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ABSTRACT: Glycerophospholipids containing arachidonic acid (20:4) serve as the precursors for an array
of biologically active lipid mediators, most of which are produced by macrophages. We have applied
mass spectrometry-based lipid profiling technology to evaluate the glycerophospholipid structure and
composition of two macrophage populations, resident peritoneal macrophages and RAW264.7 cells, with
regard to their potential for 20:4-based lipid mediator biosynthesis. Fatty acid analysis indicated that
RAW264.7 cells were deficient in 20:4 (10( 1 mol %) compared to peritoneal macrophages (26( 1
mol %). Mass spectrometry of total glycerophospholipids demonstrated a marked difference in the
distribution of lipid species, including reduced levels of 20:4-containing lipids, in RAW264.7 cells compared
to peritoneal macrophages. Enrichment of RAW264.7 cells with 20:4 increased the fatty acid to 20( 1
mol %. However, the distribution of the incorporated 20:4 remained different from that of peritoneal
macrophages. RAW264.7 cells pretreated with granulocyte-macrophage colony stimulating factor followed
by lipopolysaccharide and interferon-γ mobilized similar quantities of 20:4 and produced similar amounts
of prostaglandins as peritoneal macrophages treated with LPS alone. LPS treatment resulted in detectable
changes in specific 20:4-containing glycerophospholipids in peritoneal cells, but not in RAW264.7 cells.
20:4-enriched RAW264.7 cells lost 88% of the incorporated fatty acid during the LPS incubation without
additional prostaglandin synthesis. These results illustrate that large differences in glycerophospholipid
composition may exist, even in closely related cell populations, and demonstrate the importance of
interpreting the potential for lipid-mediator biosynthesis in the context of overall glycerophospholipid
composition.

Arachidonic acid (20:4)1 and glycerophospholipids that
contain 20:4 serve as the precursors for a broad array of
potent, biologically active lipid mediators (prostaglandins
(PGs), thromboxane, leukotrienes, lipoxins, hydroxyeico-
satetraenoic acids, platelet activating factor, and endocan-
nabinoids). In resting cells, 20:4 is predominantly found

esterified in membrane glycerophospholipids. Appropriate
stimuli lead to the activation of cytosolic phospholipase A2,
the enzyme primarily responsible for the selective hydrolysis
of the ester bond linking 20:4 to the phospholipid glycerol
backbone (1-4). Oxygenation of 20:4 by cyclooxygenase
(prostaglandin endoperoxide synthase, COX) yields PGs and
thromboxane, while oxygenation by lipoxygenases yields
leukotrienes, lipoxins, and hydroxyeicosatetraenoic acids
(5-7). Platelet activating factor is generated from the
lysolipid species formed by removal of 20:4 from a 1-alkyl-
2-arachidonoylglycerophosphatidylcholine species (8). Al-
ternative pathways lead to arachidonoyl ethanolamide and
2-arachidonoylglycerol, which comprise the endocannab-
inoids (9).

Macrophages are a major source of nearly all of the lipid
mediators that are generated from 20:4-containing glycero-
phospholipids. These cells are capable of responding to a
variety of stimuli with the biosynthesis of large quantities
of PGs, leukotrienes, hydroxyeicosatetraenoic acids, and
platelet activating factor (10-18). For example, Scott et al.
reported that, in response to the phagocytosis of zymosan,
murine resident peritoneal macrophages (RPM) mobilize as
much as 50% of their glycerophospholipid 20:4, and convert
nearly all of the released fatty acid to oxygenated products
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within a 2 hperiod (10). 20:4 metabolism has been studied
in numerous macrophage populations, including primary
macrophages, and macrophage-like cell lines. It is well-
known that different macrophage populations deviate with
regard to gene expression and response to stimuli, resulting
in considerable variability in lipid mediator biosynthesis.
However, little is known concerning the degree to which
macrophage populations vary in glycerophospholipid struc-
ture and composition, or the degree to which such variation
may contribute to differences in lipid mediator formation.
Furthermore, although the biosynthetic pathways for lipid
mediator biosynthesis have been well-defined at the level
of the individual enzymes, relatively little is known concern-
ing the effects that stimulus-dependent lipid mediator forma-
tion has on the structure and composition of the global
glycerophospholipid metabolome.

The recent development of mass spectrometric (MS)
techniques for the detection and analysis of total cellular
lipids allows the detailed examination of the glycerophos-
pholipid structure and composition of cells (19, 20), provid-
ing an unprecedented opportunity to evaluate the compre-
hensive effects of cellular signaling events on the entire
metabolome. Here we apply these techniques to a primary
macrophage population, RPM, which has been extensively
studied as a source of oxygenated 20:4 metabolites
(10-16), and the RAW264.7 murine macrophage cell line
(21), which is frequently used as a model for primary
macrophages. The latter cells have been mainly studied with
respect to alterations in the expression of genes relevant to
the COX pathway (22-26). We report here that the steady
state glycerophospholipid composition of RAW264.7 cells
is markedly different from that of RPM, particularly with
regard to the availability and distribution of the key fatty
acid, 20:4. Furthermore, we demonstrate that bacterial
lipopolysaccharide (LPS), under conditions leading to similar
levels of 20:4 mobilization and PG biosynthesis, evokes
distinct patterns of glycerophospholipid remodeling in the
two cell populations. These results demonstrate the complex-
ity of the sum total of all enzymatic activities that are
modulated in response to a stimulus, and illustrate that highly
divergent responses may be observed, even in closely related
cell populations.

EXPERIMENTAL PROCEDURES

RAW264.7 Cell Cultures. RAW264.7 cells were obtained
from the American Type Culture Collection. The cells were
maintained in Dulbecco’s modified Eagle medium supple-
mented with GlutaMax, high glucose, sodium pyruvate, and
pyridoxine-HCl (Gibco, Grand Island, NY) containing 10%
heat inactivated fetal calf serum (Atlas Biologicals, Norcross,
GA) (DMEM/FCS). Cells were plated onto 35 mm tissue
culture dishes at 5× 105 cells/dish (for PG analysis) or onto
60 mm dishes at 1.5× 106 cells/dish (for glycerophospho-
lipid and fatty acid analysis) on the day prior to experiments.
For most experiments, medium was changed to DMEM/FCS
containing 20 ng/mL GM-CSF (R&D Systems, Minneapolis,
MN) 2 h after plating, and cells were incubated overnight
(20-22 h total).

Enrichment of RAW264.7 Cells with 20:4. A solution (0.25
mL) of 20 mg/mL 20:4 (NuChek Prep, Elysian, MN) in
chloroform was placed in an acid-washed glass tube, and

the solvent was evaporated to dryness under argon. KOH
(1.25 mL of a 0.015 M solution) was added to the re-
sulting film. The tube was sealed under argon and incu-
bated at 37°C for 1 h. Fatty acid- and endotoxin-free bovine
serum albumin (BSA, 1.25 g, Sigma) was dissolved in 40
mL of calcium- and magnesium-free phosphate-buffered
saline (PBS) and added to the tube, which was sealed
under argon and incubated at 37°C with agitation for 24 h.
The pH of the solution was corrected to 7.4, and PBS
was added to a final volume of 50 mL. The resulting solu-
tion was stored under argon at-20 °C. On the day of
the experiment, the solution was thawed and diluted 1:10
in Macrophage Serum-Free Medium (Gibco) to give a final
BSA concentration of 2.5 mg/mL and a final 20:4 con-
centration of 10µg/mL (SFM-20:4). The medium was
filtered, and 20 ng/mL of GM-CSF was added. This medium
was used instead of DMEM/FCS plus GM-CSF during the
20-22 h incubation period prior to addition of stimuli
(27, 28).

RPM Culture. All studies involving animals were done
with the approval of the Institutional Animal Care and Use
Committee of Vanderbilt University. Female ICR (CD-1)
mice (25-30 g) were obtained from Harlan (Indianapolis, IN).
Cells were obtained by peritoneal lavage as described
previously (29) and suspended at 2 to 3× 106 cells/mL (cells
from one mouse/2 mL) in Minimal Essential Medium Alpha
supplemented with GlutaMax (Gibco), containing 10% heat
inactivated serum plus 100 units/mL penicillin and 0.10
mg/mL streptomycin (Sigma, St. Louis, MO) (R-MEM/FCS).
The cell suspension was plated onto 60 mm dishes at 6 mL
per dish and incubated for 2 h at 37°C in a humidified 5%
CO2 atmosphere. Nonadherent cells were removed by
washing the plates four times with PBS, and the cultures
were then incubated overnight in freshR-MEM/FCS.

Treatment of RAW264.7 or RPM Cultures with Stimuli.
Cells were plated in 35 mm or 60 mm dishes and incubated
overnight as described above. RAW264.7 cells were then
transferred to fresh DMEM/FCS with or without LPS (100
ng/mL, Escherichia coli011:B4, Calbiochem, San Diego,
CA) and/or murine recombinant IFN-γ (10 ng/mL, Sigma)
as desired. GM-CSF (20 ng/mL) was also included in the
medium of cells that had been preincubated overnight with
that cytokine. RPM were washed twice in PBS and trans-
ferred to freshR-MEM/FCS with or without LPS (100
ng/mL). Cultures were incubated for the desired time periods.
Medium was then harvested for analysis of PG formation,
and cells were scraped for lipid or protein analyses as
described below.

Assay of PGs.Following incubation with desired stimuli,
the medium was removed from cultures (35 mm dishes),
placed on ice, and immediately spiked with 20µL of a
methanol solution containing 50 pmol each of PGE2-d4 and
PGD2-d4 (Cayman Chemical, Ann Arbor, MI), which served
as internal standards. Samples were stored at-20 °C prior
to solid phase extraction and analysis by selected reaction
monitoring of the ammoniated ions by liquid chromatography
positive ion electrospray ionization tandem mass spectrom-
etry (LC-MS/MS) as described (30). The major PGs
produced by RAW264.7 cells are PGD2 and PGE2, which
are formed at a ratio of approximately 4 to 1. Values for PG
formation are the sum of these two products. Data were
normalized to the protein content of the cell monolayers
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(determined using a BCA Protein Assay kit, Pierce, Rock-
ford, IL) and then to cell number based on a conversion factor
of 1.27 mg cell protein/107 cells.

Phospholipid Fatty Acid Analysis.Cells in 60 mm culture
dishes were scraped twice into a total volume of 1.0 mL of
PBS. The cells from two dishes were combined, recovered
by centrifugation at 750g for 5 min, and resuspended in 0.5
mL of PBS. The resulting cell suspensions were stored at
-80 °C until analysis by gas chromatography by the
Vanderbilt University Mouse Metabolic Phenotyping Center
laboratory (31).

Total Cell Glycerophospholipid Analysis.After incubation
with desired stimuli, plates were placed on ice and washed
with 1.5 mL of ice-cold PBS. Cell extracts were prepared
via a modified Bligh/Dyer extraction procedure (32). Briefly,
cells were scraped into 800µL of 0.1 N HCl:CH3OH (1:1)
and 400µL of CHCl3 was added to the suspension. The
samples were vortexed for 1 min, and layers were separated
by centrifugation at 18000g for 5 min at 4°C. The organic
phase was isolated and the solvent was evaporated in a
vacuum centrifuge (Labconco Centrivap Concentrator, Kan-
sas City, MO). Samples were redissolved in 70µL of
CH3OH:CHCl3 (9:1), and 1µL of concentrated (18 M)
aqueous NH4OH was added before analysis. Mass spectral
analysis was performed on a Finnigan TSQ Quantum triple
quadrupole mass spectrometer (ThermoFinnigan, San Jose,
CA) equipped with a Harvard Apparatus syringe pump and
an electrospray source. Samples were analyzed at an infusion
rate of 10µL/min in both positive and negative ionization
modes over the range ofm/z350 to 1200. Data were collected
with the Xcalibur software package (ThermoFinnigan) and
analyzed with software developed in our laboratory. Iden-
tification of individual glycerophospholipids was accom-
plished by tandem mass spectrometry (ESI-MS/MS) (33).

Data Analysis. Each MS sample file consisted of ap-
proximately 60 scans (instrument sweeps of 1 per s for 60
s) each of which had 11,428 uniquem/zvalues at a resolution
of 0.07amu. The MS scans (.Raw files) were batch converted
to a nonproprietary ascii compatible form using the vendor
supplied Windows32 executable Xconvert.exe. The ascii files
were parsed, filtered for anomalous scans, and time-averaged.
A peak finding algorithm was applied to the time-averaged
array. The maximum ion intensity value on 1 amu intervals
was used to determine the peak maximum intensity, and the
associated nominalm/z and peak maximum were written to
a file. Files were batch processed using a Windows execut-
able generated in Fortran G77 (GNU) (M.O.B. and H.A.B.,
unpublished data). Comparative statistical analysis (unpaired
t-tests) and normalization of peak data were performed in
S-Plus Version 3.3 for Windows software suite (MathSoft,
Inc. Cambridge, MA).

Immunoblotting for Protein Expression. For the determi-
nation of the expression of the inducible isoform of COX
(COX-2), cell monolayers were washed twice with ice cold
PBS and scraped twice into a total volume of 200µL of
lysis buffer (50 mM Tris-HCl, pH 7.5, plus 150 mM NaCl,
4 mM EDTA, 50 mM NaF, 0.1 mM Na3VO4, 0.2% Triton
X-100, 0.1% NP40, 0.5% sodium deoxycholate, 1 mM
dithiothreitol, 1 mg/mL AEBSF, and 5µg/mL each of
antipain, leupeptin, chymostatin, and pepstatin (all compo-
nents from Sigma)). Cell lysates were stored at-80 °C prior
to analysis by immunoblot as described (29, 34). A chemi-

luminescence signal was generated with ECL detection
reagent (Amersham, GE Healthcare Biosciences, Piscataway,
NJ), and the signal intensity was measured using a Fluor-S
Max Multi-Imager (BioRad, Hercules, CA).

RESULTS

Phospholipid Fatty Acid Composition of RAW264.7 Cells
Versus RPM.Glycerophospholipid structure is strongly
dependent upon the component fatty acids. Consequently,
we initially evaluated the phospholipid fatty acid composition
of the RAW264.7 cells and RPM. RAW264.7 cells were
plated and preincubated for 22 h in DMEM/FCS containing
GM-CSF, whereas RPM were isolated and incubated over-
night in R-MEM/FCS. The cells were then harvested for
phospholipid fatty acid analysis. GM-CSF pretreatment of
RAW264.7 cells was used for these studies, because, as
described below, it facilitates lipid mediator synthesis in those
cells. This pretreatment was exhaustively examined, and was
found to have no effect on phospholipid fatty acid composi-
tion, or on glycerophospholipid species distribution (data not
shown). The phospholipid fatty acid compositions of
RAW264.7 cells and RPM are shown in Table 1. (The fatty
acids are designated by two numbers, xx:y, wherexx is the
total number of carbon atoms, andy is the number of double
bonds.) The two cell populations differed considerably,
particularly with regard to the content of 20:4, which was
26 ( 1 mol % in RPM compared to 10( 1 mol % in
RAW264.7 cells. The deficit in 20:4 was compensated in
RAW264.7 cells primarily by increased levels of oleate
(18:1, 32( 1 mol % in RAW264.7 cells versus 7.8( 0.3
mol % in RPM), and to a lesser degree, palmitoleate (16:1).
Also notable was the increased levels of 22-carbon polyun-
saturated fatty acids (22:4, 22:5, and 22:6) in RPM compared
to RAW (Table 1).

Table 1: Phospholipid Fatty Acid Composition of RAW264.7 Cells
and RPMa

fatty acid composition (mol %)

RAW264.7

RPM control enrichedfatty
acid CON LPS CON LPS/INF-γ CON LPS/IFN-γ

14:0 0.0( 0.0 0.0( 0.0 0.8( 0.9 0.9( 0.6 2.7( 0.8 2.7( 0.1
16:0 24( 1 26( 1 24( 1 26( 1 23( 4.8 30( 1
16:1 0.0( 0.0 0.0( 0.0 4.5( 0.5 5.1( 0.4 4.4( 3.5 3.8( 0.1
18:0 22( 1 23( 1 18( 2 18( 1 9.5( 1.3 14( 1
18:1 7.8( 0.3 9.5( 0.1 32( 1 33( 1 15( 2 22( 1
18:2 4.0( 0.2 3.3( 0.1 3.0( 0.2 3.1( 0.1 6.8( 1.2 3.8( 0.1
20:3ω9 0.0( 0.0 0.0( 0.0 3.0( 0.1 2.3( 0.1 0.6( 1.0 0.0( 0.0
20:3ω6 3.7( 0.3 3.6( 0.3 0.5( 0.8 1.0( 0.2 0.4( 0.7 0.6( 0.5
20:3ω3 0.0( 0.0 0.0( 0.0 0.0( 0.0 0.0( 0.0 0.9( 1.5 0.0( 0.
20:4 26( 1 23( 1 10( 1 7.4( 1.2 20( 1 12( 1
20:5 0.0( 0.0 0.0( 0.0 0.0( 0.0 0.0( 0.0 2.0( 3.5 0.0( 0.0
22:4 4.4( 0.7 4.9( 1.0 0.5( 0.4 0.1( 0.2 13( 3 12( 1
22:5 3.0( 0.3 3.0( 0.2 1.7( 0.3 1.8( 0.3 1.5( 2.5 0.2( 0.4
22:6 4.4( 0.7 3.9( 0.6 1.7( 0.2 1.8( 0.2 0.0( 0.0 0.0( 0.0

a RAW264.7 cells (60 mm dishes) were preincubated for 22 h with
20 ng/mL GM-CSF in DMEM/FCS (control) or SFM-20:4 (enriched).
RPM were isolated and incubated for 22 h inR-MEM. Cells were then
transferred to DMEM/FCS plus 20 ng/mL GM-CSF, 10 ng/mL IFN-
γ, and 100 ng/mL LPS (for RAW264.7 cells) or toR-MEM plus 100
ng/mL LPS (for RPM). Cells were incubated for an additional 5 h.
The cells were harvested for fatty acid analysis either at the end of the
22 h incubation (CON) or at the end of the 5 h incubation (LPS). Results
are expressed as mole percent for each fatty acid, and are the mean(
standard deviation of the combined results from three separate
experiments in which triplicate determinations were made.
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An obvious possible explanation for the low 20:4 content
of RAW264.7 cells compared to RPM is that RAW264.7
cells are maintained in FCS-containing culture medium,
which is an inadequate source of 20:4, whereas RPM reflect
the nutrients available in vivo. In order to test this hypothesis,
we attempted to increase the phospholipid 20:4 content by
incubating RAW264.7 cells for 22 h in serum-free medium
containing a preformed 20:4-BSA complex (SFM-20:4) (27,
28). Since this treatment replaced the preincubation period
with GM-CSF, the cytokine was also included in the medium.
As indicated in Table 1, the 20:4 enrichment protocol resulted
in a 2-fold increase in the phospholipid 20:4 content of the
cells. Also observed was a large increase in docosatetraenoic
acid (22:4), resulting from chain elongation of the added
20:4. These increases in polyunsaturated fatty acids were
counterbalanced by decreases primarily in stearate (18:0) and
oleate (18:1).

Identification of Glycerophospholipid Species in Mac-
rophage Populations. The marked differences in phospho-
lipid fatty acid composition between RPM and RAW264.7
cells implied that the two cell populations must differ in the
relative distribution of individual species within each of the
major glycerophospholipid classes. This hypothesis was
tested by MS and MS/MS analysis of the total glycerophos-
pholipids in RAW264.7 cells, in RAW264.7 cells following
20:4 enrichment, and in RPM following isolation and
overnight incubation. We have extensively characterized the
individual glycerophospholipid species found in RAW264.7
cells. Species identities for the five major glycerophospho-
lipid classes, phosphatidylcholine (GPCho), phosphatidyl-
ethanolamine (GPEtn), phosphatidylinositol (GPIns), phos-
phatidylserine (GPSer), and phosphatidylglycerol (GPGro),
are summarized in the Supporting Information (Table 1
Supplement). Since these data were acquired from both
resting cells and cells exposed to various stimuli, they
represent species that might be found in RAW264.7 cells
(RAW) under a variety of conditions. Similar data have also
been acquired for RPM and for RAW264.7 cells enriched
with 20:4 (EN-RAW); however, these cell populations have
not been as thoroughly studied. Consequently, the absence
of a species that has been identified in RAW264.7 cells from
RPM or 20:4-enriched RAW264.7 cells does not necessarily
mean that this species does not occur in the latter two cell
types. Note that Table 1 Supplement designates each species
by a number,xx:y, wherexx is the total number of carbons
andy is the total number of double bonds in the two fatty
acyl chains. A designation of “e” indicates that the fatty acid
at the sn-1 position is ether-linked, while the “p” designation
indicates a vinyl ether linkage (35). For reference, Table 2
summarizes phospholipid structure and the nomenclature
used here. Table 1 Supplement highlights similarities and
differences between the macrophage populations. For a given
species, multiple combinations of fatty acids might be
possible. Table 1 Supplement provides data for all combina-
tions that have been identified by fragmentation MS/MS
analysis.

Subtle differences were noted in the species identified in
RPM compared to RAW264.7 cells. In most cases, these
differences could be explained on the basis of a higher
content of 20:4 and polyunsaturated 22-carbon fatty acids
in RPM. For example, RPM contained GPGro species
including 38:5, 42:10, 42:9, and 42:8 all of which contained

20:4. The latter three species also contained 22:4, 22:5, or
22:6. None of these species was detected in RAW264.7 cells,
but all three were detected in 20:4-enriched RAW264.7 cells,
as might be expected to result from the increased content of
20:4 and 22:4 in those cells.

Total Glycerophospholipid Composition of RAW264.7
CellsVersus RPM. Analysis of the total glycerophospholipid
composition for resting RPM, RAW264.7 cells, and 20:4-
enriched RAW264.7 cells was performed separately for each
of the five major classes. The analysis was limited to species
that had been positively identified in at least one of the cell
types. For each glycerophospholipid class, the total of the
mass spectral peak (signal) intensities from all species in
that class was determined, and the signal from each species
was calculated as the percent of that total. It should be noted
that mass spectral signal intensity decreases with increasing
chain length and degree of unsaturation of the component
fatty acids (36), so these relative signal intensity data are
not a direct assessment of absolute quantity. However,
comparisons of these relative signal patterns do allow an
assessment of differences in the distribution of individual
species within a class, which are readily apparent in an
evaluation of the data from RAW264.7 cells and RPM.

For an initial comparison, the percent signal intensities of
all 20:4-containing species for lipids in each class were
summed. (These species were identified using Table 1
Supplement). The results are shown in Table 3. It is
immediately apparent that 20:4-containing species comprise
a higher percent of each glycerophospholipid class in RPM
than in RAW264.7 cells. The most striking difference is seen
in GPCho, for which the relative signal intensities of 20:4-
containing lipids in RAW264.7 cells (19( 3%) were
considerably weaker than those observed in RPM (48(
1%). In contrast, for GPEtn, the relative signal intensities of

Table 2: Phospholipid Structures and Nomenclaturea

a General structure of a 38:4 phospholipid. In this case, the fatty
acids are 18:0 and 20:4. Other combinations of fatty acids having a
total of 38 carbons and 4 double bonds can yield the 38:4 designation
as shown in Table 1 Supplement. Lipids designated “e” and “p” have
ether and vinyl either linkages at the sn-1 position, respectively. The
-X moiety represents the headgroup shown below the structures. The
headgroup specifies the lipid class.
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20:4-containing lipids more closely resembled those in RPM,
and for GPSer, they were nearly equal. Using absolute
quantities of each glycerophospholipid class in RPM (169
nmol/mg protein (28)) and RAW264.7 cells (145 nmol/mg
protein (37)), along with our measured value for the protein
content (1.27 mg/107 cells) of RAW264.7 cells, the percent
signal intensities in Table 3 were converted to estimated
absolute quantities (in nmol/107 cells). These values are given
in Table 3 in parentheses. These estimates are subject to two
major sources of error, (1) the differences in ionization
efficiency mentioned above and (2) the fact that most mass
spectrometry signals originated from a mixture of lipids made
up of varying fatty acyl compositions (Table 1 Supplement).
In calculating the percentages in Table 3, the entire signal
was assumed to be attributable to a 20:4-containing lipid.
The first source of error will lead to an underestimation of
20:4-containing lipids, as long chain polyunsaturated fatty
acids such as 20:4 have a relatively poor ionization ef-
ficiency. The second source of error will lead to an
overestimation of 20:4-containing lipids, because signal
intensity from lipids that do not contain 20:4 was included
in the calculation. Despite these potential errors, the calcula-
tion provides some useful information, because it allows a
rough comparison of the amount of 20:4-containing lipids
across lipid classes. These results suggest that both GPCho
and GPEtn may serve as major sources of 20:4 in RPM and
RAW264.7 cells.

The differences in glycerophospholipid 20:4 content
between RPM and RAW264.7 cells also affected the relative
distribution of 20:4 among lipid species within each class.
Figures 1A through 5A show a direct comparison of the
relative signal intensity data for the 10 species showing the
largest differences in RAW264.7 cells versus RPM for
GPCho, GPEtn, GPIns, GPSer, and GPGro, respectively. The
differences were statistically significant (p < 0.05) for all
species except where indicated by an asterisk. These figures
highlight the limited number of species that showed marked
differences between the cell types, while a general similarity
in distribution for the majority of the lipids is illustrated in
Figures S1A through S5A (Supporting Information), which
show the results for all species analyzed. It is immediately

evident from Figures 1A through 5A that RPM lipids
contained a much higher percentage of select species that
incorporated 20:4 (notably in GPCho, GPEtn, and GPIns)
and other long-chain polyunsaturated fatty acids (notably in
GPSer and GPGro). In RAW264.7 cells, glycerophospho-
lipids containing 18:0, 18:1, 16:0, and 16:1 were generally

Table 3: Percent Signal Intensity and Estimated Absolute Quantities
of 20:4-Containing Lipids in Glycerophospholipid Classesa

20:4-containing lipids
% signal intensity (nmol/107 cells)

RAW264.7lipid
class RPM control enriched

GPCho 48( 1 (48( 1) 19( 3 (17( 3) 41( 1 (35( 1)
GPEtn 63( 1 (44( 1) 43( 1 (18( 1) 59( 2 (24( 1)
GPIns 57( 2 (7.1( 0.3) 32( 5 (4.2( 0.6) 51( 4 (6.1( 0.5)
GPSer 23( 1 (3.1( 0.1) 19( 1 (2.5( 0.1) 20( 1 (2.6( 0.2)
GPGro 47( 4 (6.7( 0.5) 21( 5 (2.7( 0.6) 68( 4 (8.6( 0.5)

a RAW264.7 cells (60 mm dishes) were preincubated for 22 h with
20 ng/mL GM-CSF in DMEM/FCS (control) or SFM-20:4 (enriched).
RPM were isolated and incubated for 22 h inR-MEM/FCS. The cells
were harvested for total glycerophospholipid analysis. Results are the
sum of the percent of the total signal intensity of all peaks in a lipid
class that contain 20:4, and are the mean( standard deviation of the
combined results from three independent experiments in which triplicate
determinations were made. Values in parentheses were derived by using
the percent signal intensity to calculate an estimated absolute amount
of each lipid (in nmol/107 cells), using published quantities of each
lipid class in RPM (28) and RAW264.7 cells (37).

FIGURE 1: Comparison of relative distribution of individual GPCho
species in RAW264.7 cells, 20:4-enriched RAW264.7 cells, and
RPM. RAW264.7 cells (60 mm dishes) were preincubated for 22
h with 20 ng/mL GM-CSF in DMEM/FCS (RAW) or with 20
ng/mL GM-CSF in SFM-20:4 (EN RAW). RPM were isolated and
incubated overnight inR-MEM/FCS. The cells were harvested for
analysis of total glycerophospholipids by MS. The total signal
intensities of 31 distinct GPCho species were summed, and the
magnitude of the signal intensity of each species was then calculated
as a percent of that total. (A) The 10 species that showed the greatest
differences between RAW264.7 cells and RPM are shown. (B) The
10 species that showed the greatest differences between RAW264.7
cells and 20:4-enriched RAW264.7 cells are shown. (C) The 10
species that showed the greatest differences between 20:4-enriched
RAW264.7 cells and RPM are shown. Results are the mean(
standard deviation of the combined results from three separate
experiments in which triplicate determinations were made. The
comparative differences between cell types were statistically
significant (p < 0.05) for all species unless designated by an
asterisk. Data for all 31 GPCho species are given in Figure S1 in
the Supporting Information.
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more prominent. In particular, it is notable that for GPCho,
RPM contained much higher levels of the diacyl 38:4 and
36:4 GPCho species as well as the corresponding alkyl acyl
species, whereas for GPEtn, 20:4-containing alkyl acyl
species (38:4p/38:5e and 36:4p GPEtn) were particularly
prominent compared to RAW264.7 cells. For GPIns, RPM
were notable for their relative enrichment of 38:4 and
38:4p/38:5e/37:4 GPIns. While 38:4 GPSer is the predomi-
nant GPSer species in RPM, these cells also contained
relatively more 40:1, 40:2, and 40:4 GPSer than did
RAW264.7 cells. In contrast, 36:1 GPSer was clearly
prominent in the latter cell population. GPGro appeared to
be a repository for long-chain polyunsaturated fatty acids in
RPM, whereas RAW264.7 cells contained predominantly

36:2 and 34:1 GPGro, reflecting the relatively high 18:1
enrichment in those cells.

Effect of 20:4 Enrichment on RAW264.7 Cell Glycero-
phospholipids. As noted above, incubation of RAW264.7
cells in SFM-20:4 caused an enrichment of phospholipid 20:4
to levels similar to those found in RPM. The 22 h incubation
period was chosen because it had been previously shown
that exogenously supplied 20:4 is initially found predomi-
nantly in GPCho and over time is redistributed to GPEtn
and GPIns (38). Thus, the intent of the extended incubation
was to provide adequate time for the 20:4 to reach a steady
state distribution throughout the various glycerophospholipid
pools. As seen in Table 3, this supplementation resulted in
an increase in 20:4-containing lipid species in all glycero-
phospholipid classes, except GPSer, with the largest increases
observed in GPCho and GPGro. As a result, the percent of

FIGURE 2: Comparison of relative distribution of individual GPEtn
species in RAW264.7 cells, 20:4-enriched RAW264.7 cells, and
RPM. Conditions are identical to those described in the caption to
Figure 1 except that data are given for GPEtn (38 distinct species
analyzed). Data for all 38 GPEtn species are given in Figure S2 in
the Supporting Information.

FIGURE 3: Comparison of relative distribution of individual GPIns
species in RAW264.7 cells, 20:4-enriched RAW264.7 cells, and
RPM. Conditions are identical to those described in the caption to
Figure 1, except that data are given for GPIns (20 distinct species
analyzed). Data for all 20 GPIns species are given in Figure S3 in
the Supporting Information.
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signal intensity values corresponding to 20:4-containing lipids
in 20:4-enriched RAW264.7 cells more closely resembled
the values observed in RPM, and for GPGro the value
exceeded that in RPM.

The effect of 20:4 enrichment on the distribution of distinct
species within each of the major classes was evaluated using
MS. Figures 1B through 5B show a direct comparison of
the relative signal intensity data in unenriched versus 20:4-
enriched RAW264.7 cells for GPCho, GPEtn, GPIns, GPSer,
and GPGro, respectively. These figures highlight the few
species that were markedly different between the cell
populations, while Figures S1B through S5B (Supporting
Information) provide data for all species analyzed. For
GPCho and GPIns, the species showing the largest relative
increases were the 20:4-containing 36:4 and 38:5 GPCho/
GPIns. These were offset predominantly by decreases in
lipids containing 16:0, 16:1, 18:0, and 18:1. In all other
classes, the largest relative increases were observed in species
that contained over 40 carbons total, representing combina-

tions of 20:4 or 22:4 with 18-carbon, or other 20-carbon fatty
acids.

20:4 enrichment did not result in a phospholipid distribu-
tion pattern in RAW264.7 cells that closely resembled that
of RPM, as illustrated in Figures 1C through 5C, which
summarize data for the species that showed the largest
differences between the cell types. Data for all species are
provided in Figures S1C through S5C in Supporting Infor-
mation. These data demonstrate that, even though the overall
proportion of 20:4-containing lipids increased with enrich-
ment in RAW264.7 cells, the 20:4 had been incorporated
into different species from those found in RPM. For example,
in RPM, the predominant 20:4-containing GPCho was 38:4
GPCho, whereas in enriched RAW264.7 cells, it was 36:4
GPCho. Enriched RAW264.7 cells contained relatively more
38:5 GPCho than did RPM. For GPEtn, 20:4 enrichment led
to increases in 38:4 GPEtn and 36:4 GPEtn, but in RPM,
alkyl acyl GPEtns were the predominant 20:4-containing
species. 20:4 enrichment led to a large increase in 40:8
GPGro in RAW264.7 cells, whereas this was not one of the

FIGURE 4: Comparison of relative distribution of individual GPSer
species in RAW264.7 cells, 20:4-enriched RAW264.7 cells, and
RPM. Conditions are identical to those described in the caption to
Figure 1, except that data are given for GPSer (23 distinct species
analyzed). Data for all 23 GPSer species are given in Figure S4 in
the Supporting Information.

FIGURE 5: Comparison of relative distribution of individual GPGro
species in RAW264.7 cells, 20:4-enriched RAW264.7 cells, and
RPM. Conditions are identical to those described in the caption to
Figure 1, except that data are given for GPGro (25 distinct species
analyzed). Data for all 25 GPGro species are given in Figure S5 in
the Supporting Information.
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main long-chain polyunsaturated GPGro species in RPM.
Thus, it is clear that although 20:4 enrichment resulted in a
major remodeling of RAW264.7 cell phospholipids, the
resulting distribution did not resemble that in RPM, at least
not within a 22 h incubation period.

LPS-Dependent PG Synthesis in RAW264.7 Cells.The
relative deficiency of 20:4 in RAW264.7 cells compared to
RPM might be expected to lead to reduced lipid mediator
biosynthesis in these cells. Indeed, prior studies have shown
that RAW264.7 cells produce lower quantities of PGs than
RPM in response to 100 ng/mL of LPS (1900( 200 versus
6900( 1400 pmol/107 cells, respectively) (34, 39). However,
it is equally likely that the reduced PG synthesis in
RAW264.7 cells is due to a poor ability to respond to the
LPS stimulus, resulting from lower levels of expression of
the relevant enzymes and/or receptor-linked stimulus re-
sponse coupling mechanisms. GM-CSF and IFN-γ are
cytokines that have been shown to augment cellular responses
to LPS (40-42). As shown in Figure 6, preincubation of
RAW264.7 cells for 20-22 h with 20 ng/mL of GM-CSF
effected a 2.6-fold increase in PG synthesis in response to
LPS alone. Incubation with IFN-γ (10 ng/mL) induced no
significant PG formation, whether or not cells had been
pretreated with GM-CSF. However, inclusion of IFN-γ with
LPS resulted in a 1.3-fold further increase in PG formation,
resulting in the accumulation of 6400( 1400 pmol/107 cells
in the case of cells preincubated with GM-CSF. These results
clearly demonstrated that GM-CSF pretreatment and IFN-γ
cotreatment could significantly augment the capacity of these
cells for PG biosynthesis, resulting in levels similar to those
obtained in RPM stimulated with LPS alone. Consequently,
it is evident that the deficiency of phospholipid 20:4 in
RAW264.7 cells relative to RPM does not necessarily lead
to lower levels of PG formation.

Effect of LPS on RPM and RAW264.7 Cell Glycerophos-
pholipids. The formation of 6 to 7 nmol of PGs/107 cells in
response to LPS requires a substantial mobilization of 20:4
from glycerophospholipids and must result in significant lipid
remodeling. In order to evaluate the effects of LPS-dependent
PG synthesis on glycerophospholipids, RAW264.7 cells were
plated and preincubated for 22 h with GM-CSF, followed

by 5 h with LPS/IFN-γ. RPM were isolated, incubated
overnight, and then treated for 5 h with LPS alone. At the
end of the 5 h LPS incubation period, cells were collected
and subjected to phospholipid fatty acid analysis and MS
analysis of total cell glycerophospholipids.

As shown in Table 1, LPS treatment resulted in a decrease
in phospholipid 20:4 content in both RPM and RAW264.7
cells. Using the published value for the phospholipid content
of RPM (28) and RAW264.7 cells (37), the mole fraction
data were converted to an estimated absolute quantity of 20:4
for control and LPS-treated cells. These results were then
used to determine the amount of 20:4 mobilized and then
lost from phospholipid as a result of the LPS stimulation.
As seen in Table 4, LPS caused a similar mobilization of
20:4 from RAW264.7 cells and RPM, even though the
amount mobilized represented a greater fraction of phos-
pholipid 20:4 (29%) in the RAW264.7 cells compared to
RPM (9%).

Figures 7A through 11A show a direct comparison of the
relative signal intensity data in unenriched control versus
unenriched LPS/IFN-γ-treated RAW264.7 cells for GPCho,
GPEtn, GPIns, GPSer, and GPGro, respectively. Comparable
data are found for 20:4-enriched RAW 264.7 cells in Figures
7B through 11B, and for RPM in Figures 7C through 11C.
In each case, the figures show results for the 10 species that
showed the greatest changes in response to LPS. Species
for which the changes were statistically significant (p < 0.05)
are indicated by a star. Data for all species analyzed are found
in Figures 7S through 11S in the Supporting Informa-
tion. The RAW264.7 cell data show very little difference in
the relative distribution of phospholipids as a result of the
LPS/IFN-γ treatment. In fact, the only changes in 20:4-
containing lipids that were statistically significant (p < 0.05)
were for 40:4 and 40:5 GPIns, and 38:4 GPSer. A rather
large decrease in 38:4 GPIns was not significant, due to
considerable variability in the relative levels of this lipid in
control cells. In contrast, RPM lipids showed substantial and
significant decreases in the 20:4-containing 38:4, 38:4p/
38:5e, 36:4, and 36:4e GPCho, 36:4p GPEtn, and 38:4 GPIns.

Effect of LPS/IFN-γ Treatment on 20:4-Enriched RAW264.7
Cell Lipids. As shown in Tables 1 and 4, when 20:4-enriched

FIGURE 6: Effect of GM-CSF, LPS, and IFN-γ on PG synthesis in
RAW264.7 cells. RAW264.7 cells (35 mm dishes) were prein-
cubated for 22 h in the presence (+GM-CSF) or absence
(-GM-CSF) of 20 ng/mL of GM-CSF. The cells were then
transferred to fresh DMEM/FCS containing no additional stimulus
(CON), 10 ng/mL IFN-γ (IFN-γ), 100 ng/mL LPS (LPS), or LPS
plus IFN-γ (LPS/IFN-γ). The medium also contained GM-CSF in
the case of cells preincubated with that cytokine. Following a 6 h
incubation, the medium was harvested and analyzed for PGs by
LC-MS/MS. All data are the mean( standard deviation from three
separate experiments in which triplicate determinations were made.

Table 4: Effects of LPS/IFN-γ Treatment on RAW264.7 Cell and
RPM 20:4 Contenta

cell type treatment
20:4

(nmol/107 cells)

∆20:4 from CON
(PGs formed)

(nmol/107 cells)

RPM CON 110( 4 nab

RPM LPS 100( 6 10( 3
(6.9( 1.4)c

RAW CON 38( 5 na
RAW LPS/IFN-γ 27 ( 4 11( 3

(6.4( 1.4)c

EN-RAW CON 76( 4 na
EN-RAW LPS/IFN-γ 43 ( 1 33( 6

(6.1( 0.4)c

a Experimental conditions are as described in the legend to Table 1,
and the data are derived from Table 1. Values for the mole percent of
20:4 under the various experimental conditions were converted to an
estimated absolute value for 20:4 content in the cells as described in
Experimental Procedures. For each set of experimental conditions the
loss of 20:4 during treatment with LPS/IFN-γ (RAW264.7 cells) or
LPS alone (RPM) was calculated.b Not applicable.c Data are from ref
34, Figure 6 and Figure 12.
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RAW264.7 cells were treated with LPS/IFN-γ for 5 h, they
exhibited a 43% loss of phospholipid 20:4, a 3-fold increase
over the quantity lost by unenriched RAW264.7 cells or
RPM. In contrast the elevated levels of 22:4 that resulted
from enrichment did not change. The higher level of 20:4
mobilization in the enriched cells could be due either to
greater utilization of substrate for lipid mediator biosynthesis
or to exchange with serum proteins in the medium, as was
previously described for 18:0-enriched RPM (27, 28). As
seen in Figure 12A, enriched RAW264.7 cells produced the
same quantities of PGs as did unenriched cells. This finding
suggests that PG synthesis is limited by the levels of available
enzymes, consistent with the finding that induction of COX-2
protein expression was the same in the enriched and
unenriched cells (Figure 12B). This result does not support
the hypothesis that the greater level of 20:4 mobilized in
20:4-enriched RAW264.7 cells compared to unenriched cells
was utilized for lipid mediator synthesis. Alternatively, it is
possible that 20:4 is simply being exchanged with serum
proteins, a process that might render it unavailable for

FIGURE 7: Effect of LPS treatment on the relative distribution of
GPCho species. (A) RAW264.7 cells (60 mm dishes) were preincu-
bated for 22 h with 20 ng/mL GM-CSF in DMEM/FCS. Cells were
then transferred to fresh DMEM/FCS containing GM-CSF plus 10
ng/mL IFN-γ and 100 ng/mL LPS and incubated for an additional
5 h. Data show a comparison for cells harvested immediately at
the end of the 22 h GM-CSF preincubation (RAW CON) and cells
subjected to the 5 h treatment with LPS/IFN-γ (RAW LPS). (B)
RAW264.7 cells (60 mm dishes) were preincubated for 22 h with
20 ng/mL GM-CSF in SFM-20:4. Cells were then transferred to
fresh DMEM/FCS containing GM-CSF plus 10 ng/mL IFN-γ and
100 ng/mL LPS and incubated for an additional 5 h. Data show a
comparison of cells harvested immediately at the end of the 22 h
GM-CSF preincubation (EN CON) and cells subjected to the 5 h
treatment with LPS/IFN-γ (EN LPS). (C) RPM (60 mm dishes)
were isolated and incubated overnight inR-MEM/FCS. Cells were
then transferred to freshR-MEM/FCS containing 100 ng/mL LPS
and incubated for an additional 5 h. Data show a comparison of
cells harvested immediately at the end of the overnight incubation
(RPM CON) and cells subjected to the 5 h treatment with LPS
(RPM LPS). In all cases, cells were harvested for analysis of total
phospholipids by MS. The signal intensities from 31 distinct GPCho
species were summed, and the magnitude of the signal intensity of
each species was then calculated as a percent of that total. The 10
species demonstrating the greatest differences between the two cell
populations are shown here. Results are the mean( standard devia-
tion of the combined results from three separate experiments in
which triplicate determinations were made. Species designated with
a star were statistically significant (p < 0.05). Data for all 31 GPCho
species are given in Figure S7 in the Supporting Information.

FIGURE 8: Effect of LPS treatment on the relative distribution of
GPEtn species. Conditions are identical to those described in the
caption to Figure 7, except that data are given for GPEtn (38 distinct
species analyzed). Data for all 38 GPEtn species are given in Figure
S8 in the Supporting Information.
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oxygenation by COX. This hypothesis is supported by the
data in Figures 7B through 11B. These data demonstrate that
the species that show the greatest decrease during the LPS/
IFN-γ incubation are in most cases the same species that
showed the greatest increase with 20:4 enrichment (Figures
1B through 5B). This is particularly striking in the case of
GPCho, for which 8 of the 10 species that showed the
greatest increases with enrichment also showed the greatest
decreases with LPS/IFN-γ incubation. Thus, it appears that
the changes occurring during the LPS incubation period
primarily reflect a reversal of the enrichment process rather
than a selective mobilization of 20:4 for lipid mediator
synthesis.

DISCUSSION

The availability of new MS-based lipid profiling tech-
niques provides, for the first time, a comprehensive and
contextual evaluation of steady state glycerophospholipid
composition and global changes in that composition as a
function of defined cell signaling and metabolic perturba-

tions. Here we apply this technology to demonstrate that
RAW264.7 cells are strikingly different from RPM in
phospholipid fatty acid content and in the distribution of fatty
acids among glycerophospholipid species. The predominant
difference is the markedly lower 20:4 content, leading to a
reduction in the levels of selected 20:4-containing species
in RAW264.7 cells compared to RPM. Based on the relative
signal intensity data for each lipid class (Table 3) it appears
that the deficit of 20:4-containing species in RAW264.7 cells
is greater for GPCho than for GPEtn. However, conversion
of the signal intensity data to estimated absolute quantities,
which takes into account the differences in the proportions
of GPCho and GPEtn between RPM and RAW264.7 cells,
leads to the conclusion that the absolute amount of 20:4 in
the two major phospholipid classes is roughly equal in both
cell types, and that the deficit in RAW264.7 cells compared
to RPM is also similar for the two lipid classes (Table 3).
As noted previously, the use of signal intensity data to
estimate absolute quantities of lipids is subject to significant
sources of error; however, it is notable that the total amount
of 20:4-containing lipids estimated from signal intensity data

FIGURE 9: Effect of LPS treatment on the relative distribution of
GPIns species. Conditions are identical to those described in the
caption to Figure 7, except that data are given for GPIns (20 distinct
species analyzed). Data for all 20 GPIns species are given in Figure
S9 in the Supporting Information.

FIGURE 10: Effect of LPS treatment on the relative distribution of
GPSer species. Conditions are identical to those described in the
caption to Figure 7, except that data are given for GPSer (23 distinct
species analyzed). Data for all 23 GPSer species are given in Figure
S10 in the Supporting Information.
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for each cell type in Table 3 (110 nmol/107 cells for RPM,
44 nmol/107 cells for RAW264.7 cells, and 76 pmol/107 cells
for 20:4-enriched RAW264.7 cells) agrees remarkably well
with the estimated 20:4 content obtained from fatty acid
analysis data, which are not subject to the same error source
(Table 4). Nevertheless, the conclusion that 20:4 is ap-
proximately equally distributed between GPCho and GPEtn
contrasts with previous reports indicating that GPEtn is the
predominant source of 20:4 in the J774 macrophage cell line
and polymorphonuclear leukocytes (38, 43). Further studies,
including absolute quantification of lipid species, will be
required to verify the exact distribution of 20:4 in the lipids
of RPM and RAW264.7 cells.

The much lower level of 20:4 in RAW264.7 cells
compared to RPM could be due to multiple factors. First,
the long-term maintenance of cells in culture medium
containing FCS, which is not a major source of 20:4, could
eventually lead to a loss of this fatty acid. Second, RAW264.7
cells were originally derived from pristane-elicited peritoneal
cells, which may exhibit fundamentally different lipid
metabolism from RPM, and finally, metabolic changes may
have resulted from the process of Abelson leukemia virus
transformation during the generation of the RAW264.7 cell

line (21). Our data support the hypothesis that there are basic
differences in lipid metabolic pathways between RAW264.7
cells and RPM that are not readily explained by the
availability of fatty acids in the culture medium. This is
illustrated by the fact that RAW264.7 cells and RPM
demonstrate fundamental differences in the distribution of
fatty acids among their phospholipids. Upon 20:4 enrichment
of RAW264.7 cells, the incorporated fatty acid is found in
distinctly different glycerophospholipid species than in RPM,
even after allowing 22 h for the fatty acid to equilibrate with
the existing lipid pools. 20:4-enriched RAW264.7 cells
rapidly mobilize 43% of their phospholipid 20:4 (corre-
sponding to 88% of the fatty acid incorporated during
enrichment) as a result of incubation with LPS/IFN-γ in
serum-containing medium. In contrast, RPM maintain high
phospholipid 20:4 content after isolation and overnight
incubation in serum-containing medium. Incubation of these
cells with LPS in the presence of serum mobilized only 9%
of their 20:4. Furthermore, when RPM are enriched with
18:0, and then transferred to serum-containing medium, a
rapid efflux of the incorporated saturated fatty acid is
observed (27, 28). Together, these observations suggest that
RPM incorporate 20:4 into highly stable metabolic pools,
and/or that they possess enzymes that selectively scavenge

FIGURE 11: Effect of LPS treatment on the relative distribution of
GPGro species. Conditions are identical to those described in the
caption to Figure 7, except that data are given for GPGro (25 distinct
species analyzed). Data for all 25 GPGro species are given in Figure
S11 in the Supporting Information.

FIGURE 12: Effect of 20:4 enrichment on PG synthesis and COX-2
expression. RAW264.7 cells (35 mm dishes) were preincubated
for 22 h with GM-CSF in DMEM/FCS or SFM-20:4 as indicated.
The cells were then transferred to DMEM/FCS containing GM-
CSF, LPS, and IFN-γ. (A) At the indicated times, the medium was
harvested for analysis of PG formation from endogenous substrate
by LC-MS/MS. (B) The cells were harvested at the beginning of
the GM-CSF pretreatment period (0 h), at the end of that period
(22 h), and at the end of the treatment with LPS and IFN-γ
(LPS/IFN-γ) for immunoblot analysis for expression of COX-2.
Chemiluminescence was measured by a Fluor-S Max Multi-Imager,
and the data were normalized to the signal obtained in cells
pretreated with GM-CSF in DMEM/FCS and incubated with LPS
and IFN-γ. The results are the mean( standard deviation from
three separate experiments in which triplicate determinations were
made.
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and retain 20:4. These pathways appear to be deficient in
RAW264.7 cells.

An additional striking difference in 20:4 distribution
between RPM and RAW264.7 cells lies in the much higher
content of lipids containing ether and vinyl ether linkages
at the sn-1 position. This is particularly notable for GPEtn,
where 38:4p/38:5e and 36:4p species predominate in RPM,
but are relatively minor species in RAW264.7 cells. 20:4
enrichment does not result in a proportionate increase in these
species in RAW264.7 cells, suggesting a relative deficiency
in alkyl acyl and alkenyl acyl lipid synthesis in those cells,
compared to RPM. This finding is significant in view of the
previously reported role of these species as a source of 20:4
in stimulus-dependent lipid remodeling in polymorphonuclear
leukocytes and macrophages (44, 45). Furthermore, since
1-alkyl-2-arachidonoyl GPCho species are the precursors of
platelet activating factor, the relative deficiency of these
species in RAW264.7 cells may have an impact on the
biosynthesis of this lipid mediator (8).

The lower phospholipid 20:4 content in RAW264.7 cells
compared to RPM might be expected to result in reduced
synthesis of other lipid mediators that are formed directly
from 20:4. We tested this hypothesis with regard to LPS-
dependent PG synthesis, which we had previously reported
to be lower in RAW264.7 cells than in RPM. However,
GM-CSF pretreatment significantly augmented LPS-depend-
ent PG formation in RAW264.7 cells without altering
glycerophospholipid fatty acid composition or species dis-
tribution. Furthermore, when RAW264.7 cells were pre-
treated with GM-CSF and cotreated with INF-γ, they
produced PGs at levels similar to those produced by RPM
treated with LPS alone. These data demonstrate that
RAW264.7 cells require additional stimulation in order to
be able to respond to LPS to the same degree as RPM, but
if so treated, they can produce PGs in the same quantities as
RPM despite their lower levels of glycerophospholipid
20:4. Further evidence that PG synthesis is not primarily
dictated by the level of 20:4 in glycerophospholipids was
provided by the finding that 20:4-enriched RAW264.7 cells
produce no additional PGs, despite markedly increased 20:4
mobilization. Note, however, that in the case of unenriched
RAW264.7 cells, the production of large quantities of PGs
in response to LPS renders the cell phospholipids even more
deficient in 20:4 compared to LPS-treated RPM. This may
reduce their ability to respond to a secondary stimulus, such
as zymosan phagocytosis, with PG formation.

Despite the fact that LPS/IFN-γ treatment of GM-CSF-
pretreated RAW264.7 cells evoked mobilization of similar
amounts of 20:4 as did LPS treatment of RPM, the two cell
types differed with regard to observed changes in species
distribution in glycerophospholipid classes. Few significant
changes were noted in glycerophospholipids as a result of
LPS/IFN-γ treatment of RAW264.7 cells, whereas RPM
exhibited decreases in 20:4-containing GPCho, GPEtn, and
GPIns species. This finding might reflect a higher degree of
specificity for mobilization of 20:4 from selected lipid species
in RPM, making it easier to detect changes in those species.
It is notable, however, that the level of variability between
experiments was greater for RAW264.7 cells than for RPM,
rendering it more difficult to achieve statistical significance
in changes that were observed, such as in 38:4 GPIns (Figure
10A). It should also be noted that these studies were carried

out at a single 5 h time point, and therefore identify pools
of lipids that ultimately served as a source of 20:4. They do
not address the possibility that other lipids were initially used
to provide 20:4 for PG synthesis, and were then replenished
from the stores that we have identified. Full time course
studies will be required to address the possibility of dynamic
lipid fluxes.

It is clear from the phospholipid fatty acid compositions
of RAW264.7 cells and RPM that a major difference exists
in the content of polyunsaturated fatty acids in the mem-
branes of the two cell types. RAW264.7 cells contain high
concentrations of 18:1, which might, in part, substitute for
the longer chain, more highly unsaturated fatty acids found
in RPM. The high 18:1 content is retained in 20:4-enriched
RAW264.7 cells, contributing to the differences in species
distribution among glycerophospholipids between these cells
and RPM. For example, 20:4 enrichment leads to significant
increases in 38:5 GPCho and GPIns, leading to much higher
levels of these lipids than are seen in RPM. Despite the
elevation in 18:1, it is likely that the relative deficit in 20:4
and other polyunsaturated fatty acids in RAW264.7 cells
leads to a corresponding deficit in membrane fluidity
compared to RPM. This would be expected to lead to
impairment of basic functions such as pinocytosis and
phagocytosis in the RAW264.7 cell (27, 28).

In the past 20 years, it has become increasingly evident
that glycerophospholipid metabolism plays a central role in
multiple aspects of cellular physiology, including stimulus-
response coupling, lipid mediator biosynthesis, membrane
trafficking and fusion, and membrane-bound protein function,
emphasizing the need for a comprehensive evaluation of the
glycerophospholipid metabolome. In the past, lipid metabolic
studies have emphasized the precise substrate-product
relationships of individual enzymes, such as phospholipase
C (PLC) and cPLA2 (among others) that respond to a
stimulus such as LPS. Although this is a desirable goal, it is
equally important to characterize the overall physiological
consequences of cell surface receptor activation and the
subsequent metabolic responses. The mass spectrometry-
based lipid analysis shown in this work represents the end
result of the integrated steady state activities of all of the
lipid metabolic enzymes in resting macrophages (for control
cells) or the sum total of all of the lipolytic and lipid synthetic
activities that occur as a result of stimulation (in LPS-treated
cells). The enzymatic activities that regulate the lipid
metabolome of intact cells have yet to be comprehensively
identified, but as demonstrated here, the sum of the glyc-
erophospholipid changes resulting from a specific environ-
mental challenge can now be systematically evaluated. In
this way we are able to assess the glycerophospholipid status
of selected cell populations prior to stimulation, and to define
the integrated receptor-mediated changes in cell membrane
composition for any stimulation paradigm. This detailed
analysis is essential to understanding the sequence of cell
signaling and lipid metabolic events initiated by any stimulus
that leads to glycerophospholipid turnover. The present work
illustrates only a small fraction of the information that can
be gleaned by this approach, yet it clearly demonstrates the
importance of the comprehensive evaluation of glycerophos-
pholipid composition and structure in the interpretation of
cellular physiological responses.
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