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Abstract Monitoring the levels of the ceramides (Cer) d18:1/
16:0, Cer d18:1/18:0, Cer d18:1/24:0, and Cer d18:1/24:1 and
ratios thereof in human plasma empowers the prediction of
fatal outcome of coronary artery disease (CAD). We describe
a validated liquid chromatography–tandemmass spectrometry
(LC–MS/MS) methodology for clinical-scaled measurement
of the four distinct ceramides. Rapid plasma precipitation was
accomplished in 96-well format. Excellent extraction recover-
ies in the range of 98–109%were achieved for each ceramide.
Addition of corresponding D7-labeled ceramide standards fa-
cilitated precise quantification of each plasma ceramide spe-
cies utilizing a novel short 5-min LC–MS/MS method.
Neither matrix interference nor carryover was observed.
Robust intra- and inter-assay accuracy and precision <15 %
at five different concentrations were obtained. Linear calibra-
tion lines with regressions, R2> 0.99, were achieved for all
analytes. Short-term bench top, long-term plasma, and extract
stability demonstrated that the distinct ceramides were stable
in the conditions evaluated. The validity of the methodology
was demonstrated by determining the precise ceramide con-
centrations in a small CAD case–control study. Thus, our LC–
MS/MS methodology features simple sample preparation and
short analysis time for accurate quantification of Cer d18:1/

16:0, Cer d18:1/18:0, Cer d18:1/24:0, and Cer d18:1/24:1,
designed for routine analysis.

Keywords Mass spectrometry . Chromatography .
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Introduction

Ceramides have been implicated in mediating or regulating
numerous central cellular processes such as proliferation, dif-
ferentiation and senescence, stress responses, apoptosis, and
inflammation. Harmful stimuli can activate these bioactive
signaling lipids leading to numerous pathophysiological states
including inflammatory diseases such as obesity and metabol-
ic disorders [1]. We have identified four distinct molecular
ceramides to be closely linked to cardiovascular disease [2].
Recently, we have shown that these ceramides are prominent
markers in stratifying a patient’s risk for fatal outcome of
coronary artery disease (CAD) (Laaksonen R et al., submitted).

The de novo biosynthesis of ceramides, belonging to the
category of sphingolipids, originates with the condensation of
serine and palmitoyl-CoA, followed by reduction of the
formed 3-keto sphinganine to produce sphinganine that serves
as a primary building block of sphingolipids [3]. This long
chain base (LCB), typically a linear 18 carbon alkane or al-
kene that contains a 1,3-dihydroxy-2-amino functional group,
is further N-acylated with a wide variety of acyl-CoAs by a
reaction that is catalyzed by a group of six enzymes: the cer-
amide synthases 1–6 [4]. Subsequently, dihydroceramide is
formed, which by desaturation at theΔ4 position is made into
ceramide. Since numerous different LCBs, owing to carbon
length, position, and number of double bonds, hydroxylations,
or branching, and fatty acids varying in chain length of typi-
cally C14–C26 exist, a vast repertoire of molecular ceramide
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species can be produced [5]. Ceramides can also be produced
through breakdown of more complex sphingolipids, such as
hydrolysis of sphingomyelins by sphingomyelinase and of
glucosylceramides by glucosylceramidase [5].

In CAD subjects, the fatal outcome correlates with in-
creased plasma levels of N-palmitoyl-D-erythro-sphingosine
(Cer d18:1/16:0), N-stearoyl-D-erythro-sphingosine (Cer
d18:1/18:0), and N-nervonoyl-D-erythro-sphingosine (Cer
d18:1/24:1) and decreased levels of N-lignoceroyl-D-erythro-
sphingosine (Cer d18:1/24:0). Especially, when used as ratios,
they are significant predictors of cardiovascular death [2].
Numerous analytical methodologies have been established
for the measurement of ceramides, including thin-layer chro-
matography [6], normal phase liquid chromatography [7], im-
munochemical methodologies [8], gas chromatography [9],
and tandem mass spectrometry [10]. Yet, common drawbacks
of most of these approaches have been their inabilities to re-
solve ceramides at the molecular species level and lack of
sensitivity and throughput. These hurdles have been resolved
in the recent evolvement of mass spectrometry-driven lipid
analysis, facilitating rapid and sensitive monitoring of molec-
ular species either by shotgun lipidomics [11–13] or LC-based
targeted lipidomics [14, 15]. Although these methodologies
have not in general been designed for clinical routine use, this
technology has been utilized to establish clinical relevant ap-
plications as for instance the measurement of Cer d18:1/22:0
and Cer d18:1/24:0 [16].

In this study, we developed and validated, according to the
Food and Drug Administration (FDA) bioanalytical method
validation guidance [17], a clinical-scaled high-throughput
methodology that uses LC–MS/MS to simultaneously quanti-
fy Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/24:0, and Cer
d18:1/24:1 in human plasma. To gain increased throughput,
and simultaneously controlling for the hazard of organic sol-
vents, we supplemented this with a rapid precipitation proce-
dure based on less hazardous organic solvents. This method
was applied to accurately determine the plasma concentrations
of the four selected ceramides and ratios thereof in a small
CAD case–control study.

Materials and methods

Chemicals

N-Palmitoyl-D-erythro-sphingosine (Cer d18:1/16:0), N-
stearoyl-D-erythro-sphingosine (Cer d18:1/18:0), N-
lignoceroyl-D-erythro-sphingosine (Cer d18:1/24:0), N-
nervonoyl-D-erythro-sphingosine (Cer d18:1/24:1), N-
palmitoyl-D-erythro-sphingosine-d7 (D7-Cer d18:1/16:0), N-
stearoyl-D-erythro-sphingosine-d7 (D7-Cer d18:1/18:0), N-
lignoceroyl-D-erythro-sphingosine-d7 (D7-Cer d18:1/24:0),
and N-nervonoyl-D-erythro-sphingosine-d7 (D7-Cer d18:1/

24:1) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Acquity BEH C18, 1.7 μm VanGuard Pre-
Column, and Acquity BEHC18, 2.1×50mm id. 1.7 μmwere
from Waters (Milford, MA). Methanol, ethyl acetate, 2-
propanol, ultrapure water, ammonium acetate, acetonitrile
(all LC–MS grade), and 5 % bovine serum albumin (BSA)
were purchased from Sigma-Aldrich GmbH (Steinheim,
Germany). Fresh human plasma from three healthy volunteers
were donated to Zora. Fresh frozen pooled plasma (FFP) was
purchased from Finnish Red Cross Blood Service. Plasma
samples from the Corogene cohort [18] were obtained from
Helsinki University Central Hospital. The Corogene study
was approved by the medical ethics committee (University
Central Hospital of Helsinki) and performed in accordance
with the criteria described in the Declaration of Helsinki.
Written informed consent was obtained from all patients.

Sample preparation

All stock solutions (500 pmol/μl) were prepared in methanol.
Working solution for calibration line and spiking in solution
containing Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/24:0,
and Cer d18:1/24:1 was prepared by serial dilution. Internal
standard (IS) solution containing D7-Cer d18:1/16:0
(0.125 pmol/μl), D7-Cer d18:1/18:0 (0.05 pmol/μl), D7-Cer
d18:1/24:0 (1.5 pmol/μl), and D7-Cer d18:1/24:1 (0.5 pmol/
μl) was prepared in methanol. Plasma was thawed at 4 °C and
then brought to room temperature prior to extraction. An ali-
quot of standards, quality control (QC), matrix blank (10 μl),
or study samples (10 μl) was transferred into 96-well (2 ml/
well) plate. IS mixture (20 μl) was added followed by protein
precipitation (PPT) solvent, ethyl acetate:isopropanol (2:8,
v/v) to a final volume of 600 μl per sample. Samples were
mixed for 10 min followed by centrifugation for 10 min at
3000×g force. The supernatant was then transferred to an
Eppendorf twin.tec PCR Plate 96-well plate and sealed with
a heatsealing foil (Hamburg, Germany) prior to analysis by
LC–MS/MS.

LC–MS/MS analysis

LC–MS/MS analysis was conducted on a SCIEX QTRAP®
6500 mass spectrometer coupled to an Eksigent ultraLC 110
system (Concord, Canada). Electrospray ionization (ESI) in
positive ion mode using MRM was performed. The instru-
ment and data acquisition was controlled using Analyst®
1.6.2. Prior to the validation work, compound optimization
was assessed to obtain the optimal mass spectrometer condi-
tions for analysis of Cer d18:1/16:0, D7-Cer d18:1/16:0, Cer
d18:1/18:0, D7-Cer d18:1/18:0, Cer d18:1/24:0, D7-Cer
d18:1/24:0, Cer d18:1/24:1, and D7-Cer d18:1/24:1. This
was conducted by individually infusing the ceramide stan-
dards at 1 pmol/μl concentration at 20 μl/min. The following
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settings were selected: curtain gas, 25 psi; ion spray voltage,
5000 V; temperature, 300 °C; gas 1 and gas 2, 50 and 30 psi,
respectively; declustering potential, 30 V; entrance potential,
10 V; collision cell exit potential, 20 V; and collision energy,
40 eV. Chromatographic separation was performed on an
Acquity BEH C18, 2.1×50 mm id. 1.7 μm column with a
1.7 μm VanGuard Pre-Column in front. The temperature was
set at 60 °C. Mobile phases consisted of (A) 10 mM ammo-
nium acetate in LC–MS grade water with 0.1 % formic acid
and (B) 10 mM ammonium acetate in acetonitrile:2-propanol
(4:3, v/v) with 0.1 % formic acid. Injection volume was 5 μl
and the flow rate set to 500 μl/min. The following gradient
was applied: A/B (15/85 %) from 0 to 0.5 min, then B to
100 % from 0.5 to 1.5 min, then B held at 100 % from 1.5
to 4.0 min, and finally changed to A/B (15/85 %) from 4.0 to
5.0 min.

Calibration curves

Due to the presence of endogenous lipids in human plasma
and unavailability of lipid-free plasma matrix, calibration line
standards were prepared with 5 % BSA. Linearity of the assay
was determined by decreasing the amount of each endogenous
lipid in six steps. Final concentrations of the calibration line
points for Cer d18:1/16:0 and Cer d18:1/18:0 included 0.008,
0.01, 0.02, 0.1, 1, and 2 pmol/μl and for Cer d18:1/24:0 and
Cer d18:1/24:1 0.08, 0.1, 0.2, 1, 10, and 20 pmol/μl. A fixed
amount of D7-internal standards were added to the calibration
line standards followed by PPT solvent. BSA substituted with
water was used as total blank and human plasma as matrix
blank. In each assay, two calibration line sets were included
containing all four analytes. All calibration curves were
weighted by 1/x2, inverse of the squared concentration, to
focus the calibration line to the lower points in the calibration
line, hence reducing quantitation error at low concentrations.
To address the parallelism of the calibration lines, standards
prepared in 5 % BSA and plasma were evaluated. Calibration
line made from extracted plasma samples was compared
against a line made in 5 % BSA. Plasma was diluted two-
and three-fold to obtain lower calibration points, undiluted
plasma represented middle point, and plasma was extracted
by doubling and tripling the plasma volume in extraction to
represent the higher points of the calibration line. The estimat-
ed 95 % confidence intervals of slopes were overlapping for
both lines indicating their parallelism.

Extraction recovery

Recovery of the extraction method was determined for each
analyte by adding in endogenous standards into crude human
plasma, prior to extraction, elevating the nominal concentra-
tion by 0.10 and 0.25 pmol/μl for Cer d18:1/16:0 and Cer
d18:1/18:0 and 1.0 and 2.5 pmol/μl for Cer d18:1/24:0 and

Cer d18:1/24:1. Extraction recovery was estimated from the
increase in measured concentration after standard addition di-
vided by the concentration that was added.

Quality controls

FFP was used to represent QC samples. To establish the en-
dogenous concentration of each ceramide, untreated FFP was
extracted and analyzed in six replicates (n=6). Untreated FFP
represented middle quality control (MQC), low QC (LQC),
and lower limit of quantification QC (LLOQ) were prepared
by diluting MQC two- and three-fold with water. High QC
(HQC) and upper limit of quantification QC (ULOQ) were
prepared by spiking in endogenous standards. Internal stan-
dards were added to all QC samples and were bulk prepared
and stored in separate aliquots at −80 °C prior to extraction.

Intra- and inter-assay variation

The precision and accuracy of the assay was determined for
each of the four ceramides at five different concentrations,
LLOQ, LQC, MQC, HQC, and HLOQ. Intra-assay variation,
precision, and accuracy was calculated for each of the cer-
amide in replicates of six (n=6) at each QC concentration
independently on three separate occasions. Inter-assay varia-
tion, precision, and accuracy was calculated from three (n=3)
intra-assay extractions that were analyzed on three separate
occasions. The intra- and inter-assay precisions (percentage
coefficient variance, %CV) and accuracies (percentage accu-
racy, %Accuracy) were calculated from the nominal
concentrations.

Stability of quality controls

Bench top stability at room temperature and at 4 °C, three
freeze and thaw (F/T) cycles, extract stability on autosampler,
and calibration line stability at −20 °C were determined for
each of the analytes in HQC, LQC, and MQC. For bench top
stability, QCs were kept at room temperature for 4 h and at
4 °C for 24 h prior to PPT extraction. For F/T stability, QCs
were frozen overnight and thawed the following day. This
process was repeated twice and on the third thaw cycle, QCs
were extracted. Bench top and freeze thaw QC’s ceramide
levels were compared to their corresponding freshly extracted
nominal concentrations. Autosampler stability was deter-
mined by analysis of freshly extracted QCs compared to the
same QCs re-analyzed 44 h after stored in autosampler at 8 °C
using a freshly prepared calibration line. Calibration line sta-
bility was assessed by analyzing calibration lines fresh against
stored at −20 °C for 9 days.

For long-term storage stability assessment, human plasma
(n=6) was stored at −80 °C up to 80 days and compared to
corresponding freshly extracted human plasma.
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Analysis of clinical samples

Corogene (NCT00417534) is a prospective, consecutive co-
hort study consisting of 5294 Finnish patients assigned to
coronary angiogram in Helsinki University Central Hospital
between 2006 and 2008. The study design including sample
collection information has been described by Vaara et al. [18].
We analyzed plasma samples from 42 cases and 42 matched
controls. The cases were CAD patients who had experienced a
coronary death within an average follow-up of 2.5 years after
a diagnostic angiogram, whereas the controls were stable
CAD patients who remained alive during the follow-up peri-
od.Matchingwas based on age, sex, smoking, type 2 diabetes,
and statin use at study entry. Study samples were extracted and
analyzed as described in this article. Each assay included a
calibration curve before and after study samples and MQC
in replicates of six (n=6).

Statistical analysis

Wilcoxon’s rank-sum test was applied to assess differences
between the case and control groups. Calibration lines were
estimated with the weighted least squares method with the
weights being inversely proportional to the squares of the
actual concentrations. Two or more calibration lines were con-
sidered parallel if their slopes were within the intersection of
the 95 % confidence intervals of the slopes.

Results

LC–MS/MS assay development and validation

Previous work has demonstrated the analysis of ceramides by
ESI-MS, including in-depth characterization of their fragment
mechanisms [10, 19–21]. Under the applied ESI-MS condi-
tions, Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/24:0, and
Cer d18:1/24:1 and their respective deuterated versions gen-
erate [M+H]+ ions. The product ion spectra of the protonated
precursor ions showed the expected ceramide fragment ion
profiles [10], producing the most abundant ion at m/z 264.3,
arising from loss of the fatty acyl (Fig. 1a). The deuterated
ceramides provided similar product ion spectra, due to the
deuterium-labeled LCB producing the expected 7 Da mass
shift in the LCB containing product ions (Fig. 2b).
Therefore, the most abundant product ion of the deuterated
ceramides is expected at m/z 271.3. We selected the product
ionm/z 264.3 for endogenous ceramides andm/z 271.3 for the
deuterated ceramides and performed compound optimization
to provide the highest abundance of these characteristic ions.
These product ions were selected together with their respec-
tive parent ions as the MRM pairs.

The LC–MS/MS approach provided baseline separation of
Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/24:0, and Cer
d18:1/24:1 (Fig. 2k–o). Performing enhanced product ion
scanning on each ceramide peak in human plasma verified
their correct identities and confirmed no overlap or interfer-
ence of potential background ions. Thus, the chosen m/z
MRM pairs, 538.5/264.3 for Cer d18:1/16:0, 566.5/264.3 for
Cer d18:1/18:0, 650.5/264.3 for Cer d18:1/24:0, and 648.5/
264.3 for Cer d18:1/24:1, facilitated highly selective monitor-
ing of the ceramides of interest. We obtained analogous results
with the D7-labeled ISs, producing background-free response
signals of respective species by choosing the m/z transitions:
545.5/271.3 for D7-Cer d18:1/16:0, 573.5/271.3 for D7-Cer
d18:1/18:0, 657.5/271.3 for D7-Cer d18:1/24:0, and 655.5/
271.3 for D7-Cer d18:1/24:1 (Fig. 2p–t). Monitoring MQCs
showed that the intensities of the deuterated standards were
almost identical to the respective endogenous species. None of
the analytes were detected in total blank (Fig. 2a–e).
Moreover, no signals of the respective deuterated compounds
were observed in matrix blank, LLOQ, extracted FFP, and
human plasma, showing no interference coming from the IS
and that no matrix effect was observed from plasma in the IS
transitions. The retention time of respective endogenous spe-
cies matched precisely the deuterated standards, further veri-
fying the correct identity of each lipid. Finally, no carryover

Fig. 1 Representative product ion spectra of Cer d18:1/16:0 (a) and the
corresponding deuterated standard D7-Cer d18:1/16:0 (b). The m/z and
type of fragment ion are shown
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effect was observed in any transitions monitored by analyzing
the highest calibration curve standard and highest QC imme-
diately followed by a blank solvent injection (not shown).

The calibration curves prepared in 5 % BSA and solution
showed linearity for all four ceramides with coefficients of
determination (R2) above 0.99 (Fig. 3). The linear range for
Cer d18:1/16:0 and Cer d18:1/18:0 were 0.008 to 2 pmol/μl
and 0.08 to 20 pmol/μl for Cer d18:1/24:0 and Cer d18:1/
24:1. The signal-to-noise ratio of the lowest calibration line
point was greater than 10 for all four ceramides, defined as
LLOQ shown in Fig. 2f–j. We also determined parallelism of
calibration lines prepared in 5 % BSA and human plasma. No
significant differences in the slopes were obtained based on
the fact that all determined slope estimates overlapped inside
the 95 % confidence interval (not shown).

Assay recovery was determined by adding in endogenous
standards into human plasma elevating the nominal concen-
tration by 0.10 and 0.25 pmol/μl for Cer d18:1/16:0 and Cer
d18:1/18:0 and 1.0 and 2.5 pmol/μl for Cer d18:1/24:0 and
Cer d18:1/24:1. The obtained recoveries were in the range of
98 to 109 % for all four ceramides (see Electronic
Supplementary Material (ESM) Table S1).

Intra- and inter-assay precisions and accuracies of the
method were determined analyzing FFP over three consecu-
tive runs (Table 1). Bulk prepared QCs at five different con-
centrations were analyzed. The obtained ceramide concentra-
tions of the untreated QC (MQC) was set as nominal values
and used for calculating the levels in LQC, LLOQ, HQC, and
ULOQ. In this way, the final QC concentration ranged from
0.080 to 0.490 pmol/μl for Cer d18:1/16:0, 0.033 to
0.348 pmol/μl for Cer d18:1/18:0, 0.863 to 5.090 pmol/μl
for Cer d18:1/24:0, and 0.294 to 3.383 pmol/μl for Cer
d18:1/24:1. Intra-assay accuracy and CV for all of the four
ceramides were <15 % covering all concentrations. The inter-
assay accuracy ranged from −2.2 to 1.9 % for Cer d18:1/16:0,
4.2 to 9.9 % for Cer d18:1/18:0, 3.5 to 8.6 % for Cer d18:1/
24:0, and 2.5 to 10.4 % for Cer d18:1/24:0 inside the mea-
sured concentration range. Similarly, inter-assay CV ranged
from 5.1 to 11.8 % for all four ceramides.

The stability of Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/
24:0, and Cer d18:1/24:1 in FFP was evaluated under several
different conditions. The accuracy of bench top stability mon-
itored at room temperature for 4 h and at 4 °C for 24 h for
LQC,MQC, and HQC, respectively, were in acceptable range,

Fig. 2 LC-MRM chromatograms of total blank (a–e), LLOQ (f–j), and
MQC (k–o) for Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/24:0, and Cer
d18:1/24:1 and their overlaid chromatograms. LC-MRM chromatograms

of MQC (p–t) for D7-Cer d18:1/16:0, D7-Cer d18:1/18:0, D7-Cer d18:1/
24:0, and D7-Cer d18:1/24:1 and their overlaid chromatograms
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<15%, for all four ceramides (Table 2). Similarly, the sampled
extracts stored at 8 °C in autosampler for 44 h showed ade-
quate stability. Long-term storage stability of human plasma at
−80 °C up to 80 days showed acceptable accuracy and preci-
sion (see ESM Table S2). Finally, the effect of three indepen-
dent F/T cycles showed no significant effect on the sample
stability, based on analysis of three individual human plasma
subjects (see ESM Table S3).

Application

Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/24:0, and Cer d18:1/
24:1 were quantified in plasma from a subset of patients of the
Corogene cohort, as described in BMaterials and methods.^ The
median concentrations of Cer d18:1/16:0, Cer d18:1/18:0, Cer
d18:1/24:0, and Cer d18:1/24:1 in the case group were 0.25,
0.12, 2.04, and 1.22 pmol/μl, respectively, whereas in the con-
trol group, the concentrations were 0.23, 0.10, 2.23, and
1.18 pmol/μl, respectively. These results shows the same trends
as in previous work [2] and ongoing studies (Laaksonen R et al.,
submitted), namely that in the case group representing high-risk
CAD patients, the levels of Cer d18:1/16:0, Cer d18:1/18:0, and
Cer d18:1/24:1 increase, whereas the level of Cer d18:1/24:0
decreases (Fig. 4). We note that in this analysis set, only the
Cer d18:1/18:0 showed significant change; however, significant
changes in the other ceramides are also observed when the num-
ber of samples increases (Laaksonen R et al., submitted).
Accordingly, the group differences dramatically increase when
the ceramides are plotted as ratios, providing the highly signif-
icant signatures Cer d18:1/16:0/Cer d18:1/24:0 and Cer d18:1/
24:1/Cer d18:1/24:0 elevated in high-risk CAD patients.

Fig. 3 Six-point calibration
curves for Cer d18:1/16:0 (a), Cer
d18:1/18:0 (b), Cer d18:1/24:0
(c), and Cer d18:1/24:1 (d) in 5 %
BSA. A magnification of the four
lowest concentrations is shown as
an inset. Two independent
calibration lines were analyzed
consecutively. The linear
regression line and the R2 were
calculated from the mean of the
two independent 1/x2 weighted
calibration lines

Table 1 Precision and accuracy of LC–MS/MS for Cer d18:1/16:0, Cer
d18:1/18:0, Cer d18:1/24:0, and Cer d18:1/24:1 analysis

LLOQ LQCa MQC HQC ULOQ

Cer d18:1/16:0

Nominal concentration, pmol/μl 0.08 0.12 0.24 0.34 0.49

Intra-assay %Accuracy 3 −0.5 2.8 2.5 −1.4
%CV 6.8 5.9 6.4 5.9 5.2

Inter-assay %Accuracy 0.2 0.2 1.5 −2.2 1.9

%CV 8.2 7 8.6 8.9 6.7

Cer d18:1/18:0

Nominal concentration, pmol/μl 0.03 0.05 0.10 0.20 0.35

Intra-assay %Accuracy 10.6 9.5 14.9 9.3 7.6

%CV 8.2 6.5 6.9 4.2 5.3

Inter-assay %Accuracy 5.5 8 9.9 4.2 8.2

%CV 10.9 6.5 10.5 8.4 5.1

Cer d18:1/24:0

Nominal concentration, pmol/μl 0.86 1.30 2.59 3.59 5.09

Intra-assay %Accuracy 12.9 9.5 13.1 12.8 6.7

%CV 5.7 5.0 6.0 6.3 5.0

Inter-assay %Accuracy 5.6 7.1 8.6 3.5 5.4

%CV 10.2 6.6 10.1 11.8 6.6

Cer d18:1/24:1

Nominal concentration, pmol/μl 0.29 0.44 0.88 1.88 3.38

Intra-assay %Accuracy 7.4 7.1 10.6 7.3 7.2

%CV 5.1 4.5 6.8 3.7 3.5

Inter-assay %Accuracy 2.5 4,1 5.2 3.2 10.4

%CV 8.1 6.5 10 5.7 5.3

a Inter-assay, n= 16
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Discussion

We describe for the first time a high-throughput LC–MS/MS
assay for the routine measurement of Cer d18:1/16:0, Cer
d18:1/18:0, Cer d18:1/24:0, and Cer d18:1/24:1 in human plas-
ma to be used in clinical practices. The assay is highly sensitive
and requires a total analysis time per sample as short as 5 min.

Several methodologies exist for measuring ceramides
[6–10, 22–24]. However, most of the assays have been de-
signed for discovery work and not for clinical use.
Consequently, such assays are typically short in selectivity,
throughput, precision, and accuracy, therefore not fulfilling
the clinical laboratory required specifications. To date, only
Jiang et al. [16] have demonstrated a clinically relevant cer-
amide assay focusing on targeted measurement of Cer d18:1/
22:0 and Cer d18:1/24:0. They successfully accomplished this
using LC–MS/MS rather than utilizing an immunoassay-
based approach that is of more preference in clinical labora-
tories. In line with their work, we successfully extended the
measurement to four individual ceramide species based on
LC–MS/MS. The prime advantage of LC–MS/MS lies in the
power of the chromatographic separation in conjunction with
precise monitoring by mass spectrometry, offering unambig-
uous detection of each monitored molecular ceramide. In con-
trast, we failed in distinguishing the four ceramides using a
traditional immunoassay-based approach, suggesting that the
epitopes of each individual ceramide are too similar.
Krishnamurthy et al. [25] have shown that anti-ceramide an-
tibody recognizes an arsenal of molecular ceramides only dif-
ferent in the fatty acid chain length. Consequently, this low
selectivity of the available antibodies currently hinders the
development of a clinically valid immunoassay method.

Previous work has demonstrated the advantages and feasi-
bilities of LC–MS/MS in the measurement of hydrophobic
analytes in clinical laboratories [26–29]. Molecular ceramides
can readily be distinguished by ESI-MS by monitoring the
characteristic product ion m/z 264.3 originating from the se-
lective loss of the LCB undergone loss of two water molecules
[10]. This product ion together with respective parent ions has
been the basis for successful monitoring of individual
ceramides by LC–MS [30–32] and by shotgun-based analyses
[33, 34]. We chose the same ions to provide the best discrim-
ination of the monitored molecular ceramides, allowing us to

Table 2 Sample stability of Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/24:0, and Cer d18:1/24:1

Cer d18:1/16:0 Cer d18:1/18:0 Cer d18:1/24:0 Cer d18:1/24:1

LQC MQC HQC LQC MQC HQC LQC MQC HQC LQC MQC HQC

Nominal concentration, pmol/μl 0.12 0.24 0.34 0.05 0.10 0.20 1.30 2.59 3.59 0.44 0.88 1.88

Bench top at RT for 4 ha %Accuracy 4.2 3 −4.9 4.8 7.9 −3.5 12 11.8 −1.2 7.5 6.5 −5.1
%CV 6.7 10.6 7.1 8.8 10.6 8.9 6.7 9.2 8.3 6.9 11.2 8

Bench top at 4 °C for 24 ha %Accuracy 4.5 7.1 −2.4 11.2 14.1 4.5 15 14.7 6.9 9.1 8.3 2.9

%CV 6.9 10.9 4.4 8.9 10.1 6 9.5 11.6 5.1 9.3 11.4 4.7

Autosampler extract stabilityb %Accuracy −0.9 4.2 2.9 9.7 14.7 14.1 9.1 14.3 11.3 5.5 9.6 9.3

%CV 6 6 5.7 5.2 7.3 3.8 4.1 6.4 4.2 3.9 7.3 4.9

a QCs were kept at room temperature for 4 h and at 4 °C for 24 h prior to PPT extraction. The stability was determined by comparing the QC’s ceramide
levels to their corresponding freshly extracted nominal concentrations
b Autosampler stability was determined by analysis of freshly extracted QCs compared to the same QCs re-analyzed 44 h after stored in autosampler at
8 °C

Fig. 4 Concentration of Cer d18:1/16:0 (a), Cer d18:1/18:0 (b), Cer
d18:1/24:0 (c), and Cer d18:1/24:1 (d) and ratio of Cer d18:1/16:0 to
Cer d18:1/24:0 (e) and Cer d18:1/24:1 to Cer d18:1/24:0 (f) in controls
and cases of the CAD study described in BMaterials and methods.^ The
median concentrations (pmol/μl) and ratios are shown
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reduce the chromatographic separation to 5 min without intro-
ducing any interference from co-eluting peaks and chemical
noise in the monitored MRM transitions. The high selectivity
is further mirrored in the MRMs of the deuterated standards
by the insignificant background noise and, importantly, by the
identical elution times as for the endogenous analytes. In our
hands, the chosen MRM transitions gave the highest selectiv-
ity and also the best sensitivity, since the LCB-derived frag-
ment ions gave the most intense signals.

Calibration lines generated from serial dilutions of the tar-
get analyte with fixed amount of the target standard are a
common approach in bioanalysis to achieve precise and accu-
rate quantification of the target analyte in the biological sam-
ple. It is preferred that the calibration line is prepared in sam-
ple matrix to best reflect the environment of the target analyte
in the biological sample and, in this way, minimize potential
negative effects of such ion suppression and extraction recov-
ery leading to incorrect concentration estimates. However, a
common hurdle in biomarker analysis is that an appropriate
surrogate matrix has to be selected, since the sample matrix is
typically not free of the target analyte. In our analysis, we
found that 5 % BSAwas an optimal substitute to human plas-
ma, as this was also free of the ceramides. We obtained iden-
tical calibration lines in 5 % BSA and in human plasma, there-
fore proving the validity of using 5 % BSA as surrogate
matrix.

The validated LC–MS/MS methodology allowed us to de-
termine the precise levels of Cer d18:1/16:0, Cer d18:1/18:0,
Cer d18:1/24:0, and Cer d18:1/24:1 in human plasma of 84
CAD patients. The concentration of Cer d18:1/24:0 in the
control group is in good agreement with the measurements
by Jiang et al. [16] who obtained a concentration of roughly
2.3 pmol/μl of the same ceramide in their control group. This
verifies the validity of our approach, as the small concentra-
tion discrepancies are likely related to the phenotypical differ-
ences between the two control groups rather than any techni-
cal concerns. Thus, the obtained ceramide results from the
current CAD study allow us to confirm our previous findings
[2], showing that subjects at high risks of fatal outcome of
CAD have higher levels of Cer d18:1/18:0. By increasing
the study size will also provide significant changes in Cer
d18:1/16:0, Cer d18:1/24:1, and Cer d18:1/24:0 with the two
former increasing and the latter decreasing in cases compared
to controls (Laaksonen R et al., submitted). However, signif-
icant group differences can already be observed in this small
study size when the ceramides are plotted as ratios (Fig. 4).

Conclusions and perspectives

We have developed and validated an LC–MS/MS assay for
the routine analysis of fourmolecular ceramides. Its advantage
is that it uses small sample volumes (10 μl) that are robustly

and rapidly prepared through a simple extraction procedure.
The automated LC–MS/MS system allows up to 280 tests to
be performed in a 24-h period. The method fulfills the valida-
tion criteria, set by FDA’s bioanalytical method validation
guideline [17], by showing good linearity and ≤15% variation
in recovery, accuracy, precision, and stability of each mea-
sured ceramide analyte. This method has been in routine use
in our laboratory for more than 12 months, and >20,000 sam-
ples have successfully been analyzed.We expect that the num-
ber of analyses will exponentially increase over the next years.
As a result, this will not only provide us with improved
diagnosis of CAD subjects and understanding of the roles
of the selected ceramides in cardiovascular disease but
also deliver comprehensive information about the biolog-
ical variation of the measured ceramides in larger popula-
tions covering different ethnical backgrounds. Expectedly,
this paves the way in the establishment of valid references
values for these ceramides, benefitting disease areas and
other settings where a precise assessment of these selected
ceramides play pivotal roles. Taken together, we conclude
that our developed assay is analytically valid and suitable
for routine clinical and diagnostic use.
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