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ether-linked PC exists mostly as plasmanylcholine (1-O- 
alkyl-2-acyl- sn -glycero-3-phosphocholine), with the exception 
of myocardia, whereas PE exists as plasmenylethanolamine. 
(1-O-alk-1’-enyl-2-acyl- sn -glycero-3-phosphoethanolamine). 
Vinyl-ether bearing phospholipids are also known as plas-
malogens. In plasmalogens, the  sn-2  position is usually oc-
cupied by PUFAs. Typically, the  sn-1  positions in plasmanyl 
and plasmenyl lipids are occupied by either 16 or 18 car-
bon ether or vinyl ether moieties. Plasmalogen phospho-
lipids affect membrane fl uidity and fusion and the ether 
lipids alterations are associated with several cellular dys-
functions and diseases such as Alzheimer’s, Down syn-
drome, and cerebro-hepato-renal (Zellweger) syndrome 
( 4–6 ). Responsive cell types such as macrophages have 
relatively high content of plasmalogen lipids. Due to the 
high levels of PUFA in plasmalogens they are considered a 
storage for long-chain PUFAs and especially arachidonic 
acid, which can be released by plasmalogen-specifi c 
PLA2(iPLA2) into free arachidonic and docosahexaenoic 
acids which are further metabolized to second messenger 
molecules like eicosanoids and prostaglandins ( 7 ). 

 Mass spectrometry has been the analytical method of 
choice for the characterization of lipid molecules, espe-
cially after introduction of the “soft” ionization techniques 
of MALDI ( 8 ) and ESI ( 9 ). The great potential of ESI-MS 
for analysis and characterization of nonvolatile and labile 
lipid molecules from biological extracts has been utilized 
extensively ( 9–12 ), including the detection of some rare 
and unusual lipids ( 13 ). By employing phospholipid class 
separation and tandem mass spectrometry (LC/MS/MS), 
we were able to identify a number of previously not reported 
ether-linked phosphatidylserine (PS) and phosphatidic 
acid (PA) together with detection of ether phosphati-
dylinositol (PI) ( 14 ) and phosphatidylthreonine (PT) ( 15 ) 
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 Ether-linked phospholipids may contain either an alkyl 
ether or vinyl ether bond at the  sn-1  position of the glyc-
erol backbone. These lipids are mostly found in both 
phosphatidylcholine (PC) and phosphatidylethanolamine 
(PE) in a variety of mammalian cell types, including mac-
rophages ( 1–3 ). It is widely accepted that in most tissues, 
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(1’-myo-inositol)), 34:1e PC (1-hexadecyl-2-(9Z-octadecenoyl)-
 sn -glycero-3-phosphocholine), 34:1p PC (1-(1Z-octadecenyl)-
2-(9Z-octadecenoyl)- sn -glycero-3-phosphocholine), 34:1e PE 
(1-hexadecyl-2-(9Z-octadecenoyl)- sn -glycero-3-phosphoetha-
nolamine), and 34:1p PE (1-(1Z-octadecenyl)-2-(9Z-octadecenoyl)-
 sn -glycero-3-phosphoethanolamine) were obtained from Avanti 
Polar Lipids, Inc. (Alabaster, AL). HPLC grade solvents were pur-
chased from VWR (West Chester, PA) and used without further 
purifi cation. BMDM, foam, and RAW 264.7 cells were acquired as 
cell pellets prepared by established protocols. Briefl y, BMDMs 
were harvested from tibias and femurs of 2-month-old C57BL6 
male mice. They were suspended in Bone Marrow-Derived Mac-
rophage Growth Medium (BMDMGM), plated on 100 mm Petri 
dishes and maintained at 37°C in a humidifi ed incubator for 4 days. 
On day 4, cells were washed with RPMI medium and maintained at 
37°C in BMDMGM for 2 more days, after which the mac-
rophages were plated on 100 mm tissue culture dishes at a den-
sity of 5 × 10 6  per plate. Foam cells were elicited from male mice 
(B6.129S7-LDLrtm1 Her/J) (3–5 weeks of age; Jackson Labora-
tory) after being placed on a high-cholesterol diet (# TD96121, 
Harlan Teklad) for 10 weeks. Mice were injected with 2.5 ml 

in extracts from RAW264.7 cells, foam cells, murine bone 
marrow derived macrophages (BMDM) and murine resi-
dent peritoneal macrophages (RPM). In the course of the 
analysis, we also identifi ed some plasmanyl and plasmenyl 
PC and PE lipids containing very long-chain fatty acids 
(VLCFA) (24 C-atom and more). The motivation of this 
study was to identify novel and atypical lipid species in a 
variety of commonly used macrophage preparations. This 
study is not intended to provide a comprehensive account-
ing of all of the glycerophospholipid species in these cells, 
which continues as an ongoing project. 

 MATERIALS AND METHODS 

 Materials 
 37:4 PI (1-heptadecanoyl-2-(5Z,8Z,11Z,14Z-eicosatetraenoyl)-

 sn -glycero-3-phospho-(1’-myo-inositol)), 38:4e PI (1-octadecyl-
2-(5Z,8Z,11Z,14Z-eicosatetraenoyl)- sn -glycero-3-phospho-

  Fig.   1.  LC/MS separation of 38:4e PI. A: 871  m/z  Extracted ion chromatogram (XIC) of an RPM cell extract. In this scan, the naturally 
occurring isobaric lipids 44:9 PG and 38:4e PI are shown. B: 871  m/z  XIC of an RPM cell extract spiked with synthetic 38:4e PI. The reten-
tion times of the spiked and naturally occurring lipid were identical. C: 885  m/z  XIC from the same RPM cell extract as in (A). The reten-
tion time of the diacyl 38:4 PI was longer than the 38:4e PI variant. This retention time pattern was observed across lipid classes analyzed. 
The odd-carbon diacyl 37:4 PI (mass 871) elutes after 38:4 PI (data not shown) making the identifi cation of isobaric ether-linked and odd-
carbon containing lipids trivial when using LC/MS/MS.   
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 LC/MS 
 Class separation of glycerophospholipids was achieved by the 

use of a previously published LC/MS technique ( 18 ). After ex-
traction and solvent evaporation (as described above) the result-
ing lipid fi lm is dissolved in 100  � l of IPA:Hexane:100 mM 
NH 4 CO 2 H (aq)  58:40:2 (mobile phase A). For the lipid screens, we 
utilized an Applied Biosystems/ MDS SCIEX 4000 Q TRAP hy-
brid triple quadrupole/ linear ion trap mass spectrometer (Ap-
plied Biosystems, Foster City, CA). Coupled to this instrument 
were a Shimadzu (Shimadzu Scientifi c Instruments, Inc., Colum-
bia, MD) HPLC system consisting of a SCL 10 AVP controller, 
two LC 10 ADVP pumps and a CTC HTC PAL autosampler (Leap 
Technologies, Carrboro, NC). All samples shown were separated 
on a Phenomenex (Phenomenex, Torrance, CA) Luna Silica col-
umn (2 × 250 mm, 5 micron particle size) using a 20  � l sample 
injection. Lipids were separated using a binary gradient program 
consisting of IPA:Hexane:100 mM NH 4 CO 2 H (aq)  58:40:2 (mobile 
phase A), and IPA:Hexane:100 mM NH 4 CO 2 H (aq)  50:40:10 
(mobile phase B). The following LC gradient was used: 0–5min, 
B = 50%; 5–30min, B = 50%–100%; 30–40min, B = 100%; 40–
41min, B = 100%–50%; 41–50min, B = 50%. The mobile phase 
was infused at a fl ow rate of 0.3 ml/min. The MS spectra were 
acquired in negative ionization mode using a turbo spray source 
operated at 450°C with an ion voltage of –3500V, and nitrogen as 
curtain and nebulizer gas. The curtain gas was 30 L/h, and ion 
source gas 1 and 2 were both 50 L/h. The declustering potential 
was  � 110 V and the collision energy  was  � 5 V. Scan type: EMS, 
unit resolution for Q1; Scan rate: 1000 amu/s; Scan range from 
 m/z  350–1200, with the ion trap set for dynamic fi ll time. 

 Lipid identifi cation by LC/MS/MS 
 Large scale screening and identifi cation of glycerophospholip-

ids was accomplished by LC/MS/MS analysis using the information 
dependent analysis (IDA) software option within the Analyst soft-
ware package (Applied Biosystems) and individual fragmentation. 
In conjunction with the above mentioned LC/MS phospholipid 

thioglycollate intraperitoneally and foam cells were harvested 4 
days post injection. RAW 264.7 cells were maintained essentially 
as described elsewhere ( 12 ). 

 RPM culture 
 All studies involving animals were conducted with the approval 

of the Institutional Animal Care and Use Committee of Vander-
bilt University. Female ICR (CD-1) mice (25–30g) were obtained 
form Harlan (Indianapolis, IN). Cells were obtained by perito-
neal lavage as described previously ( 16 ) and suspended at a den-
sity of 2–3 × 10 6  cells/ml (cells from one mouse per 2 ml) in 
Minimal Essential Alpha Medium supplemented with GlutaMax 
(Gibco), 10% heat-inactivated fetal calf serum (Atlas Biologicals, 
Norcross, GA), and 100 units/ml penicillin and 0.10 mg/ml 
streptomycin (Sigma, St.Louis, MO) ( � -MEM/FCS). The cell sus-
pension was plated on 60 mm tissue culture plates at a density of 
6ml/plate and incubated for 2 h at 37°C in a humidifi ed 5% CO 2  
atmosphere. Nonadherent cells were removed by washing the 
plates four times with PBS, and the cultures were then incubated 
overnight in fresh  � -MEM/FCS. 

 Extraction of macrophage lipids 
 Phospholipids were extracted using a modifi ed Bligh and 

Dyer procedure ( 17 ). Typically, between 1 and 3 × 10 6  cells per 
sample were used in this protocol. The method is suitable for 
extraction from cell culture plates after aspirating the medium 
and washing the adhered cells twice with 5 ml ice cold 1× PBS. 
Cells are then scraped in 1 ml of 1× PBS, and centrifuged (600 
 g , 4°C, 5 min). PBS is aspirated and the cell pellet is extracted 
with 800  � l of cold 0.1 N HCl: MeOH (1:1) and 400  � l of cold 
CHCl 3  with vortexing (1 min) followed by centrifugation 
(5 min, 4°C, 18,000  g ). The lower organic phase is then isolated 
and solvent evaporated (Labconco Centrivap Concentrator, 
Kansas City, MO). The extraction procedure includes acidifi ca-
tion (0.05N HCl) in the aqueous phase that aids in the lysolip-
ids and acidic lipids recovery. 

  Fig.   2.  MS/MS spectra of a 38:4e PI (18:0e/20:4) synthetic standard. Fragmentation of the chemically 
defi ned PI standard yielded a plethora of lyso PA, lyso PI, and fatty acid fragments.   
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standards obtained from Avanti Polar Lipids (Avanti Polar Lipids, 
Inc., Alabaster, AL). 

 Direct infusion electrospray mass spectrometry 
 Direct infusion mass spectral analysis was performed on an Ap-

plied Biosystems/ MDS SCIEX 4000 Q TRAP hybrid triple quad-
rupole linear ion trap mass spectrometer (Applied Biosystems, 

separation protocol, MS/MS experiments were run over the fol-
lowing  m/z  regions: 350-600  m/z , 600-800  m/z , 800-1000  m/z , and 
1000-1200  m/z . Using this technique, upwards of 500 MS/MS data 
fi les can be collected per injection (or 2000 per sample if all four 
spectra regions are analyzed). Identifi cation of lipid species is then 
made by analysis of retention time and comparison to previously 
published fragmentation patterns ( 19–22 ) and chemically defi ned 

  Fig.   4.  MS/MS spectra of a naturally occurring foam cell 40:4e PI lipid. MS/MS analysis of the 899  m/z  
peak eluting prior to the 40:X series of diacyl PI lipids was shown to be primarily composed of a 18:0e and 
22:4 ether/fatty acid combination.   

  Fig.   3.  MS/MS spectra of naturally occurring 38:4e PI lipid from RPM cell extract. Fragmentation of the 871 
 m/z  peak eluting prior to 38:4 PI yielded fragments consistent with the pattern observed in the synthetic standard. 
Additional fragments were also identifi ed that were assigned to fatty acid combinations other than 18:0e/20:4.   
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with the addition of the 38:4e PI standard ( Fig.1B ). Struc-
tural identifi cation was accomplished by LC/MS/MS. The 
synthetic standard with a formula of C 47 H 85 O 12 P has a mo-
lecular ion [M-H]  �   at  m/z  871.57 and its fragmentation 
spectrum is shown on   Fig. 2  . The major identifi ed peaks 
correspond to the 38:4e PA, 18:0e lysoPA and its dehy-
drated form at  m/z  709.5, 423.3, and 405.3, respectively, 
due to loss of the headgroup. Another key fragment be-
longs to 18:0e lysoPI at  m/z  585.7 and its dehydrated form 
at  m/z  567.6 from losses of 20:4 fatty acid at  sn-2  as a ketene 
and as an acid, respectively. These ions refl ect the 20:4 

Foster City, CA). The instrument was equipped with a Harvard 
Apparatus syringe pump and an electrospray ion source. Samples 
were analyzed at an infusion rate of 10  � l/min in negative ioniza-
tion mode over the range of  m/z  350 to 1200. Data were collected 
with the Analyst software package (Applied Biosystems). Colli-
sion induced fragmentation of targeted lipid species was accom-
plished using a collision energy appropriate for the specifi c lipid 
class ( � 35 to  � 45 V). 

 RESULTS AND DISCUSSION 

 Ether-linked PI, PA, PS 
 Glycerophospholipids are separated using normal-phase 

chromatography by class according to their polarity. Ether-
linked phospholipids elute faster than their diacyl coun-
terparts and thus are separated on the Luna silica column. 
Under the described chromatographic conditions, the 
phospholipids elute in the following order: PG< PI, PE< 
PA< PS/PT< PC.   Figure 1A , B, and C  shows the extracted 
ion chromatograms for PG and PI, showing the faster elu-
tion times of the ether-linked PI ( Fig.1A ) compared with 
diacyl-PI ( Fig.1C ). Odd carbon fatty acid containing 37:4 
PI elutes after 38:4 PI, thus being distinguished from ether 
PI with the same mass (37:4 PI would have the same mass 
as 38:4e PI). Because the presence of ether-PI in mac-
rophages has not been previously reported, the identifi ca-
tion was confi rmed by comparison of retention time and 
fragmentation spectra to a chemically defi ned synthetic 
standard (38:4e PI). Retention time confi rmation was 
achieved by addition of synthetic 38:4e PI standard to an 
RPM cell extract and analyzed by LC/MS.  Figure 1  shows 
the extracted ion chromatograms of the [M-H]  �   ion at  m/z  
871.6 characteristic for the 38:4ePI from the RPM extract 
( Fig. 1A ) compared with the one from an RPM extract 

  Fig.   5.  MS/MS spectra from a RAW cell extract 32:0e PA lipid. Fragmentation of the 633  m/z  peak revealed 
that this lipid species was primarily composed of 18:0e/14:0 and 16:0e/16:0 ether/fatty acid combinations.   

 TABLE 1. Proposed ether- and vinyl ether-linked PA and PS 
molecular species detected in RAW, BMDM, and foam cells 

 m/z RAW BMDM Foam

PA

633 16:0e/16:0
18:0e/14:0

659 16:0e/18:1
18:0e/16:1

661 16:0e/18:0
18:0e/16:0

681 18:0e/20:4
687 18:0e/18:1
707 16:0e/22:5 38:4p/38:5e
737 20:0e/20:4
PS

796 16:0e/22:4 18:0e/20:4
18:0e/20:4

798 16:0e/20:3
18:0e/20:3

824 18:0e/22:4 18:0e/22:4 18:0e/22:4
20:0e/20:4

More species are identifi ed in RAW 264.7 cell extracts due to the 
extensive work on these cells compared with others.
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the presence of more than one pair of fatty acid combina-
tions for the 38:4e PI. According to the fragmentation pat-
tern, this peak (at  m/z  871.6) is composed of 18:0e/20:4; 
18:1e/20:3; and 16:0e/22:4 PI. Similarly, ether PI species 
of different chemical composition were detected in the 
other investigated cell types. An example is shown in  Fig. 4,  
depicting the MS/MS data from a naturally occurring 
40:4e PI in foam cells. 

substituent at  sn-2 , including the carboxylate ion detected 
at  m/z  303.1. Fragments corresponding to the headgroup 
are also present at  m/z  259.3 and 241. As shown in   Figs. 3 
 and  4 ,  fragmentation spectra from naturally occurring 
ether-PI are detected in RPM and foam cell extracts. The 
MS/MS spectrum of the molecular ion [M-H]  �   at  m/z  
871.6 from RPM cell extracts ( Fig. 3 ) has a very similar pat-
tern, but contains more fragment peaks, clearly revealing 

  Fig.   7.  MS/MS spectra from a representative PT lipid. Fragmentation of the 850  m/ z peak present in BMDM 
cell extracts yielded fatty acid and lyso PA ions consistent with 40:5 PT. This PT lipid coeluted with a PS under 
our LC/MS separation protocol. A PA fragment ( m/z  763.52) assignable to PS is noted by an asterisk.   

  Fig.   6.  MS/MS spectra of a BMDM 40:4e PS. Analysis of the lyso lipid and fatty acid fragments from the 824 
 m/z  peak eluting prior to the 40:x series of PS lipids was found to be mostly attributed to 18:0e/22:4 PS.   
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plasmenyl PC and PE glycerophospholipids. This reaction 
pathway is a combination of the traditional biosynthesis 
routes for plasmanyl and plasmenyl lipids ( 25 ) and the 
Kennedy pathway ( 26 ). 

 Glycerophosphothreonine detection 
 PT is a phospholipid that has been identifi ed and re-

ported as present in signifi cant amounts in some cultured 
cells ( 15, 27, 28 ). Reports of these lipids have not been 
published for macrophage cell extracts. Structural anal-
ogy with PS makes its detection impossible without care-
ful class separation via LC/MS/MS. The method we 
employ for phospholipid LC analysis allows its separation 
from PS and other glycerophospholipids. Using the gra-
dient and the silica column described above, PT elutes 

 During the comprehensive lipid profi ling of these cells, 
another two classes of ether-containing glycerophospho-
lipids were identifi ed, which have not been reported previ-
ously in macrophages, but have been identifi ed in other 
biological tissues ( 23, 24 ). The presence of ether-PA was 
established in the chromatographic peak fraction from 
RAW 264.7 and foam cells. A representative MS/MS spec-
trum of a naturally occurring 32:0e PA is shown in   Fig. 5  . 
The spectrum contains a pair of prominent ions at 
 m/z  395.1 and 377.1 arising from the loss of 16:0 fatty acid 
as a ketene and acid, respectively. Another pair of ions at 
 m/z  423.2 and 405.3 corresponds to the loss of 14:0 fatty 
acid as a ketene and acid. These ions refl ect the 14:0 and 
16:0 fatty acid substituents at  sn-2 , and the ions refl ecting 
the radyl group at  sn-1  are not available. The presence of 
carboxylate ions at  m/z  255.2 and 227.2 corresponding to 
16:0 and 14:0 fatty acids, respectively, confi rm the pres-
ence of 18:0e/14:0 and 16:0e/16:0 PA in the molecular 
ion at  m/z  633.6. Proposed ether-linked PA species de-
tected in RAW 264.7 and one in foam cell extracts are pre-
sented in   Table 1  . 

 Similarly, a number of ether-PS species were identifi ed 
in other macrophage extracts ( Table 1 ). The representa-
tive MS/MS spectrum on   Fig. 6   shows fragments consis-
tent with 18:0e/22:4 PS. Phosphatidylserine shows a 
strong molecular ion [M-H]  �   at  m/ z 824.6, as well as a 
prominent [M-H-87]  �   at  m/z  737.4, indicating the loss of 
the serine headgroup and identical to 40:4e PA. The ion 
at  m/z  423.3 refl ects the loss of 22:4 fatty acid at  sn-2  posi-
tion as a ketene [M-H-87-R 2 CH = C = O]  �  , whereas the 
ion at  m/z  405.2 indicates the loss of 22:4 fatty acid as an 
acid [M-H-87-R 2 COOH]  �  . 22:4 Carboxylate ion at  m/z  
331.1 is also present. Here again, the ions corresponding 
to the radyl substituents at  sn-1  are not detected in agree-
ment with previously shown fragmentation of plasmanyl 
phospholipids ( 21 ). 

 We hypothesize that the ether and vinyl ether PA, PI, 
and PS glycerophospholipids reported above are direct or 
indirect products from the biosynthesis of plasmanyl and 

 TABLE 3. Proposed very long-chain diacyl, plasmanyl, and 
plasmenyl PC molecular species  a   

 m/z RAW BMDM Foam RPM

864 16:0e/24:6 16:0e/24:6
866 16:0e/24:5 16:0e/24:5 16:0e/24:5

20:0e/20:5 20:0e/20:5
868 16:0e/24:4 16:0e/24:4 16:0e/24:4 16:0e/24:4

20:0e/20:4 20:0e/20:4 20:0e/20:4 20:0e/20:4
870 16:0e/24:3

20:0e/20:3
872 16:0e/24:2 16:0e/24:2

20:0e/20:2
874 16:0e/24:1 16:0e/24:1

20:0e/20:1 20:0e/20:1
22:0e/18:1

876 16:1/24:6
878 16:0/24:6 16:0/24:6 16:0/24:6

16:1/24:5
880 16:0/24:5 16:0/24:5 16:0/24:5 16:0/24:5

16:1/24:4 16:1/24:4 16:1/24:4
882 16:0/24:4 16:0/24:4 16:0/24:4 16:0/24:4

16:1/24:3
892 18:0e/24:6

20:0e/22:6
894 18:0e/24:5 18:0e/24:5 18:0p/24:4

20:0e/22:5 20:0e/22:5 20:0e/22:5 22:0p/20:4
896 16:0e/26:4

18:0e/24:4 18:0e/24:4 18:0e/24:4
20:0e/22:4 20:0e/22:4 20:0e/22:4
22:0e/20:4 22:0e/20:4

898 18:0e/24:3
20:0e/22:3
22:0e/20:3

900 16:0e/26:2
18:0e/24:2

902 18:0e/24:1
920 22:0e/22:6
922 18:0e/26:5

20:0e/24:5
22:0e/22:5 22:0e/22:5

924 18:0e/26:4
20:0e/24:4 20:0e/24:4
22:0e/22:4
24:0e/20:4

926 20:0e/24:3
22:0e/22:3
24:0e/20:3

948 22:0e/24:6
24:0e/22:6

950 22:0e/24:5
966 22:4/24:4

  a   PC lipids were identifi ed as formate adducts.

 TABLE 2. Proposed PT molecular species detected in RAW, BMDM, 
foam, and RPM cells 

 m/z RAW BMDM Foam RPM

760 16:1/17:0 16:1/17:0
16:0/17:1 16:0/17:1 16:0/17:1

788 17:0/18:1 17:0/18:1
17:1/18:0 17:1/18:0

800 18:0/18:2
18:1/18:1

802 18:0/18:1 18:0/18:1 18:0/18:1
17:0/19:1

804 18:0/18:0 18:0/18:0
812 17:0/20:3 17:0/20:3

17:1/20:2 17:1/20:2
824 18:1/20:3

18:0/20:4 18:0/20:4
826 18:0/20:3
834 17:0/22:6 17:0/22:6 17:0/22:6
836 17:0/22:5 17:0/22:5 17:0/22:5
838 17:0/22:4 17:0/22:4
848 18:0/22:6
850 18:0/22:5
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rophages (proposed phospholipid species presented in 
  Table 2  ). Differences in the number of identifi ed species 
are mainly due to the large number of RAW 264.7 cell 
extracts analyzed during the course of the work com-
pared with the other types of macrophages. 

 VLCFA plasmanyl and plasmenyl lipids 
 A signifi cantly large group of PC and PE species con-

taining VLCFA with different degrees of unsaturation were 
identifi ed in all of the analyzed macrophages. The pres-
ence of these fatty acids is usually associated with peroxi-
somal  � -oxidation defects and neurodegenerative disorders 
( 30 ). These species have never been detected in mac-
rophages before. Multiple species of PC from RAW 264.7 
cell extracts contain 24:X and 26:X fatty acids in diacyl, 
plasmanyl, and plasmenyl phosphatidylcholines, whereas 
VLCFA PC from the other types of macrophages mostly 
consist of 24:X fatty acids. 24:X and 26:X fatty acids are 
present in diacyl, plasmanyl, and plasmenyl PE from 
all types macrophages (  Tables 3  and  4  ). Here again, the 
majority of identifi ed species are within RAW264.7 cell ex-
tracts as a result of the most number of samples analyzed. 
During the process of identifi cation by tandem mass spec-
trometry, multiple ions corresponding to the fatty acid 
substituents and the lyso components of the molecules 

after PS, although some ether-linked PS species coelute 
with PT species, but differs in its fragmentation spectrum 
used for the identifi cation. As in the case of PS, PT ion-
izes well and is analyzed in negative ionization mode. 
The fragmentation spectrum shown in   Fig. 7   reveals 
the major peaks identifi ed in the molecular ion peak at 
 m/z  850.5 (from BMDM). The most prominent ion pres-
ent in the spectrum is the one from a neutral loss of the 
headgroup ([M-H-101]  �  ) yielding the corresponding 
phosphatidic acid at  m/z  749.4, which is consistent with 
[M-H]  �   ion of 18:0/22:5 PA. The ions at  m/z  483.4 ([M-
H-101-R 1 CH = C = O]  �  ) and 437.3 ([M-H-101-R 2 CH = C = 
0]  �  ) are a result of losing fatty acid substituents at  sn-1  
and  sn-2  as ketenes, whereas the ions at  m/z  465.3 ([M-H-
101-R 1 COOH]  �  ) and 419.3 ([M-H-101-R 2 COOH]  �  ) illus-
trate the loss of the corresponding substituents as acids. 
The carboxylic ions at  m/z  283.1 and 329.4 are character-
istic for the two fatty acid substituents at  sn-1  and  sn-2 . As 
mentioned before, the molecular ion peak at  m/z  850.5 
also contains some PS (ether-linked) and the peak as-
signable to a PA fragment ( m/z  763.52) coming from PS 
is noted by an asterisk in  Fig. 7 . All of the above peak as-
signments are in good correlation with previously re-
ported data for PS and PT mass spectral analyses ( 27–29 ). 
Over 30 PT species were identifi ed in different mac-

 TABLE 4. Proposed very long chain diacyl, plasmanyl, and plasmenyl PE molecular species 

 m/h RAW BMDM Foam RPM  m/z RAW BMDM Foam RPM

778 16:0e/24:5 804 20:0e/22:6 20:0e/22:6 20:0e/22:6
18:0e/22:5 16:0p/24:4 16:0p/26:5 16:0p/26:5 16:0p/26:5
16:0p/24:4 18:0p/22:4 16:0p/24:4 18:0p/24:5 18:0p/24:5 18:0p/24:5
18:0p/22:4 20:0p/20:4 20:0p/22:5 20:0p/22:5 20:0p/22:5 20:0p/22:5
20:0p/20:4 806 18:0e/24:5 18:0e/24:5 18:0e/24:5

780 16:0e/24:4 20:0e/22:5 20:0e/22:5 20:0e/22:5 20:0e/22:5
18:0e/22:4 16:0p/26:4
20:0e/20:4 20:0e/20:4 18:0p/24:4 18:0p/24:4
16:0p/24:3 20:0p/22:4 20:0p/22:4 20:0p/22:4 20:0p/22:4
18:0p/22:3 22:0p/20:4 22:0p/20:4 22:0p/20:4

782 16:0e/24:3 810 17:2/24:1
18:0e/22:3 816 16:1/26:6
20:0e/20:3 18:2/24:5
16:0p/24:2 18:1/24:6
18:0p/22:2 818 18:2/24:4 18:2/24:4 18:2/24:4

784 16:0e/24:2 16:0e/24:2 18:1/24:5 18:1/24:5 18:1/24:5
18:0e/22:2 18:0e/22:2 18:0/24:6 18:0/24:6 18:0/24:6
16:0p/24:1 16:0p/24:1 16:1/26:5
18:0p/22:1 18:0p/22:1 820 16:1/26:4 18:1/24:4
20:0p/20:1 20:0p/20:1 16:0/26:5 18:0/24:5

786 14:0e/26:1 18:2/24:3
16:0e/24:1 18:1/24:4 18:1/24:4

790 16:1/24:5 18:0/24:5 18:0/24:5
16:0/24:6 822 16:1/26:3

792 16:1/24:4 16:0/26:4
16:0/24:5 16:0/24:5 18:1/24:3 18:1/24:3

794 16:1/24:3 18:0/24:4 18:0/24:4 18:0/24:4
16:0/24:4 16:0/24:4 16:0/24:4 824 16:1/26:2

796 16:1/24:2 18:2/24:1
16:0/24:3 18:1/24:2

800 16:1/24:1 18:0/24:3
16:0/24:0 828 16:1/26:0

802 16:0p/26:6 18:1/24:0
18:0p/24:6 18:0p/24:6 18:0/24:1

20:0p/22:6 850 18:1/26:4
17:1/24:6 18:1/26:3

20:3/24:1
20:4/24:0
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were observed all in agreement with previously published 
data ( 21, 31, 32 ). As with all plasmanyl PE and PC, there 
were no fragments corresponding to the alkyl moiety, but 
just fragments arising from the loss of the acyl moiety, thus 
creating ether-containing lyso lipid fragments and their 
dehydrated forms. Both PE and PC were analyzed in nega-
tive ionization mode. PCs were identifi ed as formate 
adducts. Analysis in negative mode ionization affords in-
formation on the fatty acid composition as well as the 
headgroup. Not only were VLCFA-containing PC and PE 
identifi ed, but also the presence of unusual ether moieties 
was detected. Usually, the  sn-1  positions in plasmanyl and 
plasmenyl lipids are occupied by either 16 or 18 carbon 
ether or vinyl ether moieties, whereas in these cell extracts, 
we detected species containing 14, 16, 18, 20, 22, and 24 
carbon ether or vinyl ether substituents. Mass spectral 
analysis confi rmed their structure following analysis of 
fragmentation ions corresponding to the acyl substituent 
as a carboxylate ion and only the loss of the acyl group as 
acid or ketene (and therefore forming a ether-lysoPC and 
ether-lysoPE). 

 Despite the widely held notion that odd carbon fatty 
acids only exist in plants and some lower organisms, we 
detected multiple species in almost all of the analyzed 
glycerophospholipid classes in all types of macrophages 
(also in multiple human tissue, astrocytoma, and other 
cancer cell extracts, data not shown). Their molecular 
weight is equal to the alkyl ether species of the same phos-
pholipid class, but can be distinguished from them by their 
elution properties and the fragmentation spectra. Unlike 
ether glycerophospholipids that do not produce carbox-
ylate anions for the  sn-1  (ether-bound) moiety, odd-carbon 
containing phospholipids show prominent carboxylate an-
ions for the corresponding fatty acids in addition to the 
odd carbon lyso glycerophospholipid fragments. In most 
cell types analyzed, lipids containing at least one odd car-
bon fatty acid account for approximately 15% (by num-
ber) of the total number of phospholipids identifi ed by 
MS/MS fragmentation. 

 The evidence presented here for the existence of these 
unusual glycerophospholipid classes in macrophages will 
initiate new endeavors to determine the biological func-
tions of these species. The presence of a relatively large 
number of ether-containing phospholipid species (from 
most classes) could contribute to the ability of these cells 
to produce potent biological mediators like platelet-acti-
vating factor, free PUFAs, or very long-chain fatty acids 
upon stimulation. In addition, the increased presence of 
plasmalogen phospholipids in tissues has been correlated 
with malignancy and metastatic properties of human can-
cers ( 33 ).  
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consortium grant from the National Institutes of Health U54 
GM069338. 
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