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Abstract Alzheimer’s disease (AD) is the most common
cause of dementia in the aging population. Prior work has
shown that the ε4 allele of apolipoprotein E (apoE4) is a
major risk factor for “sporadic” AD, which accounts
for >99% of AD cases without a defined underlying
mechanism. Recently, we have demonstrated that sulfatides
are substantially and specifically depleted at the very early
stage of AD. To identify the mechanism(s) of sulfatide loss
concurrent with AD onset, we have found that: (1)
sulfatides are specifically associated with apoE-associated
particles in cerebrospinal fluid (CSF); (2) apoE modulates
cellular sulfatide levels; and (3) the modulation of sulfatide
content is apoE isoform dependent. These findings not only
lead to identification of the potential mechanisms underly-
ing sulfatide depletion at the earliest stages of AD but also
serve as mechanistic links to explain the genetic association
of apoE4 with AD. Moreover, our recent studies further
demonstrated that (1) apoE mediates sulfatide depletion in
amyloid-β precursor protein transgenic mice; (2) sulfatides
enhance amyloid β (Aβ) peptides binding to apoE-
associated particles; (3) Aβ42 content notably correlates
with sulfatide content in CSF; (4) sulfatides markedly
enhance the uptake of Aβ peptides; and (5) abnormal
sulfatide-facilitated Aβ uptake results in the accumulation
of Aβ in lysosomes. Collectively, our studies clearly
provide a link between apoE, Aβ, and sulfatides in AD
and establish a foundation for the development of effective
therapeutic interventions for AD.
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Introduction

Alzheimer’s disease (AD) is the most common cause of
dementia worldwide. At present, there are no effective
therapies which have been shown to delay the onset or
progression of AD. Understanding how various factors
contribute to AD pathogenesis will likely facilitate the
development of effective pharmaceutical treatments. The
neurochemical and neuropathological hallmarks of AD
include synaptic loss, selective neuronal cell death, de-
creased levels of certain neurotransmitters, and the presence
of abnormal deposits in neurons (neurofibrillary tangles) as
well as in the extracellular space (cerebrovascular, diffuse,
and neuritic plaques) [1-4]. These extracellular deposits are
composed predominantly of amyloid β (Aβ) peptides
containing 39–43-amino-acid residues.

Aβ peptides are produced by specific endoproteolytic
cleavage of the amyloid-β precursor protein (APP), which
is secreted by both neuronal and nonneuronal cells into the
extracellular space throughout life. AD patients develop
neuritic plaques in brain regions which contain abundant
amounts of Aβ filaments and other plaque-associated
proteins (e.g., apolipoprotein E (apoE)) [5]. Aβ peptides
also accumulate in many nonfilamentous extracellular
deposits (i.e., diffuse plaques which are thioflavine-S and
Congo red negative). Substantial experimental results
indicate the causal relationship of Aβ peptides in the
early-onset AD as well as Down syndrome [6, 7], thereby
suggesting a central role for Aβ peptides in the pathogen-
esis of late-onset AD. The available evidence favors a
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model in which diverse genetic defects lead to a common
biochemical abnormality, i.e., initial accumulation of the
highly self-aggregating Aβ42 followed by later deposition
of Aβ40. One possible mechanism that leads to the buildup
of Aβ peptides in sporadic, late-onset AD patients is the
dysfunction of one or more of the pathways for Aβ
clearance [8]. While the mechanism(s) by which Aβ
peptides are normally cleared from the brain is not known,
recent evidence suggests that it may involve transport
(likely via lipoproteins) through the interstitial space
surrounding neuronal cells to the cerebrospinal fluid
(CSF) which is in equilibrium with the blood plasma [9].
Alternatively, the clearance of Aβ peptides may involve
local uptake and processing by cells (glia and/or neuronal)
via receptor-mediated endocytosis and/or phagocytosis
(e.g., by astrocytes and microglia) [10]. It has been
demonstrated that increases in the cellular uptake of Aβ
peptides can be facilitated by the expression of low-density
lipoprotein (LDL) receptor-related protein (LRP), thereby
supporting an endocytotic process [11]. Indeed, active glial
and neuronal processes are found to be in direct contact
with Aβ-containing plaques in the AD brain [5]. Further-
more, endosome dysfunction has long been recognized as
an early event in the pathogenesis of AD [12], thus strongly
supporting the role of endocytosis in Aβ clearance [13, 14].

ApoE is a 34-kDa protein which is associated with most
lipoprotein classes in the plasma and high-density lipopro-
tein (HDL)-like particles in the central nervous system
(CNS) [15, 16]. It plays a key role in systemic transport of
cholesterol and other lipids [15, 17]. Therefore, abnormal
cholesterol metabolism and homeostasis may be involved
in AD pathogenesis [18, 19]. ApoE may have other
functions (e.g., in immune regulation [20] and as a
molecular chaperone for amyloid proteins under certain
disease conditions [21]). In the CNS, apoE is abundantly
expressed in astrocytes [22, 23]. There are three common
alleles of apoE (ε2, ε3, and ε4) in humans, which are
different from each other at two positions: E2 (cys112,
cys158), E3 (cys112, arg158), and E4 (arg112, arg158) [15, 17],
and among which ε3 is the most common. Cumulative
evidence suggests that there are probably several genetic
risk factors for “sporadic” AD, which accounts for >99% of
all the cases of AD. At present, however, the ε4 allele of
apoE is the only single genetic risk factor that has been
confirmed by multiple independent studies [24].

Sulfatides are a class of sulfated galactocerebrosides
(GalCer; Fig. 1), which mediate diverse biological process-
es [25-29]. Sulfatides are almost exclusively synthesized by
oligodendrocytes in the CNS and are present predominantly
in the myelin sheath surrounding axons [25] although a
small amount of sulfatides may be synthesized in neurons
[29] or astrocyte [30]. Accumulation of sulfatides, due to a
deficiency in arylsulfatase A or its coenzymes in lyso-

somes, is associated with the pathogenesis of metachro-
matic leukodystrophy [29, 31, 32]. Mice deficient in
GalCer and sulfatides resulting from genetic ablation of
ceramide galactosyltransferase (Fig. 1) generally die by
3 months of age and demonstrate multiple neurological
abnormalities (e.g., abnormal axonal function, dysmyeli-
nosis, and loss of axonal conduction velocity [33-36]).
Severe myelin developmental abnormalities, myelin sheath
degeneration, and significant increases in the deterioration
of nodal/paranodal structures are manifest in sulfatide-
deficient mice generated by ablating GalCer sulfotransfer-
ase (GST; Fig. 1) [37]. Abnormal sulfatide metabolism and
homeostasis have been found in association with multiple
other diseases (e.g., cardiovascular diseases [38], colorectal
adenocarcinoma [39]). Importantly, we and others have
found a substantial loss of sulfatide content in postmortem
brain tissues of patients with AD relative to cognitively
normal individuals [40-42]. Further analyses of enzymatic
levels and/or activities which are involved in sulfatide
biosynthesis and degradation indicated that there were no
significant differences between AD samples and those from
cognitively normal controls [41, 43]. This result is
consistent with a genetic study from a Croatian population
[44].

Although sulfatide depletion in AD has been previously
described [40], prior insurmountable technical obstacles
precluded further investigation of the underlying biochem-
ical mechanisms. Recently, the direct qualitative and
quantitative analysis of complex mixtures of lipids by
electrospray ionization mass spectrometry (designated
shotgun lipidomics; see [45-48] for recent reviews) have
made the quantitative analysis of sulfatides as well as over
25 other lipid classes routine in our group [49]. By using
shotgun lipidomics, we have demonstrated that sulfatides
are depleted up to 90% in cerebral gray matter and up to
50% in white matter in subjects at the very mild stage of

Fig. 1 The chemical structures of sulfatides and their related
metabolites and the major enzymes involved in the biosynthesis and
degradation of sulfatides. R represents α-hydroxy or nonhydroxy fatty
acyl chain
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AD (mild cognitive impairment, MCI) compared to age-
matched cognitively normal controls [41]. Examination of
the sulfatide levels in CSF from subjects who have been
clinically identified as MCI also displayed substantially
lower sulfatide contents relative to controls [50, 51].
Sulfatide contents in postmortem brain samples from
subjects with other neurodegenerative diseases (e.g., Par-
kinson’s disease, dementia with Lewy bodies, and multiple
sclerosis) have also been examined [42]. The results
suggest that sulfatide deficiency is specific to AD even at
the MCI stage and that sulfatides play an important role in
AD pathogenesis.

Association of Sulfatides with ApoE Particles
in the CNS

We have previously demonstrated that (1) sulfatides are
specifically associated with apoE-containing HDL-like
particles by both gel filtration column separation and
immunoprecipitation/mass spectrometry analysis of human
CSF; (2) apoE modulates sulfatide levels in the CNS; and
(3) the modulation of CNS sulfatide content is apoE
isoform dependent [52]. Specifically, sulfatide content in
apoE-associated lipoprotein particles is in the rank order of
apoE4 > E3 > E2. This result is consistent with the
sulfatide-depleted state of different brain regions of the
apoE4 transgenic mice in comparison to the same regions
in transgenic mice expressing human apoE3. Although the
role of apoE in sulfatide metabolism, trafficking, and
homeostasis in peripheral circulatory systems is still
unknown, it has been demonstrated that (1) apoE possesses
distinct roles in the CNS and in the PNS [53]; (2) apoE is
essential to the depletion of sulfatide from human APP
mutant transgenic mouse brain in which apoE levels are
higher than those in wild-type (WT) littermate controls (see
below); and (3) expression of LRP in mouse brain results in
a sulfatide-deficient phenotype (unpublished observation).
These findings have led us to establishing a working model
(Fig. 2) of apoE-mediated sulfatide metabolism, trafficking,
and homeostasis [43, 54]. It should be emphasized that the
presence of other pathways for sulfatide metabolism and
trafficking is not excluded [29].

According to this working model, apoE-associated
particles deficient in sulfatides are released from astrocytes
[22, 23, 52] and acquire sulfatides from the myelin sheath
(Fig. 2). The mechanism of acquiring sulfatides by apoE
particles is still unknown, which may be through a “kiss-
and-run” mechanism or through a sulfatide carrier protein
including apoE itself. In the working model, these nascent
sulfatide-containing apoE-associated lipoprotein particles
are then metabolized and degraded through an endocytotic
pathway by neuronal cells possessing one or more members

of the LDL receptor superfamily (e.g., LRP) [55, 56].
Under normal physiological conditions, the majority of the
internalized sulfatides are catabolized to various degrada-
tion products (e.g., sulfate, galactose, trans-hexadecenal,
sphingosine, etc.) in endosomes and lysosomes [25].
However, a deficiency in sulfatidase or its coenzymes in
lysosomes results in the abnormal accumulation of sulfa-
tides in these organelles in metachromatic leukodystrophy
[31, 32], which has recently been further demonstrated in a
cell model system in our studies [57].

It can be anticipated based upon this working model that
(1) sulfatides are present in CSF [50] and are specifically
associated with apoE lipoprotein particles [52]; (2) an
increased rate of apoE particle uptake and/or an increased
expression of lipoprotein receptors can lead to the acceler-
ated degradation of sulfatide-containing, apoE-associated
lipoprotein particles, thereby resulting in an accelerated rate
of sulfatide depletion from myelin sheath; and (3) sulfatide
levels in myelin sheath are dependent on the specific apoE
isoforms present since apoE-associated particles transport
sulfatides in the rank order of efficiency: apoE4 > E3 > E2
[52]. Collectively, our findings support the hypothesis that
apoE is involved in the loss of sulfatide in AD patients,
demonstrate that our working model can be utilized to
explore the mechanisms by which Apoe4 gene is a major
genetic risk factor, and explain why LRP and many proteins
involved in endosomal trafficking are associated with AD.
Moreover, it should be emphasized that the trafficking of
sulfatides by apoE-associated lipoproteins occurs in parallel

Fig. 2 A working model for the metabolism of apolipoprotein E
(apoE)-associated lipoproteins which mediate sulfatide homeostasis.
In the model, apoE-associated lipoproteins are released from astro-
cytes, acquire sulfatides from myelin sheath, and then either
metabolized through endocytotic pathway through LDL receptors or
its family members such as the LDL receptor-related protein or
transported to cerebrospinal fluid. (Reprinted from [43] with permis-
sion from the International Society for Neurochemistry, Copyright
2007)
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with the effects of apoE on Aβ clearance and deposition
(discussed below).

Association of Aβ Peptides with ApoE Particles

Several previous studies suggest that apoE influences Aβ
clearance, deposition, and toxicity in the brain in an
isoform-dependent manner [21, 58-62]. In transgenic
animal models that develop AD-like amyloidosis and
neuritic plaques, the absence of apoE results in little or no
Aβ deposition [60, 61, 63]. The expression of human apoE
results in an isoform-specific deposition of amyloid within
neuritic plaques in decreasing order of potency: apoE4 > E3 >
E2 [61, 64]. Our recent studies have demonstrated that the
increased production of Aβ in APP transgenic mouse
brain requires an increased rate of clearance through the
apoE metabolic pathway which occurs through an
increase in apoE levels, thereby leading to increased
sulfatide trafficking and catabolism (i.e., decreased
sulfatide content) in an age-dependent manner (see
below) [54]. Together, these data strongly suggest that
apoE and its associated lipoproteins (or the component(s)
of the apoE-associated particles produced in the brain) are
in some manner required for Aβ deposition in these
animals. Two nonmutually exclusive possibilities likely
explain the influence of apoE on Aβ deposition: (1) the
interactions of apoE-associated particles with Aβ peptides
facilitate conversion of soluble Aβ to fibrillar Aβ and (2)
the interactions of apoE-associated particles with Aβ
peptides influence Aβ clearance. Intriguingly, our recent
studies provide strong evidence that the sulfatides present
in apoE-associated particles facilitate the clearance of
extracellular Aβ peptides (see next subsection).

Interaction Between Sulfatides and Aβ Peptides

Prior studies have demonstrated that sulfate ions and the
sulfate moieties of proteoglycans are critical for the
enhancement of Aβ fibril formation in vitro and in vivo
[65, 66]. Other studies have found that heparan sulfate and
other proteoglycans accumulate in neurons and in the
amyloid deposits of AD and Down syndrome [67, 68].
Recently, we have demonstrated that sulfatides, but not
other anionic lipids, present in vesicles robustly facilitate
the clearance of extracellular Aβ peptides in an Aβ42-
selective manner [69].

Specifically, we determined the effects of sulfatides
(complexed to cyclodextrin or guest components in host
phosphatidylcholine vesicles) on the clearance of Aβ40 and
Aβ42 peptides from the culture media of H4-APPwt cells.
It should be noted that H4-APPwt cells normally generate

large amounts of Aβ peptides and secrete them into the
media [70]. Media sulfatide supplementation in either
format markedly lowered the amounts of both Aβ40 and
Aβ42 peptides in the media in a dose-dependent manner
with selective reduction of Aβ42 [69]. In contrast, similar
amounts of anionic lipids including phosphatidylinositol in
phosphatidylcholine vesicles only minimally changed the
levels of media Aβ peptides under identical experimental
conditions. It should be pointed out that phosphatidylino-
sitol species possess a similar chemical structure of head
group to sulfatides with an inositol ring and a phosphate,
but a very different configuration. Our results indicate that
the head group configuration, but not the anionic charge
density on the surface of the vesicles, is a determinant
factor in mediating the sulfatide-induced decreases in the
levels of Aβ peptides present in the media.

Furthermore, through examination of the levels and
activities of β-secretase, we have found that the decrease in
media Aβ content is due to sulfatide-facilitated clearance
through an endocytotic pathway and not lowered Aβ
production due to sulfatide supplementation. To further
validate this conclusion, we have also performed identical
experiments with neuroblastoma (NB) cells which do not
produce significant quantities of Aβ peptides. In these
experiments, the media of NB cells was replaced with the
conditioned media of H4-APPwt cells (i.e., containing high
levels of secreted Aβ peptides) prior to addition of sulfatide-
containing vesicles to the media. This study revealed that the
observed decrease in the concentration of Aβ peptides in the
cell culture media was not the result of a sulfatide-dependent
reduction in Aβ production, but primarily from increased
uptake through an endocytotic pathway.

In addition, determination of the levels of Aβ40, Aβ42,
and sulfatides in CSF from AD patients and controls has
revealed a highly significant correlation of sulfatide content
with Aβ42 content, but not with Aβ40 content (see below).
The result strongly suggests a significant interrelationship
between Aβ42 and sulfatides. Finally, it should be
emphasized that treatment of oligodendrocytes with Aβ
peptides did not show any effects on sulfatide mass levels
[42].

Interactions Between Sulfatides, Aβ Peptides,
and ApoE Isoforms

The collective interactions between sulfatides, apoE iso-
forms, and Aβ peptides have not been well investigated.
However, the results of our recent in vitro and in vivo
experiments provide strong evidence that the metabolisms
of these components are interwoven and tightly regulated
and suggest that any abnormal alteration in one component
may result in a pathophysiological condition.
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For example, since both Aβ peptides and sulfatides are
associated with apoE-containing lipoproteins (see above),
the correlation between sulfatides and Aβ42 levels found in
CSF would provide in vivo evidence of the interactions
between apoE, Aβ, and sulfatides since the apoE levels in
CSF from different individuals does not vary significantly
[71]. We have determined the levels of sulfatides and Aβ
peptides in the CSF of near 100 clinically identified very
mild AD patients in conjunction with over 70 age-matched
cognitively normal controls (unpublished data). The results
demonstrated that the CSF sulfatide levels from AD
patients were markedly lower than those obtained from
the control samples (p<0.001) as demonstrated previously
[41]. We also found that Aβ42 (but not Aβ40) was
statistically decreased in very mild AD subjects relative to
control subjects (p<0.04). Statistical analyses have demon-
strated a significant correlation between the levels of
sulfatides and Aβ42 with a linear correlation coefficient
of γ=0.593 (p<0.01; unpublished results), indicating a
significant interrelationship between Aβ and sulfatides
mediated by apoE.

Moreover, we have employed a chemically well-defined
vesicular model system containing sulfatides as guest in a host
phospholipid matrix to examine the specific interactions
between apoE isoforms, sulfatides, and Aβ peptides in a
membrane interfacial microenvironment. We have found that
sulfatides dramatically enhance the binding of Aβ peptides to
apoE-associated vesicles [69]. These results indicate that the
difference in the isoform-specific effects of apoE on the
clearance of Aβ peptides depend on (1) the differential
binding of Aβ peptides to apoE isoform-associated lip-
oproteins in the absence of sulfatides and (2) the increased
affinity of the Aβ/apoE complexes in the presence of
sulfatides. Collectively, these results suggest that one role
of sulfatides played in the CNS might be to promote the
clearance of Aβ peptides through enhancing Aβ binding to
membrane surfaces. These results indicate the presence of a
selective interaction between sulfatides and Aβ peptides,
particularly Aβ42, while the metabolism/clearance of both
Aβ peptides and sulfatides is mediated by apoE lipoproteins
as carriers and facilitated by interactions of apoE with its
receptors. This conclusion has been validated using cell
culture model systems in which the role of apoE played in
the uptake/clearance of Aβ peptides is manifested through
providing a vehicle for transporting sulfatides, thereby Aβ
peptides as well as through its binding with the receptors
(e.g., LDL receptor and LRP) [69].

Finally, lipidomics analyses have demonstrated that the
brain sulfatide content in mouse AD models is specifically
depleted in an apoE-dependent manner [54]. Specifically,
we have recently tested the interactions between apoE, Aβ,
and sulfatides with two well-characterized mouse AD
models transgenically expressing the mutants of human

APP, i.e., APPsw (also called Tg2576) and APPV717F (also
called PDAPP) [63, 72-76]. It is well known that
substantial increases in the production of Aβ peptides are
manifested in these animal models [73, 75]. Mass spectro-
metric analyses using a shotgun sphingolipidomics ap-
proach [77] have demonstrated that the levels of all
sulfatide molecular species (containing various fatty acyl
chains with or without a hydroxy moiety) in the cortex of
APPsw, Apoe+/+ mice are decreased in an age-dependent
manner in comparison to their WT littermate counterparts
(Fig. 3a) [54]. Similar findings have also been demonstrat-
ed in other cerebral brain regions including hippocampus.
In contrast to the depletion of sulfatide, shotgun lipidomics
analyses have not shown significant change in the content
of other sphingolipid classes including sphingomyelin,
GalCer, and ceramide examined in the brain regions of
APPsw, Apoe+/+ mice relative to those of their WT
littermates. These results indicate that the reduction in
sulfatide content is not due to the loss of neuronal myelin
sheaths.

It is well known that cerebellar Aβ pathology is
relatively less severe compared to other brain regions in
AD patients in general [78] and in this animal model in
particular [74, 75]. To verify that the demonstrated sulfatide
depletion in APPsw, Apoe+/+ mouse cortex is related to Aβ
pathology (i.e., Aβ production and/or Aβ plaques), but not
to mutant APP expression, we have also determined
cerebellar sulfatide content in APPsw, Apoe+/+ mice. We
have found that the content of sulfatides in the cerebellum
of the APPsw, Apoe+/+ mouse was not significantly
different from WT littermate controls at <12 months of
age, although a relatively lower sulfatide content was
present in this region of older APPsw, Apoe+/+ mice
(>12 months) in comparison to their WT littermates [54].

In the case of APPV717F, Apoe+/+ which develops AD-type
plaques and an Aβ pathology approximately 2 months prior
to that observed in the APPsw, Apoe+/+ mouse model [72-
75], we have demonstrated three intriguing findings that are
related to the depleted sulfatide levels in comparison to those
present in APPsw, Apoe+/+ mice (Fig. 3). First, sulfatide
deficiency is detected at 6 months of age in APPV717F,
Apoe+/+ mouse brain in comparison to 9 months in APPsw,
Apoe+/+ mice. Second, the deficiency in sulfatide content in
this animal model relative to age-matched WT littermates is
much more severe relative to that present in APPsw, Apoe+/+

mice. Third, differences in the deficiencies of sulfatide
content increased substantially with age. These observations
indicate that sulfatide depletion in APPV717F, Apoe+/+ mouse
brain is relatively more severe and occurs at an earlier age in
comparison to the APPsw, Apoe+/+ mouse brain.

In contrast to the relatively small changes in cerebellar
sulfatide content in APPsw, Apoe+/+ mice over time, a
significant decrease in the sulfatide content of cerebellum

Mol Neurobiol (2010) 41:97–106 101



becomes apparent at 12 months and is significant at
18 months of age in the brain region of APPV717F, Apoe+/+

mice relative to their WT littermate controls (n=4, p<0.01)
[54]. These results further support the notion that sulfatide
depletion in APPV717F, Apoe+/+ mouse brain is relatively
more severe and occurs at an earlier age in comparison to
that in APPsw, Apoe+/+ mice. However, similar to APPsw,
Apoe+/+ mice, phospholipids and other classes of sphingo-
lipids including sphingomyelin, GalCer, and ceramide did
not show significant changes in either the cortex or
cerebellum of APPV717F, Apoe+/+ mice at the ages examined
relative to age-matched controls.

To identify the cause(s) underlying the demonstrated
sulfatide depletion in brain tissues of the investigated AD
animal models, we have performed shotgun sphingolipido-
mics analyses of lipid extracts from the brain tissues of APP
mutant transgenic mice on an apoE-deficient background
(i.e., APPsw, Apoe−/− and APPV717F, Apoe−/−) mice and
have compared the results to those from the corresponding
Apoe+/+ mice. As anticipated, shotgun sphingolipidomics
analysis has extended our previous observation [52] that the
sulfatide content in the brain tissues of apoE-null mice
dramatically accumulated in comparison to WT mice due to
a deficiency in sulfatide transport and/or degradative path-
ways. Intriguingly, the sulfatide levels in the cortices of
both APPsw, Apoe−/− and APPV717F, Apoe−/− mice are
essentially identical to that of Apoe−/− mice [54]. These
results indicate that apoE plays a key role in the sulfatide
depletion which occurs in both APPsw, Apoe+/+ and
APPV717F, Apoe+/+ mice.

To interpret these observations, we have hypothesized
that the excessive production of Aβ peptides in APP

transgenic mice likely requires a compensatory process
resulting in an increased rate of clearance of Aβ peptides. It
is well known that apoE-associated lipoproteins play an
important role in the process of Aβ clearance in the brain
either through transport of the Aβ-containing apoE-
associated lipoproteins to the peripheral circulatory system
or by a local endocytotic process through the LDL
superfamily of receptors (see above) [79, 80]. Following
this line of reasoning, the elevated demand for the clearance
of excessive Aβ peptides through either transport to the
circulatory system or through localized degradation in
endocytotic vesicular organelles in the brain would lead to
an upregulation of apoE expression. Indeed, a higher level
of apoE in APP transgenic mice relative to the respective
controls has been previously reported [81] and has been
confirmed in our studies (Fig. 4). The increased apoE level
in APP transgenic mice strongly suggests a state of
increased apoE production and metabolism, thereby leading
to the loss of sulfatide. Since sulfatide levels in the CNS are
mediated by apoE in an apoE-isoform-dependent manner,
we have believed that changes in the metabolism of the
apoE-associated lipoproteins, apoE expression levels, and/
or apoE isoforms likely contribute to alterations in the
sulfatide content in the CNS (Fig. 2) [43]. The increased
chronic endocytotic uptake and endosomal/lysosomal deg-
radation of sulfatides associated with Aβ-containing, apoE-
associated lipoprotein particles inevitably result in a
deficient content of sulfatides in the APP transgenic mice
as shown. However, it should be specifically pointed out
that the increased apoE levels might be due to a reduced
uptake of apoE via endocytosis. If this was the case, the
sulfatide content should be higher as similarly demonstrated

Fig. 3 Temporal changes in the content of total sulfatides in lipid
extracts of brain cortices from APP transgenic mice and their wild-
type littermates. Lipid extracts of cortices from the wild-type
littermate controls (solid squares) and APPsw (a) or APPV717F (b)
Tg, Apoe+/+ mice (solid circles) at different ages were prepared using a
modified Bligh and Dyer method [53]. The content of each individual

sulfatide molecular species after identification was determined in
comparison to the selected internal standard after 13C de-isotoping.
The data points represent mean ± SD from separate preparations of at
least four different animals. *P<0.01 and **P<0.001 compared to the
wild-type littermates at the same age. (Modified from [54] with
permission)
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in Apoe−/− mouse brain. This is in contrast to our
experimental observation that sulfatide is reduced accom-
panying an increased level of apoE.

Sequelae of the Abnormal Interactions of Sulfatides,
ApoE Isoforms, and Aβ Peptides

Multiple lines of evidence as discussed above, in combina-
tion with the profound depletion of sulfatides present even
at the MCI stage of AD [41, 42, 50], are consistent with the
central roles of sulfatides in facilitating the apoE-mediated
clearance of Aβ peptides through the interactions of these
components under normal physiological conditions. Obvi-
ously, the consequence of this process under pathophysio-
logical conditions is the resultant myelin dysfunction
following sulfatide depletion of the myelin sheath. Specif-
ically, when the clearance pathway for Aβ peptides
becomes overwhelmed (e.g., in the cases of APP transgenic
mice), sulfatides are depleted by two possible mechanisms:
(1) through accelerated apoE-mediated trafficking and
metabolism, thereby indicative of increased processing
and turnover of sulfatides and (2) through consumption of
sulfatides in the process of Aβ clearance.

Such sequelae were also manifested in other cases. For
example, when cholesterol biosynthesis is inhibited through
microinjection of high doses of cholesterol-lowering drugs
(i.e., statins) into mouse brain, we have found the depletion
of sulfatides in the cortex from the drug-treated mice
(unpublished observation). Specifically, we have found a
significant increase in apoE levels (p<0.01, n=4), a
substantial reduction in cholesterol content, and a signifi-
cant decrease in sulfatide content (12.8±0.5 vs. 10.3±0.6,
p<0.001) in the statin-treated mouse cortex in comparison

to controls. In the CNS, cholesterol is primarily synthesized
in astrocytes and transported to neurons through apolipo-
proteins and other transport proteins in the CSF. Acute
inhibition of cholesterol synthesis with a high dose of
statin-type drug would perturb cholesterol homeostasis (i.e.,
distribution and transport) and subsequently alter apoE
levels. The experimental results indicate that the increased
neuronal demand for cholesterol accompanying the reduc-
tion de novo cholesterol synthesis in cortex after statin
treatment leads to (1) decreased apolipoprotein cholesterol
content; (2) putative increased trafficking of apoE-
associated lipoprotein particles and subsequent increased
metabolic flux of sulfatides; and (3) decreased sulfatide
content. These results strongly support our working model
of apoE-mediated sulfatide metabolism (Fig. 2). It should
be emphasized that apoE-mediated cholesterol metabolism
may independently play roles in AD pathogenesis as well
as other pathological conditions [82, 83], which will not be
further discussed herein.

Accordingly, these as well as other observations of the
interactions between apoE, Aβ peptides, and sulfatides
have led us to having a model which illustrates the position
of sulfatide depletion in AD pathogenesis (Fig. 5). This
model indicates that multiple factors, each of which causes
increased apoE metabolism and/or expression, result in an
accelerated sulfatide metabolism and a deficient sulfatide
content in the CNS (Fig. 5). Sulfatide deficiency itself, in
turn, could lead to the axonal dysfunction and cause
dementia although other pathways causing these sequelae
definitely exist. This model is consistent with the etiolog-
ical recognition that AD is multifactorial with apoE4 as a
major genetic risk factor.

As demonstrated with transgenic animal models, sulfa-
tide content in brain tissues of apoE4 carriers is signifi-
cantly lower than that in apoE3 ones [52]. This reduced
pool of sulfatides is likely at the edge of the amount of
sulfatides which are required to maintain the normal
neuronal functions, thereby being sensitive to be depleted
with upregulation of apoE metabolism or expression.

Fig. 5 Proposed mechanisms
and roles of sulfatide depletion
in AD pathogenesis

Fig. 4 The increased mass levels of apoE in APPsw mouse cortex.
The mass levels of cortical apoE in APPsw mice at 12 months of age
were determined by Western blot analysis as described previously
[54]. *P<0.01 compared to the wild-type littermates at the same age
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Therefore, our model provides insights into the biochemical
mechanism(s) underlying apoE4 as a major genetic risk of
AD. In addition, LRP and many other proteins which are
involved in the endocytotic process are also the risk factors
for AD to a certain degree. According to the proposed
model (Fig. 5), this can be interpreted as their association
with apoE metabolism. Their upregulation and/or increased
turnover may lead to the depletion of sulfatides, but they
are only secondary to apoE metabolism.

Finally, the current model may provide a foundation for
the development of effective therapeutic interventions for
AD. Following this line of reasoning, any approaches that
lead to downregulation of apoE metabolism but balance the
clearance of Aβ peptides might be useful for increases in
life span and delaying the AD onset. To this end, dietary
restriction or modest exercise, both of which can modulate
apoE levels to a certain degree, may serve on this purpose
[84]. Development of sulfatide-based therapeutic treatment
has its potential. Finally, it is also possible to develop drugs
to enhance the biosynthesis of sulfatides for the treatment
of AD. Collectively, our studies not only have provided the
insights into the biochemical mechanisms responsible for
sulfatide depletion as well as revealed the relationship of
sulfatide metabolism with apoE-mediated Aβ clearance but
also might lead to a new direction for therapeutic treatment
of AD.
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