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ABSTRACT. Comprehensive lipid profiling by mass spectrometry provides comparative data on the relative
distribution of individual glycerophospholipids within each of the major classes. Application of this method

to the analysis of glycerophospholipid remodeling in murine primary resident peritoneal macrophages
(RPMs) during zymosan phagocytosis reveals significant decreases in the levels of every major arachidonic
acid (20:4)-containing species of phosphatidylcholine (GPCho) and in selected 20:4-containing phos-
phatidylinositol (GPIns) and phosphatidylglycerol (GPGro) species. No net changes in 20:4-containing
phosphatidylethanolamine (GPEtn) species were detected. Pretreatment of RPMs with LPS resulted in
subtle changes in the magnitude and kinetics of the response but had no effect on the overall pattern of
zymosan-induced glycerophospholipid remodeling. Inhibition of prostaglandin (PG) synthesis with
indomethacin reduced the magnitude of the changes in 20:4-containing diacyl but not alkyl acyl species.
Blockade of 20:4 reacylation with thimerosal had no effect on the magnitude of the zymosan-induced
changes in GPCho, GPIns, or GPGro species but revealed decreases in the level of alkyl acyl GEtn species.
RAW264.7 cells contain much lower levels of phospholipid 20:4 than do RPMs and synthesize PGs
poorly in response to zymosan. Pretreatment with granulocyte-macrophage colony stimulating factor,
lipopolysaccharide, and interfergnsubstantially increased the extent of 20:4 mobilization and PG synthesis

in these cells. However, under conditions of maximal zymosan-dependent PG synthesis, the only
glycerophospholipid that exhibited a significant change was a 20:4-containing plasmenyl GPEtn. These
results suggest that GPCho is the major ultimate source of 20:4 that is mobilized in zymosan-stimulated
RPMs but that 20:4 mobilization may involve the intermediate turnover of alkyl acyl GPEtn species.

Arachidonic acid (20:4)serves as the precursor for a wide selective hydrolysis of the ester bond linking 20:4 to the
variety of biologically active lipid mediators, including phospholipid glycerol backbon&-{4). Free 20:4 then serves
prostaglandins (PGs), leukotrienes, hydroxyeicosatetraenoicas a substrate for cyclooxygenases-1 and -2 (COX-1 and
acids, and lipoxins. In resting cells, 20:4 is predominantly COX-2, respectively), leading to PG formation, or for
found esterified in membrane glycerophospholipids and is muitiple lipoxygenases, leading to formation of leukotrienes,
unavailable for lipid mediator biosynthesis. Appropriate hydroxyeicosatetraenoic acids, and lipoxins. The oxygenation

stimuli lead to the activation of cytosolic phospholipase A f 20:4 results in a net irreversible removal of the fatty acid
(cPLAy), which is the enzyme primarily responsible for the .50 the glycerophospholipid pool. Thus, lipid mediator
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had been converted to eicosanoids, with the major metabo-

lites identified as PGEand PG} (identified as its stable
hydrolysis product, 6-ketoPGg, and minor quantities of
hydroxyeicosatetraenoic acids. Leukotrienen@s identified
later 6, 8—12). These studies demonstrated that eicosanoid
biosynthesis is exceptionally efficient in RPMs. However,
they also raised a significant question. If eicosanoid biosyn-
thesis irreversibly removes up to 50% of 20:4, a major
glycerophospholipid component, what is the effect of zy-
mosan stimulation on the overall structure and composition
of glycerophospholipids in these cells?

Biochemistry, Vol. 46, No. 20, 2006027

RAW264.7 Cell CulturefRAW264.7 cells were obtained
from American Type Culture Collection. The cells were
maintained in Dulbecco’s Modified Eagle’s Medium supple-
mented with GlutaMax, high glucose, sodium pyruvate, and
pyridoxine-HCI (Gibco, Grand Island, NY) containing 10%
heat-inactivated fetal calf serum (DMEM/FCS). Cells were
plated onto 35 mm tissue culture dishes at a density »f 5
1P cells/dish (for assay of PG synthesis) or onto 60 mm
dishes at a density of 1.5 10 cells/dish (for glycerophos-
pholipid fatty acid analysis and total glycerophospholipid
analysis) on the day prior to experiments. Unless otherwise

Prior attempts to answer this question have been hamperedtated, medium was changed to DMEM/FCS containing 20

by the lack of a comprehensive method for evaluating all

ng/mL granulocyte-macrophage colony stimulating factor

GPL species simultaneously. We have reported the use of(GM-CSF, R&D Systems, Minneapolis, MN2 h after

mass spectrometry-based lipid profiling techniques for car-
rying out detailed studies of the glycerophospholipid com-
positions of RPMs and the RAW264.7 murine macrophage
cell line (13, 14). Using class peak ratio analysis of the data,

plating, and cells were incubated overnight (22 h total).
Treatment of RPM or RAW264 Cultures with Various

Stimuli. Cells were plated in 35 or 60 mm dishes and

incubated overnight as described above. RPMs were washed

we have shown that this approach provides a robust meangwice in PBS and transferred to freeAMEM/FCS with or

of evaluating and comparing patterns of distribution of
individual glycerophospholipid species within each class. We
identified major differences in glycerophospholipid profiles
between RAW264.7 cells, which are deficient in 20:4-

without LPS (100 ng/mL). RAW264.7 cells were transferred
to fresh DMEM/FCS with or without bacterial lipopolysac-
charide (LPS, 100 ng/mlEscherichia coli011:B4, Calbio-
chem, San Diego, CA) and/or murine recombinant interfer-

containing species as compared to RPMs, and we demonOn-y (IFN-y, 10 ng/mL, Sigma) as desired. GM-CSF (20

strated the ability of the method to detect changes in lipid
species distribution in RPMs as a result of exposure to
bacterial lipopolysaccharide (LPS), which mobilizes 20:4 for
eicosanoid biosynthesis.

Here we extend the use of global lipid profiling to study
the changes in glycerophospholipid distribution that occur

during zymosan phagocytosis in macrophages. We show that

zymosan stimulation results in significant decreases in the
relative quantities of 20:4-containing species predominantly
in phosphatidylcholine (GPCho), phosphatidylinositol (GPIns),
and phosphatidylglycerol (GPGro). We further explore the
effects of LPS pretreatment, COX inhibition, and blockade
of 20:4 reacylation on lipid remodeling in these cells. Finally,
we demonstrate relatively few glycerophospholipid changes
in zymosan-stimulated RAW264.7 cells, consistent with the
much weaker PG synthetic response in these cells.

EXPERIMENTAL PROCEDURES

RPM Culture All studies involving animals were con-
ducted 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 (India-
napolis, IN). Cells were obtained by peritoneal lavage as
described previouslyl6) and suspended at a density of2
x 10 cells/mL (cells from one mouse per 2 mL) in Minimal
Essential Alpha Medium supplemented with GlutaMax
(Gibco), containing 10% heat-inactivated fetal calf serum
(Atlas Biologicals, Norcross, GA) with 100 units/mL penicil-
lin and 0.10 mg/mL streptomycin (Sigma, St. Louis, MO)
(a-MEM/FCS). The cell suspension was plated onto 35 mm
dishes at a density of 2 mL/dish (for total glycerophospho-
lipid analysis) or onto 60 mm dishes at a density of 6 mL/
dish (for glycerophospholipid fatty acid analysis) and
incubated fo 2 h at 37 °C in a humidified 5% CQ@

ng/mL) was also included in the medium of cells that had
been preincubated overnight with that cytokine. Unless
otherwise indicated, cultures were incubatedSd prior to
stimulation.

Unopsonized zymosan A (Sigma) was prepared as de-
scribed by Bonney et al16) and suspended at 16 mg/mL
in PBS. For studies of zymosan-induced cellular responses,
cultures were washed in PBS and overlaid in fresh serum-
free a-MEM (for RPM) or DMEM (for RAW264.7 cells),
and zymosan was added (160/35 mm dish or 48@g/60
mm dish). 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.

For some experiments, inhibitors were included during
zymosan incubations. All inhibitors were prepared as 000
stock solutions in medium or dimethyl sulfoxide and diluted
into culture medium immediately prior to addition to cultures.
Specific concentrations and preincubation conditions are
described for individual experiments.

Assay of PGsFollowing incubation with the desired
stimuli, the medium was removed from cultures (35 mm
dishes), placed on ice, and immediately spiked withu20
of a methanol solution containing 50 pmol each of 6-
ketoPGh,-ds4, PGE-ds, and PGR-d, (Cayman Chemical,
Ann Arbor, M), 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 spectrometry (EESI-MS/MS) as
described previouslyl{7). The major PGs produced by RPMs
are PGEk and 6-ketoPGf. In RAW264.7 cells, the major
products are PGPand PGE. Values for PG formation are
the sum of the two major products in each case. Data were
normalized to the protein content of the cell monolayers using

atmosphere. Nonadherent cells were removed by washinga BCA protein assay kit (Pierce, Rockford, IL) and then to

the plates four times with PBS, and the cultures were then
incubated overnight in fresa-MEM/FCS.

cell number based on a conversion factor of 1.27 mg of cell
protein/10 cells.
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Determination of 20:4 Leels Cell monolayers in 35 mm  of peak normalization were applied to each MS file. For the
dishes were scraped twice into a total volume of 1 mL of class peak ratio analysis, the peak intensities located at the
ice-cold methanol, and the resulting cell lysates were m/z values corresponding to a particular class of glycero-
combined with 1 mL of acetonitrile containing 100 ng of phospholipids were normalized to the sum of the peak
20:4-dg (Cayman). The resulting samples were stored 2@ intensities from all the peak intensities within the class. For
°C prior to extraction and analysis for 20:4 by silver ion the internal standard ratio analysis, all of the peaks in a
coordination LC-ESI-MS/MS as described previousl{ spectrum were normalized to the mean peak ion intensity
18). Data were normalized to cell number as described aboveassociated with thevz values of the internal standards added
for PG formation. to the samples, which ionized in the relevant instrument

Phospholipid Fatty Acid Analysi€ells in 60 mm culture ~ mode. Batch normalization of peak data was performed in
dishes were scraped twice into a total volume of 1.0 mL of S-Plus version 3.3 for the Windows software suite (MathSoft,
PBS. The cells from two dishes were combined, recovered Inc., Cambridge, MA).

by centrifugation at 75@for 5 min, and resuspended in 0.5 Statistical AnalysisAll experiments were performed at
mL of PBS. The resulting cell suspensions were stored at |east three times using triplicate samples. In each case, the
—80 °C until they were analyzed by gas chromatography triplicate values were averaged, and then the means and
by the Vanderbilt University Mouse Metabolic Phenotyping - standard deviations of the means from individual experiments
Center laboratoryX(9). were calculated. These values were subjected to statistical
Total Cell Glycerophospholipid Analysi&fter incubation  analysis by Student’s tests or ANOVA as appropriate to

with the desired stimuli, plates (35 mm for RPMs and 60 identify significant differences. The criterion for statistical
mm for RAW264.7 cells) were placed on ice and washed sjgnificance was @ of <0.05.

with 1.5 mL of ice-cold PBS. Cell extracts were prepared
via a modified Bligh/Dyer extraction procedur20j. Briefly, RESULTS
cells were scraped into 806L of a 0.1 N HCI/CHOH
solution (1:1), and 40QL of CHCIl; was added to the Glycerophospholipid Remodeling in Zymosan-Stimulated
suspension. The samples were vortexed for 1 min, and layersRPMs.Following isolation and overnight incubation, RPMs
were separated by centrifugation at 18§d6r 5 min at 4 were placed in serum-free medium and challenged for various
°C. The organic phase was isolated, and a solution(20 periods with zymosan. Cells were harvested for direct
of standards containing 53.4 ng of 25:0 GPCho, 53 ng of infusion ESI-MS analysis of total glycerophospholipids, and
25:0 GPEtn, 49.2 ng of GPGro, and 51.6 ng of GPIns was the data were subjected to class peak ratio analysis. Specif-
added to some samples. The solvent was then evaporated iffally, for each glycerophospholipid class, the total of the
a vacuum centrifuge (Labconco Centrivap Concentrator, mass spectral signal intensities from all species in that class
Kansas City, MO). Samples were redissolved inuZ0of a was determined, and the signal intensity from each species
CH3;OH/CHCE solution (9:1), and 1uL of concentrated ~ Was calculated as the percent of that total. The analysis was
aqueous (18 M) NEDH was added before analysis. Mass limited to species that have been positively identified by ESI-
spectral analysis was performed on a Finnigan TSQ QuantumMS/MS fragmentation X3). It should be noted that mass
triple-quadrupole mass spectrometer (ThermoFinnigan, Sanspectral signal intensity decreases with increasing chain
Jose, CA) equipped with a Harvard Apparatus Syringe pump Iength and degree of unsaturation of the component fatty
and an electrospray source. For routine analysis, samplegcids @2), so the relative signal intensity data are not a direct
were analyzed by direct infusion electrospray ionization mass assessment of absolute quantity and tend to underestimate
spectrometry (ESI-MS) at an infusion rate of AD/min in the absolute quantities of long chain, polyunsaturated species.
both positive and negative ionization modes over the range However, comparisons of these relative signal patterns do
of m/z 350-1200. Data were collected with Xcalibur @allow an assessment of differences in the distribution of
(ThermoFinnigan) and ana|yzed with software deve|oped in individual SpeCieS within a class and prOVide a sensitive and
our laboratory. Identification of individual glycerophospho- highly reproducible method for detecting changes in the
lipids present in each peak was accomplished in separateelative quantities of individual specie23).
experiments by tandem mass spectrometry (ESI-MS/MS) Figures -5 show the time courses of the changes in lipid
performed on larger sample$3 21). species distribution for GPCho, phosphatidylethanolamine
Data Analysis Each MS sample file consisted of ap- (GPEtn), GPIns, phosphatidylserine (GPSer), and GPGro,
proximately 60 scans (instrument sweeps of one per secondespectively, which comprise 46, 33, 5.8, 6.3, and 6.7% of
for 60 s) fromm/z 350 to 1200 binned in 0.07 amu. The MS RPM phospholipids, respectivel24). In each figure, panel
scans (.Raw files) were batch converted to a nonproprietary A provides data for zymosan-treated RPM and corresponding
ASCII compatible form using the vendor-supplied Win- data for control cells (incubated in the absence of zymosan)
dows32 executable Xconvert.exe. The ASCII files were are given in panel B. In each case, the species shown were
parsed, filtered for anomalous scans, and time-averaged. Achosen because they exhibited statistically significant (
peak finding algorithm was applied to the time-averaged 0.05) changes over at least two consecutive time points in
array. The maximum ion intensity value at 1 amu intervals RPM, LPS-pretreated RPM (plates C and D), or RAW264.7
was used to determine the peak maximum intensity, and thecells (plates E and F), which will be discussed below. For
associated nominaiVz and maxima were written to a file.  zymosan-stimulated cells, statistical significance was tested
Peaks with the same nominailz value were identified as  against both the initial time point and control cells incubated
equivalent across files. Files were batch-processed using dor the same time period in the absence of zymosan. A
Windows executable generated in Fortran G77 (GNU) (M. change was deemed significant only if it met both criteria.
O. Byrne and H. A. Brown, unpublished data). Two types For control cells, statistical significance was tested against
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Ficure 1: Effect of zymosan stimulation on the distribution of lipid species in GPCho. RPM®)Avere isolated and incubated overnight

in a-MEM/FCS (35 mm dishes). RAW264.7 cells (E and F) were plated and incubated for 22 h with 20 ng/mL GM-CSF in DMEM/FCS
(60 mm dishes). Cells were washed and placed-AMEM/FCS without (A and B) or with (C and D) 100 ng/mL LPS (RPM) or in
DMEM/FCS with 100 ng/LPS, 20 ng/mL GM-CSF, and 10 ng/mL IFNRAW264.7 cells, E and F). Cells were incubated for 5 h,
washed, and placed in serum-free medium with (A, C, and E) or without (B, D, and Fxd.&® zymosan/35 mm dish or 480y of
zymosan/60 mm dish. Cultures were incubated for the indicated times, and the cells were harvested for glycerophospholipid analysis by
direct infusion ESI-MS. The total signal intensities of 29 distinct GPCho species were summed, and the magnitude of the signal intensity
of each species was then calculated as a percent of that total. Results are the steadard deviation of the combined results from four

(A, B, E, and F) or three (C and D) separate experiments in which triplicate determinations were made. The species that are shown demonstrated
statistically significant differencep(< 0.05) for zymosan-treated cells at two consecutive time points vs control cells (no zymosan) at the
same time points and against cells at 0 min. Alternatively, species that are shown exhibited statistically significant differer@@s)

for control cells at two consecutive time points against cells at 0 min. Data designated with a star met criteria for statistical significance in
zymosan-stimulated cells at 30, 60, and 120 min. Data designated with an asterisk met criteria for statistical significance in zymosan-
stimulated cells at 60 and 120 min. Data designated with a circle met criteria for statistical significance in zymosan-stimulated cells at 30
and 60 min. Data designated with a diamond met criteria for statistical significance in control cells at 60 and 120 min. Data for all 29
GPCho species are provided in Figure S1 of the Supporting Information.
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Ficure 2: Conditions are identical to those described in the legend of Figure 1, except that data are given for GPEtn (36 distinct species
analyzed). Species that are shown were chosen on the basis of the statistical significance for zymosan-stimulated or control cells and are
indicated as described in the legend of Figure 1. Data for all 36 GPEtn species are provided in Figure S2 of the Supporting Information.

the initial time point only. Data for all species analyzed are
provided in Figures S3S5 of the Supporting Information.
Note that in Figures 15, each species is designated by a
numberxxy, wherexx is the total number of carbons agd

is the total number of double bonds in the two fatty acyl
chains. A designation afindicates that the fatty acid at the
snl position is ether-linked, whereas thpe designation
indicates a vinyl ether linkage®). For each species, more

Complete tables of all species identified for eacky
designation in RPMs and RAW264.7 cells have been
published previously1(3).

As seen in Figure 1A, significant decreases were observed
in 38:4, 38:5, 38:4p/38:5e, 36:4, and 36:4e GPCho species.
All of these contain 20:4, and all remained stable or
underwent a slight increase in amount in control cells during
the course of th 2 h incubation (Figure 1B). In contrast, a
than one combination of fatty acids may be possible. Alkyl significant decrease occurred only in the 20:4-containing 42:4
acyl species with the compositiosxyp andxx (y+1)e have GPEtn, and no changes were observed in the major 20:4-
the same mass and are therefore detected and listed togethecontaining 38:4, 38:4p/38:5e, 38:5p/38:6e, and 36:4p GPEtn
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Ficure 3: Conditions are identical to those described in the legend of Figure 1, except that data are given for GPIns (20 distinct species
analyzed). Species that are shown were chosen on the basis of the statistical significance for zymosan-stimulated or control cells and are
indicated as described in the legend of Figure 1. Data for all 20 GPIns species are provided in Figure S3 of the Supporting Information.

species (although 36:4p GPEtn trended down). Review of exposure. The LPS-pretreated cells demonstrated a statisti-
panels A and B of Figures-3 indicates that significant  cally significant f < 0.001) 21% increase in the level of
decreases occurred in 20:4-containing 38:4 and 37:4 GPInszymosan-dependent PG biosynthesis from=.6.2 nmol/
and 42:8, 42:9, 42:10, and 40:8 GPGro. Together, thesel( cells (in cells not pretreated with LPS) to 290.2 nmol/
results, combined with the high GPCho content in RPM 107 cells (in LPS-pretreated cells). The effects of zymosan
phospholipids Z4), indicate that the major pool of 20:4 that on the distribution of glycerophospholipid species in LPS-
is ultimately mobilized in zymosan-stimulated RPMs is pretreated cells are shown in Figures4%C. For compari-
diacyl and alkyl acyl GPCho species. son, data are presented for LPS-pretreated control cells (no
Effect of LPS Pretreatment on Glycerophospholipid Re- zymosan) in Figures 1B5D. In general, the overall pattern
modeling Exposure of RPMs to LPS leads to an increased of changes is strikingly similar between LPS-pretreated
level of expression of COX-2 and cPLAboth of which RPMs and those that had not been pretreated. However, some
promote PG biosynthesi2§). However, LPS is itself a  subtle differences are notable. Because of the changes
stimulus of PG biosynthesis, and exposure results in a 9%resulting from the LPS pretreatment, levels of some 20:4-
decrease in the level of glycerophospholipid 2(t3, 26). containing species were lower at the beginning of the time
As previously reported, class peak ratio analysis indicates course in LPS-pretreated cells as compared to those in cells
significant decreases in the relative proportions of 20:4- that had not been pretreated. Decreases in the levels of
containing 38:4, 38:4p/38:5e, 36:4, and 36:4e GPCho, 42:8, 42:9, 42:10, and 40:8 GPGro and 37:4 GPIns that were
36:4p GPEtn, and 38:4 GPIns as a result of LPS treatmentobserved in the absence of LPS pretreatment were blunted
(13). Together, these changes might be expected to affectin the pretreated cells. Finally, visible trends occurred at early
zymosan-dependent glycerophospholipid remodeling in RPMstime points in LPS-pretreated cells, consistent with the fact
pretreated with LPS. We tested this hypothesis by incubatingthat PG biosynthesis also occurs with a more rapid time
RPMs fa 5 h in thepresence of LPS, followed by zymosan course as a result of LPS pretreatmets)(



6032 Biochemistry, Vol. 46, No. 20, 2007 Rouzer et al.
w0 = B RPM: con
S 18- 5 20
& 10 min . > 70 min
= 115 min 5 164 I =115 min
2 I 30 min 2 [ 30 min
[G] I 60 min (L) I 60 min
© I 120 min b I 120 min
3 3
[ [
e et
[ = o
(<] Q
e e
[<}] [+F]
o o
5 C RPM: LPS-zym D RPM: LPS-con
a2 * 10 min = 0 70 min
5 157 115 min = 16 v 115 min
2 12+ I 30 min g_’ I 30 min
o 5 * I 60 min o 121 I 60 min
il N 120 min = N 120 min
3 & g 8
[~ -
£ 3 = i e 4
(<] Q
2 ¢ 2 o
s S e e R S e D
GPSer GPSer

S E RAW: LPS-zym £ F RAW: LPS-con
[=2] —
= & 257 .
;2 25 30 min = E [wwis] O mlr!
& 20- | 115 min o 20- =115 min
o [ 30 min % [ 30 min
g 154 60 min = 151 I 60 min
© : - I 120 min
o 10- I 120 min ° 10-

e
“O- 5. 2 5+
h— ==
E 0- L 8 0- m
2 = W W F r O ™ N O T e N e Y e nTNe T
S $§8e383I33S CaARIRE =

GPSer GPSer

Ficure 4: Conditions are identical to those described in the legend of Figure 1, except that data are given for GPSer (21 distinct species
analyzed). Species that are shown were chosen on the basis of the statistical significance for zymosan-stimulated or control cells and are
indicated as described in the legend of Figure 1. Data for all 21 GPSer species are provided in Figure S4 of the Supporting Information.

Comparison of Class Peak Ratio Analysis and Internal these species or simply result from the fact that in the relative
Standard Ratio AnalysiFhe class peak ratio method of data calculation, if some species decrease others must increase
analysis provides data of high quality with low variance. One (so that the sum of all is 100%). To address this question,
reason for this is that mass spectral peak intensities within awe conducted an experiment in which we incubated RPMs
sample are compared to one another so that variability duefor 5 h in thepresence or absence of LPS and then for 2 h
to differences in cell number or early stages of cell harvesting in the presence or absence of zymosan. Cells were harvested
between samples does not contribute to the variance.for global lipid profiling, and an internal standard cocktail
However, the use of ratio analysis raises a concern. Althoughcontaining 25:0 GPCho, GPEtn, GPGro, and GPIns was
it is clear that this method reliably reflects changes in the added during the sample workup. Mass spectral data were
relative distribution of species within a lipid class, it is not analyzed by class peak ratio analysis and by calculating the
clear whether these relative changes reflect absolute changegatio of the absolute peak intensity for each species, relative
in the quantities of individual species. Furthermore, inspec- to that of the internal standards as described in Experimental
tion of Figure 1A, 3A, and 5A reveals that the decreases in Procedures. The latter internal standard ratio method allows
the levels of 20:4-containing GPCho, GPIns, and GPGro area comparison of the absolute quantity of a given species
accompanied by relative increases in the levels of speciesbetween samples. The data, shown in Figure 6 for class peak
comprised of 16- and 18-carbon fatty acids. It is of interest ratio analysis and in Figure 7 for the internal standard ratio
to know whether these changes reflect absolute increases iimethod, clearly indicate that the majority of zymosan-
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Ficure 5: Conditions are identical to those described in the legend of Figure 1, except that data are given for GPGro (25 distinct species
analyzed). Species that are shown were chosen on the basis of the statistical significance for zymosan-stimulated or control cells and are
indicated as described in the legend of Figure 1. Data for all 25 GPGro species are provided in Figure S5 of the Supporting Information.
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dependent decreases in the levels of 20:4-containing specieshis certainly contributes to the smaller number of changes
that are detected by peak ratio analysis reflect changes indetected as significant. However, it is also likely that the
absolute quantities of lipids. This is not uniformly true for mathematical treatment used in peak ratio analysis over-
differences that result from LPS treatment. For example, peakestimates the magnitude of the changes for the reasons
ratio analysis detects statistically significant differences in mentioned above.

the levels of 36:4 GPCho and 38:4 GPIns between untreated The data in Figures 6 and 7 provide a direct comparison
cells and cells treated with LPS alon&)(and between  of the changes resulting from LPS pretreatment and zymosan
zymosan-treated cells in the presence versus absence of LPStimulation at the final time points. Note that some changes
pretreatment®). These differences are not detected by the are designated as statistically significant on these figures that
internal standard ratio analysis. It is also evident that many are not shown to be significant in Figures-3 because in

of the increases in lipid species detected by ratio analysisFigures 6 and 7, a single time point was compared whereas
are either less pronounced or not significant for the internal significance criteria for Figures-15 were more stringent.
standard ratio method. Examples are 36:2, 34:1, and 32:0In general, there is excellent agreement between the class
GPCho, the levels of all of which appear to increase peak ratio method and the internal standard ratio method of
significantly with zymosan treatment by class peak ratio data analysis with regard to identification of 20:4-containing
analysis, but not by the internal standard ratio method. As lipid species that undergo a decrease in amount in response
expected, the variances are larger using the internal standardo zymosan. Both methods suggest increases in the levels of
ratio method as opposed to class peak ratio analysis, andl6- and 18-carbon fatty acid-containing lipids; however, since



6034 Biochemistry, Vol. 46, No. 20, 2007 Rouzer et al.

s A

[ ] —
* i S
CON
Sonniffitle . CJCON B 14 Al s sy
o 4 * ¢ o mmZM n ¥ *  mmzYm
o 121 * ¥ mmLps-con F=lliti [ILPS-CON
S 10] * - LPS-ZYM el . LPS-ZYM
o ¢ (5]
oM 8 b
§ & 3
[ =
e 4 B
) [~
= @
D e
e 0 @
Q U UNO I I~NOT DO O oo
o SSee' LTIt A
B4
=T D
& &
o
GPCho
[ ]
[ C ! CON E D CON
e 'S
D 40- * il > 20- ¥ L
[77) I ZYM (7] i . ZYM
» = 16 —ILPS-CON
g = ] .
E 30 CTILPS-CON 5 * N LPS-ZYM
& B LPS-ZYM & 12*% o
= 20 | e
b4 - 89
] *
= 10_: 2 ! $ } I
— % = * e — - * &
S * * S ¥ xS
8 n fuin | E 0-
D  wrNW T T NS T N T [7] - D W T e O — N O —
b S T T e T T T T o T o T e T ] = < <t O O D M DM
GPIns GPSer
¢ ® .
| e *
c .
S 14 ;* * ¥ C_ICON
w * B ZYM
o 12« I CILPS-CON
o 10
o
¢ 8
< 6
2 4
€ 2
@
20 -y
¢ OooThRITTATOCNST
a ﬁﬁﬁﬁgﬁﬁﬁgggcﬁ%%%

GPGro

Ficure 6: Effect of LPS and zymosan on the distribution of species within major glycerophospholipid classes in RPMs as detected by
class peak ratio analysis. RPMs that had been isolated and incubated overnight (35 mm dishes) were transferreeM&WEEE S with

or without 100 ng/mL LPS. Cells were incubated for 5 h, washed, and overlaid with serum-free medium with or withegiof @gmosan.

Cells were incubated f2 h and then harvested for global lipid analysis by direct infusion ESI-MS. Data were analyzed by the class peak
ratio analysis method. Results are the meastandard deviation from four separate experiments in which triplicate determinations were
made. Species labeled with an asterisk showed significant differences between cells not pretreated with LPS or zymosan (CON) and cells
not pretreated with LPS but exposed to zymosan (ZYM). Species labeled with a diamond showed significant differences between cells
pretreated with LPS but not zymosan (LPS-CON) and cells pretreated with LPS and exposed to zymosan (LPS-ZYM). Species labeled with
a star showed significant differences between CON and CON-LPS cells. Species labeled with a circle showed significant differences between
ZYM and LPS-ZYM cells.

many of these changes are small and/or not statistically Effect of COX Inhibition on Zymosan-Dependent Glyc-
significant by the internal standard ratio method, it is not erophospholipid Remodelin@lycerophospholipid composi-
clear that they represent actual increases in absolute quantitieion is the result of a dynamic balance between synthesis
of lipid species. Clearly, however, the class peak ratio and degradation of individual species. During zymosan
analysis detects changes in relative lipid composition, which phagocytosis, the decrease in the level of 20:4-containing
may be as important as absolute changes in determining theglycerophospholipid species indicates that the degradation
functional status of the macrophage membrane. rate has increased and/or the synthesis rate has decreased,
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Ficure 7: Effect of LPS and zymosan on the distribution of species within major glycerophospholipid classes in RPMs as detected by
internal standard ratio analysis. Experimental conditions are exactly as described in the legend of Figure 6, except that MS data were

analyzed by the internal standard ratio method.

leading to an imbalance and a net loss. Under our experi-experiments, LPS-pretreated cells were used to maximize
mental conditions, there is no source of exogenous 20:4 PG biosynthesis and its contribution to glycerophospholipid
during the zymosan exposure period. Consequently, the useeemodeling. The results (Figure 8) demonstrate that in-
of 20:4 for eicosanoid biosynthesis must contribute to the domethacin significantly reduced the decreases in the relative
net loss of 20:4-containing glycerophospholipid species, asamounts of 38:4, 38:5, and 36:4 GPCho (by 37, 48, and 45%,
this component is removed from the pool of 20:4 available respectively), 38:4 GPIns (by 35%), and 42:9, 42:10, and
for glycerophospholipid synthesis. To determine the degree40:8 GPGro (by 13.5, 25, and100%, respectively).

to which PG biosynthesis contributes to the alterations in Notably, indomethacin had no effect on decreases in the
the distribution of glycerophospholipid species observed in levels of 38:4p/38:5e and 36:4e GPCho.
zymosan-stimulated RPMs, we carried out an experimentin  Effect of Thimerosal on Zymosan-Dependent Glycero-
which cells were incubated with zymosan in the presence phospholipid Remodeling20:4 is incorporated into glyc-
and absence of BM indomethacin, which effected a 97% erophospholipids by lysophosphatidylcholine acyltranferase
inhibition of PG biosynthesis (data not shown). For these (CoA-dependent) (EC 2.3.1.23) which transfers 20:4 from
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Ficure 8: Effect of indomethacin on glycerophospholipid remodeling in response to zymosan. RPMs that had been isolated and incubated
overnight (35 mm dishes) were transferred to fresMEM/FCS containing 100 ng/mL LPS. Cells were incubated for 4.5 h, and then
indomethacin was added as a stock solution in DMSO to yield a final concentratiopf Eontrol cells received DMSO at the same

final concentration (0.1%). Cells were incubated for an additional 30 min and were then washed and overlaid with serum-free medium with
or without indomethacin and 160g of zymosan. Cells were incubatedr f8 h and then harvested for global lipid analysis by direct
infusion ESI-MS. Data were analyzed by the class peak ratio analysis method. Results are thesteemtard deviation from four separate
experiments in which triplicate determinations were made for cells incubated in the absence of indomethacin or zymosan (CON), cells
incubated with indomethacin but not zymosan (CON INDO), cells incubated with zymosan in the absence of indomethacin (ZYM), and
cells incubated with zymosan in the presence of indomethacin (ZYM INDO). Species labeled with an asterisk showed significant differences
between ZYM and ZYM INDO cells.

CoA to a lyso-GPCho or lyso-GPIns. 20:4 is transferred and replenish specific 20:4-containing pools. Thimerosal is
between phospholipids primarily by glycerophospholipid a mercury-containing salicylic acid derivative that has been
arachidonoyltransferase (CoA-independent) (EC 2.3.1.147)shown to covalently modify protein sulfhydryl groups. It is
(27, 28). One or more of these pathways may function in a well-established inhibitor of the CoA-dependent acyltrans-
zymosan-stimulated cells to reincorporate free 20:4 that is ferase and has been reported to inhibit CoA-independent
not used for eicosanoid synthesis into glycerophospholipids acyltransferase in some tissuez9,(30). It also induces
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Ficure 9: Effect of thimerosal on glycerophospholipid remodeling in response to zymosan. RPMs that had been isolated and incubated
overnight (35 mm dishes) were transferred to freshIEM/FCS with or without 100 ng/mL LPS. Cells were incubated for 5 h, washed,

and overlaid with serum-free medium with or withoutB! thimerosal (dissolved directly into medium). Afta 5 min incubation, zymosan
(160ug) was added as indicated. Cells were incubate@ flo and then harvested for global lipid analysis by direct infusion ESI-MS. Data
were analyzed by the class peak ratio analysis method. Results are thetrstardard deviation from four separate experiments in which
triplicate determinations were made for cells incubated in the absence of thimerosal or zymosan (CON), cells incubated with thimerosal but
not zymosan (THI CON), cells incubated with zymosan in the absence of thimerosal (ZYM), and cells incubated with zymosan in the
presence of thimerosal (THI ZYM). Species labeled with an asterisk showed significant differences between CON and ZYM cells. Species
labeled with a diamond showed significant differences between THI CON and THI ZYM cells. Species labeled with a star showed significant
differences between CON and CON-THI cells. Species labeled with a circle showed significant differences between ZYM and THI ZYM
cells.

intracellular calcium spikes in some cells and has been shownthat in the absence of zymosan, thimerosal caused significant
to stimulate leukotriene and prostaglandin biosynthesis in decreases in the levels of 20:4-containing 36:4 and 36:4e
leukocyte populations, including RPM31—36). To deter- GPCho, 37:4 GPIns, and 42:8 and 42:9 GPGro. Decreases
mine the degree to which 20:4 reincorporation contributes were also observed in other 20:4-containing species that did
to glycerophospholipid remodeling in zymosan-stimulated not reach statistical significance. In contrast, thimerosal had
RPMs, we pretreated cells fdd h with LPS and then  relatively little effect on the distribution of lipids in zymosan-
challenged them with zymosanrf@ h in thepresence or  stimulated cells, with the notable exception of some 20:4-
absence of &M thimerosal. The results (Figure 9) showed containing plasmenyl GPEtn species (38:6p and 36:4p),
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FiGure 10: Effect of thimerosal on 20:4 levels and PG synthesis I RAW264.7 cells. (A) RAW264.7 cells (35 mm dishes) were
in RPMs. Experimental conditions were exactly as described in Preincubated for 22 h in the presenceGM-CSF) or absence
the legend of Figure 9, except that the cells were incubated for 1 (-GM-CSF) of 20 ng/mL GM-CSF. The cells were then transferred
h after zymosan addition. Cells were harvested for analysis of 20:4 t0 fresh DMEM/FCS containing no additional stimulus (CON), 10
content, and medium was harvested for analysis of PGs. ResultsP9/mL IFN-y (IFN-y), 100 ng/mL LPS (LPS), or LPS with IFy-
are the meatt standard deviation from three separate experiments (LPS/IFN=). The medium also contained GM-CSF in the case of
in which triplicate determinations were made for cells incubated Cells preincubated with that cytokine. Followim 5 hincubation,

in the absence of thimerosal or zymosan (CON _Z)l cells incubated the cells were washed and transferred to fresh, Serum-fr.ee DMEM.
with thimerosal but not zymosan (THI -2), cells incubated with Zymosan (16Qug) was then added, and the cells were incubated
zymosan in the absence of thimerosal (CE®, and cells for 2 h prior to_the medium being harvested for PG analysis. (B)
incubated with zymosan in the presence of thimerosal (F&). Cells were preincubated for 22 h with-GM) or without (-GM)

Bars labeled with an asterisk showed significant differences from GM-CSF and then 05 h with LPS alone or with LPS and IFN-
CON -Z cells. Bars labeled with a diamond showed significant The cells were then washed and placed in fresh, serum-free DMEM

differences from CON+Z cells. Bars labeled with a star showed With or without zymosan as indicated. Followi@ 2 hincubation,
significant differences from THI -Z cells. the medium was harvested for PG analysis. All data are the mean

+ standard deviation from a representative of three experiments in

. - _ - . which triplicate determinations were made. In panel A, bars labeled
which exhibited statistically significant decreases in RPMS \yith an asterisk indicate that PG synthesis in GM-CSF-treated cells

treated with zymosan in the presence as opposed to thewas significantly different from that in cells receiving the came
absence of thimerosal. treatment, but in the absence of GM-CSF pretreatment. Bars labeled
Figure 10 shows the effects of thimerosal on PG SyntheSiSWith a diamond showed significant differences from CON cells

d 2041 Isi treated and trol cells. Thi exposed to the same GM-CSF pretreatment. Bars labeled with a
an -4 |evels In zymosan-treated and control Cells. Thime- gar showed significant differences from INFeells exposed to

rosal alone caused an 11-fold increase in 20:4 levels, asthe same GM-CSF pretreatment. Bars labeled with a circle showed
compared to a 4.3-fold increase observed with zymosan significant differences from LPS cells exposed to the same GM-

alone. Addition of zymosan to thimerosal-treated cells further CSF pretreatment.
increased 20:4 levels, though due to the high variance
between experiments, this increase was not significant. cells require pretreatment with an agent such as LPS that
Thimerosal alone caused a stimulation of PG formation, induces expression of COX-2 prior to zymosan addition for
although levels reached were only 47% as high as thoseobservation of significant PG formation. This is in contrast
observed in zymosan-treated cells, even though thimerosalto RPMs, which produce large quantities of PGs regardless
treatment effected higher levels of 20:4 than did zymosan of prior LPS exposure. Furthermore, zymosan-dependent
alone. Addition of zymosan to thimerosal-treated cells 20:4 mobilization and PG formation require interaction with
resulted in a small (1.2-fold) but statistically significant the dectin-1 receptor, which is poorly expressed on RAW264.7
increase in the level of PG formation. cells 38, 39). GM-CSF has been shown to induce an
Zymosan-Dependent PG Synthesis in RAW264.7 @#lls.  increased level of expression of dectin-1 in murine mac-
have previously shown that RAW264.7 cells contain lower rophages40). In addition, we have shown that pretreatment
levels of 20:4 than RPMs do and that this is reflected in a of RAW264.7 cells with GM-CSF and cotreatment with
markedly different distribution of species among phospho- IFN-y augment PG synthesis in response to LAS).(
lipid classes. Furthermore, RAW264.7 cells failed to dem- Consequently, we explored the effects of these cytokines and
onstrate significant changes in the distribution of glycero- LPS pretreatment on zymosan-dependent PG synthesis in
phospholipid species when exposed to LPS, as observed irRAW264.7 cells.
RPMs (3). To determine if these apparent differences RAW264.7 cells were preincubated for 22 h with or
between RAW264.7 cells and RPMs would extend to the without GM-CSF and then for an additidna h with or
zymosan response, we investigated PG biosynthesis andvithout LPS and/or IFN». The cells were then washed,
glycerophospholipid remodeling in zymosan-stimulated transferred to fresh, serum-free medium, and exposed to
RAW264.7 cells. In the absence of any pretreatment, zymosan for 2 h. Figure 11A shows that LPS pretreatment
RAW264.7 cells exposed to a maximal zymosan stimulus (5 h) augmented the formation of PGs in response to
produced 73t 16 pmol of PGs/10cells ove a 2 hperiod, subsequent zymosan phagocytosis and that substantially
representing 1.1% of the level produced by RPMs under the greater increases were obtained with the combination of LPS
same conditions. One obvious reason for the quantitative and IFN+. Pretreatment of the cells with GM-CSF prior to
differences in PG formation between RAW264.7 cells and LPS and IFNy elicited a greater zymosan-dependent PG
RPMs lies in the fact that RPMs constitutively express large synthetic response under all conditions. When cells were
quantities of COX-1 whereas RAW264.7 cells do ndi)( treated with LPS for 5 h, they exhibited a significant ongoing
Under conditions in which cells are not pretreated to induce level of PG synthesis even in the absence of zymosan
the expression of COX-2, its levels are very low, and PG exposure. These background levels of PG synthesis were
formation is essentially COX-1-dependent. Clearly, RAW264.7 higher if the pretreatment regimen included IFNsind GM-
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CSF (Figure 11B). Thus, the levels of PGs formed in sensitive and rapid method for monitoring changes in the
response to zymosan must be interpreted against thiscellular lipidome to target key species for subsequent
background level of synthesis that results from the pretreat- quantitative analysis.

ment regimen. Zymosan-Dependent Glycerophospholipid Remodeling in

During the course of these studies, we noted that the RPM Application of this global lipid profiling methodology
relative effects of the various pretreatments remained con-in identifying changes in glycerophospholipids of RPMs
sistent but that the quantities of PGs formed in response toduring zymosan phagocytosis indicates decreases in the levels
zymosan varied widely, depending on the length of time that Of all major 20:4-containing GPCho species, as well as some
the RAW264.7 cells had been maintained in culture. For GPIns and GPGro species. Pretreatment of the cells with
example, under maximal synthetic conditions (pretreatment LPS leads to some differences in the time course and
with GM-CSF, LPS, and IFNY, cells that had been magnitude of the zymosan-dependent glycerophospholipid
maintained in culture for 2 days produced 3Z26@00 pmol ~ changes, but the overall pattern is very similar to that
of PGs/10 cells, whereas cells that had been maintained in 0bserved in cells not previously exposed to LPS. This is
culture for 30 days produced 1089100 pmol of PGs/10 consistent with the relatively modest effect of LPS pretreat-
cells (meant the standard deviatiom;= 3). Consequently, ~ment on PG synthesis in these cells.
all remaining studies were carried out using cells that had The decreases in the levels of 20:4-containing lipids
been maintained in culture for fewer than 10 days (four to resulting from zymosan stimulation are accompanied by
five passages following thawing). Under these conditions, increases in species containing 16- and 18-carbon fatty acids
maximally stimulated RAW264.7 cells produced 380700 as assessed by class peak ratio analysis. These increases are
pmol of PGs/10cells in responseta 2 hzymosan exposure, ~ generally smaller in magnitude than the decreases observed
as compared to similarly pretreated cells incubated in the in 20:4-containing species and are not uniformly detected
absence of zymosan, which produced 89150 pmol of by the internal standard ratio method. Clearly, cRLA
PGs/10 cells (meant standard deviation from four separate dependent glycerophospholipid hydrolysis generates lyso-
experiments in which triplicate determinations were made). Phospholipids that are either further metabolized or re-

20:4 Mobilization and Glycerophospholipid Remodeling apylated. _Since 20:4. is being cons_umed f_or eicosanojd
in Zymosan-Stimulated RAW264.7 Celle maximize the biosynthesis, reacylation must be achieved with other avail-

response to zymosan, RAW264.7 cells were pretreated forable fatty acids. Similarly, de novo synthesis of lipids to
22 h with GM-CSF followed § 5 h with LPS and IFNy. replace those metabolized will require incorporation of fatty
The cells were then washed, transferred to fresh serum-free¢ids other than 20:4, at least in the short term. The major
medium, and exposed to zymosan for varying time periods. faitty qus in RPMs are 20:4, 18:0, .and 16:0, so it Is not
The cells were harvested for global lipid profiling. Figures SUrPrising that levels of lipids containing 16- and 18-carbon
1-5 (panels E and F) provide results for GPCho, GPEtn fatty acids would increase during zymosan stimulation. It
GPIns, GPSer, and GPGro, respectively, which comprise 46,5h0u!0.| be noted,_ however, that under these serum-free
22, 6.8, 6.2, and 6.3% of the phospholipids of RAW?264.7 conditions, there is no exogenous source of fatty acid to
cells, respectively41). Zymosan stimulation effected es- replace the 20:4 used for eicosanoid b|psyn_the5|s. Conse-
sentially no significant changes in 20:4-containing glycero- quently, it is “'fe.ly that a net reduction in the total
phospholipids in RAW264.7 cells with the notable exception 91Ycerophospholipid content of the cells results from zymo-
of a decrease in the amount of 38:4p GPEtn. The lack of san treatment. , o "

major changes in 20:4-containing glycerophospholipid spe- . ROl€ of PG Biosynthesis in Glycerophospholipid Remodel-
cies correlated with the small decrease in glycerophospho-IN9- When RPMs were stimulated with zymosan in the

lipid 20:4 content in zymosan-stimulated RAW cells (from presence of indomethacin to b'90!< PG, synthesis, the de-
7.4+ 1.2 10 5.5+ 1.3 mol %) as compared to RPMs (from  Creasesin the levels of 20:4-containing diacyl GPCho, GPIns,

23+ 1 to 16+ 1 mol %) as determined by fatty acid and GPGro species were partially inhibited. This result
analysis. confirms that at least some of the glycerophospholipid

remodeling that occurs during zymosan phagocytosis is
DISCUSSION directly related to PG biosynthesis, as would be expected

since PG formation irreversibly removes 20:4 from the

Mass Spectrometry-Based Global Lipid Profilinghe glycerophospholipid pool. A likely explanation for the effect

results presented here demonstrate that ESI-MS-based globadf indomethacin is that 20:4 released by cRliAresponse
lipid profiling with class peak ratio analysis offers a reliable to zymosan is reincorporated into diacyl glycerophospholipid
method for characterizing the distribution of the vast array species if it is not used for eicosanoid biosynthesis. If this is
of glycerophospholipid species within a cell and for identify- correct, then the lack of an effect of indomethacin on
ing species that change in response to cellular perturbationszymosan-dependent decreases in alkyl acyl GPCho species
Comparison of results obtained by class peak ratio analysismay be due to the utilization of these species for platelet
with those obtained by the internal standard ratio method activator biosynthesigi@), or to a slower rate of reacylation
demonstrates that the majority of changes detected by ratioof these species. Furthermore, it is possible that the effects
analysis correlate with changes in absolute quantities of lipid of indomethacin observed in this experiment underestimate
species. However, the small variance in data obtained with the contribution of PG biosynthesis to glycerophospholipid
ratio analysis makes this method more sensitive for the remodeling, since some 20:4 not used for PG biosynthesis
identification of changes in lipid species in discovery phase may be shunted to the lipoxygenase pathway rather than to
experiments. Although this approach does not offer absolutereacylation 43). Alternatively, it should be noted that we
quantification of individual species, it provides a highly cannot rule out the possibility that PG synthesis inhibition
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in some way interferes with mobilization of 20:4 from the (49). In contrast, studies using direct mass measurements in
diacyl species or that indomethacin directly inhibits this ionophore A23187-treated rat peritoneal neutrophils dem-
process. onstrated that 20:4 depletion occurred in GPCho and GPIns
Role of Reacylation in Glycerophospholipid Remodeling only (50).
In the absence of more specific inhibitors, thimerosal has Our observation of substantial zymosan-dependent de-
been used to evaluate the role of reacylation in glycerophos-creases in the levels of 20:4-containing GPCho species is
pholipid remodeling, particularly with regard to eicosanoid consistent with some of these prior studies, indicating that
biosynthesis. Thimerosal treatment of RPMs in the absence20:4 utilized for eicosanoid biosynthesis is ultimately
of a stimulus results in a decrease in the levels of some 20:obtained from these pools. However, the methods applied
4-containing GPCho and GPGro species. Since the level ofhere do not distinguish between direct hydrolysis of GPCho
any species depends on the balance in the rates of synthesisy cPLA, to release 20:4 for eicosanoid synthesis versus
versus catabolism, the decreases in these lipids in thehydrolysis of another 20:4-containing species followed by
presence of a synthesis inhibitor suggest a rapid baseline ratéts rapid reacylation using 20:4 from GPCho. Notably, we
of turnover. It should be noted, however, that thimerosal has did not observe significant net decreases in the relative
been shown to increase intracellular calcium levels in some distribution of 20:4-containing GPEtn’s in zymosan-stimu-
cells, which may lead to activation of cPLAor other lated RPMs except in the case of thimerosal-treated cells
calcium-dependent lipases. If this has occurred, then thewhich demonstrated decreases in the levels of a number of
decrease in the levels of these species in the presence o0f0:4-containing plasmenyl GPEtn species. It is possible that
thimerosal may overestimate their rate of turnover under the the alkyl acyl GPEtn’s serve as an immediate substrate for
true steady state condition. Nevertheless, the fact that some20:4 mobilization but are rapidly reacylated by a thimerosal-
of the most metabolically active species include 20:4- inhibitable process. This hypothesis leads to a number of
containing GPGro’s and that these same species changénteresting possibilities. One is that 20:4-containing alkyl acyl
dramatically during zymosan stimulation suggests a meta- GPEtn’s represent a pool of 20:4 that is tightly coupled to
bolic activity that has not been previously recognized for PG biosynthesis. Failure to replenish this pool could explain
this lipid class. Thimerosal treatment did not have a the fact that the quantities of PGs produced in zymosan-
significant effect on the magnitude of the changes in 20:4- stimulated thimerosal-treated RPMs are smaller even though
containing species that decrease in response to zymosan. Thievels of free 20:4 are actually higher than in cells stimulated
latter finding suggests that thimerosal-inhibitable processeswith zymosan in the absence of thimerosal. Similarly
do not play a major role in reacylation of these species during interesting is our finding that the only 20:4-containing species
the zymosan response. Clearly, in zymosan-stimulated cells found to undergo significant decreases in their amounts in
the diversion of mobilized 20:4 into eicosanoid biosynthesis response to zymosan in RAW264.7 cells is 36:4p GPEtn.
prevents its reacylation into glycerophospholipids. The degree Perhaps these cells utilize this species as a source of 20:4
to which other processes may act to prevent reacylation is afor PG biosynthesis but lack the pathway needed to rapidly
subject for further study. regenerate this pool using 20:4 from other sources, such as
Earlier investigations of stimulus-dependent glycerophos- 20:4-containing GPCho’s. If this is true, it could help to
pholipid remodeling in leukocytes have resulted in conflicting explain the poor PG synthetic response of these cells.
results. Experiments employing radiolabeled 20:4 indicate In conclusion, comprehensive lipid profiling of RPMs
that alkyl acyl GPCho and diacyl GPCho species are the during zymosan phagocytosis reveals major decreases in the
primary source of 20:4 in rabbit alveolar macrophages treatedrelative quantities of 20:4-containing diacyl and alkylacyl
with opsonized zymosa{). However, when longer pre-  GPCho and selected GPIns and GPGro species. Considering
labeling periods were used, alkyl acyl GPEtn was detectedthe high proportion of GPCho in cell membranes in general,
as the primary source of 20:4 in these cell§)( A similar and RPM specificallyZ4), this would appear to be the major
approach using a long labeling period in human lung ultimate source of 20:4 used for eicosanoid biosynthesis
macrophages showed depletion of 20:4 in the following order during zymosan phagocytosis in these cells. However, other
following exposure to ionophore A23187: GPChdzPIns/ species, particularly alkyl acyl GPEtn’s, may serve as
GPSer= GPEtn @#6). Experiments utilizing the incorporation  transient sources that are rapidly replenished. These results
of 180 from H,'®0 indicated transacylation of 20:4, which  demonstrate the power of mass spectral lipid profiling for
was most rapid in GPCho and GPIns, suggesting rapid the identification of target species of interest for the further
remodeling in these species in ionophore A23187-stimulated study of precurserproduct relationships in lipid mediator
mouse peritoneal macrophagdd)( Direct mass measure-  biosynthesis. Future work is directed toward obtaining
ment of lipids indicated that the major source of 20:4 absolute quantification of the changes in the levels of key
mobilized in ionophore A23187-stimulated human neutro- species identified in these studies.
phils was alkyl acyl GPEtn specie4d), while parallel
experiments using radiolabeled 20:4 suggested that GPChcACKNOWLEDGMENT
was the major species remodeled in these cells. This result
suggested that the radiolabel was incorporated into highly
labile pools leading to spurious conclusions. Further studies
combining radiolabeling and direct mass measurementSg ;ppORTING INFORMATION AVAILABLE
indicated that the specific activity of leukotrieng @oduced
by the neutrophils most closely matched that of alkyl acyl  Full profiles of all lipid species analyzed corresponding
GPCho, but that release of 20:4 from this pool was followed to Figures 5. This material is available free of charge via
by reacylation using alkyl acyl GPEtn as a source of 20:4 the Internet at http://pubs.acs.org.
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