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ABSTRACT

Eicosanoid metabolism differs in profile and quantity
between macrophages of different tissue origin and
method of elicitation, as well as between primary and
immortalized macrophages after activation with inflam-
matory stimuli. Using a lipidomic approach, we compre-
hensively analyzed the eicosanoids made by murine
RPMs, TGEMs, BMDM, and the macrophage-like cell
line RAW after stimulation with the TLR-4-specific ago-
nist KLA. Direct correlation among total COX metabo-
lites, COX side-products (11-HETE, 15-HETE), COX-2
mRNA, and protein at 8 h was found when comparing
each cell type. Comprehensive qPCR analysis was
used to compare relative transcript levels between the
terminal prostanoid synthases themselves as well as
between each cell type. Levels of PGE,, PGD,, and
TxB, generally correlated with enzyme transcript ex-
pression of PGES, PGDS, and TBXS, providing evidence
of comparable enzyme activities. PGIS transcript was
expressed only in RPM and TGEM macrophages and at
an exceptionally low level, despite high metabolite pro-
duction compared with other synthases. Presence of
PGIS in RPM and TGEM also lowered the production of
PGE, versus PGD, by approximately tenfold relative to
BMDM and RAW cells, which lacked this enzyme. Our
results demonstrate that delayed PG production de-
pends on the maximal level of COX-2 expression in dif-

Abbreviations: 15d PGD,=15-deoxy-A"?"4-PGD.,, 156d PGJ,=15-deoxy-
A'?14-PGJ,, AA=arachidonic acid, AdA=adrenic acid, ATCC=American
Type Culture Collection, BMDM=bone marrow-derived macrophages,
c-PGES=cytosolic PGE, synthase, Cy=comparative threshold,
CYP=cytochrome P450, DGLA=dihomo-vy linolenic acid, DHA=
docosahexaenoic acid, EPA=eicosapentaencic acid,
HHT=heptadecatrienoic acid, H-PGDS=hematopoietic PGD, synthase,
k=keto, KLA=3-deoxy-b-manno-2-octulosonic acid lipid A, LC=liquid chro-
matography, L-PGDS=lipocalin PGD, synthase, mMPGES=microsomal PGE,
synthase, MRM=mulltiple reaction monitoring, MS=mass spectrometry, MS/
MS=tandem mass spectrometry, MuLV=murine leukemia virus,
PGDS=PGD, synthase, PGES=PGE, synthase, PGIS=PGI, synthase, gRT-
PCR=quantitative RT-PCR, RAW=RAW264.7, RPM=resident peritoneal mac-
rophage, solvent A=water-acetonitrile-acetic acid (70:30:0.02, v/A//V),
SPE=solid-phase extraction, TBXS=thromboxane A, synthase,
TGEM=thioglycallate-elicited macrophage, Tx=thromboxane
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ferent macrophages after TLR-4 stimulation. Also, the
same enzymes in each cell largely dictate the profile of
eicosanoids produced depending on the ratios of ex-
pression between them, with the exception of PGIS,
which appears to have much greater synthetic capacity
and competes selectively with mPGES-1. J. Leukoc.
Biol. 90: 563-574; 2011.

Introduction

Eicosanoids are a class of bioactive lipid signaling molecules
derived primarily from AA, as well as other polyunsaturated
fatty acids, including EPA and DHA. Through activation of
their natural receptors, they mediate numerous physiological
processes, including pain, fever, platelet aggregation, vascular
constriction, and the promotion and resolution of acute in-
flammation. Eicosanoids are formed after esterified AA is hy-
drolyzed from membrane phospholipids at the sn-2 position
[1, 2]. AA is then metabolized by a variety of COX [3-5],
LOX [3], and CYP enzymes [6]. Further metabolism occurs by
a vast number of enzymes downstream of these major arms of
the pathway, which leads to hundreds of known lipid species
that comprise the eicosanoid pathway. The major steps of eico-
sanoid biosynthesis, structural identification of the majority of
the lipid species, their pharmacological roles, and their medi-
cal significance are well known [7].

Macrophages represent one of the important immune effec-
tor cells of focus [8] in understanding the pathogenesis of var-
ious inflammatory diseases. These mononuclear phagocytes
originate from hematopoietic stem cells, circulate through the
blood as monocytes, and populate tissues as macrophages in
the steady-state and during inflammation [9]. Expression of a
wide variety of TLRs and other PRRs allows macrophages to
respond efficiently to danger signals by phagocytosis and secre-
tion of inflammatory eicosanoids and cytokines. Additionally,
they exhibit vast heterogeneity in terms of phenotype, depend-
ing on their tissue of residence and other environmental cues.
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More specifically, differences in the patterns of COX pathway
eicosanoids and total quantities produced among RPM,
TGEM, BMDM, and immortalized RAW cells have been ob-
served after various stimuli [10-13]. Several biochemical
mechanisms have been proposed to explain the unique PG
profiles between different cell types and after different activa-
tions, which include spatial compartmentalization of COX-1
and COX-2 that leads to preferential coupling to certain pro-
stanoid synthases [14], induced expression of certain enzymes
after activation [15], and differences in substrate affinity and
kinetics between prostanoid synthases [16, 17]. However, no
direct comparison of these four macrophage phenotypes un-
der controlled condition exists. It ultimately remains unclear
how the various COX pathway enzymes are expressed in differ-
ent cells.

Of these four macrophage types, the RAW is a transformed
cell line that is most often used as a model cell, because it ex-
hibits many of the functional characteristics of primary macro-
phages [18], it eliminates the need for an animal source, and
its rapid replication yields many cells efficiently for experi-
ments. RAW cells were isolated from a tumor induced by the
Abelson MuLV, which contained the Moloney-MuLV as a
helper virus, although other viruses may be present [18, 19].
BMDM represent a homogeneous macrophage population that
has matured and differentiated directly from hematopoietic
cells in the presence of M-CSF in vitro; thus, it has lost some
in vivo context. TGEM are peritoneal macrophages lavaged
from the peritoneal cavity several days after an inflammatory
assault created by thioglycollate injection (a classic model of
sterile, acute inflammation). They infiltrate from the blood to
aid in phagocytosis of apoptotic cells and represent an acti-
vated macrophage population. RPMs are present during peri-
toneal homeostasis and are distinct from elicited macrophages.
These cells are considered to be sentinels that respond to anti-
gens by secreting chemokines and eicosanoids that initiate
acute inflammation. RPM eicosanoid production undoubtedly
has a clearer role in the inflammatory response than the other
macrophages and exhibits a response common to cells from
other tissues, including vascular endothelial cells, ciliary epi-
thelial cells, gingival fibroblasts, and myometrial cells, where
primarily, PGI, and PGE, are formed after stimulations with
LPS, TNF-a, or IL-1 [20]. Only ~1 million RPM cells are ob-
tainable from a given mouse, and experiments often call for
amounts far beyond what is feasible. Thus, some studies opt
for one of the other cell types as a representative macrophage
somewhat arbitrarily. All of these cells have a distinct pheno-
type that can be explored for their inherent function and dis-
ease relevance, assuming the right question is being asked.
Here, it is more interesting to observe an essentially complete
lipid mediator fingerprint for each macrophage that will be
more widely applicable to different biological topics.

We have developed an LC MS/MS methodology that com-
prehensively detects nearly all of the known metabolites in the
eicosanoid class. This has been applied to understanding eico-
sanoid production in macrophages after a variety of stimuli
using the RAW as a model cell [21]. Recently, this methodol-
ogy was used to create a predictive kinetic model of eicosanoid
flux and signaling in RAW cells stimulated with the TLR-4 spe-
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cific agonist, KLA [22, 23]. In this study, we have applied a
quantitative lipidomic and transcriptomic analysis to RPM,
TGEM, BMDM, and RAW macrophage cells stimulated with
KLA. From a comprehensive, comparative approach, we have
established a near-complete view of the differences in various
macrophage phenotypes and propose a seamless mechanism
for macrophage eicosanoid production that integrates the dif-
ferent biochemical mechanisms described above.

MATERIALS AND METHODS
Materials

LC-grade solvents were purchased from EMD Biosciences (San Diego, CA,
USA). Synergy C18 reverse-phase HPLC column and Strata-X SPE columns

were purchased from Phenomenex (Torrance, CA, USA). Eicosanoids were
purchased from Cayman Chemicals (Ann Arbor, MI, USA) and Biomol
(Plymouth Meeting, PA, USA). KLA [22] was obtained from Avanti Polar
Lipids (Alabaster, AL, USA). PBS was purchased from VWR (West Chester,
PA, USA). RPMI-1640 medium, FBS, and QuantiT broad-range DNA assay
kit were purchased from Invitrogen (Carlsbad, CA, USA). RT-PCR primers
were purchased from PrimerBank (Cambridge, MA, USA). Antibodies for
Western blotting were purchased from Cell Signaling Technology (Danvers,
MA, USA).

Animals

Male C57bl/6 mice were purchased from Charles River Laboratories (Wil-
mington, MA, USA). Mice exhibiting skin lesions or visible tumors were
excluded from the study. All experiments were carried out according to
protocols approved by the Institutional Animal Care Committee of the Uni-
versity of California, San Diego (USA).

RPM harvesting and preparation

Mice were killed via CO, asphyxiation. Peritoneal exudate cells were ob-
tained by peritoneal lavage with cold Ca®"- and Mg”*-free PBS. Cells were
centrifuged and resuspended in RPMI-1640 medium supplemented with
10% heat-inactivated FBS and 100 units/ml penicillin/streptomycin at 37°C
in a humidified 5% CO, atmosphere. Cells were plated in six-well culture
plates with 2.0 ml media (1X 10° cells/well) and allowed to adhere for

16 h. Nonadherent cells were removed by aspiration, and 1.0 ml fresh me-
dia was added. After 1 h, cells were stimulated by adding another 1.0 ml
media containing 2X KLA (200 ng/ul), bringing the total volume to 2.0 ml
and KLA concentration to 100 ng/ul. Control cells were given 1.0 ml me-
dia containing the same amount of PBS as stimulated cells. Media during
stimulation contained 10% heat-inactivated FBS.

TGEM harvesting and preparation

Mice were injected with 2.5 mL, 2 months or older autoclaved thioglycol-
late medium i.p. Four days after injection, mice were killed, and cells were
harvested, plated, and stimulated as described above for RPMs.

BMDM harvesting and preparation

BM cells were removed aseptically from mouse femurs and tibiae. The
bone ends were cut, and the marrow cavity was flushed out from one end
of the bone using a sterile, 22-gauge needle. The BM suspension was agi-
tated carefully, and the resulting suspension was washed twice, resuspended
in RPMI-1640 medium, and supplemented with 10% FBS, 100 units/ml
penicillin/streptomycin, and 50 ng/ml M-CSF, incubated on nontissue cul-
ture-treated Petri dishes at 37°C in a humidified 5% CO, atmosphere. Af-
ter 4 days, an additional volume of fresh medium was added, and incuba-
tion was continued. After 6 days, medium was aspirated, and cells were re-
moved from dishes with PBS containing 5 mM EDTA using gentle
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agitation. Cells were washed twice, resuspended in fresh medium, and then
plated and stimulated as described above for RPMs.

RAW cell culture and preparation

RAW murine macrophage-like cells were cultured in DMEM, supplemented
with 10% FBS and 100 units/ml penicillin/streptomycin. Cells were propa-
gated for at least five passages (no more than 20 passages) before plating
and stimulation, as described above for RPMs.

Eicosanoid cell media sample preparation

Media samples were analyzed for extracellular eicosanoid release. After
stimulation with KLLA, the entire 2.0 ml medium was removed, and each
sample was supplemented with 50 ul internal standards (200 pg/ul,
EtOH). Samples were centrifuged for 5 min at 3000 rpm to remove cellular
debris and were then purified. Eicosanoids were extracted using Strata-X
SPE columns, which were washed with 3 ml MeOH and then 3 ml H,O.
After applying the sample, the columns were washed with 10% MeOH, and
the eicosanoids were then eluted with 1 ml MeOH and stored at —20°C.
The eluant was dried under vacuum and redissolved in 100 ul LC solvent A
for LC/MS/MS analysis.

Cell quantitation

Eicosanoid levels were normalized to cell DNA. After the extracellular me-
dia was removed, the cells were washed twice in cold PBS, then scraped in
250 ul PBS, and stored at —20°C for DNA quantitation using the QuantiT
broad-range DNA assay kit, according to the manufacturer’s instructions.

LC and MS of eicosanoids

Eicosanoid analysis was performed by LC-MS/MS, as described previously
[24]. Briefly, eicosanoids were separated by a 25-min reverse-phase LC gra-
dient using solvent A and acetonitrile-isopropyl alcohol (50:50, v/v; solvent
B). Eicosanoids were analyzed subsequently using a tandem quadrupole MS
(ABI 4000 Q-Trap, Applied Biosystems, Foster City, CA, USA) via MRM in
negative-ion mode. Eicosanoids were identified in samples by matching
their MRM signal and LC retention time with those of a pure standard.

RNA isolation and qRT-PCR

Total RNA was isolated from the macrophage cells using the RNeasy mini
kit (Qiagen, Valencia, CA, USA) and DNase 1 (Invitrogen). First-strand
c¢DNA was synthesized using SuperScript 111 and random hexamers (Invit-
rogen). Samples were run in 20 ul reactions using an ABI 7300 (Applied
Biosystems). Samples were incubated at 95°C for 15 min, followed by 40
cycles at 95°C for 10 s, 56°C for 20 s, and 72°C for 30 s. SYBR Green oligo-
nucleotides were used for detection and quantification of a given gene,
expressed as relative mRNA level compared with a standard housekeeping
gene (GAPDH) using the A C;. method, as described by the manufacturer
(Invitrogen). The GAPDH value used for normalization was an average of
the Gy values obtained from each cell type as a result of a noticeable differ-
ence between the RAW and primary cells.

Western blotting

Cells were washed twice with cold PBS and scraped into 250 ul cold buffer
containing 50 mM HEPES, pH 7.4, 150 mM NaCl, 200 mM NaF, 20 mM
sodium pyrophosphate, 10% glycerol, 1% Triton X-100, 4 mM sodium or-
thovanadate, 2 mM PMSF, and 1 mM EDTA and Complete mini protease
inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). Protein
concentrations were determined and normalized using the BCA protein
assay kit (Fisher Scientific, Waltham, MA, USA). Total protein (10 ug) was
loaded onto 4-12% Bis-Tris SDS polyacrylamide gel (Invitrogen), electro-
phoresed, and transferred onto a PVDF membrane (BioRad, Hercules, CA,
USA). The membrane was blocked with 100% methanol for 5 min, dried
for 10 min, and then incubated with the appropriate antibody overnight in
5% (w/v) milk protein in ultrapure water containing 0.1% Tween 20.
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Membranes were then washed three times in TBS-Tween buffer and incu-
bated with the appropriate secondary antibody (Cell Signaling Technology)
for 1 h. All membranes were washed three times before development using
the ECL Plus Western blotting detection system (Amersham Biosciences,
Piscataway, NJ, USA).

RESULTS

Eicosanoid production in TLR-4-stimulated
macrophages

Media from the different macrophages were collected at 0, 8,
and 24 h after KLA stimulation to examine the lipid changes
during the delayed phase (beyond the first 2 h of stimulation)
of COX metabolite production. We used a middle time-point
of 8 h, as it was found to be near the maximal rate of eico-
sanoid production based on time-course studies (data not
shown), and 24 h was chosen as an arbitrary endpoint. During
the delayed phase, there is a robust induction of COX-2 and
mPGES-1 expression and down-regulation of 5-LOX; the im-
mediate phase of eicosanoid production (0-2 h after stimula-
tion) is dependent on the constitutively expressed COX-1 and
terminal prostanoid synthases. COX-1 metabolism contributes
minimally to the delayed-phase levels, as all cell types pro-
duced more than one order of magnitude less COX metabo-
lites by 2 h compared with 8 h or 24 h. Further, a short-term,
COX-1-dependent metabolism using ATP stimulation, which
mobilizes Ca®", produces maximal prostanoid levels by 30 min
and is more than one order of magnitude lower than maxi-
mal, long-term KLA stimulation [21].

Eicosanoids were analyzed using LC coupled with MS/MS.
In total, 26, 19, 17, and 26 distinct molecular species were de-
tected in the extracellular medium of RPM, TGEM, BMDM,
and RAW macrophages, respectively. We arranged the lipido-
mic data in an array format similar to a gene array and clus-
tered the different species based on the enzyme responsible
for their production (Fig. 1). In the COX pathway, the eico-
sanoids are further clustered by fatty acids (AA, EPA, DGLA,
AdA); however, this was not done in other pathways for sim-
plicity. As expected, the vast majority of metabolites produced
by RPM, TGEM, BMDM, and RAW cells were AA-derived and
from the COX pathway, being greatly increased (greater than
fourfold) after KLA stimulation versus control. We also ob-
served COX products derived from DGLA and AdA in all of
the cell types. Only a few metabolites from 5-LOX, 12-LOX,
15-LOX, and CYP pathways were detected which did not
greatly differ between KLA stimulation and control. The mini-
mal production (RPM) or absence (TGEM, BMDM, and RAW)
of 5-LOX products is due to down-regulation of the transcript
in all of the cell types (data not shown) and the lack of Ca**
mobilization by KLA, which is required for activity. All of the
macrophages ultimately respond to TLR-4 stimulation by
greatly up-regulating COX-2 and mPGES-1 and down-regulat-
ing 5-LOX (data not shown) from a transcriptomic standpoint.

As we quantitate all of the stable arachidonate metabolites,
we can also see that the bulk of this fatty acid substrate in
each cell is largely acted on by COX (Table 1). Enzymatic and
nonenzymatic breakdown products of the various prostanoids
are included in this total accounting of COX metabolites. Of
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Figure 1. Lipidomic analysis of RPM, TGEM, BMDM, and
RAW macrophages. Heat map representing fold-change in the
extracellular medium levels of 140 eicosanoid species after
stimulation with the TLR-4-specific receptor agonist KLA (100
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all the prostanoids, PGD, requires particular attention, as it is
degraded further into three dehydration products: PGJ,, 15d
PGD,, and 15d PG]J,, whereas PGE, is degraded into analo-
gous molecules at a significantly slower rate. Previously, we
have estimated the degradation rates of the major COX me-
tabolites in KLA-stimulated RAW cells, including these PGD,
breakdown products [23]. As seen in Figs. 1 and 2, all of the
cell types produced these metabolites in minor quantities. Ad-
ditionally, RPM cells produced a small amount of the oxida-
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tion product 13,14-dihydro-15k PGE,, and RAW cells produced
low quantities of this same product, along with 13,14-dihydro-
15k PGD, and 13,14-dihydro-15k PGF,,. These metabolites
were minor and not included in our metabolite profile com-
parison but were included in the total COX metabolite analy-
sis, which will be addressed further. This initial lipidomic
screening confirmed that all of the macrophage phenotypes
produce mostly COX metabolites in response to TLR-4 activa-
tion.
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TABLE 1. Total Macrophage Eicosanoid Production

Eicosanoid production (pmol/ug DNA)

Enzymatic pathway Time poststimulation KLA (-/+) Resident TGEM BMDM RAW
COX 8h - 92+*1.6 5.4 0.3 2.7*04 2.3*0.7
+ 202.6 + 12.2 314+ 32 21.9 = 4.7 432.4 + 69.2
24h - 148 = 1.9 55+ 0.4 1.9+04 1.5*+0.4
+ 242.6 + 45.0 40.3 * 4.4 243 £ 5.7 438.0 * 105.2
5-LOX 8h - 1.1 £0.3 0.0 0.0 0.0
+ 25+0.3 0.0 0.0 0.0
24h - 22+ 0.2 0.0 0.0 0.0
+ 6.4+ 0.7 0.0 0.0 0.0
15-LOX 8h - 0.5=*0.0 02=*0.0 1.7=0.1 0.6 x0.1
+ 1.4+02 0.3 0.0 1.8*0.3 0.7%0.1
24h - 1.0+ 0.1 0.2=*0.0 0902 05+0.2
+ 55 * 0.6 0.3 0.0 1.6 +04 02=*0.1
12-LOX 8h - 1.7+0.2 1.0*x0.2 0.6 +0.1 1.1 0.1
+ 2.4+ 0.1 1.3+ 0.1 0.7+02 2.1+0.0
24h - 4803 1.2+0.1 0.6*0.2 1.1+0.3
+ 6.4+ 0.5 2.1+0.1 1.2+04 1.5*+04
CYP 8h - 1.3 0.1 3908 1.4*0.1 09 0.1
+ 1.4+02 43*05 1.2+02 09=0.1
24 h - 3.3+0.3 9.6 1.2 22+*03 1.2*+0.2
+ 23*0.1 89*13 1.5*+0.2 03 *0.1

Quantitative analysis of eicosanoids formed through COX, 5-L.OX, 15-LOX, 12-LLOX, and CYP pathways, expressed as pmol cicosanoid per ug
DNA. The data are from the same experiment as in Fig. 1 and are expressed as mean values * sem of three biological replicates.

Next, the quantitative profiles of COX metabolites after 8 h roughly equal amounts and much lower levels of other COX
and 24 h in the four macrophage types were compared to metabolites; this profile remained essentially the same from
identify the more discreet differences in this pathway (Fig. 2). 8 h to 24 h. TGEM macrophages produced PGD,, 6k PGF,,
Each cell type produced a unique profile of prostanoid species TxB, (the stable breakdown product of TxA,) + 12-HHT, and
upon TLR-4 stimulation. RPM formed predominantly 6k PGE, at a ratio of 4:2:2:1, respectively, at 8 h. After 24 h, the
PGF,, (the stable breakdown product of PGI,) and PGE, at TGEM profile shifted to 6k PGF,,, PGE,, PGD,, and TxB, +
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Figure 2. Quantitative eicosanoid production profiles of different TLR-4 agonist-stimulated macrophages. Different macrophage types incubated
in the absence (open bars) and presence (shaded bars) of KLA (100 ng/ml) from the same experiment as Fig. 1. Extracellular medium was re-
moved at 8 h (upper row) and 24 h (lower row) and was analyzed for eicosanoid levels by MS. The data are expressed as mean values * sEM of
three biological replicates.
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12-HHT at 4:2:2:1, respectively. BMDM macrophages at 8 h
produced predominantly PGD,, PGE,, and TxB, + 12-HHT at
a ratio of 4:2:1, respectively. This profile in BMDM shifted to
PGE,, PGD,, and TxB, +12-HHT at 3:2:1. RAW cells pro-
duced predominantly PGD, and approximately tenfold less
PGE, at 8 h; at 24 h, the RAW level of PGD,, decreased (as a
result of increased metabolite breakdown), and PGE, roughly
doubled, resulting in approximately four times more PGD,
than PGE,. In general, the major change from 8 h to 24 h in
all of the cell types was a higher PGE,:PGD,, ratio, likely as a
result of the induction of mPGES-1 expression (this issue will
be addressed further later in the text). All of the cell types
produced smaller levels of PGF,,, 11-HETE, and the PGD,
nonenzymatic-breakdown products, PGJ,, 15d PGD,, and 15d
PGJ,, relative to the metabolites just mentioned above. RAW
cells did not produce detectable levels of 6k PGF,, or TxB,,
BMDM cells did not produce detectable levels of 6k PGF,,,,
and RPM and TGEM cells produced some level of all of the
major COX metabolites monitored with our method. It is
noteworthy that individual stimulation of the major TLR re-
ceptors (TLR-1 to -7, and -9) in RAW [21] leads to the same
eicosanoid profile observed in Fig. 2. We found similar basal
levels of 5-LOX mRNA between RAW and RPM (~1.3-fold
higher in RPM) and lower levels in TGEM and BMDM, which
leads us to expect that the primary macrophage profiles ob-
served in Fig. 2 would be similar upon long-term stimulation
with other TLR receptors.

Induced COX-2 expression controls total prostanoid
production in different macrophage cell types

Our lipidomic data (Figs. 1 and 2 and Table 1) allowed us to
quantify the total COX metabolites made by each cell. The

cell order (from highest to lowest) of total COX metabolite
production at 8 h was RAW, RPM, TGEM, and BMDM at a
roughly 20:10:1.5:1 ratio (Fig. 3A), respectively, which re-
mained the same at 24 h (data not shown).

Next, we compared this profile with the levels of 11-HETE
and 15-HETE in each cell. In addition to making PGH,,
COX-1 and -2 have LOX activity, which produces small levels
of 11-HETE and 15-HETE [25-27]. The cell comparison pro-
files of 11-HETE and 15-HETE (Fig. 3B and C) correlated di-
rectly with the total COX metabolite profile (Fig. 3A), giving
an initial indication that the level of COX expression in each
cell is the rate-limiting step. Although 15-HETE can also be
made by 12/15-LOX, the direct correlation with COX-2 ex-
pression and lack of other 12/15-LOX products suggests that
this metabolite is indeed COX-derived.

We then compared the expression level of COX-2 mRNA
and protein (Fig. 3D and F), which matched directly with the
aforementioned profiles of total COX metabolites, 11-HETE,
and 15-HETE. Despite drastic differences in total COX prod-
uct quantities, it was verified that similar proportions of PGHy-
derived metabolites, 11-HETE, and 15-HETE were made in
each cell type (Table 2) and that these metabolite distribu-
tions were consistent with that of the in vitro distribution pro-
duced by purified COX protein [26]. In a strikingly clear way,
these results show that the level of maximal COX-2 expression
in macrophages after TLR-4 stimulation directly controls the
level of COX metabolites in the delayed phase.

Terminal prostanoid synthase expression

AA is primarily converted to PGH, before being isomerized
into PGE,, PGD,, PGF,,, PGI,, TxA,, or 12-HHT, depending
on the expression of the enzymes responsible for their produc-
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Figure 3. COX-2 activity and expression. Comparison of 8 h (A) total arachidonate COX-derived eicosanoids, (B) 11-HETE, and (C) 15-HETE
from the same experiment as in Fig. 1; relative expression level of (D) COX-2 mRNA and (E) COX-1 mRNA at 0, 8, and 24 h; and (F) 8 h COX-2
protein in RPM, TGEM, BMDM, and RAW macrophages after KLA (100 ng/ml) stimulation. The data are expressed as mean values * SEm of

three biological replicates. WB, Western blot.
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TABLE 2. COX-2 and LOX acitivity

Arachidonate product (% total COX)

Product RPM TGEM BMDM RAW
PGHy-derived

products 94602 909 *12 928 0.6 92.7*09
11-HETE 3902 61x07 48x04 54x0.7
15-HETE 1501 30*x05 24*x02 19*02

COX-derived arachidonate eicosanoids, formed after 8 h of KLLA
(100 ng/ml) stimulation, were summed, and the percentages of PGH,-
derived and HETE products were calculated in RPM, TGEM, BMDM,
and RAW. The data are from the same experiment as Fig. 1 and are
expressed as mean values = sem of three biological replicates.

tion. We semiquantitatively compared the transcript expression
of the terminal prostanoid synthases (at 0, 8, and 24 h after
KLA stimulation) to observe the enzymatic transcript composi-
tion in the four macrophage types, which lead to the eico-
sanoid profiles that we have observed (Fig. 2). PGF, synthase
was left out of our analysis, as PGF,, was a minimal product in
all of the cells and can be additionally converted from PGE,
by a 9-ketoreductase.

We only detected PGI, in RPM and TGEM (not in BMDM
or RAW), and the same was true for PGIS transcript expres-
sion (Fig. 4A). RAW was the only cell type that did not pro-
duce detectable levels of TxB, and expressed a level of TBXS
much lower than the other macrophages (Fig. 4B). It is worth
noting that RPM, TGEM, and BMDM expressed similar levels
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of TBXS mRNA, which is consistent with the literature regard-
ing RPM and TGEM [28].

Of the three enzymes able to isomerize PGH,, to PGE,
(mPGES-1, mPGES-2, and cPGES), mPGES-1 is the primary
isoform considered in numerous inflammatory models, where
its expression is increased greatly in concert with COX-2. Also,
mPGES-1 and COX-2 are both primarily localized in the peri-
nuclear and ER membranes [29], whereas mPGES-2 and
cPGES are localized in the Golgi membrane and cytoplasm,
respectively [30, 31]. We observed a dramatic increase in
mPGES-1 expression from 0 h to 8 h in RPM, TGEM, BMDM,
and RAW, although at different levels (Fig. 4C). Several stud-
ies have failed to detect mPGES-1 protein in RAW and have
speculated this to be the reason for low production of PGE,
relative to PGD, in this cell type [10, 32]. In contrast, we de-
tected mPGES-1 transcript in RAW but at a considerably lower
level than in RPM, TGEM, and BMDM. Similar levels of
mPGES-2 and cPGES mRNA were measured between each
type of macrophage, which did not change after 8 h or 24 h of
KLA stimulation (data not shown).

Two PGDS isoforms produce PGD,, H-PGDS and L-PGDS,
although only H-PGDS was detected in our qPCR transcript
analysis. There is little to be found regarding the contribution
of L-PGDS in macrophage PGD, production, where it is not
constitutively expressed but may be induced by various stimuli.
One study has reported that small interfering RNA knockdown
of induced L-PGDS significantly lowered the level of PGD, in
LPS-stimulated RAW cells [33], although the effect on other
eicosanoids was not examined. This is a possible concern, as

TBXS

Figure 4. Expression of ter-
minal prostanoid synthases.
Comparison of transcript
expression of (A) PGIS, (B)
TBXS (TBXAS), (C)
mPGES-1, and (D) H-PGDS
synthases after 0, 8, and

24 h of KLA (100 ng/ml)
stimulation in RPM (blue),

H-PGDS TGEM (green), BMDM
(purple), and RAW (red)
macrophages. The data are
expressed as mean values =
sEM of three biological
replicates.

1
X
0 8 24
Time (Hr)
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Figure 5. Correlation be- A
tween PGE,:PGD, ratio and
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script expression ratio. (A) TGEM
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0 h and 8 h time-points 0.01 8 Hr 24 Hr 0.01 Average Expression Average Expression
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time-points (0-24) in RPM (blue), TGEM (green), BMDM (purple), and RAW (red) macrophages stimulated with KLA (100 ng/ml). The data

are expressed as mean values = sEm of three biological replicates.

we have observed a global COX metabolite decrease after
small hairpin RNA knockdown or chemical inhibition of
mPGES-1 in the same cells using KLA stimulation in a separate
study (unpublished results). We observed the lowest H-PGDS
transcript in RPM, and the highest levels were in BMDM and
TGEM (Fig. 4D). Although RAW cells produce high levels of
mostly PGD,, this does not appear to be a result of an exorbi-
tantly higher level of PGDS relative to other macrophages.

Enzyme competition for PGH, differs between cells
with and without PGIS

We then focused on the ratios of PGE,/ (PGD,+breakdowns)
produced in each type of macrophage compared with the ra-
tios of mPGES-1/H-PGDS expressed to see whether there is a
general correlation between metabolite and enzyme. The aver-
age transcript expression ratios between 0 h and 8 h and be-
tween 0 h and 24 h were compared with the eicosanoid ratios
at 8 h and 24 h, respectively (Fig. 5). The two extremes in ra-
tios were between RPM, having a very high PGE/PGD metabo-
lite and transcript (>10), and RAW, where the PGE/PGD me-
tabolite and transcript ratios were both very low (~0.1).
TGEM and BMDM had ratios of PGE/PGD closer to one in
eicosanoid amount and enzyme transcript expression. This ra-
tio increased from 8 h to 24 h, as mPGES-1 transcript expres-
sion remained induced, and the constitutively expressed H-

PGDS transcript decreased after stimulation. Of the four mac-
rophage types, BMDM and RAW lack expression of PGIS
(mentioned above) and therefore, provide a simpler system to
study PGE, and PGD, production. These cells produced ratios
of PGE,/PGD, that were nearly equal to the mPGES-1/H-
PGDS transcript ratios, which suggests similar activities in the
two enzymes and competition, based directly on protein quan-
tity. In the specific case of RAW, low PGE, versus PGD, pro-
duction appears to be caused, not by a complete lack of
mPGES-1 but by the relative dominance of H-PGDS expres-
sion. In RPM and TGEM macrophages, there is a much lower
(approximately one order of magnitude) ratio of PGE,/PGD,
than mPGES-1/H-PGDS transcript compared with RAW and
BMDM, which is perhaps a result of specific competition be-
tween PGIS and mPGES-1 for the substrate. This is most no-
ticeable in TGEM, where PGE,/PGD, was <1, and PGES/
PGDS was >1.

The correlations between PGE and PGD transcript and me-
tabolite, which we could compare in all of the cell types to-
gether, prompted us to determine proportionality relation-
ships among all of the terminal prostanoid synthases and their
metabolites (Table 3). Overall, expression among mPGES-1,
H-PGDS, and TBXS and the levels of their respective eico-
sanoid products were proportionate, in clear contrast to PGIS
and PGI,. As PGIS mRNA was expressed at a disproportion-

TABLE 3. Proportionality of COX Metabolites and Enzyme Transcripts

Enzyme transcript

(% total prostanoid synthase

Metabolite/enzyme transcript (% total PGH,)/

Metabolite (% total PGH,) mRNA) (% total prostanoid synthase mRNA)
TxB, + TxB, + 12 PGE,/  PGD,/
Cell type PGI, 12-HHT PGE, PGD, PGIS TBXS mPGES-1 H-PGDS PGI,/PGIS HHT/TBXS mPGES-1 H-PGDS
RPM 35.3 12.4 45.2 1.8 0.3 14.5 84.8 0.5 137.4 0.9 0.5 3.6
TGEM 22.6 19.2 7.5 40.5 0.2 38.8 45.8 15.2 147.6 0.5 0.2 2.7
BMDM N.D. 11.9 24.6 55.2 N.D. 44.0 18.6 374 N.D. 0.3 1.3 1.5
RAW N.D. N.D. 8.5 73.2 N.D. N.D. 7.0 93.0 N.D. N.D. 1.2 0.8

COX-derived prostanoids formed after 8 h of KLA (100 ng/ml) stimulation, represented as percentages of total PGH, (11-HETE and 15-HETE
exluded from total) and percentage of average individual prostanoid synthase transcript expression between 0 h and 8 h relative to total prosta-
noid synthase mRNA. Metabolite versus enzyme transcript ratios were calculated using metabolite and enzyme transcript percentages. Values ex-
pressed are representative of the mean of three biological triplicates.
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ately low level compared with the other prostanoid synthases
relative to metabolite production, this enzyme likely has a
much greater synthetic capacity, perhaps as a result of a lo-
cational advantage to COX-2. Altogether, we can see several
degrees of complexity in prostanoid synthase expression
and metabolite production between macrophage pheno-

types (Fig. 6).

DISCUSSION

In an earlier study, we extensively examined RAW eicosanoid
production in response to many different TLR agonists and
found that the profile of COX metabolites was dominated by
PGD,, with far smaller levels of PGE, and PGF,,, regardless of
which TLR was stimulated [21]. The same PGD,-dominated
profile was also seen with several short-term Ca** agonists
(aside from the production of 5-LOX products). It was noted
that RAW and primary cells differed substantially with regard
to the profiles of COX metabolites that they produced [21].
Here, we set out to fully characterize these differences (in
RPM, TGEM, BMDM, and RAW) and describe explicitly how
the RAW cell can accurately serve as a model cell for primary
macrophage eicosanoid production in the context of TLR-4
stimulation. Previous studies have compared the temporal
changes in enzyme levels but have not fully addressed how
they are quantitatively expressed relative to one another. Now,
we can more accurately describe the entire eicosanoid pathway
and how it operates in different macrophage phenotypes.

www jleukbio.org
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Lipidomic analysis of different macrophage
phenotypes
Previous eicosanoid analyses of macrophages have typically
monitored only a few of the major PGs and LTs made by the
COX and 5-LOX pathways, respectively. Metabolites, such as
PGE,, PGI,, TxA,, LTA,, LTC,, and others, are considered the
more important species for signaling, although monitoring
only these metabolites leaves out useful information about the
complete metabolism of AA. Here, we have used a lipidomics
approach capable of monitoring 140 unique eicosanoid lipid
species that cover the entire pathway, including COX, 5-, 12-,
and 15-LOX, CYP, and nonenzymatic pathways upon which AA
can be acted (Fig. 1). Also included in the 140 metabolites
simultaneously monitored are numerous EPA, DHA, and
DGLA versions of the various eicosanoids, along with novel
DHA and EPA molecules such as protectins and resolvins [34].
It is clear from our screening that different macrophage
types indeed produce mostly arachidonate COX products but
not metabolites from other pathways such as the anti-inflam-
matory, proresolving hepoxilins, lipoxins, protectins, and re-
solvins. We did observe the formation of AdA-derived dihomo-
PGs [35] and DGLA-derived 1 series PGs in all four macro-
phage types. Whether these metabolites elicit a significant
biological effect could be of interest in future studies.

Macrophages share a singular mechanism of COX-2
metabolism

We examined the obvious differences in total prostanoid pro-
duction (Table 1) by looking for a correlation among total
COX metabolites, 11-HETE, and 15-HETE (Fig. 3). Biological

Figure 6. Overview of prostanoid synthase
expression and relative activity in differ-
ent macrophage cell types after long-term
TLR~4 activation. Metabolism of AA in
(A) RPM, (B) TGEM, (C) BMDM, and
(D) RAW through induced COX-2 leads
to a pool of PGH, that is metabolized by
TBXS, PGIS, PGDS (H-PGDS), and in-
duced PGES (mPGES-1). Percentages of
metabolites (circles) and enzyme tran-
scripts (squares) in each cell type are rep-
resented by area after 8 h KLA stimula-
tion. Metabolites and expressed levels of
PGES, PGDS, and TBXS are roughly pro-
portional, although the presence of PGIS
appears to selectively draw substrate away
from PGES but not PGDS. Low constitu-
tive expression level of PGIS in RPM and
TGEM macrophages with disproportion-
ately high levels of PGI, suggests a signifi-
cantly higher synthetic rate compared
with other prostanoid synthases.
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analyses involving COX metabolism usually ignore 11-HETE
and 15-HETE, as both are produced at much lower levels than
PGH, and have yet to show any major bioactivity. Here, we
were able to demonstrate their usefulness as a direct readout
of COX activity. As many studies measure changes in PGE, or
other bioactive COX products to indicate changes in COX ac-
tivity, this assumes that no alterations in PGH, metabolism
have occurred. Measuring differences in total COX protein
assumes that all of the protein is active, which may not be
true, as “suicide inactivation” can occur after many substrate-
product turnovers [5, 7]. Both of these COX “side-products”
indicated that COX-2 activity in each cell type was roughly the
same at 8 h and that only the absolute amount of protein ex-
pressed dictated total metabolite quantities. Although COX is
generally thought of as the rate-limiting step in this pathway,
the release of AA by PLA,, as well as AA oxidation and mem-
brane reincorporation, have been considered as including ad-
ditional factors contributing to differential PG production be-
tween various types of macrophages, specifically after stimula-
tion with LPS or zymosan [10, 36-38]. Our own transcript
analysis of group IVA cytosolic PLA, and group V-secreted
PLA, indicated to us that there were differences in these en-
zymes between the cells (data not shown). Still, it is clear that
all of these different macrophages express a distinct level of
COX-2 that is saturated with free AA through the course of at
least 8 h, and eicosanoid production is solely dependent on
COX-2 as the rate-limiting step during the delayed phase. Be-
yond this point, eicosanoid production greatly diminishes, as
evidenced by only a small increase in COX metabolites from

8 h to 24 h (Table 1). When comparing total COX metabolites
with 11-HETE, 15-HETE, and COX-2 mRNA and protein at 24
h, all of the correlations seen at 8 h are no longer observed
(data not shown). The reason for this slowed metabolite pro-
duction is likely the result of a combination of decreased ex-
pression and suicide inactivation of COX-2 and prostanoid syn-
thases, as well as diminished AA release and/or re-esterifica-
tion. Ultimately, we can confidently expect a given
macrophage to produce a level of COX metabolites using a
simplified mechanism in contrast to the previous notion that
other factors besides COX-2 expression significantly contribute
in a more stochastic scenario.

Correlating enzyme expression with metabolite profiles

We observed (in Fig. 2) that RPM, TGEM, BMDM, and RAW
macrophages produce their own unique eicosanoid profiles, so
we used an extensive qPCR analysis of the principle enzymes
implicated in these macrophages to establish the relative quan-
titative differences between each cell type. We integrated these
results with previously reported findings and accepted enzyme
mechanisms to explain the eicosanoid production in each
macrophage and to estimate the relative activities of the vari-
ous prostanoid synthases.

RPMs have previously been shown to produce a balance of
all the prostanoids (i.e., PGE,, PGD,, PGI,, and TxA,) during
COX-1-dependent metabolism, whereas delayed-phase, COX-2-
dominated metabolism generated primarily PGE, and PGI,
[20]. Using KLA stimulation of RPM cells, we observe this lat-
ter profile (Fig. 2). Given that PGIS and mPGES-1 are both
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expressed in the perinuclear membrane along with COX-2,
the production of mostly PGI, and PGE, is consistent with the
idea of compartmentalization. Interestingly, we found that
mPGES-1 transcript expression was vastly greater than that of
PGIS (Fig. 4). This would imply that PGIS possesses a much
higher capacity to metabolize COX-2-derived PGH,. In fact,
PGIS, cotransfected into human embryonic kidney 293 cells,
was previously found to have more strict preference for COX-2
than TBXS and PGES [17]. This could be the result of a
closer proximity of the enzyme to COX-2 to receive substrate.
A recent study demonstrates that when PGIS is coexpressed
with COX-1 or COX-2 in COS-7 cells, the topographical dis-
tance is shortest between PGIS and COX-2 based on Forster
resonance energy transfer analysis [39]. Altogether, these find-
ings describe how compartmentalization and coupling can cre-
ate a positional advantage for receiving substrate despite low
levels of enzyme.

Also regarding RPM is the low level of TxB, observed, de-
spite the fact that TBXS is localized to the perinuclear mem-
brane and ER, much like PGIS and mPGES-1. The production
of very low TxA, to PGE, in human monocytes has been pro-
posed to be the result of different kinetics and substrate affini-
ties of PGES and TBXS [16]. We observed between 0 h and
8 h of KLLA activation, approximately sixfold higher average
mPGES-1 versus TBXS transcript expression compared with
approximately fourfold higher PGE, versus (TxB,+HHT),
which suggests that the low TxB, observed is also due to lim-
ited enzyme expression in RPM.

TGEMs express all of the terminal prostanoid synthases like
RPM but produce much lower levels of COX metabolites
along with a more balanced profile of PGE,, PGD,, PGI,, and
TxB, after KLA stimulation (Fig. 2). This is largely explained
by a lower expression of COX-2, which greatly limits the
amount of PGH,. The more balanced eicosanoid profile of
TGEM observed is qualitatively similar to the aforementioned
profile that has been observed for RPM cells when COX-1
metabolism is dominant. Additionally, a more-even expres-
sion of TBXS, mPGES-1, and H-PGDS through the course of
24 h is observed in TGEM, whereas RPM cells clearly induce
mPGES-1 to a much higher level than the other synthases
(Fig. 4).

The BMDM COX eicosanoid profile somewhat resembles
the even distribution of TGEM, aside from the absence of
PGI, (Fig. 2). Also, there are comparable levels of TBXS,
mPGES-1, and H-PGDS (Fig. 4), which is consistent with the
TGEM scenario to suggest roughly similar activities among
these enzymes. The total amount of COX-derived eicosanoids
is very low at nearly the same level as TGEM, as a result of low
expression of induced COX-2. The absence of PGIS and PGI,
is a similarity found uniquely between BMDM and RAW. As
the RAW is a widely used model cell for macrophage biology,
what primary macrophage it most resembles has been dis-
cussed frequently. It has been suggested that as the RAW was
originally derived from a pristane-derived cell population, it
would better serve as a model of elicited macrophages than
resident cells [18]. Our comparisons point to a greater similar-
ity between RAW and BMDM based on their limited sets of
prostanoid synthases, whereas RPM and TGEM cells express
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the full set. There might be a similar cue not present during
differentiation of BMDM and RAW, which was available to the
TGEM and RPM cells in the peritoneal space. Indeed, perito-
neal lavage fluid added to BMDM during in vitro proliferation
and differentiation has been shown to significantly alter eico-
sanoid production, where increased PGI, production was ob-
served [13]. Differentiating and propagating BM stem cells
with M-CSF, as we have done, yields a nearly pure population
of macrophages [13]. However, culture in other cytokines,
such as GM-CSF, leads to a less pure cell population and can
increase AA release and prostanoid production; thus, particu-
lar cytokines can certainly affect eicosanoid levels.

We find that RAW cells express the most limited set of pro-
stanoid synthases compared with other macrophages. This re-
sults in an ability to examine the competition between
mPGES-1 and H-PGDS directly, although a study of all of the
different enzymes requires a different cell type. H-PGDS is a
cytosolic enzyme that can translocate to the ER during short-
term Ca®*-mobilizing events, where predominantly COX-1 ei-
cosanoid metabolism occurs, and to the perinuclear mem-
brane during long-term stimulations, where predominantly
COX-2 eicosanoid metabolism occurs [17]. Our analysis shows
that along with the absence of PGIS and TBXS, the average
expression of H-PGDS after 8 h and 24 h of KLA stimulation
was roughly tenfold higher than mPGES-1 expression, which
closely matches the ratio of PGD, versus PGE, (Fig. 5). Thus,
RAW cells produce this profile, as H-PGDS is the dominantly
expressed enzyme that can access COX-1 and COX-2 pools of
substrate.

Primary cells versus cell lines and the advantage of
their differences
The high level of COX-2 expression that we observed in RAW
compared with primary cells (especially TGEM and BMDM)
and the unique PGDy-dominant eicosanoid profile pose major
differences that are important to consider. Since the RAW
cells have been cultured and propagated now for several de-
cades, one study addressed this by comparing LPS-stimulated
PG production in a stock of RAW cells acquired in the early
1990s with a separate stock acquired in 2001 (both from
ATCCG, Manassas, VA, USA). They found that the earlier 1990s'
stock produced markedly lower levels of PGs (PGD, to the
greatest extent), as well as lower COX-2 expression after 6 h of
stimulation with LPS [10]. Earlier stocks of RAW seem to
more closely resemble primary cells, having lower COX-2 ex-
pression and a lesser dominance of PGD,. More recently, eco-
tropic and polytropic MulLVs were reported to be produced in
RAW cells obtained from ATCC and that cell-free culture su-
pernatants also induced tumors in mice, contrary to the origi-
nal report [19]. It is not clear what exact roles the initial trans-
formation and its maintenance have on the RAW cells with
regard to eicosanoid production. Still, it must be kept in mind
that the presence of viral components may affect signaling as-
pects of importance here, particularly as they can activate
NF-«B [40].

Based on our findings, the RAW cell indeed resembles pri-
mary macrophages in terms of basic characterizations (COX-2
and mPGES-1 induction and down-regulation of 5-LOX), and
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although the specific COX metabolite profile that it produces
is quite unique, the same is true for RPM, TGEM, and BMDM.
Here, we found these differences to be useful for studying var-
ious expression scenarios, where multiple enzymes compete
for a common substrate. The more exact details about prosta-
noid synthase expression in different cell types has received
limited attention, which is understandable considering the
amount of information it requires. Our analysis allowed us to
confirm that in cases where a metabolite was not made at a
detectable level, the respective enzyme transcript was barely
expressed, if at all. It allowed us to see metabolite ratio shifts
that coincided with enzyme transcript ratio shifts and a clear
correlation between enzyme message and metabolite levels in
several opposing scenarios. Further, we observed a substrate
competition, where PGIS appears to take substrate away from
PGES rather than PGDS, using two cell types that expressed
PGIS and two that did not. Ultimately, the “omic” strategy was
ideal for elucidating several nuances in the eicosanoid pathway
with regard to specific cells. This work at large is a continua-
tion of our comprehensive study of macrophage lipidomics
and highlights our ability to use all of the information about
the eicosanoid pathway.
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