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Abstract

Multi-dimensional mass spectrometry-based shotgun lipidomics (MDMS-SL) is a well-developed
technology for global lipid analysis, which identifies and quantifies individual lipid molecular species
directly from lipid extracts of biological samples. By using this technology, we have revealed three
marked changes of lipids in brain samples of subjects with mild cognitive impairment of Alzheimer’s
disease including sulfatides, ceramides, and plasmalogens. Further studies using MDMS-SL lead us
to the identification of the potential biochemical mechanisms responsible for the altered lipids at the
disease state, which are thoroughly discussed in this mini review. Specifically, in studies to identify
the causes responsible for sulfatide depletion at the mild cognitive impairment stage of Alzheimer’s
disease, we have found that apolipoprotein E is associated with sulfatide transport and mediates
sulfatide homeostasis in the nervous system through lipoprotein metabolism pathways and that
alterations in apolipoprotein E-mediated sulfatide trafficking can lead to sulfatide depletion in the
brain. Collectively, the results obtained from lipidomic analyses of brain samples provide important
insights into the biochemical mechanisms underlying the pathogenesis of Alzheimer’s disease.
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Introduction to lipidomics

Lipidomics, which studies cellular lipids in a large-scale is a newly emerged research discipline
[1,2]. Research in lipidomics has been focused on determination of the altered levels of lipids
induced by a disease state, a gene mutation (knockout, or over-expression), a therapeutic
treatment, or other perturbations, and identification of the lipid metabolic pathways and
networks responsible for the altered lipids under the pathological and pathophysiological
conditions. Attention is also paid to the temporal and spatial changes of cellular lipidomes as
well as interactions of lipids with lipids, proteins, and other cellular moieties.
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Mass spectrometry (MS), particularly electrospray ionization (ESI) MS, has played an essential
role in characterization, identification, and quantitation of lipid species from biological samples
[1,3-8]. Accordingly, MS analyses of lipids have even been generalized as lipidomic analysis
in literature. Although lipidomics has only emerged as a distinct field within the past few years
[1,2], numerous new discoveries and/or developments have already been made in the field and
several special issues on lipidomics have been published including Prostaglandins & other
Lipid Mediators (Vol. 77, 2005), Frontiers in Bioscience (Vol. 12, January, 2007), Methods
in Enzymology (Vol. 432, 2007), European Journal of Lipid Science and Technology (Vol.
111(1), January 2009), and Journal of Chromatography B (Vol. 877 (26), 2009).

In general, ESI-MS analyses of lipids are classified into LC-MS and direct infusion (or shotgun
lipidomics). Techniques such as selected reaction monitoring (SRM) or selected ion monitoring
(SIM) or data-dependent analysis are usually associated with the HPLC-MS platforms while
neutral loss and/or precursor-ion scans are the powerful tools applied for shotgun lipidomics.
Multi-dimensional MS-based shotgun lipidomics (MDMS-SL) after intrasource separation
represents one of the most powerful approaches in shotgun lipidomics [6,9-11].

Multi-dimensional mass spectrometry-based shotgun lipidomics (MDMS-SL)

In MDMS-SL, the need for chromatography is largely replaced through exploiting the unique
chemistries of different lipid classes including even extremely minor lipid classes. For example,
differential hydrophobicity and differential sensitivity to base treatment are exploited during
a multiplexed extraction approach [12]. Exploiting the differential electrical properties of lipid
classes under multiplexed experimental conditions allows the ion source to selectively ionize
a certain category of lipid classes at certain conditions. This is analogous to the electrophoretic
separation of different compounds possessing different pl values as schematically illustrated
(Figure 1).

Following the selective ionization of a certain category of lipid classes, we could ramp the
neutral loss of all potential fragments or monitor all potential fragment ions unit by unit (mass
or mass to charge, respectively) in a mass range of interest to identify individual ion peaks.
Each ramp should constitute a two-dimensional map of the molecular species in the determined
mass range. The first dimension is the molecular ions (x-axis) in m/z values, while the second
dimension is comprised of the mass corresponding to the neutrally lost fragments in mass
values or the monitored fragment ions in m/z values (y-axis). The cross peaks of a given primary
molecular ion in the first dimension with the second dimension represent the fragments of the
given molecular ion. Analysis of these cross peaks (i.e. the individual fragments) thereby
identifies the structure of the given molecular ion as well as its isobaric substituents [9]. This
two-dimensional mass spectrometry (2D MS) is entirely analogues to two-dimensional NMR
spectroscopy. The only difference between these mapping approaches is that the former uses
units in the mass domain while the latter uses units in the frequency domain.

Since naturally occurring lipids are comprised of known building blocks, the ramping process
described above can be readily simplified by monitoring only those building blocks that are
characteristic of individual molecular species of a lipid class of interest (i.e. building blocks
of the class of interest) by using tandem MS techniques of neutral loss and precursor ion scans.
In this simplified 2D MS, the y-axis is the building blocks of a lipid class or a category of lipid
classes. Individual lipid molecular species of a class of interest by 2D MS can be automatically
identified [13].

Each 2D MS predictably varies with different infused solution conditions (e.g., lipid
concentration, acidic/alkaline condition, and solvent polarity), ionization conditions (e.g.,
source temperature and spray voltage), and fragmentation conditions (e.g., collision gas
pressure, collision energy, and collision gas). Each of these variables facilitates the construction
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of additional dimensions which can be built upon each 2D MS foundation, which collectively
constitutes a new level of information directly obtainable from MS analysis of lipids, i.e.,
MDMS.

Identified lipid molecular species by MDMS can be quantified by using a two-step method
[6,11,12,14]. In this two-step methodology, the molecular species in the class of interest that
are abundant and not overlapped with the species in any other classes are quantified by
ratiometric comparison (see below) with the selected internal standard of the class by using a
full MS scan. Then, some or all of these quantified molecular species plus the original internal
standard are employed as standards to quantitate other low abundance and/or overlapped
molecular species in the class by using one or more class-specific precursor-ion and/or neutral
loss scans. Using this two-step methodology, the dynamic range of quantitation can be extended
by at least two orders of magnitude as previously demonstrated [15] and can be easily achieved
through automated bioinformatic analyses as described previously [13].

Given ¢, and cj are the contents of an individual species and the selected internal standard,
respectively, while I, and I; are the peak intensities of the species and the selected internal
standard, respectively, after 13C de-isotoping [6], ratiometric comparison with the selected
internal standard of the class as follows:

cu/ci=ly/I; (1)

can be derived from the linear correlation between the content (c) and the ion intensity (1) of
a species. Within the linear dynamic range of an analytical method,

c=a(l -b) (2)

where a and b are the response factor-related parameter and background noise, respectively.
When | >>b (e.g., S/N > 5),

c~al (3)

The formula (1) is obtained when the response factors of different individual species of a lipid
class are essentially identical. This holds true for polar lipid classes in the low concentration
region after 13C de-isotoping, as validated with many studies by different laboratories [16—
20]. However, the response factors of different non-polar lipid species to ESI-MS are quite
different and have to be pre-determined for quantification [10].

The determined contents of those non-overlapping and abundant species by ratiometric
comparison with the selected internal standard are the candidate standards for the second step
of quantification. Note that the pre-selected exogenously added internal standard is always in
the peak list of the candidate standards but not necessarily in the peak list of the final selected
standards for the second step quantification [13]. It should be pointed out that ion intensities
in the class-specific tandem MS scan(s) might depend on the profile of subclasses or subtypes
of species [21]. Therefore, different standards from these subclasses or subtypes of species for
the second step quantification are also considered [21].

Finally, the uniqueness of certain lipid classes can be exploited to identify and quantify their
individual species. For example, the presence of two phosphate moieties in the cardiolipin

chemical structure is unique, which is reflected as doubly-charged ions in mass spectra acquired
under certain conditions [22]. By searching the [M — 2H + 1]~ isotopologues from the resulting
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doubly-charged ion pattern of cardiolipin species, cardiolipin molecular species can be readily
recognized and quantified without interference from overlapping species from other classes
within the mass range. The presence of a primary amine in phosphoethanolamine-containing
species is also unique in the cellular lipidome and has been exploited to tag the
phosphoethanolamine-containing lipid species using fluorenylmethoxylcarbonyl (Fmoc)
chloride [23]. The facile loss of Fmoc from the tagged lipid molecular species allowed us to
readily identify and quantify these species with unprecedented sensitivity.

This MDMS-SL technology in combination with an automated sample injection device [15]
is a powerful platform for global lipid analysis. The advances of this technology at least include,
but are not limited to, the following:

MDMS-SL enables us to analyze samples in a limited amount of materials

By using this approach, we held the first study on the mass distribution and molecular species
composition of triacylglycerols in ganglia with a sample size of less than 2 mg [24]. This study
demonstrates five novel findings. First, unanticipated high levels of TAG were present in all
examined ganglia from multiple species (e.g. mouse, rat and rabbit). Second, ganglial TAG
mass content is location dependent. Third, the TAG mass levels in ganglia are species specific.
Fourth, dorsal root ganglial TAG mass levels in streptozotocin-induced diabetic mice are
dramatically depleted relative to those in untreated control mice. Fifth, mouse ganglial TAG
mass levels decrease with age although molecular species composition is not changed.
Collectively, these results indicate that TAG is an important component of ganglia and may
potentially contribute to pathological alterations in peripheral neuronal function in diabetic
neuropathy.

MDMS-SL provides an instant criterion to achieve representative sampling

One of the concerns in lipidomic analysis is how to determine the analyzed sample portion is
a representative one of the entire sample of interest. For example, neurons are enriched in gray
matter whereas oligodendrocytes are mainly present in white matter. One complication present
in any study with brain samples, particularly those from large brains, e.g., human, is the varying
degree of the cross presence of gray and white matter in the sampled tissues. Differences in
the ratio of co-existing gray to white matter represent an unpredictable variable which may
overshadow real differences between the samples from different states. Up to date, only
MDMS-SL has addressed this concern and provides an instant criterion to direct a
representative sampling during the analysis. It should be emphasized that representative
sampling is critical for determination of the differences in lipidomes (particularly the
neurolipidome) and other metabolomes as well as other measurements, including changes in
gene expression and protein levels between different states. Representative sampling sets a
solid foundation for identification of unambiguous alterations in lipids, metabolites, and
proteins induced by disease, for investigation of the biochemical mechanisms underlying any
disorders, and for discovery of biomarkers.

For example, MDMS-SL analysis of human brain samples demonstrates the presence of very
distinct lipid profiles of ethanolamine glycerphospholipid (PE) molecular species in gray
matter and white matter samples (Figure 2). Specifically, ESI-MS analysis of lipid extracts of
cortex gray matter from post-mortem subjects has demonstrated multiple predominant
deprotonated ion peaks corresponding to PE species (Figure 2A) in which over 80 mol% of
PE species and 55-60% of plasmalogen PE (pPE) species contain polyunsaturated fatty acyl
chains at the sn-2 position [25]. In contrast, ESI-MS analysis of lipid extracts of white matter
from different brain regions has revealed the presence of one predominant peak at m/z 726.4
containing monounsaturated acyl chain (18:1-18:1 pPE) which represents over 85 mol% of
the total pPE (Figure 2B). Accordingly, the distinct molecular species profiles of the PE classes
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between brain gray matter and white matter provide an important criterion to distinguish gray
and white matters or determine the degree of cross contamination from co-existing gray and
white matters. This degree of the cross-contamination can be accurately determined based upon
the peak intensity ratios of ions at m/z 726.4 (18:1-18:1 pPE) and 790.4 (18:0-22:6 PE)
following determination of a disease state with the entire profiles (Figure 2).

MDMS-SL determines a broad spectrum of lipid classes and individual molecular species

The primary goal of MDMS-SL is to allow one to screen in an unbiased fashion all molecular
species of lipids present in a given biological sample. At its current stage, MDMS-SL enables
us to automatically identify and quantitate the individual molecular species of most of the major
and many of the minor lipid classes in cellular lipidomes, which collectively represent > 95%
of the total lipid content and as many as 2,000 individual molecular species, directly from their
chloroform extracts [13]. In combination with methods for multiplexed sample extraction and
preparation, MDMS-SL allows us to routinely analyze approximately 30 lipid classes,
including cardiolipins, choline glycerophospholipid (PC) including its all subclasses, PE
including its all subclasses, phosphatidylinositol, phosphatidylglycerol, phosphatidylserine,
phosphatidic acid, sphingomyelin, hexosylceramide, sulfatide, free fatty acid, triacylglycerol,
lysoPC, lysoPE, lysophosphatidic acid, acylcarnitine, acyl-CoA, cholesterol, cholesterol
esters, some oxysterols, ceramide (including dihydroceramide), sphingoid base-1-phosphate,
sphingosine and sphinganine, psychosine, etc.

Lipid changes in Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and is the most common
cause of dementia in the aging population. In the United States, its prevalence is ~10% of those
over 65 and is ~50% in those over 85. Synapse loss, cholinergic system defects, and neuronal
degeneration are some of the physiological sequelae of this devastating disease. The presence
of neuritic plaques enriched with amyloid  (Ap) peptides and neurofibrillary tangles
containing hyperphosphorylated tau protein represent well-established AD pathological
hallmarks [26,27]. Many hypotheses addressing the causes responsible for AD have been
investigated. These include ApB cascade, tau deposition, oxidative stress, inflammation (i.e.,
arthritis-of-the brain hypothesis), metabolic disorder, and acetylcholine signaling defects,
among others [28-38]. Although tremendous progress has been made toward understanding
AD, particularly early-onset AD, the true biochemical mechanism(s) underlying the
pathogenesis of the late-onset AD still remain unknown.

To date, the only known major genetic risk factor for late-onset AD, including both familial
and sporadic and accounting for over 95% of total cases, is the &4 allele of apolipoprotein E
(apoE4) [39,40]. The mechanism(s) underlying the significance of the apoE4 allele for AD
pathogenesis remain to be elucidated. Both in vitro and more recently in vivo data strongly
suggest that the ability of apoE to modify AP deposition may underlie the importance of apoE4
as an AD risk factor [41].

Since apoE is a lipid transport protein [42,43], apoE-mediated lipid alterations may also play
an important role in pathogenesis of AD. To this end, investigators have determined lipid levels
of AD brain samples by using different analytical techniques (e.g., chromatography and nuclear
magnetic resonance spectroscopy) and found that there exist cell membrane defects in AD
brain samples (e.g., [25,44-47] and references cited). For example, up to 15% of PE was lost
in cerebral gray matter [25]. Importantly, membrane defects correlate with the synapse loss
and neurodegeneration in the cerebrum of AD patients. Nuclear magnetic resonance
spectroscopic analyses have also revealed perturbations of neuronal membranes and alterations
in high energy phosphate metabolism in AD brain samples [48]. However, these studies
generally examined the samples from subjects at the advanced stages of AD. In addition,
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concerns related to sample representation as discussed above have not been addressed in these
studies, from which the conclusion drawn might carry a certain degree of artifacts.

Carrying the hypothesis that alterations in apoE-mediated lipid trafficking and metabolism
must play a role in AD pathogenesis, by using MDMS-SL, we [25,44] have determined the
altered lipid levels of pure gray and white matter from different brain regions of subjects with
very mild AD (i.e., mild cognitive impairment (MCI) [49]). These clinical classifications were
supported by neuropathological findings with a 93% diagnostic accuracy for AD [62,63]. We
discovered specific lipid changes in subjects with MCI relative to cognitively normal, age-
matched controls (see [50,51] for recent reviews). MDMS-SL analysis has uncovered three
marked changes of lipid levels manifest in brain samples of subjects with MCI. These include
the substantial loss of sulfatides [44], a significant increase and molecular species
compositional change in ceramide [44], and a significant loss of plasmalogen content [25],
which are outlined in next section. Furthermore, MDMS-SL plays an essential role in
identification of causes responsible for these altered lipid levels at the MCI stage. Particularly,
MDMS-SL facilitates the identification of apoE-mediated sulfatide metabolism which echoes
our hypothesis that alterations in apoE-mediated lipid trafficking and metabolism must play a
role in AD pathogenesis. Accordingly, the involvement of this metabolism pathway in sulfatide
depletion in AD is also summarized in this mini review.

MDMS-SL has uncovered the altered lipid classes at the earliest clinically
recognizable stage of AD (i.e., MCI)

Plasmalogen PE content is significantly reduced in subjects with MCI

Plasmalogen PE (pPE), in which a vinyl ether substituent at the sn-1 position of the glycerol
backbone is present, is one of the subclasses of PE. Plasmalogen PE is a major component of
neuronal cell membranes representing up to 90 mol% of PE, or ~ 30 mol% of total
phospholipids of these membranes [25,52]. Specifically, pPE accounts for approximately 60
and 90 mol% of total PE content in human gray and white matter, respectively. It is interesting
to note that pPE species in gray matter consist of predominantly species with polyunsaturated
acyl chains (e.g., arachidonate and docosahexaenoate) whereas pPE species in white matter
contain less unsaturated (almost exclusively monounsaturated) acyl constituents at sn-2
position (Figure 2).

MDMS-SL analysis has demonstrated a significant reduction (up to 15 mol% of total pPE) in
the levels of pPE species in postmortem temporal cerebral and other examined gray matter
regions from subjects with MCI in comparison to age-matched cognitively normal controls.
This deficiency in gray matter worsens as AD progresses (~ 30 mol% at the stage of very severe
AD). Deficiencies in pPE (up to 50%) in mid-temporal cortex [53], frontal cortex [45] and
other regions [48] from advanced AD subjects in comparison to controls have also been
identified using conventional chromatographic methodologies and nuclear magnetic resonance
spectroscopic techniques. Plasmalogen deficiency in cerebral gray matter may be directly
related to neurodegeneration and synapse loss because a decrease in pPE content may induce
membrane instability [54]. Previous studies have shown that cortical synapse loss is an early
event in AD [55-57]. Since synaptic vesicles are comprised of over 60 mol% of pPE in total
PE (unpublished data), we postulate that pPE deficiency might adversely affect synaptic
structure and function in AD [50].

MDMS-SL analysis has also demonstrated more severe pPE deficiency (up to 40 mol% of total
pPE) in white matter from all examined cerebral (temporal, frontal, and parietal) and cerebellar
regions at the MCI stage [49]. The severity of this depletion does not worsen with AD dementia
progression. This deficiency likely causes myelin sheath defects and axonal dysfunction, and
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thus may directly contribute to the dementia in AD patients with MCI, since white matter
deterioration is a key event leading to cognitive impairment in aging primates [58].

The mass levels of pPE species in cerebral cortex and cerebellum of AD transgenic (Tg) mouse
models (both PDAPP and APPsw (APP Swedish mutation K670N/M671L)) have also been
examined by using MDMS-SL [25]. It has been found that a deficiency in pPE content is present
(up to 10 mol% of total pPE at 18 months of age) in cerebral cortices, but is absent in cerebella
from both animal models.

It is well known that pPE plays an important role in antioxidation in cellular membranes (e.g.,
[59-62]) since the products of enol ether oxidation do not propagate the oxidation of
polyunsaturated fatty acids. On the other hand, oxidative stress may be a major risk factor for
AD progression (see [32,63] for reviews). Several factors that may contribute to oxidative
stress in AD include age related decrements in energy availability, mitochondrial dysfunction,
glutamatergic neurotransmission, and the accumulated Ap toxicity. Indeed, treatment of
cultured embryonic rat brain oligodendrocytes with Ap causes a marked reduction of
plasmalogen mass content [64]. Therefore, brain membrane pPE are apparently a target for
reactive oxygen species that are generated under the various oxidative stress conditions in AD.
The pPE deficiency in both cultured cells and animal AD-models strongly supports the
oxidative stress hypothesis.

In addition to oxidative damage, other enzymatic or nonenzymatic factors may also play an
important role in causing pPE deficiency (see [46,65] for reviews). For example, hydrolysis
of pPE species due to activation of phospholipase A, activities may represent such an important
factor. Very recently, it has been demonstrated that phospholipase A; activities are activated
in AD mouse models [66] or involved in neurodegenerative disorders [67]. Intriguingly,
Farooqui and colleagues [68] have shown that brain intracellular phospholipase A, selectively
hydrolyzes plasmalogen molecular species and may participate in AD pathology. Their
interesting studies have been extensively reviewed (e.g., [68]).

Sulfatide content is specifically depleted in patients with MCI

MDMS-SL analysis has demonstrated the substantial depletion (92 mol%) of sulfatide mass
levels in gray matter of all examined regions from subjects at the clinical dementia rating (CDR)
of 0.5 relative to controls without any molecular species preference. Figure 3 shows a few
representative mass spectra (Panels B — D) acquired from lipid extracts of temporal cerebral
gray matter from subjects with MCI. The spectra reflect the depleted content of sulfatides in
comparison to that obtained from controls (Panel A). Identical depletions in sulfatide mass
levels were also demonstrated in gray matter from other cerebral regions of subjects with MCI
including frontal and parietal cortices [44]. The depletion in sulfatide levels in white matter of
subjects with MCI relative to controls varies from 35 mol% in cerebellum to 58 mol% in
temporal cortex. Intriguingly, the depletion of sulfatide levels does not significantly go further
in either gray or white matter with the progression of AD severity.

Sulfatides are a class of myelin-specialized glycosphingolipids, i.e., sulfated
galactosylceramides in the CNS. Molecular species of sulfatides differ either in sphingoid
backbone or fatty acyl chains linked to the amine of sphingoid bases. Sulfatides are involved
in various biological processes such as cell growth, protein trafficking, signal transduction,
cell-cell recognition, neuronal plasticity, and cell morphogenesis (see [69,70] for reviews).
Sulfatide accumulation, however, is associated with human diseases such as metachromatic
leukodystrophy [71,72]. A mouse model deficient in sulfatide shows multiple abnormalities
including abnormal axonal function, dysmyelinosis, and loss of axonal conduction velocity
[73]. Thus, substantial sulfatide depletion in the very early stage of AD development may play
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an important role in AD pathogenesis and may be linked with early events in the pathological
process of AD including neurodegeneration, synapse loss, and synaptic dysfunction.

Sulfatide content in severe AD subjects has been analyzed previously by using conventional
methodologies, such as high performance thin layer chromatography. However, conflicting
results were observed. One group reported significantly higher sulfatide mass levels in AD
subjects than in normal controls [74], but another found 38% lower sulfatide content in late-
onset AD cases compared to controls [56]. These differences probably resulted from cross
contamination between gray and white matter during sampling which is inevitable when
conventional methodologies were used, in which several grams of tissue are commonly
required. Recently, it has been determined that the levels of sulfatides in membrane rafts
isolated from AD patients were not significantly different from those in control samples [75,
76]. This finding may reflect a unique lipid profile in isolated brain membrane rafts.

To determine the specificity of altered sulfatide levels in AD among other neurodegenerative
diseases, we have determined the levels of sulfatides in postmortem brain samples from
subjects with non-AD related Parkinson’s disease (PD), dementia with Lewy bodies (DLB)
[64] as well as multiple sclerosis and frontotemporal dementia (Han, unpublished data). In
contrast to AD cases, the sulfatide contents of all examined brain regions in both gray matter
and white matter from PD subjects were dramatically elevated compared to cognitively normal
controls. The levels of sulfatides in both gray matter and white matter in other examined
neuronal disorders were comparable to those observed in controls. These studies suggest that
sulfatide deficiency in subjects with MCI is specific among examined neurodegenerative
diseases.

The levels of sulfatides in brain samples of AD animal models which transgenically express
amyloid precursor protein (APP) mutants have also been recently examined [77]. MDMS-SL
analysis has demonstrated that the sulfatide levels in brain tissues are reduced beginning at
approximately 6 months of age in PDAPP mouse brain cortex and at 9 months of age in APPsw
Tg mouse cortex relative to their respective non-APP Tg littermates. This reduction increases
in both APP Tg mice as they aged. The reduced levels of sulfatides in cerebellum are much
lower relative to those in cortex.

Ceramide levels are significantly higher in subjects with MCIl in comparison to controls

Ceramides are the core constituents of most sphingolipids. Cellular ceramides are either de
novo synthesized from fatty acyl-CoA and sphingosine or produced from the enzymatic
hydrolysis of sphingolipids. In most cell lines, the major enzymatic activities of sphingolipid
hydrolysis are sphingomyelinases (see [78,79] for recent reviews). However, in the nervous
system, the production of ceramides from the hydrolysis of other classes of sphingolipids (e.g.,
galactosylceramides, sulfatides, gangliosides, etc.) may be significant due to their abundant
presence in neuronal cells. Ceramide has proven to be a powerful second messenger that
regulates diverse cellular processes and activates a number of enzymes involved in stress
signaling cascades including both protein kinases and protein phosphatases (see [80] for
reviews). Accumulation of ceramides causes diverse biological consequences including up-
regulation of cytokines, generation of reactive oxygen species, interruption of the
mitochondrial respiratory chain, and apoptosis [80].

MDMS-SL analysis has uncovered a dramatic elevation of the ceramide level in white matter
of postmortem brain samples from subjects with MCI relative to that from aged-matched
control individuals [44]. The mass levels of ceramides in white matter from AD patients are
over 3 folds higher than those in controls in all examined brain regions including cerebellum
(Figure 4). Intriguingly, the levels of ceramides in white matter do not increase, but decrease
as dementia becomes more severe than the MCI stage (Figure 4). In contrast to the elevated
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levels of ceramides in white matter, the content of ceramide in gray matter from all examined
brain regions is nearly unchanged at all stages of AD and is comparable to that of controls.

Recently, Cutler and colleagues [75] have also found that ceramide mass content is significantly
higher in cerebral tissues from subjects with advanced AD in comparison with that in controls.

The substantial elevation of ceramide content in AD might result from the degradation of
sulfatide with a loss of a galactosylsulfate, the increases in de novo biosynthesis, or the
increased hydrolysis of sphingomyelin and/or cerebroside. The dramatic loss of sulfatide, but
not sphingomyelin and cerebroside, in subjects with MCI might account for the substantial
increase in the mass content of ceramides. The molecular species profile of ceramides in
samples from subjects with MCI more closely matched the molecular species profile of
sulfatides than the profiles of sphingomyelin and cerebroside molecular species [44].
Therefore, ceramide elevation in AD might be mainly due to sulfatide degradation mediated
by an unknown factor. Elucidation of such mechanism(s) will likely provide essential insights
into the mechanism(s) underlying AD pathogenesis.

Cutler and colleagues [75] and Lee and colleagues [81] have demonstrated that treatment of
cultured cells (either primary neurons or primary oligodendrocytes, respectively) with Ap
activated neutral sphingomyelinase and increased sphingomyelin hydrolysis which led to the
significant accumulation of ceramide content. Intriguingly, Lee and colleagues [81]
demonstrated that the ceramide accumulation induced by Ap treatment was maximized after
AP treatment for approximately 12 h. This phenomenon is analogous to the pattern of ceramide
content at different severe stages of AD where ceramide content has peaked at the MCI stage
[44]. This observation supports the hypothesis that AB accumulation is likely one of the factors
that leads to the dramatic accumulation of ceramide content at this stage of AD.

The altered levels of sulfatides and ceramides in AD suggest the existence of a pre-MCl stage
of AD development

AD pathology in gray matter has been well characterized with respect to its being diagnostic
for AD. The lack of alterations in ceramide content in gray matter of AD subjects does not
appear to be consistent with gray matter AD pathology. However, we have found an intriguing
phenomenon from MDMS-SL analysis that a sharp loss of sulfatide and a maximal content of
ceramide are present at the MCI stage of AD. At more severe stages of AD dementia, minimal
additional losses of sulfatide content occur relative to that at the MCI stage and a decreased
rate of ceramide accumulation is manifest in comparison to that at the MCI stage. These
observations suggest the existence of a pre-MCI stage of AD. In this pre-MCI stage, sulfatides
would be dramatically decreasing in both gray and white matter compared to those in normal
controls while in a higher content compared to those in the MCI stage, and ceramide content
in gray matter would be peaking among all other stages. In parallel, the ceramide content in
white matter at this pre-MCI stage should also be higher than that at the MCI stage. Further
studies to determine or define a pre-MCI stage are necessary to provide greater understanding
of the mechanism(s) underlying AD pathogenesis and potentially even earlier diagnosis than
MCI.

This speculation is consistent with autopsy studies which show that approximately 30% of
cognitively normal subjects who died in their mid 70’s have a marked AD pathology (i.e., the
presence of large amounts of plaques and tangles), but do not yet have the marked neuronal
cell loss that is present in subjects who died with MCI [82,83]. Therefore, this finding strongly
supports the notion that extensive AD pathology (i.e., plaques and tangles) likely develops
over a 10-20 year period prior to any cognitive impairment or neuronal cell death [82] and
indicates that alterations in sulfatide and ceramide levels are among the earliest events of AD
pathogenesis.
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MDMS-SL facilitates identification of apoE-mediated sulfatide trafficking and
metabolism which is likely involved in sulfatide depletion in subjects with

MCI

During our studies to elucidate the mechanism(s) underlying the sulfatide deficiency in subjects
with MCI, we have uncovered in both the CNS and the PNS that apoE modulates sulfatide
metabolism [14,84]. MDMS-SL analysis in combination with immunoprecipitation has
demonstrated that sulfatides are specifically associated with apoE-containing lipoprotein
particles [84]. This finding indicates that sulfatides can be transported by apoE-associated
lipoproteins to brain interstitial fluid and cerebrospinal fluid (CSF). This finding also suggests
that apoE can modulate sulfatide content in the CNS and the PNS through endocytotic recycling
of apoE-associated lipoprotein particles containing sulfatides through the low density
lipoprotein (LDL) receptor or LDL receptor family members such as LDL receptor-related
proteins (LRP). MDMS-SL analysis of lipid extracts of nervous tissues from either the CNS
or the PNS in apoE knockout mice showed accumulation of sulfatides relative to their wild-
type littermates [14,84]. These studies provide strong evidence that sulfatide metabolism is
tightly associated with apoE particles in both the CNS and the PNS. Moreover, by using
MDMS-SL, we have also determined the sulfatide levels in brain samples of human apoE Tg
mice and found that the modulation of sulfatide content in the CNS is apoE-isoform dependent.
Specifically, the levels of sulfatides in the nervous system of apoE4 Tg mice are significantly
lower than those of apoE3 transgenic mice in which sulfatide content is comparable with that
of wild-type littermates [84]. This observation has been validated by analysis of sulfatide
content in human CSF from cognitively normal subjects with different apoE genotypes by
using MDMS-SL. We have found that the levels of sulfatides in human CSF from cognitively
normal subjects with one or two alleles of apoE4 are significantly higher than those with
homozygous apoE3 [84]. This finding could explain why the sulfatide content in brain tissues
of apoE4 Tg mice is lower than that of apoE3 Tg mice, i.e., apoE4-containing lipoprotein
particles can carry more sulfatide content to the metabolic pathway than apoE3-containing
lipoproteins.

All these findings not only support the role of apoE in the regulation of sulfatide metabolism
in the nervous system, but also suggest that apoE may be involved in the sulfatide loss in AD
patients even with MCI. To date, the reason for the marked sulfatide deficiency in the CNS of
Alzheimer’s patients with MCI is still unresolved, although it may reflect axonal damage/
degeneration or abnormal metabolism of apoE-associated lipoproteins or both. The
determination of CSF sulfatide levels alone or in combination with other biomarkers may be
useful for early diagnosis of AD as well as in assessing response to any therapeutic treatment.

Furthermore, the results from lipidomic studies by using MDMS-SL also lead us to establish
aworking model for understanding sulfatide metabolism and elucidating potential biochemical
mechanism(s) underlying sulfatide depletion in subjects with MCI (Figure 5). In this model,
apoE-associated lipoproteins are released from astrocytes and acquire sulfatides from the
myelin sheath for which the mechanism is unknown, but likely through a “kiss-and-run”
mechanism. Then the sulfatide-containing apoE-associated lipoproteins can be metabolized
through an endocytotic pathway by neuronal cells possessing LDL receptors or its family
members such as LRP. Alternatively, these sulfatide-containing apoE-associated lipoproteins
can be transported to destinations in the peripheral system through the CSF.

This model is supported by all of our currently available experimental data. For example,
sulfatide is present in CSF [85]; apoE4-associated lipoprotein articles contain a significantly
higher sulfatide content in CSF than their apoE3-associated counterparts [84], thereby
accounting for the lower sulfatide levels in apoE4 Tg mouse brain tissue relative to that in
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apoE3 mice [84]; and apoE deficiency leads to the accumulation of sulfatide in the brain [84]
and in the ganglia [14]. This model not only suggests that apoE is a risk factor for AD, but that
it is also involved in the abnormal sulfatide metabolism of AD pathogenesis, thereby
accounting for the sulfatide loss in AD patients. Moreover, other reported AD risk factors such
as the LDL receptor, LRP [86,87], and heparan sulfate proteoglycans (which have been
proposed to be associated with lipoprotein metabolism [88]) are linked together with this
model.

Therefore, it could be speculated that any factors that alter this apoE-mediated sulfatide
metabolic pathway would change the levels of sulfatide in the CNS. It has previously been
documented that the expression levels of apoE, LDL receptor and LRP are higher in AD
patients than those in controls [89-92]. It can be anticipated based upon our working model
that increased expression of these apolipoproteins and receptors can lead to accelerated
sulfatide metabolism, thereby resulting in sulfatide depletion in AD patients. It can also be
speculated that this accelerated sulfatide depletion would occur at the relatively earlier stages
inapoE4 carriers than other apoE isoform carriers since apoE4 lipoproteins carry more sulfatide
content than their apoE3 counterparts in the CNS [84].

It should also be emphasized that our working model does not exclude the possibility that
factors which affect apoE-mediated sulfatide metabolism may also alter the intra-cellular
metabolic pathways of sulfatide in particular and of the sphingolipidome in general. As well
known, the metabolism of lipid classes and individual lipid molecular species in a cellular
lipidome is interwoven. The factors that influence apoE-mediated sulfatide metabolism could
directly or indirectly affect the entire sphingolipidome, thereby causing dramatic changes in
ceramide levels present in AD [44].

Conclusions

In this mini review, we have discussed the powerful MDMS-SL technology and its application
in discovery of the altered lipid content in AD including plasmalogen PE, sulfatides, and
ceramides. MDMS-SL analysis-assisted discoveries related to the mechanisms responsible for
these altered lipids from the studies of cell or animal models are also discussed. A recently
proposed working model which concludes currently available experimental data involving
sulfatide metabolism is also outlined. This model is useful for understanding the potential
biochemical mechanism(s) responsible for sulfatide depletion in subjects with MCI.
Collectively, MDMS-SL technology not only allows us to uncover altered lipids at a disease
state, but also facilitates the identification of biochemical mechanisms underlying the
alterations.

Abbreviation Used

AD Alzheimer’s disease

AL anionic lipids

apoE apolipoprotein E

APP amyloid precursor protein

APPsw APP Swedish mutation K670N/M671L
CDR clinical dementia rating

CNS central nervous system

CSF cerebrospinal fluid
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ESI electrospray ionization

FA fatty acyl or fatty acid

m:n acyl chain containing m carbons and n double bonds
LDL low density lipoprotein

LRP LDL receptor-related proteins

MCI mild cognitive impairment

MDMS-SL multi-dimensional mass spectrometry-based shotgun lipidomics
MS mass spectrometry

PC choline glycerophosphospholipid(s)

PD Parkinson’s disease

PDAPP human APP VV717F mutation

PE ethanolamine glycerophosphospholipid(s)

PNS peripheral nervous system

pPE alkenyl-acyl PE (i.e., plasmalogen PE)

TAG triacylglycerol(s)

Tg transgenic
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Figure 1.

Schematic comparison of intrasource separation of lipid categories to the imaginary
electrophoretic separation of lipid classes. Panel A schematically shows the selective ionization
of different lipid categories under three different experimental conditions. Panel B
schematically shows the imaginary chromatograms of lipid classes through electrophoretic
analyses under corresponding experimental conditions. PC, TAG, FA, PE, and AL stand for
phosphatidylcholine, triacylglycerol, free fatty acid, phosphatidylethanolamine, and anionic
lipids, respectively. (Reprinted from ref. [93] with permission)
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Figure 2.

Distinct profiles of ethanolamine glycerophospholipid molecular species in lipid extracts of
cognitively normal human occipital gray and white matter. Brain samples were obtained from
the brain bank of the Washington University ADRC Neuropathology/Tissue Resource Core
and brain lipids were extracted by a modified procedure of Bligh-Dye [93]. Negative-ion ESI
mass spectra of lipid extracts of occipital gray matter (Panel A) and white matter (Panel B)
were acquired in the presence of a small amount of LiOH as previously described [6]. Individual
molecular species corresponding to each ion peak were identified using multi-dimensional MS
analysis as previously described [9]. Plasmenylethanolamine and phosphatidylethanolamine
are abbreviated as “pPE” and “dPE”, respectively. “IS” denotes internal standard. (Han,
unpublished data).
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Figure 3.

Loss of sulfatide molecular species in lipid extracts of temporal gray matter from subjects with
mild cognitive impairment relative to control. Brain samples were obtained from the brain bank
of the Washington University ADRC Neuropathology/Tissue Resource Core and lipids were
extracted by a modified method of Bligh-Dyer [93]. The mass region showing sulfatide
molecular ions is displayed after normalization to an internal standard which is not included
in the mass region. Each spectrum was from a negative-ion ESI mass spectrum of the lipid
extract from temporal gray matter of cognitively normal control (Panel A), or of subjects with
MCI (Panels B to D). PI denotes phosphatidylinositol and PS stands for phosphatidylserine.
(Han, unpublished data)
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Figure 4.
Ceramide contents in post mortem brain tissue samples from cognitively normal individuals
(CDR =0) and AD patients. The total content of ceramide in chloroform extracts of white
matter (Black circles) and gray matter (Black squares) from temporal cortex (Panel A) and
cerebellum (Panel B) was determined using negative-ion ESI/MS as described previously
[44]. * p <0.001 and ** p < 0.0001 compared with controls. (Modified from ref. [44] with
permission from International Society for Neurochemistry, Copyright 2002)
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Figure 5.

A proposed working model for the metabolism of apolipoprotein E-associated lipoproteins,
which mediate sulfatide homeostasis. In the model, apoE-associated lipoproteins are released
from astrocytes, acquire sulfatide from myelin sheath, and then either metabolized through
endocytotic pathways via LDL receptors or its family members such as the LDL receptor-
related protein or transported to cerebrospinal fluid. Therefore, any factors that modulate apoE-
associated lipoprotein metabolism can alter sulfatide levels in the nervous system. (Reprinted
from ref. [77] with permission)
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