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Abstract

Neutral lipids are a diverse family of hydrophobic biomolecules that have important roles in
cellular biochemistry of all living species but have in common the property of charge neutrality. A
large component of neutral lipids are the glycerolipids composed of triacylglycerols,
diacylglycerols, and monoacylglycerols that can serve as cellular energy stores as well as signaling
molecules. Another abundant lipid class in many cells is the cholesterol esters that are on one hand
sterols and the other fatty acyl lipids, but in either case are neutral lipids involved in cholesterol
homeostasis and transport in the blood. The analysis of these molecules in the context of
lipidomics remains challenging because of their charge neutrality and the complex mixtures of
molecular species present in cells. Various techniques have been used to ionize these neutral lipids
prior to mass spectrometric analysis including electron ionization, atmospheric chemical
ionization, electrospray ionization and matrix assisted laser desorption/ionization. VVarious
approaches to deal with the complex mixture of molecular species have been developed including
shotgun lipidomics and chromatographic-based separations such as gas chromatography, reversed
phase liquid chromatography, and normal phase liquid chromatography. Several applications of
these approaches are discussed.
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1. Introduction

Glycerolipids (GLs) constitute a class of abundant lipids present in all cells of animal and
plant origin and play a variety of important biochemical functions from energy storage to
being precursor pools for signaling molecules released as a result of occupation of
membrane receptors. Major GL examples in mammalian cells are triacylglycerols (TAGS),
diacylglycerols (DAGs), and monoacylglycerols (MAGS). Cholesterol esters (CEs) are also
neutral lipids (NLs) present in virtually all animal cells as a part of the complex regulation
of cholesterol homeostasis [1]. Both CE and TAGs are some of the most abundant lipids
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found circulating in the plasma of animals, typically present in amounts that would be
equivalent to millimolar concentrations. Yet these molecules are not soluble in water and do
not achieve these concentrations, but are carried by specialized lipoprotein particles [2]. In
cells, these lipids are typically stored within lipid bodies where they serve as sources of fatty
acids that are oxidized by B-oxidation for ATP generation [3] and cholesterol transport
processes [4]. The GLs are abundant components in seeds and vegetable oils, such as linseed
oil, castor oil, and olive oil. Analytical methods continue to be published concerning the
analysis of these commercially important GLs. Discussion of the analysis of these oils will
be limited, but rather the techniques that have been employed and developed for the analysis
of NLs found at much lower levels in animal cells is the major focus of this review.

In spite of the relatively simple structure of these NLs, analysis has remained a major
challenge, even analysis by mass spectrometry. In part this is due to the fact that these are
chemically neutral molecules and that ionization is required for these lipids to be analyzed
by mass spectrometry. The techniques of electron ionization (EI), matrix assisted laser
desorption/ionization (MALDI), electrospray ionization (ESI), and atmospheric pressure
chemical ionization (APCI) can generate ions from these molecules, but the ion yield for
neutral lipids is lower for these latter three techniques when compared to preionized lipid
molecules such as phospholipids or free carboxylic acids. The general mechanism for
formation of ions from NLs is by attachment of a charged species (e.g. H*, NH,*, Na*, Li*,
acetate™) or removal of a proton (e.g. loss of H*) in the mass spectrometer ion source. This
formation of a charged ion is a gas-phase chemical event proportional to the affinity of the
lipid molecule to the attachment ion or gas phase acidity/ basicity of the NL. This additional
requirement for ionization has implications in the choice of mass spectrometry that is
employed for analysis. APCI and ESI are perhaps more sensitive methods for NL analysis
when compared to EI, however there have not been definitive studies comparing all
ionization methods employed for NL analysis.

A second and equally difficult challenge is that NLs are present in cells as complex mixtures
of closely related species that differ by fatty acyl chains esterified to either glycerol or
cholesterol. Just from simple probability theory, if there are ten fatty acyl groups that could
be esterified to glycerol, this would lead to 550 molecular species, not even taking into
account enantiomers. In some systems the number of potential fatty acids can be as high as
20, which would result in 4,200 potential molecular species. Thus, the analytical challenge is
to (1) identify each molecular species within the context of a large number of closely related
compounds and (2) assess the amount of each of these unique molecular species in a sample.
Assignment of the position of each fatty acyl group as to the carbon atom to which it is
esterified on the backbone of glycerol (sn-1, sn-2, or sn-3 using the IUPAC systematic
nomenclature) is an additional challenge, along with the stereochemical assignment at sn-2,
since most naturally occurring glycerides are chiral. Furthermore, unsaturated or
polyunsaturated NLs have the additional structural challenges of determination of double
bond position and geometry. For some organisms, branched chain and otherwise derivatized
fatty acyl groups exist that pose additional structural difficulties.

lonization

The first methods developed for TAG analysis using mass spectrometry involved application
of electron ionization [5] as a means to generate ions. El is highly energetic and a singular
feature of the EI mass spectrum is the very low abundance, in some cases total absence, of a
molecular ion, M** (Figure 1). During El, a M*" typically fragments to yield [M-R,CO5]*,
[R,CO+128]*, [R,CO+74]", and [R,CO]* fragment products where n corresponds to the
fatty acyl esterified at the 1,2, or 3 glycerol carbon atoms [6]. These fragment ions are used
to generate quantitative data and to reconstruct the original molecular structure of the TAG.
A major advantage of El has been the ease of directly interfacing the gas chromatograph to
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the mass spectrometer (GC/MS) and the enormous resolving power of this ancillary
technique. This chromatographic resolution can be used to separate a large number of
molecular species and in this way retention time and EI mass spectral data can define the
molecular species [7]. Unfortunately, GC/MS requires that the TAG molecules become
volatile for this type of mass spectrometric analysis, and therefore, very high GC column
temperatures, which favor TAG thermal decomposition, must be applied [8]. For many high
molecular weight TAGs, thermal degradation proceeds at a faster rate than volatilization,
thus limiting GC/MS application.

Another application of GC/MS has been with the analysis of fatty acids that are esterified to
the glycerol backbone or cholesterol and liberated by hydrolysis to free fatty acids. The free
fatty acids are then derivatized to improve thermal stability and volatility, followed by GC/
MS analysis. This is a very straightforward approach for identification of fatty acids,
including structural details such as the position of double bonds present in the acyl chain or
methyl group branching, and to quantitate total TAGs. This technique suffers from the lack
of information relevant to the exact molecular species structure from the standpoint of the
position from which the fatty acyl groups were released from the glycerol backbone [6,9].
The GC/MS approach remains one of the most widely used techniques for the analysis of
these NLs in food oils [10] where sensitivity of the ionization method is not a significant
issue. Electron ionization and GC/MS techniques have been used to measure diacylglycerols
[11] and monoacylglycerols [12].

1.2 Atmospheric pressure chemical ionization

lonization of GL by APCI results in abundant production of proton attachment ions [M+H]*
likely due to the cumulative proton affinities of the three carboxylate groups that make up
the fatty acyl ester moieties. The APCI process is a spray ionization method similar in many
respects to electrospray except that the production of abundant protons is in a high voltage
or discharge region. These protons can attach to analyte molecules present in the spray and
thereby ionize the analytes by proton attachment. APCI is typically more energetic than ESI
so that decomposition of [M+H]" ions often results during the ionization event with the
resultant formation of product ions that typically correspond to diglycerol [DAG]* ions [13].
These can be quite abundant (Figure 2). For those TAGs containing only a single fatty acyl
group (R) only one [RR]* product ion results in the API mass spectrum (Figure 2), but for a
mixed fatty acyl TAG with two different fatty acyl groups (R1 and R,), [DAG]* ions can be
found that correspond to [R1R>]", [R1R1]*, or [RoR,]*. For the TAG with three different
fatty acyl groups (Ry, Ry, R3), the three [DAG]* ions will correspond to [R1R,]*, [R2R3]™,
and [R1R3]*. Studies of the formation of these [DAG]* ions from TAGs of known structure
revealed that the loss of the fatty acid from the sn-2 position is a somewhat less efficient
event compared to the loss of the fatty acyl substituent found at the sn-1(3) position [14].
This observation has been the basis for using APCI to deduce the fatty acyl positions in a
TAG species from the APCI mass spectrum. Mathematical calculations of the fatty acyl
group position based on ion abundances of the [DAG]* ions and [DAG]* ion ratios have
been described [15,16].

Another advantage of APCI is that this ionization technique is readily coupled to liquid
chromatography so that separation of individual molecular species by reverse phase
chromatographic conditions is readily implemented. While the interpretation of APCI
spectra of a pure molecule appears straightforward, it is certainly not when mixtures of
molecular species are ionized at the same time. The assignment of each [DAG]* ion to a
single molecular species becomes difficult if not impossible. To a large extent the power of
chromatography overcomes this fundamental problem and furthermore, separation of
species facilitates the use of ion abundances of the [M+H]* and the [DAG]" ions as a
quantitative measure of the amount of TAG present in a biological system.
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A closely related method is atmospheric pressure photo ionization (APPI) where a highly
energetic photon is used to effect generation of charged ion species in the Cl plasma [17]
with generation of the [M+H]* from TAG analytes. APPI has been reported to be more
sensitive than APCI, but few applications have been reported to date.

Qualitative and quantitative analysis of TAGs in complex biological mixtures have also
been reported using negative ion APCI. In these studies, ammonia gas was employed as the
nebulizing gas and the ion chemistry yields an ammonia anion, [NH5] ™, as a result of high
voltage discharge. This anion is a sufficiently strong gas phase base to remove a proton from
a TAG to form [M-H]™ [18]. The collisional activation of these triglyceride anions results in
abundant [M-H-R1 » 3COOH-100]" and [R1 2 3COO]™ anions. Again, the formation of the
DAG-like anion from the loss of the free acid from the sn-2 position [M-H-R,COOH-100]"
was typically found to be of lower abundance compared to [M-H-R; 3COOH-100]". The
regioisomeric structure of TAGs can be deduced from the fatty acid carboxylate anions
[R1.23CO0]™ generated after collision induced decomposition, along with the abundance of
the DAG-like anions. Computer algorithms have been published to automatically process
such data as well as obtain quantitative information about the abundance of each TAG
molecular species [19]. The ability to interpret these results as to structure and quantity
required adequate separation of molecular species, which is achieved by online reversed
phase chromatography.

1.3 Electrospray lonization

lonization by the electrospray process requires attachment of a charged ion to the neutral
TAG, DAG, MAG, or CE. The most frequently used methods to form these attachment ions
are to include alkali metal salts or ammonium salts in the spray solvent. The inclusion of
such salts often satisfies the additional requirement of having the organic solvent conduct
electricity to permit charging of a spray nozzle to complete the electrochemical cell [20];
and importantly, these cations adduct the NL to form a NL cation during electrospray.
Abundant molecular species such as [M+NH4]*, [M+Na]*, or [M+Li]* typically undergo
little fragmentation during this ionization process, although if conditions are chosen
inappropriately, [M+H]* ions can be observed as ion source decomposition products of [M
+NH,4]*. The abundance of these molecular ion species is proportional to the quantity of
neutral lipid present in the complex biological extract, but the direct relationship is
confounded by subtle effects such as the exact number of carbon atoms in the fatty acyl
chains and total number of double bonds, both of which affect ionization efficiency [21].
Structural information such as fatty acyl composition and regioisomeric identification can be
obtained by subsequent tandem mass spectrometry of these molecular ion species. The ion
chemistries of [M+NH4]* [22, 23] and [M+Li]* [24, 25] decomposition pathways have been
well described. In general the loss of the sn-2 fatty acyl group following collisional
activation of these molecular ion species is less favored than the loss of the sn-1(3) groups,
which permits regioisomeric assignment [24]. Determination of the exact fatty acyl groups
that constitute a TAG, requires MS3 while MS? is sufficient to describe the fatty acyl
components for a DAG species [22].

For complex mixtures of neutral lipids found in animal cells more sophisticated approaches
have been developed to deal with the large number of components in each neutral lipid
class. One of the most challenging problems has been the identification of the exact
molecular species that are present at each single mass-to-charge ratio corresponding to the
monoisotopic TAG. Under ESI conditions, the same monoisotopic mass will be generated
for any molecular ion species having the same elemental composition, but still differ by the
exact fatty acyl chains. Analysis of TAGs isolated from RAW cells revealed that in some
cases the observed [M+NH,4]* ions were a mixture of 3—-10 different species that could be
differentiated by MS3 (Table 1)[22]. For this reason it has been useful to define isobaric
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TAG and DAG molecular ions as to the total number of acyl carbon atoms and total number
of double bonds in the fatty acyl chains. For example, a 52:2 TAG molecular species could
be composed of any combination of 52 total fatty acyl carbon atoms that have two total
double bonds in their combined acyl groups. This would include a (16:0/18:1/18:1) TAG as
well as a (14:0/18:2/20:0) TAG. Two different approaches were developed to deal with
these complex issues. The first is shotgun lipidomics and the second a chromatography-
based separation lipidomics. Both approaches continue to evolve and improve and both have
strengths and weaknesses.

1.3.1 Shotgun lipidomics—The shotgun approach that has been largely developed by
Han and Gross [26] employs formation of [M+Li]* of NLs and takes advantage of the
unique behavior of these alkali metal adducts after collisional activation in the mass
spectrometer to generate an ion corresponding to the neutral loss of each of the fatty acyl
groups as a free carboxylic acid. The central workflow of this approach has been to carry out
an organic solvent extraction of the lipids, such as a Bligh/Dyer method [27], and then add
LiOH to the extract. This crude lipid extract is then directly electrosprayed into the mass
spectrometer for a period of time during which a number of neutral loss scans after
collisional activation are performed over the mass range of interest, e.g. m/z 700-1000
(Figure 3). During this time the spray must be very constant since variation in the spray
properties could affect ion yield during a particular neutral loss scan experiment. Each exact
neutral loss mass experiment is constructed from the known mass-loss for a specific fatty
acyl group and thus, from each precursor ion [M+Li]*, it is possible to deduce those fatty
acyl substituents that are present in the molecular ion species [M+Li]*. The observed ion
currents are used to generate quantitative data after C-13 isotope corrections and potential
corrections from a species two daltons lower in mass, which would contribute two C-13
isotopes at this precursor mass. The corrected abundance for each fatty acyl group is then
summed [28] and a standard curve is used to calculate the quantity of TAG present. This
method does not correct for the abundance of the [M+Li-R,COOH]* ion, which has been
reported in many cases to be lower in absolute abundance than the corresponding neutral
loss signals for fatty acyl losses [M+Li-R; 3COOH]* [24]. Identification of multiple species
at each nominal mass is determined mathematically from the neutral loss spectra that yield
this precursor ion. Unfortunately, an unexpected fatty acyl group, for example, an odd chain
or oxidized fatty acyl group, would not be detected by this method unless one preselects
these type fatty acyl groups to examine in the neutral loss scan list. In addition, the larger
number of fatty acyl neutral loss scans included in the neutral loss scan list, the longer the
electrospray of the crude extract must be carried out while scanning over the mass range of
interest. Nonetheless, this approach has been widely used by others [29] to reveal significant
biochemistry related to TAG and DAG biochemistry and by Han and Gross for both in vitro
and in vivo studies [30,31]. Variations of the shotgun approach have used ammonium ion
adducts of NL [32] and sodiated ions [33] for discrimination of isomeric TAGs.

The analysis of cholesterol and CEs by shotgun lipidomics has been described using several
approaches including derivatization. In a straightforward approach using the exact mass of
cholesterol with an orbitrap mass spectrometer, the abundance of the ammonium ion adduct
of cholesterol at m/z 404.3892 was measured and used to calculate the quantity of
cholesterol after infusion [34]. The cholesteryl esters were quantitated from the MS/MS
product ion abundance of m/z 369.3521 after ratioing to the internal standard. A similar
approach using d7-cholesterol as internal standard was used in a lipidomics study [35]. Prior
derivatization of cholesterol to cholesteryl acetate was employed as a strategy to make use
of precursor ion scanning to generate the same ion for both cholesterol and cholesteryl esters
[36,37]. Free cholesterol was determined using the d;-cholesterol internal standard and
CE(17:0) and CE(22:0) as internal standards for the esters using precursors of m/z 369.3 to
detect these esters [36]. Another derivatization strategy involved reacting the lipid extract
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with methoxyacetic acid after treatment with a carbodiimide to effect esterification of the
free alcohol moiety in cholesterol [31,38]. The cholesterol methoxyacetate Li* adduct was
detected by precursor ion scanning for m/z 97, an abundant ion observed after collisional
activation of this cholesterol derivative. The resulting signal was converted into abundance
information using a standard curve to determine the exact quantity of cholesterol. This
approach was also used to quantitate CEs after saponification of a second aliquot of the lipid
extract to yield free cholesterol. The difference between the saponified value for cholesterol
and the free cholesterol quantity was used to calculate the esterified cholesterol [38].
However analysis of cholesterol ester molecular species was not possible since both free
cholesterol and CEs were converted to methoxyacetate derivatives.

1.3.2 Chromatographic separation-based lipidomics—The second major approach
to analyze neutral lipids such as CE, TAG, and MAG makes use of the facile interface of
HPLC with ESI as a method to pre-separate neutral lipids from an extract as well as to
ionize the NL prior to mass spectrometric analysis. The chromatographic separation can be
either a normal phase (NP) or reversed phase (RP) process, and both approaches have
distinctive advantages and disadvantages. Normal phase chromatography is used to separate
neutral lipids based on polarity so that relatively crude lipid extracts can be separated into
CEs, TAGs, DAGs, and MAGs with very different retention times. However, very little
separation of molecular species within each of these classes, if any at all, is realized [39].
Reversed phase chromatography is well suited to separate molecular species of lipids due to
the lipophilicity of the fatty acyl components, but not lipids according to their polar classes.
Thus, it is easy to separate neutral lipids roughly as to the fatty acyl chain lipophilicity.
However complete separation of all molecular species has not been reported for NLs
isolated from a cell extract. Both isocratic and gradient elution have been used to profile
neutral lipids from biological extracts using RP chromatography separation, for example, the
analysis of neutral lipids from yeast [40] and from animal tissues [41]. Separation of crude
extracts containing lipids ranging from phospholipids to TAGs by RP chromatography is
illustrated in Figure 4. Since RP separates by lipophilicity, the molecular species of all
phospholipids and DAGs elute over the same retention time range [41]. The TAGs elute
after the mobile phase was changed to that with a higher concentration of organic solvent.

Reversed phase HPLC separation of molecular species of TAGs isolated from olive oil was
used for the determination of regioisomers of individual molecular species. The
chromatographic system was optimized for TAG separation since there were few interfering
polar lipids in these commercial oils. It was found that the Na* adducts gave the most
reliable quantitative analysis of specific molecular species because the loss of the sn-2 fatty
acyl group [M+Na-R,COOH]* fragment ion was consistently in lower abundance than the
signal for the neutral loss of R; 3COOH [41]. A similar approach using only ammonium ion
adducts has been reported for quantitation of 10 molecular species of TAGs from cod liver
oil [42].

Several groups have employed NP separation as the basic approach to elute relatively pure
neutral lipid classes sequentially to the electrospray ion source. For these studies, an
electrolyte is mixed into the HPLC effluent stream after the NP separation column in order
to change the mobile phase into one that can conduct electricity. These electrolytes drive the
adduct ion formation process, but do not interfere with the NP separation. Kallo [43]
reported over 450 TAGSs species present in butter fat using a NP-ESI/MS/MS approach. In
this case, some separation of molecular species was realized in the NP column, which
facilitated analysis.

NP separation was chosen as the platform for the analysis of CEs, TAGs, MAGs, and DAGs
in the same HPLC run (Figure 5) from our laboratory [44, 45]. The least polar of these lipids
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were the naturally occurring CEs, which eluted within the first few minutes of the HPLC
run. Since these were the least efficiently ionized by ESI, a precursor ion scanning method
(MS/MS) was employed to increase sensitivity during the first 5 minutes of this HPLC run.
All CEs readily undergo collisional activation as a [M+NH,]* ions to yield m/z 369.3, the
cholesteryl cation [46]. Therefore, precursor ion scanning for m/z 369.3 will reveal each of
the CE molecular species present in the biological extract. A stable isotope labeled CE was
used as internal standard to facilitate quantitation of each of these CE species in a
straightforward isotope dilution approach [39].

Analysis of TAGs and related triradylglycerides [47] was accomplished by forming the
ammonium ion adduct to generate [M+NH,]* ions, which were detected with the instrument
automatically reset during the analytical run to carry out normal MS operation and scanning
from m/z 500-1000 [39]. The quantity of isobaric molecular species was calculated using
standard curves for the abundance of [M+NH,4]* from reference standards relative to that of
an added internal standard. No attempt was made to further define constituents that made up
each observed mass-to-charge ratio as isobaric molecular species. Thus isobaric molecular
species were defined as those that contain the same number of acyl carbon atoms and the
same number of total double bonds. However, this NP chromatography does provide
excellent separation of alkylether triradylglycerides [39] from the normal triester TAGs and,
in a rather straightforward fashion, these triradyl species could be identified. Shotgun
lipidomics cannot detect such species from direct mass spectral data and therefore are
typically not reported as components in an extract.

The analysis of DAGs has been complicated even if LC/MS separations are employed
because the behavior of these lipid species during collision activation of the corresponding
adduct ion is less than ideal. Product ion spectra of the ammonium adduct ion are
complicated by the facile loss of H,0 [22, 39], an effect that can be minimized by studying
the sodiated molecular ion species of the diglyceride [48]. An alternative strategy has been
to derivatize the free hydroxyl group in a manner that facilitates molecular species
identification. DAGs had been derivatized to a quaternary ammonium structure using
betaene to substantially enhance formation of [M+H]* ion of the DAG derivative [49]. We
have shown that efficient formation of the 2,4-difluorophenylurethane derivative of DAGs
(and MAGS) while these are still in the crude lipid extract [44], yields a product that is not
only readily ionized as the ammonium ion adduct, but also separated into 1,2-DAG
derivatives and 1,3-DAG derivatives for regioisomer identification when normal phase
chromatography is employed (Figure 5). The same approach simultaneously forms a dual
urethane adduct of MAGs and the 1(3)-MAGs and 2-MAGs are readily separated by the NP
chromatography. Interestingly, this single chromatographic separation of the neutral lipids
can be readily adapted to these urethane derivatives by switching analysis to a neutral loss
scan during the elution of the urethane derivatives [44]. Under these conditions, a neutral
loss of 190 u identifies the elution of the urethane derivatives, since this neutral loss mass is
a common feature of the collisional activation of these urethane derivatives. This neutral
loss signal can then be used as a quantitative measure of both DAGs and MAGs. The NP
LC/MS and NP LC/MS/MS approach with urethane derivatization has been used to measure
TAGs and DAGs in the murine macrophage lipidome [50].

An additional feature of this NP chromatographic approach is that rather unique species,
which might be unexpected or difficult to predict if one is using a neutral loss approach, can
be identified. This is particularly true for the oxidation of CEs where collisional activation of
oxidized CEs still yields the abundant ion at m/z 369.3, if the oxidation of the CEs occurs on
the fatty acyl portion. Additionally, precursor ion scanning for m/z 369 + 16 or m/z 369 + 32
will reveal those oxidized CE species where oxidation of the cholesterol nucleus occurred.
Using this technique numerous oxidized forms of CEs have been identified in human
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atherosclerotic plagues where oxidation occurred not only on the fatty acyl groups,
corresponding to linoleate, arachidonate, and docosahexanoate oxidation, but also oxidation
of the cholesterol nucleus itself [51].

1.4 Matrix assisted laser desorption/ionization (MALDI)

MALDI has been widely used to analyze neutral lipids but most examples have focused on
profiling the TAGs present in various biological systems, including NL components in
serum [52-54]. The sodium attachment ion is the typically observed ion species if the
sample is extracted form a biological tissue and the [M+Na]* molecular species undergoes a
facile loss of each fatty acid (as a sodium salt) forming a diglyceride-like positive ion [55,
56]. A major advantage of MALDI has been the speed at which data can be collected from
many samples when compared to techniques to define molecular species using
chromatographic separations. In a direct comparison of MALDI/MS analysis to LC-APCI/
MS of fat bodies from insects, the data set generated by both techniques was found to be
quite comparable and each method was able to define numerous species [57]. Even though
only molecular weight information can be gleaned from MALDI/MS data, this technique
can be quite useful in detecting oxidation and dimerization of TAGs [58]. The use of
MALDI/MS and MALDI/MS/MS for the analysis of NL will likely increase, because of the
ease and rapidity in obtaining useful information from the former technique and the
structural details relevant to NL molecular species obtained with tandem mass spectrometry
approach.

2. Conclusions

Both shotgun lipidomics and chromatographic-based separation lipidomics have emerged as
powerful techniques to profile neutral lipids, including CEs, MAGs, DAGs, and
triradylglycerides present in biological extracts. Advantages and disadvantages of each
approach make it difficult to unambiguously define the best technique. However, from both
techniques, important information can be gleaned relative to the biochemistry of these
neutral lipid species. A remaining challenge for both techniques is improved quantitative
analysis in terms of accuracy of the data, which is now problematic due to many reasons,
including the multiple isobaric species present at a mass-to-charge ratio for each molecular
species and the importance of subtle structural changes that alter ionization efficiency in
each NL species. Equally important is the lack of many reference standards from which one
can generate standard curves for a particular molecular species. Nevertheless, analysis of
these neutral lipids is emerging as an important component of lipidomic studies to provide
insight into the exact biochemical events and complex biochemical interactions taking place
at the cellular level.
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Abbreviations

GL glycerolipids
NLs neutral lipids
DAG diacylglycerol
TAG triacylglycerol
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MAG monoacylglycerol

CE cholesterol esters

MALDI matrix-assisted laser desorption/ionization
ESI electrospray ionization

electron ionization

APCI atmospheric pressure chemical ionization
APPI atmospheric pressure photo ionization
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Figure 1.

Positive ion electron ionization (EI) mass spectrum of a triglyceride molecular species that
contains palmitoyl, linoleoyl, and oleoyl chains in the molecule. The correct position of fatty
acid chains is unknown, but groups are labeled as shown in the annotation of the ions.
Adapted from [7] with permission from the American Chemical Society.
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Figure 2.

Comparison of electrospray (ESI) and APCI ionization of triacylyglycerol molecular
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species. Adapted from [59]. (A) ESI-MS spectrum of ammoniated trilinolein (LLL); (B)
ESI-MS spectrum of ammoniated 1,2-dilinoleoyl-3-oleoyl glycerol (LLO); (C) ESI-MS
spectrum of ammoniated 1,2-dioleoyl-3-linoleoyl glycerol (OOL); (D) APCI-MS spectrum
of LLL; (E) APCI-MS spectrum of LLO; (F) APCI-MS spectrum of OOL.
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Figure 3.

Shotgun lipidomic approach used for the analysis of triacylglycerol molecular species
isolated from mouse myocardium [26]. Analysis after addition of LiOH and neutral loss
scanning in positive-ion mode of specific fatty acyl groups indicated. All neutral loss (NL)
scans displayed are normalized to the base peak in the individual scan. With permission
from Wiley.
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Figure 4.

Separation of a complex lipid mixture of lipids from mouse liver by on line reverse-phase
chromatography, high resolution LC/ESI-QTOF MS analysis. The lipid mixtures of mouse
liver were eluted in the following order: PLs =DAGs > SMs= Cers > TAGs. The 2D map
was constructed with X (retention time) and Y (m/z value) axes, and abundance of individual
TAGs was indicated by single color density (originally adjusted by color gradient). With
permission from Elsevier [41].
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Normal phase LC/MS analysis (base peak chromatogram) of the neutral lipids extracted
from bone marrow cells differentiated in culture to macrophages, then derivatized with
difluorophenyl isocyanate to the urethane derivative of the free hydroxyl moiety. Regions of
the elution of neutral lipids are indicated. Imp1 is a mixture of polysiloxanes and Imp2 is the
oxidized form of a plastic antioxidant (tris(2,4-ditert-butylphenyl)phosphate) and Imp3 is the

elution of phthalate esters. With permission of Elsevier [44].
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