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Introduction
Sphingolipids (SLs) and glycosphingolipids (GSLs) are essential 

structural components of mammalian cell membranes. These lipid 
classes are critical for maintaining the structural integrity of the cell 
membrane, and play important roles in recognition and signaling 
pathways [1,2]. Disturbances in SL and GSL metabolism/degradation 
are associated with many lipid-storage diseases, but also are evident 
in other pathophysiological conditions, including neurological [3,4], 
skin [5,6], and lung [7] diseases, and in diabetes [8] and cancer [9,10]. 
There is now an increasing interest in qualitatively and quantitatively 
profiling different species of bioactive sphingolipids and related 
lipid classes; and this has now become possible with the advent of 
increasingly sensitive tandem mass spectrometry instrumentation.

Application of liquid chromatography coupled with electrospray 
ionization tandem mass spectrometry (LC-ESI-MS/MS) permits 
the in-depth profiling and quantification of sphingolipids with high 
sensitivity and specificity. By manipulation of the HPLC conditions, 
types of columns and solvent systems, and coupling to a triple-
quadrupole mass spectrometer, individual lipids can be detected 
and quantified at the picomolar level, facilitating examination of 
their distribution in different tissues. Several LC-MS/MS methods 
have been used to measure sphingolipids from sphingoid bases and 
their 1-phosphate [8,11-15] to ceramides [13,15-19], sphingomyelins 
[15,20-25], simple mono- and dihexosylceramides [15,22,26], and 
more complex glycosphingolipids. Several methods [12,13,15] permit 
a global analysis of sphingolipid species ranging from very polar 
species, i.e., sphingosine-1-phosphate, to more lipophilic species in 
the sphingolipid biosynthesis pathway. In many of these methods, 
sphingolipids with varying chain lengths often coelute under the 
chromatographic conditions used, thus making differentiation of 
closely related species reliant upon measurement of their specific 
masses. This approach can be problematic because of the natural 
isotopic contributions, which cause interferences between the ion 
channels being monitored for compounds of similar mass. 

Here we report an LC-MS/MS method for profiling individual 
sphingolipids with adequate chromatographic resolution to overcome 

such potential isotopic effects. This highly specific and sensitive 
LC-MS/MS analytical approach affords the characterization of 
sphingolipids that vary in N-acyl chain lengths. Furthermore, the 
liquid chromatography mobile phase was optimized for the separation 
of individual glucosylceramide (GC), glucosylsphingosine (GS), 
ceramide (Cer), lactosylceramide (LacCer) and sulfatide species that 
vary in N-acyl chain lengths. We provide evidence of the applicability 
of this methodology to the analysis of these classes of lipids in tissue 
samples. The potential of this methodology is illustrated from the 
ability to map and compare quantitatively changes in sphingolipid 
distribution from wild type mice with that of a genetic mouse model 
of the lysosomal storage disease, Gaucher disease [27,28]. 

Materials and Methods
Reagents

Synthetic sphingolipid standards including glucosylsphingosine, 
N-acyl glucosylceramide (C8, C12, C16, C18, C24-1 GC), N-acyl
galactosylceramide (C12, C16, C24-1 GalCer), N-acyl ceramide (C16,
C17, C18, C24 Cer) and N-acyl lactosylceramide (C12, C16, C24
LacCer) in 99% purity were from Avanti Lipids, Inc (Alabaster, AL).
Semisynthetic N-acyl sulfatide (C12, C16, C24 sulfatide) were from
Matreya, Inc. (Pleasant Gap, PA). All other solvents and chemicals
in either high performance liquid chromatography (HPLC) grade or
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Abstract
A precise, robust, and specific liquid chromatography-electrospray tandem mass spectrometry (LC-ESI-MS/MS) 

method was developed for profiling and quantifying glucosyl sphingosine (GS), glucosylceramide (GC), ceramide (Cer), 
lactosylceramide (LacCer) and sulfatide lipid species in a variety of mouse tissues. The linear response ranges of these 
species were 0.05-25 ng. The major GC species identified in visceral tissues of mice were GCs with N-acyl chains of 
C24-1, C24, C22, C16 lengths, but the qualitative and quantitative profiles differed among tissues. GC levels in spleen 
were approximately 3-5 times higher than in liver and lung. Brain differed from visceral tissues in that galactosylceramides 
(GalCer) were the predominant monohexosylceramide species identified. A silica column used in hydrophobic interaction 
liquid chromatography (HILIC) mode was capable of differentiating GC and GalCer. The analysis of mouse brain samples 
revealed that GC accounted for only 0.3% of the total monohexosylceramides. Cer and LacCer were also profiled and 
quantified in mouse brain, lung, liver and spleen. Application of these methods greatly facilitated a range of targeted 
sphingolipidomic investigations and will permit a better understanding of the function and mechanism of these diverse 
molecular species in various disease animal models, including Gaucher disease. 
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analytical purity were from Sigma-Aldrich (St. Louis, MO). The strain 
background of WT mice was FVB and 9V/null (D409V/null) was 
mix of FVB, C57BL/6J and129SvEVBrd. The mice were maintained 
in micro isolators in accordance with institutional guidelines under 
IACUC approval at Cincinnati Children’s Research Foundation.

Extraction of sphingolipid from mouse tissues
Tissue samples (~100 mg wet weight) were homogenized for 15 sec 

(PowerGen 35, Fisher Scientific) in a mixture of water (0.6 mL) and 
methanol: chloroform (2:1, v/v, 3 mL). The homogenates were shaken 
for 15 min and centrifuged for 5 min at 1,000 g. The pellets were then 
re extracted with water (0.7 mL) and methanol: chloroform (2:1, v/v, 
3 mL). The combined extracts were centrifuged (5 min at 7,000 g). 
The supernatants were transferred to glass tubes and the solvents 
evaporated under a stream of nitrogen gas. The dried extracts were 
subjected to KOH alkaline methanolysis (0.3 N, 0.6 mL) to remove 
potentially interfering glycerolipids and incubated at 37°C for 1 h. 
After cooling, approximately 50 µL of 3N HCl was added. Then, water 
(50 µL) and chloroform (1.2 mL) were added to the solutionprior to 
loading the sample on a fine Sephadex G-25 column to remove non-
lipid contaminants. The Sephadex G-25 column was prepared in 
chloroform: methanol: water (60/30/4.5, v/v/v). Sphingolipid species 
were collected in 10 mL of the above solvent and the sample was 
driedunder nitrogen gas.

Preparation of standards and samples for LC-MS/MS 
analysis

Stock solutions of sphingolipid standards (1 mg/mL) were 
prepared in chloroform: methanol (1:4, v/v) and stored at -20°C. 
Working solutions were prepared by dilution of the stock solutions 
with methanol. Calibration curves were constructed for C16, C18 and 
C24:1 GCs using C12GC as the internal standard. Quantification of 
GCs with various chain lengths was accomplished using the curve for 
the GC of closest chain length. The quantification of GS was based 
on the calibration curve using C8 GC as internal standard. For Cer 
analysis, C16, C18 and C24 Cers were used and C17 Cer was employed 
as the internal standard. C16 and C24 sulfatide standards were used to 
construct calibration curves and C12 sulfatide was used as an internal 
standard. In the method for GC/GalCer analysis, 5 standards (C16, 
C18, C24:1 GC and C16, C24:1 GalCer) were used and C12 GC and 
C12 GalCer were used separately as internal standards. The biological 
extracts, after clean up, were dissolved in methanol and spiked with 
the internal standards. Samples (10 µL) were injected on-column for 
LC/MS/MS analysis. Depending on the organ and genotype, different 
amounts of tissues (1-5 mg) were subjected to the analysis to allow 
the quantification within the dynamic range of the calibration curves. 

Sphingolipid analyses by LC-MS/MS
Analysis was carried out by LC-ESI-MS/MS using a Waters 

Quattro Micro API triple quadrupole mass spectrometer (Milford, 
MA) interfaced with Acquity UPLC system. Nitrogen was the 
nebulizer gas and argon was the collision gas. The source temperature 
was maintained at 120°C, and the desolvation temperature was 
maintained at 425°C. The drying gas (N2) was maintained at ca. 
800 L/h, and the cone flow gas was turned off. The multiplier was 
set at an absolute value of 650 V. Optimized parameters, i.e., cone 
voltage and collision energy for GC, GS, Cer, Sulfatide and GalCer 
were determined by prior infusion of the individual compounds. For 
quantification of GC, Cer and LacCer, the ESI-MS/MS was operated 
in the multiple reaction monitoring (MRM) mode, with detection of 
the transition pair of the individual protonated parent ions and their 
common daughter ion m/z 264.GS was measured by monitoring of the 

mass transition m/z 462.3>282.4. Sulfatides were analyzed in negative 
ion mode by detection of their parent ion and common daughter ion 
of m/z 97. 

Online chromatographic separation for GC, GS, Cer, LacCer and 
Sulfatide was achieved using a Supelcosil-LC-18-DB column (33×3.0 
mm i.d.3.0 µm). Gradient elution with a mobile phase of methanol 
and water charged with ammonium formate and formic acid was 
employed. The gradient started with 50% mobile phase A (water with 
2 mM ammonium formate and 0.1% formic acid) for 1.1 min, followed 
by linearly over 1.2 min with 80% mobile phase B (methanol with 2 
mM ammonium formate and 0.1% formic acid), and finally changed 
to 100% mobile phase B over an 8 min period, and held isocratic for 
5 min. The gradient was then returned to 50% mobile phase A in 0.1 
min and held for a further 2.9 min to equilibrate the LC column. The 
total analysis time was 15 min. This mobile phase gradient yielded 
excellent separation of sphingolipid subspecies of varying acyl chain 
length. 

The chromatographic resolution of GC and GalCer was achieved 
by modification of a method published previously (15). A silica 
column (Supelco 2.1*250 mm) run in HILIC (hydrophobic interaction 
liquid chromatography) mode, using an isocratic mobile phase (0.6 
mL/min) of acetonitrile/methanol/acetic acid, (97/2/1, v/v/v, with 5 
mM ammonium acetate) was found to adequately resolve these two 
isomers with an analysis time of 8 min.

Results 
HPLC-MS/MS for sphingolipid analyses

Sphingolipids are highly diverse in structure with large numbers 
of possible combinations of hydrophobic backbone and head groups 
(Figure 1). For example, Cers occur with or without a double bond 
in the backbone (ceramide vs dihydroceramide), or with a hydroxyl 
group at the α, or α and β positions forming α-OH ceramide and 
phytoceramide. The N-acyl chain length can vary from 14 to 36 
carbons, with and without a double bond, thus giving large number 
of possible subspecies under a single category of compound. 
Given the complexity of these molecules and their closely related 
molecular weights, it was essential to optimize the LC conditions 
to chromatographically resolve the different subspecies in order to 
minimize possible interferences from natural isotope contributions 
of species with similar mass that otherwise may chromatographically 
overlap. To this end, ultra performance liquid chromatography 
(UPLC) columns were used since they have smaller particle sizes than 
conventional HPLC columns and facilitate superior chromatographic 
resolution. Indeed, this approach significantly improved the resolution 
patterns of sphingolipids. Our initial studies with a Waters Acquity 
UPLC column (BEH C18-1.7 µm, 50×2.1 mm i.d.) yielded excellent 
separation of glucosylceramide standards based upon their N-acyl 
chain length. Since this column could accommodate a relatively high 
flow rate (0.5 mL/min), SL species, including GS, GC, Cer, LacCer 
and sulfatide, were all eluted within a 15 min analytical run time 
with subspecies of different N-acyl chain lengths well resolved and 
with excellent peak shape (data not shown). Despite this advantage, 
the performance of this UPLC column was found to deteriorate 
significantly after it was exposed to relatively small numbers of mouse 
tissue sample extracts - the peak shape deteriorated, significant tailing 
was observed. The column could not be regenerated due to matrix 
contamination. Due to these limitations, a Supelco C18 column with 
larger diameter and shorter length (33×3.0 mm i.d.3.0 µm) was used at 
a high flow to maintain a rapid analysis time. This column and method 
proved robust enough to run about 2000 biological samples on the 
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same column and was consequently adopted for routine analysis.

The reverse phase LC-MS method described was able to 
differentiate SL species with differing N-acyl chain lengths. A typical 
mass chromatogram showing separation of GCs and GS in an extract 
of mouse liver (Figure 2) illustrates the separation of these subspecies. 
The predominant GC in mouse liver, C24:1 GC was well resolved from 
C24 GC and therefore the M+2 isotope of C24:1 GC did not interfere 
with the measurement of C24 GC. Calibration curves for GC, GS, Cer 
and Sulfatide were linear and reproducible over the dynamic range of 
0.05 -25 ng (Table 1). The MRM transition pairs that were monitored 
to detect the individual sphingolipids, the calibration statistics and 
limit of detection (LOD) of the assays are summarized in Table 1. The 

majority of the sphingolipids were readily detected at a signal/noise 
ratio of 5:1 down to a level of 1 pg injected on-column. Three liver 
extracts were tested for assay reproducibility for GC. Within- batch 
and between-batch variations were between 2.7-8.2% and 5.1-10.7%, 
respectively in the concentration range of 1.9-32.8 pmol/mg tissue.

A silica column operated under hydrophobic interaction liquid 
chromatography (HILIC) mode was found to resolve GC and GalCer, 
which is essential for analyses of brain tissue extracts, because of the 
abundance of galactosylceramide. However, the method gave partial 
or no separation of subspecies differing in chain length. Thus, cross-
contamination from naturally occurring M+2 isotope contributions 
need to be taken into account when quantifying levels because of the 

 
 
Figure 1 Biosynthetic pathway of GlcCer, LacCer, Galcer and Sulfatide from ceramide. Enzymes involved in the biosynthesis are 
glucosylceramide synthase (GCS), LacCer synthase, ceramide UDP-galactosyltransferase (CGT) and galactose-3-O-sulfotransferase. 

Figure 1: Biosynthetic pathway of GlcCer, LacCer, Galcer and Sulfatide from ceramide. Enzymes involved in the biosynthesis are glucosylceramide synthase (GCS), 
LacCer synthase, ceramide UDP-galactosyltransferase (CGT) and GST.

SL MRM transition ion pair
(m/z) Calibration curve Correlation coefficient (r2) LOD

(S/N=5)

Cer
C16
C18
C24

538.6>264.3
566.6>264.3
650.7>264.3

y=0.4746x-0.0068
y=0.5681x-0.0117
y=0.3270x-0.0040

0.9911
0.9905
0.9917

1 pg
1 pg
1 pg

GC
C16
C18

C24-1

700.7>264.4
728.8>264.4
810.8>264.3

y=0.1856x-0.0016
y=0.2757x-0.0016
y=0.3202x-0.0029

0.9950
0.9982
0.9941

1 pg
1 pg
1 pg

LacCer C16
C24

862.7>264.3
974.8>264.3

y=1.7887x+0.0055
y=1.3099x+0.0027

0.9986
0.9991

1 pg
10 pg

Sulfatide C16
C24

778.7>97.0
890.6>97.0

y=0.1252x+0.0100
y=0.4184x+0.0361

0.9942
0.9917

50 pg
50 pg

Curves for GC and GalCer on SP-LC-MS/MS

GC
C16
C18

C24-1

700.7>264.4
728.8>264.4
810.8>264.3

y=0.2163x-0.0013
y=0.2370x+0.0007
y=0.2243x-0.0018

0.9997
0.9999
0.9997

25 pg
25 pg
25 pg

GalCer C16
C24-1

700.7>264.4
810.8>264.3

y=0.2275x-0.0071
y=0.3142x-0.0083

0.9997
0.9996

25 pg
25 pg

Table 1: Calibration curve parameters for sphingolipid species.
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isotopic interferences between ion channels, the best way to improve 
accuracy in quantification of these closely related sphingolipid species 
is to optimize the chromatographic conditions to attain complete 
chromatographic separation.

Application of LC-MS/MS to the analyses of mouse tissue 
sphingolipids

Ceramide is formed by the condensation of serine and palmitoyl 
CoA on the cytoplasmic face of endoplasmic reticulum (ER) and is the 
core compound for the biosynthesis of more complex sphingolipids, 
including glucosylceramide, lactosylceramide, galatosylceramide and 
sulfatide (Figure 1). There is considerable interest in quantifying levels 
of these complex lipids in physiologic and pathophysiologic states [29-
31]. The current methods we developed were used to characterize and 
quantify these lipid classes in a variety of mouse spleen, liver, lung, 
and brain. A map of the composition and distribution of these lipid 
classes can provide a basis for evaluating pathophysiological changes 
in disease. Mice tissues (wild type, 9 weeks) were harvested, extracted 
following the methodology described and analyzed by LC-MS/MS 
for GC, Cer, LacCer and GalCer species. Of 18 different ceramide 
and α-hydroxyl ceramide subspecies that were monitored, the C16, 
C18, C20, C24-1 and C24 were the major species identified in wild- 
type mouse brain, lung, liver and spleen (Figure 3). N-stearoyl (C18) 
ceramide was the predominant ceramide in mouse brain, accounting 

Figure 2: Chromatogram of GS and GC from a mouse liver. C8 and C12 GC 
are standard for GS and GC anaysis, respectively.

high mass of these compounds. The theoretical isotopic contributions 
calculated from software programs, e.g. Chemdraw (Cambridge, MA) 
are not always helpful for the determination of interfering natural 
isotopic contributions because many of the LC-MS/MS methods use 
multiple reaction monitoring function. For example, C24:1 GC has a 
theoretical value of 15% for its M+2 isotopic contribution. However, 
when C24:1 GC and GalCer standards at two different concentrations 
(10 ng/µL and 1 ng/µL, with 100 ng and 10 ng, respectively injected 
on column) were used to experimentally determine the M+2 isotopic 
contributions for the MRM transitions, the observed mean (± SD, n=6) 
values were 8.40 ± 0.05% and 8.18 ± 0.18%, respectively. The numbers 
were much lower than the theoretically calculated value and lower 
than the experimental value for the parent ion when it was analyzed 
by SIR (14.24 ± 0.39%). This difference is explained by the fact that 
isotopes of the daughter ions (m/z 264) for these hexosylceramides are 
not acquired under the specific MRM conditions and consequently 
the isotopic contributions for the M+2 ions will be lower than the 
theoretical values. Ultimately, rather than correcting for natural Figure 3: Chromatogram of ceramide subspecies from a mouse kidney.
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for 82% of the total ceramides identified, but in lung and spleen, it 
accounted for only 7% of the total, while in liver it was present in low 
abundance (3%). The characteristic high level of sphingolipids with 
N-stearoyl acid in brain is associated with a high expression level of the 
stearoyl-CoA specific ceramide synthase [32]. Total ceramide levels 
in lung, liver and spleen were similar with average values of 140-180 
pmol per mg tissue (Table 2). In brain, the average total Cer level was 
about 110 pmol/mg tissues, which was 20-40% lower than in visceral 
tissues. The ceramide subspecies had similar distribution patterns 
and concentrations in visceral tissues, but was considerably different 
in the brain. C24-1 Cer was the predominant species in mouse lung, 
liver and spleen (56-68 pmol/mg tissue) while in brain it was found 
at a much reduced level of only 11 pmol/mg tissue. Likewise, the C24 
Cer level ranged 30-51 pmol/mg in mouse visceral tissues and only 2.3 
pmol/mg in brain. A detailed list of the tissue levels of these ceramides 
are shown in Table 2.

The qualitative and quantitative distribution of GC in wild-type 
mouse spleen, liver, and lung are shown in Figure 4. The major GCs 
contained C24-1, C24, C22, C16, C20, and C18 fatty acid acyl chains; 
GCs with other chain lengths, if present, were below the limit of 
detection of the method (0.02 pmol/mg tissue). The average total GC 

levels in spleen, liver and lung from 3 wild-type mice were 95.3, 26.1, 
22.1 pmol/mg tissue, respectively. The GC concentrations in spleen 
were consistently 3-5 times higher than those in liver and lung 
(Figure 4). The C24-1 GC was the most predominant GC in spleen 
and was 7 times higher than in the liver and lung. Overall, C24-1, C24, 
C22, C16 GCs collectively comprised 90% of the total GCs detected in 
these tissues, although there was some variation in the distribution 
patterns among different tissues (Figure 5). For example, C24-1 GC 
was the predominant glucosylceramide in mouse spleen, whereas 
C22 GC was the predominant species in the liver and C24 GC the 
predominant species in the lung.

When Johan L. W. Thudichum discovered glycosphingolipids from 
brain in 1884 [33], the sugar moiety was defined as D-galactose, an 
isomer of D-glucose. Indeed, galactosylceramides are the predominant 
monohexosylceramide species present in brain. Using a silica column 
for hydrophobic interaction liquid chromatography (HILIC), GC and 
GalCer were selectively detected and quantified. Of four wild type 
mouse brain samples analyzed, total monohexosylceramide levels 
were in the range of 1037-1651 pmol/mg tissue; GC accounted for 0.3% 
of the total monohexosylceramides and C18, C24-1, C24 GC were 
major species detected. Eleven different GalCers were found in mouse 

Ceramide (pmol/mg sample)

subspecies 16-0 16-OH 18-1 18-0 18-OH 20-0 22-1 22-0 24-1 24-1-
OH 24-0 24-OH 26-1 26-0 TOTAL

brain(n=3) 0.97± 
0.07 0 ± 0 0.52 ± 

0.02 93.09 ± 10.8 0.25 ± 
0.05 2.99 ± 0.23 11.27 ± 

0.98
0.5 ± 
0.02

2.34 ± 
0.18

0.76 ± 
0.11

0.02 ± 
0.02

112.71 ± 
11.38

lung (n=3)
52.67 
± 
13.23

0.41 ± 
0.05

0.43 ± 
0.11 16.05 ± 5.88 0.14 ± 

0.04 8.31 ± 2.47 55.98 ± 
14.34

0.02 
± 
0.02

51.15 ± 
5.22

0.68 ± 
0.56

0.39 ± 
0.04

186.22 ± 
36.04

liver (n=3) 22.14 
± 2.23

0.1 ± 
0.02

0.17 ± 
0.02 4.26 ± 0.51 0.07 

± 0 3.01 ± 0.04 62.01 ± 
5.89 0 ± 0 50.21 ± 

11.37
0.02 ± 
0.02

0.24 ± 
0.06

142.21 ± 
5.48

spleen (n=3) 31.83 
± 0.37

0.12 ± 
0.02

0.21 ± 
0.04 11.19 ± 1.11 0.07 

± 0 6.62 ± 0.79 68.61 
± 9 0 ± 0 29.12 ± 

2.83
0.1 ± 
0.02

0.2 ± 
0.02

148.08 ± 
14.01

Glucosylceramide (pmol/mg sample)
subspecies 16-0 18-1 18-0 20-0 22-1 22-0 24-1 24-0 26-1 26-0 TOTAL

lung (n=3) 2.29 ± 
0.14 0.37 ± 0.15 1.09 ± 0.09 7.7 ± 0.97 4.43 ± 

0.14
6.19 ± 
0.26

0.02 ± 
0.02 0 ± 0 22.08 ± 

1.21

liver (n=3) 5.47 ± 
0.82 0.99 ± 0.24 1.23 ± 0.26 3.26 ± 0.52 5.36 ± 

0.98
9.52 ± 
1.19

0.08 ± 
0.02

0.16 ± 
0.04

26.08 ± 
3.97

spleen (n=3) 11.22 
± 1.19 1.98 ± 0.2 3.65 ± 0.26 19.55 ± 0.15 32.86 ± 

1.29
25.79 ± 
1.25

0.22 ± 
0.06

0.06 ± 
0.02

95.34 ± 
1.77

Lactosylceramide (pmol/mg sample)
subspecies 16-0 18-1 18-0 20-0 22-1 22-0 24-1 24-0 26-1 26-0 TOTAL

brain(n=3) 0.83 ± 
1.41 8.41±1.79 192.41±15.27 2.61±0.33 0.28 ± 0.07 1.27 ± 0.12 2.67 ± 

0.12
1.57 ± 
0.07

220.06 ± 
18.47

lung (n=2) 8.58 ± 
3.02 0.23±0.23 17.53 ± 14.38 3.27±0.44 0.74 ± 0.11 14.69 ± 1.8 13.27 ± 

3.81
15.09 ± 
4.62

73.4 ± 
0.83

liver (n=2) 1.28 ± 
0.35 0 ± 0 3.6 ± 2.02 1.31 ± 0.22 0.74 ± 0.11 15.33 ± 4.54 6.58 ± 

0.21
8.42 ± 
1.23

37.25 ± 
7.13

spleen (n=3) 3.79 ± 
0.62

0.08 ± 
0.08 5.99 ± 3.07 3.12 ± 0.26 0.49 ± 0.07 9.58 ± 0.67 6.86 ± 

0.45
6.02 ± 
0.6

35.94 ± 
2.09

Galactosylceramide (pmol/mg sample)
subspecies 16-0 18-1 18-0 20-1 20-0 22-1 22-0 24-1 24-0 26-1 26-0 TOTAL

brain (n=3) 3.96 ± 
0.66

2.47 ± 
0.56 29.03 ± 17.15 1.86 ± 

0.45
21.23 ± 
2.49

33.66 ± 
4.84 33.68 ± 4.74 941.66 

± 95.77
143.91 
± 19.16

11.26 
± 1.12

3.22 ± 
0.53

1325.94 ± 
141.61

Sulfatide (pmol/mg sample)
subspecies 16-0 18-1 18-0 20-1 20-0 22-1 22-0 24-1 24-0 TOTAL

brain (n=3) 3.34 ± 
0.53

12.21 ± 
2.42 126.63 ± 8.59 1.48 ± 

0.14 13.88 ± 1.5 7.78 ± 0.75 7.76 ± 0.74 96.82 ± 
6.11

48.71 ± 
3.78

460.37 ± 
24.85

16-OH 18-1-OH 18-OH 20-1-
OH 20-OH 22-1-OH 22-OH 24-1-

OH 24-OH

0 ± 0 1.3 ± 0.2 38 ± 1.54 0.98 ± 
0.12 4.4 ± 0.59 2.28 ± 0.11 33.88 ± 0.2 22.31 ± 

0.38
28.61 ± 
0.14

Table 2: Profile of sphingolipids in wild type mouse tissues.
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brain. These were C16, C18-1, C18, C20-1, C20, C22-1, C22, C24-1, 
C24, C26-1 and C26 GalCer. Of these, C24-1 GalCer comprised about 
70% of the total GalCer, while C24 and C18 GalCer each accounted 
for about 10% of the total GalCer pool. The C20, C22-1, C22 GalCer 
species contributed only 1.5-3.0% to the total GalCer pool (Table 2). 

After ceramide is converted to glucosylceramide, further 
stepwise addition of sugars give rise to a wide variety of complex 
glycosphingolipids, e.g. lactosylceramide. The present methods were 
expanded to the quantification of LacCer in different mouse tissues 
by selecting specific MRM transitions for these lipid species. The 
patterns of LacCer in brain, lung, liver and spleen were found similar 
to those of ceramide (Figure 4). In brain, C18 LacCer was again the 
most predominant species, accounting for 87% of the total LacCer. 
The C22, C24-1 and C24 LacCer were the major species in lung, liver 
and spleen and the levels ranged 6.0-15.3 pmol/mg tissue. By contrast, 
in brain, these species were at much lower concentrations (1.3-2.7 
pmol/mg tissue). The individual lactosylceramides measured in the 
different tissues are in Table 2. 

Sulfatide is a 3-sulfated derivative of galactosylceramide. Sulfatide 
is present in high concentrations in the nervous systems, particularly 
in the myelin sheath of brain and in peripheral nerves [34]. Sulfatide 
fulfills important functions in oligodendrocyte differentiation, 
formation of the paranodal junctions, and myelin maintenance 
[35,36]. Accumulation of sulfatide has been reported in several 
human diseases, particularly metachromatic leukodystrophy [37] and 
Alzheimer’s disease [38]. Elevated sulfatide levels in neurons causes 
lethal audiogenic seizures in mice [34]. Previous analyses of mouse 
brain suggested that the major sulfatide species are C18, C20, C22, 
C24-1 and C24 sulfatide [39]. Since liquid chromatography can be used 
to concentrate sulfatide compounds on the column before detection 
by mass spectrometry, 17 different sulfatide and hydroxyl sulfatide 
species were detected (Figure 6) and quantified (Table 2). The major 
sulfatid species identified in brain were C18, C24-1, C24-sulfatides 
and C18, C22, C24-1, C24 hydroxyl sulfatides, which accounted for 
86% of the total sulfatide present.

Accumulation of glucosylceramide and glycosylsphingosine 
in Gaucher disease mouse model

These methods were applied to a mouse model of Gaucher 
disease in which GC and GS accumulate [40]. The mouse had a point 
mutated Gba1 allele, D409V, and a null allele to give the genotype of 
D409V/null. Visceral tissues from these mice have acid β-glucosidase 
activities at 4.0-6.8% of wild-type [40]. Using TLC, varying degrees 16
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Figure 4: Distribution of ceramide and hydroxyl ceramide (A), glucosylceramide 
(B) and lactosylceramide (C) with different N-acyl chain lengths in wild type 
mouse tissues.
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Figure 5: Distribution of glucosylceramide with different N-acyl chain lengths 
in wild type mouse tissues.
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Figure 6: Chromatogram of sulfatide and hydroxylsulfatide from wild type 
mouse brain.

of GC accumulation were present in visceral organs of the D409V/
null mice. However, the TLC method allows only assessment of total 
GC, but not compositional changes in individual GC species. The 
LC-MS/MS method was therefore applied to characterize the GC and 
GS levels in spleen, liver and lung tissues of wild-type and D409V/
null mice (52-week old) (Figure 7). When the major GC species were 
compared between wild-type and the D409V/null mice (Table 3), 
the lung exhibited the highest level of accumulation, as displayed 
by a 22-65 fold increase over the wild-type mouse. By comparison, 
accumulations of these species in liver and spleen were at lower levels 
(7-31 fold change). In addition to differences in the quantitative levels 
of these lipids, the relative distribution of the different subspecies 
varied considerably among the wild-type and D409V/null mice and 
also within the different tissues. The C24 GC showed the highest 
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Figure 7: GC/GS profile in spleen (A), lung (B) and liver (C) in WT and 9v/
null mice.

GC N-acyl ch ain length
Tissue C16 C22 C24-1 C24
Lung 22.5 27.6 22.8 64.9
Liver 31.1 10.5 12.7 19.3
Spleen 10.2 12 7.5 10

Table 3: Fold change of glucosylceramide species in Gaucher disease mouse 
model.

accumulation in lung compared to the C16, C22 and C24-1GC species, 
while in liver; the increase of C16 GC is most significant. These data 
confirmed a preferential accumulation of specific glucosylceramides 
in different tissues in this animal model. 

Conclusion
In summary, the methods developed in this study allow for the 

mapping of a vast number of different sphingolipid classes at the tissue 
level and represents a powerful approach for future investigation of 
pathophysiological states where lipid accumulation may be important 
in the etiology of the condition. Furthermore, this approach may 
be helpful in evaluating the effectiveness of potential therapies for 
correcting some of the lipid dysfunction associated with diseases such 
as Gaucher disease.
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