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1. ABSTRACT

The field of lipidomics is one of the most rapidly underlying lipid metabolism critical to neuronal disease
expanding areas of systems biology research. Considering states will be increasingly uncovered. Through exploiting
the uniqueness and complexity of the lipidome in the the information content inherent in the complexity of
nervous system (i.e., neurolipidome), neurolipidomics neuronal lipid composition and kinetic turnover which can
remains quite challenging but exciting. With the recent be revealed by neurolipidomics, substantial insights into
development of mass spectrometry (MS)-based lipidomics, neuronal plasticity and gene function can be gathered.
particularly the rapid improvement of multi-dimensional Through neurolipidomics, the markers for these neuronal
MS-based shotgun lipidomics, much progress has been diseases which identify pathological alterations and are
made in neurolipidomics. As the accelerated diagnostic of disease onset, progression or severity may
development of future technologies enables lipidomics potentially ~ be  discovered. = Accordingly,  with
penetrance into lower and lower abundance regions of neurolipidomics, our understanding of the complexities of
mass contents of individual lipid molecular species, it the nervous system will be undoubtedly accelerated, as
can be anticipated that many biochemical mechanisms many mysteries are resolved.
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Figure 1. Schematic classification of the nervous system.
2. INTRODUCTION

Lipidomics is a rapidly expanding research
frontier (1-3), following the tremendous progresses of
genomics and proteomics, all of which constitute the family
of systems biology (4). The development of this new field
is greatly driven by the need for the determination of the
mechanisms of lipid-mediated disease; the identification of
the phenotypic functions of genes involved in lipid
metabolism; the discovery of lipid-related biomarkers (each
of which can be used to predict an adverse event); and the
evaluation of the efficacy of any intervention, among
others. Lipidomics is defined as the large-scale study of the
structure and function of lipids (i.e., the lipidome) within
biological samples (e.g., tissues, organs, cells, organelles,
subcellular membranes or microdomains (e.g., caveolae
and/or lipid rafts), and biological fluids) (1), through the
integration of multiple modern technologies (including
mass spectrometry (MS), nuclear magnetic resonance
(NMR) spectroscopy, fluorescence spectroscopy, and
microfluidic devices). Although at its current stage, this
field has been predominantly focused on the identification
and quantitation of different lipid molecular species, the
research in lipidomics will expand to include the dynamics
of lipidomes, the subcellular organizations among
lipidomes, and the interaction of lipids with lipids, proteins,
other cellular moieties, and aggregate structures.

The recent emergence of lipidomics is due to the
great recent technological advances (e.g., MS) coupled with
the recent recognition of the role of lipids in many
metabolic diseases (e.g., obesity, atherosclerosis, stroke,
hypertension, and diabetes, which now are collectively
referred to as the "metabolic syndrome" (5)) and
neurodegenerative diseases (e.g., Alzheimer’s disease (AD)
(6)). It has been widely recognized that the metabolism of
individual lipid molecular species or individual lipid
classes is interwoven and that it is not enough to conduct
research on lipid metabolism only from an isolated system
or only from the perspective of one molecular species or
one lipid class. Therefore, the demands on a systems
biology approach for studies of the metabolism of the entire
lipidome of a given organelle, cell type, organ, biological
system, or species greatly accelerates the development and
progress of lipidomics. In the advancement of lipidomics,
MS techniques (e.g., electrospray ionization MS (ESI/MS)
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and matrix-assisted laser  desorption/ionization = MS
(MALDI/'MS)) have played leading roles in lipid
characterization, identification, and quantitation (see articles in
this special issue). Particularly, ESI/MS is the most prominent
and has enjoyed the most success since its advantages are
apparent as discussed previously (7). Thus, it is evident that
ESI/MS-based lipid analysis has become an essential tool for
measuring cellular lipidomes during cellular perturbations and
disease states (see (1, 7-12) for recent reviews).

Studies utilizing a lipidomics approach for the
characterization of the nervous system and its disease states
are being conducted in an increasing rate. However, due to
its specificity and complexity, lipidomics research in the
nervous system is quite challenging, exciting, and unique.
These features of neuronal lipidomics lead to the creation
of a particular subset of lipidomics, which has now been
named “neurolipidomics” (13). Following the discussion of
the challenge of neurolipidomics, the techniques available
for facilitating this challenge will be summarized and some
examples of studies in neurolipidomics will be given in this
article. It is the author’s hope that this introductory review
will further catalyze the growth of this sub-field and any
interested readers are encouraged to consult other papers
related to this topic (14-18).

3. THE CHALLENGES OF NEUROLIPIDOMICS

3.1. The nervous system is anatomically complicated
and diverse

The nervous system is composed of the central
nervous system (CNS) and the peripheral nervous system
(PNS) (Figure 1). The CNS consists of the brain and the
spinal cord. The brain is further divided into the brain stem
(which includes the medulla, pons, middle brain, and
cerebellum) and cerebrum (which consists of the
telencephalon and the diencephalon) (19). The
telencephalon includes the cerebral cortex, basal ganglia,
and olfactory bulbs and the diencephalon includes the
thalamus, hypothalamus, and epithalamus. The cerebral
cortex is further divided into four sections: the occipital
lobe, the temporal lobe, the parietal lobe, and the frontal
lobe, each of which is associated with at least one distinct
function (e.g., vision, hearing, and speech). The PNS
consists of ganglia (which are enriched with neuronal cell
bodies) and nerve bundles (which are comprised of axons,
myelin sheaths, vascular capillaries, collagens, and other
connective tissues). It can be speculated that the lipidome
of each nervous system structure or region is different for
the performance of distinct functions.

3.2. The nervous system contains the largest diversity of
lipid classes and lipid molecular species

In comparison to other organs and/or systems in
mammalians, the nervous system contains the largest
diversity of lipid classes and lipid molecular species. For
example, in addition to the presence of diverse
phospholipid classes, the nervous system also contains a
large portion of (glyco)sphingolipid classes which is so
complex that this subset of the lipidome has now been
termed as the “sphingolipidome” (20). Thousands of
sphingolipid molecular species are present in the
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sphingolipidome and the majority of these sphingolipid
molecular species are present in the nervous system. A
comprehensive classification and nomenclature of the
sphingolipidome can be found at the website of
www.sphingomap.com. Cholesterol is very abundant in the
nervous system. Thus, most of cholesterol metabolites can
be found in the system. Moreover, many neurosteroids are
uniquely present in the system (21).

To accommodate the different chemical linkages
of aliphatic chains to the sn-1 position of the glycerol
backbone in phospholipids, each phospholipid class is
further divided into three subclasses (i.e., phosphatidyl,
plasmenyl, and plasmanyl), corresponding to ester, vinyl
ether, and alkyl ether linkages, respectively. Although the
phosphatidyl subclass of phospholipids is predominant in
most cellular membrane lipids, plasmenyl subclass species
are the major phospholipid component in neuronal cell
membranes (22, 23). Lipid molecular species containing
very long fatty acyl chains (e.g., 22 and 24 carbons) are
enriched in the nervous system relative to the other organs.
Intriguingly, we have very recently identified that
triacylglycerol (TG) mass content is abundant in the PNS
ganglia and these TG molecular species contain a relatively
large portion of acyl chains with odd-numbered carbons
(24).

3.3. The mass range of neuronal lipid classes and
molecular species is very broad

Nervous tissues contain large amount of lipids.
The mass levels of lipids in nervous tissues are second only
to the fat pads (i.e., adipose). Specifically, the mass content
ratio of lipids to proteins is approximately 2000 nmol
lipids/mg of protein (or approximately 0.2 mmol lipids/g of
tissue wet weight) in white matter and approximately 800
nmol lipids/mg of protein while the fat pads contain up to
5000 nmol lipids/mg of protein in which over 80 mol% of
lipids are TG. For comparison, liver tissues contain
approximately 500 nmol lipids/mg of protein; heart or
skeletal muscles contain approximately 250 nmol lipids/mg
of protein; and most cultured cells have approximately 500
nmol lipids/mg of protein. In contrast to the fat pads, whose
primary role is to serve as a reservoir for energy (i.e., TG)
storage, nervous tissues are composed of a large variety of
lipid classes, each of which plays a diverse role in neuronal
functions.

3.4. The diversified neuronal lipids play multiple
specific roles in the nervous system

The diversified neuronal lipids play multiple
specific roles in the nervous system other than their general
functions (e.g., forming an impermeable barrier separating
intracellular and extracellular compartments, providing an
appropriate hydrophobic matrix for membrane protein
function and protein-lipid/protein-protein interactions,
acting as reservoirs for energy depot which can be rapidly
accessed at times of demand, and serving as the source of
lipid second messengers of signal transduction). Indeed,
lipid signaling in the nervous system is apparently much
complicated than a second messenger does in a cell type.
Piomelli has recently outlined the involvement of four lipid
signaling pathways in the nervous system from neocortex
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to the processing of behavior (14). The enrichment of
sphingolipids in myelin sheath relative to other locations in
the nervous system and other systems indicates the
involvement of these specific lipids in myelin packing and
function which have been investigated through different
animal models (25-27). Despite the enrichment of
plasmalogen in the neurolipidome, a clear relationship
between the abundance of plasmalogen and its role in the
nervous system remains to be determined (28). However, it
is demonstrated that membranes comprised of plasmalogen
possess a compact membrane conformation and unique
membrane dynamics in comparison to membranes
comprised of its diacyl counterpart (29) and that
plasmalogen facilitates membrane fusion and cell-cell
communication (30, 31).

3.5. Some proteins related to lipids play different roles
in the nervous system compared to other organs

Furthermore, most of the proteins are expressed
in both the nervous system and the peripheral organs.
However, whether an identical protein plays an identical
role in both places remains to be determined since some
proteins possess distinct functions in the nervous system vs.
other organs or systems. Apolipoprotein E (apoE) is one
example of such proteins. ApoE plays a prominent role in
the transport and metabolism of plasma cholesterol and TG
through its ability to interact with the low density
lipoprotein (LDL) receptor and the LDL receptor-related
protein (32, 33). However, such a role of apoE in the CNS
is uncertain, but many studies demonstrated that apoE does
not affect the cholesterol mass content or the phospholipid
mass levels and composition in the CNS as a whole,
although apoE may modulate cholesterol and phospholipid
homeostasis  in  selective  subcellular ~ membrane
compartments (34). In contrast to such a uncertainty, it has
been demonstrated that apoE mediates sulfatide trafficking
and metabolism in the CNS (35) and the PNS (Cheng,
Jiang and Han, unpublished data).

3.6. Many neuronal diseases and/or disorders are
associated with lipids

Apparently, any alteration in lipid metabolism,
trafficking, and homeostasis would result in an associated
disorder and/or disease. Accordingly, it is evident that more
disorders and/or diseases that associated with the presence
of the largest variety of lipid classes are present in the
nervous system than any other organs or systems. Notably,
plasmalogen deficiency is associated with cerebro-hepato-
renal (Zellweger) syndromes and other similar peroxisomal
disorders such as Refsum’s disease and Rhizomelic
chondrodysplasia punctata (36); abnormal metabolism of
cholesterol is a risk factor for multiple neuronal diseases
such as stroke and AD (37-39); sulfatide accumulation is
linked with multiple human diseases such as metachromatic
leukodystrophy (40) whereas its deficiency is associated
with AD (6, 41); cerebroside accumulation is connected
with Krabbe’s disease (42); ceramide accumulation is
associated with Farber’s disease (43); gangliosides
accumulation is associated with Tay-Sachs disease and
Sandhoft’s disease (44); and elevation of sphingomyelin
and/or cholesterol mass content in the brain is present in
Niemann-Pick disease (45, 46); among others. Even some
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common neurological disorders such as bipolar and
Schizophrenia are likely associated with abnormal lipid
metabolism.

3.7. Neurolipidomics is challenging but developing

Accordingly, these specificity and complexity in
lipid metabolism, trafficking, homeostasis, and functions
make the neurolipidome complex and neurolipidomics
challenging. However, owing to the recent developments in
lipidomics, particularly those in MS-based techniques
(which will be further discussed in next section), it is now
possible to conduct tissue specific, disease specific, lipid
class specific, or gene specific neurolipidomic studies. As
the dramatic improvement of MS and the better
understanding of lipid chemistry for MS analysis in recent
years, the detection limit has been lowered from the
concentration of low pmol per microliter (47) to the level of
atmol per microliter (48, 49). Therefore, the dynamic range
for analyses of lipidomes has been dramatically extended
so that we are currently able to identify and quantify those
lipid classes only present in a very low mass content (e.g.,
lysophospholipids, ceramide, sphingosine-1-phosphate)
(48, 50) and/or reach to the analyses of very low-abundant
molecular species in many lipid classes that are present in
medium or high total mass content (e.g., ethanolamine
glycerophospholipids (GPEtn), cardiolipin) (48, 49). It can
be expected that analyses of neurolipidomes in the near
future will rather be a challenge of sample preparation and
tissue isolation than an issue of the lipid analysis.

4. RECENT DEVELOPMENTS
FOR NEUROLIPIDOMES

OF LIPIDOMICS

Essentially, there are three main, independently-
developed ESI/MS-based approaches present in current
lipidomics practice, each of which possesses different
advantages and some limitations which has been
extensively discussed previously (7). These approaches are
the multi-dimensional MS-based shotgun lipidomics after
intrasource separation, the HPLC-coupled ESI/MS method,
and the tandem mass spectrometry-based shotgun
lipidomics. Both of the “shotgun lipidomics” approaches
are developed after direct infusion and potentially both can
be used as global analyses of individual lipid molecular
species directly from a lipid extract of a biological sample
without pre-chromatographic separation. An alternative
approach of MS-based shotgun lipidomics has very
recently been reported for profiling relative changes
between different states (51, 52). In the LC-coupled
ESI/MS method, both straight phase and reversed phase
columns have been employed for lipid profiling. In this
section, the principles of each approach, particularly the
multi-dimensional MS-based shotgun lipidomics, will be
briefly described. Moreover, a couple of general issues that
are commonly present in lipidomics and related to the
accurate quantitation of individual lipid molecular species
will also be discussed.

4.1. The brief principles of multi-dimensional mass

spectrometry-based shotgun lipidomics
Multi-dimensional MS-based shotgun lipidomics

exploits the synergy between the proximal separation of
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lipid classes in the ion source and subsequent multi-
dimensional mass spectrometry. Development of the multi-
dimensional MS-based shotgun lipidomics approach was
initiated at the very beginning stage when ESI/MS was
employed for lipid analysis (47, 53). It dramatically
evolved after the development of two-dimensional MS (54,
55) and has now been developed into a quite matured
technology in lipidomics (7, 12) although further
improvements in some aspects of this technology are still
necessary. This technology includes multiple steps: the
multiplexed extractions, intrasource separation and
selective ionization, multi-dimensional MS identification of
individual lipid molecular species, two-step quantitation,
and data processing.

4.1.1. Multiplexed extractions

Sample preparation is the first key step in this
shotgun lipidomics approach, which is so important that no
one can do well on shotgun lipidomics analysis without a
successful sample preparation. The lipids of each biological
sample (commonly containing 50 to 500 pg of protein mass
content from the cell, tissue, or membrane samples, or a
small volume of biological fluids) can be extracted by
solvent(s) under acidic, basic, and/or neutral conditions
(i.e., multiplexed extractions). The pre-selected internal
standards (at least one internal standard for each lipid class)
are added to the extraction mixture prior to the conduction
of extraction. Selection of an internal standard for a lipid
class has been discussed in detail (7). The lipid extract
should be further properly diluted to a concentration of less
than 100 pmol per microliter of total lipids in
chloroform/methanol (1:1, v/v) or other concentration
depending on the solvents and analytical method employed
to warrant the availability of a linear dynamic range prior to
direct infusion of the diluted lipid solution to an ESI ion
source. In addition, since a comparatively large volume of
chloroform is used during extraction and the extraction
procedure is repeated at least twice (i.e., 2 ml x 2) to extract
a small amount of lipids (less than 1 mg of total lipids from
the aforementioned biological samples), a good recovery of
most of lipid classes is obtained. Moreover, the effect of a
incomplete recovery of a lipid class on quantitation of this
lipid class is eliminated by addition of at least one internal
standard for the lipid class prior to the extraction. By these
two measures, the differential recoveries of different
individual molecular species in a lipid class are only a
secondary factor and can be neglected.

4.1.2. Intrasource separation

ESI ion source behaves like an electrophoretic
cell and can selectively separate different charged moieties
under high electrical potential (typically ~ 4 kV) (56, 57).
Since different lipid classes possess different electrical
properties, largely depending on the nature of the polar
head groups (1, 7), electrospray ion source can be used to
partially resolve lipid classes in a crude lipid extract into
different categories based on the intrinsic electrical
properties of each lipid class, which has now been referred
to as intrasource separation of lipids (7, 12, 55). A
successful strategy for intrasource separation of lipid
classes based on their differential intrinsic electrical
properties has been previously discussed in detail (1, 7, 12,
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Figure 2. Electrospray ionization mass spectrometric analyses of the mouse cortex lipidome after intrasource separation and
selective ionization. Spectrum a was acquired in the negative-ion mode directly from a lipid extract that was diluted to less than
50 pmol of total lipids per microliter. Spectrum b was acquired again in the negative-ion mode from the diluted lipid solution as
used for spectrum a after addition of approximately 25 pmol LiOH per microliter to the lipid solution. Spectrum ¢ was acquired
in the positive-ion mode from the identical diluted lipid solution as used in spectrum b after direct infusion. “IS” denotes internal
standard. GPCho is choline glycerophospholipid; GPEtn stands for ethanolamine glycerophospholipid; pGPEtn represents
plasmalogen GPEtn; GPSer represents phosphatidylserine; GPIns indicates phosphatidylinositol; GalCer denotes
galactosylceramide; and ST is sulfatide. All mass spectral traces are displayed after normalization to the base peak in each

individual spectrum.

55) and demonstrated through a model mixture of temperature and spray voltage), in fragmentation conditions
phospholipids that represent the three categories of lipids (e.g., fragments monitored in the tandem MS mode (e.g.,
(58). Through this approach, a comprehensive series of neutral loss scanning or precursor ion scanning), collision
mass spectra can be obtained from a typical lipid extract of gas pressure, collision energy, collision gas), and sample
a biological sample (e.g., mouse cortex) (Figure 2). conditions (e.g., pH, solvent, concentration) (12). One
dimension (which is frequently used to identify individual

4.1.3. Multi-dimensional mass spectrometric lipid molecular species) is the change in the specific loss
identification of individual lipid molecular species of a neutral fragment or the yield of a fragmental ion in
Multi-dimensional MS is analogous to multi- the tandem MS modes. Each specific loss of a neutral
dimension nuclear magnetic resonance spectroscopy. fragment or each specific fragmental ion in the tandem
Each additional dimension to the first dimension (i.e., a MS modes (i.e., neutral loss scanning or precursor ion
primary ion mass spectrum) in the family of multi- scanning, respectively) identifies a building block of the
dimensional MS has been defined as a series of ramped lipid class (or group) of interest (12). For example, three
changes in an instrumental condition (12). These moieties linked to the hydroxy groups of glycerol can be
instrumental variations include, but are not limited to, recognized as three building blocks and if we can identify
changes in ionization conditions (e.g., source these building Dblocks, then we are able to
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identify each individual glycerol-derived lipid molecular
species in a given sample (12).

Similarly, Figure 3 shows a simplified structure
of the entire sphingolipidome with three building blocks.
The building block I (Bl) represents a different polar
moiety (linked to the oxygen at the C1 position of
sphingoid base) including hydrogen, phosphoethanolamine,
phosphocholine, galactose, glucose, lactose, sulfated
galactose, and other complex sugar groups (corresponding
to ceramide, ceramide phosphoethanolamine,
sphingomyelin, cerebroside, glucosylceramide,
lactosylceramide, sulfatide, and other glycosphingolipids
such as gangliosides, respectively) (Figure 3). The building
block II (B2) represents fatty acyl chains (acylated to the
primary amine at the C2 position of sphingoid base) with or
without the presence of a hydroxyl group which is usually
located at the alpha or omega position (Figure 3). The
building block III (B3) represents the aliphatic chains in all
of possible sphingoid bases, which are carbon-carbon
linkage to the C3 position of sphingoid bases and vary with
the aliphatic chain length, the degree of unsaturation, the
presence of branch, and the presence of an additional
hydroxyl group (Figure 3). If we can identify these three
building blocks, we are able to identify individual lipid
molecular species of the sphingolipidome in a given
sample. The crossing peaks of a given primary molecular
ion in the first dimension from the building blocks in the
second dimension represent the fragments of this given
molecular ions under the conditions. Analysis of these
crossing peaks (i.e., the fragments) allows us to identify the
structure of the given molecular ion (12). For example,
Figure 4 demonstrates the analyses of ceramide molecular
species in the lipid extract of human occipital gray matter
by two-dimensional MS which identifies the presence of
over 40 ceramide molecular species. Specifically, the
building block analyses of NL 327.3 and NL256.2
represent the ceramide molecular species containing
sphingosine with and without the presence of a hydroxyl
group in fatty amide, respectively; the building block
analyses of NL 329.3 and NL 258.2 show the ceramide
molecular species containing sphinganine with and without
the presence of a hydroxyl group in fatty amide,
respectively; and the building block analyses of NL 355.4
and NL 284.3 indicate the ceramide molecular species
containing C20-sphingoid base with and without the
presence of a hydroxyl group in fatty amide, respectively.
In addition, the building block analyses of NL 240.2, NL
2422, and NL 268.2 can be used for quantitation of
ceramide molecular species in each individual subclasses of
ceramide as previously described (50).

4.1.4. Two-step quantitation of individual lipid
molecular species using multi-dimensional mass
spectrometry

After identification of each individual molecular
ions of a lipid class, quantitation in shotgun lipidomics is
performed by a two-step procedure (12, 59). First, the
abundant and non-overlapping molecular species of a class
are quantified by ratiometric comparisons with a pre-
selected internal standard of the class after *C de-isotoping
(which has been previously described (7, 49, 54)). Next,
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either all or some of the quantified molecular species of the
class plus the pre-selected internal standard are used as
standards to quantify the mass content of other low-
abundance or overlapping molecular species using one or
multiple tandem mass traces (each of which represents a
specific building block of the class of interest) by two-
dimensional MS. Through use of this second step in the
quantitation process, the linear dynamic range of
quantitation can be dramatically extended by eliminating
background noise and by filtering the overlapping
molecular species through a multi-dimensional approach
(7). Of course, additional standards can be added if
necessary, but in most cases, the naturally occurring
distribution of acyl chain length and unsaturation is usually
sufficient. It should be emphasized that it is important to
select abundant molecular ions as standards for the second
step of quantitation to minimize the propagation of
experimental errors.

4.1.5. Bioinformatics and data processing

Bioinformatics for the multi-dimensional MS-
based shotgun lipidomics, which includes a large variety of
information about the fragments, physical properties, and
chemical natures of lipid molecular species that can be
determined by multi-dimensional MS, is under developing.
However, an excel-based macro program which used the
principles described previously (55) has been developed
and will be described elsewhere. This program has been
routinely used for ion peak selecting, baseline correcting,
BC isotopomer de-isotoping, ion peak ratiometrically-
comparing, two-step quantitation performing, and data
output.

4.2.0ther
approaches
4.2.1.HPLC-MS approach for lipidomics

When this approach is employed for quantitation
of individual lipid molecular species, ESI/MS is essentially
used as a mass detector (i.c., similar to a UV detector or
other detectors, which is connected to an HPLC system) in
most cases. The determined total ion current (TIC) can be
used to reconstitute the TIC chromatograph for the purpose
of lipid quantitation if a standard curve of a compound is
established under identical experimental conditions. The
combination of ESI/MS detection with HPLC separation
and the sensitivity of TIC compared to other detection
modalities make this approach an obvious choice for lipid
profiling and for quantitation if great care is taken in
establishing comparisons of ionization efficiencies of the
molecules of interest with appropriate standard curves.
Indeed, such a combination has been employed for many
applications for the identification of lipid molecular
species. However, lipid quantitation using this
methodology on a large scale is quite limited (61) although
analysis of a small number of lipids whose standard curves
can be generated is quite common (62).

mass  spectrometry-based  lipidomics

4.2.2.Tandem mass
lipidomics

In this approach, quantitative analyses of lipids
after ESI is entirely based on tandem mass spectrometry
(10, 60, 63, 64). At least two molecular species of a lipid

spectrometry-based  shotgun
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Figure 3. A simplified structural list of sphingolipidome with three building blocks. The building block I (B1) represents a
different polar moiety (linked to the oxygen at the C1 position of sphingoid base). The building block IT (B2) represents fatty acyl
chains (acylated to the primary amine at the C2 position of sphingoid base) with or without the presence of a hydroxyl group
which is usually located at the alpha or omega position. The building block III (B3) represents the aliphatic chains in all of
possible sphingoid bases, which are carbon-carbon linked to the C3 position of sphingoid bases and vary with the aliphatic chain
length, degree of unsaturation, the presence of branch, and the presence of an additional hydroxyl group.
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Figure 4. Analysis of ceramide molecular species in a lipid extract of post-mortem human occipital white matter by multi-
dimensional mass spectrometry-based shotgun lipidomics. Lipids in human occipital white matter were extracted by a modified
Bligh-Dyer procedure in the presence of 1 nmol C17:1 ceramide (used as an internal standard)/mg protein and 10 mM of LiCl.
The lipid extract was directly infused into the ESI ion source using a Harvard syringe pump at a flow rate of 4 microliter per min
after dilution of the extract to a concentration of approximately 100 pmol per microliter in 1:1 chloroform/methanol. A
conventional ESI mass spectrum in the negative-ion mode was acquired prior to analysis of the building blocks of ceramide
molecular species by neutral loss (NL) scanning. These building blocks of ceramide molecular species including sphingoid bases
of sphingosine (NL 240.2, NL 256.2, and NL 327.3), sphinganine (NL 242.2, NL 258.2, and NL 329.3), and C20-sphingoid base
(NL 268.2, NL 284.3, and NL 355.3) with or without presence of hydroxyl group in fatty amide chains as previously described

(50). “IS” denotes internal standard; Cer stands for ceramide; CL represents doubly-charged cardiolipin; and GPSer represents
phosphatidylserine. All mass spectral traces are displayed after normalization to the base peak in each individual spectrum. (Han,
Unpublished data).
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class of interest are added as internal standards to the lipid
extract during extraction of a biological sample. The choice of
these standards should involve at least two criteria. One is that
these compounds should be absent or present in very minimal
amounts in the original lipid extract. The other is that these
compounds should represent the physical properties (e.g.,
acyl chain length and unsaturation) of the entire lipid class
of interest as closely as possible. Then, a unique tandem mass
spectrometric analysis in either neutral loss or precursor-ion
mode relative to the lipid class is performed. The concentration
of each individual molecular species of the class of interest is
then calculated from its ion peak intensity determined by the
tandem mass spectrum by comparison with those of the
internal standards. Using these standards, many experimental
factors that may introduce experimental error are essentially
eliminated. The advantages of this methodology are apparent
and it has become increasingly popular for analyses of many
selective lipid classes. However, some limitations of this
method exist including the difficulty in selection of the
standards and the effects of differential fragmentation kinetics
of different molecular species on accurate quantitation, limited
dynamic range for some lipid classes for each of which a
sensitive tandem MS profiling is lack, among others (see
discussions in ref. (7)).

4.3.Important issues that should be paid attention on in
mass spectrometry-based lipidomics
4.3.1. Analysis in the low concentration region is the key
for accurate quantitation of lipid molecular species
Unlike other analytes, lipids form aggregates as
the lipid concentration increases and the degree of
aggregation depends on the chemical properties of each
individual molecular species including the polarity of the
head group, the length of aliphatic chains, and the degree of
unsaturation. Moreover, formation of lipid aggregation is
also dependent on the solvent employed. The higher the
hydrophobicity of a lipid molecular species and the more
polar the solvent system is employed, the lower the
concentration at which the lipids will aggregate. It is very
difficult to ionize the lipid at its aggregate state and most of
the aggregated particles will end up in the waste. Thus, as
the lipid concentration increases, the ionization efficiency
of lipid molecular species, particularly the ones containing
long and saturated fatty acyl chains dramatically decreases
as previously demonstrated (65). Therefore, it should be
kept in mind that the lipid concentration in shotgun
lipidomics as well as other ESI/MS techniques must be
lower than that favoring aggregate formation. The upper
limits of the total lipid concentrations of a biological
extract is approximately 100 pmol per microliter in 2:1, 50
(up to 100 for multi-dimension MS due to intrasource
separation) pmol per microliter in 1:1, and 10 pmol per
microliter in 1:2 of chloroform/methanol. In such a low
concentration region, ionization efficiency of different
individual molecular species from the identical class is
essentially identical (i.e., the commonly-called “ion
suppression” is minimal) as demonstrated (49).

4.3.2. Internal control is essential in mass spectrometry-
based lipidomics

The absolute intensity determined from many
detectors (e.g., a UV detector or NMR) after calibration is
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directly proportional to the concentration of an analyte in
the linear dynamic range which is so stable and less
sensitive to the environment (e.g., the presence of “insert”
substances) that independent researchers can essentially
repeat a measurement. In contrast, the determination of the
ion intensity of an analyte during LC/MS (including direct
infusion) analysis depends on many factors including the
sample preparation, the ionization conditions, the tuning
conditions for the analyzer, and the analyzer and the
detector used in the mass spectrometer, among others. As
MS instruments become more and more sensitive, the
influences of these factors on LC/MS get more and more
severe. Thus, it would have some difficulties for
researchers to repeat a measurement of absolute amounts of
TIC for an analyte in an identical solution. In the case of
lipidomics, we try to analyze a large number of lipid
molecular species. Multiple repeated measurements from
separate sample preparations are always necessary.
Therefore, any changes during sample preparations (e.g.,
different amounts of aqueous residue in each sample) or
ionization conditions will dramatically affect the
determination of the absolute amounts of TIC of each
individual ion, leading to a very large experimental error.
To eliminate this type of artifact, one should include at
least one standard for each individual lipid class as an
internal control before MS analysis (it would be better to
include them during lipid extraction) for comparison of all
measurements. Accordingly, any unexpected changes
during lipid analyses can be internally controlled. Any
results obtained from sample analyses without any internal
control are quite doubtful.

4.3.3. The effects of *C isotopomer on quantitation of
lipid molecular species should be considered

There are two types of effects of '*C isotopomer
on lipid quantitation as previously described (7, 54) if de-
isotoping is not applied prior to quantitation. The first type
of effect is resulting from the differences of carbon
numbers between the individual lipid molecular species of
interest and the selected internal standard for these species.
The second type of effect is the one resulting from M+2
isotopomer of a molecular species on the quantitation of
another molecular species in the same class which contains
one less double bond. The magnitudes of these effects are
varied and the correction factors of these effects can be
calculated as described previously (7, 54). If multi-
dimensional MS-based shotgun lipidomics is the choice for
lipidomics, both effects on quantitation have to be
considered. When tandem MS-based shotgun lipidomics is
used for lipidomics, the first type of effect can be
eliminated by using two or more internal standards of a
class in the different mass regions but the type II effect
should still be corrected. Whether it is necessary to correct
these effects in HPLC-MS-based approach is case
dependent. If HPLC can resolve a lipid class into
individual molecular species and a calibration curve of
each individual molecular species is established, no *C
isotopomer effects need to be considered. Otherwise, the
effects of *C isotopomer on quantitation should always
be corrected or de-isotoping be performed. In practice,
such correction has been applied in multiple cases (61,
66).
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4.3.4. The effect of baseline noise on quantitation of low-
abundant lipid molecular species should be considered

Baseline noise resulting from either chemical
noise or electronic noise is always present in the mass
spectrometric analysis. This issue is not a problem for
quantitation of the abundant lipid molecular species in
which the baseline ion current (or ion counts) is accounting
for less than 5% of the ion current of each individual
molecular ion in lipidomics. However, when our interests
turn into low-abundant lipid molecular species, the effect of
baseline noise on quantitation becomes severe and
correction for the effect has to be considered, particularly
when a quadrupole-type instrument is used for quantitation
of lipids (49). In multi-dimensional MS-based shotgun
lipidomics, this effect has been considered by quantitation
of any individual ion by using the second quantitation step
(see above) if the baseline ion current is accounting for
over 5% of the ion current of an individual ion of interest.
The effect of baseline noise on quantitation through TIC
chromatograph reconstitution in the HPLC-MS approach
should always be kept in mind since baseline noise is not
easily detectable and is usually variable when a mobile
phase gradient is employed.

5. EXAMPLES OF NEUROLIPIDOMICS

5.1. Neurolipidomics reveals distinct lipid profiles of
ethanolamine glycerophospholipids present in gray
matter and white matter

By using multi-dimensional MS-based shotgun
lipidomics, we have identified distinct lipid profiles of
GPEtn in gray matter and white matter in human brain

(23). Briefly, negative-ion ESI/MS analyses of
chloroform extracts of cortex gray matter from
cognitively normal, post-mortem subjects in the

presence of a small amount of LiOH demonstrate
multiple  predominant  deprotonated ion  peaks
corresponding to GPEtn molecular species (Figure 5A).
The enrichment of arachidonic and docosahexaenoic
acids in lipid extracts of gray matter is demonstrated by
the presence of abundant ion peaks in precursor-ion
scanning of m/z 303.3 and 327.3, respectively, during
multi-dimensional MS analyses (spectra not shown).
The analysis results are remarkable for the presence of
over 80 mol% of GPEtn in gray matter containing four or
more double bonds at the sn-2 position and remarkable
also for the presence of 55-60 mol% plasmalogen GPEtn
(pGPEtn) in gray matter (23). In contrast to gray matter,
negative-ion ESI/MS analyses of lipid extracts of white
matter from different brain regions (e.g., superior frontal
cortex, superior temporal cortex, inferior parietal cortex
and cerebellum) from cognitively normal, post-mortem
subjects in the presence of a small amount of LiOH
demonstrated only one predominant peak at m/z 726.5
corresponding to 18:1-18:1 pGPEtn (Figure 5B). In
addition, the analysis results found in white matter are
remarkable for the facts that over 85 mol% of GPEtn are
plasmalogen (vs. 55-60 mol% of GPEtn in gray matter)
and over 50 mol% of GPEtn are comprised of molecular
species containing one double bond at the sn-2 position
(vs. < 15 mol% of those containing one double bond at
the sn-2 position in gray matter) (23).
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The distinct molecular species profiles of GPEtn
in brain gray matter and white matter most likely represent
the distinct structural and functional attributes of these
fundamental brain tissues in these basic brain tissue
compartments. Myelin-dominated white matter requires
plasmalogen to provide a sufficiently compact sheath for
axons, since plasmalogen possesses a compact membrane
conformation in comparison to its diacyl counterpart (29).
Thus, not surprisingly, pGPEtn molecular species in white
matter contain less unsaturated acyl constituents at the sn-2
position. In contrast, pGPEtn molecular species in gray
matter consist of abundant polyunsaturated acyl chains
(e.g., arachidonate and docosahexaenoate) which are
essential components for signal transduction as a source of
lipid messengers and facilitate neurotransmitter release
which relies on membrane fusion between synaptic vesicles
and the neuronal plasma membrane. Accordingly, the
distinct molecular species profiles of GPEtn in brain gray
matter and white matter are an important criterion which
can be used to determine whether a cross contamination
between gray matter and white matter during sampling is
present. Sample purity should be wvery critical for
determination of alterations in neurolipidomes as well as
other measurements including gene and protein mass levels
induced by diseases.

5.2. Neurolipidomics reveals the presence of abundant
triacylglycerols in the ganglia of the peripheral nervous
system

One of the challenges in neurolipidomics is the
amount of materials available for analysis of neurolipidome
from a suitable animal model. For example, some of the
dissected nervous tissues (e.g., hippocampus, thalamus, and
ganglia) are only at the mass levels of a few milligrams
from individual mouse. Lipid profiling from this amount of
material using any classical methodology is not feasible.
However, by using multi-dimensional MS-based shotgun
lipidomics, this task can be readily fulfilled. Very recently,
we have determined whether TG molecular species are
present in PNS ganglia and what their compositions are if
they are present in ganglia along with the analysis of other
parts of the lipidome from one to two milligram of
materials by shotgun lipidomics (24). We have
demonstrated that TG molecular species are present in
unanticipated abundance in all examined ganglia (e.g.,
cervical dorsal root ganglia (DRG), thoracic DRG,
prevertebral superior mesenteric ganglia, and paravertebral
superior cervical ganglia) from multiple examined species
(e.g., mouse, rat, and rabbit). We found that ganglial TG
mass content is location dependent and species specific.
Moreover, TG mass levels in DRG are greatest in young
mice and decrease measurably with age.

Intriguingly, shotgun lipidomics also reveals that
polyunsaturated fatty acyl moieties (e.g., linoleate,
arachidonate, and docosahexaenoate (i.e., the essential fatty
acids) are abundantly present in the ganglial TG pool. It is
well known that polyunsaturated fatty acids serve many
essential neuronal functions, such as synaptic plasticity,
memory, and as mediators of signal transduction cascades
and also greatly contribute to many neuropathological
conditions such as stroke, epilepsy, and AD (15, 23). Thus,
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Figure 5. Distinct lipid profiles of ethanolamine glycerophospholipids in lipid extracts of cognitively normal human occipital
gray and white matter. Brain lipids were extracted by a modified procedure of Bligh-Dye. Negative-ion ESI mass spectra of lipid
extracts of occipital gray matter (Spectrum A of Panel A) and white matter (Spectrum B of Panel B) of cognitively normal human
brain were acquired in the presence of LiOH. Individual molecular species were identified using multi-dimensional MS.
Plasmenylethanolamine and phosphatidylethanolamine are abbreviated as “pGPEtn” and “dGPEtn”, respectively. GPSer
represents phosphatidylserine; GPIns indicates phosphatidylinositol; and ST is sulfatide. “IS” denotes internal standard. (Han,

Unpublished data).
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the storage of a large amount of essential fatty acids in
ganglial TG pool could facilitate a depot to supply these
components for normal neuronal functions. Another finding
of particular interest from the study is the presence of a
large amount of fatty acyl moieties containing odd-
numbered carbons, accounting for up to 6 mol% of total
ganglial TG acyl chains. Such a high percentage of acyl
chains with odd-numbered carbons in TG pool is quite
unusual in other organs (59, 67). Although the presence of
the abundant acyl chains containing odd-numbered carbons
in the peripheral nerves apparently indicates the active
involvement of a-oxidation for the production of heat
through a peroxisomal process in fat metabolism (68), the
precise role(s) of such a process in the PNS remain
unknown.

To explore the potential role of the abundant
ganglial TG in peripheral nerve functions, we have
rendered mice diabetic by streptozotocin (STZ) treatment
and determined the alterations in the DRG TG mass and
molecular species composition in diabetic mice (24).
Shotgun lipidomics analyses have demonstrated that DRG
TG mass levels in STZ-induced diabetic mice are
dramatically depleted relative to those found in the
untreated control mice and that the depletion of TG pool is
specific since the mass levels of other examined lipid
classes in the lipidome are not altered after STZ treatment
(24). Another finding of particular interest from the STZ
treatment is that the reservoir of essential fatty acids which
is enriched in the DRG TG pool is preserved in comparison
to other fatty acyl chains. Accordingly, these results
indicate that TG pool, as a major component in ganglia,
may fundamentally contribute to peripheral neuronal
function in health and disease states and depletion of TG
mass at the diabetic states may be related to diabetic
neuropathy.

5.3. Lipidomics of neuronal diseases
5.3.1. Specific alterations in sulfatide in very mild
Alzheimer patients

By using multi-dimensional MS-based shotgun
lipidomics, we have demonstrated specific alterations in
sulfatide mass levels in both gray matter and white matter
in very mild AD subjects relative to controls (41). This
substantial depletion in mass level of sulfatide is specific
since no significant changes in other major lipid classes in
both gray matter and white matter are present in all
examined regions in very mild AD subjects relative to
controls. To determine the specificity of altered sulfatide
mass levels in AD among other neurodegenerative diseases,
we have examined the alteration in sulfatide content in
postmortem brain samples from subjects with non-AD
related Parkinson’s disease (PD) and dementia with Lewy
bodies (DLB) (69). In contrast to AD cases, the sulfatide
content of all examined brain regions in both gray and
white matter from PD subjects are dramatically elevated
relative to controls. Examination of lipid alterations in DLB
samples demonstrated that mass levels of sulfatide in both
gray and white matter from DLB subjects are similar to
those observed in controls. These studies suggest that
sulfatide deficiency in very mild AD subjects is specific
among examined neurodegenerative diseases.
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During our studies in elucidating the
mechanism(s) underlying the sulfatide deficiency in very
early AD, we uncovered a novel role of apoE in the CNS,
i.e., modulation of sulfatide mass content (35). This role
was supported with three experimental conclusions as
follows. First, sulfatides are specifically associated with
apoE-containing lipoprotein particles, thus sulfatide can be
transported by apoE particles to brain interstitial fluid and
cerebrospinal fluid (CSF). Second, apoE modulates
sulfatide mass levels in the CNS through the metabolism of
apoE-containing particles, i.e., transport of sulfatide to CSF
and endocytotic recycling of apoE particles through LDL
receptor or LDL receptor family members such as LDL
receptor-related proteins. Third, the modulation of sulfatide
content in the CNS is apoE-isoform dependent. This
conclusion was supported by the substantially lower
sulfatide mass content in human apoE4 transgenic mice
than that in human apoE3 transgenic mice. This was further
validated by the significantly higher sulfatide mass content
in CSF from cognitively normal subjects with one or two
alleles of apoE4 in comparison to that from counterparts
with homozygous alleles of apoE3. Collectively, these
findings not only support the role of apoE in the regulation
of sulfatide metabolism in the CNS, but also suggest that
apoE may be involved in the sulfatide loss in very mild AD
patients.

To date, the biochemical mechanism(s)
underlying the marked sulfatide deficiency in the CNS of
very mild AD patients is still not clear, although it may
reflect axonal damage (or degeneration) or abnormal
metabolism of apoE-associated lipoproteins or both.
However, the significance of our findings is three-fold.
First, sulfatide deficiency in early AD may be a useful
biomarker for AD. Second, sulfatide deficiency is a very
early event in AD pathology. Most importantly, our
findings suggest that subjects with mild cognitive
impairment due to AD already have dramatic biochemical
and/or pathological changes, which ultimately will be
critical to target as early as possible in the disease course in
order to have a major therapeutic impact. Third, sulfatide
metabolism is associated with apoE, providing new insights
into the connection of apoE with AD. These results also
indicate that although lipidomics, as a field, is still in its
carly stages of development, the power of lipidomics has
already been demonstrated.

5.3.2. Alterations in neurolipidome of progressive
epilepsy with mental retardation brain

Progressive epilepsy with mental retardation
belongs to a group of inherited neurodegenerative disorders
(70). Recently, lipidomics by using HPLC-MS has been
performed to analyze molecular species of major
phospholipids and simple sphingolipid classes in lipid
extracts of cerebral tissues from two patients relative to
controls (71). The study shows that the mass levels of
ceramide, cerebroside, lactosylceramide and sulfatide are
substantially reduced in the progressive state of the disease.
Moreover, dramatic alterations in molecular species
composition of these lipid classes present in the progressive
disease state are also demonstrated. For example, C18:0
molecular species in ceramide and sphingomyelin is
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dramatically increased accompanied with a substantial
depletion of C24:1 molecular species in the classes in the
progressive disease state relative to controls; the mass
content of C20:0 sulfatide is specifically elevated for four-
fold in the progressive disease state relative to controls
along with a 50 mol% reduction of C24:1 sulfatide mass
content; C18:0 lactosylceramide molecular species
becomes undetectable at the progressive state vs. a mass
level of approximately 30 mol% of the class in control. The
authors believe that the observed changes in molecular
profiles of the examined lipid classes may result in altered
membrane stability, lipid peroxidation, vesicular trafficking
or neurotransmission and may contribute to the progression
of the disease (71).

6. SUMMARIES AND PERSPECTIVE

Neurolipidomes are very complicated and thus,
neurolipidomics is quite challenging but exciting. With the
recent development of MS-based lipidomics, particularly
the speedy improvement of multi-dimensional MS-based
shotgun lipidomics, the analyses of over twenty lipid
classes, hundreds to over a thousand lipid molecular
species, and > 95% of the mass content of a cellular
lipidome can be readily achieved. Although
neurolipidomics is still in its early stages of development,
the power of lipidomics has already been demonstrated by
identification of alterations in lipid molecular species in
specific disease states. It can be anticipated that many
biochemical mechanisms underlying lipid metabolism
critical to the neuronal diseases and/or disorders will be
increasingly uncovered as neurolipidomics penetrance into
lower and lower abundance region of mass contents of
individual lipid molecular species. Through application of a
systems biology approach, the markers for these neuronal
diseases which identify pathological alterations and are
diagnostic of disease onset, progression or severity may
potentially be discovered. Through exploiting the
information content inherent in the complexity of cellular
lipid composition and kinetic turnover, substantial insights
into neuronal plasticity and gene function can be gathered.
It is my hope that the new discovery and knowledge will
help us modify the deleterious consequences of lipid-
associated neuronal diseases.
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