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Abstract HDLs have been proposed to have antiathero-
genic properties because of their role in reverse cholesterol
transport as lipid acceptors. To elucidate the phospholipid
profile of these particles, we used electrospray ionization mass
spectrometry to examine the phosphatidylcholine (PC) and
sphingomyelin (SM) composition of HDLs purified from
plasma and nascently generated in vitro from fibroblasts. We
also quantitatively compared the phospholipids present in
these lipoproteins between normal and Niemann-Pick dis-
ease type B (NPD-B) subjects characterized by sphingomy-
elinase (SMase) deficiency. We demonstrated that plasma
HDLs from NPD-B were significantly enriched in SM by an
average of 28%, particularly the palmitoyl SM (with an in-
crease of 95%), which accounted for 

 

�

 

25–44% of total SM
molecular species. Similarly, we observed an increase of 

 

�

 

63%
in total SM levels in nascent HDLs prepared from NPD-B fi-
broblasts. Although PC levels in nascent HDLs were compa-
rable between control and NPD-B cells, there was a 95% in-
crease in total PC levels similar to that of SM in plasma HDLs
extracted from NPD-B subjects.  These data provide in-
sight into the structure of HDLs and identify potential new
roles for SMase in lipoprotein metabolism.
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Niemann-Pick disease type B (NPD-B) is an autosomal
recessive disorder caused by mutations in the sphingomy-
elin phosphodiesterase 1 (SMPD-1) gene, which codes for
the acid sphingomyelinase (SMase). Deficiency of SMase
leads to the accumulation of sphingomyelin (SM) and cho-
lesterol in many organs, notably liver and spleen (1). Lipid
accumulation is also observed in cells by various methods
(2). We previously reported an association of SMPD-1 and
reduced HDL-cholesterol (HDL-C) (3). HDL is important
in lipid metabolism, and low HDL-C levels are correlated

 

with a greater incidence of atherosclerosis. HDL particles
are formed through a stepwise maturation process: lipid-
free apolipoprotein A-I (apoA-I) is initially lipidated with
phospholipids to form disc-like pre

 

�

 

 HDLs. These nascent
particles then become substrates for the accumulation of
cholesterol and phospholipids effluxed from cells. LCAT
promotes the esterification of their cholesterol content,
forming spherical HDL particles with an inner core of
cholesteryl esters. These 

 

�

 

-migrating particles absorb more
lipids and finally mature into HDL

 

2

 

 particles (4, 5).
Recent work has underscored the importance of lipid

composition for the conformation and stability of HDL
particles (6, 7). The study of phospholipids, notably phos-
phatidylcholine (PC) and SM, is primarily important be-
cause they are the main building blocks for all cellular
membranes and because they perform a diverse number
of other functions, such as signaling or as a component of
lipid rafts (8, 9). Recently, the role of SM in HDLs has been
the subject of investigation because of its characteristic
high gel-to-liquid crystalline phase transition temperature
(10). Bolin and Jonas (11) and Rye, Hime, and Barter
(12) independently observed that increasing the SM con-
tent in reconstituted apoA-I-containing particles was asso-
ciated with significant reductions in the rate of cholesterol
esterification by LCAT, which is essential for HDL matura-
tion. Thus, we hypothesized that the lack of SMase in
NPD-B subjects affects the phospholipid profile of their
HDL particles, which could in turn lead to rapid catabo-
lism and reduced HDL-C levels in plasma.

At present, mass spectrometry is the most sophisticated
technique for assessing the phospholipid content of bio-
logical samples because of its high sensitivity and unmatched
specificity, as it directly analyzes phospholipids as intact

 

Abbreviations: apoA-I, apolipoprotein A-I; CID, collision-induced
decomposition; ESI-MS, electrospray ionization-mass spectrometry;
HDL-C, high density lipoprotein-cholesterol; NPD-B, Niemann-Pick
disease type B; PC, phosphatidylcholine; SM, sphingomyelin; SMase,
sphingomyelinase; SMPD-1, sphingomyelin phosphodiesterase-1.
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molecules and preserves the information contained in
their chemical structures. For example, collision-induced
decomposition (CID) of PC and SM in positive ion mode
leads to the formation of an ion at 

 

m/z

 

 184 characteristic
of their polar head group, the phosphocholine. In nega-
tive ion mode, CID of PC identifies the fatty acyl substi-
tuents esterified to the glycerophospholipid backbone
(13–15). Here, we used electrospray ionization-mass spec-
trometry (ESI-MS) and internal standard addition to qual-
itatively and quantitatively analyze and compare the PC and
SM contents of total HDL isolated from plasma and na-
scent HDL particles generated from fibroblasts of normal
and NPD-B subjects. We report increased SM in the lipid
moiety of HDLs from NPD-B as another pathophysiologi-
cal hallmark of this sphingolipid disorder.

MATERIALS AND METHODS

 

Materials

 

All phospholipid standards were purchased from Avanti Polar
Lipids (Birmingham, AL) except N20:0 SM, which was from Matreya
LLC (Pleasant Gap, PA). All solvents were HPLC-grade and were
purchased from Fisher Scientific (Pittsburgh, PA). All chemical re-
agents were of analytical grade and were purchased from Sigma-
Aldrich (St. Louis, MO). AccuBond amino solid-phase extraction
columns were from Agilent Technologies (Palo Alto, CA). Ami-
con Ultra 15 concentrators were from Millipore (Bedford, MA).
All tissue culture reagents were from Gibco Invitrogen (Burling-
ton, Ontario, Canada).

 

Study subjects

 

Controls and patients were selected from the Preventive Car-
diology/Lipid Clinic of the McGill University Health Centre in
Montreal, Canada. The research protocol was reviewed and ap-
proved by the institutional Ethics Committee. Signed informed
consent was obtained for blood sampling, DNA analysis, and fi-
broblast cultures. Four normolipidemic subjects were selected as
controls. We examined two siblings (subject 303, a 49 year-old man,
and his sister, subject 301, a 47 year old woman) from a family af-
fected with NPD-B. Both of them were compound heterozygous
for 

 

�

 

R608 and R441X at the SMPD-1 gene, as described previ-
ously (3). Both underwent coronary artery bypass graft proce-
dures for severe coronary artery disease in their 40s. Skin fibro-
blast cultures were established as described previously (16).

 

HDL preparation

 

Total HDL fractions (1.091 

 

�

 

 d 

 

�

 

 1.210) were isolated from
plasma by ultracentrifugation in a potassium bromide gradient
(17). Their apoA-I concentrations and cholesterol contents were
measured by standard ELISA and enzymatic assay. HDL was also
generated by loading for 24 h 20 

 

�

 

g/ml purified apoA-I (Acad-
emy Bio-Medical Co., Houston, TX) onto 150 mm fibroblast cells
that had been incubated previously for 1 day with 20 

 

�

 

g/ml
LDL. Medium was collected and concentrated with Amicon Ultra
15 filters with a cutoff molecular weight of 10,000. The cellular
protein concentration was measured by the Lowry method and
used to normalize lipid quantitation. All HDL samples were
stored at 

 

�

 

80

 

�

 

C until extraction.

 

Lipid extraction

 

Before extraction, samples were mixed with known amounts
of internal standards (C19:0/C19:0 PC and N17:0 SM) that have
been shown to be absent in the samples. The lipids were ex-

Fig. 1. A: Effects of acyl chain length on instrument responses for
phosphatidylcholine (PC). Equimolar amounts of C16:0/C16:0 PC
(32:0), C16:0/C18:0 PC (34:0), C19:0/C19:0 PC (38:0), C20:0/
C20:0 PC (40:0), C21:0/C21:0 PC (42:0), and C22:0/C22:0 PC (44:0)
were mixed and extracted as described in Materials and Methods.
The data represent means 	 SD of three different preparations.
B: Effects of the degree of unsaturation on instrument responses
for PC. Equimolar amounts of C18:0/C18:1 PC (36:1), C18:1/C18:1
PC (36:2), C18:2/C18:2 PC (36:4), and C18:3/C18:3 PC (36:6)
were mixed and extracted as described in Materials and Methods.
The data represent means 	 SD of three different preparations.
C: Effects of acyl chain length on instrument responses for sphingo-
myelin (SM). Equimolar amounts of N16:0 SM, N17:0 SM, N18:0
SM, and N20:0 SM were mixed and extracted as described in Mate-
rials and Methods. The data represent means 	 SD of three differ-
ent preparations.
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tracted with chloroform-methanol (2:1) with 0.01% (w/v) 2,6-di-

 

tert

 

-
butyl-4-methylphenol added with sonication as described previ-
ously (18). The organic layer was recovered and evaporated to
dryness. The dried lipid was resuspended in chloroform and
analyzed by ESI-MS within the same day. For lipid characteriza-
tion, extracted lipids were purified further with AccuBond amino
solid-phase extraction columns as described previously (19) to
remove anionic phospholipids (i.e., phosphatidylglycerol, phos-
phatidic acid, and phosphatidylinositol).

 

Electrospray mass spectrometry

 

ESI-MS analysis was carried out in positive and negative ion
modes using a Micromass Quattro II triple quadrupole mass spec-
trometer equipped with an electrospray source. Cellular and plasma
HDL samples, diluted 14- and 42-fold, respectively, in chloroform-
methanol (1:2) containing 25 mM ammonium acetate were in-
fused at a flow rate of 120 

 

�

 

l/h. Data were accumulated in multi-
ple-channel analysis mode, and analyses were carried out using
MassLynx version 3.5 software. Nitrogen was used as drying gas
(400 l/h) and a nebulizing gas (20 l/h). The electrospray capil-
lary was set at 2.5 kV. ESI-MS analyses were carried out at a cone
voltage of 45 V, a scan rate of 300 Da/s with an interscan delay of
0.1 s, and with scan ranges of 650–950 Da in the positive ion
mode and 190–370 Da in the negative ion mode. The resolving
power was set to obtain unit resolution. For PC characterization,
ESI-MS/MS was used with argon as collision gas at a pressure of
0.9 

 




 

 10

 

�

 

3

 

 mbar, and the collision energy was set to 50 eV. The
mass axis of MS1 and MS2 were calibrated previously with water
clusters using water containing 0.05% trifluoroacetic acid. For
PC and SM quantitation, ESI-MS was used instead of ESI-MS/MS
because the latter technique results in differential fragmentation
rates for individual molecular species containing different acyl
constituents that are highly sensitive to the collisional activation
energy used (20).

 

HPLC-mass spectrometry

 

In a collaborative study, our plasma samples were analyzed sep-
arately by HPLC-MS as described previously (18) using an HPLC
apparatus from Hewlett-Packard coupled online to a Quattro II
mass spectrometer from Micromass. The phospholipids were sep-
arated on a LiChrospher 100 Diol (5 

 

�

 

m), 250 

 




 

 2 mm column
(Merck, Damstadt, Germany). Chloroform was used as mobile
phase A, and mobile phase B was methanol containing 0.1% (v/v)
formic acid and 0.05% (v/v) triethylamine made pH 5.3 with am-
monia. Separation of phospholipid classes was achieved with a
gradient starting at 5% mobile phase B, increasing to 30% B in
11 min, increasing further to 80% B in 3 min, held at 80% B for
4 min, and then decreasing back to 5% B in 2 min. The total run
time was 30 min; the flow rate was 0.3 ml/min at ambient tem-
perature. Ion source parameters were optimized in the positive
ion mode with respect to the quasimolecular ions of the phospho-
lipids. The cone voltage was set to 40 V. The electrospray capillary
was set to 3.0 kV, the source block temperature was 100

 

�

 

C, and
the nitrogen gas temperature was 250

 

�

 

C. The drying gas and neb-
ulizer gas were optimized to 350 and 20 l/h, respectively. The de-
tection of PC and SM in the complex phospholipid extract was per-
formed in precursor ion scans at 

 

m/z

 

 184, and their quantitation
was based on multiple reaction monitoring transitions at 

 

m/z

 

 184.

 

Data analysis

 

By means of direct infusion ESI-MS, PC and SM species were
discriminated on the basis of 

 

1

 

) their characteristic 

 

m/z

 

 value, 

 

2

 

)
precursor ion scan of 

 

m/z

 

 184, 

 

3

 

) fragmentation analysis in nega-
tive scan mode for PC by ESI-MS/MS, and 

 

4

 

) isotopic patterns.
Quantitation of the analyte species was performed in ESI-MS by
comparisons of individual ion peak intensities with the addition
of internal standards in known amounts (i.e., C19:0/C19:0 PC
and N17:0 SM) followed by correction for natural abundance of
heavy isotope substitution. Each spectrum was accumulated for

 

TABLE 1. Correction factors (chain length effects) for PC quantitation

 

PC (200 nmol)
Carbon No.

(Y)

 

a

 

 Relative
Ionization Effect

Correction Factor
(vs. C19:0 Standard) 

PC (4 nmol)
Carbon No.

(Y)

 

b

 

 Relative
Ionization Effect

Correction Factor 
(vs. C19:0 Standard)

 

32:0 0.940 1.51 32:0 1.000 1.41
34:0 0.834 1.34 34:0 0.904 1.27
36:0 0.727 1.17 36:0 0.808 1.14
38:0 0.621 1.00 38:0 0.711 1.00
40:0 0.515 0.83 40:0 0.615 0.86
42:0 0.408 0.66 42:0 0.519 0.73
44:0 0.302 0.49 44:0 0.423 0.59

PC, phosphatidylcholine.

 

a

 

 Y 

 

�

 

 0.940 

 

�

 

 0.0532(X 

 

�

 

 32); X 

 

�

 

 total carbon number. 

 

R

 

2

 

 

 

�

 

 0.96. 

 

P

 

 (slope) 

 

�

 

 0.001.

 

b

 

 Y 

 

�

 

 1.000 

 

�

 

 0.0481(X 

 

�

 

 32); X 

 

�

 

 total carbon number. 

 

R

 

2

 

 

 

�

 

 0.96. 

 

P

 

 (slope) 

 

�

 

 0.001.

TABLE 2. Correction factors (degree of unsaturation effects) for PC quantitation

 

PC (200 nmol) Degree
of Unsaturation

 (Y)

 

a

 

 Relative 
Ionization Effect

Correction
Factor (vs. C18:0)

PC (4 nmol) Degree
of Unsaturation 

(Y)

 

b

 

 Relative
Ionization Effect

Correction
Factor (vs. C18:0)

 

39:0 0.685 1.00 39:0 0.810 1.00
39:1 0.736 1.07 39:1 0.839 1.04
39:2 0.787 1.15 39:2 0.867 1.07
39:3 0.839 1.22 39:3 0.896 1.11
39:4 0.890 1.30 39:4 0.924 1.14
39:5 0.941 1.37 39:5 0.953 1.18
39:6 0.992 1.45 39:6 0.981 1.21

 

a

 

 Y 

 

�

 

 0.685 

 

�

 

 0.0512X; X 

 

�

 

 degree of unsaturation. 

 

R

 

2

 

 

 

�

 

 0.96. 

 

P

 

 (slope) 

 

�

 

 0.021.

 

b

 

 Y 

 

�

 

 0.810 

 

�

 

 0.0285X; X 

 

�

 

 degree of unsaturation. 

 

R

 

2

 

 

 

�

 

 0.77. 

 

P

 

 (slope) 

 

�

 

 0.122.
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12 min in multiple-channel analysis, smoothed (Savitzky Golay
2 

 




 

 0.50), background subtracted (polynomial order of 2, 1% be-
low curve), and centroided on the top 80% with ion intensity based
on area. It has been demonstrated that different molecular spe-
cies of polar lipids have different ionization efficiencies depend-
ing on the acyl chain length and degree of unsaturation (21–23).
Accordingly, the variations in instrument response attributable
to these differential ionization efficiencies were corrected for PC
and SM expressed in true molar abundances by factors deter-
mined in the calibration curves, which were obtained with equimo-
lar concentrations of standards.

 

Statistical analysis

 

All experiments were done in triplicate, and the results are ex-
pressed as means 

 

	

 

 SD. All other statistical analysis was performed
with GraphPad Prism software (San Diego, CA).

 

RESULTS

 

Instrument responses versus acyl chain length and degree 
of unsaturation

 

ESI-MS offers an attractive method for the analysis of
phospholipid composition because of its “soft” ionization,
high sensitivity, and specificity. Yet, precautions were taken
in this quantitative study because different molecular spe-
cies are not detected with equal efficiency. We established
a response factor based on a calibration curve that related
the intensity of the observed quasimolecular ion species to
their carbon numbers and degrees of unsaturation. We used
commercially available synthetic PC standards, including
C16:0/C16:0 PC (32:0), C16:0/C18:0 PC (34:0), C19:0/
C19:0 PC (38:0), C20:0/C20:0 PC (40:0), C21:0/C21:0 PC
(42:0), and C22:0/C22:0 PC (44:0), to study the chain length
effect. We used C18:0/C18:1 PC (36:1), C18:1/C18:1 PC
(36:2), C18:2/C18:2 PC (36:4), and C18:3/C18:3 PC (36:6)
to estimate the effect of the degree of unsaturation. The
amounts of PC standard used in the subsequent PC quan-
titation of plasma and cellular samples were 200.0 and 4.0
nmol in 200 

 

�

 

l of chloroform, respectively. These were
further diluted 42- and 14-fold, respectively, before injec-
tion, leading to the final approximate concentrations of
23.8 and 1.40 nmol/ml for plasma and cellular samples.
As reported previously (21–23), the instrument response
decreased markedly and in a nearly linear manner with in-
creasing acyl chain length (

 

Fig. 1A

 

). This effect became
slightly more important when the overall lipid concentra-
tion increased from 4.0 to 200.0 nmol in 200 

 

�

 

l of chloro-

form, as observed by Koivusalo et al. (21). In addition, the
instrument response was markedly dependent on the
degree of acyl chain unsaturation (Fig. 1B). It has been
proposed (21) that the unsaturated species are more sur-
face-active and compete more effectively for desorption.
Additionally, the double bonds could weaken the inter-
molecular interactions in the droplet surface layer, thus
enhancing the expulsion of the ions into the gas phase.

 

Tables 1

 

, 

 

2

 

 summarize the correction factors based on the
calibration curves in Fig. 1A, B, which were used to cor-
rect the experimental ion abundances to the true molar
abundances (

 

Table 3

 

). These correction factors were de-
duced from the regression equations derived from the cal-
ibration curves, whose 

 

R

 

2

 

 value indicates that our model
fits our data well. The 

 

P

 

 value of the slopes for Fig. 1B was
compromised only by the lack of standards (missing points)
within the calculated best-fit line. For the quantitative
analysis of SM, we established a calibration curve using
only N16:0 SM, N17:0 SM, N18:0 SM, and N20:0 SM be-
cause synthetic SM species bracketing the profile of natu-
ral SM are not available (22). The amounts of SM stan-
dard used in the subsequent SM quantitation of plasma
and cellular samples were 30.0 and 1.5 nmol in 200 

 

�

 

l of
chloroform, respectively. These were further diluted 42-
and 14-fold, respectively, before injection, leading to the
final approximate concentrations of 3.6 and 0.5 nmol/ml
for plasma and cellular samples. Although there was a lin-
earity of the chain length effects for the standards with
even numbers of carbons, we observed that the signal in-
tensity of N17:0 SM was higher than equimolar amounts
of N16:0 (1.02- and 1.30-fold for 1.5 and 30.0 nmol SM in
200 

 

�

 

l of chloroform, respectively). This zigzag odd-even
effect was consistent for all four concentrations tested
(1.5, 4.0, 10.0, and 30.0 nmol in 200 

 

�

 

l of chloroform)
(Fig. 1C). Odd-even effects for various physical properties
have been reported (24, 25), and we believe that the mark-
edly higher signal of N17:0 SM was caused by the difference
in polarizability, leading to a different efficiency in ioniza-
tion (24, 25).

Although both Koivusalo et al. (21) and DeLong et al.
(23) have shown that increasing dilutions could reduce
the complications caused by the differential effects of acyl
chain length, unsaturation, and lipid concentration on in-
strument responses, we were limited by the heterogeneity
of our biological samples containing more than 40 PC
species we have characterized in small quantities. The op-

 

TABLE 3. Correction of ion abundance with respect to the C19:0/19:0 PC standard for the most common PC species

 

Chains Species Correction (Plasma HDL) Correction (HDL from Fibroblasts)

 

C32:0 C16:0/C16:0 I

 

relative

 

 

 




 

 (1/1.51) I

 

relative

 

 

 




 

 (1/1.41)
C34:2 C16:0/C18:2 I

 

relative

 

 

 




 

 (1/1.34) 

 




 

 (1/1.15) I

 

relative

 

 

 




 

 (1/1.27) 

 




 

 (1/1.07)
C34:1 C16:0/C18:1 I

 

relative

 

 

 




 

 (1/1.34) 

 




 

 (1/1.07) I

 

relative

 

 

 




 

 (1/1.27) 

 




 

 (1/1.04)
C36:4 C16:0/C20:4 and C18:2/C18:2 I

 

relative

 

 

 




 

 (1/1.17) 

 




 

 (1/1.30) I

 

relative

 

 

 




 

 (1/1.14) 

 




 

 (1/1.14)
C36:3 C18:1/C18:2 and C16:0/C20:3 I

 

relative

 

 

 




 

 (1/1.17) 

 




 

 (1/1.22) I

 

relative

 

 

 




 

 (1/1.14) 

 




 

 (1/1.11)
C36:2 C18:0/C18:2 and C18:1/C18:1 and C16:0/C20:2 I

 

relative

 

 

 




 

 (1/1.17) 

 




 

 (1/1.15) I

 

relative

 

 

 




 

 (1/1.14) 

 




 

 (1/1.07)
C36:1 C18:0/C18:1 I

 

relative

 

 

 




 

 (1/1.17) 

 




 

 (1/1.07) I

 

relative

 

 

 




 

 (1/1.14) 

 




 

 (1/1.04)

I

 

relative

 

 represents the apparent ion abundance of the analyte assessed by relating the ratio of the peak height of the analyte to that of the corre-
sponding internal standards of known concentration. The calculation for true ion abundance is based on the correction factors that were extrapo-
lated from the calibration curves in Fig. 1A, B and summarized in Tables 1, 2.
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Fig. 2. A: Structures of SM and PC. Both SM and PC are choline-containing phospholipids that could be eas-
ily discriminated from other kinds of phospholipids because of their characteristic phosphocholine head
group with m/z 184. The backbone of SM is formed by a long-chain amino alcohol, sphingosine, with a fatty
acyl chain acylated at carbon 2 of the sphingosine moiety via an N-acyl ester linkage (ceramide). It has one ni-
trogen atom. In contrast, PC has no nitrogen in the backbone because it is formed by phosphatidic acid or 1,2-
diacylglycerol with two fatty chains acylated via O-acyl ester linkages. B: Fragmentation mechanisms of PC in
positive and negative ion modes. In positive ion mode, collision-induced decomposition (CID) of the positive
protonated PC molecular ions ([M�H]�) yields via a complex mechanism the expected phosphocholine ion
at m/z 184. In negative ion mode, negatively charged PC acetate adduct ions [M�CH3COO]� are dissociated
into carboxylate anions via charge transfer, nucleophilic attack of the phosphate oxygen on the glycerol sn-1
and sn-2 carbons, and neutral loss of either a five- or six-membered ring of cyclolysophospholipid.
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timal amounts of PC and SM standards (C19:0/C19:0 PC
and N17:0 SM) we used were comparable with the amounts
of the most dominant PC and SM species in the samples.
As shown in Fig. 1A–C, we were not able to eliminate the
effects of acyl chain length and degree of unsaturation on
ion intensity under our experimental conditions, even when
the concentrations were less than 1–2 nmol/ml. However,
because their effects on the instrument responses were
linear, we reasoned that we could adequately correct the
quantitation by the factors extrapolated from the calibra-
tion curves (Tables 1–3). Although we could further dilute
the samples and the standards until the effects of chain
length and unsaturation diminished, as suggested by Koi-
vusalo et al. (21), without affecting the analysis of the
dominant PC species, the study of the other PC species as
well as all SM species existing in much smaller quantities
(up to 

 

�

 

50-fold) would have been jeopardized by the de-
creased signal-to-noise ratio (a minimum of 3 was used in
our study). Under our experimental conditions using the
Micromass Quattro II triple quadrupole mass spectrome-
ter, we determined that 42-fold dilution of the plasma
samples and 14-fold dilution of the cellular samples en-
abled us to obtain the best resolution and sensitivity for
PC and SM characterization and quantitation.

We also verified the effects of concentration on instru-
ment responses, using 4.0, 25.0, 50.0, and 200.0 nmol of
C19:0/C19:0 PC in 200 

 

�

 

l of chloroform (diluted 42-fold
before injection; data not shown) and 5.0, 15.0, and 30.0
nmol of N17:0 SM in 200 

 

�

 

l of chloroform (diluted 42-
fold before injection; data not shown). We have demon-
strated that the PC and SM standards gave a dose-depen-
dent linear response within the working concentration
ranges we used in the phospholipid quantitation, thereby
validating the linearity of our method.

 

Determination of SM and PC species based on their 
specific fragmentation mechanisms

 

The structures of PC and SM are shown in 

 

Fig. 2A

 

. The
main fragmentation pathway for these two choline-con-
taining phospholipids in a triple quadrupole instrument
has been described (26–28). In positive ion mode, CID of
the protonated PC and SM molecular ions ([M

 

�

 

H]

 

�

 

)
gave the phosphocholine ion at 

 

m/z

 

 184 derived from
their phosphocholine head group. In addition, we used
negative ion mode to characterize the acyl chains in PC
species. The fragmentation pathway for PCs in negative
ion mode has been proposed to occur via charge transfer,
nucleophilic attack of the phosphate oxygen on the glyc-

Fig. 3. Product ion spectra for acyl anions of nine major PC species in plasma HDL: linoleoyl-palmitoyl (C18:2/C16:0) PC at m/z 816 (A);
oleoyl-palmitoyl (C18:1/C16:0) PC at m/z 818 (B); arachidonoyl-palmitoyl (C20:4/C16:0) and di-linoleoyl (C18:2/C18:2) PC at m/z 840 (C);
linoleoyl-oleoyl (C18:2/C18:1) and eicosatrienoyl-palmitoyl (C20:3/C16:0) PC at m/z 842 (D); and linoleoyl-stearoyl (C18:2/C18:0) PC, di-
oleoyl (C18:1/C18:1) PC, and eicosadienoyl-palmitoyl (C20:2/C16:0) PC at m/z 844 (E). The carboxylate ions were obtained in the negative
ion mode (scan range 190–370 Da) by electrospray ionization-tandem mass spectrometry (ESI-MS/MS) as described in Materials and Methods.
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erol 

 

sn

 

-1 and 

 

sn

 

-2 carbons, and formation of carboxylate
anions with neutral loss of either a five- or six-membered
ring of cyclolysophospholipid (26, 29) (Fig. 2B). Some prod-
uct ions gave evidence of several chain types, as shown in

 

Fig. 3

 

, which shows the product ion spectra of nine major
PC species. A set of ESI-MS/MS scans for plasma HDLs
and nascent HDLs from cells is available as supplementary
data. During our PC characterization, we observed only
very minor differences in chain composition and relative
peak intensities between samples, as exemplified in the
negative ion ESI-MS/MS of plasma HDL samples at 

 

m/z

 

842 in 

 

Fig. 4

 

, even if the relative abundance of equivalent
ions in the positive mode was different (

 

Tables 4

 

, 

 

5

 

).
Therefore, we conclude that there was no significant dif-
ference between controls and patients for PC speciation.

It has been shown that no useful fragmentation can be
obtained on SM compounds by negative ion ESI (18, 27).
Although some authors have suggested the possibility of
trace amounts of long-chain base groups other than d18:1
in SM (30), we have assumed for Tables 4, 5 that it was
d18:1 and then determined the nature of the acyl chain
from the pseudomolecular ion mass. Because of the possi-
bilities of SM pseudomolecular ions hidden in the over-
lapping PC peak clusters, which could be discriminated
only by isotopic correction in the direct infusion method,
SM speciation was further confirmed by ESI-MS coupled
online with HPLC, which allowed chromatographic sepa-
ration of SM and PC before mass spectrometry. 

 

Figure
5

 

 shows the HPLC-MS run of a plasma HDL sample and
the major PC and SM species eluted at specific retention
times. 

 

Figure 6

 

 is an expansion of Fig. 5B, illustrating all
SM species that we have identified.

 

Increased levels of SM in HDL extracted from
NPD-B plasma

 

Although the HDL lipid content may vary slightly as a
result of factors such as age, sex, race, diet, hormonal bal-
ance, physical exercise, etc. (31), we believe that it would
be significantly affected in a diseased state, such as NPD-B,
which is a sphingolipid disorder characterized by the ac-
cumulation of SM in many organs and cells (1, 2).

SM and PC molecular species in plasma HDL were
identified as described in Materials and Methods and
listed in Table 4 and 

 

Fig. 7

 

. In total, we have characterized
13 SM species and 43 PC (acyl and ether) species: all SMs
were almost exclusively saturated and monounsaturated
with a relevant amount of long-chain fatty acid-containing
species, most importantly N24:1 and N24:2 SM. The short-
est SM species identified was 14 carbons long, but its con-
centration in the samples was very low. The most abun-
dant ion was at 

 

m/z

 

 703.7 (corresponding to N16:0 SM),
which accounts for 

 

�

 

25–30% of total SM molecular spe-
cies in control plasma HDL samples and more than 40%
in NPD-B samples. Because the amount of PC was more
than 9-fold greater than that of SM in plasma HDL ana-
lytes, PC ions, especially those of the dominant species,
were easily identified. These were PCs with 34 and 36
carbons, including linoleoyl-palmitoyl (18:2/16:0) PC,
linoleoyl-stearoyl (18:2/18:0) PC, di-oleoyl (18:1/18:1)
PC, eicosadienoyl-palmitoyl (20:2/16:0) PC, arachidonoyl-
palmitoyl (20:4/16:0) PC, di-linoleoyl (18:2/18:2) PC, ole-
oyl-palmitoyl (18:1/16:0) PC, linoleoyl-oleoyl (18:2/18:1)
PC, and eicosatrienoyl-palmitoyl (20:3/16:0) PC. The mi-
nor species included PCs with asymmetric fatty acids of 14
to 24 carbons long with up to six double bonds. All SM

Fig. 4. Comparison of product ions from ESI-MS/MS scans at m/z 842 of plasma HDL samples from three different subjects.
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and PC species described here and their relative abun-
dances were consistent with what had been reported for
other kinds of biological samples, such as blood, red
blood cells, and liver homogenates (18, 32–34). We did
not acquire product ion spectra for acyl anions of a few
minor PCs because their intensities were too low. Al-
though the interpretation of components of diacyl PC
species as [M

 

�

 

CH

 

3

 

OO]

 

�

 

 was definitive in negative ion
ESI-MS/MS, we were not able to differentiate between
some odd carbon-numbered acyl PCs and ether PCs, in
which an alkyl chain is linked to the glycerol backbone via

an ether rather than an ester bond. For instance, both 15:0/
18:2 diacyl PC and 18:2/16:0 1-

 

O

 

-alkenyl-2-acyl PC produce
a pseudomolecular ion at 

 

m/z

 

 802 (35). These PCs are
listed in the supplementary data and were not taken into
account for the PC quantitation. The ether subclass con-
tent of PC is known to be relatively low in most tissues, es-
pecially in liver, from which HDL particles originate (36,
37). SM and PC species comprising fatty acid moieties
with an odd number of carbon atoms are also rare in na-
ture and occur only when the fatty acid synthase uses pro-
pionyl-CoA instead of acetyl-CoA in fatty acid biosynthesis

 

TABLE 4. Characterization and relative quantitation of SM and PC in total HDLs isolated from plasma

 

m/z

 

a

 

Species Control 1 Control 2 Control 3 Control 4 Subject 303 Subject 301

 

SM
675 N14:0 1.87 

 

	

 

 0.03 2.00 

 

	

 

 0.05 1.91 

 

	

 

 0.03 2.17 

 

	

 

 0.14 4.68 

 

	

 

 0.24 2.61 

 

	

 

 0.37
689 N15:0 2.17 

 

	

 

 0.16 2.08 

 

	

 

 0.15 1.36 

 

	

 

 0.01 1.74 

 

	

 

 0.10 4.13 

 

	

 

 0.18 2.55 

 

	

 

 0.31
701 N16:1 4.24 

 

	

 

 0.16 3.90 

 

	

 

 0.35 3.82 

 

	

 

 0.06 5.12 

 

	

 

 0.25 5.07 

 

	

 

 0.41 4.69 

 

	

 

 0.44
703 N16:0 23.66 

 

	 0.48 25.68 	 0.71 25.85 	 0.34 24.82 	 0.31 52.17 	 4.92 45.41 	 3.59
729 N18:1 2.93 	 0.20 2.35 	 0.17 2.69 	 0.20 4.16 	 0.08 4.03 	 0.23 3.86 	 0.49
731 N18:0 3.51 	 0.27 3.09 	 0.16 3.94 	 0.20 4.81 	 0.15 5.36 	 0.51 6.24 	 0.64
759 N20:0 3.71 	 0.21 4.23 	 0.97 4.01 	 0.12 4.52 	 0.19 4.88 	 0.90 7.31 	 0.19
773 N21:0 3.52 	 0.58 3.61 	 0.53 3.82 	 0.54 4.37 	 0.52 7.66 	 0.86 4.98 	 0.93
785 N22:1 7.24 	 0.75 6.22 	 0.40 6.89 	 0.90 10.11 	 1.43 3.02 	 1.25 5.21 	 0.97
787 N22:0 6.22 	 1.56 5.92 	 0.25 6.58 	 1.11 6.57 	 1.04 4.13 	 0.51 5.17 	 2.04
799 N23:1 5.39 	 1.44 6.11 	 2.04 3.64 	 0.51 4.85 	 0.50 6.63 	 1.08 4.44 	 1.03
811 N24:2 10.00 	 1.47 6.57 	 1.17 8.41 	 1.33 9.47 	 1.03 5.35 	 0.99 7.40 	 1.85
813 N24:1 17.25 	 2.35 13.46 	 2.06 13.96 	 1.76 14.74 	 2.15 12.62 	 1.52 15.76 	 2.47

Sum 91.72 	 9.09 85.44 	 7.07 86.88 	 8.66 97.45 	 6.30 118.10 	 9.53 113.19 	 14.83
PC

730 C14:0/C18:2 1.47 	 0.12 0.89 	 0.13 0.88 	 0.03 1.34 	 0.05 3.86 	 0.38 1.49 	 0.19
732 C16:0/C16:1b and

C14:0/C18:1
6.73 	 0.53 2.18 	 0.29 2.65 	 0.21 3.35 	 0.26 17.23 	 0.41 9.69 	 1.91

734 C16:0/C16:0 3.83 	 0.18 3.31 	 0.12 3.36 	 0.27 2.35 	 0.26 15.19 	 0.97 9.15 	 0.54
756 C16:1/C18:2b and

C16:0/C18:3
6.18 	 0.42 4.02 	 0.38 4.80 	 0.28 8.47 	 0.21 18.53 	 0.33 9.27 	 1.38

758 C16:0/C18:2 189.14 	 7.98 201.52 	 12.43 208.09 	 12.89 196.89 	 13.58 525.50 	 17.70 285.56 	 37.97
760 C16:0/C18:1 106.98 	 6.46 79.28 	 6.29 64.08 	 4.69 86.51 	 5.85 198.93 	 7.66 173.55 	 12.66
780 C16:0/C20:5b and

C16:1/C20:4 and
C18:2/C18:3

14.99 	 1.04 10.10 	 0.92 6.95 	 0.86 11.02 	 0.47 19.29 	 2.40 14.85 	 2.11

782 C16:0/C20:4b and
C18:2/C18:2

109.99 	 6.92 105.41 	 7.03 61.86 	 5.24 81.11 	 5.78 144.80 	 6.91 142.04 	 11.45

784 C18:1/C18:2b,c and
C16:0/C20:3b,c

73.70 	 4.49 69.00 	 4.51 53.18 	 4.33 91.96 	 7.20 182.02 	 6.90 121.35 	 21.02

786 C18:0/C18:2b and
C18:1/C18:1 and
C16:0/C20:2

106.18 	 5.47 119.02 	 9.29 117.97 	 8.84 119.75 	 9.71 303.39 	 12.82 224.95 	 37.43

788 C18:0/C18:1 18.31 	 1.81 14.87 	 1.97 11.88 	 0.90 16.29 	 0.63 37.56 	 1.69 37.37 	 4.35
806 C16:0/C22:6b and

C18:2/C20:4 and
C18:0/C20:6

57.67 	 3.87 38.05 	 2.80 40.21 	 3.48 50.39 	 3.37 25.88 	 1.10 63.99 	 5.87

808 C16:0/C22:5b,c and
C18:1/C20:4b,c and
C18:2/C20:3 and
C18:0/C20:5

41.59 	 2.90 33.18 	 2.17 19.35 	 1.97 35.85 	 2.85 47.72 	 3.47 55.69 	 8.83

810 C18:0/C20:4b and
C18:1/C20:3 and
C16:0/C22:4

64.32 	 3.79 68.89 	 4.21 38.48 	 3.03 50.71 	 3.74 84.37 	 4.32 119.30 	 16.81

812 C18:0/C20:3 21.58 	 1.53 20.94 	 1.60 9.76 	 0.64 20.07 	 1.43 34.51 	 2.35 37.53 	 3.63
832 C18:1/C22:6 5.00 	 0.51 3.90 	 0.42 3.29 	 0.29 5.86 	 0.14 4.26 	 0.31 8.09 	 1.42
834 C18:0/C22:6 19.46 	 1.59 11.53 	 0.52 12.30 	 1.14 14.83 	 0.39 9.39 	 0.63 28.84 	 2.63
836 C18:0/C22:5 7.31 	 0.69 5.44 	 0.20 2.99 	 0.24 4.18 	 0.27 8.51 	 0.72 9.12 	 1.73

Sum 854.43 	 47.71 791.55 	 48.72 662.08 	 48.98 800.94 	 54.40 1680.93 	 63.59 1351.82 	 145.38
SM/PC ratio 0.11 	 0.01 0.11 	 0.01 0.13 	 0.01 0.12 	 0.01 0.07 	 0.01 0.08 	 0.01

SM, sphingomyelin.
a Nominal figures.
b This species is the major one.
c Both species are equally important.
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(38). However, fatty acids with an odd number of carbons
(mainly 15 and 17) have been reported, and they appar-
ently correlate with dairy product intake (39).

For quantitative analysis with internal standard addition,
we used known amounts of nonnatural phospholipids as
internal standards (200.0 nmol C19:0/C19:0 PC and 30.0
nmol N17:0 SM, both of which were shown to be absent in
the samples at the beginning of the study), which were co-
extracted with the plasma HDL samples. The abundance
of PC and SM was then assessed by relating the ratio of the
peak height of the plasma analyte to that of the corre-
sponding internal standards. Absolute quantitation (with
correction of the chain length and degree of unsaturation

effects on the ion intensities) was performed only for the
major SM and PC species (Table 6). For all other minor
species, we sought only their relative levels in the samples
and studied the differences in their magnitudes between
control and NPD-B samples in a comparative analysis (Ta-
ble 4). We demonstrated that plasma HDL from NPD-B
was significantly enriched in SM by an average of 28%.
The increase was particularly significant if we considered
only the major SM species N16:0 SM (67.82 	 6.40 pmol/mg
apoA-I in subject 303 and 59.03 	 4.67 pmol/mg apoA-I
in subject 301 vs. an average of �33 pmol/mg apoA-I in
controls, for an increase of 95%). Interestingly, we also ob-
served an increase in total PC levels (95%) compared with

TABLE 5. Characterization and relative quantitation of SM and PC in nascent HDLs generated from fibroblasts

m/za Species Control 1 Control 2 Control 3 Control 4 Subject 303 Subject 301

SM
675 N14:0 0.85 	 0.10 0.83 	 0.09 1.25 	 0.06 1.25 	 0.10 2.31 	 0.27 1.67 	 0.32
689 N15:0 0.78 	 0.21 0.90 	 0.23 1.28 	 0.14 1.75 	 0.17 2.85 	 0.73 1.98 	 0.74
701 N16:1 1.00 	 0.14 1.09 	 0.08 1.17 	 0.02 1.46 	 0.20 2.20 	 0.34 1.54 	 0.25
703 N16:0 6.84 	 0.40 6.28 	 0.46 8.98 	 0.46 6.65 	 0.50 11.70 	 0.34 10.24 	 0.96
715 N17:1 n.d. n.d. n.d. 0.50 	 0.03 0.72 	 0.12 0.62 	 0.11
729 N18:1 0.35 	 0.03 0.46 	 0.06 0.52 	 0.07 0.59 	 0.05 1.02 	 0.11 1.05 	 0.41
731 N18:0 0.11 	 0.03 0.12 	 0.04 0.27 	 0.02 0.20 	 0.09 0.29 	 0.11 0.29 	 0.10
773 N21:0 0.46 	 0.04 0.62 	 0.06 0.62 	 0.04 0.84 	 0.12 1.09 	 0.14 1.19 	 0.18
799 N23:1 0.66 	 0.10 0.82 	 0.13 0.96 	 0.18 1.52 	 0.12 2.06 	 0.47 1.79 	 0.32
811 N24:2 0.75 	 0.12 0.79 	 0.14 0.99 	 0.26 0.52 	 0.31 0.39 	 0.33 0.63 	 0.31
813 N24:1 1.23 	 0.06 1.09 	 0.18 1.74 	 0.09 1.04 	 0.22 1.67 	 0.03 1.84 	 0.27

Sum 13.03 	 0.76 13.00 	 0.91 17.78 	 0.15 16.32 	 1.63 26.31 	 1.40 22.84 	 2.52
PC

730 C14:0/C18:2 0.57 	 0.07 0.79 	 0.05 0.69 	 0.02 0.93 	 0.09 0.97 	 0.17 0.71 	 0.13
732 C16:0/C16:1b and

C14:0/C18:1
5.40 	 0.76 8.15 	 0.13 7.57 	 0.25 7.35 	 0.62 7.95 	 0.85 5.71 	 0.75

734 C16:0/C16:0 30.25 	 4.14 35.64 	 1.95 66.03 	 3.78 36.46 	 3.63 31.65 	 2.76 34.14 	 1.89
756 C16:1/C18:2b and

C16:0/C18:3
0.54 	 0.07 0.76 	 0.06 0.69 	 0.10 0.99 	 0.14 0.93 	 0.20 0.80 	 0.09

758 C16:0/C18:2b and
C16:1/C18:1

6.74 	 0.91 9.73 	 0.23 8.32 	 0.25 10.65 	 0.99 9.78 	 1.23 8.10 	 1.01

760 C16:0/C18:1 18.91 	 2.48 27.07 	 1.08 26.38 	 0.91 25.55 	 3.13 23.48 	 2.17 18.99 	 2.21
778 C16:0/C20:5b and

C16:1/C20:4 and
C18:2/C18:3

1.37 	 0.16 1.69 	 0.06 1.87 	 0.85 3.78 	 0.72 1.93 	 0.20 1.93 	 0.59

782 C16:0/C20:4b and
C18:2/C18:2

3.10 	 0.39 4.44 	 0.18 3.89 	 0.31 5.79 	 0.69 4.46 	 0.63 3.15 	 0.43

784 C18:1/C18:2b,c and
C16:0/C20:3b,c

2.39 	 0.28 3.20 	 0.18 2.69 	 0.08 4.52 	 0.30 3.85 	 0.52 3.16 	 0.32

786 C18:0/C18:2b,c and
C18:1/C18:1b,c 

6.98 	 0.95 10.04 	 0.05 8.55 	 0.27 11.12 	 1.09 10.22 	 1.14 8.52 	 1.22

788 C18:0/C18:1 6.06 	 0.78 9.02 	 0.38 7.45 	 0.30 8.92 	 1.07 8.10 	 1.00 6.11 	 0.67
806 C16:0/C22:6b and

C18:2/C20:4 and
C18:0/C20:6

0.42 	 0.05 0.64 	 0.04 0.51 	 0.10 0.89 	 0.10 0.67 	 0.13 0.57 	 0.07

808 C16:0/C22:5b,c and
C18:1/C20:4b,c and
C18:2/C20:3 and
C18:0/C20:5

1.15 	 0.09 1.70 	 0.04 1.49 	 0.13 2.15 	 0.13 2.06 	 0.26 1.48 	 0.24

810 C18:0/C20:4b and
C18:1/C20:3 and
C16:0/C22:4

4.10 	 0.39 5.26 	 0.05 5.54 	 0.19 7.77 	 0.91 6.08 	 0.61 4.40 	 0.62

812 C18:0/C20:3 1.22 	 0.14 1.22 	 0.12 1.24 	 0.10 2.03 	 0.27 1.57 	 0.23 1.15 	 0.16
832 C18:1/C22:6 0.48 	 0.13 0.64 	 0.09 0.57 	 0.06 1.37 	 0.09 0.52 	 0.09 0.52 	 0.05
834 C18:0/C22:6 0.35 	 0.04 0.55 	 0.05 0.47 	 0.15 0.72 	 0.07 0.63 	 0.15 0.58 	 0.09
836 C18:0/C22:5 0.56 	 0.04 0.81 	 0.05 0.75 	 0.09 0.94 	 0.05 0.85 	 0.18 0.71 	 0.10

Sum 90.61 	 11.45 121.35 	 2.66 144.70 	 5.71 131.94 	 13.74 115.71 	 12.16 100.73 	 8.87
SM/PC ratio 0.15 	 0.02 0.11 	 0.01 0.13 	 0.01 0.12 	 0.02 0.23 	 0.02 0.23 	 0.01

n.d., not detectable.
a Nominal figures.
b This species is the major one.
c Both species are equally important.
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that of palmitoyl SM in plasma HDL extracted from NPD-B
with respect to normal subjects. This increase was spread
evenly across all of the PC species present. The sum of the
nine dominant PC species was calculated as 928.95 	
35.73 pmol/mg apoA-I in subject 303 and 651.96 	 83.57
pmol/mg apoA-I in subject 301 versus an average of �383
pmol/mg apoA-I in controls. Accordingly, the SM-to-PC
ratio in plasma HDL samples from diseased subjects was not
increased but slightly decreased (SM/PC ranging from 0.07
to 0.13). The nearly constant SM-to-PC ratios were also ob-
served when using the HPLC/MS system on the same
samples (data not shown). The values obtained here were
within the biological range reported in various studies us-
ing mass spectrometry (33, 34).

Increased levels of SM in nascent HDLs generated from 
NPD-B fibroblasts

Similar to the plasma HDL samples, HDL samples na-
scently generated in tissue culture were subjected to quali-
tative and quantitative analysis, using 4.0 nmol of PC C19:
0/C19:0 and 1.5 nmol of SM N17:0 internal standards (Ta-
ble 5, Table 7, Fig. 8). There was a considerable difference
in terms of the quantity of lipids between the total HDLs
purified from plasma and the nascent HDLs generated from

fibroblast cells: the SM and PC content was more than 10-
fold higher in the plasma HDL fractions than in the na-
scent HDLs. In addition, even though similar SM and PC
species were identified, their relative abundances were
significantly different. For instance, in HDL samples gen-
erated in vitro, SM with shorter chain length (SM N14:0)
became as prevalent as SM N24:1 and N24:2. Also, di-pal-
mitoyl (16:0/16:0) PC became the most abundant PC spe-
cies (27–46% of total PC content), followed by oleoyl-pal-
mitoyl (18:1/16:0) PC, linoleoyl-stearoyl (18:2/18:0) PC,
di-oleoyl (18:1/18:1) PC, linoleoyl-palmitoyl (18:2/16:0)
PC, oleoyl-palmitoleoyl (18:1/16:1) PC, and oleoyl-stearoyl
(18:1/18:0) PC. However, we observed an equivalent in-
crease in total SM level (average of �63%) when the HDL
was generated from NPD-B fibroblasts. The major SM con-
stituent, SM N16:0, was calculated to be 11.93 	 0.35 pmol/
mg apoA-I/mg cell protein in subject 303 and 10.44 	
0.98 pmol/mg apoA-I/mg cell protein in subject 301 ver-
sus an average of �7.3 pmol/mg apoA-I/mg cell protein
in controls. Interestingly, although there was a concomi-
tant increase in total PC level in plasma HDL extracted
from NPD-B subjects, the PC level in nascent HDLs gener-
ated from NPD-B cells was comparable to that of controls
(ranging from �50–85 pmol/mg apoA-I/mg cell protein;
the average of the two patients had a two-tail P 
 0.10).

TABLE 6. Absolute quantitation of major SM and PC constituents in total HDLs isolated from plasma

Species Control 1 Control 2 Control 3 Control 4 Subject 303 Subject 301

SM (pmol/mg apoA-I)
N16:0 30.76 	 0.62 33.38 	 0.92 33.61 	 0.44 32.27 	 0.40 67.82 	 6.40a 59.03 	 4.67b

PC (pmol/mg apoA-I)
C16:0/C18:2 122.74 	 5.18 130.77 	 8.07 135.04 	 8.36 127.77 	 8.81 341.01 	 11.49 185.31 	 24.64
C16:0/C18:1 74.61 	 4.51 55.29 	 4.39 44.69 	 3.27 60.34 	 4.08 138.74 	 5.34 121.04 	 8.83
C16:0/C20:4 and C18:2/C18:2 72.31 	 4.55 69.30 	 4.62 40.67 	 3.45 53.33 	 3.80 95.20 	 4.54 93.39 	 7.53
C18:1/C18:2 and C16:0/C20:3 51.63 	 3.15 48.34 	 3.16 37.26 	 3.03 64.42 	 5.04 127.52 	 4.83 85.03 	 14.75
C18:0/C18:2 and C18:1/C18:1

and C16:0/C20:2 78.91 	 4.07 88.46 	 6.90 87.68 	 6.57 89.00 	 7.22 225.48 	 9.53 167.19 	 27.82
Sum 400.20 	 21.46 392.16 	 27.14 345.34 	 24.68 394.86 	 28.95 928.95 	 35.73c 651.96 	 83.57d

apoA-I, apolipoprotein A-I. The absolute quantities of SM and PC were calculated from the ion intensities obtained in electrospray ionization-
mass spectrometry corrected with the chain length and degree of saturation effects estimated in Table 3 as described in Materials and Methods.
Each value represents the mean 	 SD of three preparations.

a P � 0.01 compared with the average of control samples.
b P � 0.01 compared with the average of control samples.
c P � 0.001 compared with the average of control samples.
d P � 0.015 compared with the average of control samples.

TABLE 7. Absolute quantitation of SM and PC constituents in nascent HDLs generated from fibroblasts

Species Control 1 Control 2 Control 3 Control 4 Subject 303 Subject 301

SM (pmol/mg apoA-I/mg cell proteins)
N16:0 6.98 	 0.41 6.41 	 0.47 9.16 	 0.47 6.78 	 0.51 11.93 	 0.35a 10.44 	 0.98b

PC (pmol/mg apoA-I/mg cell proteins)
C16:0/C16:0 21.45 	 2.94 25.28 	 1.38 46.83 	 2.68 25.86 	 2.57 22.45 	 1.96 24.21 	 1.34
C16:0/C18:2 and C16:1/C18:1 4.96 	 0.67 7.16 	 0.17 6.12 	 0.18 7.84 	 0.73 7.20 	 0.91 5.96 	.0.74
C16:0/C18:1 14.32 	 1.88 20.05 	 0.82 19.97 	 0.69 19.34 	 2.37 17.78 	 1.64 14.38 	 1.67
C18:0/C18:2 and C18:1/C18:1 5.72 	 0.78 8.23 	 0.04 7.01 	 0.22 9.12 	 0.89 8.38 	 0.93 6.98 	 1.00
C18:0/C18:1 5.11 	 0.66 7.61 	 0.32 6.28 	 0.25 7.52 	 0.90 6.83 	 0.84 5.15 	 0.57
Sum 51.56 	 6.93 68.33 	 2.73 86.21 	 4.02 69.68 	 7.46 62.64 	 6.28c 56.68 	 5.32d

The absolute quantities of SM and PC were calculated from the ion intensities corrected with the chain length and degree of saturation effects
estimated in Table 3 as described in Materials and Methods. Each value represents the mean 	 SD of three preparations.

a P � 0.001 compared with the average of control samples.
b P � 0.01 compared with the average of control samples.
c P 
 0.01 compared with the average of control samples.
d P � 0.001 compared with the average of control samples.
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Fig. 5. SM and PC analyses by HPLC-MS. A: HPLC run of plasma HDL from control 1 using the parent ion mode at m/z 184. Only the PC
and SM species appeared in the spectrum, as a result of their common phosphocholine head group. B: Major PC and SM species eluted
from retention times 9:25 to 10:50 and 10:55 to 12:50, respectively.
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Therefore, these patients’ HDLs have a significant increase
in SM-to-PC ratio (0.23 vs. an average of 0.13 in controls,
for an 80% increase). Furthermore, this SM-to-PC ratio
was more than 2.5-fold higher in nascent HDLs generated
by our system than in the total plasma HDLs. We note that
the total HDL fraction from human plasma was heteroge-
neous and was composed of different types of HDL parti-
cles, whose lipid composition is dependent on the stage in
their maturation process (40). Overall, our quantitation
method has been validated by calibration curves prepared
by mixing N17:0 SM and C19:0/C19:0 PC standards in
working ranges with varying amounts of analyte. The cali-
bration curves were constructed by determining the ratio
of the peak heights of the analytes to that of the corre-
sponding internal standards (data not shown). Also, by
comparison of two sets of triplicate experiments using the
addition of the standard either before or after extraction,
we determined that our extraction method had a relatively
high yield (greater than 85%) and that the variations be-
tween each extraction were less than 3% (data not shown).

DISCUSSION

Mass spectrometry is a very powerful tool for analyzing
intact phospholipid molecular species without the need
for derivatization, with decreased risk of artifacts and in-
creased reproducibility and sensitivity. Because of the pos-
itively charged quaternary ammonium of the choline head
group, PC and SM were readily detected in positive ion
mode with femtomole to picomole sensitivity. CID of cat-

ions of both SM and PC yielded a characteristic fragment
of the phosphorylcholine moiety at m/z 184, enabling their
profiling in unprocessed lipid extracts by precursor ion
scanning. Also, PC and SM were readily discriminated by
the nitrogen rule (41), because monoprotonated molecu-
lar ions of PC have even nominal masses, whereas ions of
SM exhibit odd nominal masses. This is attributable to the
presence of an additional nitrogen in SM. Our SM and PC
species characterization was supported by a collaborative
study performed separately by ESI-MS coupled online
with HPLC, which allowed chromatographic separation of
SM and PC before MS analysis and prevented the confusion
caused by ions hidden in the overlapping peak clusters.

With ESI-MS/MS, we were able to measure qualitatively
and quantitatively for the first time the SM and PC pro-
files of HDL particles, which is usually expressed as total
mole percentage of total lipids only (42). The reason for
this probably is that lipid characterization and quantita-
tion in these complex samples have been relatively com-
plicated and time-consuming. Despite the ability to char-
acterize the acyl chains of each species in this study, the sn
positions of the individual acyl residues and the double bond
positions were not determined by our current method
(43). The relative quantitation of the SM and PC analytes
was performed by internal standard addition using a known
quantity of the nonnatural standards N17:0 SM and C19:0/
C19:0 PC. The true molar abundances of the major SM
and PC species were then estimated by correcting the effects
of chain length and degree of unsaturation. Although at-
tention has been paid to the effects of concentration on
ion intensities (calibration curves were constructed with

Fig. 6. An expansion of Figure 5B from m/z 665 to m/z 825 where SM species were annotated.
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standards of two different concentrations, 200.0 and 4.0 nmol
of PC), it should be noted that our calculation was done
with the assumption that the effects of concentration within
each sample (at least for the major SM and PC species with

respect to the N17:0 SM and C19:0/C19:0 PC standards)
were negligible. We found that the SM content in HDLs
from NPD-B was higher than normal by at least 28%, which
could be attributed to their deficiency of SMase activity.

Fig. 7. ESI-MS scan of HDL isolated from plasma and its corresponding parent ion spectrum at m/z 184 (scan range of 650–950 Da) in the
positive ion mode. Extracted lipids were diluted 42-fold in chloroform-methanol (1:2) containing 25 mM ammonium acetate. The m/z 717
and 818 peaks represent N17:0 SM and C19:0 PC (30.0 and 200.0 nmol in 200 �l of chloroform, respectively) standards added to the HDL
samples before lipid extraction.
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The finding that the HDLs extracted from plasma and
generated in vitro from tissue culture of NPD-B subjects
was enriched in SM compared with controls is significant
because of the condensing capacity of SM. It has been pro-

posed that the presence of SM modulates amphiphilic pep-
tide and protein interaction with the membrane interface
(44). Therefore, its level in lipoproteins could highly af-
fect their conformation and functions. MS could be useful

Fig. 8. ESI-MS scan of HDL generated from fibroblasts and its corresponding parent ion spectrum at m/z 184. The experimental condi-
tions of ESI-MS analysis were the same as those for plasma HDL samples. Extracted lipids were diluted 14-fold in chloroform-methanol (1:2)
containing 25 mM ammonium acetate. The m/z 717 and 818 peaks represent N17:0 SM and C19:0 PC (1.5 and 4.0 nmol in 200 �l of chloro-
form, respectively) standards added to the HDL samples before lipid extraction.
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in the diagnosis of NPD-B as well as other lipid abnormali-
ties. Most importantly, the comprehensive characteriza-
tion and quantitation of lipid in HDLs by MS will be im-
portant for the better understanding of artherosclerosis
(45) and will have significant impact on lipid research.

This research was supported by the Canadian Institute of Health
Research (Grants MOP 15042, MOP 62834, and MT-6712). The
authors express their thanks to Shiona Dempster for excellent
technical assistance.
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