine lipid biochemistry, as conducted at State Pathology
centres. Normal/recommended serum subfraction levels are as
follows: TC, 2.9-5.5 mmol/L; LDL, 1.7-3.5 mmol/L; HDL, 1.0-
2.9 mmol/L; and TRG, 0.2-2.0 mmol/L (Tonkin et al., 2005; Bates
etal., 2017).

Statistical Methods

Data was analysed using IBM-SPSS (v. 26, IBM Corporation).
Variables were described using mean =+ standard deviation (SD),
or frequency and percent (%), as appropriate. A significant
nominal p-value of <0.05 was employed for all statistical
tests. Continuous variables distributions were assessed using the
Shapiro-Wilk test of normality. Where appropriate, univariate
regression analysis or Mann-Whitney U analysis was performed
to identify differences between groups. Cohen’s d ES were
calculated for the mean differences, with an ES of 0.20 considered
small, 0.50 medium and 0.80 large.

To investigate associations between cholesterol and cognitive
scores, male and female participants were analysed separately.
Generalised linear models (GLMs) were used as univariate
models to investigate association between cognitive outcome
measures and cholesterol serum markers. Multivariable adjusted
GLMs were used for analysing relationships between lipids and
cognitive function, while taking covariates into account. Variables
considered as covariates included those identified in grouped

analyses (being DBS and MDS-UPDRS III), as well as other
variables known to influence cognitive performance, such as
age at time of assessment, age of onset, disease duration, and
parkinsonian medications. All variables were included in GLMs
to determine whether they were significantly associated with
cognitive outcome measures, prior to inclusion as a covariate in
multivariable GLMs. Residual plots were examined for all models
and no violations were noted.

RESULTS

Cohort Information

Clinical characteristics of the PD cohort are summarised in
Table 1. This cohort was predominantly male (62.6%), with
mean age at assessment of 64.5 years, mean disease duration of
9.2 years and mean age at PD onset of 55.4 years, and these
did not vary significantly when separated by sex. Males had a
significantly higher mean MDS-UPDRS part III score (22.6 &= 15
vs. 17.4.9 & 15; p = 0.005, males vs. females) and were also more
likely to have received DBS treatment (16.7% vs. 10.3%; p = 0.001)
(Table 1). There were no significant sex-specific differences in
PD medication treatment, specifically no differences in LEDD
or DA dosage. Importantly, there were no mean differences
in cognitive performance between male and female cohorts, as
determined by ACE-R or SCOPA-Cog assessments (Table 1).
Subsequent analyses of relationships between lipids and cognitive
function therefore included MDS-UPDRS III scores and DBS
status as covariates, as well as other variables which influence
cognitive performance (age at assessment, age of PD onset, and
disease duration).

Sex-Based Differences Within Lipid
Profile of PD Cohort

To explore the association of lipids with cognitive performance
in light of recognised sex differences in lipid profiles, a total
of 114 males and 68 females with PD were included. When
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FIGURE 1 | Comparison of serum marker levels between males and females in a Parkinson'’s disease (PD) cohort. Mean TC (A), LDL (B), and HDL (C) levels were
significantly higher in females than males, mean TRG (D) levels were not significantly different. Data are presented as mean + SEM. *p < 0.05; **p < 0.001. TC,
total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TRG, triglyceride.
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examining mean lipid profiles of the whole cohort, TC was
5.1 mmol/L (£1.0), LDL was 3.1 (£0.9), HDL levels were 1.5
(£0.4), and TRG was 1.1 mmol/L (£0.5); all of which fall within
normal reported ranges of serum lipid profile levels (TC, 2.9-
5.5 mmol/L; LDL, 1.7-3.5 mmol/L; HDL, 1.0-2.9 mmol/L; and
TRG, 0.2-2.0 mmol/L) (Tonkin et al., 2005; Bates et al., 2017).

As sex-specific differences in lipid profiles are often reported
in healthy populations, we compared sex differences in lipid
profiles of this cohort of people with PD. We observed
significant differences between male and female participants
in TC (p < 0.001, d = 0.62), LDL (p = 0.012, d = 0.35)
and HDL (p < 0.001, d 0.83) levels (Figure 1). Such
a difference could not be said for TRG levels (p = 0.455,
d = 0.06) (Figure 1D). Specifically, males had lower mean
lipid levels than females for TC (4.92 vs. 5.53 mmol/L,
male vs. female), LDL (3.01 vs. 3.33 mmol/L) and HDL
levels (1.40 vs. 1.71 mmol/L). As such, to accurately explore
the effects of lipids on cognitive performance in people
with PD, separated analyses based upon participant sex
was considered imperative and were employed for further
statistical analyses concerning TC, LDL and HDL levels.
Whereas, analysis of TRG levels was conducted with males and
females being combined.

Cognitive Performance and TC Levels
Regardless of sex, levels of TC were not significantly associated
with measures of cognition (total scores or subdomains)

in naive GLMs in most instances, although there was a
significant association within the domain of attention and
orientation in female participants (p 0.030; Table 2).
When considering covariates, TC was significantly associated
with the ACE-R subdomains of attention and orientation
(p 0.017) and visuospatial domain (p 0.011) within
females with PD (Table 2). Conversely, TC levels were
not significantly associated with cognitive status in males,
in either unadjusted or covariate adjusted comparisons.
Whereas, in females, certain significant associations
were evident between TC levels and cognitive status in
adjusted comparisons.

Cognitive Performance and LDL Levels
Levels of LDL were not significantly associated with any measure
of cognition in naive GLMs, regardless of sex (Table 3). However,
LDL levels of females with PD were significantly associated with
the visuospatial domain of the ACE-R assessment, in a model
adjusting for covariates (p = 0.013). On the other hand, LDL levels
were not significantly associated with cognitive status of males, in
either unadjusted or adjusted comparisons.

Cognitive Performance of Females, but
Not Males, Is Significantly Affected by
HDL Levels

In males, univariate analyses revealed HDL was not associated
with cognition scores. In models adjusted for covariates,
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TABLE 2 | Cognitive performance in participants based on TC levels, when
separated by sex.

TABLE 4 | Cognitive performance in participants based on HDL levels, when
separated by sex.

Variable Unadjusted Adjusted Variable Unadjusted Adjusted

Males (n = 114) B-Co (SEM) p? value B-Co (SEM) pPvalue Males (n=114) B-Co (SEM) p? value B-Co (SEM) pP value
Total ACE-R 1.678 0.227 0.693 0.611 Total ACE-R 0.808 0.849 —1.169 0.776
Attention and orientation 0.121 0.506 —0.039 0.822 Attention and orientation —-0.222 0.687 —0.584 0.261
Memory 0.521 0.348 0.184 0.734 Memory 0.664 0.695 —0.076 0.963
Fluency 0.554 0.154 0.385 0.310 Fluency 1.468 0.215 0.857 0.454
Language 0.212 0.338 0.089 0.689 Language —-0.416 0.538 —0.428 0.524
Visuospatial 0.173 0.575 0.043 0.891 Visuospatial —0.229 0.808 -0.470 0.622
Total SCOPA-Cog 0.837 0.273 0.312 0.687 Total SCOPA-Cog 1.670 0.489 0.848 0.712
Females (n = 68) B-Co (SEM) p? value B-Co (SEM) pPvalue Females (n = 68) B-Co (SEM) p?value B-Co (SEM) pP value
Total ACE-R —1.253 0.374 —2.086 0.135 Total ACE-R —9.998 0.001 —9.571 0.001
Attention and orientation —0.543 0.030 —-0.611 0.017 Attention and orientation —1.781 0.002 —1.900 0.001
Memory —0.050 0.938 —0.567 0.382 Memory -3.187 0.029 —-3.165 0.026
Fluency 0.092 0.844 —0.096 0.844 Fluency —2.667 0.011 —2.401 0.023
Language —0.282 0.231 —-0.165 0.448 Language —1.779 0.001 —2.053 <0.001
Visuospatial -0.473 0.088 —0.650 0.011 Visuospatial —0.594 0.371 —0.558 0.351
Total SCOPA-Cog —0.531 0.586 -0.616 0.500 Total SCOPA-Cog —5.879 0.007 —5.545 0.004

ap-value taken from GLM without adjustment for covariates.

bp-value taken from GLM adjusted for DBS, MDS-UPDRS Ill, age at time of
assessment, age of onset and disease duration.

ACE-R, Addenbrooke’s Cognitive Examination — Revised; SCOPA-Cog, Scales for
Outcomes in Parkinson’s Disease Cognition.

Bolding to highlight statistical significance.

TABLE 3 | Cognitive performance in participants based on LDL levels, when
separated by sex.

Variable Unadjusted Adjusted

Males (n = 114) B-Co (SEM) p? value B-Co (SEM) pP value
Total ACE-R 2.150 0.164 1.187 0.433
Attention and orientation 0.204 0.311 0.065 0.736
Memory 0.645 0.297 0.275 0.648
Fluency 0.557 0.199 0.396 0.349
Language 0.324 0.188 0.214 0.389
Visuospatial 0.283 0.410 0.169 0.631
Total SCOPA-Cog 1.068 0.207 0.515 0.550
Females (n = 68) B-Co (SEM) p? value B-Co (SEM) pP value
Total ACE-R 0.204 0.891 —0.648 0.667
Attention and orientation —-0.276 0.308 —0.311 0.271
Memory 0.453 0.500 —0.131 0.850
Fluency 0.423 0.387 0.248 0.633
Language 0.066 0.792 0.224 0.330
Visuospatial —0.461 0.115 —0.676 0.013
Total SCOPA-Cog 0.569 0.580 0.418 0.668

ap-value taken from GLM without adjustment for covariates.

bp-vazlue taken from GLM adjusted for DBS, MDS-UPDRS I, age at time of
assessment, age of onset and disease duration.

ACE-R, Addenbrooke’s Cognitive Examination — Revised; SCOPA-Cog, Scales for
Qutcomes in Parkinson’s Disease Cognition.

Bolding to highlight statistical significance.

there remained no association between HDL and cognitive
scores (Table 4). In contrast, in females, univariate analysis
revealed HDL levels were significantly associated with ACE-R

ap-value taken from GLM without adjustment for covariates.

bp-value taken from GLM adjusted for DBS, MDS-UPDRS i, age at time of
assessment, age of onset and disease duration.

ACE-R, Addenbrooke’s Cognitive Examination — Revised;, SCOPA-Cog, Scales for
Outcomes in Parkinson’s Disease Cognition.

Bolding to highlight statistical significance.

TABLE 5 | Cognitive performance in participants based on TRG levels, not
separated by sex.

Variable Unadjusted Adjusted

Males and Females (n = 182) -Co (SEM) p?@ value B-Co (SEM) p® value

Total ACE-R 0.466 0.825 0.287 0.888
Attention and orientation 0.047 0.876 0.029 0.922
Memory —0.020 0.982 —0.069 0.935
Fluency 0.251 0.685 0.272 0.655
Language —0.140 0.681 —-0.161 0.631
Visuospatial 0.041 0.928 —0.022 0.962
Total SCOPA-Cog —1.083 0.390 —0.832 0.490

ap-value taken from GLM without adjustment for covariates.

bp-value taken from GLM adjusted for DBS, MDS-UPDRS i, age at time of
assessment, age of onset and disease duration.

ACE-R, Addenbrooke’s Cognitive Examination — Revised;, SCOPA-Cog, Scales for
Outcomes in Parkinson’s Disease Cognition.

subdomains, attention and orientation, memory, fluency,
language and total SCOPA-Cog, but not with visuospatial
cognition. In models adjusting for covariates, HDL levels
in females were significantly associated with total ACE-R
score (p = 0.001), ACE-R subdomain scores of attention and
orientation (p = 0.001), memory (p = 0.026), fluency (p = 0.023)
and language (p < 0.001); and total SCOPA-Cog score (p = 0.004).
However, the visuospatial domain did not exhibit a significant
association with HDL levels in females, regardless of covariate
adjustment (p = 0.351, Table 4).
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Cognitive Performance and TRG Levels
Levels of TRG were not significantly associated with any measure
of cognition in both unadjusted and adjusted GLMs (Table 5).

DISCUSSION

Previous studies have indicated a link between cholesterol levels
and metabolism, and age-associated cognitive impairment and
dementia. Sex-specific differences in cholesterol levels complicate
studies on cognitive performance, with only a few studies
considering males and females separately (Walhovd et al., 2014;
Bates et al., 2017; Zhao et al.,, 2019) or controlling for sex as a
covariate (Reitz et al., 2010; Crichton et al., 2014; Sterling et al.,
2016; Svensson et al., 2019; Choe et al., 2021). In the current
study, females with PD showed higher LDL, HDL, and TC levels
when compared to males with PD. Such differences are consistent
with studies on healthy aged populations (Bates et al., 2017; Zhou
et al., 2018; Zhao et al., 2019) and individuals with PD (Sterling
et al.,, 2016). However, the current study is the first to investigate
sex-specific differences in lipids and cognition in people with
PD, measuring multiple lipid fractions and using two validated
cognitive assessment protocols.

The present study reports a novel association between higher
HDL cholesterol levels and poorer cognitive function among
females with PD, but not males. Furthermore, in females, HDL
cholesterol was associated with poorer performance in all global
and domain-specific assessments of cognition except one, being
total SCOPA-Cog, total ACE-R, and ACE-R subdomains of
attention and orientation, memory, fluency and language. Such
consistent associations are suggestive of a robust association
between HDL cholesterol and cognition in females with PD.
However, conflicting findings exist within this area of research, as
multiple healthy elderly cohort studies report that plasma HDL
levels are protective and are associated with retained cognitive
function (Van Exel et al., 2002; Reitz et al., 2010; Crichton et al.,
2014; Bates et al., 2017; Kinno et al., 2019; Svensson et al., 2019),
while others exhibit no link between HDL levels and incidence
of cognitive impairment and dementia (Yaffe et al., 2002; Li et al,,
2005; Zhou et al., 2018). Our findings therefore point to a disease-
specific influence of serum cholesterols on cognition. Coupled
with the current finding of a sex-specific influence of HDL on
cognition in a cohort of PD, serum cholesterols appear to be
mediators of cognition in PD, though the disease-specific and
sex-specific mechanisms are still unclear.

As aforementioned, sex is an important factor to take into
consideration when studying cognitive ability (Song et al., 2014;
Nicoletti et al., 2017; Cholerton et al., 2018; Reekes et al., 2020;
Bakeberg et al., 2021). In general, it is widely accepted that
non-verbal and verbal reasoning skills such as language and
fluency, decision-making and memory are cognitive strengths
of females when compared to males in healthy cohorts (Li and
Singh, 2014), and among people with PD (Bakeberg et al., 2021),
which may be the result of sex-specific structural and functional
connectivity networks (Lin et al, 2018). Such sex-specific
differences in neurobiology likely underpin the novel finding
reported herein, though sex-specific mechanisms underlying

the differential influence of lipid profile on cognition are still
largely unknown. Literature suggests a number of potential
mechanisms, including sex differences in lipid transportation
and age-related lipid changes (Knopp et al., 2006; Casiglia et al.,
2008), as well as genetic differences in lipid metabolism and
steroid hormone synthesis in males and females (Sowers et al.,
2006), and an association between elevated cholesterol levels
and a-synuclein-related cognitive impairment (Allinquant et al.,
2014; Lu et al,, 2017; Jin et al., 2019). Notably, another plausible
mechanism relates to the neuroprotective effects of female sex
hormones, outlined below.

Within this cohort, our findings were specific to females
likely to be in the peri- or post-menopausal period. While
the neuroprotective properties of oestrogen are well-established
(Miller and Cronin-Golomb, 2010; Lin et al., 2018), such effects
are known to be altered during the peri-menopausal transition,
and recent studies indicate that the transition to menopause
can also trigger chronic low-grade inflammation (Yin et al,
2015; El Khoudary et al., 2018) and elevated systemic levels of
inflammatory cytokines (e.g., IL-2, IL-4, and IL-6) (Giuliani et al.,
2001; Yasui et al., 2007; Mishra and Brinton, 2018). Additionally,
it is increasingly thought that low-grade, chronic inflammation
occurs within people with PD, and that it is central in the
genesis and pathophysiology of PD (Houser and Tansey, 2017;
Gorecki et al., 2019, 2020). Importantly, it has been reported
that the generally accepted “good” HDL cholesterol may become
dysfunctional in instances of elevated inflammation, losing its
anti-inflammatory and cardioprotective properties (Van Lenten
et al., 2001; Ansell et al., 2007; Navab et al., 2009; Hb et al., 2011;
El Khoudary et al., 2018; Nazir et al., 2020). As such, we propose
that within females in this PD cohort, HDL cholesterols may
have become dysfunctional and lost their protective effects. While
the current study reports an inverse association between HDL-
cholesterol and cognitive performance in females, Bates et al.
(2017) reported a positive association between HDL-cholesterol
and cognition, though this was in healthy ageing females (Bates
etal., 2017). We believe that the inflammatory state, and resultant
dysfunctional HDL cholesterol, proposed in individuals with PD,
and to a greater degree in females with PD, may provide an
explanation for these contradicting findings. Moreover, given
their propensity to an enhanced peri- and post-menopausal
inflammatory state, females with PD may lack the positive
HDL effects to a greater degree than their male counterparts.
Such literature is often overlooked and should be considered in
future studies assessing markers of inflammation coupled with
lipidomic profiles and cognition in PD cohorts.

Contrasting with the strong association between HDLs and
cognitive performance in females with PD in the current study,
associations between cognition and TC or LDL levels were
less robust. While LDL levels were associated with poorer
performance in the visuospatial domain in females, no significant
associations were found for any other cognitive domains, or
among males with PD. Conversely, one other study investigating
serum cholesterol in people with PD found executive function
and fine motor control were significantly associated with LDL
cholesterol in people with PD, but not healthy controls (Sterling
et al., 2016), whereas other studies in healthy populations do
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not report significant findings between cognition and LDL levels
(Rej et al., 2016) or cholesterol-lowering medications (Giugliano
et al., 2017; Gencer et al., 2020). Thus, the current study adds
to a growing body of literature indicating that serum lipid
profiles may mediate cognitive ability differently in healthy and
diseased states.

LIMITATIONS

A number of limitations of the current study must be noted.
Firstly, participants were assessed in two different movement
disorder centres, however, possible scoring variability was
mitigated by the use of standardised clinical assessment protocols
which were administered by trained clinician-researchers.
Secondly, the home-based recruitment excluded patients with
more advanced PD, which may contribute to higher cognitive
scores among the current cohort that do not represent the full
spectrum of cognitive impairment in PD. Thirdly, as the study
was cross-sectional in nature, the relationship between changes
in cholesterol levels and cognitive decline over time was not
assessed. Furthermore, other vascular risk factors, menopausal
state/hormone status, and inflammatory marker information
was not available for analysis. Therefore, the present findings
should be confirmed using more comprehensive cognitive testing
protocols in larger longitudinal studies, to further examine
how vascular and inflammatory risk factors and cholesterol
levels associate with disease course in PD. Lastly, the effects
of cholesterol-lowering medications were not accounted for in
the current study due to a lack of retrospective availability of
information regarding the use of non-PD medications among
participants. However, statins are known to primarily influence
LDL levels and to have only relatively minor effects on HDL
levels (Chapman, 2004; Baigent et al., 2010). Moreover, recent
studies, as well as a very large longitudinal systematic review,
do not report a significant influence of LDL cholesterol-lowering
medications on cognitive status nor risk of cognitive decline
and dementia (McGuinness et al., 2016; Giugliano et al., 2017;
Gencer et al.,, 2020). Therefore, the findings reported herein
concerning HDL levels and cognitive impairment in females with
PD are considered valid. However, further studies are required to
confirm the present findings, and to investigate the mechanisms
underlying the specific association of HDL-cholesterol levels and
poorer cognitive performance in females with PD.

CONCLUSION AND FUTURE
DIRECTIONS

While the sex-specific association between HDL and cognition
evident here may be explained by peri-menopausal changes in
inflammatory status and altered HDL properties, this requires
further study. Furthermore, inflammation is known to induce
cholesterol oxidation and production of cholesterol aldehydes
(Wentworth et al., 2003; Bosco et al., 2006), such as the blood
brain barrier-traversing metabolite 27-hydroxycholesterol (27-
OHC) (Bosco et al., 2006; Shafaati et al., 2011; Marwarha and

Ghribi, 2015; Schommer et al., 2018), which may be relevant in
this context, as 27-OHC has been shown to increase a-synuclein
levels, as well as aggregation and fibrilization of the protein
(Bosco et al., 2006; Koob et al,, 2010; Thanan et al., 2014;
Marwarha and Ghribi, 2015; Schommer et al., 2018). As the
accumulation of a-synuclein in the cortex is the hallmark of PD
and has long been associated with cognitive decline in people
with the disease (Braak et al., 2003; Lewis et al., 2010; Diogenes
et al., 2012; Twohig and Nielsen, 2019; Cinar et al., 2020), future
studies should examine circulating levels of this metabolite and
a-synuclein levels in relation to cognition to elucidate whether
this underpins the current findings.

The novel findings of this cross-sectional study provide further
support for the role of cholesterol as a disease-modifying factor
for cognitive dysfunction within PD (Ferri et al., 2005; Cheng
et al., 2014; Cooper et al., 2015), supporting the notion that
elevated levels of cholesterol may aggravate the pathophysiology
of the disease (Paul et al., 2015, 2017; Jin et al, 2019).
Furthermore, the identified sex-specific effect of HDL in relation
to cognition suggests the presence of differing mechanisms
underlying cognitive decline in males and females with PD.
Vascular factors, including lipid profile, may be a relevant
disease-modifying factor for cognition in females with PD, and
therefore present as modifiable lifestyle factors. Future studies
should therefore consider dietary interventions to delay, slow or
prevent the progression to cognitive impairment and dementia in
females with PD. In light of the robust association between HDL
levels and cognition in females with PD, further studies should
investigate the underlying mechanisms in order to maximise the
therapeutic and diagnostic potential of these findings.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Sir Charles Gairdner Hospital Human Research
and Ethics Committee (Approval number 2006/073). The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

MCB executed the research project, designed and executed the
statistical analysis, and wrote the first draft of the manuscript.
AG executed the research project, and reviewed and critiqued
the statistical analysis and manuscript preparation. JK executed
the research project, and reviewed and critiqued the manuscript
preparation. A] and SM organized and executed the research
project. MB executed the research project. SG and MH
conceptualised the research project and reviewed and critiqued
the manuscript preparation. RS reviewed and critiqued the

Frontiers in Aging Neuroscience | www.frontiersin.org

June 2021 | Volume 13 | Article 656623


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Bakeberg et al.

HDL-Related Cognitive Impairment in Parkinson’s

manuscript preparation. SW organized the research project.
FM conceptualised the research project, and reviewed and
critiqued the statistical analysis and manuscript preparation.
RA conceptualised and organized the research project, designed
the statistical analysis, executed the statistical analysis, and
reviewed and critiqued the manuscript preparation. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was supported by the Perron Institute for Neurological
and Translational Science and Federal Cooperative Research

REFERENCES

Aarsland, D., and Kurz, M. W. (2010). The epidemiology of dementia associated
with Parkinson’s disease. Brain Pathol. 20, 633-639.

Allinquant, B., Clamagirand, C., and Potier, M.-C. (2014). Role of cholesterol
metabolism in the pathogenesis of Alzheimer’s disease. Curr. Opin. Clin. Nutr.
Metab. Care 17, 319-323.

Ansell, B. J., Fonarow, G. C., and Fogelman, A. M. (2007). The paradox of
dysfunctional high-density lipoprotein. Curr. Opin. Lipidol. 18, 427-434. doi:
10.1097/mol.0b013e3282364al17

Augustine, E. F., Pérez, A., Dhall, R.,, Umeh, C. C., Videnovic, A., Cambi, F.,
et al. (2015). Sex differences in clinical features of early. treated Parkinson’s
disease. Nazir A, editor. PLoS One 10:¢0133002. doi: 10.1371/journal.pone.
0133002

Baigent, C., Blackwell, L., Emberson, J., Holland, L. E., Reith, C., Bhala, N, et al.
(2010). Efficacy and safety of more intensive lowering of LDL cholesterol: a
meta-analysis of data from 170 000 participants in 26 randomised trials. Lancet
376, 1670-1681. doi: 10.1016/s0140-6736(10)61350-5

Bakeberg, M. C., Gorecki, A. M., Kenna, J. E., Jefferson, A., Byrnes, M., Ghosh,
S., et al. (2021). Differential effects of sex on longitudinal patterns of cognitive
decline in Parkinson’s disease. J. Neurol. 268, 1903-1912. doi: 10.1007/s00415-
020-10367-8

Bakeberg, M. C., Jefferson, A., Riley, M., Byrnes, M., Ghosh, S., Mastaglia, F. L., et al.
(2019). Elevated serum homocysteine levels have differential gender-specific
associations with motor and cognitive states in Parkinson’s disease. Parkinsons
Dis. 2019, 1-8. doi: 10.1155/2019/3124295

Bakeberg, M. C., Riley, M., Byrnes, M., Jefferson, A., Ghosh, S., Horne, M. K,,
et al. (2020a). Elevated serum ceruloplasmin levels are associated with higher
impulsivity in people with parkinson’s disease. Parkinsons Dis. 2020:8296203.

Bakeberg, M. C., Riley, M., Byrnes, M., Mastaglia, F. L., and Anderton,
R. S. (2020b). Clinically assessing cognitive function in Parkinson’s disease.
Diagnosis Manag. Park Dis. 1, 409-423. doi: 10.1016/b978-0-12-815946-0.
00024-7

Bates, K. A., Sohrabi, H. R., Rainey-Smith, S. R., Weinborn, M., Bucks, R. S,
Rodrigues, M., et al. (2017). Serum high-density lipoprotein is associated with
better cognitive function in a cross-sectional study of aging women. Int. J.
Neurosci. 127, 243-252. doi: 10.1080/00207454.2016.1182527

Bosco, D. A., Fowler, D. M., Zhang, Q., Nieva, J., Powers, E. T., Wentworth, P.,
et al. (2006). Elevated levels of oxidized cholesterol metabolites in Lewy body
disease brains accelerate a-synuclein fibrilization. Nat. Chem. Biol. 2, 249-253.
doi: 10.1038/nchembio782

Braak, H., Del Tredici, K., Rub, U,, de Vos, R. A., Jansen Steur, E. N., and Braak,
E. (2003). Staging of brain pathology related to sporadic Parkinson’s disease.
Neurobiol. Aging 24, 197-211. doi: 10.1016/s0197-4580(02)00065-9

Casiglia, E., Tikhonoff, V., Caffi, S., Bascelli, A., Schiavon, L., Guidotti, F.,
et al. (2008). Menopause does not affect blood pressure and risk profile, and
menopausal women do not become similar to men. J. Hypertens. 26, 1983-1992.
doi: 10.1097/hjh.0b013e32830bfdd9

Chapman, M. (2004). Are the effects of statins on HDL-cholesterol clinically
relevant? Eur. Heart J. Suppl. 6, C58-C63.

Centre for Mental Health (CRCMH). This research was carried
out while MB, AG, and JK were in receipt of Australian
Government Domestic Research Training Program Stipends at
The University of Western Australia, and MB was in receipt of a
Richard Walter Gibbon Medical Research Scholarship.

ACKNOWLEDGMENTS

We would like to thank the
Disease  Registry  participants  for
participation in this study.

Australian Parkinson’s
their time and

Cheng, Y., Jin, Y., Unverzagt, F., Su, L., Yang, L., Ma, F,, et al. (2014). The
relationship between cholesterol and cognitive function is homocysteine-
dependent. Clin. Interv. Aging 9, 1823-1829. doi: 10.2147/cia.s64766

Choe, C,, Petersen, E., Lezius, S., Cheng, B., Schulz, R., Buhmann, C,, et al. (2021).
Association of lipid levels with motor and cognitive function and decline in
advanced Parkinson’s disease in the Mark-PD study. Park. Relat. Disord. 85,
5-10. doi: 10.1016/j.parkreldis.2021.02.007

Cholerton, B., Johnson, C. O., Fish, B., Quinn, J. F., Chung, K. A., Peterson-Hiller,
A. L, etal. (2018). Sex differences in progression to mild cognitive impairment
and dementia in Parkinson’s disease. Park. Relat. Disord. 50, 29-36.

Cinar, E., Yalcin-Cakmakli, G., Saka, E., Ulusoy, A., Yuruker, S., Elibol, B., et al.
(2020). Modelling cognitive deficits in Parkinson’s disease: is CA2 a gateway
for hippocampal synucleinopathy? Exp. Neurol. 330:113357. doi: 10.1016/j.
expneurol.2020.113357

Cooper, C., Sommerlad, A., Lyketsos, C. G., and Livingston, G. (2015). Modifiable
predictors of dementia in mild cognitive impairment: a systematic review and
meta-analysis. Am. J. Psychiatry 172, 323-334. doi: 10.1176/appi.ajp.2014.
14070878

Cosgrove, J., Alty, J. E,, and Jamieson, S. (2015). Cognitive impairment in
Parkinson’s disease. Postgr. Med. J. 91, 212-220.

Crichton, G. E., Elias, M. F., Davey, A., Sullivan, K. J., and Robbins, M. A.
(2014). Higher HDL cholesterol is associated with better cognitive function:
the maine-syracuse study. J. Int. Neuropsychol. Soc. 20, 961-970. doi: 10.1017/
s1355617714000885

de Oliveira, F. F., Chen, E. S., Smith, M. C.,, and Bertolucci, P. H. F. (2017).
Longitudinal lipid profile variations and clinical change in Alzheimer’s disease
dementia. Neurosci. Lett. 646, 36-42. doi: 10.1016/j.neulet.2017.03.003

Didgenes, M. J., Dias, R. B., Rombo, D. M., Vicente Miranda, H., Maiolino,
F., Guerreiro, P., et al. (2012). Extracellular alpha-synuclein oligomers
modulate synaptic transmission and impair LTP via NMDA-receptor activation.
J. Neurosci. 32, 11750-11762. doi: 10.1523/jneurosci.0234-12.2012

El Khoudary, S. R., Ceponiene, I., Samargandy, S., Stein, J. H., Li, D., Tattersall,
M. C,, etal. (2018). HDL (high-density lipoprotein) metrics and atherosclerotic
risk in women. Arterioscler. Thromb. Vasc. Biol. 38, 2236-2244. doi: 10.1161/
atvbaha.118.311017

Evans, T., Jefferson, A., Byrnes, M., Walters, S., Ghosh, S., Mastaglia, F. L., et al.
(2017). Extended “Timed Up and Go” assessment as a clinical indicator of
cognitive state in Parkinson’s disease. J. Neurol. Sci. 375, 86-91. doi: 10.1016/j.
jns.2017.01.050

Ferri, C. P., Prince, M., Brayne, C., Brodaty, H., Fratiglioni, L., Ganguli, M., et al.
(2005). Global prevalence of dementia: a Delphi consensus study. Lancet 366,
2112-2117. doi: 10.1016/s0140-6736(05)67889-0

Gencer, B., Mach, F., Guo, J., Im, K., Ruzza, A., Wang, H., et al. (2020). Cognition
after lowering LDL-cholesterol with evolocumab. J. Am. Coll. Cardiol. 75,
2283-2293. doi: 10.1016/j.jacc.2020.03.039

Giugliano, R. P., Mach, F., Zavitz, K., Kurtz, C., Im, K., Kanevsky, E., et al. (2017).
Cognitive function in a randomized trial of evolocumab. N. Engl. ]. Med. 377,
633-643.

Giuliani, N., Sansoni, P., Girasole, G., Vescovini, R., Passeri, G., Passeri, M.,
et al. (2001). Serum interleukin-6, soluble interleukin-6 receptor and soluble

Frontiers in Aging Neuroscience | www.frontiersin.org

June 2021 | Volume 13 | Article 656623


https://doi.org/10.1097/mol.0b013e3282364a17
https://doi.org/10.1097/mol.0b013e3282364a17
https://doi.org/10.1371/journal.pone.0133002
https://doi.org/10.1371/journal.pone.0133002
https://doi.org/10.1016/s0140-6736(10)61350-5
https://doi.org/10.1007/s00415-020-10367-8
https://doi.org/10.1007/s00415-020-10367-8
https://doi.org/10.1155/2019/3124295
https://doi.org/10.1016/b978-0-12-815946-0.00024-7
https://doi.org/10.1016/b978-0-12-815946-0.00024-7
https://doi.org/10.1080/00207454.2016.1182527
https://doi.org/10.1038/nchembio782
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1097/hjh.0b013e32830bfdd9
https://doi.org/10.2147/cia.s64766
https://doi.org/10.1016/j.parkreldis.2021.02.007
https://doi.org/10.1016/j.expneurol.2020.113357
https://doi.org/10.1016/j.expneurol.2020.113357
https://doi.org/10.1176/appi.ajp.2014.14070878
https://doi.org/10.1176/appi.ajp.2014.14070878
https://doi.org/10.1017/s1355617714000885
https://doi.org/10.1017/s1355617714000885
https://doi.org/10.1016/j.neulet.2017.03.003
https://doi.org/10.1523/jneurosci.0234-12.2012
https://doi.org/10.1161/atvbaha.118.311017
https://doi.org/10.1161/atvbaha.118.311017
https://doi.org/10.1016/j.jns.2017.01.050
https://doi.org/10.1016/j.jns.2017.01.050
https://doi.org/10.1016/s0140-6736(05)67889-0
https://doi.org/10.1016/j.jacc.2020.03.039
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Bakeberg et al.

HDL-Related Cognitive Impairment in Parkinson’s

gp130 exhibit different patterns of age- and menopause-related changes. Exp.
Gerontol. 36, 547-557. doi: 10.1016/s0531-5565(00)00220-5

Goetz, C. G., Fahn, S., Martinez-Martin, P., Poewe, W., Sampaio, C., Stebbins,
G. T, et al. (2007). Movement disorder society-sponsored revision of the
unified parkinson’s disease rating scale (MDS-UPDRS): process, format, and
clinimetric testing plan. Mov. Disord. 22, 41-47. doi: 10.1002/mds.21198

Goldstein, J. L., and Brown, M. S. (2015). A century of cholesterol and coronaries:
from plaques to genes to statins. Cell 161, 161-172. doi: 10.1016/j.cell.2015.01.
036

Gorecki, A. M., Dunlop, S. A., Rodger, J., and Anderton, R. S. (2020). The gut-brain
axis and gut inflammation in Parkinson’s disease: stopping neurodegeneration
at the toll gate. Expert Opin. Ther. Targets 24, 601-604. doi: 10.1080/14728222.
2020.1763956

Gorecki, A. M., Preskey, L., Bakeberg, M. C., Kenna, J. E., Gildenhuys, C.,
MacDougall, G., et al. (2019). Altered gut microbiome in Parkinson’s disease
and the influence of lipopolysaccharide in a human a-Synuclein over-
expressing mouse model. Front. Neurosci. 13:839.

Hb, G., Rao, V. S., and Kakkar, V. V. (2011). Friend turns foe: transformation
of anti-inflammatory HDL to proinflammatory HDL during acute-phase
response. Cholesterol 2011:274629.

Hely, M. A., Reid, W. G. J., Adena, M. A, Halliday, G. A., and Morris, J. G. L.
(2008). The Sydney multicenter study of Parkinson’s disease: the inevitability of
dementia at 20 years. Mov. Disord. 23, 837-844. doi: 10.1002/mds.21956

Henderson, V. W., Guthrie, J. R,, and Dennerstein, L. (2003). Serum lipids
and memory in a population based cohort of middle age women. J. Neurol.
Neurosurg. Psychiatry 74, 1530-1535. doi: 10.1136/jnnp.74.11.1530

Hottman, D. A., Chernick, D., Cheng, S., Wang, Z., and Li, L. (2014). HDL and
cognition in neurodegenerative disorders. Neurobiol. Dis. 72, 22-36. doi: 10.
1016/j.nbd.2014.07.015

Houser, M. C., and Tansey, M. G. (2017). The gut-brain axis: is intestinal
inflammation a silent driver of Parkinson’s disease pathogenesis? npj Park Dis.
3:3.

Huang, X., Auinger, P., Eberly, S., Oakes, D., Schwarzschild, M., Ascherio, A., et al.
(2011). Serum cholesterol and the progression of Parkinson’s disease: results
from DATATOP. PLoS One 6:¢22854 doi: 10.1371/journal.pone.0022854

Hughes, A. J., Daniel, S. E., Kilford, L., and Lees, A. J. (1992). Accuracy of clinical
diagnosis of idiopathic Parkinson’s disease: a clinico-pathological study of 100
cases. J. Neurol. Neurosurg. Psychiatry 55, 181-184. doi: 10.1136/jnnp.55.3.181

Jin, U, Park, S. J., and Park, S. M. (2019). Cholesterol metabolism in the brain
and its association with Parkinson’s disease. Exp. Neurobiol. 28, 554-567. doi:
10.5607/en.2019.28.5.554

Kinno, R., Mori, Y., Kubota, S., Nomoto, S., Futamura, A., Shiromaru, A., et al.
(2019). High serum high-density lipoprotein-cholesterol is associated with
memory function and gyrification of insular and frontal opercular cortex in an
elderly memory-clinic population. Neurolmage Clin. 22:101746. doi: 10.1016/j.
nicl.2019.101746

Knopp, R. H., Paramsothy, P., Retzlaff, B. M., Fish, B., Walden, C., Dowdy, A.,
et al. (2006). Sex differences in lipoprotein metabolism and dietary response:
basis in hormonal differences and implications for cardiovascular disease. Curr.
Cardiol. Rep. 8, 452-459. doi: 10.1007/s11886-006-0104-0

Koob, A. O., Ubhi, K., Paulsson, J. F., Kelly, J., Rockenstein, E., Mante, M.,
et al. (2010). Lovastatin ameliorates a-synuclein accumulation and oxidation
in transgenic mouse models of a-synucleinopathies. Exp. Neurol. 221, 267-274.
doi: 10.1016/j.expneurol.2009.11.015

Kummer, B. R,, Diaz, I, Wu, X,, Aaroe, A. E., Chen, M. L,, Iadecola, C,, et al. (2019).
Associations between cerebrovascular risk factors and parkinson disease. Ann.
Neurol. 86, 572-581. doi: 10.1002/ana.25564

Ledreux, A., Wang, X., Schultzberg, M., Granholm, A.-C., and Freeman, L. R.
(2016). Detrimental effects of a high fat/high cholesterol diet on memory and
hippocampal markers in aged rats. Behav. Brain Res. 312, 294-304. doi: 10.
1016/j.bbr.2016.06.012

Leritz, E. C., McGlinchey, R. E., Salat, D. H., and Milberg, W. P. (2016). Elevated
levels of serum cholesterol are associated with better performance on tasks of
episodic memory. Metab. Brain Dis. 31, 465-473. doi: 10.1007/s11011-016-
9797-y

Lewis, K. A,, Su, Y., Jou, O, Ritchie, C., Foong, C., Hynan, L. S., et al. (2010).
Abnormal neurites containing C-terminally truncated alpha-synuclein are

present in Alzheimer’s disease without conventional Lewy body pathology. Am.
J. Pathol. 177, 3037-3050. doi: 10.2353/ajpath.2010.100552

Li, G., Shofer, J. B., Kukull, W. A,, Peskind, E. R., Tsuang, D. W., Breitner, J. C. S.,
et al. (2005). Serum cholesterol and risk of Alzheimer disease: a community-
based cohort study. Neurology 65, 1045-1050. doi: 10.1212/01.wnl.0000178989.
87072.11

Li, R, and Singh, M. (2014). Sex differences in cognitive impairment and
Alzheimer’s disease. Front. Neuroendocrinol. 35, 385-403. doi: 10.1016/j.yfrne.
2014.01.002

Lin, S.-J., Baumeister, T. R., Garg, S., and McKeown, M. J. (2018). Cognitive profiles
and hub vulnerability in Parkinson’s disease. Front. Neurol. 9:482.

Liu, R, Umbach, D. M,, Peddada, S. D., Xu, Z, Tréster, A. I, Huang, X,
et al. (2015). Potential sex differences in nonmotor symptoms in early
drug-naive Parkinson disease. Neurology 84, 2107-2115. doi: 10.1212/wnl.
0000000000001609

Lu, Y., An, Y., Yu, H, Che, F.,, Zhang, X., Rong, H., et al. (2017). Sex-specific
nonlinear associations between serum lipids and different domains of cognitive
function in middle to older age individuals. Metab. Brain Dis. 32, 1089-1097.
doi: 10.1007/s11011-017-9999-y

Mansoor, N., Vinknes, K. J., Veierad, M. B., and Retterstol, K. (2016a). Effects
of low-carbohydrate diets v . low-fat diets on body weight and cardiovascular
risk factors: a meta-analysis of randomised controlled trials. Br. J. Nutr. 115,
466-479. doi: 10.1017/s0007114515004699

Mansoor, N., Vinknes, K. J., Veierad, M. B., and Retterstol, K. (2016b). Low-
carbohydrate diets increase LDL-cholesterol, and thereby indicate increased
risk of CVD. Br. J. Nutr. 115, 2264-2266. doi: 10.1017/s0007114516001343

Marinus, J., Visser, M., Verwey, N. A., Verhey, F. R.,, Middelkoop, H. A.,
Stiggelbout, A. M., et al. (2003). Assessment of cognition in Parkinson’s disease.
Neurology 61, 1222-1228.

Marras, C., Armstrong, M. J., Meaney, C. A., Fox, S., Rothberg, B., Reginold, W.,
etal. (2013). Measuring mild cognitive impairment in patients with Parkinson’s
disease. Mov. Disord. 28, 626-633.

Martin, M. G., Pfrieger, F., and Dotti, C. G. (2014). Cholesterol in brain disease:
sometimes determinant and frequently implicated. EMBO Rep. 15, 1036-1052.
doi: 10.15252/embr.201439225

Marwarha, G., and Ghribi, O. (2015). Does the oxysterol 27-hydroxycholesterol
underlie Alzheimer’s disease-Parkinson’s disease overlap? Exp. Gerontol. 68,
13-18. doi: 10.1016/j.exger.2014.09.013

McGuinness, B., Craig, D., Bullock, R., and Passmore, P. (2016). Statins for the
prevention of dementia. Cochrane Database Syst. Rev. 4:CD003160.

Miller, I. N., and Cronin-Golomb, A. (2010). Gender differences in Parkinson’s
disease: clinical characteristics and cognition. Mov. Disord. 25, 2695-2703. doi:
10.1002/mds.23388

Mioshi, E., Dawson, K., Mitchell, J., Arnold, R., and Hodges, J. R. (2006). The
addenbrooke’s cognitive examination revised (ACE-R): a brief cognitive test
battery for dementia screening. Int. J. Geriatr. Psychiatry 21, 1078-1085. doi:
10.1002/gps.1610

Mishra, A., and Brinton, R. D. (2018). Inflammation: bridging age, menopause and
APOEge4 genotype to Alzheimer’s disease. Front. Aging Neurosci. 10:312.

Navab, M., Reddy, S. T., Van Lenten, B. J., Anantharamaiah, G. M., and Fogelman,
A. M. (2009). The role of dysfunctional HDL in atherosclerosis. J. Lipid Res. 50,
S145-5149.

Nazir, S., Jankowski, V., Bender, G., Zewinger, S., Rye, K.-A., and van der
Vorst, E. P. C. (2020). Interaction between high-density lipoproteins and
inflammation: function matters more than concentration! Adv. Drug Deliv. Rev.
159, 94-119. doi: 10.1016/j.addr.2020.10.006

Nicoletti, A., Vasta, R., Mostile, G., Nicoletti, G., Arabia, G., Iliceto, G., et al. (2017).
Gender effect on non-motor symptoms in Parkinson’s disease: are men more at
risk? Park. Relat. Disord. 35, 69-74. doi: 10.1016/j.parkreldis.2016.12.008

Parkin, S. G., Gregory, R. P., Scott, R, Bain, P., Silburn, P., Hall, B., et al. (2002).
Unilateral and bilateral pallidotomy for idiopathic Parkinson’s disease: a case
series of 115 patients. Mov. Disord. 17, 682-692. doi: 10.1002/mds.10186

Paul, R., Choudhury, A., and Borah, A. (2015). Cholesterol - a putative endogenous
contributor towards Parkinson’s disease. Neurochem. Int. 90, 125-133. doi:
10.1016/j.neuint.2015.07.025

Paul, R., Choudhury, A., Kumar, S., Giri, A., Sandhir, R., and Borah, A. (2017).
Cholesterol contributes to dopamine-neuronal loss in MPTP mouse model of

Frontiers in Aging Neuroscience | www.frontiersin.org

June 2021 | Volume 13 | Article 656623


https://doi.org/10.1016/s0531-5565(00)00220-5
https://doi.org/10.1002/mds.21198
https://doi.org/10.1016/j.cell.2015.01.036
https://doi.org/10.1016/j.cell.2015.01.036
https://doi.org/10.1080/14728222.2020.1763956
https://doi.org/10.1080/14728222.2020.1763956
https://doi.org/10.1002/mds.21956
https://doi.org/10.1136/jnnp.74.11.1530
https://doi.org/10.1016/j.nbd.2014.07.015
https://doi.org/10.1016/j.nbd.2014.07.015
https://doi.org/10.1371/journal.pone.0022854
https://doi.org/10.1136/jnnp.55.3.181
https://doi.org/10.5607/en.2019.28.5.554
https://doi.org/10.5607/en.2019.28.5.554
https://doi.org/10.1016/j.nicl.2019.101746
https://doi.org/10.1016/j.nicl.2019.101746
https://doi.org/10.1007/s11886-006-0104-0
https://doi.org/10.1016/j.expneurol.2009.11.015
https://doi.org/10.1002/ana.25564
https://doi.org/10.1016/j.bbr.2016.06.012
https://doi.org/10.1016/j.bbr.2016.06.012
https://doi.org/10.1007/s11011-016-9797-y
https://doi.org/10.1007/s11011-016-9797-y
https://doi.org/10.2353/ajpath.2010.100552
https://doi.org/10.1212/01.wnl.0000178989.87072.11
https://doi.org/10.1212/01.wnl.0000178989.87072.11
https://doi.org/10.1016/j.yfrne.2014.01.002
https://doi.org/10.1016/j.yfrne.2014.01.002
https://doi.org/10.1212/wnl.0000000000001609
https://doi.org/10.1212/wnl.0000000000001609
https://doi.org/10.1007/s11011-017-9999-y
https://doi.org/10.1017/s0007114515004699
https://doi.org/10.1017/s0007114516001343
https://doi.org/10.15252/embr.201439225
https://doi.org/10.1016/j.exger.2014.09.013
https://doi.org/10.1002/mds.23388
https://doi.org/10.1002/mds.23388
https://doi.org/10.1002/gps.1610
https://doi.org/10.1002/gps.1610
https://doi.org/10.1016/j.addr.2020.10.006
https://doi.org/10.1016/j.parkreldis.2016.12.008
https://doi.org/10.1002/mds.10186
https://doi.org/10.1016/j.neuint.2015.07.025
https://doi.org/10.1016/j.neuint.2015.07.025
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Bakeberg et al.

HDL-Related Cognitive Impairment in Parkinson’s

Parkinson’s disease: involvement of mitochondrial dysfunctions and oxidative
stress. PLoS One 12:¢0171285. doi: 10.1371/journal.pone.0171285

Reekes, T. H., Higginson, C. L, Ledbetter, C. R., Sathivadivel, N., Zweig, R. M., and
Disbrow, E. A. (2020). Sex specific cognitive differences in Parkinson disease.
npj Park Dis. 6:7.

Reitz, C., Tang, M.-X., Schupf, N., Manly, J. J., Mayeux, R., and Luchsinger, J. A.
(2010). Association of higher levels of high-density lipoprotein cholesterol in
elderly individuals and lower risk of late-onset Alzheimer disease. Arch. Neurol.
67,1491-1497.

Rej, S., Saleem, M., Herrmann, N, Stefatos, A., Rau, A., and Lanctét, K. L. (2016).
Serum low-density lipoprotein levels, statin use, and cognition in patients with
coronary artery disease. Neuropsychiatr Dis. Treat. 12,2913-2920. doi: 10.2147/
ndt.s115505

Riley, M., Bakeberg, M., Byrnes, M., Jefferson, A., Ghosh, S., Stell, R, et al. (2018).
Demographic and clinical predictors of trait impulsivity in Parkinson’s disease
patients. Parkinsons Dis. 2018:9472120.

Rozani, V., Gurevich, T., Giladi, N., El-Ad, B., Tsamir, J., Hemo, B., et al. (2018).
Higher serum cholesterol and decreased Parkinson’s disease risk: a statin-free
cohort study. Mov. Disord. 33, 1298-1305. doi: 10.1002/mds.27413

Schommer, J., Marwarha, G., Schommer, T., Flick, T., Lund, J., and Ghribi, O.
(2018). 27-Hydroxycholesterol increases a-synuclein protein levels through
proteasomal inhibition in human dopaminergic neurons. BMC Neurosci. 19:17.

Shafaati, M., Marutle, A., Pettersson, H., Lovgren-Sandblom, A., Olin, M., Pikuleva,
L, et al. (2011). Marked accumulation of 27-hydroxycholesterol in the brains of
Alzheimer’s patients with the Swedish APP 670/671 mutation. J. Lipid Res. 52,
1004-1010. doi: 10.1194/jlr.m014548

Song, Y., Gu, Z., An, J., and Chan, P. (2014). Gender differences on motor and non-
motor symptoms of de novo patients with early Parkinson’s disease. Neurol. Sci.
35,1991-1996. doi: 10.1007/s10072-014-1879-1

Sowers, M. F. R,, Symons, J. P., Jannausch, M. L., Chu, J., and Kardia, S. R. (2006).
Sex steroid hormone polymorphisms, high-density lipoprotein cholesterol,
and apolipoprotein A-1 from the study of women’s health across the nation
(SWAN). Am. ]. Med. 119(9 Suppl. 1), S61-S68.

Sterling, N. W., Lichtenstein, M., Lee, E. Y., Lewis, M. M., Evans, A., Eslinger,
P.J., etal. (2016). Higher plasma LDL-Cholesterol is associated with preserved
executive and fine motor functions in Parkinson’s disease. Aging Dis. 7, 237-245.
doi: 10.14336/ad.2015.1030

Svensson, T., Sawada, N., Mimura, M., Nozaki, S., Shikimoto, R., and Tsugane, S.
(2019). The association between midlife serum high-density lipoprotein and
mild cognitive impairment and dementia after 19 years of follow-up. Transl.
Psychiatry 9:26.

Tarolli, C. G., Zimmerman, G. A., Auinger, P., McIntosh, S., Horowitz, R. K,,
Kluger, B. M., et al. (2019). Symptom burden among individuals with Parkinson
disease. Neurol. Clin. Pract. 10, 65-72. doi: 10.1212/cpj.0000000000000746

Thanan, R., Oikawa, S., Hiraku, Y., Ohnishi, S., Ma, N., Pinlaor, S., et al. (2014).
Oxidative stress and its significant roles in neurodegenerative diseases and
cancer. Int. J. Mol. Sci. 16, 193-217.

Tomlinson, C. L., Stowe, R., Patel, S., Rick, C., Gray, R, and Clarke, C. E.
(2010). Systematic review of levodopa dose equivalency reporting in Parkinson’s
disease. Mov. Disord. 25, 2649-2653. doi: 10.1002/mds.23429

Tonkin, A., Barter, P.,, Best, J., Boyden, A., Furler, J., Hossack, K., et al.
(2005). National heart foundation of australia and the cardiac society of
Australia and New Zealand. Heart Lung Circ. 14, 275-291. doi: 10.1016/j.hlc.
2005.10.010

Triantafyllou, N. L, Nikolaou, C., Boufidou, F., Angelopoulos, E., Rentzos, M.,
Kararizou, E., et al. (2008). Folate and vitamin B12 levels in levodopa-treated
Parkinson’s disease patients: their relationship to clinical manifestations, mood
and cognition. Park. Relat. Disord. 14, 321-325. doi: 10.1016/j.parkreldis.2007.
10.002

Twohig, D., and Nielsen, H. M. (2019). a-synuclein in the pathophysiology of
Alzheimer’s disease. Mol. Neurodegener. 14:23.

Van Exel, E., de Craen, A. J. M., Gussekloo, J., Houx, P., Bootsma-van, der Wiel,
A, et al. (2002). Association between high-density lipoprotein and cognitive
impairment in the oldest old. Ann. Neurol. 51, 716-721. doi: 10.1002/ana.10220

Van Lenten, B. J., Wagner, A. C., Nayak, D. P., Hama, S., Navab, M., and Fogelman,
A. M. (2001). High-density lipoprotein loses its anti-inflammatory properties
during acute influenza a infection. Circulation 103, 2283-2288. doi: 10.1161/
01.cir.103.18.2283

Walhovd, K. B., Storsve, A. B., Westlye, L. T., Drevon, C. A., and Fjell, A. M. (2014).
Blood markers of fatty acids and vitamin D, cardiovascular measures, body mass
index, and physical activity relate to longitudinal cortical thinning in normal
aging. Neurobiol. Aging 35, 1055-1064. doi: 10.1016/j.neurobiolaging.2013.11.
011

Wentworth, P., Nieva, J., Takeuchi, C., Galve, R., Wentworth, A. D., Dilley, R. B.,
et al. (2003). Evidence for ozone formation in human atherosclerotic arteries.
Science 302, 1053-1056. doi: 10.1126/science.1089525

Wolf, H., Hensel, A., Arendt, T., Kivipelto, M., Winblad, B., and Gertz, H.-]. (2004).
Serum lipids and hippocampal volume: the link to Alzheimer’s disease? Ann.
Neurol. 56, 745-749. doi: 10.1002/ana.20289

Yaffe, K., Barrett-Connor, E., Lin, F., and Grady, D. (2002). Serum lipoprotein
levels, statin use, and cognitive function in older women. Arch. Neurol. 59,
378-384. doi: 10.1001/archneur.59.3.378

Yasui, T., Maegawa, M., Tomita, J., Miyatani, Y., Yamada, M., Uemura, H,, et al.
(2007). Changes in serum cytokine concentrations during the menopausal
transition. Maturitas 56, 396-403. doi: 10.1016/j.maturitas.2006.11.002

Yin, F,, Yao, J., Sancheti, H., Feng, T., Melcangi, R. C., Morgan, T. E., et al.
(2015). The perimenopausal aging transition in the female rat brain: decline in
bioenergetic systems and synaptic plasticity. Neurobiol. Aging 36, 2282-2295.
doi: 10.1016/j.neurobiolaging.2015.03.013

Zhao, B., Shang, S., Li, P., Chen, C.,, Dang, L., Jiang, Y., et al. (2019). The
gender- and age- dependent relationships between serum lipids and cognitive
impairment: a cross-sectional study in a rural area of Xi’an. China Lipids Health
Dis. 18:4.

Zhou, F., Deng, W., Ding, D., Zhao, Q., Liang, X., Wang, F., et al. (2018). High
low-density lipoprotein cholesterol inversely relates to dementia in community-
dwelling older adults: the shanghai aging study. Front. Neurol. 9:952.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Bakeberg, Gorecki, Kenna, Jefferson, Byrnes, Ghosh, Horne,
McGregor, Stell, Walters, Mastaglia and Anderton. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

10

June 2021 | Volume 13 | Article 656623


https://doi.org/10.1371/journal.pone.0171285
https://doi.org/10.2147/ndt.s115505
https://doi.org/10.2147/ndt.s115505
https://doi.org/10.1002/mds.27413
https://doi.org/10.1194/jlr.m014548
https://doi.org/10.1007/s10072-014-1879-1
https://doi.org/10.14336/ad.2015.1030
https://doi.org/10.1212/cpj.0000000000000746
https://doi.org/10.1002/mds.23429
https://doi.org/10.1016/j.hlc.2005.10.010
https://doi.org/10.1016/j.hlc.2005.10.010
https://doi.org/10.1016/j.parkreldis.2007.10.002
https://doi.org/10.1016/j.parkreldis.2007.10.002
https://doi.org/10.1002/ana.10220
https://doi.org/10.1161/01.cir.103.18.2283
https://doi.org/10.1161/01.cir.103.18.2283
https://doi.org/10.1016/j.neurobiolaging.2013.11.011
https://doi.org/10.1016/j.neurobiolaging.2013.11.011
https://doi.org/10.1126/science.1089525
https://doi.org/10.1002/ana.20289
https://doi.org/10.1001/archneur.59.3.378
https://doi.org/10.1016/j.maturitas.2006.11.002
https://doi.org/10.1016/j.neurobiolaging.2015.03.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Elevated HDL Levels Linked to Poorer Cognitive Ability in Females With Parkinson's Disease
	Introduction
	Materials and Methods
	Participants
	Clinical Assessments of Participants
	Serum Analysis
	Statistical Methods

	Results
	Cohort Information
	Sex-Based Differences Within Lipid Profile of PD Cohort
	Cognitive Performance and TC Levels
	Cognitive Performance and LDL Levels
	Cognitive Performance of Females, but Not Males, Is Significantly Affected by HDL Levels
	Cognitive Performance and TRG Levels

	Discussion
	Limitations
	Conclusion and Future Directions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


