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Parkinsons disease (PD) is the second most progressive neurodegenerative disorder of the aging population after Alzheimers disease (AD). Defects

in the lysosomal systems and mitochondria have been suspected to cause the pathogenesis of PD. Nevertheless, the pathogenesis of PD remains

obscure. Abnormal cholesterol metabolism is linked to numerous disorders, including atherosclerosis. The brain contains the highest level of cho-

lesterol in the body and abnormal cholesterol metabolism links also many neurodegenerative disorders such as AD, PD, Huntingtons disease (HD),

and amyotrophic lateral sclerosis (ALS). The blood brain barrier effectively prevents uptake of lipoprotein-bound cholesterol from blood circula-

tion. Accordingly, cholesterol level in the brain is independent from that in peripheral tissues. Because cholesterol metabolism in both peripheral

tissue and the brain are quite different, cholesterol metabolism associated with neurodegeneration should be examined separately from that in

peripheral tissues. Here, we review and compare cholesterol metabolism in the brain and peripheral tissues. Furthermore, the relationship between

alterations in cholesterol metabolism and PD pathogenesis is reviewed.
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INTRODUCTION

Parkinsons disease (PD) is the second most progressive neuro-
degenerative disorder of the aging population after Alzheimers
disease (AD). It is characterized clinically by movement symp-
toms, including resting tremor, rigidity, bradykinesia, and postural
instability, as well as various non-motor symptoms. Pathologically,
it is characterized by the loss of dopaminergic neurons in the
substantia nigra pars compacta and the presence of intracellular

protein inclusions called Lewy body or Lewy neurites [1]. PD is a
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heterogeneous disorder with both familial and sporadic forms. To
date, studies in the field of Parkinsonism have identified 23 genes
or loci such as a-synuclein (SNCA), parkin, PINK1, DJ-1, LRRK2,
UCHLI linked to the rare monogenic familial forms of PD [2].In
addition, tremendous studies have been performed and defects in
the lysosomal systems and mitochondria have been suspected to
cause the pathogenesis of PD [3, 4]. Nevertheless, the pathogenesis
of PD remains obscure.

Cholesterol is an essential constituent of eukaryotic membranes
[5]. Different concentrations of cholesterol regulate membrane flu-
idity, and thereby the structural integrity and functional specificity
of various cellular locations, including membrane trafticking and
trans-membrane signaling [6]. Especially, membrane cholesterol
levels play a key factor in determining the stability and organiza-
tion of microdomain termed lipid rafts [7]. Cholesterol is also the
precursor of all steroid hormones and bile acids [6]. Abnormal
cholesterol metabolism is linked to numerous disorders, including
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atherosclerosis. In humans, the brain contains the highest level of
cholesterol in the body; it contains approximately 20% of whole
body cholesterol [8]. Abnormal cholesterol metabolism in the
brain is also associated with many neurodegenerative disorders,
such as AD, PD, Huntington’s disease (HD), and amyotrophic
lateral sclerosis (ALS) [9]. In addition, cholesterol lowering drugs,
statins have been reported to exert beneficial effects in many
neurodegenerative diseases [10]. However, it is not fully known
whether the underlying mechanism of statins mediated neuropro-
tection is associated with lowering cholesterol level due to their
pleiotrophic effects such as anti-inflammatory, anti-oxidant effects
[10]. Here, we review and compare cholesterol metabolism in the
brain and peripheral tissues. Furthermore, the relationship be-
tween alterations in cholesterol metabolism and PD pathogenesis

is reviewed.
CHOLESTEROL METABOLISM IN THE PERIPHERAL TISSUES

Cholesterol supply

The pool of cholesterol is 2.2 mg/g body weight in the whole hu-
man body. Cholesterol is supplied by de novo biosynthesis and di-
etary intake. The contribution of de novo cholesterol synthesis and
dietary intake to total cholesterol level in the body was estimated
ata ratio of 70:30 [11]. The liver accounts for only 15% of de novo
cholesterol synthesis, and up to 85% of cholesterol synthesis occurs
in organs other than the liver [12].

Most organs and tissues meet their cholesterol requirements
through endogenous cholesterol biosynthesis [13]. However,
many cell types have mechanisms to absorb exogenous cholesterol
sources in the form of plasma-derived lipoproteins [14]. All nucle-
ated cells in the body can synthesize cholesterol from acetyl-CoA.
Cholesterol biosynthesis is a complex biochemical process involv-
ing more than 30 different reactions using more than 15 different
enzymes [15]. It consists of two paths: the Bloch pathway and the
Kandutsch-Russell (K-R) pathway. These pathways are the two
major post-squalene cholesterol biosynthetic pathways [16, 17].
The structure of cholesterol biosynthesis pathways is significantly
different between tissues [18]. The reason why cells synthesize
cholesterol through different routes is not well understood; some
hypotheses have been proposed. In an experiment of genetically
and environmentally controlled cholesterol formation, the flux of
the K-R pathway remains relatively constant, but that of the Bloch
pathway changes [19]. These results showed that, unlike the Bloch
pathway, the K-R pathway can ensure a certain percentage of cho-
lesterol synthesis with a subtle change in cholesterol requirements
[18]. The Bloch pathway can be a method for the production of

cholesterol depending on the surrounding environment. There
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have been some cases of cell type-specific implementation of these
pathways. The skin, muscles, and heart contain more K-R pathway
components than Bloch pathway components [20]. On the con-
trary, in the testis and adrenal gland, which require large amounts
of cholesterol, the Bloch pathway is markedly active [18].

Cholesterol transfer

Cholesterol is transferred into cells in the form of lipoproteins
such as chylomicrons, very low-density lipoprotein (VLDL), inter-
mediate-density lipoprotein (IDL), low-density lipoprotein (LDL),
and high-density lipoprotein (HDL). Lipoproteins contain apo-
lipoproteins. Apolipoproteins have several important functions,
such as structural functions and roles as ligands of lipoprotein
receptors, directors of the formation of lipid protein, and enzymes
involved in lipoprotein metabolism [21]. Therefore, apolipopro-
teins play a vital role in lipoprotein metabolism. Among apolipo-
proteins, ApoA-I, A-II, A-1V, C-I, C-II, C-1II, and E are associated
with HDL, which is the main lipoprotein for cholesterol transter
[21]. Most types of apolipoprotein are produced in the liver or in-
testine, whereas small amount of ApoB can be produced by heart
tissue and ApoE can be produced by macrophages [22].

The low-density lipoprotein receptor (LDLR) is a cell surface
receptor that mediates the uptake and catabolism of ApoB or
ApoE-containing plasma lipoproteins [23]. The main function of
this receptor is to remove highly atherogenic LDL from blood cir-
culation [23]. Because the liver contains 70% of the total LDLR in
the body, liver LDLR activity plays an important role in regulating
plasma LDL cholesterol levels [24]. LDL receptor-related protein 1
(LRP1) is a member of the LDLR family and expressed in multiple
organs, including the liver. LRP1 recognizes ApoE and is involved
in the uptake of chylomicron remnants and IDL. In a similar way,
ApoA-I-containing HDLs can be bound by scavenger receptor
class B type I (SR-BI) in cells such as hepatocytes or endocrine cells
[25,26].

Cholesterol turnover

Cellular cholesterol is not generally degraded. Rather, it is stored
as cholesterol ester droplets, exported to plasma lipoproteins, or
converted to oxysterol, bile acids, and functionally important
derivatives, such as steroids and vitamin D3 [27]. The liver is the
sole organ that can remove cholesterol by secreting it into bile or
converting it to bile acids. Hepatic receptors, such as LDLR, LRP1,
and SR-BI bind plasma lipoproteins, eliminating excess cholesterol
in the blood [12,28]. Cholesterol is removed from the liver by two
mechanisms. Cholesterol is removed directly through the ATP-
binding cassette (ABC) subfamily G5/G8 (ABCG5/G8) receptor
and then excreted into the gall bladder [29]. Cholesterol is also
555
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converted to 7a-hydroxycholesterol by cholesterol 7a-hydroxylase,
which is expressed only in the liver; this is the major mechanism of
bile acid synthesis [30]. Another crucial mechanism of cholesterol
turnover is cellular efflux of oxysterols derived from cholesterol
[14]. Hydroxylation of cholesterol at three different positions by
cholesterol 24-hydroxylase, cholesterol 25-hydroxylase, and cho-
lesterol 27-hydroxylase produces 24-hydroxycholesterol (HC), 25-
HC, and 27-HC, respectively [30]. Cholesterol 24-hydroxylase is
expressed mainly in neurons and expressed at far lower levels in
the liver [31]. Cholesterol 25-hydroxylase is present at a high level
in the lung, but is also expressed at low levels in most tissues [32].
Cholesterol 25-hydroxylase may have a role in cholesterol catabo-
lism in a tissue-specific manner, as does cholesterol 24-hydroxy-
lase. 27-HC is the most abundant cholesterol-derived oxysterol in
blood circulation [33].

CHOLESTEROL METABOLISM IN THE BRAIN

Cholesterol supply

The brain contains the highest level of cholesterol in the bodys it
contains approximately 20% of whole body cholesterol [34]. Cho-
lesterol in the brain is present mostly in the unesterified form, and
the concentration of unesterified cholesterol in the brain is higher
than that in any other tissues (~23 mg/g) [35]. The blood brain
barrier (BBB) effectively prevents the uptake of lipoprotein-bound
cholesterol from blood circulation. Accordingly, cholesterol level
in the brain is independent from that in peripheral tissues, and
thus de novo synthesis is considered responsible for practically
all cholesterol in the brain [34]. Cholesterol is mainly observed in
glial cells [36] and is produced at higher rates in astrocytes than in
neurons [35, 36]. During embryogenesis, both neurons and glia
actively synthesize cholesterol for myelinogenesis. However, in
adults, differentiated neurons gradually lose their de novo synthet-
ic ability and rely on lipoprotein-conjugated cholesterol produced
by glia [35]. Conditional ablation of cholesterol synthesis in neu-
rons shows no specific neurodegeneration or inflammation and
no change even in the amount of cholesterol uptake receptors such
as LRP1 [37]. However, the amounts of cholesterol produced by
glia and taken up by neurons increase significantly [37], support-
ing the dependency of neurons on cholesterol produced by astro-
cytes. Some studies showed elevated transcript level of cholesterol
synthesis enzymes in neurons compared to that in astrocytes [38].
Especially, when neurons are stimulated, such as by brain-derived
neurotropic factor (BDNF), de novo synthesis of cholesterol in
neurons recover to some extent [39]. In studies using radioactive
labels, glia synthesize cholesterol through the Bloch pathway, as
do other cholesterol forming peripheral tissues, whereas neurons
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synthesize cholesterol mainly through the K-R pathway [18, 36],
indicating that the K-R pathway is activated in neurons to main-
tain homeostasis. In addition, cholesterols over than this essential
cholesterol may be produced through the Bloch pathway in glia.
Although cholesterol cannot cross the BBB, some cholesterols are
absorbed into the brain in the form of plasma lipoprotein-bound
cholesterol [40, 41]. SR-BI, which plays an important role in the
selective absorption of HDL cholesterol in hepatocytes, is also
present in brain capillary endothelial cells [41, 42], thereby medi-
ating the uptake of cholesterol from plasma HDL and LDL [41].
Surprisingly, it has been shown that brain endothelial cells have the
potential to take up LDL cholesterol through luminal LDLR and
translocate this LDL across the cells [43]. However, as judged from
this isotope experiments, receptor-mediated uptake of cholesterol
from blood circulation yields low amount of cholesterol; thus, it is
not considered important in normal conditions.

Cholesterol transfer

Most lipoproteins in plasma are not found in the brain owing
to BBB [40]. Instead, a discoidal protein containing phospholipid,
cholesterol, and apolipoprotein sized approximately 8~12 nm is
identified [44]. This lipoprotein is called ‘HDL-like particle because
it is similar in size and density to plasma HDL [40]. Astrocytes
are suspected to be mainly responsible for most of lipoprotein
production in the brain [45-47]. Most of the lipoproteins found in
cerebrospinal fluid (CSF) are spherical in form and different in size
from nascent poorly-lipidated HDL secreted from astrocytes, sug-
gesting that the lipoproteins secreted from astrocytes are modified
as in plasma HDL maturation [48]. Some cholesterol remodeling
enzymes, such as lecithin:cholesterol acyltransferase (LCAT), cho-
lesteryl ester transfer protein (CETP), and phospholipid transfer
protein (PLTP), which are known to promote spherical HDL for-
mation from nascent HDL, were found in the brain; these proteins
may play a role in brain lipoprotein maturation, although this role
is yet to be clearly elucidated [49-52].

ApoE and ApoA-I are major forms of apolipoprotein found in
the brain and other apolipoproteins, such as ApoJ, ApoA-11, ApoA-
IV, ApoD, and ApoH are observed in human CSF samples [48, 53].
These apolipoproteins form HDL-like particles, and undergo cell
membrane repair and remodeling through rearrangement of cho-
lesterol and phospholipids in differentiated adult neurons [8].

ApoE is synthesized in the brain [54], which is the second largest
producer of ApoE after the liver [55]. ApoE is mainly produced in
astrocytes, followed by oligodendrocytes, microglia, and ependy-
mal layer cells [56]. In neurons, ApoE is produced when a specific
stress condition or damage occurs [57]. The main function of

ApoE is to regulate lipid transport between neurons and glia, as
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well as metabolism of lipoprotein-bound cholesterol [49]. ApoA-1
is not synthesized in the brain, but most may be transported from
plasma HDL through SR-BI-mediated uptake via the choroid
plexus [41]; however, this transport mechanism is not fully under-
stood [58].

Lipoprotein-bound cholesterols are taken up by cells via recep-
tors in peripheral tissues. In the brain, there are seven core mem-
bers including LDLR, VLDLR, ApoER2/LRP8, LRP4/MEGF7,
LRP1, LRP1B, and megalin/LRP2, and three subgroups of the
LDLR family, including LRP5, LRP6, and SorLA/LR11 [59, 60].
ApoE acts as a ligand for these LDLR family members expressed
in the brain [60]. Among these receptors, LRP1 and LDLR are
the major receptors related to ApoE-containing lipoproteins car-
rying cholesterol between neurons and glia [61]. LRP1 is a large
endocytic receptor with various functions. In the brain, LRP1 is
expressed by both neurons and glia, but predominantly by neu-
rons [62]. LDLR is also present in both neurons and glia, however,
contrary to LRP1, LDLR is more expressed in glia than in neurons
[63].

Cholesterol turnover

Brain cholesterol has an extremely long half-life. In humans, the
half-life of cholesterol in brain has been estimated to be between 6
months and 5 years, whereas that in plasma is only a few days [64].
Surplus cholesterol is stored in the esterified form, corresponding
to 1% of total cholesterol content in the brain [65]. The level of this
esterification enzyme is higher in neurons than in glia [66].

Cholesterol can be hydroxylated to 24-HC by cholesterol 24-hy-
droxylase and this form of oxysterol is the main form of excreted
cholesterol in the brain [67]. In fact, 40% of the cholesterol released
from the brain is in the 24-HC form [68]. The expression level of
cholesterol 24-hydroxylase is much higher in neurons than in glia
[31,69, 70]. This oxysterol can pass lipophilic membranes, such
as BBB [71]. Therefore, most 24-HC in plasma are released from
the brain. Therefore, there are many attempts to use 24-HC as a
marker of the aging process or neurodegenerative disease, but this
use is still debated [72-75]. Moreover, 27-HC, which is similar in
character to 24-HC, is also present in the brain; however, 27-HC is
present in low amounts and most are of extracerebral origin owing
to the characteristics of this oxysterol that can cross the BBB [76].

Cholesterol is also excreted from neurons through ABC trans-
porters, such as ABCA1, ABCG1, and ABCG4 [77]. These ABC
transporters are involved in the transport of various substances
beyond the membrane, between the cells in the central nervous
system (CNS) express these transporters [77]. Generally, neurons
express more ABC transporters than astrocytes [78, 79]. The

cholesterols released via ABC transporters connect to the ApoA-

https://doi.org/10.5607/en.2019.28.5.554

I-containing lipoproteins present in the CSE and then removed
through LRP1 or SR-BI, which is expressed in brain capillary en-
dothelial cells [48, 80]. Comparison of cholesterol metabolism be-
tween the peripheral tissues and the brain is summarized in Table 1.

ALTERATIONS OF CHOLESTEROL METABOLISM IN PD

Alterations of cholesterol metabolism in human studies

The association of cholesterol biosynthesis with the pathogenesis
of PD has been rarely studied. It has been reported that choles-
terol biosynthesis is decreased in fibroblasts from patients with
PD owing to reduced B-Hydroxy -methylglutaryl-CoA (HMG-
CoA) reductase activity [81]. In addition, isopentenyl diphosphate
isomerase, a cholesterol-synthesizing enzyme, is localized in Lewy
bodies, proposing that cholesterol metabolites may play a role in
the aggregation of a-synuclein, enhancing Lewy body formation
(82].

Several studies of serum lipid profiles in PD patients showed the
inverse correlation between cholesterol level and PD. The serum
levels of total cholesterol, LDL-cholesterol, VLDL-cholesterol,
and triglyceride are significantly reduced in patients with PD,
compared with those in the controls [83-85], which are correlated
with previous study showing decrease in cholesterol biosynthesis
in fibroblast from patients with PD [81]. A case control study by
Huang et al. also demonstrated that low serum LDL-cholesterol
level is associated with higher occurrence of PD [86]. A popula-
tion based cohort study indicated that higher levels of serum total
and LDL cholesterol among men over time are associated with a
lower PD risk [87]. In addition, the analysis of the DATATOP trial
provided that higher total serum cholesterol concentrations may
be associated with a modest and slower clinical progression of PD
[88]. Higher plasma LDL-cholesterol levels have been reported to
be associated with better executive function and fine motor per-
formance over time in PD [89]. In addition, the Singapore Chinese
Health Study demonstrated that higher intakes of cholesterol and
monounsaturated fatty acids may reduce risk of PD [90]. On the
contrary, several opposite findings have also been reported. High
total serum cholesterol level at baseline [91] and higher consump-
tion of cholesterol [92] are associated with an increased risk of PD.
Cross-sectional study by Cassani et al. demonstrated that HDL
levels are favorably associated with duration of PD [93]. A meta-
analysis has also been reported to find no significant association
between serum cholesterol level and risk of PD [94].

Regarding transfer proteins, low plasma levels of ApoA-1,a major
component of HDL, are found in PD [95] and associated with age
at onset and motor severity in early PD patients [95, 96]. ApoE and
LRP1 immunoreactivity are increased in melanized neurons of

557

www.enjournal.org



Uram Jin, et al.

en

Table 1. Comparison of cholesterol metabolism between the peripheral tissues and the brain

Peripheral tissues

Brain

Source and synthesis of cholesterol
Source of cholesterol
Cholesterol biosynthesis

Cholesterol transfer
Lipoproteins

HDL, Lp (a)

Cholesterol transfer by lipoproteins

Mainly from biosynthesis, partially from dietary intake
Mainly extrahepatic (85%) and partially hepatic (15%)
Chylomicrons, chylomicron remnants, VLDL, IDL, LDL,

Mainly from peripheral tissues to the liver by HDL; partially
from the intestine to peripheral tissues by chylomicrons;

Almost exclusively from biosynthesis
Mainly by glial cells, especially by astrocytes
and partially by neurons

HDL-like particles

From astrocytes and other glia to neurons by
HDL-like particles

from the liver to peripheral tissues by VLDL, IDL,and LDL.

Apolipoproteins

ApoA-1, ApoA-1I, ApoA-1V, Apo-V, ApoB-48, ApoB-100,

ApoE, ApoA-1, ApoJ, ApoD.

ApoC-I, ApoC-11, ApoE, Apo(a), Apo], ApoD, etc.

Source of apolipoproteins

Cholesterol turnover
Turnover

transformation into bile salts.

Mainly from the liver and intestine.

Cellularly, it is stored in the esterified form, or exported to
plasma lipoproteins mainly and converted into oxysterols,
bile acids, steroids, vitamin D3 minorly.

Systemically, the liver is the only organ that has ability to
eliminate cholesterol through its secretion into bile or its

ApoE is produced in mainly astrocytes, fol-
lowed by other glia. ApoA-1 is not synthesized
in the brain, but may be from plasma HDL.

Cellularly, it is stored in the esterified form,
or converted to 24-OH-cholesterol and
excreted to plasma via BBB mainly. It is also
exported to ApoA-I containing lipopro-
teins, then excreted to plasma.

BBB, blood brain barrier; HDL, high-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density

lipoprotein.

the substantia nigra in PD patients [97]. Despite the strong corre-
lation between ApoE alleles and AD [98], the association between
ApoE and PD may not be strong. The age at onset distribution for
ApoE e4/e4 was significantly earlier than that for ApoE e3/e3 and
€2/¢3 in PD [99]. The frequency of the ApoE &4 allele is increased,
whereas that of the ApoE ¢3 allele is decreased with advancing PD
pathology [100]. ApoE e4 may induce an increase in the number of
cortical Lewy bodies and amyloid plaques in PD [101], suggesting
similar findings in PD with AD. On the contrary, there are reports
that the ApoE €2 allele, but not the ApoE ¢4 allele, is positively as-
sociated with sporadic PD [102], and recent large and meta-anal-
ysis studies also show that there is no association between ApoE e
alleles and PD [103, 104].

Given that cholesterol metabolism in the CNS is independent on
that in the periphery, measurement of cholesterol in the brain may
be more important. Nevertheless, no studies measuring cholesterol
level in the brain with PD have been reported. Instead, it has been
reported that the level of 24-HC, which possibly reflects brain
cholesterol metabolism, is decreased in the plasma of patients with
PD [105, 106]. In contrast, one study showed that 24-HC level is
increased in the CSF of patient with PD, whereas there is no differ-
ence in plasma 24-HC level between the control and patients with
PD [107]. In addition, there was a significant correlation between
the level of 24-HC in the CSF and the duration of the disease,
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which may reflect the release of 24-HC from dying neuronal cells
[108].

Alterations in the lipid composition of lipid rafts, cholesterol-rich
microdomains of the plasma membrane, have been reported in
the autopsied brains of PD patients. The proportion of phospho-
lipids to cholesterol in lipid rafts in the frontal cortex of PD brains
appeared to be increased compared with that in control subjects,
indicating a net reduction in the proportion of cholesterol in
membrane rafts [109].

The association of cholesterol metabolism with PD in human
studies is debatable. In addition, careful examination of neuro-
pathology shows that AD and non-AD type proteinopathies
frequently co-occur in the brains of both cognitively unimpaired
and demented, aged individuals, whereas the presence of a single
disease is rather the exception than the rule [110]. Given that AD
has a strong association with cholesterol metabolism, attention
is required in interpreting the data on cholesterol metabolism in
patients with PD, especially in cases that are not confirmed by pa-
thology.

Alterations of cholesterol metabolism in model systems
Although the association of cholesterol metabolism with PD in

human studies is debatable, high level of brain cholesterol seems

to aggravate the phenotype of PD in model systems. It has been
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reported that high cholesterol diet increases brain cholesterol level
and exacerbates 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced reduction of striatal dopamine and dopami-
nergic neurons in the substantia nigra with motor behavioral
depreciation in mice [111]. In addition, the high cholesterol level
incorporated into differentiated SH-SY5Y cells, a human neuro-
blastoma cell line, worsens dopaminergic neuronal survivability
through increased depolarization of mitochondrial membrane
potential [112].

In addition, many genetic factors associated with familial PD
have been reported to be involved in cholesterol metabolism. Es-
pecially, accumulating evidence indicates that a-synuclein, a major
player in the pathogenesis of PD, seems to be strongly involved
in cholesterol metabolism. a-Synuclein shares striking structural
similarities with ApoE [113] and contains two cholesterol-binding
domains [114]. a-Synuclein has a strong propensity to bind to

* a-Synuclein shares structural similarities with
ApoE [113] and contains two cholesterol
binding domains [114].

+  Oxidized cholesterol metabolites accelerate a-

synuclein fibrilization [124].

Micro
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)

lipid membranes, particularly the regions enriched in cholesterol
[115]. a-Synuclein has been reported to form structures that are
similar to nascent lipoproteins, which are the premature forms of
the larger spherical lipoproteins (i.e., HDL) [116],and interact with
lipoproteins in human plasma [117]. a-Synuclein also stimulates
cholesterol efflux in SK-N-SH cells [118]. LRP1 seems to be in-
volved in a-synuclein efflux to the periphery in mice [119]. Given
that a small portion of a-synuclein, which is a known cytosolic
protein, has been found in extracellular spaces, including human
plasma and CSF [120], these data suggested that extracellular
a-synuclein may function similarly to apolipoproteins, and extra-
cellular a-synuclein may promote cholesterol transfer. Increased
cholesterol levels are observed in the brain of a-synuclein trans-
genic mice [121]. Brain cholesterol, cholesteryl ester, and triacylg-
lycerol mass have also been reported to increase by 1.1-, 1.6-, and
1.4-fold, respectively, in SNCA knock out (KO) mice [122]. Cho-
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Fig. 1. Cholesterol metabolism in the brain and alteration in PD. Choleste
responsible for most of lipoprotein production (HDL-like particles) and th
zymes such as LCAT, CETP, and PLTP were also found in the brain. ApoE
mainly produced in astrocytes. ApoA-1 is not synthesized in the brain, but

rol is produced at higher rates in astrocytes than in neurons. Astrocytes are
ese lipoproteins are matured in the brain. Some cholesterol remodeling en-
and ApoA-I are major forms of apolipoprotein found in the brain. ApoE is
transported from plasma HDL through SR-BI-mediated uptake. LRP1 and

LDLR are the major receptors related to ApoE-containing lipoproteins carrying cholesterol between neurons and glia. Cholesterol can be hydroxylated
to 24-HC by cholesterol 24-hydroxylase and this form of oxysterol pass lipophilic membranes, such as BBB. Cholesterol is also excreted from neurons

through ABC transporters. Neurons express more ABC transporters than
ApoA-I-containing lipoproteins present in the CSE and then removed thrc

astrocytes. The cholesterols released via ABC transporters connect to the
bugh LRP1 or SR-BI, which is expressed in brain capillary endothelial cells.

CETP cholesteryl ester transfer protein; LCAT, lecithin:cholesterol acyltransferase; PLTP, phospholipid transfer protein. The schematic art pieces used in
this figure were provided by Servier Medical art (http://servier.com/Powerpoint-image-bank). Servier Medical Art by Servier is licensed under a Cre-

ative Commons Attribution 3.0 Unported License.
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Table 2. The relationship between cholesterol and Parkinson's disease

Findings References
Human studies
| Cholesterol synthesis Cholesterol biosynthesis is decreased in fibroblasts from patients with PD owing to reduced HMG-  [81]
CoA reductase activity.
| Serum cholesterol levels The serum levels of total cholesterol, LDL-cholesterol, VLDL-cholesterol, and triglyceride are re- (83-85]
duced in patients with PD.
Low serum total or LDL-cholesterol level is associated with higher occurrence of PD, faster clinical (86,87]
progression or more severe symptoms in PD patients.
Low total cholesterol level is associated with faster clinical progression. (88]
Low serum LDL-cholesterol level is associated with more severe symptoms in PD patients. [89]
| Plasma ApoA-T level Low plasma levels of ApoA-Tare found in PD. (95]
Low plasma levels of ApoA-I are associated with age at onset and motor severity in early PD patients.  [95,96]
| Plasma 24-HC[128] level ~ Thelevel of 24-HC is decreased in the plasma of patients with PD. (105, 106]
1 CSF 24-HC level 24-HC level is increased in the CSF of patient with PD. [107]
| Cholesterol proportionin  The proportion of cholesterol in membrane lipid rafts appeared to be reduced in PD brains. [109]
membrane lipid rafts
Model studies
MPTP model Hypercholesterolemia exacerbate MPTP-induced reduction of striatal dopamine and dopaminergic ~ [111]
neurons in the substantia nigra with motor behavioral depreciation in mice.
The high cholesterol level incorporated into differentiated SH-SY5Y cells worsens dopaminergic [112]
neuronal survivability.
a-Synuclein Cholesterol mediates the interaction of oligomeric a-synuclein with the cell membrane. [123]
Elevated levels of oxidized cholesterol metabolites in Lewy body disease brains accelerate [124]
a-synuclein fibrilization.
a-Synuclein aggregation increases at low concentrations of ApoE. [125]
27-HC increases a-synuclein protein levels through proteasomal inhibition in human dopaminer- [126]
gic neurons.
Cholesterol levels is increased in the brain of a-synuclein transgenic mice. [121]
Brain cholesterol, cholesteryl ester, and triacylglycerol mass are increased in a-synuclein KO mice. [122]
Parkin Total cholesterol level is increased and the membrane fluidity is decreased in parkin deficient MEF [128]
cells, causing dysregulation of lipid rafts-dependent endocytosis
The increase in serum cholesterol level by high fat diet is less pronounced in parkin KO mice. [129]
PINK1 PINKI is associated with lipid rafts in in vitro models. [137]
DJ-1 DJ-1 deficiency in astrocytes causes decrease in cellular cholesterol level, increase in membrane [131,132]
fluidity, and decrease in lipid rafts-dependent endocytosis.
Cholesterol supplementation rescues the synaptic endocytic defects observed in DJ-1-deficient [133]
neurons.
Expression of LDLR mRNA and protein were reduced in DJ-1-knockdown cells and DJ-1 KO mice. ~ [134]
LRRK2 The plasma cholesterol level is elevated in LRRK2 KO rats. [135]
UCH-L1 UCH-L1 is associated with lipid rafts in in vitro models. [139]

CSE cerebrospinal fluid; HC, hydroxycholesterol; HMG-CoA, B-Hydroxy B-methylglutaryl-CoA; KO, knock out; MEE, mouse embryonic fibroblast;
LDL, low-density lipoprotein; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson's disease; VLDL, very low-density lipoprotein.

lesterol also mediates the interaction of oligomeric a-synuclein
with the cell membrane, which leads to membrane disruption and
cell death [123]. Elevated levels of oxidized cholesterol metabolites
in Lewy body disease brains accelerate a-synuclein fibrilization
[124]. a-Synuclein aggregation increases at low concentrations of
ApoE and decreases at high concentrations of ApoE [125].27-HC
increases a-synuclein protein levels through proteasomal inhibi-
tion in human dopaminergic neurons [126], suggesting that dys-
functions of cholesterol metabolism may also induce the aggrega-
tion of a-synuclein, thus causing PD. These studies suggested that
a-synuclein may influence cholesterol metabolism and cholesterol
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may also contribute to the aggregation of a-synuclein.

A E3 ubiquitin ligase, parkin, of which genetic mutations were
considered a common cause of early onset PD [127], is also associ-
ated with cholesterol metabolism. It has been reported that the to-
tal cellular cholesterol level is increased and the membrane fluidity
is decreased in parkin deficient mouse embryonic fibroblast (MEF)
cells, causing dysregulation of lipid rafts-dependent endocytosis
[128]. Parkin has also been reported to be a lipid-responsive regu-
lator of fat uptake, and the increase in serum cholesterol level by
high fat diet is less pronounced in parkin KO mice [129].

DJ-1, a multifunctional protein and a causative gene product as-
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sociated with autosomal recessive familial PD [130], has also been
reported to be associated with cholesterol metabolism. DJ-1 defi-
ciency in astrocytes causes decrease in cellular cholesterol level, in-
crease in membrane fluidity, and decrease in lipid rafts-dependent
endocytosis [131, 132]. In addition, cholesterol supplementation
rescues the synaptic endocytic defects observed in DJ-1-deficient
neurons [133]. Reduced expression of LDLR mRNA and protein
was observed in DJ-1-knockdown cells and DJ-1 KO mice [134].

Elevated plasma cholesterol level in leucine-rich repeat kinase 2
(LRRK2) KO rats has also been reported [135]. In addition, parkin,
PINKT1, DJ-1, LRRK2, and ubiquitin carboxy-terminal hydrolase
L1 (UCH-LI) have been reported to be associated with lipid rafts
inin vitro models [131, 136-139].

The molecular pathways of neurodegeneration triggered by each
mutation may be shared by several genetic forms of PD, and may
also play a common role in its pathogenesis. Accordingly, given
the fact that each mutation of genetic factors alters cholesterol me-
tabolism, alterations in cholesterol metabolism can contribute to
the pathogenesis of PD. Cholesterol metabolism in the brain and
reported association with PD is illustrated in Fig. 1 and the rela-

tionship between cholesterol and PD is summarized in Table 2.
CONCLUSIONS

The brain is the most cholesterol-rich organ, and owing to the
BBB, cholesterol metabolism in the brain is independent on that
in peripheral tissues. Nevertheless, detailed knowledge on choles-
terol metabolism in the brain remains incomplete, and it should
be considered that altered cholesterol metabolism in the periphery
does not represent that in the CNS. In addition, most studies have
analyzed the features of CSF lipoprotein. Although the brain and
CSF are interconnected, the features of lipoproteins in CSF are
not the same as those in the brain. Not much is known about the
composition of lipoproteins in brain and how CSF lipoproteins
communicates with lipoproteins in the brain. It may cause the
discrepancy between human studies and model studies, in addi-
tion to several limitations of human studies including measuring
cholesterol level in the plasma, not in the brain with PD patients
as described above. Although the relationship between cholesterol
metabolism in the CNS and pathogenesis of PD has not been well-
studied, given that many PD-related gene products are involved in
cholesterol metabolism, further studies of cholesterol metabolism
in PD may provide clues to elucidate unsolved pathogenesis of PD.
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