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ABSTRACT: Glycosphingolipids (GSLs), including gangliosides, are essential
components of the cell membrane. Because of their vital biological functions, a
facile method for the analysis and comparison of GSLs in biological issues is
desired. To this end, a new method for GSL analysis was developed based on
two-stage matching of the carbohydrate and glycolipid product ions of
experimental and reference MS/MS spectra of GSLs. The applicability of this
method to the analysis of gangliosides in biological tissues was verified using
human plasma and mouse brains spiked with standards. The method was then
used to characterize endogenous gangliosides in mouse and human brains. It was
shown that each endogenous ganglioside species had varied lipid forms and that
mouse and human brains had different compositions of ganglioside species and
lipid forms. Moreover, a 36-carbon ceramide is found to represent the major lipid
form for mouse brain gangliosides, while the major lipid form for most human
brain gangliosides is a 38-carbon ceramide. This study has verified that the two-stage MS/MS spectral matching method could be
used to study gangliosides or GSLs and their lipid forms in complex biological samples, thereby having a broad application.

■ INTRODUCTION

Glycosphingolipids (GSLs) are a family of complex glycolipids
having hydrophilic glycans attached to hydrophobic ceramides
via a glycosidic bond.1,2 As an essential component of the cell
membrane, GSL is ubiquitous and especially rich in the human
central nervous system (CNS), such as brain,3−5 to play a vital
role in signal transduction, neuronal cell recovery, differ-
entiation, and memory.6−11 GSLs are also involved in many
pathological conditions,12−14 such as cancer,15,16 Alzheimer’s
disease,17−21 and various storage disorders.22,23 Therefore,
information about the compositions of GSLs in human tissues
is fundamental for understanding their biological functions.
The structures of GSLs are very complex and diverse, with

variations in both the glycan and the lipid, making their
analysis challenging. To address this issue, tandem mass
spectrometry (MS/MS or MSn), which can offer detailed
structural information, has been widely used for GSL
characterization and glycolipidomics analysis. In addition, MS
is usually coupled with chromatography24−38 to tackle issues
such as isobaric overlap, isomer separation, and ion
suppression on GSL species of low abundance. Meanwhile,
new MS technologies, e.g., ion mobility spectrometry-mass
spectrometry (IMS-MS), are explored to further improve ion
differentiation.39,40 The most commonly used ionization
method has been electrospray ionization (ESI),41,42 due to
its mild condition to afford intact precursor ions of GSLs and
its ease to couple with various chromatographic techniques.

Overall, ESI liquid chromatography (LC)-MSn proves to be a
powerful tool for the analysis and quantitation of GSLs.
Despite these progresses, GSL analysis remains difficult. In

contrast to glycoproteins, where proteins and glycans can be
cleaved and studied individually,43 GSLs are analyzed intact.
The complex and diverse glycoforms and lipid forms of GSLs
not only make their analysis challenging but also hamper the
application of methods developed for glycomics and lipidomics
analysis. Furthermore, presently, there is a lack of an extensive
database of reference MS/MS spectra for GSL identification
and a software especially designed for comprehensive GSL
analysis.
To address the problem, our labs have recently explored a

novel LC-MS/MS-based strategy for GSL characterization.44 It
has been shown that MS bond cleavage of GSLs occurs mainly
to glycan to form two types of product ions, namely,
“carbohydrate product ions”fragments containing only
carbohydratesand “glycolipid product ions”fragments
containing both the carbohydrates and the lipid.44,45 Moreover,
different lipid forms of a GSL species do not have a significant
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impact on its glycan dissociation pattern. Thus, for any GSL
species, carbohydrate product ions are conserved regardless of
the lipid form, and the ion masses of glycolipid product ions
may shift by a constant number due to changes in the lipid
structure, while the spectral pattern (e.g., the mass separation
and peak intensities) remains unchanged. Accordingly, GSLs
can be characterized in two steps. First, after the MS/MS
spectrum of an experimental GSL is obtained, its carbohydrate
product ions are matched with those of reference MS/MS
spectra in the database. This will directly characterize the
glycan structure, which defines the GSL species. Next, the rule-
based method46−48 is employed to match the glycolipid
product ions of the experimental and reference spectra. This
will characterize the ceramide structure, which defines the lipid
form of a GSL. As a positive identification is made only after
both carbohydrate and glycolipid product ions of the
experimental and reference spectra are matched, the new
method can minimize the risk of false characterization. In
addition, the application of rule-based matching in the second
stage makes it possible to identify various lipid forms of a GSL
species in the presence of only one reference spectrum in any
lipid form. Therefore, this method will facilitate GSL analysis
using a reduced database, i.e., containing only one reference
spectrum for each GSL species.
In the previous paper,44 we reported a proof-of-concept

study on the new two-stage matching method using standard
samples. As the ultimate goal of this method is its application
to studying GSL profiles and glycolipidomics in biological
tissues, in this endeavor, we embarked on probing it with
biological samples and exploring ganglioside compositions in
mouse and human brains.

■ RESULTS AND DISCUSSION

We planned to verify first that the two-stage MS/MS spectral
matching method would be practical for GSL characterization
and glycolipidomics analysis of biological tissues using well-
defined samples. In this regard, we generated some GSL-spiked
plasma and brain tissues utilizing commercial GSL standards
and subjected them to extraction and LC-MS/MS studies. This
also served to validate if our extraction protocol was effective in
retrieving all GSLs. Finally, the extraction protocol and LC-MS
conditions were applied to mouse and human brain GSL
analysis. Here, we were expressly focused on gangliosidesa

sialylated subgroup of GSLlimited by the scope of our
reference library.
For GSL identification, currently, there is no software

especially designed for the two-stage matching of experimental
and reference MS/MS spectra. We employed two existing
software-based approaches to address this problem. One
approach utilized Metaboscape (Bruker, v5) to assist the first
matching stage. The reference carbohydrate ions of each GSL
species were searched among the experimental data using
Metaboscape, with a search window of calculated mass ± one
mass unit, to generate a list of potential precursor ions. The
second matching stage was performed manually using the
much-reduced precursor ion list. To this end, the unit mass
difference between experimental and reference precursors was
calculated and applied to all glycolipid product ions in the
reference MS/MS spectrum to generate a rule-based reference
spectrum. This was then compared with the experimental
product spectrum to determine the lipid form. Finally, the
experimental and reference spectra were manually compared to
further verify the results. Only if all carbohydrate and
glycolipid product ions matched with an error <20 ppm was
a GSL positively identified.
Another approach makes use of Compass Analysis software.

First, the precursor masses for various lipid forms of each
ganglioside were calculated by adding or subtracting 2, 4, 26,
28, 30, 54, 56, 58, etc., mass units to or from the reference.
These represent lipid forms of different saturation patterns and
chain lengths, but we understand that this approach cannot be
exhaustive. Then, experimental data were extracted using
Compass Analysis software to obtain a list of possible
precursors matching the calculated masses. Finally, the
identified precursors were subjected to a two-stage analysis
of the MS/MS data as above. Similarly, only if all carbohydrate
and glycolipid product ions matched was a positive
identification made. Both approaches above were tested and
gave similar results.

Analysis of Spiked Human Plasma. Ganglioside-spiked
plasma used in this study was generated by mixing human
plasma with GM3, GM2, and GM1 standards, as described in
the Experimental Method section. Thereafter, gangliosides in
the spiked plasma were extracted with a 3:4:2 mixture of water,
methanol, and chloroform, referring to a reported protocol.49

The extracts were dried and then reconstituted in methanol
containing 1% chloroform before being subjected to LC-MS/

Figure 1. MS/MS spectra and product ions of (A) GM3 (36:1) and (B) GM3 (38:1) by CID of the protonated precursor ions (blue diamonds).
Panel (A) also contains a depiction of GM3 structure and product ion labels. The dashed orange lines highlight fragments appearing at the same m/
z in both spectra. The solid blue lines highlight fragments that increase in mass from (A) to (B) spectra due to different lipid structures.
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MS analysis under conditions described in the Experimental
Methods section. Finally, the MS/MS spectra from each
sample were analyzed by the above-described two-stage
matching method.
The MS/MS spectrum of GM3, which carries a rather

simple trisaccharide (Figure 1A), has three prominent
carbohydrate product ions, all being B-type ions (B1, B2, and
B3 ions at m/z 292.1027, 454.1555, and 616.2083,
respectively), and eight glycolipid product ions (Z0, Z0-H2O,
Y0, Z1, Y1, Z2, Y2, and M-H2O ions). As glycosidic bonds in
GSLs are the most fragile and prone to cleavages, under-
standably, GM3, like other GSLs, gives mainly B-type ions and
the low intensities of C-type ions.
The first-stage matching of the experimental MS/MS spectra

of spiked plasma with carbohydrate product ions of reference
GM3 yielded a subset of precursors that contained all three B-
type ions. Their MS/MS spectra were then subjected to rule-
based matching with eight glycolipid product ions (Y, Z, Z-
H2O, and M-H2O ions). This resulted in five precursor ions
containing all desired product ions. They were finally identified
as various lipid forms of GM3, i.e., (34:1), (36:1), (38:1),
(40:1), and (42:1) at m/z 1153.7205, 1181.7537, 1209.7871,
1237.8141, and 1265.8426 (Table 1), respectively. These

results agreed with that of our previous studies on standard
GM3.44 The MS/MS spectra of GM3 lipid forms and their ion
peaks and intensities are presented in the Supporting
Information (Figure S4 and Table S1).
Next, the more complicated GM2 and GM1 were identified

from spiked plasma by the same method. For the first stage of
matching with GM2, the reference carbohydrate product ions
were B1a, B2Y2a, B2Y2b, B3Y2a, B2, C2, and B3. For GM1, they
were B1b, B2a, B3Y2a, B3Y2b, B3Y3a, B3, and B4. During the
second stage of matching, the reference glycolipid product ions
used to characterize the lipid forms of GM2 were Z0, Y0, Z1, Y1,
Y2bZ2a, Y2aY2b, Z2a, Y2a, Z2b, Y2b, and M-H2O; for GM1, they
were Z0, Y0, Z1, Y1, Y2aZ2b, Y2bY2a, Y2a, Y2b, Y3a, and M-H2O.
Finally, two GM2 lipid forms, (36:1) and (38:1), and two
GM1 lipid forms, (36:1) and (38:1), were identified (Table 1).
Their MS/MS spectra and product ions and intensities are
presented in the Supporting Information (Figures S5, S6 and
Tables S2, S3).
The results revealed that various gangliosides, including their

different lipid forms, were successfully extracted from spiked
human plasma and identified. Thus, the protocol to extract
gangliosides from plasma using a 3:4:2 mixture of water,
methanol, and chloroform was efficient for GSLs with different
glycans. Importantly, the results proved that LC-MS combined

with the two-stage matching of reference and experimental
MS/MS spectra could be used to analyze GSLs in plasma.

Analysis of Spiked Mouse Brain. The brain is more
complex and difficult to analyze than plasma as the former is
heterogeneous and contains lipids and other membrane
components that may interfere with GSL extraction and
analysis. To validate the above extraction protocol and LC-MS
conditions, first, we applied them to the study of defined brain
samples. To this end, we generated ganglioside-spiked brain
tissues by homogenizing GM3, GM2, and GM1 standards with
the mouse brain. The spiked tissues were subjected to
extraction, sample processing, and LC-MS/MS analysis as
described.
The two-stage matching of LC-MS/MS spectra from spiked

brain samples with reference spectra of GM3, GM2, and GM1
resulted in the identification of all spiked gangliosides in
various lipid forms (Table 2). For example, four lipid forms of

GM3 (34:1), (36:1), (38:1), and (40:1), two lipid forms of
GM2 (36:1) and (38:1), and two lipid forms of GM1 (36:1)
and (38:1) were readily discovered. However, the GM3 (42:1)
lipid form observed in spiked plasma was not in the spiked
brain, probably due to its low abundance in GM3 standard
combined with lower spiking concentrations used for brain
tissue. Interestingly, two other lipid forms of GM1 (34:1) and
(36:2) that were not in spiked plasma were identified in the
spiked brain. These forms of GM1 were probably endogenous
for mouse brain. Moreover, analysis of the spiked mouse brain
data using an in-lab GSL library containing the reference MS/
MS spectra of GM1, GM2, GM3, GD1a/1b, GD2, GD3, and
GB4 led to the identification of two other ganglioside species,
GD3 and GD1, in varied lipid forms (Table 2), which were
absent from spiked plasma. The reference MS/MS spectra of
GD3 and GD1 and their different lipid forms, as well as
product ions and signal intensities, are presented in the
Supporting Information (Figures S8,S9 and Tables S4,S5). We
verified later that these two gangliosides are also endogenous
for the mouse brain.
The above results clearly suggest that the established

extraction protocol can be used to effectively extract GSLs
from brain tissues and that LC-MS/MS can be successfully
used to analyze brain GSLs. This study also disclosed some
endogenous gangliosides in the mouse brain.

Table 1. Major Ganglioside Species and Their Lipid Forms
Identified in Spiked Plasma

LC RT
(min)

experimental
m/z

theoretical
m/z

mass deviation
(ppm) ganglioside ID

25.2 1153.72045 1153.7204 0.04 GM3 (34:1)
28.7 1181.7537 1181.7517 1.69 GM3 (36:1)
32.0 1209.7871 1209.7830 3.39 GM3 (38:1)
34.5 1237.8141 1237.8143 −0.16 GM3 (40:1)
37.5 1265.8426 1265.8456 −2.37 GM3 (42:1)
27.9 1384.8303 1384.8310 −0.51 GM2 (36:1)
31.1 1412.8640 1412.8623 1.20 GM2 (38:1)
27.1 1546.8772 1546.8839 −4.33 GM1 (36:1)
30.1 1574.9087 1574.9152 −4.13 GM1 (38:1)

Table 2. Major Ganglioside Species and Their Lipid Forms
Identified in the Spiked Mouse Brain

LC RT
(min)

experimental
m/z

theoretical
m/z

mass deviation
(ppm) ganglioside ID

25.6 1153.7195 1153.7204 −0.78 GM3 (34:1)
28.3 1181.7531 1181.7517 1.18 GM3 (36:1)
30.1 1209.7849 1209.7830 1.57 GM3 (38:1)
34.7 1237.8153 1237.8143 0.81 GM3 (40:1)
28.3 1384.8339 1384.8310 2.09 GM2 (36:1)
30.9 1412.8643 1412.8623 1.42 GM2 (38:1)
26.7 1546.8838 1546.8839 −0.06 GM1 (36:1)
30.2 1574.9177 1574.9152 1.02 GM1 (38:1)
23.5 1518.8539 1518.8526 0.86 GM1 (34:1)
24.3 1544.8697 1544.8695 1.59 GM1 (36:2)
27.6 1472.8486 1472.8471 0.13 GD3 (36:1)
26.2 1837.9846 1837.9793 2.88 GD1 (36:1)
28.4 1866.0087 1866.0106 −1.02 GD1 (38:1)
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Analysis of Mouse Brain. After the protocols and
conditions for GSL extraction and LC-MS analysis were
validated using the spiked mouse brain, we applied them to the
study of gangliosides in the nonspiked mouse brain. Fresh
mouse brain tissues were homogenized and extracted. The
extracts were dried, reconstituted in methanol/chloroform, and
applied to LC-MS/MS analysis. As described above, the two-
stage matching of experimental LC-MS/MS spectra with the
MS/MS spectra of our in-lab reference library was conducted
to identify 10 gangliosides of 5 different species (Table 3). In

addition to GD3 (36:1), GM1 (36:2) and (34:1), and GD1
(36:1) and (38:1) found in the spiked mouse brain, GM3
(36:1), GM2 (36:1) and (38:1), and GM1 (36:1) and (38:1)
were also endogeneous in the mouse brain. Since the standards
utilized to spike mouse brain were GM3, GM2, and GM1, they
must have overlapped with endogeneous gangliosides during
the analysis of the spiked mouse brain. The results of spiked
and nonspiked mouse brains were consistent and corroborated
with each other. Therefore, we had identified one GM3 lipid
form, two GM2 lipid forms, four GM1 lipid forms, one GD3
lipid form, and two GD1 lipid forms as some major
gangliosides in the mouse brain.

Analysis of Human Brain. After the successful analysis of
gangliosides in the mouse brain, we tested the method for the
human brain. Ganglioside extraction, LC-MS analysis, and two-
stage MS/MS spectral matching followed the same protocols
as for the mouse brain. The resulting MS/MS data were
matched with our in-lab library of GSL MS/MS spectra to give
results listed in Table 3. At least 16 gangliosides belonging to
six species were identified, including five GM3 lipid forms, two
GM2 lipid forms, three GM1 lipid forms, two GD3 lipid forms,
two GD1 lipid forms, and two GD2 lipid forms (their MS
spectra and product ions are presented in the Supporting
Information, Figure S10 and Table S6). The experiments were
replicated to obtain similar results for all 15 human brain
samples (Supporting Information Table S7).

Discussion. Our study on ganglioside-spiked human
plasma and mouse brain had shown that GSL extraction
using a 3:4:2 mixture of water, methanol, and chloroform was
effective for biological fluids and tissues because all were
purposefully added and many endogenous gangliosides were
successfully extracted from the matrix. It was also validated that
analyzing the extracted gangliosides with LC-MS/MS followed
by the two-stage matching of experimental and reference MS/
MS spectra could identify both added and endogenous
gangliosides. Repeating the experiments utilizing different
brain tissues verified the overall consistency of the method.
Therefore, the new method and its protocols can be used in
confidence for the study of biological GSLs.
This study had also offered some interesting results about

ganglioside constitutions in mouse and human brains. As
indicated in Table 3, mouse and human brains have many
gangliosides in common, but some gangliosides seem to be
species- or region-specific. For example, two forms of GD2
(36:1) and (38:1) were found in the human brain sample but
not in the whole mouse brain. GM3, GM2, GM1, GD3, and
GD1 were present in human and mouse brains, but their lipid
forms were different. We observed five forms of GM3 (36:1),
(38:1), (40:1), (42:2), and (40:2) in the human brain but only
GM3 (36:1) in the mouse brain. Similarly, for GD3, we found
two lipid forms (36:1) and (38:1) in the human brain but only
(36:1) in the mouse brain. In contrary, more GM1 lipid forms
(34:1), (36:2), (36:1), and (38:1) were found in the mouse
brain than in the human brain(36:2), (36:1), and (38:1).
Intriguingly, the GM1 (36:2) lipid form is not in LIPID
MAPS,50 a database encompassing structures and annotations
of all biologically relevant lipids. Another interesting finding is
that most gangliosides in both human and mouse brains carry
mainly 36- and 38-carbon ceramides.
This work was mainly focused on methodology development

and verification. Accepting that absolute GSL quantitation
would not be accurate without labeled GSL internal standards,
we can still perform relative quantitation. As ionization
potentials and fragmentation patterns are similar for different
lipid forms of a GSL, the integrated peak areas of their MS
signals should quite accurately reflect the ratios of different
lipid forms for each GSL species in the sample. The results in
Figure 2A (Supporting Information, Table S9) clearly indicate
that, in the mouse brain, the most abundant lipid for
gangliosides is (36:1), followed by (38:1). For example, signals
for the (36:1) form of GM2, GM1, and GD1 are several folds
stronger than that of their corresponding (38:1) form. For
GM3 and GD3, (36:1) is the only lipid form found, suggesting
that even if GM3 and GD3 have other lipid forms, the
abundance is too low to be detected. On the other hand, in the

Table 3. Major Gangliosides Identified in Mouse and
Human Brains

mouse brain human brain

ganglioside
theoretical

m/z

IDa in
the

sample

exp. mass
deviation
(ppm)

IDa in
the

sample

exp. mass
deviation
(ppm)

GM3
(36:1)

1181.7517 + −1.95 + −1.69

GM3
(38:1)

1209.7830 − + −1.49

GM3
(40:1)

1237.8143 − + −3.15

GM3
(42:2)

1263.8300 − + 2.81

GM3
(42:1)

1265.8456 − + −2.05

GM2
(36:1)

1384.8310 + −1.52 + −1.22

GM2
(38:1)

1412.8623 + −0.50 + −0.07

GM1
(34:1)

1518.8526 + −3.50 −

GM1
(36:2)

1544.8695 + −3.43 + −0.39

GM1
(36:1)

1546.8839 + −2.46 + −1.81

GM1
(38:1)

1574.9152 + −1.78 + −0.95

GD3
(36:1)

1472.8471 + 0.07 + −1.77

GD3
(38:1)

1500.8784 − + −1.13

GD2
(36:1)

1675.9265 − + −3.34

GD2
(38:1)

1703.9578 − + −1.12

GD1
(36:1)

1837.9793 + −1.96 + −0.27

GD1
(38:1)

1866.0106 + −4.18 + −1.07

a“+” and “−” indicate whether a specific ganglioside was identified or
not in the mouse or human brain.
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human brain (Figure 2B and Supporting Information, Table
S10), the most abundant lipid form for all gangliosides, except
for GD3, is (38:1), followed by (36:1). Therefore, it seems that
mouse and human have their preferred forms of ceramide.
Since all the above experiments were performed under the

same extraction, LC and MS conditions, it is also feasible to
estimate the relative quantities of various gangliosides in
different brain tissues using the MS signal intensity. The data
in Figure 2 indicate that mouse and human brains express
overall different levels of gangliosides. For example, the signal
intensities of most ganglioside species in the human brain were
higher than those in the mouse brain. Considering that 25 mg
of mouse brain tissue and 7 mg of human brain tissue were
used in the experiments, after normalization, higher ganglioside
expression levels in the human brain than in mouse brain
would be even more significant.
In addition, a 1.0:0.94:0.56 ratio for the MS signals of GM3,

GM2, and GM1 in a 1:1:1 mixture (molar, including all lipid
forms) (Supporting Information Table S8) indicates that the
MS signal and/or the extraction efficiency of GM1 are slightly
lower than that of GM2 and GM3. On the other hand, these
results also suggest that their differences are relatively small;
thus, MS signal intensities may be utilized to roughly reflect
the trend of changes in these gangliosides. Figure 2 shows that
GM1 and GD1 are the most abundant gangliosides for both
mouse and human brains, which are followed by GD3 and
GM2. Since the MS signal and/or extraction efficiency of GM1
were lower than that of GM3 and GM2 under our
experimental conditions, the high expression level of GM1 in
these brains is probably even more impressive than that
reflected by the signal intensities. Additionally, GD2 is
identified in the human brain but not the whole mouse
brain. However, we did not try to identify GT1b, another
major brain ganglioside, in the samples since our library did
not contain its reference MS/MS spectrum.
However, it should be noted that while mouse brain samples

were taken from blended whole brains, human brain samples
were derived from the dorsolateral prefrontal cortex. As brains
are structurally complex and various regions can have different
GSL profiles, the ganglioside levels of these human brain
samples may not reflect whole human brain expression levels.
To profile the overall expression levels and map the area
distributions of gangliosides, whole-brain samples and tissues
from different regions should be analyzed. On the other hand,
our results of whole mouse brain are similar to that of the adult
mouse cerebral cortex,51 both having GM1 and GD1 as the

most abundant gangliosides. Therefore, although detailed
comparisons of mouse and human brains are more appropriate
for the same areas, a brief comparison of mouse and human
brain results obtained herein is justifiable and can provide
some useful information. Nonetheless, current results do prove
that the new analytical method can be used to identify various
gangliosides or GSLs and their expression levels in brains.
Moreover, the observation that mouse and human brains have
different preferred lipid forms should be biologically significant
as this is not likely limited to specific gangliosides or GSLs and
local regions of the brain but correlated with the biosynthetic
pathways of ceramide.
To perform absolute quantitation, it is necessary to add a

labeled GSL standard (ideally one for each GSL species) to
samples before extraction. This can avoid systemic errors
caused by any variations in sample processing and differences
in the GSL ionization potential. Another factor limiting
extensive biological GSL analyses is the lack of a
comprehensive database of MS/MS spectra due to difficult
access to various GSL standards. Our in-lab database contains
the MS/MS spectra of only a limited number of GSLs. Thus,
this work was restricted by its scope and was only focused on
gangliosides; we do not assume that the resultant GSL profiles
of mouse and human brains are comprehensive. This will
improve with continuous efforts to have more GSL standards
and expand the library of reference GSL MS/MS spectra via
such as more efficient synthesis of GSLs.52,53

Another challenge in GSL analysis is the identification of
GSL isomers. According to the literature,34,54 GSL anomeric
and regio-isomers, such as GD1a and GD1b, can be separated
and characterized by MS in combination with ultra-high-
performance LC. However, GSL epimers, those differing for
only one stereogenic center in a sugar unit, are still difficult to
identify, and only the epimers of very simple GSLs were
distinguished by IMS-MS.54 Thus, IMS-MS should be a
promising method for GSL isomer analysis.55−57 As our GD1
standard was a mixture and GSL isomer identification is a
problem needing additional attention, whereas the main focus
of this work is method validation, we did not spend much
effort to conduct an in-depth analysis of isomers such as GD1a
and GD1b in these samples. However, we believe that in
combination with ultra-high-resolution LC or IMS-MS our
method should be at least as efficient as previously reported
methods for anomeric and regio-isomer identification.
In addition, currently, there is no software especially created

for two-stage MS-based GSL identification. The existing

Figure 2. Extracted ion chromatogram (EIC) peak areas of the major gangliosides observed in mouse (A) and human (B) brain tissues.
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software for MS-based glycomics and lipidomics analysis has
limitations and alone fail to identify many GSLs. For example,
analyzing the mouse brain data using SimLipid (Premier
Biosoft Int., v.6.05) produced six positive identifications,
including GM3 (36:1), GM2 (36:1), GM1 (36:1), GD3
(36:1), GD1 (36:1), and (38:1), opposed to 10−16 ganglio-
sides identified with the two-stage matching method.
LipidBlast (v.66), a rule-based lipid library, was also tested,
but the search did not result in any ganglioside annotation in
the mouse brain. Nonetheless, the existing software did
accelerate our two-stage matching process through quick
identification of precursor ions. These results have not only
verified the advantages of the two-stage MS spectral matching
method for GSL analysis in biological tissues but also indicated
the demand for software for two-stage MS/MS spectral
matching to allow for more effective GSL identification.

■ CONCLUSIONS

In summary, we have established and verified herein the
practical protocols for GSL extraction from plasma and brain
tissues and for LC-MS/MS analysis of the extracted GSLs,
using defined samples spiked with ganglioside standards. The
two-stage MS/MS spectral matching method was proved to be
able to characterize all spiked gangliosides including various
lipid forms. Therefore, this work has built a solid foundation
for the method to be applied to the study of biological
gangliosides. Although this work is focused on gangliosides due
to the limitations of available GSL standards and reference
MS/MS spectra, the method should be applicable to other
gangliosides and GSLs as well, since the positive ionization
mode used in this work is also widely applicable to neutral
GSLs. However, if only gangliosides are studied, this method
may be more sensitive using the negative ionization mode as
gangliosides, especially highly sialylated ones like GT1b, which
can be more easily ionized under negative ionization
conditions. Subsequently, the method and its protocols were
used to identify gangliosides in mouse and human brains.
These studies have provided some useful information about
the ganglioside profiles of the mouse brain and the dorsolateral
prefrontal cortex of the human brain. Whereas mouse and
human brains show some differences in ganglioside composi-
tions, both have GM1 and GD1 and then GD3 and GM2 in
various lipid forms as the major gangliosides, which agrees with
previous reports.51,58,59 An important feature of this new
method is that the characterization of various GSL lipid forms
does not rely on their LC profiles, which is different from
previously reported methods.34,54 This can avoid uncertainties
caused by the variations in LC conditions, thereby rendering
the new method reliable and generally applicable. Intriguingly,
we find that mouse and human brain gangliosides have
different predominant lipid forms. While the new method for
biological GSL identification was proved accurate and effective,
it is limited by the lack of an extensive database of reference
GSL MS/MS spectra and software especially designed to
perform the two-stage matching of experimental and reference
MS/MS spectra. If these issues are solved, the method can be
more powerful for truly high-throughput glycolipidomics
analysis. Currently, our laboratories are working on expanding
the GSL MS/MS spectra library and developing the suitable
software.

■ EXPERIMENTAL METHODS

Materials. LC-MS grade acetonitrile, isopropanol, formic
acid, methanol, and water and ACS grade chloroform and
ammonium formate were purchased from Fisher Scientific.
GM3, GM2, and GM1 standards derived from porcine brains
were purchased from Avanti Polar Lipids. Each standard was
dissolved in methanol to generate an individual stock solution
(1.0 mg/mL). The stock solutions of GM3, GM2, and GM1
(10 μL each) were added in 970 μL of methanol to obtain a
mixture of standards with a concentration of 10 μg/mL for
each ganglioside. Human plasma samples were purchased from
Innovative Research Inc. with K3 EDTA as the anticoagulant.
Mouse brains were extracted from euthanized mice (Jackson
Laboratory), and the animal use protocol was approved by the
Institutional Animal Care and Use Committee (IACUC) of
the University of Florida. Human postmortem brain tissues
were obtained from the Rush Alzheimer’s Disease Center at
Rush University Medical Center. Human tissues were
deidentified, and their use met the requirement of Exemption
4.

GSL Extraction from Plasma. To a plasma sample (50
μL) was added above GSL standard mixture (30 μL), and the
sample was shaken vigorously. Then, a mixture of water,
methanol, and chloroform (3:4:2, v/v/v; 1800 μL) was added,
followed by vortexing (1 min). After the sample was incubated
at −20 °C for 2 h and centrifuged at 1000g for 20 min, the top
layer was transferred into a glass vial, and the remaining was
extracted again with the same solvent (900 μL) in the same
manner. The combined top layer was condensed on a
SpeedVac Concentrator, and the residue was reconstituted in
methanol containing 1% chloroform (150 μL) for LC-MS/MS
analysis.

Extraction of GSLs from the Brain. The same protocol
was used for GSL extraction from the spiked mouse brain and
nonspiked mouse and human brains. Blended mouse brain
tissues (25 mg) with or without standard GSL spikes (5 μL)
and human brain samples (7 mg) from the dorsolateral
prefrontal cortex were mixed with water (600 μL) in a tube
filled with triple-pure high impact zirconium beads (1.5 mm).
This mixture was homogenized at 300× speed 30 times (30 s
each time) on a BeadBug microtube homogenizer. Then, the
sample was transferred into a centrifuge tube, followed by
adding methanol (800 μL) and chloroform (400 μL). The
mixture was vortexed for 1 min, chilled at −20 °C for 2 h, and
centrifuged for 20 min. The top layer was transferred into a
glass vial. The remaining was extracted again with the same
mixture of solvents (900 μL). The combined top layer was
dried, and the residue was reconstituted in methanol
containing 1% chloroform (150 μL) for LC-MS/MS analysis.

LC-MS Analysis. Each of the reconstituted GSL samples
from human plasma and the mouse brain (5 μL/injection) or
the human brain (2−4 μL/injection, based on normalized
protein content) was injected in a Thermo Fischer Scientific
UltiMate 3000 RSLCnano system equipped with an Acclaim
PepMap RSLC C18 column (300 μm × 15 cm, 2 μm, 100 Å)
and a precolumn (3 mm × 2 cm, 75 μm, 100 Å). The
autosampler and columns were kept at temperatures of 4 and
40 °C, respectively, during the analysis. Samples loaded to the
precolumn were washed for 5 min with 98/2% water/
acetonitrile containing 0.1% formic acid at a 25 μL/min flow
rate. For LC, mobile phases, (A) acetonitrile/water 60/40%
and (B) isopropanol/acetonitrile/water 90/8/2% both con-
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taining 10 mM ammonium formate and 0.1% formic acid were
used for the gradient pump at a 5 μL/min flow rate. The
mobile-phase gradient was 50% B for 5 min, ramping to 75% B
at 50 min, and to 98% B at 70 min. The gradient was held at
98% B for 20 min before returning to 50% B in 5 min. MS
conditions were as follows. An Impact II QqTOF mass
spectrometer (Bruker Daltonics) was used to acquire MS or
MS/MS spectra, utilizing Apollo electrospray ionization (ESI)
operated in a positive mode with a capillary voltage of 4.0 kV,
nebulizing gas pressure of 0.3 bar, dry nitrogen gas flow 4.0 L/
min, and drying gas temperature of 200 °C. The instrument
was programmed for data-dependent acquisition (DDA) for
CID using a nitrogen collision gas partner. DDA was selected
for singly and doubly charged ions in a mass range of m/z
500−2000 using an m/z 2 mass window. The collision energies
used for fragmentations were between 25 and 40 eV,
depending on the programmed mass bracket. The active
exclusion was employed to exclude an ion after the acquisition
of a single spectrum for 3 min unless the current-to-previous
intensity ratio was greater than or equal to 2.0.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c07070.

Product spectra of various lipid forms of GM3, GM2,
GM1, GD3, GD2, and GD1, tables of the matched
product ions and their fragment assignments, tables of
various lipid forms of gangliosides identified in the
human brain, tables of the integrated EIC signals of
various gangliosides in mouse and human brains, and the
EICs of LC-MS/MS (PDF)
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