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Dysregulation of cholesterol balance in the brain:
contribution to neurodegenerative diseases
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Jean E. Vance1
Dysregulation of cholesterol homeostasis in the brain is increasingly being linked to chronic neurodegenerative
disorders, including Alzheimer’s disease (AD), Huntington’s disease (HD), Parkinson’s disease (PD), Niemann-Pick type C
(NPC) disease and Smith-Lemli Opitz syndrome (SLOS). However, the molecular mechanisms underlying the correlation
between altered cholesterol metabolism and the neurological deficits are, for the most part, not clear. NPC disease and
SLOS are caused by mutations in genes involved in the biosynthesis or intracellular trafficking of cholesterol,
respectively. However, the types of neurological impairments, and the areas of the brain that are most affected, differ
between these diseases. Some, but not all, studies indicate that high levels of plasma cholesterol correlate with
increased risk of developing AD. Moreover, inheritance of the E4 isoform of apolipoprotein E (APOE), a cholesterolcarrying protein, markedly increases the risk of developing AD. Whether or not treatment of AD with statins is
beneficial remains controversial, and any benefit of statin treatment might be due to anti-inflammatory properties of
the drug. Cholesterol balance is also altered in HD and PD, although no causal link between dysregulated cholesterol
homeostasis and neurodegeneration has been established. Some important considerations for treatment of
neurodegenerative diseases are the impermeability of the blood-brain barrier to many therapeutic agents and
difficulties in reversing brain damage that has already occurred. This article focuses on how cholesterol balance in the
brain is altered in several neurodegenerative diseases, and discusses some commonalities and differences among the
diseases.
Introduction
Dysregulation of cholesterol homeostasis in the brain has been linked
to chronic neurodegenerative disorders, including Alzheimer’s
disease (AD), Huntington’s disease (HD), Parkinson’s disease (PD),
Niemann-Pick type C (NPC) disease and Smith-Lemli Opitz
syndrome (SLOS), as well as to acute neuronal injuries such as stroke
and brain trauma. Thus, the mechanisms underlying the association
between altered cholesterol metabolism and neurodegeneration are
being actively investigated, particularly in mouse models of these
diseases. This article focuses on how normal cholesterol balance is
maintained in the brain, and how this balance is altered in these
disorders. In addition, some commonalities and differences in the
dysregulation of cholesterol homeostasis in the brain in these
neurodegenerative diseases are discussed.

Cholesterol dynamics in the brain
Distribution
In mammalian cells, cholesterol is synthesized from the two-carbon
molecule acetyl-CoA via a complex pathway that involves over 30
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enzymatic steps (summarized in Fig. 1). Cholesterol is required by
mammals for the synthesis of steroid hormones and bile acids, for
the organization of cell membranes, and for the formation and
maintenance of lipid rafts, which are implicated in many aspects
of brain function such as growth factor signaling, axon guidance
and synaptic transmission. Thus, a deficiency or excess of
cholesterol in the brain might be expected to have profound
consequences. The biosynthesis of cholesterol is tightly regulated
by the abundance of cholesterol (Brown and Goldstein, 1986). In
tissues outside the central nervous system (CNS), cholesterol is
acquired both from endogenous synthesis and from exogenous
lipoproteins delivered from the circulation. However, because
plasma lipoproteins do not cross the intact blood-brain barrier,
nearly all cholesterol in the brain is synthesized in situ (Dietschy
and Turley, 2001). This compartmentalization of cholesterol
metabolism in the body explains why cholesterol homeostasis in
the CNS is regulated independently of that in the peripheral
circulation.
Although the brain makes up only 2-5% of body mass,
approximately 25% of total body cholesterol resides in the brain
(Dietschy and Turley, 2001). Thus, the brain is highly enriched in
cholesterol compared with other mammalian tissues: whereas the
cholesterol concentration in most animal tissues is ~2 mg/g tissue,
the cholesterol concentration in the CNS is 15-20 mg/g tissue
(Dietschy and Turley, 2004). The majority (70-90%) of cholesterol
in the CNS is in the myelin that surrounds axons and facilitates
the transmission of electrical signals. Consequently, cholesterol
synthesis in the brain is highest in oligodendrocytes during active
dmm.biologists.org
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Fig. 1. Cholesterol biosynthesis. Cholesterol is synthesized from acetyl-CoA.
A key intermediate in the pathway, mevalonic acid, is produced from 3hydroxy-3-methylglutaryl-CoA (HMG-CoA) by the rate-limiting enzyme of the
pathway, HMG-CoA reductase; this enzyme is inhibited by the cholesterollowering drugs, the statins. In the final step of the pathway, 7dehydrocholesterol is converted to cholesterol by the enzyme 7dehydrocholesterol reductase, the defective enzyme in SLOS. Hydroxylated
derivatives of cholesterol, such as 24-, 25- and 27-hydroxycholesterol, are
produced from cholesterol by specific hydroxylases, such as CYP46.

myelination and decreases by ~90% in adults after myelination has
been completed (Dietschy and Turley, 2004; Quan et al., 2003).
Nevertheless, cholesterol synthesis continues at a low rate in the
mature brain, particularly in astrocytes; in the adult brain, the rate
of cholesterol biosynthesis is higher in astrocytes than in neurons
(Nieweg et al., 2009).

Transport
The brain operates its own lipoprotein transport system, independent
of that in the peripheral circulation (Fig. 2). Astrocytes produce
cholesterol and apolipoprotein E (APOE) that, together with
phospholipids, generate lipoproteins that are similar in size to
plasma high-density lipoproteins (Boyles et al., 1985). The secreted
APOE acquires cholesterol and phospholipids via the efflux of cellular
lipid in a process mediated by one or more of the ATP-binding
cassette (ABC) transporters such as ABCA1, ABCG1 and/or ABCG4.
The uptake of these lipoproteins by neurons is mediated by receptors
of the low-density lipoprotein (LDL) receptor family, such as the LDL
receptor, LDL-receptor-related protein (LRP) and APOE receptor 2
(APOER2), that are expressed in neurons and can endocytose the
astrocyte-derived APOE-containing lipoprotein particles (Boyles et
al., 1989; Herz, 2001b; Posse de Chaves et al., 2000) (Fig. 2). In this
manner, cholesterol is shuttled from astrocytes to neurons (Mauch
et al., 2001; Michikawa et al., 2000; Vance and Hayashi, 2010). The
interaction between APOE-containing lipoproteins and these
neuronal receptors seems to be crucial for normal neuronal function:
the APOE-containing lipoproteins stimulate synaptogenesis (Mauch
Disease Models & Mechanisms

Fig. 2. APOE-containing lipoproteins transport cholesterol from
astrocytes to neurons. Glial cells, primarily astrocytes, but also microglia,
secrete APOE, which acquires cholesterol and phospholipids, thereby forming
APOE-containing lipoproteins. These are delivered to neurons where they are
endocytosed via cell surface receptors (members of the LDL receptor family).
Consequently, cholesterol is delivered to the neurons. Some APOE receptors
also function as signaling receptors.

et al., 2001), enhance axonal growth (Hayashi et al., 2004) and prevent
neuron death (Hayashi et al., 2009; Hayashi et al., 2007). Moreover,
a role for APOE in nerve repair has been indicated, because APOE
synthesis in glial cells increases by up to 150-fold after a nerve injury
(Ignatius et al., 1986). APOE therefore seems to be a key player in
regulating cholesterol homeostasis and distribution among cells of
the brain.
Cholesterol has a remarkably long half-life in the brain (4-6
months in rodents and up to 5 years in humans) (Dietschy and
Turley, 2001). There is a low rate of cholesterol synthesis in the
adult brain, and cholesterol cannot be degraded in the CNS, but a
steady-state level of cholesterol is maintained in the CNS because
a small fraction (0.02-0.4%) of the cholesterol pool is excreted from
the brain each day (Dietschy and Turley, 2004). The conversion of
cholesterol to 24-hydroxycholesterol (Fig. 1), by the enzyme
cholesterol 24-hydroxylase (CYP46) that is expressed in a subset
of neurons (but not in astrocytes) (Russell et al., 2009), represents
a major mechanism by which excess cholesterol is eliminated from
the brain. In contrast to cholesterol, 24-hydroxycholesterol can
cross the blood-brain barrier, enter the peripheral circulation and
be eliminated from the body in bile (Russell et al., 2009). Studies
in CYP46-deficient mice show that at least 40% of the cholesterol
that is excreted from the brain is in the form of 24hydroxycholesterol. Interestingly, however, in CYP46-deficient
mice, cholesterol does not accumulate because cholesterol synthesis
is reduced by ~40% as a compensatory mechanism (Russell et al.,
2009).

Cholesterol and NPC disease
A direct association between impaired cholesterol metabolism in
the brain and neurodegeneration has been clearly demonstrated
in NPC disease. This disease is a relatively rare (1/150,000 live
747
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births) autosomal recessive inherited disorder that causes
progressive neurodegeneration and premature death, and is often
accompanied by hepatosplenomegaly and lung disease (Vanier and
Millat, 2003). A characteristic histological feature of brains of
individuals with NPC disease is a massive loss of neurons,
particularly Purkinje cells in the cerebellum, consistent with the
impairment of motor function in these individuals (Sarna et al.,
2003), although neurons in other parts of the brain are probably
also affected. NPC disease is caused by mutations in either the
NPC1 or NPC2 gene. Because the NPC1 and NPC2 proteins are
ubiquitously expressed in animal tissues, it is not clear why the
brain is the most severely affected tissue in NPC disease. NPC1
and NPC2 each bind to cholesterol and act in tandem in late
endosomes and/or lysosomes to mediate the egress of unesterified
cholesterol derived from endocytosed lipoproteins (Fig. 3) (Vance,
2010; Wang et al., 2010). Consequently, in NPC1- or NPC2deficient cells, including neurons (Karten et al., 2002) and glial cells
(Karten et al., 2005; Peake et al., 2011), unesterified cholesterol and
other lipids become sequestered in late endosomes and/or
lysosomes. Accordingly, the amount of cholesterol in the plasma
membrane and endoplasmic reticulum (the cellular site at which
cholesterol homeostasis is regulated) is reduced (Liscum et al.,
1989). In Npc1–/– neurons, this defect in cholesterol export from
late endosomes and/or lysosomes results in a higher-than-normal
cholesterol content of neuronal cell bodies and a reduced
cholesterol content of distal axons (Karten et al., 2002; Karten et
al., 2003). It is possible, therefore, that some of the neurological
deficits in NPC disease might be attributable to a deficiency, rather
than an excess, of cholesterol in axons. Consistent with this idea,
NPC1 and NPC2 are present in recycling endosomes in presynaptic nerve terminals, and synaptic vesicle morphology and
composition are altered by NPC1 deficiency (Karten et al., 2006).
Furthermore, reduction in the amount of cholesterol in cultured
Npc1–/– neurons attenuates the exocytosis of synaptic vesicles, so
that synaptic function is likely to be impaired in NPC disease
(Hawes et al., 2010).
As is the case in many other neurodegenerative disorders,
neuroinflammation is pronounced in the brains of both individuals
with NPC disease and mouse models of the disease. Microglia, the
resident immune cells of the brain, were proposed to contribute
to the neurodegeneration because microglial activation was
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Fig. 3. NPC1 and NPC2 mediate cholesterol export from late endosomes
and/or lysosomes. Cholesterol (blue oval) is released from endocytosed LDLs
and binds to NPC2 (red), a soluble protein in the lysosomal lumen.
Subsequently, NPC2 directly transfers the cholesterol to NPC1 (yellow), located
in the limiting membrane of the lysosome, so that the hydrophobic
cholesterol molecule does not have to travel through the aqueous milieu of
the lysosomal lumen. Ultimately, the cholesterol is exported from the
lysosomal membrane and is transported via the cytosol to the endoplasmic
reticulum and plasma membrane by unknown mechanisms.
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observed prior to any evidence of neurodegeneration (Baudry et
al., 2003). However, recent studies in cultured cells and in cell-typespecific NPC1 knockout mice have demonstrated that the primary
cause of neurodegeneration in NPC disease is a deficiency of NPC1
specifically in neurons, rather than in astrocytes or microglia (Lopez
et al., 2011; Peake et al., 2011; Yu et al., 2011).
No effective treatment is currently available for NPC disease. In
addition to the sequestration of unesterified cholesterol,
glycosphingolipids also accumulate in late endosomes and/or
lysosomes of NPC-deficient cells. Therefore, substrate reduction
therapy using miglustat, an inhibitor of glycosphingolipid synthesis,
is currently being tested in individuals with NPC disease, but with
limited success. In an exciting development, however, recent
experiments have suggested a novel therapeutic approach for the
treatment of NPC disease. A single subcutaneous injection of the
cholesterol-binding compound cyclodextrin into 7-day-old Npc1–/–
mice significantly slowed the neurodegeneration and extended the
lifespan of the mice by ~50% (Liu et al., 2009). Although
cyclodextrin does not cross the blood-brain barrier efficiently, small
amounts of cyclodextrin can enter the brain from the peripheral
circulation. High doses of cyclodextrin (5-10 mM) are commonly
used experimentally to extract cholesterol from cell membranes,
but these doses are highly toxic to mouse neurons (Peake et al.,
2011). In contrast, lower doses of cyclodextrin (for example ~0.1
mM) seem not to be neurotoxic but are endocytosed by Npc1–/–
cells and release cholesterol trapped in late endosomes and/or
lysosomes without extracting significant amounts of cholesterol
from the cells (Aqul et al., 2011; Rosenbaum et al., 2010).
Consequently, the sequestered cholesterol is mobilized from late
endosomes and/or lysosomes of NPC1-deficient cells and is
transported to the endoplasmic reticulum (Radhakrishnan et al.,
2008). Consistent with this mechanism, my laboratory has shown
that 0.1 mM cyclodextrin mobilizes stored cholesterol from late
endosomes and/or lysosomes of Npc1–/– neurons, astrocytes and
microglia, and normalizes cholesterol homeostasis at the
endoplasmic reticulum (Peake and Vance, 2012). A similar
conclusion regarding the mechanism of action of cyclodextrin was
also reached from studies in intact mice (Aqul et al., 2011).
Moreover, the direct intra-thecal delivery of cyclodextrin into the
CNS of Npc1–/– mice resulted in a concentration of cyclodextrin
of 0.1-0.2 mM in the brain (Aqul et al., 2011), and this concentration
produced the same beneficial effects on cholesterol homeostasis
as we observed in neurons and glial cells isolated from Npc1–/–
mice (Peake and Vance, 2012). Because cyclodextrin is relatively
non-toxic, and has been approved as a drug delivery vehicle in
humans, this compound is currently being used to treat a limited
number of individuals with NPC disease.

Cholesterol and SLOS
Whereas NPC disease is caused by a defect in the intracellular
trafficking of cholesterol, several other rare human diseases that
cause neurodegeneration and developmental malformations are
caused by direct impairment of the cholesterol biosynthetic
pathway (reviewed by Porter, 2006; Porter and Herman, 2011).
These diseases include lathosterolosis (a defect in 3hydroxysteroid-5 desaturase, which converts lathosterol to 7dehydrocholesterol), desmosterolosis (a defect in reduction of the
24-double bond of the sterol side-chain of cholesterol by 3dmm.biologists.org
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hydroxysterol-24 reductase), cerebrotendinous xanthomatosis [a
defect in cholesterol 27-hydroxylase (reviewed by Björkhem and
Hansson, 2010)] and congenital hemidysplasia with ichthyosiform
erythroderma and limb defects (CHILD) syndrome (a defect in
demethylation of the C-4 methyl group of lanosterol). SLOS is the
most common of this class of disorders (~1/20,000 live births) and
was first described in 1964 (Smith et al., 1964). SLOS is an
autosomal recessive, neurodegenerative and developmental disease
caused by mutations in the gene encoding 7-dehydrocholesterol
reductase, the enzyme that catalyzes the final step in the cholesterol
biosynthetic pathway (Fig. 1). Mutations that reduce the activity of
7-dehydrocholesterol reductase cause elevations in the levels of 7dehydrocholesterol and abnormally low levels of cholesterol in cells,
plasma and the brain (reviewed by Porter, 2006; Porter and Herman,
2011). SLOS is characterized by multiple developmental
abnormalities, such as distinctive facial features, limb
malformations, microcephaly, cleft palate, polydactyly and
holoprosencephaly, as well as severe intellectual impairment
(reviewed by Porter, 2006; Porter and Herman, 2011).
Because plasma cholesterol levels are very low in individuals with
SLOS, a treatment currently used for the disease is based on the
idea of ‘normalizing’ the level of cholesterol in plasma by feeding
affected individuals a cholesterol-rich diet (reviewed by Porter and
Herman, 2011). Although studies in which this protocol was used
involved only small numbers of patients, some anecdotal reports
suggest that this treatment might be beneficial. It is not clear,
however, why increasing the level of plasma cholesterol would
improve the neurological phenotype, because plasma lipoproteins,
and the cholesterol carried therein, do not cross the blood-brain
barrier or enter the CNS (Dietschy and Turley, 2001). It is also
unclear whether the developmental and neurological abnormalities
in individuals with SLOS are caused by the low level of cholesterol
in the brain or by the abnormal accumulation of the potentially
toxic cholesterol precursor, 7-dehydrocholesterol. In support of the
latter, mice that lack the cholesterol regulatory protein INSIG
exhibit severe facial clefting and have developmental abnormalities
that are very similar to those that occur in individuals with SLOS.
Because INSIG knockout mice have uncontrolled, high rates of
cholesterol synthesis, and a cellular build-up of cholesterol
precursors such as 7-dehydrocholesterol, these data suggest that
the accumulation of 7-dehydrocholesterol, rather than the
deficiency of cholesterol, is the cause of at least some of the
pathophysiological abnormalities in SLOS. The developmental
abnormalities in individuals with SLOS might also be caused by
reduced functioning of the sonic hedgehog (SHH) signaling
pathway, which is required for normal embryonic development of
the CNS, limbs and facial features (Maity et al., 2005). An important
component of this pathway is the SHH protein, whose activity
requires the covalent attachment of a cholesterol molecule to the
protein (Mann and Beachy, 2000; Porter et al., 1996). The
attenuation of cholesterol levels in individuals with SLOS and/or
the increased amounts of 7-dehydrocholesterol might, therefore,
reduce the activity of SHH, perhaps by altering membrane fluidity.

late in life. The brains of individuals with AD contain extracellular
deposits of -amyloid (A) plaques, as well as intracellular
neurofibrillary tangles that contain hyperphosphorylated tau, a
microtubule-associated protein. The accumulation of A plaques
and the loss of neurons, particularly in the hippocampus, are
thought to be central events in the development of AD (Selkoe,
2001; Selkoe, 2002). The deposition of A reflects the balance
between the production and removal of A peptides from the brain.
Consequently, either overproduction or impaired clearance of A,
or a combination of both processes, probably plays a key role in
the pathophysiology of AD. The A peptides are generated by the
proteolytic cleavage of the transmembrane protein amyloid
precursor protein (APP) (Fig. 4). lnitially, the APP protein is
proteolytically cleaved by either - or -secretase. When APP is
cleaved by -secretase, non-amyloidogenic products are generated
that do not cause abnormal brain pathology. In contrast, when the
C-terminal fragment generated by -secretase is further cleaved
by -secretase, A peptides are formed that contain 40 or 42 amino
acids, and these peptides are deposited in the pathogenic A
plaques. Some of the mechanisms proposed for A degradation
are discussed below (reviewed by Grimm et al., 2012; Lee et al.,
2012; Tan and Evin, 2012).
In contrast to NPC disease and SLOS, no direct causal
relationship has been established between AD and the
dysregulation of cholesterol metabolism. Thus, although some
experimental evidence indicates that alterations in cholesterol
metabolism in the brain might contribute to the pathogenesis of
AD (Kojro et al., 2001; Simons et al., 1998), it is not clear whether
the modification of cholesterol homeostasis in AD brains is a cause
or consequence of the disease. The - and -secretases that
generate the A peptides from APP are predominantly localized
to cholesterol-enriched microdomains of the plasma membrane
(Ehehalt et al., 2003; Simons et al., 1998). Several in vitro and in
vivo experiments have demonstrated that the cellular concentration
of cholesterol can regulate the production and amount of the A
peptides. For example, a decreased level of cellular cholesterol
increases -secretase cleavage of APP, thereby decreasing the
processing of APP into the toxic A peptides that accumulate in
amyloid plaques (Björnsson et al., 1994; Bodovitz and Klein, 1996;
Kojro et al., 2001; Simons et al., 1998). Interestingly, the extracellular
N-terminus of APP contains a cholesterol-binding site (Barrett et
al., 2012). Optimal brain function might also be compromised if

Cholesterol and AD
Cholesterol levels and AD

Fig. 4. Processing of APP. In the non-amyloidogenic pathway of APP
processing, APP is proteolytically cleaved within the A region (red box) by secretase (). In the amyloidogenic pathway, APP is cleaved first by secretase () and subsequently by -secretase () to generate the pathological
A fragments that accumulate in brains of individuals with AD.

AD is a common progressive neurodegenerative disorder in which
affected individuals suffer from memory loss and cognitive decline
Disease Models & Mechanisms
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the level of cholesterol in neurons drops below a threshold level,
because when the cholesterol content of hippocampal neurons was
decreased by statin treatment, synaptic density was reduced and
synaptic vesicle release was impaired (Mailman et al., 2011).
Some (Jick et al., 2000; Wolozin et al., 2000), but not all
(Fassbender et al., 2002; Longenberger and Shah, 2011; Shepardson
et al., 2011b), epidemiological studies suggest that increased levels
of plasma cholesterol, particularly during mid-life, are a risk factor
for the development of AD (Leoni et al., 2010; Umeda et al., 2012).
For example, a cholesterol-rich diet in rabbits increased A
production (Sparks et al., 1994), but the mechanism by which
dietary cholesterol and high levels of plasma cholesterol could
contribute to the deposition of A plaques remains unclear, because
plasma lipoproteins do not normally cross the blood-brain barrier
(Dietschy and Turley, 2001). One suggested explanation for the
association between high plasma levels of cholesterol and AD is
that the impermeability of the blood-brain barrier might be
compromised in individuals with AD so that cholesterol can be
transported into the brain from the plasma (Ujiie et al., 2003).
However, more recent studies have shown that the levels of plant
sterols (the majority of which circulate in plasma) in the brains of
individuals with AD are not significantly different from those in
non-AD controls, suggesting that the blood-brain barrier remains
intact in AD (Shafaati et al., 2011).
In support of the idea that high levels of plasma cholesterol
contribute to AD, several studies have suggested that statins, some
of which can cross the blood-brain barrier and are widely used
cholesterol-lowering drugs, protect against AD (Fassbender et al.,
2002; Shepardson et al., 2011a; Wolozin et al., 2000). However,
randomized double-blind placebo-controlled studies have shown no
beneficial effect of statins on the progression of symptoms in
individuals with AD despite significantly lowering plasma cholesterol
(Sano et al., 2011; Shepardson et al., 2011b). Clearly, additional studies
are required to determine whether high plasma cholesterol directly
contributes to the onset and progression of AD (Shepardson et al.,
2011a; Shepardson et al., 2011b). One possible mechanism underlying
the proposed neuroprotection against AD by statins might be
attributable to the anti-inflammatory and/or antioxidant properties
of the statins, rather than directly to their cholesterol-lowering effects
(reviewed by Vaughan and Gotto, 2004). Thus, the idea that statins
are beneficial in AD remains controversial.

APOE and AD
Despite the controversy surrounding the association between
plasma cholesterol levels and AD, a well-established link between
AD and cholesterol metabolism is the cholesterol-carrying protein
APOE, which is highly expressed in the brain. ApoE–/– mice exhibit
impaired clearance of degenerating nerves (Fagan et al., 1998), as
well as learning defects (Masliah et al., 1995; Oitzl et al., 1997;
Veinbergs et al., 1998), although nerve regeneration appears to be
normal (Popko et al., 1993). As discussed above, and as depicted
in Fig. 2, APOE is secreted by astrocytes and generates cholesterolcarrying lipoproteins that are delivered to, and endocytosed by,
neurons. Low levels of APOE in the brain correlate with an
increased risk of AD (Bales et al., 2009), but whether or not the
cholesterol-carrying function of APOE is involved in AD remains
unclear, as discussed above. APOE associates with A peptides
(Sanan et al., 1994), thereby enhancing their degradation. A recent
750
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study (Cramer et al., 2012) reported that the administration of
bexarotene (an agonist of the RXR nuclear receptor) robustly
increased the production of APOE, as well as the levels of APOEcontaining lipoproteins, in the hippocampus and cortex of a mouse
model of AD. Moreover, this agonist enhanced A degradation and
markedly reduced A plaque area. Remarkably, bexarotene also
rapidly improved memory and cognition in the AD mice.
Importantly, none of these beneficial effects occurred in mice that
lacked APOE. Thus, the benefits of bexarotene in AD mice were
attributed to the increased amount of APOE in the brain and the
role of APOE in stimulating A degradation (Cramer et al., 2012).
However, in contrast to this report, another recent study has
suggested that reducing rather than increasing APOE levels reduces
the amount of A in the brain (Bien-Ly et al., 2012). Thus, whether
or not the demonstrated benefit of bexarotene in mice can be
translated into a treatment for humans with AD remains to be
determined, particularly because mice express only one isoform of
APOE, whereas humans express three common, alternative APOE
isoforms (APOE2, APOE3 and APOE4).
The three human APOE isoforms differ from each other in only
a single amino acid. The most common isoform allele is APOE3,
whereas only ~15% of the population carries the APOE4 allele.
Importantly, inheritance of the APOE4 allele is the strongest known
genetic risk factor for the development of late-onset AD (Corder et
al., 1993). Thus, individuals who have a single copy of the APOE4
allele have ~four times the likelihood of developing AD compared
with carriers of the APOE3 allele, whereas inheritance of two APOE4
alleles increases the risk of developing AD by 12- to 20-fold (reviewed
by Bu, 2009). In contrast, inheritance of the APOE2 allele seems to
protect against AD (Corder et al., 1994). Although the association
between the APOE4 isoform and the predisposition of individuals
to AD is well established, the reason why APOE4 is a risk factor for
AD is still not clear. One possible explanation is that APOE4
supports axonal growth less efficiently than does APOE3 (Hayashi
et al., 2004; Nathan et al., 1994). Another possible link between the
APOE genotype and AD is that APOE3-containing lipoproteins
derived from astrocytes more strongly promote neuron survival than
do APOE4-containing lipoproteins (Hayashi et al., 2007).
Nevertheless, the most attractive hypothesis is probably that the
clearance of A deposits depends on the isoform of APOE, because
APOE3 binds to A peptides more strongly than does APOE4
(Castellano et al., 2011; Koistinaho et al., 2004; Strittmatter et al.,
1993). APOE2 and APOE3, but not APOE4, form dimers that might
contribute to the regulation of A degradation (Xue et al., 2011), and
APOE levels in the plasma and brain of humans carrying the APOE4
allele are lower than in APOE3 carriers (Gupta et al., 2011). In support
of this finding, more amyloid is deposited in the brains of mice
expressing human APOE4 compared with those expressing APOE3
or APOE2 (Bales et al., 2009; Castellano et al., 2011). Thus, APOE
seems to regulate A levels in an APOE-isoform-dependent manner,
probably because of isoform-specific differences in the capacity of
APOE to modulate A degradation.

Association between AD and other genes of cholesterol
metabolism
Several other genes involved in cholesterol metabolism and
transport have been implicated as risk factors for AD. For example,
polymorphisms in two receptors of the LDL receptor family – LRP
dmm.biologists.org
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and the APOER2 receptor, both of which are expressed in neurons
(Herz, 2001a; Posse de Chaves et al., 1997) – have been linked to
an increased incidence of AD (Elder et al., 2007; Fryer et al., 2005;
Kim et al., 2009). APOE and the APOE-containing lipoproteins are
ligands for this family of receptors, some of which function both
in endocytosis and in signaling pathways (Beffert et al., 2004). LRP
seems to participate in the uptake and clearance of A, because
these processes are decreased when LRP1 is eliminated in mouse
forebrain neurons (reviewed by Bu, 2009).
The expression of the ABC transporter ABC1 has also been
linked to AD, and to the regulation of cholesterol and APOE
homeostasis in the brain (reviewed by Hirsch-Reinshagen and
Wellington, 2007; Vance and Hayashi, 2010). ABCA1 is required
for the normal acquisition of lipids by APOE, as demonstrated by
the presence of lipid-poor APOE-containing lipoprotein particles
in ABCA1 knockout mice (Hirsch-Reinshagen et al., 2004; Wahrle
et al., 2004). In addition, the level of APOE in the brain was 80%
lower in these mice than in wild-type control mice. When ABCA1
knockout mice were crossed with mouse models of AD, the lack
of ABCA1 did not affect A production. However, the poorly
lipidated APOE particles that were generated in the ABCA1
knockout mice seemed to be responsible for increasing the amyloid
load (Hirsch-Reinshagen et al., 2005; Wahrle et al., 2005). Consistent
with these findings, overexpression of ABCA1 in AD mice reduced
amyloid deposition (Wahrle et al., 2008).
Overall, the available data indicate that profound alterations in
cholesterol metabolism occur in AD, but whether these changes
are the cause of the neurodegeneration remains uncertain.

Cholesterol and HD
HD is a progressive, autosomal dominant neurodegenerative
disease that is characterized by cognitive and motor deficits. This
disorder is caused by a polyglutamate expansion (>36 copies) in
the huntingtin protein (Rigamonti et al., 2000). The neurons in the
brain that die when exposed to the toxic mutant huntingtin protein
are primarily the striatal and cortical neurons (Reiner et al., 1988).
The cholesterol biosynthetic pathway is markedly altered in the
brains of humans and mice with HD (Valenza et al., 2005) (reviewed
by Karasinska and Hayden, 2011; Valenza et al., 2010). For example,
expression of mutant huntingtin in brain-derived cells reduced the
processing of the sterol response-element binding protein (SREBP;
the master regulator of the cholesterol biosynthetic pathway)
(Valenza et al., 2005). In addition, the expression of SREBP-1 target
genes was downregulated, and cholesterol biosynthesis and cellular
cholesterol levels were reduced (Valenza et al., 2005). Consistent
with these observations, the level of cholesterol in the striatum and
cortex of a mouse model of HD is lower than in non-HD mice
(Valenza et al., 2005). Furthermore, the addition of cholesterol to
striatal neurons expressing mutant huntingtin increased their
survival, suggesting that the deficit in cholesterol contributes
directly to the neurological phenotype of HD (Valenza et al., 2005).
Nevertheless, no clear molecular mechanism has yet emerged that
would directly relate alterations in cholesterol biosynthesis in the
brain to the neuronal dysfunction that characterizes HD.

Cholesterol and PD
PD is the second most prevalent progressive neurodegenerative
disorder in humans and is characterized by tremor, slowness of
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movement, rigidity and eventual cognitive impairment. The
pathological hallmarks of PD are the neuronal accumulation of synuclein in inclusions in Lewy bodies, as well as the loss of
dopamine-generating neurons in the substantia nigra region of the
brain. The mechanisms responsible for these alterations are not
yet entirely clear but are being actively investigated. The
administration of L-DOPA, which is converted into dopamine,
temporarily reduces the motor symptoms and is commonly used
to treat the disease.
A role for cholesterol in the neurodegenerative pathology of PD
remains controversial. Intriguingly, however, the -synuclein
protein contains two cholesterol-binding domains (Fantini et al.,
2011), and cholesterol seems to modulate -synuclein aggregation.
Some studies indicate that a higher level of plasma cholesterol
correlates with a lower incidence of PD (de Lau et al., 2006; Huang
et al., 2007), whereas other studies have reported that individuals
with a high plasma cholesterol level have an increased risk of
developing PD (Hu et al., 2008). In addition, the amount of several
hydroxylated cholesterol derivatives produced non-enzymatically
by reactive oxygen species is higher in the brains of individuals with
PD than in controls (Bosco et al., 2006). Moreover, the cholesterol
derivative 27-hydroxycholesterol increases -synuclein levels and
reduces dopamine synthesis, probably by activating the liver X
receptor (Marwarha et al., 2011; Rantham Prabhakara et al., 2008).
Statins strongly reduce the aggregation of -synuclein in cultured
neurons, whereas supplementation of the neurons with exogenous
cholesterol increases -synuclein aggregation and reduces neuron
growth (Bar-On et al., 2008). Furthermore, statin treatment of a
transgenic mouse model of PD reduced -synuclein aggregation
(Crews et al., 2008). Taken together, these studies suggest that
reduction of plasma cholesterol in individuals with PD by statin
treatment (reviewed by Roy and Pahan, 2011) might attenuate the
deposition of -synuclein aggregates in the brain. Nevertheless, it
is also possible that some of the beneficial effects of the statins in
individuals with PD are due to the anti-inflammatory properties
of these drugs (reviewed by Vaughan and Gotto, 2004).

Oxysterols and neurodegenerative diseases
Abnormal levels of oxygenated derivatives of cholesterol (oxysterols)
have also been linked to several of the neurodegenerative diseases
described above (reviewed by Leoni and Caccia, 2011). For example,
the concentration of 24-hydroxycholesterol is increased in
cerebrospinal fluid in both AD and HD, and correlates with the level
of APOE, cholesterol and tau in this fluid (Björkhem et al., 2006;
Leoni and Caccia, 2011). Interestingly, adenovirus-mediated
overexpression of cholesterol 24-hydroxylase in young AD mice
reduces amyloid deposits and limits cognitive decline (Hudry et al.,
2010). Moreover, when a mouse model of AD was cross-bred with
mice lacking acyl-CoA:cholesterol acyltransferase-1 (ACAT-1; the
enzyme that esterifies cholesterol), the amount of 24hydroxycholesterol in the brain increased and amyloid pathology
was attenuated (Bryleva et al., 2010). In addition, a positive
correlation was observed between AD and plasma levels of another
oxysterol, 27-hydroxycholesterol. This oxysterol is produced outside
the brain but crosses the blood-brain barrier from the plasma when
this barrier is compromised. The amount of plasma 27hydroxycholesterol correlates with the amount of cholesterol in the
circulation. Furthermore, the level of 27-hydroxycholesterol in
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plasma, brain and cerebrospinal fluid is markedly increased in
individuals with AD (Shafaati et al., 2011). These observations might,
therefore, provide a possible link between high levels of plasma
cholesterol and AD. However, in the disease cerebrotendinous
xanthomatosis, the enzyme that generates 27-hydroxycholesterol
from cholesterol (cholesterol 27-hydroxylase) is defective, so the
amount of 27-hydroxycholesterol in plasma is abnormally low – yet
neurodegeneration is prevalent. In individuals with SLOS, in
addition to high levels of 7-dehydrocholesterol in plasma and brain
(reviewed by Porter and Herman, 2011), the plasma also contains
reduced amounts of 24-hydroxycholesterol and increased amounts
of 27-hydroxycholesterol, compared with levels in unaffected
individuals (Björkhem et al., 2011); the mechanism responsible for
these differences is not clear. Finally, the levels of several nonenzymatically generated oxidation products of cholesterol are
markedly increased in the plasma of individuals with NPC disease
compared with non-affected controls (Jiang et al., 2011). Although
alterations in the amount of oxygenated derivatives of cholesterol
have not been shown to be directly responsible for the
neurodegeneration in any of these diseases, the presence of
abnormal amounts of these sterols in plasma might provide useful
diagnostic biomarkers for the evaluation of disease progression
(Leoni and Caccia, 2011).

Commonalities and differences in cholesterol
metabolism in neurodegenerative diseases
As discussed above, abnormalities have been reported in cholesterol
metabolism in several different neurodegenerative diseases. An
important question that arises from these observations is: does a
common molecular mechanism link the neurodegenerative
phenotype to altered cholesterol metabolism in the brain? If so,
does this link mean that a common therapeutic approach for these
diseases might be possible? From the information currently
available the answer to these questions is probably ‘no’.
In most cases, a causal link between cholesterol metabolism and
neurodegeneration has not been established. The exceptions are
SLOS and NPC disease, which result from mutations in genes
directly involved in the biosynthesis and intracellular trafficking of
cholesterol, respectively. SLOS and NPC disease are caused by
distinct alterations in cholesterol metabolism, and the two diseases
exhibit different neurological impairments. In NPC disease,
cholesterol accumulates in the lysosomal pathway of neurons and
glial cells, whereas the cholesterol concentration of the plasma
membrane and endoplasmic reticulum is reduced; importantly, the
endoplasmic reticulum is the site at which cholesterol synthesis
and acquisition are exquisitely feedback regulated by cholesterol.
Thus, in NPC disease, the primary reason for neuron death is
generally considered to be the sequestration of cholesterol in late
endosomes and/or lysosomes. SLOS, in contrast, is caused by
mutations in the final enzyme of the cholesterol biosynthetic
pathway, resulting not only in abnormally low amounts of
cholesterol but also in the accumulation of the cholesterol precursor
7-dehydrocholesterol in plasma and cells of the brain. It remains
unclear whether the neurological problems in this disease can be
attributed to the deficiency of cholesterol or to the accumulation
of the potentially toxic 7-dehydrocholesterol. The reason why
developmental abnormalities occur in SLOS has not been
completely elucidated. Consequently, even for these two
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cholesterol-linked diseases, the mechanism by which dysregulation
of cholesterol homeostasis leads to neurodegeneration has not been
established.
The situation is even more complex for AD. Although high
plasma levels of cholesterol in some instances correlate with an
increased incidence of AD, there is no direct evidence that
alterations in cholesterol homeostasis are responsible for the
defects in memory and cognition. Some intriguing similarities have
been noted, however, between NPC disease and AD. For example,
both diseases exhibit endosomal and/or lysosomal abnormalities.
In addition, higher levels of A peptides are present in the brains
of very young Npc1–/– mice compared with Npc1+/+ mice (Burns
et al., 2003). Furthermore, neurofibrillary tangles containing
hyperphosphorylated tau are abundant in the brains of individuals
with either NPC disease or AD (Distl et al., 2003). However, despite
the well-established association between APOE4 and AD, a
molecular mechanism that directly connects cholesterol
metabolism with the neurological impairments of AD is lacking.
Indeed, it is possible that the observed defects in cholesterol
metabolism in AD are the consequence, rather than the cause, of
the disease. In HD, cholesterol metabolism is clearly altered in
neurons expressing mutant huntingtin, but any causal link between
cholesterol imbalance and the neurodegeneration that is
characteristic of this disease is tenuous. A clear link has also not
been established between cholesterol metabolism and the
neurodegenerative phenotype of PD, although in vitro experiments
indicate that high levels of cholesterol promote the aggregation of
-synuclein.
An interesting point to consider when comparing cholesterol
metabolism in these neurodegenerative diseases is the region of
the brain that is primarily affected. In NPC disease, the type of
neurons that are most severely affected are the Purkinje cells of the
cerebellum, but how cholesterol accumulation in the late
endosomes and/or lysosomes preferentially causes the death of
Purkinje neurons, rather than neurons in other parts of the brain,
is not yet understood. AD, HD and PD are also characterized by
the loss of neurons from distinct regions of the brain. In AD, the
neurons that fail to survive are primarily in the hippocampus,
whereas in HD the survival of striatal neurons is most severely
impaired and in PD the dopaminergic neurons in the substantia
nigra are the most affected. These observations raise the question
of whether there are fundamental differences in the mechanisms
that link cholesterol homeostasis and neuronal survival in these
different types of neurons.
More information is clearly required to determine whether the
neurodegenerative phenotype of these diseases can be attributed
to impaired cholesterol metabolism. Nevertheless, possible
therapeutic strategies for altering cholesterol metabolism in the
brains of individuals suffering from these diseases are currently
being considered. As discussed above, the prospect of delivering
cyclodextrin intra-thecally for the treatment of individuals with
NPC disease is very promising, but this would be a drastic
treatment. It is unlikely that this agent would be useful for treating
any of the other diseases discussed above. The use of statins is being
considered as a therapy for AD given that high levels of plasma
cholesterol have been proposed to correlate with the incidence of
AD, and some evidence suggests that statins might be beneficial
for this disease (Fassbender et al., 2002; Shepardson et al., 2011a;
dmm.biologists.org
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Wolozin et al., 2000). However, these conclusions are controversial,
and the reason why any correlation would exist between high
plasma cholesterol and impaired brain function in AD is not clear
because plasma lipoproteins do not cross the blood-brain barrier.
Furthermore, whether any of the potential benefits of the statins
for treatment of AD, and perhaps also of PD, are due to their
cholesterol-lowering effects or to their anti-inflammatory or
antioxidant properties remains to be determined. If the statins
proved beneficial for AD and/or PD, use of only the class of statins
that can cross the blood-brain barrier would be indicated. Indeed,
an important consideration when devising therapeutic strategies
that target any metabolic pathway in the brain is that many
molecules do not freely cross the blood-brain barrier. Thus, delivery
of a drug into the brain is often problematic, as is the use of gene
therapy for neurodegenerative diseases. Another problem in
devising treatments for neurodegenerative diseases is the difficulty
of reversing brain damage that has already occurred.
Many of the questions raised above should stimulate research
questions regarding the fundamental molecular mechanisms that
regulate cholesterol homeostasis in different types of cells in the
brain, and determine how alterations in cholesterol balance affect
the survival and function of neurons and glial cells. It is hoped that
further studies on the role of cholesterol metabolism in
neurodegeneration will facilitate the search for new approaches to
treat these diseases.
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