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Abstract

Gangliosides play an imperative role in cell signaling, neuronal recovery, apoptosis, and other physiological processes.
For example, GM; can regulate hypothalamic leptin resistance and control energy homeostasis, GD; can mediate cell
proliferation and differentiation and induce apoptosis, and GQ1b can stimulate neurogenesis. Therefore, the present
study sought to establish and optimize the targeted analysis method for ganglioside subclasses and their molecular
species using hydrophilic interaction liquid chromatography—triple quadrupole-MS/MS (HILIC-QQQ-MS/MS). Addi-
tionally, the fragmentation pattern of different ganglioside subclasses and their retention time patterns were analyzed,
providing more accurate qualitative results. The limit of quantitation (LOQ) was as low as 10™* ng. Moreover, the
molecular species of gangliosides in the liver, cortex, and hypothalamus of C57BL/6 mice were analyzed using the
established method. A total of 23 ganglioside subclasses with 164 molecular species, including 40 O-acetylated gan-
glioside molecular species and 28 NeuGc ganglioside molecular species, were identified using the semi-quantitative
analysis method of an external standard curve corrected by an internal standard. In addition to NeuGc gangliosides, the
contents of ganglioside subclasses were more abundant in the mouse brain than those in the mouse liver; especially,
the contents of unsaturated gangliosides in the hypothalamus were much higher than those in the liver. Among them,
O-acetylated gangliosides were detected only in the cortex and hypothalamus at a concentration of up to 100 pg/mg
protein (40 molecular species). Overall, the proposed method expanded the detectable number of ganglioside sub-
classes and molecular species in biological samples and provided more opportunities for further study of the biological
functions of gangliosides.
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Introduction

Gangliosides, belonging to the glycosphingolipid family,
is a class of amphiphilic membrane lipids widely distrib-
uted in the cell membranes, nervous tissue, spleen, and
thymus of vertebrates [1]. Gangliosides are mainly com-
prised of hydrophilic oligosaccharide chains containing
sialic acid connected to the 1-primary hydroxyl group of
hydrophobic ceramides through a p-glycosidic bond [2].
So far, hundreds of molecular species of gangliosides have
been identified. The presence of sialic acid endows gan-
gliosides with a negative charge. Ceramide, a common
structural unit of sphingolipids, is formed by the cova-
lent condensation of long-chain bases and long-chain
fatty acids. Ceramide shows significant differences due to
the length, unsaturation, and the number and position of
hydroxyl groups in the long-chain bases and long-chain
fatty acids [3]. Monosaccharide species with oligosaccha-
ride chains include D-glucose (Glc), D-galactose (Gal),
N-acetylgalactosamine (GalNAc), fucose (Fuc), and sialic
acid. Sialic acid is a general term for all derivatives of
neuraminic acids. So far, about 50 sialic acids have been
identified, among which N-acetylneuraminic acid (NeuAc)
is the most essential derivative in biological samples [4].
N-glycolylneuraminic acid (NeuGc) is often found in some
human inflammatory or cancerous tissues [5]. Ganglio-
sides are highly concentrated in the central nervous sys-
tem, with higher cell specificity and development depend-
ence. The number and type of gangliosides undergo drastic
changes during cell differentiation and play an essential
role in various cell physiological activities, such as cell
recognition [4], immunity [6], and apoptosis [7]. As a
component of the cell membrane bilayer, gangliosides pos-
sess numerous biological functions. Although gangliosides
were found to affect signal transduction as early as 1984
[8], it was not until 2005 that the inability to synthesize
GM; was observed to cause severe central nervous system
defects [9]. These results suggest that gangliosides, the
structural component of the nerve cell membrane, partici-
pate in various cellular physiological activities and play
a pivotal role in maintaining normal brain function [1].
Gangliosides have high biological value and clinical
relevance. Therefore, targeted analysis of gangliosides
in different biological samples significantly clarifies the
specific roles of specific gangliosides in the body. At pre-
sent, a variety of analytical methods have been developed,
including chemical degradation or enzymatic hydroly-
sis in the early stage, as well as immunohistochemistry
chromatography [10], mass spectrometry [11], chroma-
tography—mass spectrometry [12], and nuclear magnetic
resonance spectroscopy [13]. Viljeti¢ et al. [14] separated
gangliosides extracted from zebrafish brains by thin-layer
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chromatography (TLC) and used anti-ganglioside IgG
antibodies (GM,, GD,,, GD,;,, GT,;) for immunohisto-
chemical staining to characterize the distribution of gan-
gliosides in the fish brain. In recent years, the technology
of high-performance thin-layer chromatography combined
with mass spectrometry has emerged, and the mass spectra
characterizing the structure can be obtained by sampling
and analyzing the TLC plate, which can provide further
structural information about Cer [15].

Mass spectrometry is a fundamental method to provide
structural information on gangliosides and determine gan-
glioside level changes with physiological and pathologi-
cal conditions. The main methods include gas chromatog-
raphy—-mass spectrometry (GC-MS) [16], atmospheric
pressure matrix-assisted laser desorption ionization mass
spectrometry (AP-MALDI-MS) [17], and liquid chro-
matography—electrospray ionization mass spectrometry
(LC-ESI-MS) [18]. LC-MS stands out because of its
good repeatability, no derivatization, and high sensitivity.
Among them, high-performance liquid chromatography
coupled with mass spectrometry (HPLC-MS/MS) can
eliminate interference and capture low-abundance ions for
high-resolution MS/MS scanning. It can also make full
use of the characteristic fragment ions and neutral loss
characteristics of complex oligosaccharide structures for
qualitative analysis of gangliosides, which has been used
in many studies. For quantification, the multi-stage reaction
monitoring (MRM) mode of triple quadrupole (QQQ) has
the advantages of high selectivity and low detection limit,
which is the development trend of detection technology for
trace compounds in complex matrices [19]. However, only
a few studies have quantitatively analyzed gangliosides in
biological samples so far. Fong et al. [20] used hydrophilic
interaction liquid chromatography-linear ion trap—orbital
trap mass spectrometry (HILIC-LTQ-Orbitrap-MS/MS) to
characterize and quantitatively analyze six types of ganglio-
sides in beef, chicken, pork, and fish. Ren et al. [21] used
reversed-phase liquid chromatography coupled with quadru-
pole time-of-flight mass spectrometry (RPLC-Q-TOF-MS/
MS) to quantitatively analyze gangliosides in the brain and
plasma of glioma rats and mined 10 ganglioside subclasses,
with a total of 78 molecular species. The data provided still
needs to be improved for further investigation of the biolog-
ical activities of gangliosides. Therefore, it is necessary to
establish and optimize targeted quantitative analysis meth-
ods for gangliosides applied in biological samples.

The present study aimed to develop and systematically
optimize the HILIC-QQQ-MS/MS methods for targeted
analysis of gangliosides in biological samples. Method
optimization mainly included liquid-phase conditions (pH
value and mobile phase gradient) and mass spectrometry
parameters (ion source parameters and collision energy).
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Meanwhile, the fragmentation behaviors of individual gan-
glioside subclasses were investigated to elucidate the struc-
ture of oligosaccharide and ceramide fractions of different
ganglioside molecular species. The experimental results sug-
gest that the established method is suitable for analyzing
mouse tissues, including the liver, cortex, and hypothalamus.

Materials and methods
Chemicals and standards

Analytically pure trichloromethane and methanol were
purchased from Sinopharm Group (Shanghai, China).
The chromatographical pure dichloromethane, methanol,
acetonitrile, ammonium acetate, acetic acid, and ammo-
nia water were purchased from Thermo Fisher (Waltham,
MA, USA). Ganglioside standards GM,(d18:1/18:0) and
d5-GM;(d18:1/18:0) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA), and ganglioside standards
GD,(d18:1/18:0), GT,(d18:1/18:0), and GQ,(d18:1/18:0)
were purchased from Cayman Chemical (Washtenaw, MI,
USA). Deionized water was prepared with a Millipore-Q
ultrapure water system (Millipore, Bedford, and MA, USA).

Animal model and treatment regimes

Six-week-old C57BL/6 male mice, SPF grade, weighing
20-25 g, were purchased from Beijing Vitong Lihua Labora-
tory Animal Technology Co., Ltd. (Beijing, China). The inves-
tigation was approved and conducted following the Animal
Ethics Committee of the Ocean University of China (Approval
No. SPXY2022062801). The feeding environment was main-
tained with alternating light—dark cycles for 12 h, the tempera-
ture was maintained at 20+2 °C, and the relative humidity was
50-60%. C57BL/6 mice were perfused transcardially with nor-
mal saline. Mouse liver, cortex, and hippocampus tissues were
collected, and each tissue was immediately frozen and stored
at—80 °C until detection. All procedures were performed
based on protocols approved by the Animal Ethics Committee
of the Ocean University of China (Qingdao, China).

Standard solution preparation

Dichloromethane/methanol/water (2:1:0.15, v/v) was pre-
pared as a stock solution. The standard powders of GM,,
GD,, GT,, and GQ, were accurately weighed and dis-
solved in the stock solution to prepare various ganglioside
standard stock solutions with a concentration of 1 mg/mL.
The same volume of ganglioside standard stock solution
was mixed and diluted to C,, C;, C,, C;, C,4, Cs, Cq, C4, Cq,

and C, (200, 100, 40, 20, 4, 0.8, 0.16, 0.032, 0.0064, and
0.00128 pg/mL) in sequence. The d5-GM; internal stand-
ard was prepared as a 100 pg/mL stock solution. A mixture
of liver, cortex, and hypothalamus tissues from C57BL/6
male mice was used as quality control (QC) samples.

Extraction and isolation of gangliosides

The extraction method of gangliosides was adjusted based
on the original Fong’s method [22]. Ten milligrams of
mouse tissue was collected, added with 100 mL ultrapure
water, and frozen and milled to prepare 10% tissue homoge-
nate. BCA protein quantification kit was used to determine
the protein content of each tissue. The tissue homogenate
corresponding to 1 mg protein content was sucked, and the
lysate volume was adjusted to 200 pL using ultrapure water.
Then, 266 pL chloroform, 533 pL methanol, and 2 pL deu-
terated internal standard (d5-GMj;, 2 pg/mL) were added to
the tissue homogenate. The supernatant was extracted by
centrifugation (4 'C, 10,000 rpm, 10 min), and the above
reagents were added to the bottom residue to extract the
crude gangliosides. After drying, the resolution system was
redissolved to 100 pL by dichloromethane/methanol/water
(2:1:0.15, v/v). The samples were stored at —20 °C until
they were tested.

HILIC-ESI-MS/MS conditions

Reverse-phase analysis was carried out on an Agilent
1260 HPLC system (Agilent Technologies, and CA,
USA) using an ACQUITY UPLC BEH amide column
(2.1 mm X 100 mm, 1.7 pm) (Waters, Milford, and MA,
USA). The qualitative analysis method of gangliosides was
referred to in the previous laboratory study [23]. The column
temperature was 35 °C, the flow rate was 0.3 mL/min, and
the injection volume was 2 pL.

Mass spectrometric analysis was realized by Agilent
6495C QQQ mass spectrometer (Agilent Technologies, and
CA, USA) with a Dual AJS (Agilent jet stream) ESI (elec-
trospray ionization) source. MRM scanning was performed
in negative ion mode. The drying temperature was 250 °C.
The nebulizing gas pressure was 35 psi, the sheath tempera-
ture was 400 °C, and the capillary voltage was — 4250 V.
The sheath gas flow rate was 12 L/min. The same collision
energy as the ganglioside standards was used in the ganglio-
side detection of mice sample.

Method validation
Selectivity The selectivity of the method was determined
using QC sample (without internal standard). Blank QC

sample and blank QC sample spiked with IS (d5-GM;) were
used to demonstrate the selectivity of the assay.
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Standard curve and linearity Internal standard was added
into mixed ganglioside standard solutions with different
concentration gradients, The samples were injected parallel
3 times at the same volume. The ratio of secondary quan-
titative peak response value between gangliosides mixed
standard and deuterium internal standard was taken as the
abscissa, and the actual concentration of mixed ganglioside
standards was taken as the ordinate. The standard curve was
plotted, and the regression equation and correlation coef-
ficient R? were calculated.

Sensitivity Sensitivity is expressed by the limit of detection
(LOD) and the limit of quantitation (LOQ). The signal-noise
ratio (S/N) corresponding to different injection gradients was
observed. S/N =3 corresponded to the standard substance
concentration as LOD, and S/N =10 corresponded to the
standard substance concentration as LOQ.

Accuracy and precision The accuracy and precision were
estimated by analyzing internal standards in 6 replicates of
QC samples at three concentration levels on three successive
days. The precision was expressed as the coefficient of vari-
ation (CV) and the accuracy was expressed as the relative
error (RE).

Recovery rate and matrix effect To determine the recovery,
three nominal concentrations of the standard mixtures were
spiked into each matrix sample (n =6), then processed, and
analyzed with replicate injections. The calculated concen-
trations of the pooled non-spiked samples (blanks) and the
values were subtracted from the calculated concentrations
from the spiked samples. The difference was multiplied by
100 to get the percent recovery. The percent matrix effect
was studied by analyzing the ratio of the peak area response
in the presence of matrix (liver, cortex, and hypothalamus
spiked with ganglioside standards) to the peak area in the
absence of the matrices (pure standard in mobile phase).

Statistical analysis

For qualitative analysis of gangliosides, raw mass spectrom-
etry data were imported into Thermo Xcalibur 2.0 software
for manual qualitative analysis to establish a list of ganglio-
side molecular species. For ganglioside analysis, raw mass
spectrometry data were imported into Agilent MassHunter
Quantitative Analysis 10.0 software (for QQQ). The manual
correction was performed using Agilent Masshunter Qualita-
tive Analysis 10.0 software. Significance analysis was calcu-
lated by SPSS 22.0, and significant differences were indicated
by different letter marks (*p <0.05, **p <0.01, ***p <0.001,
“*p <0.0001). Results were expressed as mean + standard
deviation.
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Results and discussion

The nomenclature for gangliosides proposed by Lars Sven-
nerholm was used in this study [24]. G represents ganglio-
sides, and M, D, T, Q, P, H, and S represent the number
of sialic acid residues (1-7). The difference in the 5-sugar
base represents the number of sugar groups in gangliosides
(1-4). The number of sialic acid residues in the 3-hydroxyl
group of the innermost galactose is indicated by lower-
case letters: a for one sialic acid residue, b for 2 sialic acid
residues, and c for three sialic acid residues. As for the
ganglioside structures, in which the number of sialic acid
residues in the 3-hydroxyl group of the innermost galactose
could not be judged, a, b, and ¢ were omitted. The abbre-
viation O-Ac in this study indicates additional acetylation,
i.e., one acetyl group is attached to the terminal hydroxyl
of the sialic acid, such as O-Ac GD,,(d36:1). The dia-
cetyl group is denoted by di-O-Ac, i.e., two acetyl groups
are attached to the terminal hydroxyl of two sialic acids,
such as di-O-Ac-GT,,(d36:1). Gls-GalNAc indicates an
additional GalNAc structure attached to the conventional
ganglioside structures, such as GD;-GalNAc(d36:1), and
ganglioside (NeuGc) indicates the substitution of a NueAc
with NeuGc in the oligosaccharide chain, such as GT
(NeuGc) (d36:1). The colon-separated numbers following
the ganglioside abbreviation (e.g., d36:1) provide informa-
tion on the total number of carbon atoms and double bonds
in the Cer moiety. If an additional hydroxyl group is present
in the Cer moiety without indicating its position, the -OH
representation is added after the number, e.g., d36:1-OH.

Optimization of conditions for LC-MS/MS

The optimization of liquid chromatography was mainly
focused on the pH value and the composition of the mobile
phase. The pH value of the mobile phase directly affects
the dissociation equilibrium of gangliosides. The first step
in optimizing HILIC conditions is to select the optimal
pH [25]. The carboxylic acid in sialic acid can be easily
deprotonated to form carboxylate, making the gangliosides
negatively charged after ionization. Generally, an increase
in the pH value of the mobile phase increases the amount
of charge carried by the ganglioside subclasses and may
cause significant fluctuations in the retention time or poor
peak shape [26]. Herein, the pH values of the mobile
phase were adjusted to 5, 6, 7, 8, 9, and 10, respectively,
using acetic acid and ammonia water. The optimal pH
value was determined by exploring the effects of differ-
ent pH values on the response intensity of precursor ions,
separation degree, and tailing factor of mixed ganglioside
standards. The intensity of the precursor ion reached the
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highest for all ganglioside subclasses at pH 8, whereas the
ion intensity was significantly reduced when the pH value
decreased to 5 or increased to 10 (p <0.0001) (Fig. S1a).
The tailing was the smallest, which could effectively sepa-
rate the chromatographic peaks between different ganglio-
side subclasses at pH 8 (Fig. S1b). Therefore, pH 8 was
selected as the liquid-phase condition.

The gradient conditions of the mobile phase were opti-
mized to achieve a better separation of complex ganglioside
subclasses. The ACQUITY UPLC BEH amide column was
used as the typical HILIC column, and the mobile phase
included a water-soluble polar organic solvent such as acetoni-
trile [27]. The gradient elution was initiated using a low-polar
organic solvent, and the ganglioside subclasses were eluted
with different sialic acids by gradually increasing the water
proportion in the mobile phase. The peak time, peak shape,
and responsivity of the ganglioside subclasses under three
mobile phase gradients are shown in Fig. S1c. The top-down
was gradient 1, gradient 2, and gradient 3, respectively. The
gradient elution procedure 1 was 0-2 min, 5% B; 2—17 min,
5-40% B; 17-17.5 min, 40-5% B; 17.5-22.5 min, 5% B; gra-
dient elution procedure 2: 0-2 min, 5% B; 2-9.5 min, 5-20%
B; 9.5-10 min, 20-5% B; 10-12 min, 5% B; and gradient
elution procedure 3: 0-2 min, 5% B; 2-12.5 min, 5-30% B;
12.5-13 min, 40-5% B; 13—15 min, 5% B. As the number
of sialic acids increased, the retention time increased, which
might be related to the elution principle of the HILIC col-
umn [27]. Therefore, the more hydrophilic the ganglioside
subclasses are, the longer their retention time. As the total
elution time shortened, the elution time of various ganglioside
subclasses gradually shortened, which was beneficial to the
full elution of more complex ganglioside subclasses, such as
GP,. All three mobile phase gradients achieved complete elu-
tion of various ganglioside subclasses. The separation degree
among the ganglioside subclasses increased from gradient 1
to 3. Meanwhile, the ion intensity decreased significantly in
gradient 2. Therefore, considering the two factors of ion inten-
sity and separation degree, gradient 3 was selected as the final
mobile phase gradient.

The mass spectrum parameters were optimized in terms
of nebulizer pressure, sheath gas flow, sheath temperature,
and capillary voltage. The speed of N, was determined
through a nebulizer using the nebulizing gas pressure, which
directly affected the nebulization uniformity. As shown in
Fig. S2a, the atomization gas pressure had the most signifi-
cant modulatory effect on GD,, with the highest intensity
of GD, ion response at 35 psi. This might be because the
structure and polarity of the four ganglioside subclasses dif-
fer, resulting in different detection sensitivities. The sheath
gas acts as a mobile phase gasification, polymerizes the
airflow, and induces ionization to improve the sensitivity.
With the increase in sheath air flow and sheath temperature,
the response intensity of the four ganglioside subclasses

increased to a certain extent, and the magnitude was rel-
atively gentle (Fig. S2b, ¢). The maximum values of the
sheath gas flow and sheath temperature were set at 12 L/min
and 400 °C, respectively, which are the maximum values
recommended by the instrument to protect the ion source
from excessive loss induced by long working time. Capil-
lary voltage can regulate the generation of charged drop-
lets, thereby affecting the ion transport efficiency. In this
study, the capillary voltage significantly affected the GD,
and GQ,, and their ionic responses increased significantly
with increasing capillary voltage. When the capillary volt-
age was —4250 V, the ion response reached its maximum,
while the ion response decreased with increased voltage
(Fig. S2d). Moreover, an excess increase in voltage could
lead to ion transmission loss caused by the excessive charge
of the droplets. In this study, the atomization gas voltage
of 35 psi, the capillary voltage of —4250 V, the sheath tem-
perature of 400 °C, and the sheath gas flow rate of 12 L/min
were selected as the final experimental conditions.

The collision energy can affect the fragmentation degree
of specific product ions, thereby affecting the detection sen-
sitivity and accuracy. In the negative ion mode, GM, can
form characteristic ion fragments with m/z 290.1, 564.5,
and 888.6. m/z 290.1 represents [NeuAc-H] ™, which is often
used as the quantitative peak of gangliosides [20]. When
the collision energy was optimized between 10 and 60 eV,
the [NeuAc-H]™ had the highest response, and the [Cer-
H]™ (m/z 564.5) had the lowest response in the characteristic
ion fragment of GM,. These results were consistent with the
previous study [28]. Meanwhile, the GM, cleavage frag-
ment response gradually increased with increasing collision
energy, reaching a maximum at 68 eV, where the collision
energy continued to increase, and the [NeuAc-H]™ fragment
response significantly decreased (p <0.01) (Fig. S2e). When
the collision voltage was too high, GM, was severely frag-
mented and [NeuAc-H]™ could not be completely retained.
Similarly, the analysis of the other 3 ganglioside subclasses
was performed, indicating that the optimal collision ener-
gies of GD, GT|, and GQ; were 40 eV, 28 eV, and 30 eV,
respectively (Fig. S2f-h). Notably, except for GM,, the
collision energies of the other three ganglioside subclasses
were concentrated around 30 eV, indicating that the mag-
nitude of the applied collision voltage was related to the
compound polarity. The compounds with greater polarity
did not require too high collision voltage to obtain the com-
plete characterizations. The semi-quantitative ion of GM,,
GD,, and GT, was [NeuAc-H]~, and the semi-quantitative
ion of GQ, was [NeuAc-NeuAc-H]™ (m/z 581.2). This phe-
nomenon might be attributed to the fact that GQ, is the only
ganglioside among the four gangliosides with two galac-
toses connected to the adjacent sialic acid, which increased
the probability of obtaining [NeuAc-NeuAc-H]™ during
voltage crushing Fig 1.
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Fig. 1 The workflow of semi-quantitation analysis of gangliosides in C57BL/6 mice

Interpretation of MS/MS spectra of gangliosides

In this study, the structures of the major gangliosides in mouse
tissues and their fragmentation modes were explored, and four
types of secondary fragment ions were obtained (Fig. 2a—d).
The first class included sialic acid fragment ions, includ-
ing single sialic acid ([NeuAc-H]") and the adjacent sialic
acid ([NeuAc-NeuAc-H]™). The second class included the
sugar chain fragments, including those with sialic acid (e.g.,
[NeuAc-Gal-GalNAc-H]™) and those without sialic acid (e.g.,
[Gal-GalNAc-GalNAc-H] ™). [Gal-GalNAc-GalNAc-H]™ is
the qualitative ion fragment of GalNAc-gangliosides, with an
additional GalNAc structure attached to the oligosaccharide
chain. The third class included the above two fragments (e.g.,
[M-2NeuAc-Gal-GalNAc-H]™) produced by the remaining
cerebroside fragments after parent ion cleavage. The fourth
class included the fragment characterizing the Cer structure
(e.g., [Cer(d36:1)-H]™). The long-chain base composition of
gangliosides in biological samples was dominated by d36:1
and d38:1, which was consistent with the previously reported

a 78886
GaI—GaINAci"e,_—G aI—GId%Cer(d 18:1/18:0)

45645

GM, (d18:1/18:0)

NeuAcT”'Gal—GalNAc—GaI—GIc—Cer(d 18:1/18:0)

290.1
581.2 %

GT,(d18:1/18:0)

Fig.2 Schematic secondary cleavage fragments of ganglioside
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major molecular species in mammals [29]. All of the above four
classes of secondary fragments are generated by O-glycosidic
bond cleavage. The gangliosides detected from mouse tissues
can be divided into two major classes, namely, non-acetylated
gangliosides and O-acetylated gangliosides. The mass/charge
ratio of the cleaved fragments associated with acetyl groups in
O-Ac gangliosides and di-O-Ac gangliosides was increased by
m/z 42.011 compared to non-acetylated gangliosides. In addi-
tion, the BEH amide column separated the gangliosides by class
according to the sialic acid—containing oligosaccharide chain
components so that the gangliosides appeared as peak clusters
in the mass spectrum, and the generated forms of the precursor
jons included [M —H]~ and [M —2H]*".

Compared with RPLC, HILIC has the advantage of sepa-
rating ganglioside isomers with different glycan chains’.
Herein, two ganglioside isoforms were detected: GD,
and GD,,, O-Ac GD,, and O-Ac GD,,. The qualitative
ion fragment of GD,, was [NeuAc-Gal-GalNAc-H]™ (m/z
655.221), and the qualitative ion fragment of GD,, was
[NeuAc-NeuAc-H]™ (m/z 581.182) (Fig. 3c—f). This might

Gal—GalNAc-- Gal—Gle—Cer(d18:1/18:0)
‘ +1544.9

GD,(d18:1/18:0)

Gal—GalNAc—Gal—Glc—Cer(d18:1/18:0)

581.2% NefJAc NeLIIAC. 1544.9

] ]
2901 NeuAc 290.1° NeuAc

GQ,(d18:1/18:0)
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be because the two sialic acids of GD,, were distributed on
each galactose, whereas the two sialic acids of GD,;, were
connected to the same galactose, which could cleave to pro-
duce the adjacent sialic acids. A similar cleavage pattern
was observed for O-Ac GD,, and O-Ac GD,. In the MRM
mode of QQQ mass spectrometry, the qualitative peaks of
the ganglioside isomers showed a good response (Fig. 3a,
b), validating the detection method of ganglioside isomers.

The structural characteristics and retention time of ganglio-
sides were analyzed using a regression curve. The polar part of
the gangliosides can be reversibly exchanged with the amide
group in the HILIC column, and different gangliosides have dif-
ferent bonding abilities to the amide group, resulting in different
retention times and separation degrees. As the number of sugar
units in gangliosides increased, the retention time increased.
However, the retention time of O-Ac gangliosides decreased
(Fig. 4a), which indicated that the interaction between the
acetyl group and amide group was weak with decreased reten-
tion time. The retention time among the isomers has a specific
rule, and the retention time from short to long is as follows: type

a>type b>type c. Notably, NeuGc has stronger retention prop-
erties than NeuAc. In this study, the retention time was linearly
related to the amount of sialic acid (R*=0.99) (Fig. 4b), which
was consistent with the previous study results [28]. Overall,
the regression curves between the structural characteristics of
ganglioside oligosaccharide chains and retention time verified
the accuracy of the qualitative results, providing auxiliary infor-
mation for structural confirmation.

Validation of the method

Figure S1 shows the MRM chromatograms of GM;(d36:1) and
d5-GM;(d18:1/18:0) in blank QC sample and blank QC sample
spiked with IS. GM;(d36:1) and IS were detected at retention
times of 6.469 and 4.408 min, respectively. No interference at
the retention times of GM;(d36:1) and IS was observed, dem-
onstrating the high selectivity of the current method.

Under the current experimental conditions, the linear-
ity range was 0.00256—400 ng with a correlation coefficient
greater than 0.998 (*>0.997) (Table S1).
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Fig.4 Regression curves of retention time versus the number of a glycan and b sialic acid in gangliosides of C57BL/6 mice
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Table 1 The molecular species
of gangliosides in liver, cortex,
and hypothalamus of C57BL/6
mice detected by HILIC-
QQQ-MS/MS

@ Springer

No Molecular species Relative content (pg/mg pro)
Liver Cortex Hypothalamus

1 GM;(d34:0) 0.21+0.06 - -

2 GM;(d34:1) 1.18+0.26 - 0.20+0.04
3 GM;(d36:0) 0.07+0.02 0.34+0.05 0.94+0.08
4 GM;(d36:1) 0.24+0.07 2.12+0.50 5.20+0.72
5 GM;(d36:2) - 0.08+0.02 0.22+0.05
6 GM;(d38:1) 0.43+0.08 0.14+0.02 0.49+0.09
7 GM;(d39:1) 0.09+0.02 - -

8 GM;(d40:0) 0.25+0.04 - 0.36+0.04
9 GM;(d40:1) 1.31+0.20 - 0.21+£0.02
10 GM;(d40:2) 0.16+0.04 - -

11 GM;(d41:0) 0.05+0.02 - -

12 GM;(d41:1) 0.26+0.06 - -

13 GM;(d42:0) 0.14+0.02 - -

14 GM;(d42:1) 0.78 +£0.14 - -

15 GM;(d42:2) 0.65+0.10 - -

16 GM;(d42:3) 0.04+0.01 - -

17 GM;(NeuGce)(d34:0) 0.04+£0.01 - -

18 GM;(NeuGce)(d34:1) 0.16+0.07 - -

19 GM;(NeuGe)(d36:1) 0.03+£0.01 - -

20 GM;(NeuGce)(d41:0) 0.02+0.01 - -

21 GM;(NeuGce)(d41:1) 0.06£0.02 - -

22 GM;(NeuGce)(d42:2) 0.04+£0.01 - -

23 GM,(d36:0) - - 0.29+0.03
24 GM,(d36:1) - - 0.97+0.06
25 GM,(d36:2) - - 0.20+0.02
26 GM,(d38:1) - - 0.16+0.02
27 GM,(NeuGc)(d34:0) 0.12+£0.03 - -

28 GM,(NeuGc)(d34:1) 0.17+£0.02 - -

29 GM,(NeuGc)(d36:0) 0.03+£0.01 - -

30 GM,(NeuGc)(d36:1) 0.03+0.00 - -

31 GM,(NeuGc)(d37:1) 0.06+0.02 - -

32 GM,(NeuGc)(d38:0) 0.05+£0.02 - -

33 GM,(NeuGc)(d38:1) 0.07£0.02 - -

34 GM,(NeuGc)(d40:1) 0.47+£0.22 - -

35 GM,(NeuGc)(d41:1) 0.11+£0.03 - -

36 GM,(NeuGc)(d41:2) 0.04+0.01 - -

37 GM,(NeuGc)(d42:0) 0.09+0.02 - -

38 GM,(NeuGc)(d42:1) 0.34+0.09 - -

39 GM,(NeuGc)(d42:2) 0.37+0.09 - -

40 GM,(d36:0) - 0.20+0.02 0.74+0.08
41 GM,(d36:1) - - 2.09+0.42
42 GM,(d36:2) - - 0.32+0.06
43 GM,(d38:1) - - 0.31+£0.05
44 GM, (NeuGc)(d40:1) 0.04+0.01 - -

45 GD5(d36:0) - 0.05+0.01 0.28 +£0.04
46 GD5(d36:1) - 0.07+0.02 0.54+0.06
47 GD;(d36:2) - - 0.15+0.03
48 GD5(d38:0) - 0.02+0.00 0.16+0.03
49 GD;(d38:1) - - 0.21+0.03
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Table 1 (continued)

No Molecular species Relative content (pg/mg pro)
Liver Cortex Hypothalamus

50 GD;(d40:1) - - 0.16+0.03
51 GD,(d36:0) - 0.04+0.01 0.26+0.04
52 GD,(d36:1) - 0.04+0.01 0.41+0.05
53 GD,(d36:2) - - 0.15+0.03
54 GD,(d38:0) - 0.02+0.00 0.18+0.03
55 GD,(d38:1) - - 0.22+0.04
56 GD,(d34:0) 0.02+0.00 - -

57 GD,(d34:1) 0.02+0.00 - -

58 GD,(d40:0) 0.02+0.00 - -

59 GD,(d40:1) 0.02+0.00 - -

60 GD,(d42:1) 0.02+0.00 - -

61 GD,(d42:2) 0.02+0.00 - -

62 GD,(d43:1) 0.02+0.00 - -

63 GD,,(d36:0) - 5.67+0.78 9.70+1.39
64 GD,,(d36:0-OH) - - 0.19+£0.03
65 GD,,(d36:1) - 6.22+0.63 21.00£2.71
66 GD,,(d36:1-OH) - - 0.22+£0.03
67 GD,,(d36:2) - 0.25+0.01 0.81+0.09
68 GD,,(d36:2-OH) - - 0.23+£0.03
69 GD,,(d38:0) - 1.19+£0.28 1.92+0.26
70 GD,,(d38:1) - 1.15+£0.23 3.64+0.46
71 GD,,(d38:2) - 0.08 £0.02 0.36+0.04
72 GD,,(d40:0) - 0.13+£0.02 0.38+0.04
73 GD,,(d40:1) - 0.13+£0.02 0.55+0.06
74 GD,,(d40:2) - 0.04£0.00 0.22+0.03
75 GD,,(d42:1) - 0.11+£0.01 0.44+£0.06
76 GD,,(d42:2) - 0.09+£0.01 0.56+0.09
77 GD,,(d42:3) - 0.03+0.00 0.17+0.03
78 GD,;,(d36:0) - 2.50+0.19 6.58+0.89
79 GD,;,(d36:0-OH) - - 0.19+0.04
80 GD,;,(d36:1) - 2.41+0.26 14.20+2.35
81 GD,;,(d36:1-OH) - - 0.31+0.06
82 GD,;,(d36:2) - 0.08+0.02 0.50+0.07
83 GD,;,(d36:2-OH) - - 0.22+0.04
84 GD,;,(d38:0) - 0.72+0.14 2.00+0.22
85 GD,;,(d38:1) - 0.52+0.06 3.86+0.39
86 GD,,(d38:2) - 0.03+0.01 0.27+0.03
87 GD,;,(d40:0) - 0.04+0.00 0.32+0.03
88 GD,;,(d40:1) - 0.03+0.00 0.44 +0.04
89 GD,;,(d40:2) - 0.03+0.00 0.18+0.03
90 GD,;,(d42:1) - - 0.23+0.04
91 GD,;,(d42:2) - - 0.22+0.03
92 GD,;-GalNAc(d36:0) - 0.07+0.01 0.19+0.03
93 GD,;-GalNAc(d36:1) - 0.17+0.02 0.37+0.06
94 GD,;-GalNAc(d36:2) - 0.04+0.01 0.18+0.03
95 GD,;-GalNAc(d38:0) - 0.03+0.01 0.15+0.03
96 GD,;-GalNAc(d38:1) - - 0.17+0.03
97 GD,(NeuGc)(d34:0) 0.02+0.00 - -

98 GD,(NeuGc)(d34:1) 0.02+0.00 - -
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Table 1 (continued)
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No Molecular species Relative content (pg/mg pro)

Liver Cortex Hypothalamus
99 GD,(NeuGc)(d40:0) 0.02+0.00 - -
100 GD,(NeuGc)(d40:1) 0.02+0.00 - -
101 GD,;(NeuGc)(d42:1) 0.02+0.00 - -
102 GD,(NeuGc)(d42:2) 0.02+0.00 - -
103 GD,;(NeuGc)(d43:1) 0.02+0.00 - -
104 GT,(d36:1) 0.04+0.00 - -
105 GT,(d38:1) 0.04+0.00 - -
106 GT,(d41:1) 0.04+0.00 - -
107 GT,,,(d36:0) - 2.33+£0.36 5.19+0.82
108 GT,,(d36:1) - 6.52+£0.77 18.67+2.95
109 GT,,(d36:2) - 0.54+£0.04 2.11+0.31
110 GT,,(d38:0) - 0.64+£0.08 2.02+0.26
111 GT,,(d38:1) - 1.57+£0.24 6.17+£0.81
112 GT,,(d38:2) - 0.16£0.02 1.14+0.15
113 GT,,(d41:1) - 0.48+£0.10 0.65+0.14
114 GT,,(d42:1) - 0.06£0.01 0.53+£0.09
115 GT,,(d42:2) - 0.06+£0.01 0.58+£0.10
116 GT,(NeuGc) (d36:1) - 0.05+£0.01 0.37+£0.07
117 GQ,,(d36:0) - 22.80+3.61 17.15+£2.81
118 GQ,,(d36:1) - 2.08+£0.51 70.38 £8.60
119 GQ,,(d36:2) - 0.74+£0.08 10.83+1.76
120 GQ,,(d38:2) - - 6.14+0.68
121 GP,.(d36:0) - 0.24+£0.03 0.98+£0.16
122 GP,(d36:1) - - 1.56+£0.29
123 GP,.(d38:0) - - 0.59+0.10
124 GP,(d38:1) - - 0.91+0.10
125 0-Ac-GD,(d36:0) - 0.08 £0.03 0.23+£0.03
126 0-AC-GD,(d36:1) - 0.09+0.01 0.33+0.03
127 0-AC-GD,(d36:2) - - 0.15+0.03
128 0-AC-GD,,(d38:0) - 0.03+0.01 0.17+0.03
129 0-AC-GD,(d38:1) - - 0.19+0.03
130 0-AC-GD,(d36:0) - 0.07+0.02 0.27+0.03
131 0-AC-GD,(d36:1) - 0.07+0.01 0.43+0.04
132 0-AC-GD,(d36:2) - - 0.16+0.02
133 0-AC-GD,,(d38:0) - 0.04+0.01 0.21+0.02
134 0O-AC-GD,,(d38:1) - - 0.27+0.02
135 0-AC-GT ,(d36:0) - 0.05+0.01 0.37+0.07
136 O-AC-GT,(d36:1) - 0.06+0.01 0.41+0.07
137 O0-AC-GT ,,(d38:0) - 0.05+0.01 0.36 +0.07
138 O-AC-GT,(d38:1) - 0.04+0.01 0.37+0.06
139 O-AC-GT,(d38:2) - - 0.35+0.07
140 0-AC-GQ,(d36:0) - 1598 +1.95 9.69+1.11
141 0-AC-GQ,(d36:1) - 43.42+3.97 39.16+4.94
142 0-AC-GQ,(d36:2) - 4.41+0.53 7.83+0.97
143 0-AC-GQ,(d38:0) - 9.61+0.65 5.63+0.57
144 0-AC-GQ,(d38:1) - 23.87+3.36 19.84+1.55
145 0-AC-GQ,(d38:2) - - 3.78+£0.47
146 0O-AC-GP,(d36:0) - 0.13+0.01 0.73+0.10
147 O-AC-GP,(d36:1) - - 1.11+0.17
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Table 1 (continued) No Molecular species Relative content (pg/mg pro)
Liver Cortex Hypothalamus
148 O-AC-GP,(d36:2) - - 0.41+0.08
149 O-AC-GP, (d38:0) - 0.06+0.02 0.45+0.06
150 O-AC-GP,(d38:1) - - 0.63+0.04
151 di-O-Ac-GT;,(d36:0) - 0.07+0.02 0.37+0.06
152 di-O-Ac-GT\;,(d36:1) - 0.13+0.03 0.46+£0.05
153 di-O-Ac-GT;,(d38:0) - 0.07+0.01 0.37+0.06
154 di-O-Ac-GT;,(d38:1) - 0.10+0.02 0.42+0.05
155 di-O-Ac-GT;,(d40:1) - - 0.35+0.07
156 di-O-Ac-GT;,(d42:1) - 0.04+0.00 0.35+£0.07
157 di-0-Ac-GQ,(d36:0) - 2.35+0.13 2.37+0.29
158 di-0-Ac-GQ,(d36:1) - 6.33+£0.45 9.22+1.01
159 di-0-Ac-GQ,(d36:2) - 0.69+0.07 2.07+0.25
160 di-O-Ac-GQ,,,(d38:0) - 1.82+0.13 2.15+0.22
161 di-O-Ac-GQ,,,(d38:1) - 4.63+0.87 7.57+£0.94
162 di-O-Ac-GQ,,(d38:2) - 0.45+0.03 1.56£0.16
163 di-O-Ac-GQ,;,(d40:1) - - 0.82+0.07
164 di-O-Ac-GQ,(d42:1) - - 0.36£0.04

“-” indicates that it was not detected

The LOD of GM,(d18:1/18:1), GD,(d18:1/18:1),
GT,(d18:1/18:1), GQ,(d18:1/18:1), and d5-GM;(d18:1/18:1)
was 0.01, 0.0002, 0.003, 0.003, and 0.0001, respectively. The
LOQ of GM,(d18:1/18:1), GD,(d18:1/18:1), GT,(d18:1/18:1),
GQ,(d18:1/18:1), and d5-GM,(d18:1/18:1) was 0.03, 0.0006,
0.009, 0.01, and 0.0003, respectively (Table S1).

Table S2 shows the accuracy and precision data of gan-
glioside standards at three evaluated concentrations in QC
samples. The intra-day accuracy (RE) ranged from — 5.3 to
7.1% with CV <7.0%. The inter-day accuracy (RE) ranged
from — 6.5 to 7.4% with CV <6.8%. These data demonstrate
that this assay was reproducible and accurate for the deter-
mination in mice tissues.

The recovery rate and matrix effects data are summarized
in Table S2. The mean recovery of external standards varied
from 79.1 to 101.3%, while the recovery of internal standard
was varied from 94.3 to 96.7%. These data suggest that the
developed sample preparation procedure had satisfactory
extraction efficiency. The matrix effects of three mice tissues
for external standards at three concentration levels ranged
from 71.1 to 89.7%, and the matrix effects of IS were 79.3
to 90.1%, suggesting that the co-eluted substances did not
impact the ionization of ganglioside standards.

Detection of gangliosides in C57BL/6 mouse
samples by HILIC-QQQ-MS/MS

The contents of ganglioside molecular species in the liver, cor-
tex, and hypothalamus in 6-week-old C57BL/6 male mice were
detected. The external standard curves corrected by an internal

standard were used to semi-quantitate. A complete list of iden-
tified ganglioside molecular species is provided in Table 1.
The MRM chromatograms of the representative ganglioside
subclasses are shown in Fig. 5. A total of 23 ganglioside sub-
classes with 164 molecular species (some molecular species
were calculated according to the retention time formula) were
detected. Among them, 7 ganglioside subclasses were detected
in the mouse liver (GM;, GM; (NeuGc), GM, (NeuGc), GM;
(NeuGc), GD,, GD, (NeuGc), and GT)), with 52 ganglioside
molecular species. A total of 18 ganglioside subclasses (GM3,
GM,, GD;, GD,, GD,,, GD;,, GD-GalNAc, GT,;, GT;,
(NeuGc), GQ;, GP,, O-Ac GD,,, O-Ac GD,;,, O-Ac GT},,
0-Ac GQ,, O-Ac GP,, di-O-Ac GT,, and di-O-Ac GQ,;)
were detected in the cortex, with 78 ganglioside molecular spe-
cies. About 19 ganglioside subclasses (GM5, GM,, GM,, GD;,
GD,, GD,,, GD,,, GD,-GalNAc, GT,;,, GT,;, (NeuGc), GQ,4,,
GP,., O-Ac GD,,, O-Ac GD;,, O-Ac GT,,,, O-Ac GQ,, O-Ac
GP,., di-O-Ac GT;,, and di-O-Ac GQ),;,) in the hypothalamus,
with 118 ganglioside molecular species. GM; (d40:1) showed
the highest level of 1.31 pg/mg pro in the mouse liver, while
GD, and GD,; (NeuGc) accounted for a small amount. O-Ac
GQ,(d36:1) showed the highest content of 43.42 pg/mg pro in
the cortex, while GQ,;, (d36:1) showed the highest content of
70.38 pg/mg pro in the hypothalamus.

Figure 6 shows the levels of gangliosides in the liver, cer-
ebral cortex, and hypothalamus of C57BL/6 mice. The results
showed that except for NeuGc gangliosides, the subclasses
and the contents of gangliosides were more abundant in the
brain than in the liver. Among them, the O-acetylation of sialic
acid residues is one of the main modifications of gangliosides,
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which can regulate the functions of gangliosides and serve as
an important biomarker in disease detection [30]. Herein, 40 O-
Ac ganglioside molecular species were detected in the mouse
brain compared to the mouse liver. The O-acetyl group is alkali
labile and tends to be lost during the purification. Therefore,
their quantification using mass spectrometry analysis may
lead to an underestimation of their O-acetylation. Chan et al.
[31] identified 13 O-Ac ganglioside molecular species in the
human brain, which were concentrated in GD,, GQ,, and GT,.
In addition, brain tissue has been the main biological mate-
rial for the analysis of O-Ac gangliosides, which also reflects
the high content of O-Ac gangliosides in brain tissue [32].

Gangliosides contain two types of sialic acids, NeuAc and
NeuGec. The results showed that the gangliosides in the liver
were mainly NeuGce gangliosides, whereas the gangliosides in
the cortex and hypothalamus were mainly NeuAc gangliosides.
Kyoko et al. [33] reported the presence of NeuGc-containing
GM; in hog and bovine skeletal muscle at 4-7.4% and 21%
[34] of the total gangliosides, respectively. In addition, fish
muscle gangliosides measured in Fong’s study contained only
NeuAc sialic acid [20], and both NeuAc and NeuGc have
been shown in fish liver [35]. These results are very similar
to the differences in NeuGc gangliosides that we observed
in mouse liver and brain regions. Therefore, it is speculated
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that the composition and content of NeuGc gangliosides are
species-specific and tissue-specific. The saturation of lipids is
an important factor affecting lipid function. The introduction
of double bonds can reduce the stacking density of acyl chains,
thus playing an important role in the occurrence of diseases
and stress response by affecting the fluidity of the cell mem-
branes [36]. Therefore, exploring the saturation degree of fatty
acid chains in gangliosides has great biological significance.
The contents of unsaturated gangliosides in the mouse brain,
especially in the hypothalamus, were much higher than those
in the liver. We also found that unsaturated gangliosides were
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more abundant than saturated gangliosides in the cortex and
hypothalamus of mice. This is consistent with the previous
study in mouse brain [37]. This might be related to the physi-
ological functions of brain regions, especially the hypothala-
mus, such as signal transduction and energy balance control. In
addition, in contrast to Hol¢apek’s study [25], we did not find
high levels of hydroxylated gangliosides in mouse tissues. It is
possible that either the concentration of certain hydroxylated
ganglioside molecular species was below the limit of detection
for our methodology or these molecular species were inher-
ently absent from our samples because of the tissue origins.
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Fig.6 The ganglioside contents in liver, cortex, and hypothalamus of C57BL/6 mice
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Finally, a horizontal comparison was performed between
our established method and other LC-MS/MS strategies for
quantifying gangliosides. Wormwood et al. [38] used flow
injection analyses (FIA)-structures for lossless ion manipula-
tions (SLIM)-MS analysis to take quantitative snapshots of
gangliosides in the mouse brain, characterized by its lossless
operation and the short time required for the entire analysis
process. No additional liquid chromatography system was
required. In addition, Ikeda et al. [37] used quadrupole-linear
ion trap (Q TRAP) hybrid MS to accurately characterize gan-
gliosides in the mouse brain, which was characterized by dis-
tinguishing more isomers among them, which was also related
to the characteristics of the mass spectra used. Hijek et al. [25]
conducted a comprehensive analysis of gangliosides in porcine
brains and other human samples, systematically summarized
the retention time of each subclass, and comprehensively dis-
cussed the isomers and special structures of gangliosides. On
this basis, we expanded the number of detectable ganglioside
subclasses and molecular species, including special structures
of gangliosides (such as O-Ac gangliosides and hydroxylated
gangliosides), which may produce significant changes in
related diseases and have the potential to become biomarkers
[31]. Two isoforms (GD,, and GD,,, O-Ac GD,, and O-Ac
GD,;,) were also accurately identified. Overall, this is a com-
prehensive targeted ganglioside detection method. In parallel
with further optimization of methods, we should also analyze
and discuss gangliosides more extensively in samples from
various sources (including disease samples) in the future.

Conclusion

In this study, the targeted analysis method for gangliosides
was established and optimized using HILIC-QQQ-MS/
MS. A total of two ganglioside isomers (GD,, and GD,,,
O0-Ac GD,, and O-Ac GD,;)) were identified by exploring
the fragmentation pattern and retention regulation of each
ganglioside subclass. The established analytical method
showed good sensitivity, precision, recovery, and wide lin-
ear range, meeting the requirements of ganglioside detection
in biological samples. Additionally, the gangliosides in the
mouse tissues (liver, cortex, and hypothalamus) were identi-
fied, and a total of 164 ganglioside molecular species of 23
ganglioside subclasses, including NeuGc gangliosides and
O-Ac gangliosides, were detected. This represents the high-
est number of O-Ac gangliosides in mouse brains quantified
in a single analysis so far.

In conclusion, the established method expanded the num-
ber of ganglioside subclasses and molecular species in bio-
logical samples, providing deeper insights into the biological
activity of gangliosides. Furthermore, it provides additional
analytical methods and data support for exploring the cor-
relation between ganglioside metabolism and body health.
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