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Abstract Multiple reports have demonstrated a role for ce-
ramide kinase (CERK) in the production of eicosanoids. To
examine the effects of the genetic ablation of CERK on eico-
sanoid synthesis, primary mouse embryonic flbroblasts
(MEFs) and macrophages were isolated from CERK /™ and
CERK"* mice, and the ceramide-1-phosphate (C1P) and ei-
cosanoid profiles were investigated. Significant decreases
were observed in multl;)le C1P subspecies in CERK ™/~ cells
as compared to CERK"" cells with overall 24% and 48% de-
creases in total C1P. In baseline experiments, the levels of
multiple eicosanoids were significantly lower in the CERK ™/

cells compared with wild-type cells. Importantly, induction
of eicosanoid synthesis by calc1um ionophore was signifi-
cantly reduced in the CERK ™/~ MEFs. Our studies also dem-
onstrate that the CERK /™ mouse has adapted to loss of
CERK in regards to airway hyper-responsiveness as com-
pared with CERK siRNA treatment.li Overall, we demon-
strate that there are mgmficant differences in eicosanoid
levels in ex vivo CERK ' cells compared with wild-type coun-
terparts, but the effect of the genetic ablation of CERK on
eicosanoid synthesis and the serum levels of C1P was not ap-
parent in vivo.—Mietla, ]. A., D. S. Wijesinghe, L. A. Hoeferlin,
M. D. Shultz, R. Natarajan, A. A. Fowler III, and C. E. Chalfant.
Characterization of eicosanoid synthesis in a genetic ablation
model of ceramide kinase. J. Lipid Res. 2013. 54: 1834-1847.
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Eicosanoids are a class of inflammatory signaling mole-
cules derived from a common precursor, arachidonic acid
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(AA). There are over 100 different eicosanoids, which can
be further classified into four categories: prostaglandins,
leukotrienes, prostacyclins, and thromboxanes. Eicosanoids
have both pro- and anti-inflammatory functions, and
therefore these lipids have roles in numerous disease states
such as cancer, diabetes, rheumatoid arthritis, asthma, and
cardiovascular disease (1-9).

The biosynthesis of eicosanoids is triggered in response
to a variety of inflammatory signals (e.g., cytokines, growth
factors, mechanical trauma, etc.) in which AA is liberated
from the sn-2 position of membrane phospholipids by a
phospholipase Ay enzyme. In most cases, this initial rate-
limiting step in eicosanoid biosynthesis is started by the
activation of group IVA phospholipase Ay (cPLAya) (10).
This activation of cPLAyx in cells requires the association
of the enzyme with intracellular membranes in a Ca”"-de-
pendent manner, which is mediated by the N-terminal C2
domain of the enzyme (11-14). Previously, our group has
demonstrated that cPLAya is activated by direct binding of
the C2 domain to ceramide-1-phosphate (C1P) (15-18).
This direct binding of the C2 domain to CIP increases the
residence time of cPLA,a on the cellular membranes,
thereby increasing the catalytic ability of the enzyme. The
CIP binding site on the enzyrne COHSlStS of at least three
cationic amino acids, R KBS, and R% , which are pres-
ent in the B-groove of CPLAQa (19, 20). Mutation of
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these amino acids to alanine has no effect on basal activity
or the binding to other phospholipids, but the association
of the enzyme with CIP is lost in vitro. In cells, this mutant
of cPLAya is not activated in response to inflammatory
agonists demonstrating the requirement of the cPLAyo/
CI1P interaction in eicosanoid biosynthesis (15, 20).

CIP is produced by phosphorylation of ceramide by
ceramide kinase (CERK), and as the C1P/cPLAya inter-
action is required for eicosanoid production, a role for
CERK was hypothesized in this biosynthesis cascade. In
this regard, our laboratory previously demonstrated that
downregulation of CERK by siRNA inhibited eicosanoid
production induced by a variety of agonists (15, 21, 22).
However, genetic ablation of CERK in mice has produced
mixed results, both ex vivo and in vivo. For example, Graf
etal. (23) found that the CERK /™ animals were sensitive
to both antigen (Ag)-induced and serum transfer-in-
duced arthritis in contrast to the cPLAya knockout sug-
gesting that cPLAya pathways are fully functional in the
CERK /"~ animals. In contrast, this same laboratory group
reported that basal prostaglandin E, (PGE,y) synthesis
was reduced in the bronchoalveolar (BAL) fluid of
CERK ™/~ mice (24). Importantly, these studies showed
an appreciable amount of D-e-Cyg, /16,9 C1P was still pres-
ent in the CERK '~ cells, and other C1P subspecies were
not characterized. Igarashi and coworkers also generated
a CERK knockout mouse and demonstrated a minor ef-
fect on total C1P levels (25). Hence, these reports pro-
vided evidence that there is at least one alternative
pathway for the synthesis of CI1P in addition to CERK
(23). This alternative pathway of C1P production is still
unknown, and developmental adaptation via this unchar-
acterized pathway was possible as the total CIP levels
were only minorly affected as reported by both Graf et al.
(23) and Igarashi and coworkers (25). Furthermore, only
a few eicosanoids have been characterized for CERK /"~
cells opening the possibility of CERK regulation of un-
characterized eicosanoids.

In this regard, we examined the effect of genetic abla-
tion of CERK on both C1P subspecies production and ei-
cosanoid synthesis by HPLC-ESI-MS/MS. A decrease in
several subspecies of C1P was observed for an overall mod-
erate but significant decrease in total C1P in ex vivo cells
from the CERK ™/~ animal. Furthermore, tissue culture
conditions had significant effects on compensating for the
loss of CIP induced by the genetic ablation of CERK. In-
terestingly, novel CIP subspecies were observed in the
CERK " cells in comparison to wild-type cells corroborat-
ing the hypothesis of developmental adaptation via upreg-
ulation of aseparate anabolic pathway. We also demonstrate
that ablation of CERK produces a dysfunction in basal ei-
cosanoid synthesis as well as in the eicosanoid response to
the calcium ionophore, A23187. Lastly, we demonstrate
that the CERK ™ mouse is not dysregulated in eicosanoid
production induced by airway hyper-responsiveness (AHR)
in stark contrast to mice treated with CERK siRNA. Over-
all, the results of this study demonstrate that the CERK /™
mouse model has partially adapted when examining
eicosanoid synthesis ex vivo and in vivo.

MATERIALS AND METHODS

Cell culture

Primary mouse embryonic fibroblasts (MEFs) were isolated
from 13 or 14 days pregnant mice as previously described (26)
and maintained for three or less passages in high glucose Dul-
becco’s modified Eagle’s medium (DMEM) (Invitrogen) supple-
mented with 20% fetal bovine serum (FBS) (Invitrogen) and 2%
penicillin/streptomycin (BioWhittaker) at standard incubation
conditions. For immortalized MEFs, the cells were passaged every
3 days, and after 20 serial passages of the primary MEFs, immor-
talized MEFs were obtained. Immortalized MEFs were grown in
high glucose DMEM (Invitrogen) supplemented with 10% FBS
(Invitrogen) and 2% penicillin/streptomycin (BioWhittaker) at
5% COy at 37°C and passaged every 2 days. Bone marrow-derived
macrophages (BMDMs) were isolated as previously described
(27). Briefly, BALB/c mice were sacrificed, and the femoral and
tibial marrows were flushed with sterile PBS using a 27-gauge
needle. Red blood cells were then removed by osmotic shock.
The cells were resuspended in culture medium supplemented
with 15% FBS and 10 ng/ml M-CSF (hereafter BMDM medium),
seeded at a density of 2.0 x 10° cells per cm2, and incubated at
37°C in a humidified incubator with 5% CO,. The following day
adherent cells were discarded, while nonadherent cells were cen-
trifuged at 1,000 gfor 5 min. Cell pellet was resuspended in fresh
BMDM medium, and allowed to further differentiate. On day 3,
fresh BMDM medium was added to the culture dish. On day 6,
the nonadherent cells were discarded and fresh BMDM medium
was added.

Baseline eicosanoid experiments

Short-term (4 h). MEFs (2 x 10°) were plated in 10 cm dishes
in the appropriate medium and grown under standard incubator
conditions overnight. The next morning the medium was re-
moved and replaced with high glucose DMEM supplemented
with 2% FBS for 2 h. At the end of the 2 h time point the medium
was removed and fresh medium (high glucose DMEM, no FBS
supplement) was added to the cells. The cells were then incu-
bated for an additional 4 h. At the end of the 4 h treatment the
medium was collected and the cells were harvested for analysis.
For 10% FBS supplemented medium, the cells were rinsed with
fresh 10% serum and then fresh medium (high glucose DMEM,
10% FBS supplement) was added to the cells. The cells were also
incubated for 4 h, medium was collected, and cells were har-
vested for analysis.

Long-term (24 h). BMDM cells were plated in 10 cm dishes
in the appropriate medium and grown under standard condi-
tions overnight. The next day the medium was removed and re-
placed with medium supplemented with 2% FBS for 2 h. After 2 h
the medium was removed and fresh medium with 10% FBS
supplement was added to the cells. The cells were incubated for
24 h. At the end of the 24 h treatment the medium was collected
and cells were harvested for analysis.

A23187 treatment experiments

MEFs (2 x 10°%) were plated on 10 cm plates in the appropriate
medium and grown under standard incubator conditions over-
night. The next day the medium was removed and replaced with
high glucose DMEM with no FBS supplement for 2 h. At the end
of the 2 h time point the medium was removed and cells were
treated in high glucose DMEM (no FBS supplement) with A23187
(5 pM) (Sigma-Aldrich), DMSO (1:5000) (Sigma-Aldrich), or me-
dium for 5 min. At the end of the 5 min treatment the medium
was collected and the cells were harvested for analysis.
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AHR

Wild-type BALB/c and CERK /™ mice (BALB/c background,
littermates) were obtained from Dr. Frederic Bornancin of No-
vartis International and utilized for these studies (23). Mice were
ip injected on day 1 and day 5 with ovalbumin (OVA) (50 ug)
while control mice received saline sham injections at the same
time points. For in vivo downregulation of CERK, wild-type
BALB/c mice were ip injected with control or CERK siRNA on
day 13 (1 pg/g body weight) as described (28-30) and briefly
below. To induce the phenotype, mice were challenged with
aerosolized OVA (1% in PBS for 60 min) on days 14-20. On day
21 (10 h postchallenge), mice were sacrificed and BAL fluid was
collected. BAL fluid was evaluated for eicosanoid production via
enzyme-linked immunosorbent assays (ELISAs). Cell populations
were evaluated via H and E staining. For in vivo downregulation
of CERK, mice were ip injected with control or CERK siRNA (On-
Target siStable, Dharmacon) on day 13 (1 wg/g body weight).
Prior to administration, siRNA was bound to siPORT Amine
transfection reagent according to instructions from the manufac-
turer. Briefly, 45 pL siPORT Amine was combined with 110 pl
saline and was incubated at room temperature for 30 min. siRNA
(45 pl) was then incubated with the siPORT Amine solution for
30 min. The siPORT Amine siRNA solution was administered in
a total volume of 200 pl.

Analysis of C1P levels in mouse plasma

Blood was collected from mice via heart puncture into a
syringe containing EDTA (100 wl) to prevent clotting. Whole
blood was transferred to a glass tube and then centrifuged at
1,000 rpm for 10 min to separate plasma. Plasma was collected
and transferred to a clean glass tube. Plasma (50 pl) was extracted
according to the C1P/sphingolipid analysis protocol described
below, and previously described by our laboratory (20).

Eicosanoid detection

MEFs (2 x 10% were plated on 10 cm plates in the appropriate
medium and grown under standard incubator conditions over-
night. The next day cells were subjected to the relevant treat-
ment. After treatment, the plates were placed on ice and the
medium was collected for eicosanoid analysis. Eicosanoids were
extracted from the collected medium using a solid phase extrac-
tion method and analyzed as described by Blaho et al. (31) with
slight modifications as reported by our laboratory (32). Briefly,
to 4 ml of the medium, 100 pl of internal standard containing
the following deuterated eicosanoids was added (100 pg/pl,
10 ng total): (d,) 6-keto prostaglandin Fja (6-keto PGF,«a),
(dy) prostaglandin Foa (PGFyat), (d;) PGE,, (d,) prostaglandin
Dy (PGDy), (dg) 5-hydroxyeicosatetranoic acid (HETE), and
(dg) AA. Four hundred microliters of 10% methanol and 20 pl of
glacial acetic acid were also added to the samples. Strata-X SPE
columns (Phenomenex) were washed with 2 ml methanol and
then 2 ml of dHyO. The samples were applied, and then the sam-
ple vials were rinsed with 2 ml of 5% methanol, which was then
applied to the columns. The eicosanoids were eluted with 2 ml
isopropanol. The eluent was dried under vacuum and the sam-
ples were reconstituted in 100 pl of 50:50 ethanol:dH,O for LC/
MS/MS analysis.

The reconstituted eicosanoids were analyzed via HPLC
ESI-MS/MS. A 30 min reversed-phase LC method utilizing a Ki-
netex C18 column (100 x 2.1 mm, 2.6 pm) was used to separate
the eicosanoids at a flow rate of 200 wl/min at 50°C. The column
was equilibrated with 100% Solvent A [acetonitrile:water:formic
acid (40:60:0.02, v/v/v)] for 5 min and then 10 pl of sample was
injected. 100% Solvent A was used for the first minute of elution.
Solvent B [acetonitrile:isopropanol (50:50, v/v)] was increased
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in a linear gradient to 25% Solvent B to 3 min, to 45% until
11 min, to 60% until 18 min, to 75% until 18 min, and to 100%
until 20 min. 100% Solvent B was held until 25 min, then was
decreased to 0% in a linear gradient until 26 min, and then
held until 30 min. The eicosanoids were then analyzed using a
tandem quadrupole mass spectrometer (ABI 4000 Q-Trap®,
Applied Biosystems) via multiple reaction monitoring (MRM)
in negative-ion mode. Eicosanoids were monitored using pre-
cursor — product MRM pairs, which can be found in supple-
mentary Table II. The mass spectrometer parameters used were:
curtain gas, 30; CAD, high; ion spray voltage, —3,500 V; tem-
perature, 500°C; gas 1, 40; gas 2, 60; declustering potential, col-
lision energy, and cell exit potential vary per transition. MRM
transitions utilized for the eicosanoids can be found in supple-
mentary Table L.

C1P/sphingolipid analysis

MEFs (2 x 10°) or BMDMs were plated on 10 cm plates in the
appropriate medium and grown under standard incubator con-
ditions overnight. The next day cells were subjected to the rele-
vant treatment. After treatment the plates were placed on ice,
cells were washed twice with ice-cold PBS, and cells were har-
vested by scraping in 200 ul of PBS followed by sonication to ob-
tain a homogenous mixture. Lipids were extracted from the
remaining cells using a modified Bligh and Dyer method and
analyzed as described by Wijesinghe et al. (21). Briefly, to 200 ul
of the cells in PBS, 1.5 ml of 2:1 methanol:chloroform was added.
The samples were spiked with 500 pmol of d;g, /19,0 C1P, sphingo-
myelin, ceramide, and monohexosylceramide as the internal
standard (Avanti). The mixture was sonicated to disperse the cell
clumps and incubated for 6 h at 48°C. The samples were then
sonicated, followed by centrifugation to separate particulates.
The extracts were then dried down and reconstituted in metha-
nol. The reconstituted samples were then sonicated, incubated at
48°C for 15 min, vortexed, and then incubated for an additional
15 min at 48°C. The samples were then centrifuged to separate
particulates and used for analysis of C1P, ceramide, sphingomy-
elin, and monohexosylceramide. The lipids were separated using
a Kinetix C18 column (50 x 2.1 mm, 2.6 pm) (Phenomenex) on
a Prominence HPLC system (Shimadzu) and eluted using a lin-
ear gradient (Solvent A, 58:41:1 CH;OH/water/HCOOH, 5 mM
ammonium formate; Solvent B, 99:1 CH;OH/HCOOH, 5 mM
ammonium formate, 20-100% B in 3.5 min and at 100% B for
4.5 min at a flow rate of 0.4 ml/min at 60°C). Electrospray ioniza-
tion with tandem mass spectroscopy using an API 4000 QTRAP
instrument (Applied Biosystems, MDS Sciex) was used to detect
CIP, ceramide, sphingomyelin, and monohexosylceramide un-
der positive ionization. MRM transitions utilized for C1P, cer-
amide, sphingomyelin, and monohexosylceramide can be found
in supplementary Table II.

*H-AA labeling experiments

Pulse labeling (4 h). MEFs (0.5 x 10%) were plated in 24-well
plates in the appropriate medium and were grown under stan-
dard incubation conditions overnight. The next day the medium
was replaced and 0.25 wCi [SH]AA was added for an incubation
period of 4 h. Then the medium was collected and the cells were
harvested. The radioactivity was determined in both the superna-
tants and the cells using a scintillation counter as previously de-
scribed by our laboratory (22, 33, 34).

Steady-state labeling (A23187). MEFs (0.5 x 10°) were plated
in 24-well Plates in the appropriate medium supplemented with
0.25 uCi ['H]JAA per well and grown under standard incubation
conditions overnight. The next day the cells were washed with PBS
(Invitrogen) and then incubated with fresh medium containing



0% FBS for 2 h. After 2 h the 0% serum medium was removed and
the cells were treated with A23187 (5 pM in 0% FBS medium),
DMSO (1:5000 in 0% FBS medium), or medium for 5 min. After
5 min the medium was collected and centrifuged, and the cells
were harvested. The radioactivity was determined in both the su-
pernatants and the cells using a scintillation counter as previously
described by our laboratory (22, 33-35).

Statistical analysis

Data from experiments involving the comparison of only two
groups are plotted as mean + standard deviation. Significance
testing was performed using a two-tailed independent sample
ttest to compare means. For all other studies involving multiple
experimental groups, measured values are presented as mean +
standard error. One-way ANOVA and Tukey’s post hoc analysis
were used for pair-wise comparison of experimental groups.
Analysis was performed on statistical software (IBM SPSS statistics
19.0) with P< 0.05 being considered significant.

Ethical considerations

Breeding pairs of the CERK /™ mice (BALB/c background)
and wild-type BALB/c counterparts were obtained from Dr.
Frederick Bornancin of Novartis International (23) and were
bred and kept in the animal care facility at Virginia Common-
wealth University (VCU). The mouse studies were undertaken
under the supervision and approval of the VCU IACUC (proto-
col number AM10089) following standards set by the Federal and
State government. The animal assurance number for VCU is

A2381-01.
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RESULTS

Genetic ablation of CERK reduces basal C1P levels

Previously, we confirmed that knockdown of CERK by
siRNA technology reduced C1P levels in A549 cells (15)
demonstrating that CERK was an anabolic enzyme for
CI1P formation in these cells. Additionally, Graf et al. (23)
demonstrated the production of Cig,169 C1P was de-
creased in the genetic ablation model of CERK, but only
this form was examined. For this study, we examined the
effect of genetic ablation of CERK on the levels of various
C1P subspecies using immortalized CERK /™ MEFs in
comparison to CERK"* MEFs. Using HPLC-ESI-MS/MS,
the levels of Cig.1 /99,0 C1P, Cig,1 /94,1 C1P, and Cig.1 04,0 C1P
in the CERK /~ MEFs were si nificantly lower than the
levels observed in the CERK"* MEFs (Fig. 1A). For ex-
ample, Cig./990 C1P was downregulated approximately
75% in the CERK /~ MEFs, Cig.1/24.1 C1P was downregu-
lated approximately 30%, and Cig. 94,0 C1P was downreg-
ulated approximately 40%. Overall, the total amount of
C1P was downregulated approximately 24% (Fig. 1B). In-
terestingly, we did not observe a significant difference in
the amount of Cyg;,69 CIP when the CERK”* and
CERK ™/~ MEFs were compared in contrast to previous
reports in ex vivo cells from the CERK /™ mouse (23). To
ensure that the CIP downregulation observed in the
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Fig. 1. Genetic ablation of CERK reduces basal C1P levels. Immortalized MEFs (2 x 10% were plated in
10 cm dishes and incubated under standard conditions overnight. The next morning the medium was re-
placed with 2% serum medium for 2 h and was then changed to 0% serum medium for an additional 4 h.
Cells were harvested, extracted, and analyzed via HPLC-ESI MS/MS as described in the Materials and Meth-
ods section to evaluate the levels of C1P. C1P levels by individual chain length (A), total C1P (B), ceramide
levels by individual chain length (C), and total ceramide (D). (* indicates a statistical significance of P<0.01,
*#* indicates a statistical significance of P< 0.001.) Data are representative of n = 6 on at least three separate

occasions.
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CERK /™ MEFs was not due to a reduction in ceramide,
ceramide levels were also analyzed (Fig. 1C). All chain
lengths except Cig. /909 C1P showed an increase in cer-
amide (Fig. 1D).

To further characterize the levels of C1P subspecies in
the CERK ablation model, and determine whether immor-
talization affected the type of C1P produced, the C1P pro-
file was determined in primary MEFs as well as in primary
BMDMs for CERK ™/~ and CERK"”* mice. A decrease in
CI1P was also observed in the primary MEFs, but interest-
ingly, the Cyg,; 14,9 subspecies was the only chain length of
CIP that was decreased in the CERK /™ cells analogous to
the findings of Graf and coworkers (23, 36) (Fig. 2A).
Overall, a51% decrease of C1P was observed in the CERK ™/~
MEFs (Fig. 2B). In BMDMs, both Cig, 169 C1P and Cyg. /15
CIP were significantly reduced in the CERK™/~ cells
(Fig. 2C) with a total reduction in C1P similar to that of
primary MEFs (e.g., an approximately 45% reduction in
total C1P in the CERK /"~ cells) (Fig. 2D). These data dem-
onstrate that CERK is a major regulator of C1P biosynthesis,
but the specific chain lengths of C1P subspecies produced
by CERK vary in response to immortalization and between
cell types.
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Genetic ablation of CERK affects basal eicosanoid
synthesis

Previously, we have shown that the association of CERK-
derived C1P with cPLAya is required for the synthesis of
eicosanoids in response to inflammatory agonists (15).
Therefore, we chose to characterize CERK ablation mod-
els for eicosanoid production. First, we examined the basal
eicosanoid production produced by immortalized MEFs
from CERK"" mice using HPLC-ESI-MS/MS. Of the 15
eicosanoids examined, six were detected in quantifiable
amounts (Table 1). Specifically, AA, PGE,, PGFya, 6-keto
PGF,a, 5-HETE, and 11-HETE were basally produced in
appreciable amounts by CERK”" MEFs. Importantly, the
production these eicosanoids were significantly reduced
in CERK /™ cells with the exception of PGFya, which was sur-
prisingly increased in the CERK /™ MEFs (Fig. 3, Table 1).
For example, the levels of both 5-HETE and 11-HETE
were reduced by approximately 50% in the media from
the CERK /'~ MEFs compared with CERK"* MEFs, while
PGE, was reduced approximately 30%. AA and 6-keto
PGF,a demonstrated more dramatic decreases of approxi-
mately 67% and 90%, respectively. PGFoa presented with an
upregulation of approximately 45% higher concentration
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Fig. 2. Genetic ablation of CERK reduces basal C1P levels in primary cells. Primary MEFs (2 x 10% were
plated in 10 cm dishes and incubated under standard conditions overnight. The next morning the medium
was replaced with 2% serum medium for 2 h and was then changed to 0% serum medium and incubated for
4 h. Cells were harvested, extracted, and analyzed via HPLC-ESI MS/MS as described in the Materials and
Methods section to evaluate the levels of C1P. C1P levels by individual chain length (A) and total C1P (B)
(* indicates a statistical significance of P < 0.05). Data are representative of n = 4 on at least three separate
occasions. BMDMs (2 x 106) were plated in 10 cm dishes and incubated under standard conditions over-
night. The next morning the medium was replaced with 2% serum medium for 2 h and was then changed
to fresh 10% serum medium and incubated for 24 h. Cells were harvested, extracted, and analyzed via
HPLC-ESI MS/MS as described in the Materials and Methods section to evaluate the levels of C1P. C1P levels
by individual chain length (C) and total C1P (D) (* indicates a statistical significance of P< 0.001). Data are
representative of n = 3 on at least two separate occasions.
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TABLE 1. Eicosanoids produced by immortalized MEFs in 0% serum

Eicosanoid CERK™* (ng/ml media) CERK '~ (ng/ml media) Control (CERK"") (%)
AA 0.48 0.16 33
PGE, 0.22 0.16 71
PGD, — — ND
PGFya 0.08 0.11 145
6-keto PGF,a 0.92 0.10 11
PGJ, — — ND
PGI, — — ND
5-HETE 0.05 0.02 44
8-HETE — — ND
11-HETE 0.22 0.11 52
12-HETE — ND
15-HETE — — ND
20-HETE — . ND
LTB, — — ND
LTE, — — ND

ND, not detected; PGI,, prostacyclin; LTB,, leukotriene B,; LTE,, leukotriene E,.

in the media for the CERK /= MEFs compared with the
wild-type MEFs. As it is possible that genetic ablation of
CERK and therefore reduced C1P levels could affect secre-
tion and release of eicosanoids, cellular levels of eico-
sanoids were examined. Levels of cellular eicosanoids were
either unchanged between the CERK”* and CERK /~
MEFs or the cellular levels corresponded with the media
results (data not shown).

The dysfunction in eicosanoid synthesis was also ob-
served in the primary CERK /™ MEFs, although the reduc-
tion in basal eicosanoid synthesis was of a lesser extent. For
example, AA and 6-keto PGF,a demonstrated the most ro-
bust decrease in the immortalized MEFs (67% and 89%,
respectively), but AA and 6-keto PGF,a demonstrated only

the primary CERK ™/~ MEFs. 5-HETE and 11-HETE were
downregulated approximately 40%, and both PGE, and
PGD, were downregulated approximately 25% (supple-
mentary Fig. I, Table 2). Interestingly, PGFoa levels were
not shown to be increased in primary CERK "/~ cells, but
the PGFya levels did not demonstrate a significant differ-
ence between wild-type CERK and CERK /™ cells. These
results demonstrate that there is an inherent basal defi-
ciency in eicosanoid production in the CERK ™/~ cells,
but immortalization significantly alters the extent of the
deficiency.

After observing the differences in the MEFs, we next deter-
mined if these effects were cell-type specific. Therefore, we

+/+

again utilized primary BMDMs obtained from both CERK

. . . . /= . .
approximately 41% and 20% reduction, respectively, in and CERK * mice (supplementary Fig. II, Table 3). All
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Fig. 3. Genetic ablation of CERK induces a loss in the production of basal eicosanoids. Immortalized MEFs (2 x 10%) were plated in
10 cm dishes and incubated under standard conditions overnight. The next morning the medium was replaced with 2% serum medium
for 2 h and was then switched to 0% serum medium and incubated for 4 h. Medium was then collected and analyzed via HPLC-ESI MS/MS
as described in the Materials and Methods section to evaluate the levels of (A) AA, (B) PGE,y, (C) PGFya, (D) 6-keto PGF,«, (E) 5-HETE,
and (F) 11-HETE. * indicates a statistical significance of P< 0.001. Data are representative of n = 3 on at least three separate occasions.
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TABLE 2. Eicosanoids produced by primary MEFs in 0% serum

Eicosanoid CERK"* (ng/ml media) CERK '~ (ng/ml media) Control ((ZERK”/*) (%)
AA 2.69 1.59 59
PGE, 1.14 0.86 75
PGD, 0.05 0.03 73
PGF,a 0.20 0.19 94
6-keto PGF,a 1.10 0.88 80
PGJ, — — ND
PGI, — — ND
5-HETE 0.10 0.06 57
8-HETE — — ND
11-HETE 0.86 0.67 61
12-HETE — — ND
15-HETE — — ND
20-HETE — — ND
LTB, — — ND
LTE, — — ND

ND, not detected; PGI,, prostacyclin; LTB,, leukotriene By; LTE,, leukotriene E,.

eight eicosanoids produced at detectable levels in the me-
dia demonstrated significant reductions in levels in the
CERK '~ BMDMs. AA, 5-HETE, 12-HETE, and 15-HETE
demonstrated the most significant reductions of approx-
imately 80%. PGE, demonstrated an approximately 55%
reduction in the CERK /" cells, and both PGFa and
11-HETE demonstrated approximately 30% reductions.
These results suggest that the overall deficiency in eico-
sanoid production induced by the loss of CERK translates
to multiple cell types.

Next, the effects of serum in the tissue culture media
were examined as previous reported studies with CERK ™/~
cells utilized 10% serum in the culture media (5). We sur-
mised that the C1P present in the FBS used to supplement
tissue culture media could affect both C1P and eicosanoid
levels. In this regard, the quantities of the various chain
lengths of C1P were again examined in the wild-type and
the CERK /™ MEFs cultured in 10% serum (Fig. 4). Simi-
larly to the CIP levels found when the MEFs were incu-
bated with media containing no serum, the levels of
Cigi90.0 C1P, Cig /941 CIP, and Cig,y 94,9 C1P were down-
regulated in the CERK /™ MEFs. However, with the inclu-
sion of 10% FBS in the media, an approximately 2-fold
upregulation of Cyg 140 C1P was observed in the CERK /"~
MEFs when compared with the CERK"* MEFs. When the

TABLE 3.

levels of C1P are compared between the no serum treat-
ment and the 10% serum treatment, Cg.; 15,0 C1P appears
to have higher levels in 10% serum. In contrast, the addi-
tion of serum in the media reduced the Cig, 94, levels
found in both cell types. Overall, these data illustrating the
differences in CIP levels based upon the amount of serum
in the media suggest that MEFs have the ability to partially
adapt to CIP deficiency.

To determine if the increase of C1P induced by serum
correlated with an effect on eicosanoid biosynthesis, basal
eicosanoid production was again examined. Of the 15 ei-
cosanoids examined, 11 were produced in quantifiable
amounts when immortalized MEFs were treated with 10%
serum in contrast to the six detected when treated with 0%
serum (supplementary Fig. III, Table 4). Specifically, AA,
PGE,, PGD,, PGF,a, 6-keto PGF,a, prostaglandin J, (PGJ,),
5-HETE, 8-HETE, 11-HETE, 12-HETE, and 15-HETE were
basally produced in appreciable amounts by CERK""
MEFs. These 11 eicosanoids were also produced in quantifi-
able amounts in the CERK /™ MEFs. The levels of these ei-
cosanoids were again reduced in the CERK ™" cells with the
exception of PGDy and PGFya being produced at higher
levels in the CERK /™~ MEFs. The overall levels of eico-
sanoids were significantly upregulated in both cell types
with respect to the levels produced for basal eicosanoids

Eicosanoids produced by primary bone marrow-derived macrophages

Eicosanoid CERK"" (ng/pg protein) CERK /" (ng/pg protein) Control (CERK"") (%)
AA 16.86 3.63 22
PGE, 0.33 0.15 45
PGD, — — ND
PGFoa 1.04 0.72 70
6-keto PGF — — ND
PGJ, — — ND
PGI, — — ND
5-HETE 7.21 1.26 18
8-HETE 0.65 0.19 29
11-HETE 34.47 10.27 30
12-HETE 2.02 0.52 26
15-HETE 1.80 0.40 22
20-HETE — — ND
LTB, — — ND
LTE, — — ND

ND, not detected; PGly, prostacyclin; LTB,, leukotriene By; LTE,, leukotriene E,.
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Fig. 4. Tissue culture conditions modulate the adaption of C1P
levels in CERK ™/~ MEFs. MEFs (2 x 10°% were plated in 10 cm
dishes and incubated under standard conditions overnight. Cells
were then switched to fresh 10% serum medium and incubated for
4 h. Cells were then collected and analyzed via HPLC-ESI MS/MS
as described in the Materials and Methods section to evaluate the
levels of C1P. C1P levels by individual chain length (A) and total
CIP (B) (* indicates a statistical significance of P < 0.01, ** indi-
cates a statistical significance of P< 0.001). Data are representative
of n = 6 on at least three separate occasions.

without FBS supplementation. Interestingly, the levels of
AA, PGFya, and 5-HETE were greatly increased when
comparing the percent control values for CERK /™ MEFs
between the 0% serum treatment and the 10% serum
treatment (Table 4), while PGE, levels were decreased
when comparing the percent control values (Table 4).
These results further illustrate the inherent difference of
tissue culture conditions on basal eicosanoid produc-
tion in the CERK/~ MEFs when compared with wild-type
counterparts.

After observing the differences in basal eicosanoid syn-
thesis between the CERK”* and CERK/~ MEFs, we ques-
tioned whether the differences in eicosanoid synthesis
were due to a dysfunction in the uptake of AA. To test this
possibility, pulse labeling experiments with ["H]AA were
undertaken, and no differences in the uptake of AA into
the cells (supplementary Fig. IV) were observed when
comparing the CERK"" and the CERK /™ MEFs. These

results demonstrate that the dysfunction in eicosanoid syn-
thesis observed in the CERK /™ cells is not due to an issue
with AA uptake.

Genetic ablation of CERK leads to dysfunction
of AA release and eicosanoid synthesis in response
to calcium ionophore

Previously, our laboratory demonstrated that the interac-
tion between CIP and cPLAyx is required for the activa-
tion/translocation of cPLAya in response to inflammatory
agonists (e.g., the calcium ionophore, A23187). Due to this
requirement of C1P, we hypothesized that the CERK /™~
cells would be dysfunctional in eicosanoid synthesis in re-
sponse to A23187. Wild-type MEFs demonstrated a dramatic
increase in three of the quantifiable eicosanoids, PGE,,
6-keto PGF,a, and 11-HETE in response to A23187. How-
ever, CERK™~ MEFs demonstrated a startling reduction in
these same eicosanoids with the fold-stimulation of the
A23187 response significantly inhibited (Fig. 5 A—C). No
significant differences were observed between the no treat-
ment and the DMSO control samples. These data demon-
strate that the production of eicosanoids in response to
calcium ionophore is dysfunctional in CERK ™/~ cells.

This effect of genetic ablation of CERK on eicosanoid
synthesis was confirmed at the level of AA release using
steady-state labeling with [’H]JAA. Both CERK"" and
CERK /" cells showed a significant increase in [PH]AA re-
lease upon stimulation with A23187; but as predicted, the
amount of AA released from CERK /™ cells was signifi-
cantly less than the amount released from the CERK""*
cells (Fig. 5D, E). No significant differences were observed
between the no treatment and the DMSO control samples.
Therefore, the genetic loss of CERK leads to dysregulation
in both basal and induced eicosanoid synthesis.

C1P levels are not affected in the plasma
of CERK ™/~ mice

There have been reports of few phenotypes in the
CERK /™ mice (23-25) in comparison to phenotypes
found in the cPLAya knockout mice (37-48), which is un-
expected given the importance of the binding of C1P and
cPLAya in the activation of the enzyme and resulting eico-
sanoid synthesis (15). This lack of phenotypes suggests the
possibility that the CERK ™/~ mice may have at least par-
tially adapted to the loss of CERK. As our ex vivo cellular
experiments demonstrated that tissue culture conditions
modulate the levels of both C1P and eicosanoids, we ana-
lyzed the CI1P profile in plasma from both the CERK”"
and CERK ™/~ mice. Interestingly, no significant difference
was observed in specific chain lengths of CIP (Fig. 6A)
or total CIP levels (Fig. 6B) when comparing plasma
from the CERK”* and CERK /™ mice. These data indicate
that despite ex vivo cells showing reductions in CIP levels
with loss of CERK, plasma levels of the CERK /™~ mice are
unaffected.

The CERK /™ mouse has adapted in regards to AHR

As we now hypothesized that the CERK /™ mouse has
partially adapted to loss of CERK by producing CI1P via a
separate anabolic pathway, the genetic loss of CERK was
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TABLE 4. Eicosanoids produced by immortalized MEFs in 10% serum

Eicosanoid CERK"* (ng/ml media) CERK "/~ (ng/ml media) Control (CERK"") (%)
AA 7.55 6.06 80
PGE, 17.35 4.38 25
PGD, 0.57 1.05 185
PGFoa 0.50 0.90 180
6-keto PGF,a 37.62 1.53 4
PGJ, 0.47 0.30 64
PGI, — — ND
5-HETE 0.24 0.22 91
8-HETE 0.06 0.05 92
11-HETE 9.93 4.66 47
12-HETE 0.64 0.60 94
15-HETE 0.17 0.09 51
20-HETE — — ND
LTB, — — ND
LTE, — — ND

ND, not detected; PGI,, prostacyclin; LTB,, leukotriene B,; LTE,, leukotriene E,.

“Not significant.

compared with acute induced loss of CERK via siRNA in
an inflammatory phenotype. AHR was evaluated in relation
to the loss of CERK as the cPLAya knockout mouse dem-
onstrated reduced eicosanoid production upon OVA chal-
lenge/rechallenge (37). OVA was ip injected on day 1 and
day 5, then these mice were rechallenged by aerosolized
OVA on days 14-20 (1 h/day). siRNA was given to mice via
ip injection on day 13 (Fig. 7A), and mice were sacrificed
on day 21 (10 h postchallenge) with the lungs and BAL
fluid collected. In our study, siRNA was utilized to knock
down CERK levels in the lungs of wild-type mice, and these
mice were evaluated for AHR. The CERK siRNA intro-
duced to the mice successfully infiltrated the lungs and
downregulated the production of CERK (Fig. 7B). BAL
fluid was evaluated for eicosanoid production via ELISA,
and three eicosanoids, PGE,, PGD,, and thromboxane B,
(TXBy) were upregulated upon challenge with OVA (Fig.
7C-E). In addition, the production of PGE, and PGD, was
significantly decreased with the acute downregulation of
CERK when mice were challenged with OVA (Fig. 7C, D),
while the downregulation of CERK had no effect on TXB,
production (Fig. 7E). Cell infiltration in the BAL fluid was
also characterized, and no significant differences were ob-
served between control siRNA- and CERK siRNA-treated
mice demonstrating that the observed differences were
not due to loss of eosinophil infiltration (Fig. 7F). This
study was then repeated with CERK"" and CERK /™ mice,
and no difference was observed when comparing the eico-
sanoid production of the CERK"”" and CERK /™ mice in
accord with a previous report by Graf and coworkers (23)
(data not shown). These data demonstrate the genetic ab-
lation of CERK produces different phenotypes in compari-
son to acute downregulation via siRNA treatment.

DISCUSSION

In this study, we have demonstrated that CERK-derived
CIP is instrumental in the production of eicosanoids, cor-
roborating our previous studies illustrating that siRNA
downregulation of CERK blocks the release AA by inhibiting
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the production of CERK-derived C1P (15, 22). As we have
shown here, cells derived from the CERK /™ mice and
tested under reduced serum conditions are dysfunctional
in eicosanoid synthesis, both basally and in response to cal-
cium ionophore. This further illustrates the effects of
CERK-derived CIP on eicosanoid production, and there-
fore implicates these mediators as players in the inflam-
matory response. Of note, these findings are partially in
opposition to the reports by Bornancin and coworkers
(23, 24, 49). Specifically, this group explored how cPLAya-
dependent pathways were affected by the genetic ablation
of CERK and this laboratory observed similar responses of
cells derived from both wild-type and knockout animals to
PMA/ionomycin treatment as well as the susceptibility of
the whole animals to arthritis induction by both Ag and
KRN serum. As cPLAya function is imperative in these re-
sponses, Bornancin and coworkers concluded that cPLAyo-
dependent pathways were functional. However, after this
study was released, our laboratory reported the CI1P bind-
ing site on the cPLAya protein and showed that both re-
duction in C1P and mutation of this binding site reduced
the activity of cPLAya (19). These contradictory results
gave rise to the current study using cells from the same
genetic model, and this study demonstrates several differ-
ences in approaches that may explain the contrasting
findings. For example, most of our cellular MEF results dem-
onstrating dysregulation in eicosanoids utilized either no
serum or low serum environments in comparison to the
Bornancin study. Indeed, as we increase serum levels, the
effect on both total C1P levels and the basal generation of
eicosanoids becomes partially “rescued”. Furthermore, a
novel chain length of CIP is increased in the CERK '~
cells, which may account for the minor phenotype on eico-
sanoids observed in a high serum environment. Regard-
less, MEFs from the CERK /™ mice presented with reduced
levels of C1P, and the role of C1P in regulating cPLAyx
responses may be cell type specific. For example, the C1P
levels in BMDMs are several-fold higher than the fibro-
blasts regardless of serum concentration utilized for MEFs,
and the effect on basal eicosanoids is also more dramatic
in BMDM:s from CERK ™/~ cells. Hence, differential effects
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Fig. 5. Genetic ablation of CERK induces a reduction in A23187-induced eicosanoid production. MEFs
(2 x 106) were plated in 10 cm dishes and incubated under standard conditions overnight. The next morn-
ing the medium was replaced with 0% serum medium for 2 h and was then dosed with 5 WM A23187, 1:5000
DMSO, or 0% serum sham for 5 min. Medium was then collected and analyzed via HPLC-ESI MS/MS using
the method described in the Materials and Methods section to evaluate the levels of eicosanoids: PGE, (A), 6-keto
PGFa (B), and 11-HETE (C). Data are combined results from n = 3 performed on three separate occasions.
[3H]AA uptake and release is shown in medium (D) with percentage of release shown in (E). * indicates a
statistical significance of P< 0.01. Data are representative of n = 3 performed on two separate occasions.

on eicosanoids in regards to C1P may vary greatly from cell
type to cell type. Indeed, the reports by Bornancin and
coworkers also used different cell types, specifically pri-
mary kidney fibroblasts and peritoneal macrophages
(23, 36). Unfortunately, we were unable to obtain peri-
toneal macrophages using thioglycolate in the CERK ™/~
animals in contrast to CERK"*. Hence, we could not un-
dertake the same studies, and relied on BMDM:s for com-
parison. We attribute the lack of macrophage infiltration
in response to thioglycolate to the reported neutropenia
as neutrophils are strongly linked to macrophage infiltra-
tion (23).

Another difference between the studies is the use of
PMA /ionomycin versus our use of only calcium ionophore
in regards to AA release. PMA drives activation of protein

kinase C, which has been strongly linked to cPLAya activa-
tion (50-53). This activation may or may not be depen-
denton C1P,and unpublished findings from our laboratory
show that a DAG lipase inhibitor is a dramatic stimulator
of eicosanoid synthesis without the requirement of CI1P.
Regardless, this study and the Graf studies are not dramati-
cally divergent with technical differences explaining many
of the contrasting findings for the cell studies.

As culture conditions, technical details, and differences
in cell types may explain the incongruent findings between
our laboratory and the reports by Bornancin and cowork-
ers, the only remaining conundrums in regards to CERK
and eicosanoid synthesis is the report by Bornancin and
coworkers as to the relative lack of phenotypes in the
CERK /"~ animals for eicosanoid biosynthesis as well as the
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Fig. 6. CIP levels are unchanged in the plasma of CERK /" mice.
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in the Materials and Methods section to evaluate the levels of C1P.
CI1P levels are shown for (A) specific chain lengths and (B) total
CI1P. Data are representative of at least n = 4 performed on two
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more recent report using a specific CERK inhibitor (NVP-
231) in vitro (49). In regards to the CERK /™ mice, this
genetic ablation model does not demonstrate the pheno-
types observed in the cPLAya knockout mice (e.g., resis-
tance to arthritis induction by both Ag and KRN serum
and OVA-induced AHR) with the exception of one report
by Bornanicin and coworkers showing a reduction in the
levels of basal PGE, in the BAL fluid of the CERK™/~ mice
(23, 24). As a decade of research from our laboratory and
others has shown cPLAyx to possess a specific C1P interac-
tion site, we hypothesized that the CERK ™/~ mice were
able to demonstrate intact cPLAya-dependent pathways
due to an adaptation of the whole mouse to the loss of
CERK-derived CIP (15-20, 22, 33-35). For example, no
differences in total C1P levels were observed in the serum
of the mice, which correlates well with C1P data obtained
from primary hepatocytes (J. A. Mietla et al., unpublished
observations). Thus, not all cells produce C1P via CERK, and
as our cell studies showed, other cells can at least partially
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adapt to loss of CERK via upregulating novel chain lengths
of CIP (J. A. Mietla et al., unpublished observations).
This effect was also observed by genetic ablation of
CERK in HeLa cells via zinc-finger nuclease technology
(J. A. Mietla et al., unpublished observations). Indeed,
the levels of C1P were increased upon ablation of CERK
in these cells via an unknown anabolic pathway (J. A.
Mietla et al., unpublished observations). This type of adap-
tation could explain the lack of phenotypes observed in
the CERK knockout mouse. The hypothesis of the adap-
tion of the CERK™’~ mice to loss of C1P is supported by
our AHR studies presented in this manuscript. An effect
on eicosanoid production induced by AHR was observed
when CERK was downregulated via siRNA, but the same
effect was not seen in the evaluation of the CERK /™ mice.
These types of differences have also been observed in some
phenotypes for the genetic ablation model of cPLAya in
comparison to the acute inhibition/downregulation of
the enzyme by utilization of cPLAya inhibitors and siRNA
(54-56). Overall, our studies highlight the difficulty of ex-
amining complex and important pathways in mammalian
physiology due to compensatory pathways, which highlight
the difficulty in understanding the role of cPLAyq, in gen-
eral, as well as via the activation of lipid cofactors. Thus,
for examining the role of a protein-lipid interaction, it
may be necessary to identify the binding site and ablate
this site genetically in a mouse to determine function. This
may be one alternative route to determining the role of a
particular bioactive lipid in a particular biology to over-
come compensatory mechanisms when targeting the bio-
synthetic pathways.

As stated previously, there is still the question of the
CERK inhibitor (NVP-231) developed by Novartis (49).
Bornancin and coworkers reported that treatment of cells
with this inhibitor had no effect on the stimulation of eico-
sanoid synthesis by various inflammatory agonists (49).
Our laboratory has only sparingly utilized this inhibitor,
but concur that the inhibitor dramatically reduces total
CI1P levels with 1 h of treatment in primary MEFs (supple-
mentary Fig. V). Interestingly, the inhibitor potently and
dramatically lowers the synthesis of all chain lengths of
C1P, with the exception of Cyg,140 CIP, in contrast to
CERK siRNA (15, 21, 22) and CERK ablation (23, 25).
Thus, the CERK inhibitor may also block the currently un-
known anabolic pathways of CI1P biosynthesis as well as
CERK. Therefore, this inhibitor may be an excellent “tool”
to examine C1P biology as the entirety of the CI1P anabolic
system is possibly blocked. What additional targets the in-
hibitor may be affecting is unknown, but the lack of effect
on the levels of ceramide suggests that the unknown path-
ways are not CERKs. On the other hand, ceramide may be
quickly metabolized to hexosylceramides in MEFs masking
any increases in ceramide induced by CERK inhibition. As
the levels of C1P in comparison to ceramide and phospha-
tidic acid (PA) are very low, a DAG kinase (DAGK) with
low activity toward ceramide could account for some
of the C1P formed in cells, and examination of DAG
and PA levels in the presence of this inhibitor may be
warranted. Furthermore, DAGKO has high homology to
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Fig. 7. CERK /" mice have adapted in regards to AHR. Mice were ip injected on day 1 and day 5 with OVA
(50 pg) and control mice received saline sham injections. To knockdown CERK, mice were injected with CERK
siRNA on day 13 (1 wg/g body weight). To induce the phenotype, the mice were challenged with aerosolized
OVA (1% in PBS for 60 min) on days 14-20. After the day 20 challenge, mice were sacrificed with BAL fluid and
lungs collected. A: Schematic of AHR experimental design. B: Western blot depicting CERK knockdown in
lungs. BAL fluid was evaluated for eicosanoid production via enzyme-linked immunosorbent assays (ELISAs) for
(C) PGE,, (D) PGDy, and (E) TXB,. F: Cells contained in BAL fluid were characterized by H and E staining.
* indicates statistical significance with a Pvalue as indicated in the figure. Data are representative of n = 8 on

at least three separate occasions.

CERK (57), and Bornancin and coworkers only examined
DAGKa for efficacy (49). Overall, future studies will also
include the use of this CERK inhibitor and examining a
number of cell types and inflammatory agonists under
various culture conditions to determine whether C1P plays
a role in AA release and eicosanoid synthesis. The broad
use of this inhibitor coupled to findings using a mouse
model with the CIP interaction site ablated from cPLA,a
may finally answer the question as to the role of C1P in
regulating cPLAya activation. Furthermore, investigations
as to whether this inhibitor will reduce the levels of C1P in
cells from the CERK /™ mouse as well as the CERK /"~
HeLa cells will confirm the inhibition of a separate ana-
bolic pathway for C1P formation. Indeed, these cell mod-
els may prove useful in defining these unknown anabolic

pathways for C1P as well as investigate their roles in bio-
logical mechanisms.

In conclusion, this study utilizing ex vivo cells sup-
ports previous results from our laboratory for the role of
CERK in the activation of cPLAya and regulation of eico-
sanoid synthesis. This study demonstrates that cells
derived from the CERK™/~ mice are dysfunctional in ei-
cosanoid synthesis, both basally and through induction by
calcium ionophore. CIP levels appear to be partially rescued
via addition of serum to the culture medium, which
mimics the possible adaptation of the CERK ™/~ mice.
This adaptation of the CERK ™/~ mice was also demon-
strated via the AHR study in comparison to acute down-
regulation. As inflammation plays a critical role in many
diseases, understanding how these interactions modulate

Eicosanoid synthesis in CERK /" cells 1845



eicosanoid levels could lead to potential new drug tar-
gets for disease therapies. These new treatments could
be vast improvements over current therapies which shunt
eicosanoid production from one set of enzymes to another,
creating additional health issues as a result of treatment.Jli

We thank Dr. Frederick Bornancin of Novartis International for
providing breeding pairs of the CERK ™/~ mouse along with
wild-type counterparts.
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