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Abstract

We present an optimized and validated liquid chromatography-electrospray ionization tandem mass
spectrometric (LC-ESI-MS/MS) method for the simultaneous measurement of concentrations of
different ceramide species in biological samples. The method of analysis of tissue samples is based
on Bligh and Dyer extraction, reverse-phase HPLC separation and multiple reaction monitoring of
ceramides. Preparation of plasma samples also requires isolation of sphingolipids by silica gel column
chromatography prior to LC-ESI-MS/MS analysis. The limits of detection and quantification are in
a range of 5-50 pg/ml for distinct ceramides. The method was reliable for inter-assay and intra-assay
precision, accuracy and linearity. Recovery of ceramide subspecies from human plasma, rat liver and
muscle tissue were 78-91%, 70-99%, and 71-95%, respectively. The separation and quantification
of several endogenous long-chain and very-long-chain ceramides using two non-physiological odd
chain ceramide (C17 and C25) internal standards was achieved within a single 21 min
chromatographic run. The technique was applied to quantify distinct ceramide species in different
rat tissues (muscle, liver, and heart) and in human plasma. Using this analytical technique we
demonstrated that a clinical exercise training intervention reduces the levels of ceramides in plasma
of obese adults. This technique could be extended for quantification of other ceramides and
sphyngolipids with no significant modification.
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Introduction

Ceramides play an important role in cell signaling, cell differentiation, proliferation and
apoptosis, and are generated by de novo synthesis from palmitoyl-CoA and serine, and serve
as a precursor for many sphingolipids [1]. As a secondary messenger in the sphingomyelin
transmembrane signaling pathway, ceramides are also formed by the neutral Mg2*-dependent
sphingomyelynase catalyzed hydrolysis of spingomyelin in cell membranes [2]. Several other
minor pathways [3], including hydrolysis of ceramide metabolites (galactosylceramide,
glycosylceramide and ceramide 1-phosphate) and ceramidase-catalyzed acylation of
sphingosine with distinct fatty acyl-CoAs also contribute to ceramide homeostasis [1].

Although it is not clear how the structure of individual ceramide species defines their
physiological functions, it has been shown that ceramides containing specific fatty acids are
generated in response to certain stimuli (tumor necrosis factor alfa or B-cell receptor induced
apoptosis), underscoring the structure/function relationship for different ceramide species [4].
It is known that C16 and C24 ceramide species are involved in cell death [5,6], while C18
ceramide inhibits cell growth [7].

Recent interest in ceramides has increased due to their newly identified role in insulin resistance
[8]. From in vitro studies, it is known that ceramides inhibit glucose uptake through inhibition
of Akt, a serine protein kinase mediator of insulin action [9]. In addition, ceramide content is
increased in muscle, liver and adipose tissue in insulin resistant animal models [10]. Elevated
total ceramide levels in human muscle [11] and adipose tissue has been linked to peripheral
insulin resistance [12]. Recently we demonstrated that plasma ceramides are increased in obese
subjects with type 2 diabetes and are associated with reduced insulin sensitivity [13]. However,
the definite intracellular origin and physiological significance of different species of plasma
ceramides are unknown. Since, intracellular partitioning of fatty acids and their metabolites
play a significant role in insulin resistance and lipotoxicity [14], it is important to identify the
role of specific ceramides in these processes.

Investigation of the physiological function of distinct ceramides requires an accurate, precise
and sensitive method for their quantification in plasma and tissue biopsy samples. Currently
ceramides are analyzed by an enzymatic diacylglycerol (DAG) kinase assay [15], by thin-layer
chromatography (TLC) detection [16], high performance liquid chromatography (HPLC)
[17,18], and gas chromatography mass spectrometry (GC-MS) analysis after derivatization
[19]. In some cases the TLC-isolated ceramides are hydrolyzed, and the released fatty acids
and sphingosine are analyzed after derivitization by gas-liquid chromatography [20], or by
HPLC [21]. However, these methods are cumbersome and time consuming. While some of
these approaches may be used to analyze total ceramide, they do not provide data on individual
ceramide species [15,21]. In addition, existing methods provide discrepant results for ceramide
levels in different biological samples [22-24]. Recent developments in electrospray ionization
tandem mass spectrometry (ESI-MS/MS) have helped resolve some of these limitations.
Several lipidomic studies have used ESI-MS/MS technologies to analyze ceramides and related
sphingolipids in biological samples [25,26]. However, in many instances, the described
methods attempt wide range lipidomic analyses, that make the validation and optimization of
measuring multiple individual anlytes difficult. Recently, an optimized and validated tandem
mass spectrometry analysis of a single C18 ceramide in cell culture was reported [27]. As part
of our research on lipid related mechanisms of insulin resistance, we have optimized and
validated a reverse-phase liquid chromatography coupled ESI-MS/MS technique for the
simultaneous measurement of multiple ceramide species in different biological matrices. We
have verified this technique for ceramide profiling and quantification in healthy human plasma
and different rat tissues. We also demonstrate that this technique detects changes in human
plasma ceramide levels after a clinical exercise intervention. This technique may also be
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extended for quantification of other ceramides and related sphingolipids without significant
modification to the methodology.

Material and Methods

Materials

Pure standards of endogenous ceramide subspecies (C14, C16, C18, C18:1, C20, C24 and
C24:1) and non-naturally occurring internal standards (C17 and C25 ceramides) were obtained
from AVANTI Polar Lipids Inc. (Alabaster, AL, purity > 99%). HPLC grade solvents for ESI-
MS/MS and lipid extraction were purchased from Fluka (Milwaukee, MO). All other
chemicals, including Merck grade silica gel (9385, 230-400 mesh, 60 A) were from Sigma-
Aldrich (St. Louis, MO).

Standard solutions

The stock solutions of ceramides were prepared at 1 mg/ml in chloroform. After dilution with
ethanol, a working solution of C14, C16, C18, C18:1, C20, C24 and C24:1 mixture was
prepared at 714 ng/ml for each ceramide species in one solution. This solution was divided
into 0.5 ml fractions and saved at (—80°C) until analysis. A mixture of C17 and C25 solution
in ethanol at concentrations of 1000 ng/ml and 2000 ng/ml, respectively, was prepared as an
internal standard solution. Fifty pl of internal standard solution corresponding to 50 ng of C17
and 100 ng of C25 was used for each analysis.

Analytical methods

Validation studies

Linearity: Calibration curves for measurement of ceramide concentrations were constructed
in a 50 pl plasma matrix with different concentrations of each endogenous ceramide (0-178
ng/ml for C14, 0-357 ng/ml for C16, C18, C18:1 and C20 and 0-714 ng/ml for C24 and C24:1)
in a mixed solution containing seven ceramide standards. These ranges cover all ceramide
species found in biological fluids and tissues. All samples were spiked with constant amounts
of C17 and C25 ceramide internal standards. Linear regression equations were derived from
calibration curves, and were used to calculate ceramide concentrations in plasma and tissue
samples. Analytical sensitivity was estimated from the calibration curve slopes. The limit of
quantification (LOQ) was defined as the lowest point in the calibration curve with a signal/
noise ratio equal to 10. The limit of detection was defined as a signal/noise ratio equal to 3.

Accuracy and Recovery

Accuracy and Recovery: Plasma Recovery: Three sets of samples were prepared for an
accuracy and recovery study of ceramide concentrations. The first set of samples included 100
ul of a solution of different ceramides in ethanol at four different amounts: 5.6, 22.3, 44.5 and
178 ng for C14, C16, C18, C18:1 and C20, and 15.6, 31.3, 62.5 and 250 ng for C24 and C24:1.
The second set of samples consisted of duplicates of 50 ul plasma samples. For the third set,
samples with different amounts (same as in set 1) of ceramides were each spiked with 50 ul of
plasma. All samples were spiked with C17 (50 ng) and C25 (100 ng) ceramides as internal
standards. All plasma samples were aliquoted from the same pooled plasma. After
quantification of individual ceramides in each sample, the recovery of the assay was calculated
as the ratio of analyte (ceramide) concentration in spiked plasma to the sum of the non-spiked
plasma and pure standards.

Tissue recovery: Recovery for the ceramide isolation from tissue was assessed using a
ceramide standard mixture with and without powdered tissue homogenate (rat liver and muscle)
in parallel with tissue samples, which were not spiked with ceramide standard mixture. All
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samples were spiked with C17 and C25 internal standards. The recovery of ceramides from
tissues was calculated using the same procedure as for recovery of ceramides from plasma.
The precision, i.e., intra-assay and inter-assay reproducibility of the method was determined
by multiple analyses of a plasma sample from pooled plasma. Intra-assay variability was
determined by analyzing one sample five times. Inter-assay was established by processing the
same sample in five different preparations on different days over 2 weeks.

Human Study—We investigated ceramide levels in five healthy adults who participated in
our ongoing studies on the effect of exercise on insulin sensitivity. Subjects were obese but
had normal glucose tolerance. All individuals gave their written informed consent to partake
inthe study, and all protocols were approved by the Institutional Review Board of the Cleveland
Clinic. Plasma for ceramide analysis was obtained prior to and after a 12-week clinical exercise
intervention. For the three days immediately prior to and during the last three days of the
intervention, all subjects resided in our Clinical Research Unit. They were placed on isocaloric
diets based on estimated basal metabolic rates to ensure weight stability prior to metabolic
testing. Exercise was supervised and consisted of aerobic training for 1 hr/day, 5 d/wk at 80%
of HRmax (~70% VOymax). Fasting blood samples (1 ml, in EDTA coated tubes) were obtained
from a dorsal hand vein before and after the intervention. Blood samples were centrifuged
immediately at 4°C and the separated plasma was stored at (—80°C) until analysis.

Sample Preparation for Human Plasma Ceramide Analysis: Plasma samples were
defrosted and 50 pl aliquots were transferred to ice-cold screw-capped glass tubes placed on
ice. Samples, in parallel with standard solutions, were spiked with 50 ng of C17 and 100 ng of
C25 ceramides and were extracted with 2 ml of a chloroform/methanol (1:2) mixture according
to the protocol of Bligh and Dyer [28]. Phases were broken by adding 0.5 ml chloroform and
0.5 ml water. The lower organic fraction was removed and the remainder was extracted with
an additional 1 ml of chloroform. The pooled organic phase was dried under nitrogen gas and
the residue was reconstituted in 500 pul of methylene chloride and loaded onto a silica gel
column packed with 2 ml of silica gel suspension in methylene chloride. Columns were washed
with 1 ml of methylene chloride and ceramides were eluted with 2x2 ml of 30% isopropanol
in methylene chloride. Eluent was dried under nitrogen gas and the residue was reconstituted
in acetonitrile/2-propanol (60:40, v/v) containing 0.2% formic acid and analyzed by mass
spectrometry.

Animal Study—All animal procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) at the Cleveland Clinic and were performed in accordance with NIH
guidelines. Male Sprague-Dawley rats (200-300 g) were purchased from Charles River
Laboratories (Wilmington, MA), and were housed in our animal care facility with a 12:12 h
light-dark cycle. The animals had free access to food (Harlan Teklad NIH rat diet) and water.
After three days of acclimation the animals were euthanized with sodium pentobarbital (120
mg/kg). The liver, heart and skeletal muscle were harvested rapidly and the tissues were
continuously sprayed with ice-cold saline. Tissues were immediately freeze-clamped on
aluminum blocks precooled in liquid nitrogen and saved at —80 °C until analysis.

Sample Preparation for Rat Tissue Ceramide Analysis: Frozen tissue samples were
powdered under liquid nitrogen. For each analysis an aliquot of tissue powder (7-15 mg wet
weight) was suspended in ice-cold saline solution (500 pl, 1M NaCl) and homogenized with
a glass mortar and pestle. Calibration curves for ceramide standards using C17 and C25
ceramides as internal standards were prepared and processed in parallel with tissue samples.
Ceramides from tissue homogenates were extracted using a similar protocol as for plasma.
Briefly, 2 ml of an ice-cold chloroform: methanol (1:2, v/v) mixture was added to homogenized
tissue and vortexed at 4°C. The pooled organic phase was filtered using a glass wool filter
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packed in a pasteur pipette to remove any solid particles. Collected eluent was dried and the
residue was reconstituted in HPLC elution buffer and analyzed by mass spectrometry. All
ceramide measurement experiments were normalized for wet tissue weight.

High Performance Liquid Chromatography-Mass Spectrometry Analysis: Ceramide
species were quantified by LC-ESI-MS/MS. For optimization, the mixture of ceramide
standards was infused directly into the mass spectrometer and all source parameters and
ionization conditions were adjusted to improve the sensitivity of the assay. Extracted samples
(25 pl) were injected into a Waters HPLC (2690 Separation Module, Waters Corp., Milford,
MA\) and separated through an Xperchrom 100 C8 column (2.1 x 150 mm, 5 um, P.J. Cobert
Associates, St. Louis, MO). The ceramides were resolved using a gradient starting from 50%
mobile phase A (water containing 0.2% formic acid) at a flow rate of 0.3 ml/min for 1 min, to
100% mobile phase B (acetonitrile/2-propanol (60:40, v/v) containing 0.2% formic acid) over
3'min at a linear gradient, and then with 100% B for 12 min. The column was then equilibrated
for 5 min with 50% mobile phase B. The HPLC column effluent was introduced onto a
Micromass triple quadrupole mass spectrometer (Quattro Ultima, Waters Inc., Beverly, MA)
and analyzed using electrospray ionization in positive mode. The configurations for mass
spectrometry were: capillary voltage, 3.0 kV; cone voltage, 40 V; source temperature, 120°C;
and desolvation temperature, 250°C. The flow rate of the nitrogen gas in the cone and
desolvation gas were 86 L/h and 700 L/h, respectively. Argon gas was used for collision-
induced dissociation having the collision cell pressure at 8.43 x 10~* mbar. Analyses were
performed using electrospray ionization in the positive-ion mode with multiple reaction
monitoring (MRM) to select both parent and characteristic daughter ions specific to each
analyte simultaneously from a single injection. The MS/MS transitions (m/z) were 510—264
for C14, 538—264 for C16, 552—264 for C17, 564—264 for C18:1, 566—264 for C18,
594—264 for C20, 648—264 for C24:1, 650—264 for C24, and 664—264 for C25. The data
were acquired using MassLynx software (version 4.1, Manchester, UK).

Quantification: Ceramide subspecies were quantified using calibration curves and the ratios
of the integrated peak areas of ceramide subspecies and internal standards. C17 ceramide was
used as an internal standard for quantification of C14, C16, C18, C18:1, and C20 subspecies.
Concentrations of C24 and C24:1 were quantified using C25 as an internal standard. Total
measured ceramide was calculated from the sum of C14, C16, C18:1, C18, C20, C24:1 and
C24 ceramide subspecies.

Data are presented as mean £SD. Paired t-tests were used to examine the effects of exercise
on plasma ceramide levels. Significance was accepted when P<0.05.

Tandem mass spectrometry optimization

The full scan MS/MS spectra were recorded in a positive-ion mode during direct infusion of
ceramide standards. All of the investigated ceramide species give simple positive-ion full scan
spectra in acetonitrile/2-propanol (60:40, v/v) containing 0.2% formic acid, confirming that at
acidic pH inthe ion spray ionization process, ions are mainly produced by protonation of neutral
molecules (M+H™*) [29-31]. Precursor ions for each ceramide were separated and scanned in
the first quadrupole (Q1), fragmented in the second quadrupole (Q2) and the product ions were
scanned in the third quadrupole (Q3). Fig. 1 shows typical product ions spectra for some
specific ceramide species. Consistent with the published literature [30,32], we found that
collision-induced ionization of all studied ceramide species generates stable product ions with
m/z 282 and 264 corresponding to the loss of an amide-bound acyl-group, and one or two
molecules of water, respectively (Fig. 2). In addition, ceramides generate stable ions at a m/z
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difference of 18, accounting for the loss of a water molecule from the precursor ion. Since m/
z 264 is a high intensity ion, we optimized the electrospray parameters and collision energy to
increase the intensity of each precursor ion in combination with m/z 264 in MRM mode for
sensitive analysis of all species.

Liquid chromatography

Our orientation experiment with HPLC-MS/MS analysis of plasma and tissue samples after
Bligh and Dyer lipid extraction without further purification revealed the existence of interfering
peaks on HPLC chromatography and low sensitivity in mass spectrometry detection for plasma
but not for tissue samples. Therefore we developed an easy-to-use silica chromatography
approach for the isolation of sphingolipids from other abundant plasma lipids. This resulted in
a significant improvement in the HPLC chromatography and yielded higher sensitivity in the
plasmasample analysis. As a result, the chromatographic method proved suitable for separation
of all analyzed ceramides within a single run on a C8 reverse-phase column using MS/MS
detection. After testing differentacidic organic eluent systems (pure and mixture of acetonitrile,
methanol and isopropanol gradients with acidic water) we found that the mixture of acetonitrile/
2-propanol (60:40, v/v) containing 0.2% formic acid gradient with acidic water allows
separation of 9 ceramide species (7 physiological ceramides and 2 non-naturally occurring
internal standards) on a C8 reverse-phase column in less than 5 min during a 21 min run; this
includes column re-equilibrium (Fig. 3). Although the MRM mode with different transitions
allows specific identification of coeluting ceramides, the chromatographic separation allows
discrimination between 13C isotope contributions from lower to higher molecular masses
[31]. These results indicate that the chromatographic separation that we have described
improves the specificity of the assay.

Assay validation—Calibration curves for a mixture of ceramide concentrations were made
by adding increasing amounts of ceramides to constant amounts of C17 and C25 ceramide.
The curves were linear over a range of 2.8-178 ng for C14, 2.8-357 ng for C16, C18, C18:1
and C20 ceramides, and 5.6—714 ng for C24 and C24:1 ceramides. The limit of detection, limit
of quantification (LOQ) and linear regression parameters of calibration curves are presented
in Table 1. These ranges cover all concentrations of ceramides found in human plasma and
tissues.

Results from the accuracy study for the determination of C14, C16, C18:1, C18, C20, C24:1
and C24 concentrations are presented in Fig. 4. We plotted different concentrations of ceramide
species that had been determined in plasma against the amount of these ceramides added to
plasma. The resulting lines of identity were linear with slopes and regression coefficients close
to 1. The y intercepts correspond to the plasma content of each ceramide, which is in good
agreement with literature values [33]. Based on these analyses, the calculated percentage
recoveries of different ceramide species from plasma were between 78+7% and 91+11% (Table
2). Intra-assay and inter-assay coefficient of variation for the assay were 0.2-3.3% and 0.2—
7.3%, respectively (Table 3).

Likewise, as shown in Table 4 the recovery of ceramide species from rat liver and muscle tissue
was relatively good (70-90%). The ceramide content determined in non-spiked tissue in this
recovery study is in agreement with literature values [17,23], and is comparable with the liver
and muscle ceramide levels determined from 5 different rats (Table 5).

After optimization and validation, we applied this technique to the determination of ceramide
levels in human plasma and different rat tissues. Concentrations of C14, C16, C18:1, C18, C20,
C24:1 and C24 ceramide species in plasma of healthy human adults before and after a twelve
week clinical exercise intervention are presented in Table 6. The major ceramide species were
C16, C24 and C24:1, corresponding to ~37%, ~28%, and ~9% of total measured ceramides.
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The medium-chain C14 ceramide had the lowest concentration of the seven measured ceramide
species (~5% of total measured ceramides). These values are similar to those found for plasma
ceramides reported in previous publications [33,34].

Table 5 represents the results of our tissue analysis of the same ceramide species from 5 rats
in comparison with literature values determined by different methods [17,23,35]. In agreement
with the literature, our results show that ceramides containing palmitic and stearic acids (C16
and C18 ceramides) are the predominant ceramide species in rat myocardium. In contrast to a
previous report [35], our results demonstrate that C20, C24 and C24:1 also have high
abundance in rat heart.

Additionally, we found that the abundance of ceramides with C16, C24 and C24:1 fatty acids
was also high in the liver, whichis also in good agreement with literature values [23]. In contrast
to rat myocardium, C18 ceramide only accounted for ~2% (~1.9 % in this study, compared to
~2.3 % in literature [23]) of total measured liver ceramides in the rat. Analysis in rat muscle
tissue revealed high levels of long-chain and very-long-chain fatty acid containing ceramides.
The content of C18 ceramide accounted for approximately one quarter of the total ceramides
in muscle. With the exception of C14 ceramide (2.6+0.4 ng/g w.w.), all other measured
ceramides accounted for substantial fractions of the total ceramide content. Thus, rat heart,
liver, and muscle analysis, demonstrates that C16, C18, C20 and C24 are major saturated
ceramides in all tissues. From two unsaturated ceramides measured in this study C24:1 is
abundant in all three tissues, while C18:1 has higher abundance only in rat muscle.

Discussion

In this report we present an optimized and validated technique for the simultaneous
quantification of a wide range of ceramide species in biological samples. Utilization of two
non-physiological ceramides as internal standards (C17 and C25) allowed quantification of
ceramides containing long-chain (C14, C16, C18, C18:1 and C20) and very-long-chain (C24:1
and C24) fatty acids in a single run. Analysis of the concentration profile of multiple ceramide
species requires 50 ul of plasma or ~10 mg (wet weight) of tissue. Thus, the high sensitivity
of this technique makes ceramide analysis possible, not only in biological fluids, but also in
small size human tissue biopsy samples. The simultaneous measurement of ceramide species
in plasma and different tissue samples will advance the investigation of the physiological
significance of ceramides, and open the possibility that plasma ceramides can be used as
biomarkers of insulin resistance, and/or apoptosis.

The wide concentration range of different ceramides in plasma and tissue (from nM to uM
concentrations) requires a sensitive and versatile method for their analysis. Several HPLC
[18], HPLC-MS [24,29,36] and gas GC-MS [19] approaches have been described for
determining concentrations in biological samples. Although HPLC and GC-MS instruments
are easily available and widely used for measuring ceramide concentrations, all of these
techniques require derivatization prior to analysis. In contrast, HPLC-MS assays are more
sensitive and do not require derivatization. This simplifies the assay and helps to avoid
experimental errors generated at different levels of the analysis. Recent HPLC-MS based
lipidomic and sphingolipidomic initiatives offer comprehensive profiling of multiple lipid
compounds [25,26]. However, optimization of the absolute quantification of individual
analytes has not yet been established. Since different lipids have distinct physicochemical
properties, one of the major challenges in lipid analysis is the selection of an appropriate
internal standard for quantification of individual analytes. Liebisch and colleagues used non-
naturally occurring C8 ceramide as an internal standard for quantification of long-chain and
very-long-chain ceramides using calibration lines constructed for a few ceramide species (C16,
C18:1 and C24:1) [30]. These data were then used to calculate concentrations of the closest

Anal Biochem. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kasumov et al.

Page 8

related species. When these observations are combined with the results from our study (Table
1, column 5) it is evident that different ceramide species have different mass spectrometric ion
responses. This necessitates the construction of individual calibration curves for each species.
In addition, our initial analysis of pure ceramide standards revealed ion suppression at higher
concentrations; this was substantial for C24 and C24:1 ceramides. When we used a C17
ceramide as a sole internal standard the result was distortion of the calibration lines toward an
exponential curve for these specific species (data not presented). Therefore, we elected the C25
ceramide as the structurally-closest non-naturally occurring ceramide internal standard for the
quantification of C24 and C24:1.

Another improvement in the ceramide analysis was achieved by purification of plasma
ceramides on silica chromatography after total lipid extraction, prior to LC-MS/MS analysis.
This step allows elution of sphingolipids in one fraction after washout of the most abundant
and non-polar lipids, using methylene chloride. The result was good liquid chromatography
separation and sensitive analysis of ceramide species in plasma. However, the lower lipid
content of tissue samples allowed us to eliminate the silica column chromatography step.

The validation of this technique demonstrates that it is linear, accurate, precise, and free of any
appreciable plasma and tissue matrix effect. The use of MRM mode based tandem mass
spectrometry provides sufficient selectivity and sensitivity to the method. This easy-to-use
analysis of ceramides bodes well for its routine application in basic and clinical translational
research. The separation of several ceramide species by HPLC in a short single run (21 min
for one sample analysis cycle) will allow this technique to be applied to high-throughput
analysis.

After validation and optimization we applied this technique to the quantification of ceramide
species in human plasma and rat tissues. The extracellular ceramide concentrations could be
affected by Zn2* dependent acidic spingomyelinase in blood and tissues [37]. If not stabilized,
sphingomyelinase may generate ceramide from sphingomyelin in blood and tissue samples
after collection. Therefore, in order to circumvent the post-collection ceramide metabolism,
blood samples were collected in tubes containing ion chelating EDTA (in order to deactivate
Zn2* dependent acidic spingomyelinase), centrifuged immediately, and the plasma was stored
at —80°C until analysis. It has been shown that fluorinated anesthetics (isoflurane and
desflurane), but not pentobarbital stimulate renal cortical ceramide expression through the
sphingomyelinase cascade [38]. Therefore, we used pentobarbital to anesthetize the rats. The
high sensitivity of the method allowed us to assess the concentration profiles of multiple
ceramide species in small sample volumes. The technique was verified by comparing our
results for the different ceramide levels with values reported in the literature using different
techniques. We also tested this assay by measuring changes in plasma ceramide levels in the
same subjects before and after a clinical exercise intervention. The method enabled us to detect
significant reductions in C14, C18:1, and C24 ceramide levels. Further, recent data on carbon
tetrachloride- and lipolysaccharide-treated rats indirectly suggest that plasma ceramides
originate from necrotized liver [23,24,39]. Establishing a direct link between plasma and
hepatic ceramides in humans with liver disease may allow the use of plasma ceramides as
biomarkers of hepatic dysfunction and cell death.

In conclusion, we have developed and validated an HPLC coupled tandem mass spectrometry
analysis for the quantification of ceramide species in plasma and tissue samples. This technique
could be used to study the regulation of ceramide homeostasis and its relation to diseases
associated with altered lipid metabolism.
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Structure and fragmentation pattern of ceramide; m/z 264 is the most abundant product ion

during collision induced ionization of ceramides.
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Typical chromatograms of standard mixture, plasma, and muscle ceramides, using multiple

reaction monitoring mode.
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Fig. 4.

Accuracy study for C14, C16, C18, C18:1, C20, C24 and C24:1 ceramides. Known amounts
of ceramide species were added to pooled plasma samples (50 pl of each) and the amounts of
each ceramide were subsequently quantified. The plot shows ng of ceramide (endogenous plus
added) versus ng of ceramide added. The quantification procedure is described in the text.
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Table 3

Intra- and interassay variability for ceramide assay in rat liver samples

CV (%)
Ceramide
Inter-assay (n=5) Intra-assay (n = 5)
C14 0.2 0.2
C16 3.7 2.9
C18 0.9 2.0
C18:1 0.2 0.1
C20 1.4 2.3
C24 3.7 3.3
C24:1 7.3 1.2
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Table 6

Plasma ceramide levels in healthy adults before and after a 12-week clinical exercise intervention.

Ceramide Pre-exercise  Post-exercise P-value

C14 0.26+0.06 0.20+0.09 0.03
C16 1.97+0.73 1.68+0.57 NS
C18 0.73+0.29 0.75+0.12 NS
Ci8:1 0.06+0.02 0.05+0.02 0.05
C20 0.35+0.07 0.33+0.06 NS
C24 1.48+0.49 0.99+0.25 0.01
C24:1 0.51+0.17 0.39+0.06 NS
Total 5.37+0.55 4.40+0.68 0.01

Data are presented as mean + SE. All five subjects completed supervised aerobic exercise training: one hour per day, 5 d/wk, at 80% of HRmax (~70%
VO2max). Ceramide concentration are expressed in umol/L.
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