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Abstract
Alzheimer’s disease (AD) is a devastating neurodegenerative disorder. Accumulation and
deposition of the beta-amyloid (Aβ) peptide generated from its larger amyloid precursor protein
(APP) is one of the pathophysiological hallmarks of AD. Intracellular cholesterol was shown to
regulate Aβ production. Recent genetic and biochemical studies indicate that not only the amount,
but also the distribution of intracellular cholesterol is critical to regulate Aβ generation. Acyl-
coenzyme A: cholesterol acyl-transferase (ACAT) is a family of enzymes that regulates the
cellular distribution of cholesterol by converting membrane cholesterol into hydrophobic
cholesteryl esters for cholesterol storage and transport. Using pharmacological inhibitors and
transgenic animal models, we and others have identified ACAT1 as a potential therapeutic target
to lower Aβ generation and accumulation. Here we discuss data focusing on ACAT inhibition as
an effective strategy for the prevention and treatment of AD.
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Introduction
Progressive neurodegeneration, memory loss, cognitive impairment and personality changes
are the major clinical features of Alzheimer’s disease (AD) [1,2]. At the molecular level,
extracellular amyloid plaque and intracellular neurofibrillary tangle formation are defining
lesions of AD. Initial amyloid β (Aβ) accumulation in the brain results in plaque formation
at a later time [3–6].

Several epidemiological, molecular and biochemical studies link elevated cholesterol with
the onset of AD [7,8]. Total serum cholesterol and low-density lipoprotein (LDL)
cholesterol are elevated in AD patients, as compared to age-matched controls [9,10]. Low
cholesterol diet may lower the risk of neurodegenerative disorders including AD [11].
Genetic studies have identified more than 50 genes that influence the onset of familial as
well as sporadic AD [12]. Interestingly, many of these genes are important for cholesterol
metabolism and transport. Identification of Apolipoprotein E (apo ε) gene as a major risk
factor for late onset AD opened a new avenue connecting cholesterol with the disease [13–
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15]. ApoE is the major apolipoprotein in the central nervous system that functions as a
ligand in receptor-mediated endocytosis of lipoprotein particles. ApoE delivers cholesterol
and other essential lipid particles to neurons through members of low density lipoprotein
receptors (LDLR) family to support neuronal metabolism, synaptogenesis and the
maintenance of synaptic connections [16–18]. In humans, the apo ε gene exists in three
different polymorphic forms apo ε2, ε3 and ε4. Among the three, apo ε4 is the strongest risk
factor for late onset AD [13–15]. Statins, drugs inhibiting the synthesis of cholesterol, have
long been used for reducing the levels of serum cholesterol. The initial discovery of the
beneficial effect of statins in AD has further strengthened the connection between
cholesterol and AD [19–21]. However, currently the use of statins in AD patients is
controversial. Recent randomized controlled trials using a large number of patients could not
confirm a therapeutic effect of statins against AD [22–25].

High intake of dietary cholesterol resulting in hypercholesterolemia was also shown to
enhance amyloid β (Aβ) deposition in animal brains. Initial studies were performed in
rabbits [26,27], and these were followed by transgenic mice [28–30] and guinea pigs [31],
all showing a strong correlation between plasma cholesterol and Aβ levels. One study in
particular analyzed both Aβ levels and APP processing in a transgenic mouse model of AD
on high fat/high cholesterol diet [32]. APP processing was elevated, therefore the authors
could conclude that high cholesterol increased Aβ generation as opposed to decreasing its
catabolism. This effect could be reversed by cholesterol-lowering agents [30].

Recent experiments in cellular and animal models showed dramatic reduction of Aβ
generation and deposition upon inhibition of the enzyme acyl-coenzyme A: cholesterol
acyltransferase (ACAT), which is critical to maintain cholesterol homeostasis by converting
free cholesterol to cholesteryl ester. Here we review the current evidence that supports the
involvement of ACAT activity in cholesterol homeostasis, APP processing and Aβ
generation.

1. ACAT in intracellular cholesterol homeostasis
In addition to the de novo cholesterol synthesis via the HMGCoA reductase pathway and
ApoE-mediated cholesterol transport via LDLRs, cellular cholesterol is found in two forms:
free cholesterol (FC) and cholesteryl esters (CE). The maintenance of the dynamic
equilibrium between FC and CE is critical for cholesterol homeostasis. Overproduction of
free cholesterol can be toxic to cells [33]. The ER-resident enzyme ACAT uses cholesterol
and long-chain fatty acyl coenzyme A as substrates to convert FC into CE. Cholesteryl ester
hydrolases (CEH) are responsible for the reverse reaction converting CE into FC [34,35].
ACAT and CEH act in opposite directions to maintain the dynamic equilibrium between FC
and CE. ACAT has been the focus of intense research as the enzyme responsible for the
generation of CEs in atherosclerotic plaques. CEH function is likely performed by many
enzymes, which have not yet been positively identified in mammalian cells. FC is stored in
membrane bilayers, whereas CEs are hydrophobic in nature and require a special
environment to remain stable in aqueous cytoplasm. Lipid droplets surrounded by a
phospholipid monolayer serve as a microdomain storing neutral lipids [36]. In addition to
their storage function, evidence indicates that lipid droplets also carry proteins commonly
found on the plasma membrane.

1.1 Acyl-coenzyme A: cholesterol acyl-transferase (ACAT) and cholesteryl esters
Two ACAT (Acat1 or SOAT1 and Acat2 or SOAT2) genes have been identified in mammals
[37–39]. The gene products, ACAT1 and ACAT2, are multiple membrane-spanning ER-
resident proteins and share ~50% amino acid sequence homology. ACAT1 is the enzyme
responsible for foam cell formation and is linked to increased coronary artery atherosclerosis
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[40–42]. Thus, ACAT1 is considered a critical target for the treatment of atherosclerosis.
However, while ACAT2 knock out hyperlipidemic mice are protected from atherosclerosis,
ACAT1 null mice only show a minor improvement [43–45]. This is likely due to the
essential role of ACAT2 in lipoprotein formation. Conventional biochemical approaches to
compare the two isoforms become exceedingly difficult due to the lack of sufficient purified
proteins in most preparations [46,47].

In hepatocytes and intestinal enterocytes, ACAT activity is responsible for the generation of
CE in the ER lumen. This CE constitutes the neutral lipid core of secreted lipoproteins, such
as VLDL or chylomicrons [48]. However, in most other tissues, ACAT is involved in
generating cytoplasmic lipid droplets. ACAT1 is ubiquitously expressed in various tissues
and cell types including hepatocytes, macrophages, adrenals, skin and neurons, whereas
ACAT2 is expressed mostly in the small intestine and hepatocytes [49,50]. Therefore,
studying the role of ACAT in the brain is restricted to ACAT1 only. Based on ACAT1/
ACAT2 mRNA and protein distribution, Rudel et al. hypothesize that ACAT1 is involved in
the synthesis of intracellular CE and ACAT2 functions by supplying the CE to LDL for
lipoprotein assembly [51,52]. To accomplish this, ACAT1 and ACAT2 would have different
topologies in the ER, targeting CEs to cytoplasmic lipid droplets or to lipoprotein assembly
in the lumenal side of ER, respectively. Both enzymes are ER-resident protein, spanning the
ER five or seven times [53,54]. Identification of the putative active site residues of ACAT1
and ACAT2 led to the conclusion that the amino acid requirement for ACAT activity may
be different for the two enzymes [55,56]. The putative active site of ACAT1 was located to
the cytoplasmic side of the ER, whereas the active site of ACAT2 is located at the lumenal
side of the ER [53]. The fact that ACAT1 and ACAT2 can functionally complement each
other [57] indicates that their membrane topologies are not fixed. While ACAT1 is an
allosteric enzyme [48], its gene does not contain the sterol regulatory element (SRE) that is
widely present within the promoter regions of many cholesterol-regulatory genes. Therefore,
cholesterol may not directly regulate ACAT expression [58]. More interestingly, ACAT1
does not contain a sterol-sensing domain (SSD) [59], which is the cholesterol binding motif
found in almost all cholesterol regulating proteins.

1.2 Intracellular lipid droplets
In most cell types, cytoplasmic lipid droplets are prevalently occupied by CEs. In
adipocytes, however, triacylglycerides represent the main component of lipid droplets [60].
Adipocytes possess a unique morphology that allows for formation of large lipid droplets.
These large droplets sometimes occupy almost the entire cell volume by pushing other
intracellular compartments to the cell periphery [61]. Detailed studies on lipid droplet
biogenesis and function in adipocytes are being conducted to understand how lipid droplets
sequester excess CEs and triacylglycerides in metabolic diseases such as obesity, diabetes
and atherosclerosis caused by genetic disorders or consumption of cholesterol-rich diet.

CEs are generated in the cytoplasmic leaflet of the ER or between the two leaflets, before
being pinched off into highly mobile cytoplasmic lipid droplets [62]. Apart from being a
fundamental component of lipid homeostasis, lipid droplets also act as critical organelles
during development. Novel interaction of lipid droplets with microtubules is considered a
crucial feature in developmentally regulated cellular positioning of Drosophila
melanogaster [63]. Specific proteins are found in and around the ER membrane domains
adjacent to the proposed site of lipid droplets biogenesis. These proteins are part of the PAT
family, consisting of perilipin, adipophilin and TIP47 (tail-interacting protein of 47 kDa)
[64,65]. A number of cellular proteins involved in vesicle trafficking, membrane fusion and
cytoskeletal reorganization were found associated with the lipid droplets via direct or
indirect interaction with the PAT proteins. The small GTPase ARF1, which is involved in
Phospholipase D (PLD)-mediated cellular trafficking, binds adipophilin (also called ADRP)
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and localizes to the lipid droplets [66]. Additional small GTPases, particularly belonging to
the Rab family, are known to regulate membrane trafficking in the endocytic as well as other
biosynthetic pathways [67]. The possibility that several Rab proteins may link lipid droplets
with other intracellular organelles is under scrutiny [68]. Rab18 has gained particular
attention because of its recruitment to lipid droplets upon stimulation of lipolysis by β-
adrenergic receptor activation [69]. The interesting discovery of the localization of an N-
terminal truncation mutant of caveolin, Cav3DGV [70], to the lipid droplets provided the
initial evidence that caveolin plays a role in lipid droplet regulation. Regulated localization
of endogenous caveolin-1 and caveolin-2 to the lipid droplets in cultured cells and
regenerating liver was later confirmed [71,72]. Caveolins are membrane bound cell surface
proteins involved in protein and membrane trafficking. It is unclear how caveolins move
from the cell surface to the lipid droplets. The discovery of the PAT family proteins at the
plasma membrane of macrophages and adipocytes indicates that lipid droplets may be
transported to the plasma membrane [73,74]. In spite of several reports suggesting the role
of lipid droplets in intracellular signaling, vesicle trafficking, protein degradation and
temporal protein storage [75,76], experimental evidence is scarce.

While cholesterol-rich diet has been linked with the onset of neurodegenerative diseases
including AD [11,27,77–80], very little is known about the role of lipid droplets in disease
progression. Inefficient detection techniques hinder the study of lipid droplets in non-
adipocytes. Lipid droplets in adipocytes can be easily detected by light microscopy because
of their large size reaching more than 100 µm in diameter [36]. On the other hand, lipid
droplets generated in non-adipocytes are not more than a few µm in diameter [73]. We have
successfully identified the presence of lipid droplets in the cytoplasm of cultured cells by
labeling formalin-fixed cells with HCS LipidTOX™ red neutral lipid stain ([81] and Fig. 1).
Newer techniques such as freeze-fracture cytochemistry together with light and thin-layer
electron microscopy are becoming instrumental to test lipid droplet structure and function
[73]. Proton magnetic resonance revealed lipid droplets in rat intracerebral glioma with
diameters ranging between 1.3 to 4.3 µm [82]. Interestingly, a recent report on Aβ-positive
neurons of autopsied brain tissue from AD patient not only shows the presence of lipid
droplets in neurons, but also shows a positive correlation between Aβ levels and lipid
droplets [83]. Detection of lipid droplets in various tissues is the first step toward
understanding their function and their role in various diseases including AD.

2. ACAT and Aβ generation
The brain is the organ with the highest cholesterol content. Almost all cholesterol in the
brain is synthesized de novo with very little cholesterol transported from the plasma because
the blood brain barrier (BBB) effectively prevents cholesterol uptake from the circulation
[84]. Brain cholesterol is essential for a number of biological functions such as membrane
trafficking, signal transduction, myelin formation and synaptogenesis [85]. Brain cholesterol
has also been implicated in pathological functions, specifically in the onset of AD [8].
Therefore, reducing brain cholesterol would be an obvious strategy to alleviate symptoms of
AD. The cholesterol lowering drugs statins reduce Aβ generation in vitro and in vivo
[20,31,86–88], while also exerting anti-oxidant effects on cerebral vasculature (reviewed in,
[89,90]). However, recent large clinical trials using statins for AD did not confirm the initial
positive data from smaller trials [91–97].

In contrast to statins, ACAT inhibitors act by reducing CE formation without affecting total
cholesterol levels [98]. ACAT inhibitors have been developed against lipid-disorder
diseases, and tested for the treatment of atherosclerosis and hypercholesterolemia [99].
Clinical trials are still ongoing. Regarding AD, accumulating evidence is showing that
ACAT activity regulates amyloid pathology in the brain [98,100]. Our data, followed by
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others, clearly support ACAT inhibition as a strategy for the treatment of AD. Here we
summarize data linking ACAT inhibition with reduced Aβ generation.

2.1 ACAT inhibition in animal models of AD
The first animal study was performed with transgenic mice expressing human APP751
containing the London (V717I) and Swedish (K670M/N671L) mutations (hAPPFAD mice).
Two months treatment with the ACAT inhibitor CP-113,818 not only reduced amyloid
plaques in 6 months old hAPPFAD mice, but also improved their spatial learning and
memory in a Morris Water Maze test [100]. The antiamyloid effect of CP-113,818 was
gender independent. Reduction of plasma cholesterol was previously linked with reduction
in Aβ generation [9], but CP-113,818-treatment reduced serum cholesterol levels by only
29% compared to the 90 and 96% reduction of insoluble Aβ40 and Aβ42 levels in the animal
brain, respectively. However, brain CE levels were reduced by 86% in CP-113,818-treated
animals, which is comparable to the reduction of Aβ in the same brains. These data indicate
that reduced brain ACAT1 activity decreased Aβ levels, instead of an indirect effect of
reduced plasma cholesterol. The dramatic reduction in the brain Aβ load was possibly due to
the effective delivery strategy of the inhibitor, using implantable slow-release biopolymer
pellets, and/or to the ability of the drug to penetrate the BBB. Levels of CP-113,818 in the
brain have not been measured. Similarly to statins, ACAT inhibitors appear to indirectly
modulate Aβ generation without directly affecting the proteolytic activities of the APP
processing enzymes β- and γ-secretases. APP C-terminal fragments (APP-CTFs) were
reduced in the brains of treated animals, indicating that CP-113,818 inhibited APP
processing with a consequent decrease in Aβ generation. These data were in agreement with
our earlier cell-based studies [98]. However, the possibility that ACAT inhibition may also
affect Aβ catabolism by reducing its degradation and/or clearance via yet unidentified
mechanism(s) has not been excluded.

Recently, Bryleva et al. reported greatly improved AD-like pathology when triple transgenic
AD mice (3XTg-AD) were crossed with an ACAT null mouse model [101]. In addition, 12
months old ACAT−/−/3XTg-AD mice performed at the level of non-transgenic animals in a
memory test [101]. Aβ42 levels were decreased by 78% in ACAT−/−/3XTg-AD mice. These
data are consistent with our studies using the ACAT inhibitor CP-113,818 in hAPPFAD mice
[100]. Complete lack of ACAT activity in ACAT−/−/3XTg-AD also resulted in a decrease in
full length APP levels, with a similar decrease in APP-CTF generation [101]. This
observation contradicts our data that show reduction of APP-CTF and Aβ levels upon
CP-113,818-treatment without largely affecting the levels of full length APP [100]. The
discrepancy may be due to the two different approaches, one using a general
pharmacological inhibitor of ACAT1, and the other using complete ablation of the ACAT1
gene. Interestingly, ACAT−/−/3XTg-AD mice exhibit an approximately 27% increase of 24-
hydroxycholesterol (24SOH) levels with unchanged levels of the enzyme catalyzing its
synthesis, 24-hydroxylase [101]. 24SOH and 27-hydroxycholesterol are endogenous
activators of liver X receptors (LXRs) that upon stimulation cause degradation of Aβ42
[102,103]. 24SOH appears to induce α-secretase-mediated processing of APP, whereas 27-
hydroxycholesterol upregulates APP and BACE [104]. Treatment of hippocampal neurons
with 24SOH reduces APP holoprotein levels [101]. Since 24-hydroxylase is a brain-specific
enzyme, changes in 24SOH may contribute to reduced amyloid pathology in vivo. However,
cell-based data using non-neuronal cells are not explained by this mechanism.

Additional support for the role of ACAT in amyloid pathology derives from a genetic study
showing that a single nucleotide polymorphism rs 1044925 in the ACAT1-encoding gene
SOAT1 (sterol O-acyltransferase 1) is associated with reduced risk for AD [105]. This study
shows decreased amyloid load in patients harboring the rs 1044925 polymorphism. Other
genetic studies contradict the association of SOAT1 polymorphism with AD risk [106].
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However, this may be due to the diverse genetic backgrounds of the populations analyzed in
different studies.

Finally, in a recent unpublished work we have confirmed that ACAT inhibitors reduce
amyloid pathology in a mouse model of AD. Here, we tested a less potent ACAT1 inhibitor,
CI-1011, to study its effect on Aβ generation. We have compelling data substantiating that
CI-1011 also reduces APP processing and Aβ generation in both cell- and animal-based AD
models (unpublished data).

2.2. Mechanism of ACAT-inhibition in Aβ generation
The cellular mechanism underlying ACAT inhibitor-mediated reduction of Aβ generation
remains largely unknown. CP-113,818 and CI-1011 reduce generation of APP-CTFs and Aβ
in cell- and animal-based AD models ([98,100], and unpublished data). In addition, a 50%
reduction of ACAT1 expression by RNAi results in 48%, 27% and 28% decrease in
amyloidogenic APP-βCTF, non-amyloidogenic APP-αCTF and secreted Aβ42 levels in
human H4 neuroglioma cells, respectively [107]. Data obtained so far indicate that reduction
of ACAT activity affects processing of APP at the level of all three secretases (α-, β- and γ-
secretases). However, CP-113,818 does not alter BACE1 or γ-secretase activities in in vitro
assays [100]. Instead, our studies strongly indicate that the ACAT inhibitors reduce APP
processing by an indirect modulation of the secretase activities on APP, possibly by
disrupting APP trafficking. Like most type I transmembrane proteins, nascent APP is
generated in the ER (immature APP) and undergoes maturation in the ER-Golgi en route to
the plasma membrane via the secretory pathway. α-secretase-mediated ectodomain shedding
occurs primarily at the plasma membrane. Plasma membrane-bound APP is rapidly
endocytosed to enter the endosomal compartments, where it is sequentially cleaved by β-
and γ-secretases to generate Aβ [108]. We have demonstrated that CP-113,818 treatment
delays APP maturation and increases ER-retention of immature APP, suggesting that the
inhibition of ACAT activity targets newly synthesized APP in the early secretory pathway
and limits its availability for the secretases [109]. This mechanism supports our previous
observation that ACAT inhibition does not directly inhibit secretase activities. However, this
may not be the major mechanism by which ACAT activity regulates APP processing.
Although ER-retention, and ER-associated degradation has gained significant attention
towards understanding APP metabolism in the early secretory pathway [110,111],
amyloidogenic processing of APP mostly occurs in the acidic compartments of the
endocytic pathway or in the lipid rafts [108]. Therefore, targeting APP in the early secretory
pathway may not be the primary mechanism by which ACAT inhibitors reduce Aβ
generation. Further studies are needed to unravel the full picture of ACAT’s impact on Aβ
generation.

Inactivation of ACAT1 only leads to a slight accumulation of membrane cholesterol, as
excess cholesterol is rapidly exported from the cell [112,113]. The excess cholesterol may
be found in the ER, Golgi, or plasma membrane. This cholesterol pool has not yet been
identified. It is possible that the free cholesterol pool may be present in lipid raft-like
structures at the Golgi-plasma membrane. If so, they may act as docking sites for APP or
APP secretases causing their mislocalization and improper processing.

In addition to the accumulation of cholesterol, disruption of CE synthesis by ACAT
inhibition may disturb ER-associated cytoplasmic or lumenal lipid droplet biogenesis and
transport. A competitive inhibitor of ACAT1, Sandoz 58-035, was shown to cause the
formation of lamellar bodies descending from lipid droplets [114,115]. The possibility that
altered lipid droplet formation may affect APP trafficking and/or processing needs to be
explored.
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3. Concluding remarks
Cholesterol is a bona fide risk factor for AD pathogenesis. While numerous studies indicate
close relationship between dietary cholesterol and cognitive impairment, a consensus still
needs to be reached as to how increased plasma cholesterol affects amyloid pathogenesis in
the brain. Identifying molecular targets in cholesterol biosynthesis and/or cholesterol
homeostasis has become an important focus for AD research. Statins, relatively safe and
available, have so far produced mixed results in clinical trials. In contrast, ACAT1 has an
excellent potential to become a drug target for AD, as ACAT inhibitors only reduce CE
levels and therefore affect APP processing by a mechanism different from statins.
Experimental evidence pointing to reduced ACAT activity as an effective method to reduce
Aβ levels and/or plaque formation is accumulating (summarized in Table 1). ACAT
inhibitors are currently not marketed, but their testing in clinical trials against lipid-disorder
diseases is ongoing. The underlying mechanism of how ACAT inhibitors reduce Aβ
generation is currently under intense investigation. Combination of statins and ACAT
inhibitors may become an effective strategy for the prevention and/or treatment of the
devastating effects of AD.

Acknowledgments
This study was supported by grants from the Cure Alzheimer’s Fund (D.M.K.) and the U.S. National Institutes of
Health (R01 NS45860; D.M.K.).

Abbreviations

AD Alzheimer’s Disease

Aβ beta-Amyloid

APP Amyloid precursor protein

A Acyl-coenzyme

ACAT cholesterol acyl-transferase

FC Free cholesterol

CE Cholesteryl ester

ER Endoplasmic reticulum

BBB Blood Brain Barrier

Tg Transgenic

References
1. Selkoe DJ. Nutr Rev 2007;65:S239–S243. [PubMed: 18240556]
2. Zlokovic BV. Trends Neurosci 2005;28:202–208. [PubMed: 15808355]
3. Deane R, Zlokovic BV. Curr Alzheimer Res 2007;4:191–197. [PubMed: 17430246]
4. Haass C, Selkoe DJ. Nat Rev Mol Cell Biol 2007;8:101–112. [PubMed: 17245412]
5. Tanzi RE, Moir RD, Wagner SL. Neuron 2004;43:605–608. [PubMed: 15339642]
6. Walsh DM, Selkoe DJ. Neuron 2004;44:181–193. [PubMed: 15450169]
7. Hirsch-Reinshagen V, Burgess B, Wellington C. Molecular and Cellular Biochemistry

2009;326:121–129. [PubMed: 19116777]
8. Shobab LA, Hsiung GY, Feldman HH. Lancet Neurol 2005;4:841–852. [PubMed: 16297842]
9. Jarvik GP, Wijsman EM, Kukull WA, Schellenberg GD, Yu C, Larson EB. Neurology

1995;45:1092–1096. [PubMed: 7783869]

Bhattacharyya and Kovacs Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



10. Kuo YM, Emmerling MR, Bisgaier CL, Essenburg AD, Lampert HC, Drumm D, Roher AE.
Biochem Biophys Res Commun 1998;252:711–715. [PubMed: 9837771]

11. Luchsinger JA, Mayeux R. Lancet Neurol 2004;3:579–587. [PubMed: 15380154]
12. Bertram L, Tanzi RE. Hum Mol Genet 2009;18:R137–R145. [PubMed: 19808789]
13. Corder EH, Lannfelt L, Bogdanovic N, Fratiglioni L, Mori H. Cell Mol Life Sci 1998;54:928–934.

[PubMed: 9791536]
14. Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, Roses AD,

Haines JL, Pericak-Vance MA. Science 1993;261:921–923. [PubMed: 8346443]
15. Strittmatter WJ, Roses AD. Proc. Natl. Acad. Sci. U. S. A 1995;92:4725–4727. [PubMed:

7761390]
16. Herz J, Beffert U. Nat Rev Neurosci 2000;1:51–58. [PubMed: 11252768]
17. Herz J, Chen Y. Nat Rev Neurosci 2006;7:850–859. [PubMed: 17053810]
18. Mahley RW. Science 1988;240:622–630. [PubMed: 3283935]
19. Jick H, Zornberg GL, Jick SS, Seshadri S, Drachman DA. Lancet 2000;356:1627–1631. [PubMed:

11089820]
20. Wolozin B, Kellman W, Ruosseau P, Celesia GG, Siegel G. Arch Neurol 2000;57:1439–1443.

[PubMed: 11030795]
21. Yaffe K, Barrett-Connor E, Lin F, Grady D. Arch Neurol 2002;59:378–384. [PubMed: 11890840]
22. Collins R, Armitage J. Lancet 2002;360:1618–1619. [PubMed: 12457780]
23. Sparks DL, Kryscio RJ, Sabbagh MN, Connor DJ, Sparks LM, Liebsack C. Curr Alzheimer Res

2008;5:416–421. [PubMed: 18690839]
24. Shepherd J, Blauw GJ, Murphy MB, Bollen EL, Buckley BM, Cobbe SM, Ford I, Gaw A, Hyland

M, Jukema JW, Kamper AM, Macfarlane PW, Meinders AE, Norrie J, Packard CJ, Perry IJ, Stott
DJ, Sweeney BJ, Twomey C, Westendorp RG. Lancet 2002;360:1623–1630. [PubMed: 12457784]

25. Hoglund K, Blennow K. CNS Drugs 2007;21:449–462. [PubMed: 17521225]
26. Sparks DL, Kuo YM, Roher A, Martin T, Lukas RJ. Ann N Y Acad Sci 2000;903:335–344.

[PubMed: 10818523]
27. Sparks DL, Scheff SW, Hunsaker JC, Liu H, Landers T, Gross DR. Exp.Neurol 1994;126:88–94.

[PubMed: 8157129]
28. Howland DS, Trusko SP, Savage MJ, Reaume AG, Lang DM, Hirsch JD, Maeda N, Siman R,

Greenberg BD, Scott RW, Flood DG. J Biol Chem 1998;273:16576–16582. [PubMed: 9632729]
29. Refolo LM, Malester B, LaFrancois J, Bryant-Thomas T, Wang R, Tint GS, Sambamurti K, Duff

K, Pappolla MA. Neurobiol Dis 2000;7:321–331. [PubMed: 10964604]
30. Refolo LM, Pappolla MA, LaFrancois J, Malester B, Schmidt SD, Thomas-Bryant T, Tint GS,

Wang R, Mercken M, Petanceska SS, Duff KE. Neurobiol Dis 2001;8:890–899. [PubMed:
11592856]

31. Fassbender K, Simons M, Bergmann C, Stroick M, Lutjohann D, Keller P, Runz H, Kuhl S,
Bertsch T, von Bergmann K, Hennerici M, Beyreuther K, Hartmann T. Proc Natl Acad Sci U S A
2001;98:5856–5861. [PubMed: 11296263]

32. Refolo LM, Pappolla MA, Malester B, LaFrancois J, Bryant-Thomas T, Wang R, Tint GS,
Sambamurti K, Duff K. Neurobiol Dis 2000;7:321–331. [PubMed: 10964604]

33. Tabas I. J Clin Invest 2002;110:583–590. [PubMed: 12208856]
34. Chang TY, Chang CC, Lin S, Yu C, Li BL, Miyazaki A. Curr Opin Lipidol 2001;12:289–296.

[PubMed: 11353332]
35. Buhman KF, Accad M, Farese RV. Biochim Biophys Acta 2000;1529:142–154. [PubMed:

11111084]
36. Ohsaki Y, Cheng J, Suzuki M, Shinohara Y, Fujita A, Fujimoto T. Biochim Biophys Acta

2009;1791:399–407. [PubMed: 18996222]
37. Cases S, Novak S, Zheng YW, Myers HM, Lear SR, Sande E, Welch CB, Lusis AJ, Spencer TA,

Krause BR, Erickson SK, Farese RV Jr. J Biol Chem 1998;273:26755–26764. [PubMed: 9756919]
38. Chang CC, Huh HY, Cadigan KM, Chang TY. J Biol Chem 1993;268:20747–20755. [PubMed:

8407899]

Bhattacharyya and Kovacs Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



39. Oelkers P, Behari A, Cromley D, Billheimer JT, Sturley SL. J Biol Chem 1998;273:26765–26771.
[PubMed: 9756920]

40. Carr TP, Parks JS, Rudel LL. Arterioscler Thromb 1992;12:1274–1283. [PubMed: 1420087]
41. Rudel LL, Davis M, Sawyer J, Shah R, Wallace J. J Biol Chem 2002;277:31401–31406. [PubMed:

12080065]
42. Rudel LL, Parks JS, Hedrick CC, Thomas M, Williford K. Prog Lipid Res 1998;37:353–370.

[PubMed: 10209653]
43. Meiner VL, Cases S, Myers HM, Sande ER, Bellosta S, Schambelan M, Pitas RE, McGuire J, Herz

J, Farese RV Jr. Proc Natl Acad Sci U S A 1996;93:14041–14046. [PubMed: 8943057]
44. Yagyu H, Kitamine T, Osuga J, Tozawa R, Chen Z, Kaji Y, Oka T, Perrey S, Tamura Y, Ohashi K,

Okazaki H, Yahagi N, Shionoiri F, Iizuka Y, Harada K, Shimano H, Yamashita H, Gotoda T,
Yamada N, Ishibashi S. J Biol Chem 2000;275:21324–21330. [PubMed: 10777503]

45. Fazio S, Major AS, Swift LL, Gleaves LA, Accad M, Linton MF, Farese RV Jr. J Clin Invest
2001;107:163–171. [PubMed: 11160132]

46. Doolittle GM, Chang TY. Biochemistry 1982;21:674–679. [PubMed: 7074032]
47. Kinnunen PM, Spilburg CA, Lange LG. Biochemistry 1988;27:7351–7356. [PubMed: 3207681]
48. Chang TY, Chang CC, Lu X, Lin S. J Lipid Res 2001;42:1933–1938. [PubMed: 11734565]
49. Chang TY, Chang CC, Cheng D. Annu Rev Biochem 1997;66:613–638. [PubMed: 9242919]
50. Chang TY, Chang CC, Lin S, Yu C, Li BL, Miyazaki A. Curr Opin Lipidol 2001;12:289–296.

[PubMed: 11353332]
51. Anderson RA, Joyce C, Davis M, Reagan JW, Clark M, Shelness GS, Rudel LL. J Biol Chem

1998;273:26747–26754. [PubMed: 9756918]
52. Rudel LL, Lee RG, Cockman TL. Curr Opin Lipidol 2001;12:121–127. [PubMed: 11264983]
53. Joyce CW, Shelness GS, Davis MA, Lee RG, Skinner K, Anderson RA, Rudel LL. Mol Biol Cell

2000;11:3675–3687. [PubMed: 11071899]
54. Lin S, Cheng D, Liu MS, Chen J, Chang TY. J Biol Chem 1999;274:23276–23285. [PubMed:

10438503]
55. An S, Lee WS, Lee JO, Paik YK, Jeong TS. FEBS Lett 2006;580:2741–2749. [PubMed:

16647063]
56. Das A, Davis MA, Rudel LL. J Lipid Res 2008;49:1770–1781. [PubMed: 18480028]
57. Spady DK, Willard MN, Meidell RS. J Biol Chem 2000;275:27005–27012. [PubMed: 10869364]
58. Chang T-Y, Chang CCY, Ohgami N, Yamauchi Y. Annual Review of Cell and Developmental

Biology 2006;22:129–157.
59. Guo Z-Y, Lin S, Heinen JA, Chang CCY, Chang T-Y. Journal of Biological Chemistry

2005;280:37814–37826. [PubMed: 16154994]
60. Le Lay S, Blouin CM, Hajduch E, Dugail I. Biochim Biophys Acta 2009;1791:514–518. [PubMed:

19038362]
61. Unger RH. Annu Rev Physiol 2003;65:333–347. [PubMed: 12471167]
62. Murphy DJ, Vance J. Trends Biochem Sci 1999;24:109–115. [PubMed: 10203758]
63. Gross SP, Guo Y, Martinez JE, Welte MA. Curr Biol 2003;13:1660–1668. [PubMed: 14521831]
64. Brasaemle DL. J. Lipid Res 2007;48:2547–2559. [PubMed: 17878492]
65. Wolins NE, Quaynor BK, Skinner JR, Tzekov A, Croce MA, Gropler MC, Varma V, Yao-

Borengasser A, Rasouli N, Kern PA, Finck BN, Bickel PE. Diabetes 2006;55:3418–3428.
[PubMed: 17130488]

66. Nakamura N, Akashi T, Taneda T, Kogo H, Kikuchi A, Fujimoto T. Biochem Biophys Res
Commun 2004;322:957–965. [PubMed: 15336557]

67. Zerial M, McBride H. Nat Rev Mol Cell Biol 2001;2:107–117. [PubMed: 11252952]
68. Ozeki S, Cheng J, Tauchi-Sato K, Hatano N, Taniguchi H, Fujimoto T. J Cell Sci 2005;118:2601–

2611. [PubMed: 15914536]
69. Martin S, Driessen K, Nixon SJ, Zerial M, Parton RG. J Biol Chem 2005;280:42325–42335.

[PubMed: 16207721]

Bhattacharyya and Kovacs Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



70. Pol A, Luetterforst R, Lindsay M, Heino S, Ikonen E, Parton RG. J Cell Biol 2001;152:1057–1070.
[PubMed: 11238460]

71. Fujimoto T, Kogo H, Ishiguro K, Tauchi K, Nomura R. J Cell Biol 2001;152:1079–1085.
[PubMed: 11238462]

72. Pol A, Martin S, Fernandez MA, Ferguson C, Carozzi A, Luetterforst R, Enrich C, Parton RG. Mol
Biol Cell 2004;15:99–110. [PubMed: 14528016]

73. Robenek H, Buers I, Hofnagel O, Robenek MJ, Troyer D, Severs NJ. Biochim Biophys Acta
2009;1791:408–418. [PubMed: 19118639]

74. Robenek H, Robenek MJ, Buers I, Lorkowski S, Hofnagel O, Troyer D, Severs NJ. J Biol Chem
2005;280:26330–26338. [PubMed: 15897193]

75. Martin S, Parton RG. Nat Rev Mol Cell Biol 2006;7:373–378. [PubMed: 16550215]
76. Welte MA. Trends Cell Biol 2007;17:363–369. [PubMed: 17766117]
77. Hardy JA, Higgins GA. Science 1992;256:184–185. [PubMed: 1566067]
78. Sparks DL, Hunsaker JC 3rd, Scheff SW, Kryscio RJ, Henson JL, Markesbery WR. Neurobiol

Aging 1990;11:601–607. [PubMed: 1704106]
79. Sparks DL, Martins R, Martin T. Ann N Y Acad Sci 2002;977:356–366. [PubMed: 12480773]
80. Pedrini S, Thomas C, Brautigam H, Schmeidler J, Ho L, Fraser P, Westaway D, Hyslop PS,

Martins RN, Buxbaum JD, Pasinetti GM, Dickstein DL, Hof PR, Ehrlich ME, Gandy S. Mol
Neurodegener 2009;4:40. [PubMed: 19845940]

81. Huttunen H, J, Greco C, Kovacs D, M. FEBS letters 2007;581:1688–1692. [PubMed: 17412327]
82. Lahrech H, Zoula S, Farion R, Remy C, Decorps M. Magn Reson Med 2001;45:409–414.

[PubMed: 11241697]
83. Gomez-Ramos P, Asuncion Moran M. J Alzheimers Dis 2007;11:53–59. [PubMed: 17361035]
84. Papassotiropoulos A, Lutjohann D, Bagli M, Locatelli S, Jessen F, Rao ML, Maier W, Bjorkhem I,

von Bergmann K, Heun R. Neuroreport 2000;11:1959–1962. [PubMed: 10884051]
85. Pfrieger FW. Cell Mol Life Sci 2003;60:1158–1171. [PubMed: 12861382]
86. Buxbaum JD, Geoghagen NS, Friedhoff LT. J Alzheimers Dis 2001;3:221–229. [PubMed:

12214063]
87. Friedhoff LT, Cullen EI, Geoghagen NS, Buxbaum JD. Int J Neuropsychopharmacol 2001;4:127–

130. [PubMed: 11466161]
88. Simons M, Keller P, De Strooper B, Beyreuther K, Dotti CG, Simons K. Proc Natl Acad Sci U S A

1998;95:6460–6464. [PubMed: 9600988]
89. Lefer AM, Scalia R, Lefer DJ. Cardiovasc Res 2001;49:281–287. [PubMed: 11164838]
90. Adam O, Laufs U. Arch Toxicol 2008;82:885–892. [PubMed: 18670762]
91. Fassbender K, Stroick M, Bertsch T, Ragoschke A, Kuehl S, Walter S, Walter J, Brechtel K,

Muehlhauser F, Von Bergmann K, Lutjohann D. Neurology 2002;59:1257–1258. [PubMed:
12391360]

92. Hoglund K, Syversen S, Lewczuk P, Wallin A, Wiltfang J, Blennow K. Exp Brain Res
2005;164:205–214. [PubMed: 15937702]

93. Hoglund K, Thelen KM, Syversen S, Sjogren M, von Bergmann K, Wallin A, Vanmechelen E,
Vanderstichele H, Lutjohann D, Blennow K. Dement Geriatr Cogn Disord 2005;19:256–265.
[PubMed: 15785028]

94. Hoglund K, Wiklund O, Vanderstichele H, Eikenberg O, Vanmechelen E, Blennow K. Arch
Neurol 2004;61:333–337. [PubMed: 15023808]

95. Ishii K, Tokuda T, Matsushima T, Miya F, Shoji S, Ikeda S, Tamaoka A. Neurosci Lett
2003;350:161–164. [PubMed: 14550919]

96. Sjogren M, Gustafsson K, Syversen S, Olsson A, Edman A, Davidsson P, Wallin A, Blennow K.
Dement Geriatr Cogn Disord 2003;16:25–30. [PubMed: 12714796]

97. Tokuda T, Tamaoka A, Matsuno S, Sakurai S, Shimada H, Morita H, Ikeda S. Ann Neurol
2001;49:546–547. [PubMed: 11310640]

98. Puglielli L, Konopka G, Pack-Chung E, Ingano LAM, Berezovska O, Hyman BT, Chang TY,
Tanzi RE, Kovacs DM. Nat Cell Biol 2001;3:905–912. [PubMed: 11584272]

Bhattacharyya and Kovacs Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



99. Farese RV Jr. Arterioscler Thromb Vasc Biol 2006;26:1684–1686. [PubMed: 16857957]
100. Hutter-Paier B, Huttunen HJ, Puglielli L, Eckman CB, Kim DY, Hofmeister A, Moir RD,

Domnitz SB, Frosch MP, Windisch M, Kovacs DM. Neuron 2004;44:227–238. [PubMed:
15473963]

101. Bryleva EY, Rogers MA, Chang CC, Buen F, Harris BT, Rousselet E, Seidah NG, Oddo S,
LaFerla FM, Spencer TA, Hickey WF, Chang TY. Proc Natl Acad Sci U S A 2010;107:3081–
3086. [PubMed: 20133765]

102. Burns MP, Vardanian L, Pajoohesh-Ganji A, Wang L, Cooper M, Harris DC, Duff K, Rebeck
GW. J Neurochem 2006;98:792–800. [PubMed: 16771834]

103. Jiang Q, Lee CY, Mandrekar S, Wilkinson B, Cramer P, Zelcer N, Mann K, Lamb B, Willson
TM, Collins JL, Richardson JC, Smith JD, Comery TA, Riddell D, Holtzman DM, Tontonoz P,
Landreth GE. Neuron 2008;58:681–693. [PubMed: 18549781]

104. Prasanthi JR, Huls A, Thomasson S, Thompson A, Schommer E, Ghribi O. Mol Neurodegener
2009;4:1. [PubMed: 19126211]

105. Wollmer MA, Streffer JR, Tsolaki M, Grimaldi LM, Lutjohann D, Thal D, Von Bergmann K,
Nitsch RM, Hock C, Papassotiropoulos A. Mol Psychiatry 2003;8:635–638. [PubMed:
12851640]

106. Zhao FG, Wang YH, Yang JF, Ma QL, Tang Z, Dong XM, Chan P. Neurosci Lett 2005;388:17–
20. [PubMed: 16043284]

107. Huttunen HJ, Greco C, Kovacs DM. FEBS Lett 2007;581:1688–1692. [PubMed: 17412327]
108. Thinakaran G, Koo EH. J Biol Chem 2008;283:29615–29619. [PubMed: 18650430]
109. Huttunen HJ, Peach C, Bhattacharyya R, Barren C, Pettingell W, Hutter-Paier B, Windisch M,

Berezovska O, Kovacs DM. Faseb J 2009;23:3819–3828. [PubMed: 19625658]
110. Hare JF. Arch Biochem Biophys 2006;451:79–90. [PubMed: 16764819]
111. Huttunen HJ, Guenette SY, Peach C, Greco C, Xia W, Kim DY, Barren C, Tanzi RE, Kovacs

DM. J. Biol. Chem 2007;282:28285–28295. [PubMed: 17684015]
112. Bernard DW, Rodriguez A, Rothblat GH, Glick JM. Arteriosclerosis 1990;10:135–144. [PubMed:

2297343]
113. Yamauchi Y, Chang CC, Hayashi M, Abe-Dohmae S, Reid PC, Chang TY, Yokoyama S. J Lipid

Res 2004;45:1943–1951. [PubMed: 15292375]
114. Chao FF, Blanchette-Mackie EJ, Tertov VV, Skarlatos SI, Chen YJ, Kruth HS. J Biol Chem

1992;267:4992–4998. [PubMed: 1537875]
115. Kruth HS. Am J Pathol 1984;114:201–208. [PubMed: 6198918]

Bhattacharyya and Kovacs Page 11

Biochim Biophys Acta. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Staining of lipid droplets in cultured cells
B104 cells were fixed with 3% paraformaldehyde and labeled with HCS LipidTOX™ red
neutral lipid stain (panel A). Hoechst 33342 stain labeled the nucleus (panel B). Panel C
represents the merged image. Bar = 10 µM.
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