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Huntington0s disease (HD) is an autosomal dominant neurodegenerative disorder caused by an abnormal
expansion of a CAG repeat in the huntingtin gene. Neurodegeneration of striatum and cortex with a
severe atrophy at MRI are common findings in HD.

The expression of genes involved in the cholesterol biosynthetic pathway such as HMG-CoA reductase
and the levels of cholesterol, lanosterol, lathosterol and 24S-hydroxycholesterol are reduced in the brain,
striatum and cortex in several HD mouse models. Mutant huntingtin affects the maturation and translo-
cation of SREBP and cannot up-regulate LXR. There is a lower synthesis and transport of cholesterol from
astrocytes to neurons via ApoE. In primary oligodendrocytes, mutant huntingtin inhibits the regulatory
effect of PGC1a on cholesterol metabolism and the expression of Myelin Basic Protein. In humans the
decrease of plasma 24S-hydroxycholesterol follows disease progression proportionally to motor and neu-
ropsychiatric dysfunctions and MRI brain atrophy. Huntingtin seems to play a regulatory role in lipid
metabolism. Dysregulation of PGC1a and mitochondrial dysfunction may reduce synthesis of Acetyl-
CoA and ATP contributing to the cerebral and whole body impairment of cholesterol metabolism.

� 2014 Elsevier Inc. All rights reserved.
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1. Brain cholesterol metabolism

Brain cholesterol represents about 25% of the total body choles-
terol and is distributed between myelin (70%), glial cells (20%) and
neurons (10%), mainly in unesterified form (>99.5%). It is a struc-
tural element of cellular membranes and it is involved in the
formation, turnover and stabilisation of synapses, as well as out-
growth of dendrites, vesicle transport and exocytosis at synaptic
levels [1,2]. It is organised in microdomains named lipid rafts
and involved in the three-dimensional conformation of membrane
proteins. Local de novo synthesis covers >95% of requirements [3].
Cholesterol synthesis is an endoplasmic reticulum (ER) multi-
step pathway starting with condensation of acetyl-coenzymeA
(CoA), proceeding to the formation of mevalonate and then further
to lanosterol, the first cyclic sterol. The tissue levels of intermediate
sterols (lanosterol, lathosterol and desmosterol) reflect the rate of
cholesterol synthesis [4]. The expression of hydroxy-methyl-gluta-
ryl-Coenzyme A reductase (HMGCR), the rate limiting enzyme of
the pathway, is regulated by feedback inhibition via the sterol-reg-
ulated element binding protein (SREBP) that binds to the sterol-
regulated element (SRE-1) in the HMGCR gene [5]. In the adult
brain, for an efficient formation and maintenance of synapses, neu-
rons totally relay on the cholesterol synthesised by astrocytes and
delivered via Apolipoprotein E (ApoE), the main lipid transporter in
the central nervous system (CNS) (the so called ‘‘outsourcing
hypothesis’’ of cholesterol metabolism) [2]. The cholesterol
synthesised in astrocytes is loaded on ApoE-particles by the ATP
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binding cassette (ABC) transporter A1 (ABC-A1) [6]. Once interna-
lised in neurons, the ApoE-cholesterol-LDL-receptor (LDLR) com-
plexes are hydrolysed and the free cholesterol can be distributed
to the plasma membrane as well as to the ER, which serves as a
negative feedback sensor for the cholesterol genes. The excess
cholesterol in ER is esterified into cholesteryl esters (CEs) by
Acyl-CoA:cholesterol acyltransferase (ACAT)-1 and stored in
cytoplasm lipid droplets. This intracellular pool of cholesterol is in-
volved in the synaptic and dendritic formation and in the mem-
brane remodelling [3]. A part of the cholesterol is converted by
neurons into the more polar 24S-hydroxycholesterol (24OHC) via
the cholesterol 24-hydroxylase (CYP46A1) to maintain the homeo-
stasis [7]. 24OHC and other oxysterols are important ligands of the
liver X-activated receptor (LXR), potentially able to regulate the
expression of both the APOE and the ABCA1 genes in astrocytes
[8]. Cholesterol and 24OHC are excreted from neurons via ABC-
G1/-G4 to ApoE particles into the interstitial and the cerebrospinal
fluid (CSF). Through the blood–brain barrier, 24OHC passes into
plasma where it is esterified in lipoproteins (LDL and HDL) for fur-
ther elimination by liver [7].

The rate of synthesis of cholesterol is high in oligodendrocytes to
form myelin sheets, which are sections of cellular membranes
wrapped around axons to enable the saltatory conduction of the ac-
tion potential. Expression of cholesterol synthesis genes and myelin
basic protein (MBP) is under control of peroxisome-proliferator-
activated receptor gamma co-activator 1 alpha (PGC-1a) [9] (Fig. 1).
Fig. 1. Hypothetic model of brain cholesterol metabolism in Huntington’s disease. In
transported by ApoE (see text for details). Mutant huntingtin (mtHtt) interferes (red arrow
synthesis (HMGCR, HMGCS, and CYP51) and transport (ABCA1, ABCG1) of cholesterol in a
is reduced. In the latter cells cholesterol synthesis is already low due to a direct inhibitio
may also impair cholesterol removal from neurons with a transitory accumulation of
interferes with MBP expression and cholesterol synthesis in oligodendrocytes ending up
Neurodegenerative diseases are associated with disturbances in
cholesterol metabolism.
2. Brain cholesterol in Huntington’s disease

Huntington’s disease (HD) (MIM #143100) is an autosomal
dominant neurodegenerative disorder characterized by motor
impairment, cognitive decline, psychiatric manifestation and pro-
gression to death 15–20 years from the time of onset. HD is caused
by an abnormal expansion of CAG repeats (>36) in the 50 end of the
huntingtin (HTT) gene (chromosome 4p16.3). MRI investigation
shows a progressive neurodegeneration resulting in a severe stria-
tal and cortical atrophy [10].

HTT is widely expressed in all tissues and has been ascribed to
numerous roles in intracellular functions including protein traf-
ficking, vesicle transport, endocytosis, postsynaptic signalling,
transcriptional regulation and an anti-apoptotic function [11].

The expression of some genes involved in the cholesterol bio-
synthesis, HMGCR, cytochrome P450 lanosterol 14a-demethylase
(CYP51) and 7-dehydrocholesterol 7-reductase (DHCR7) was found
to be reduced in inducible mutant HTT cell lines, in striatum and
cortex of transgenic R6/2 mice over-expressing exon-1 fragment
of the mutant human HTT gene and in post mortem cortical tissue
from HD patients [12,13]. The rate of cholesterol synthesis was
reduced in human derived fibroblasts exposed to delipidated
adult brain, neurons relay on the cholesterol (chol) synthesised in astrocytes and
s) with the SREBP maturation and LXR regulation via expression of genes regulating

strocytes. As a consequence, the flux of ApoE bound cholesterol to the neuronal cells
n by mtHtt or due to a lower stimulation by BDNF. Less ApoE in the interstitial fluid
free or esterified cholesterol (CEs). A reduced expression of PGC-1a due to mtHtt

in an alteration of myelin structure [19,20].
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medium. Cellular survival of rat primary striatal neurons transfec-
ted with human mutated HTT was promoted adding hexogen cho-
lesterol to culture medium in a dose dependent manner [12].
Several HD mouse models exhibited reduced amounts of lanos-
terol, lathosterol, cholesterol and 24OHC in cortex, striatum and
whole brain. In case of transgenic mice created with yeast artificial
chromosome (YAC) technology over-expressing full-length human
HTT with 18-46-72-128 glutamine residues, the reduction was
proportional to the length of the CAG expansion (YAC18>wt>YA-
C46>YAC72>YAC128) [14]. With the brain maturation, cholesterol
synthesis is progressively reduced [3] with a proportional reduc-
tion of brain lathosterol and lanosterol. In the R6/2 mice, the reduc-
tion observed at any time point was proportionally larger
compared to wild-type mice [13,15]. Finally, sterols were reduced
in knock-in mice carrying the CAG expansion within the murine
HTT gene homolog (HdhQ111/111), proportionally to the load of mu-
tant HTT (wt > HdhQ7/111 > HdhQ111/111) [14]. Metabolomic markers
of cholesterol synthesis, accumulation, turnover and expression of
genes involved in cholesterol synthesis, were reduced proportion-
ally to the length of the CAG repeats and to the load of mutant HTT
(heterozygous > homozygous) [13–15].

Total cholesterol was significantly lower in primary neurons
from Hdh (Q140/140) knock-in HD mice over-expressing full-length
endogenous mutant HTT compared to wild-type, Hdh(Q7/7). At an
early differentiation stage, Hdh(Q140/140) neuronal stem (NS) cells
had reduced cholesterol compared to Hdh(Q7/7); no reduction was
found in NS from heterozygous knock-in mice Hdh(Q140/7) while
NS cells from knock-out mouse, Hdh(�/�), showed elevated choles-
terol compared to Hdh(Q7/7) [16]. Reduced cholesterol synthesis
was observed in immortalised knock-in cells derived from the
embryonic striatum of Hdh(Q109/109) mouse [17], in astrocytes from
R6/2 and YAC 128 mice [14] and in primary mouse oligodendro-
cytes transduced with lenti-mutant HTT exon 1 (Q72) [17,18].

A proper cholesterol supply is critical for neurite outgrowth, for
synapses and dendrites formation and for axonal guidance. Choles-
terol depletion leads to synaptic and dendritic spine degeneration,
failing neurotransmission and decreased synaptic plasticity. Such
changes are observed at an early stage in several neurodegenera-
tive disorders including HD [1]. In primary astrocytes from R6/2
and YAC 128 mice compared to wild-type and YAC18, the mRNA
levels of genes involved in cholesterol biosynthesis (HMGCR,
CYP51, DHCR7) and in cholesterol efflux (ABCA1, ABCG4 and ApoE)
were found to be significantly reduced. The astrocytes with mutant
HTT synthesize and secrete less ApoE than wild-type cells and the
ApoE-lipoproteins present in CSF collected from YAC128 mice were
smaller and less lipidated [15]. All together these observations sug-
gest that in HD there is a reduced supply of cholesterol from astro-
cytes to neurons due to reduced synthesis and less efficient
transport via ApoE.

PGC-1a plays a role in the transcriptional regulation of energy
metabolism and has been implicated in several neurodegenerative
disorders, including HD. PGC1a is highly expressed in all highly
oxidative tissues (as CNS) and is involved in mitochondrial biogen-
esis, fatty acid oxidation and oxidative metabolism regulating also
the expression of cytochrome C, component of respiratory chain
complexes I–V [9,19,20].

In primary oligodendrocytes, mutant HTT inhibited the regula-
tory effect of PGC-1a on HMG-CoA synthetase (HMGCS) and
HMGCR, the expression of MBP and the cholesterol metabolism.
Brains from R6/2 and bacterial artificial chromosome (BAC) HD
mice, over-expressing full-length human mutant HTT transgene,
had abnormal myelination, reduced expression of MBP and PGC-
1a: similar findings were also found in a PGC-1a knock-out mouse
model [18]. PGC-1a knockout mice presented evidence of degener-
ation in cortex, thalamus, basal ganglia, and hippocampus, with the
most pronounced degeneration in the striatum and vacuolar
abnormalities that were primarily associated with the white mat-
ter [21]. It is likely that PGC-1a affects myelination because of its
involvement in the expression of MBP and its potential dysregula-
tion of cholesterol synthesis by direct or indirect interaction with
SREBP and LXR.

Transcriptional dysregulation could explain the observed
impairment of cholesterol metabolism at the molecular level. In
presence of low intracellular cholesterol, SREBP translocates from
the cytosol to the nucleus where it activates the transcription of
SRE-controlled genes [5]. In cellular models of HD and in brain
striatum collected from R6/2 mice, a decrease of active SREBP
translocation was observed resulting into decreased cholesterol
synthesis [12]. Wild-type HTT is able to bind to some nuclear
receptors involved in lipid metabolism: LXR, peroxisome-prolifer-
ator-activated receptor c (PPARc) and vitamin D receptor [22].
Overexpression of HTT was shown to activate LXR, while a lack
of HTT led to an inhibition of LXR-mediated transcription. The
mutant HTT may have less capacity to up-regulate LXR and LXR-
targeted genes, including SREBP [22]. Finally, brain-derived neuro-
trophic factor (BDNF) is released by cortical neurons projecting
into striatum and is involved in synaptic plasticity and neuronal
survival. BDNF induces cholesterol synthesis in postsynaptic neu-
rons. Mutant HTT affects the BDNF transport and release, presum-
ably resulting in a further inhibition of the already inefficient
cholesterol synthesis in neurons [19,20].

In contrast to studies based on isotope dilution-gas chromatog-
raphy–mass spectrometry (ID-GC–MS), the studies based on filipin
staining and thin layer chromatography (TLC) reported high levels
of cholesterol in the striatum of YAC72 compared to wild-type
mice [23]. Its accumulation was measured with a cholesterol oxi-
dase assay on protein extracts in striatum and neurons of
Hdh(Q111/111) mice [24].

Cholesterol oxidase method, ID-GC–MS for sterols and oxyster-
ols and filipin staining were all able to detect either cholesterol
accumulation or depletion in immortalized knock-in cells derived
from the embryonic striatum of Hdh(Q7/7) or Hdh(Q109/109) mice. Fil-
ipin staining showed high variability of results and could not de-
tect small amounts of intracellular cholesterol accumulation. In
normal and mutant stem cells cultured in a lipid-containing med-
ium, there was no accumulation of lipids, cholesterol or cholesterol
esters. In sub-confluent cultures with delipidated medium, a sig-
nificant reduction in cholesterol synthesis and total cholesterol
was observed by ID-GC–MS, but no differences were observed by
filipin staining. No differences were detected in over-confluent cul-
tures. It is evident that the sample preparation, the degree of con-
fluence and clone properties as well as the composition of the
culture medium (with or without extracellular source of lipids) af-
fect the level of total or intracellular cholesterol detected. ID-GC–
MS should be the most accurate and reproducible technique to
adopt. In similar cells, an accumulation of cholesterol was observed
in lipid rafts (as suggested by increased amount of GM1), and cav-
eolae [24]. Lower expression of ApoE can be expected to reduce the
cholesterol efflux from neurons to ApoE-lipoproteins. In the pres-
ence of reduced activity of CYP46A1, it can be expected to an accu-
mulation of CEs in neurons. In theory, reduced levels of 24OHC
may impair astrocytic cholesterol metabolism due to reduced acti-
vation of LXR and reduced SREBP-activation.
3. Sterols and oxysterols in patients affected by HD

The cholesterol synthesis (as evaluated by incorporation of 14C
acetate into cholesterol) in fibroblasts from HD patients was found
to be less than 50% compared to controls [12]. Compared to wild-
type, cholesterol precursors were reduced about 25% in plasma
from 10-month-old YAC128 and increased about 25% in YAC18
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mice. The plasma concentrations of 24OHC were reduced �15% in
YAC128 and increased about 12% in YAC18 [15]. Cholesterol, lanos-
terol, lathosterol and 27OHC were reduced proportionally to the
disease stage: the whole-body cholesterol homeostasis was found
impaired in HD patients [25,26].

The decrease of plasma 24OHC was proportional to the degree
of caudate atrophy (measured as reduction of caudate volume at
MRI) and to the motor impairment [27]. In three progression
groups (Low, Medium, High, evaluated by the CAG-Age product
or CAP score, there was a progressive reduction of plasma 24OHC
in relation to the HD progression. The highest progression group
had the most substantial difference relative to the controls and
to the lowest progression group [26]. The progression gradient
was consistent with the findings in other studies using several psy-
chological and neurological tests or MRI measurements of struc-
tural atrophy. Plasma levels of 24OHC were significantly
correlated to the latter changes [28]. The reduction of 24OHC
was found to mirror the progression of striatum atrophy and was
positively correlated with striatal volumes. The plasma levels of
24OHC in the Low group patients was higher than in the controls,
Medium and High groups. It is possible that at an early stage of dis-
ease a higher cholesterol turnover might ensue from cyto-architec-
tural and synaptic rearrangements in the HD brain [28].

Almost all the 24OHC in human plasma has cerebral origin and
its concentration depends on the cholesterol turnover in brain neu-
ronal cells, the blood–brain barrier integrity, the metabolism of
plasma lipoproteins and the liver clearance [29]. Plasma 24OHC
was found to be decreased in Parkinson’s and Alzheimer0s disease,
in Vascular Dementia, in Multiple Sclerosis and in HD proportion-
ally to the disease burden, the functional impairment and the MRI
atrophy of grey structures. Thus plasma 24OHC was proposed as
surrogate marker for the number of metabolically active neurons
[7]. Along the course of a neurodegenerative disease, a higher
membrane turnover associated with cellular damage may result
in a larger amount of cholesterol converted by CYP46A1, with a
higher efflux of 24OHC into plasma. At an advanced stage this tran-
sitory increase may be followed by a progressive decrease of cho-
lesterol turnover and reduced plasma 24OHC. These two phases
may largely overlap. The progression through this time course is
related to the individual progression of disease [29].

The different processes involved in pathogenesis of HD (toxic
gain of function and loss of function of the HTT, mitochondria dys-
function, bioenergetic defect, and transcriptional dysregulation),
the activation of glia with extraneuronal expression of CYP46A1,
the inflammatory response and the blood–brain barrier dysfunc-
tion may all have an effect on brain cholesterol metabolism.

Age, body mass index, diet, liver diseases, common forms of
dyslipidemia (like familial combined hypercholesterolemia or
polygenic hypercholesterolemia), metabolic syndrome and
diabetes, use of inhibitors of cholesterol synthesis (i.e. statins) all
have significant effects on the plasma oxysterol concentrations
[28–30]. In addition, the time of sampling (after overnight fasting
vs random sampling) significantly affects plasma concentrations
of sterols and oxysterols [29]. All these factors should be consid-
ered in studies of cholesterol metabolism based on plasma analysis
of sterols and oxysterols. Despite the data supporting 24OHC as
plasma marker of disease progression, its power is limited by the
effect of extracerebral factors on its plasma levels.

HTT mutation seems to have a general global effect on choles-
terol synthesis. Both in the brain of several rodent models and in
HD patients there is a reduced expression of key regulatory genes
in parallel with a metabolic impairment of synthesis and turnover
in neurons, astrocytes and oligodendrocytes. The transcriptional
dysregulation reduces the nuclear translocation of SREBP, the acti-
vation of LXR and LXR-dependent genes and the PGC-1a function.
The PGC-1a transcriptional disturbance is a central feature of HD
pathogenesis. Microarray and RT-PCR studies on human striatal
transcripts revealed that the vast majority of PGC-1a target genes
were down-regulated in asymptomatic and pre-symptomatic HD
patients [9]. PGC-1a expression was reduced in medium spiny
neurons from HD patients, and PGC-1a transcriptional activity
was markedly decreased in striatal HD-like cells, in medium spiny
neurons from a knock-in HD mouse model and in post-mortem hu-
man striatum. The observed dysfunction of mitochondria energy
supply to metabolic pathways, the dysfunction of respiratory chain
and oxidative phosphorylation and the reduced biosynthesis of
intermediates in HD, could, in part, be related to PGC-1a dysfunc-
tion [9]. Cholesterol synthesis depends on the amount of Acetyl-
CoA and the ATP originating from mitochondria. Thus, it may be
speculated that the transcriptional alterations of cholesterol genes
are associated with an inefficient production of metabolic products
from mitochondria. At an early stage of the disease, there may be a
neuronal accumulation of cholesterol in esterified form due to re-
duced CYP46A1 activity. Alternatively, and more likely, a reduced
removal of cholesterol via ApoE may contribute to an alteration
of the membrane structures and cellular homeostasis. Since less
than 10% of the total cholesterol in the brain is present in the neu-
ronal cells, the local neuronal process should however not affect
the whole brain cholesterol metabolism.
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