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lipoprotein-mediated calcium oscillations and

macrophage survival

Johnny H. Chen, Maziar Rlazy, Shih Wei Wang, Jiazhen Minnie Dai, Vincent Duronio,

and Urs P. Steinbrecher’

Department of Medicine, University of British Columbia, Vancouver, Canada

Abstract We recently reported that oxidized LDL (oxLDL)
induces an oscﬂlatory increase in intracellular calcium
([Ca2+] ) levels in macrophages Furthermore, we have
shown that these [Ca *]; oscillations mediate oxLDL’s ability
to inhibit macrophage apoptosis in response to growth fac-
tor deprivation. However, the SIgnal transduction pathways
by which oxLDL induces [Ca *]; oscillations have not been
elucidated. In this study, we show that these oscillations are
mediated in part by intracellular mechanisms, as depleting
extracellular Ca* did not completely abolish the effect.
Inhibiting sarco- endoplasmlc reticulum ATPase (SERCA)
completely blocked [Ca®"]; oscillations, suggesting a role for
Ca™ reuptake by the ER. The addition of oxLDL resulted in
an almost immediate activation of sphingosine kinase (SK),
which can increase sphingosine-1-phosphate (S1P) levels by
phosphorylating sphingosine. Moreover, S1P was shown to
be as effective as oxLDL in blocking macrophage apoptosis
and producmg [Ca®]; oscillations. Bl This su. ggests that the
mechanism in which oxLDL generates [Ca *]; oscillations
may be I) activation of SK, 2) SK-mediated increase in S1P
levels, 3) S1P-mediated Ca™ release from intracellular
stores, and 4) SERCA-mediated Ca™ reuptake back into
the ER.—Chen, J. H., M. Riazy, S. W. Wang, J. M. Dai,
V. Duronio, and U. P. Steinbrecher. Sphingosine kinase reg-
ulates oxidized low density lipoprotein-mediated calcium
oscillations and macrophage survival. J. Lipid Res. 2010. 51:
991-998.

Supplementary key words sphingosine-1-phosphate e calcium ¢ foam
cells ® plaque stability

Atherosclerosis is a chronic inflammatory disease of
large and medium-sized arteries, and macrophages play a
central role in its initiation and progression (1, 2). The
accumulation of macrophages in lesions is due in part to
recruitment of monocytes from the bloodstream (2) and
to proliferation of macrophages within atherosclerotic le-
sions (3-6). Oxidized LDL (oxLLDL) plays an important
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role in atherogenesis, in part because of its effects on mac-
rophage recruitment and retention (7, 8). Initial oxida-
tion of LDL and formation of what is often referred to as
“minimally modified” LDL stimulate adjacent endothelial
and smooth muscle cells to release monocyte chemotactic
protein-1, which facilitates the recruitment of monocytes
into the arterial wall. OxLLDL itself is chemotactic for mono-
cytes by virtue of its lysophosphatidylcholine content.

At high concentrations, oxLLDL can be toxic to cultured
macrophages and other cells, but at lower concentrations,
it has been clearly shown to promote macrophage prolifer-
ation and inhibit apoptosis (9-15). Our group has recently
reported that oxLDL inhibits macrophage apoptosis by ac-
tivating eukaryotlc elongation factor-2 (eEF2) kinase (also
known as Ca’ /calmodulm—dependent kinase III) (16).
eEF2 kinase activation and inhibition of macrophage
apoptosis is mediated by an oscillatory increase in intracel-
lular calcium ([Ca%]i). However, the signal transduction
pathways involved in oxLLDL-mediated [Ca™; oscillations
have not been elucidated.

Ca* is a ubiquitous intracellular signal responsible for
controlling numerous cellular processes. These processes
range from muscle contraction to synaptic transmission
and from cellular proliferation to apoptosis (17). Ca® can
relay specificity in signaling through its high degree of spa-
tial and temporal diversity (18). Ca® released into the cy-
toplasm can function as a second messenger that can
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intracellular calcium; DPBS, Dulbecco’s phosphate-buffered saline;
eEF2, eukaryotic elongation factor-2; ER, endoplasmic reticulum; IP3R,
inositol-1,4,5-triphosphate receptor; LCM, 1929 cell conditioned me-
dia; lysoPC, lysophosphatidylcholine; MAPK, mitogen-activated protein
kinase; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
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mediate cell survival or induce apoptosis (19). Within the
same cell, Ca* signals can have dual roles in response to
the same stimulus, depending on the temporal pattern of
the Ca* elevatlons For example, distinct temporal pat-
terns of Ca®* elevation are associated with positive versus
negative selection of developing T-cells in the thymus (20,

21). Weak T-cell receptor activation induces Ca® oscilla-
tions, whereas strong T-cell receptor activation induces
sustained Ca”" elevation. The former activates nuclear fac-
tor of activated T-cells optimally and thereby upregulates
expression of the prosurvival cytokine IL-2, whereas the
latter upregulates the proapoptotic BH3-only protein Bim.

Spingosine-1-phosphate (S1P) plays an important role
in many cellular processes, including regulation of Ca*"
signals (22-26) and cell survival and proliferation (27-35).
Intracellular levels of SIP are tightly regulated by the equi-
librium between its formation, which is catalyzed by sphin-
gosine kinase (SK), and its degradation, which is catalyzed
by S1P lyase and S1P phosphatases (36). S1P produced in
response to agonists has the ability to function intracellu-
larly as a second messenger or after secretion in an auto-
crine/paracrine fashion to activate S1P receptors (formerly
known as endothelial differentiation gene or Edg recep-
tors) on the cell surface (37). Although S1P is thought to
mobilize [Ca%] via interaction with its surface receptors,
increasing evidence suggests an important intracellular
role for S1P in mediating Ca” increases within the cell
(38, 39). However, the exact mechanism in which S1P me-
diates Ca®" mobilization is still uncertain.

In this study, we describe a mechanism in which oxLDL
generates [Ca "], oscillations by I) oxLLDL-mediated acti-
vation of SK, 2) SK-mediated increase in S1P levels, 3) S1P-
mediated Ca’" release from intracellular stores, and 4)
sarco-endoplasmic reticulum ATPase (SERCA)-mediated
Ca®* reuptake back into the endoplasmic reticulum (ER).

MATERIALS AND METHODS

Materials

DMEM, FBS, Dulbecco’s phosphate buffered saline (DPBS),
HEPES, Fluo-4-AM, pluronic acid, and propidium iodide were
purchased from Invitrogen (Burlington, ON, Canada). The
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt (MTS) was from Promega
(Madison, WI). Phenazine methosulfate (PMS), phosphatidyl-
choline (PC), lysophosphatidylcholine (lysoPC), and sphingo-
myelin were obtained from Sigma-Aldrich (St. Louis, MO). The
SK inhibitor 2-(p-hydroxyanilino)-4-(p-chlorophenyl) thiazole
(SKI), U-73122, and hydrated 1-(((5-(4-nitrophenyl)-2-furanyl)-
methylene)-amino)-2,4-imidazolidinedione sodium salt (dant-
rolene) were purchased from Calblochem (San Diego, (A)
Protein A Sepharose beads, L-[ S]methlonlne and 1-[4, 5 H]
leucine were from Amersham Biosciences (Piscataway, NJ). [%ZP]
ATP was from Perkin-Elmer (Waltham, MA). BCA protein assay
reagents, BSA standards, and SuperSignal Femto substrate were
purchased from Pierce (Milwaukee, WI). Goat anti-rabbit IgG
horseradish peroxidase-conjugated secondary antibody was from
DAKO Diagnostics (Mississauga, ON, Canada). G60 silica gel
plates were from Whatman (Piscataway, NJ). SDS-PAGE molecu-
lar weight standards and polyvinylidine difluoride membranes
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were provided by Bio-Rad (Hercules, CA). BioMax MR film was
from Kodak (Rochester, NY).

Lipoprotein isolation and oxidation

LDL (d=1.019-1.063 g/ml) was isolated from EDTA-anticoag-
ulated whole blood of fasting healthy normolipidemic donors
(15). Copper oxidation was performed by incubating LDL (200
pg/ml) with 5 pmol/1 CuSO, in DPBS containing 0.90 mmol/1
CaCl, and 0.49 mmol/1 MgCl, for 24 h at 37°C. The reaction was
stopped by addition of 40 pmol/1 butylated hydroxytoluene and
300 pmol/1 EDTA. The oxidized LDL was then washed and con-
centrated to ~1.5 mg/ml using Amicon Centricon Plus-20 ultra-
filters (Millipore, Bedford, MA). After a 0.45 micron filtration,
protein concentration of oxLDL was determined using BCA pro-
tein assay.

Relative electrophoretic mobility (R¢) of modified lipoproteins
was assessed using a Ciba-Corning (East Walpole, MA) electro-
phoresis apparatus and Titan agarose gels (Beaumont, TX) in 50
mmol/1 barbital buffer, pH 8.6, according to the manufacturer’s
instructions. BSA was added to lipoprotein samples to ensure re-
producible migration distances. Lipoprotein bands were visual-
ized by staining with Fat Red 7B. All oxLLDLs used in this study
was extensively modified with an R; value = 3 when compared
with nLDL.

Cell culture

1929 cells (kindly provided by Dr. J. W. Schrader, Biomedical
Research Centre, BC, Canada) were seeded in TufRol™ roller
bottles (BD Falcon, San Jose, CA) ata density of 1.5 x 10* cells per
cm?® and cultured in media (DMEM, 10% FBS, 2 mmol/1 L-glu-
tamine, 1 mmol/I sodium pyruvate, 50 U/ml penicillin, and 50
wg/ml streptomycin) containing 20 mmol/1 HEPES at 37°C in a
5% CO, atmosphere. After 15 days, the media were harvested
and centrifuged at 800 g for 10 min. The supernatant was filter
sterilized through a 0.22 pum filter. This L1929 cell conditioned
media (LCM) contains ~10,000 U/ml of M-CSF (40).

Bone marrow cells were obtained from the femurs of 6-8 week
old female CD1 mice (Charles River Laboratories, Wilmington,
MA) as previously described (15). Cells were cultured in media
containing 10% LCM for 18 h at 37°C in a 95% humidity atmo-
sphere containing 5% CO,. After 18 h, nonadherent cells were
isolated and differentiated into macrophages by culturing them
in medium containing 10% LCM until 80% confluence was
reached (5-6 days). Cells were washed to remove nonadherent
cells and harvested using a rubber cell scraper (Sarstedt, Mon-
treal, QC, Canada).

Calcium imaging

Bone marrow-derived macrophages (BMDMs) were seeded in
6-well plates at 5.0 x 10* cells per cm” and grown for 24 h. Cells
were then washed with Ca”-free DPBS and incubated in Ca™*-
free, HEPES-buffered DPBS containing 2 pmol/I Fluo-4-AM for
30 min at room temperature. Fluo-4-AM was dissolved with 20%
pluronic acid in DMSO to make a 2 mmol/I stock solution. Cells
were washed again with DPBS and incubated in HEPES-buffered
medium with inhibitors where indicated for 10 min at room tem-
perature to allow for deesterification of the acetoxymethyl group.
Medium was then removed, and fresh media containing test com-
pounds and inhibitors where indicated were added. Fluorescence
was measured every 0.6 s for 2 min using an inverted Leica TCS
SP2 AOBS laser scanning confocal microscope with a 10x objec-
tive. Image analysis was performed using Leica LCS software, and
fluorescence of every cell in each field was measured. On aver-
age, 68.2 + 11.1 cells were separately analyzed per condition in
each experiment. Cells exhibiting an increase of fluorescence at
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least 2 times that of background, followed by a decrease in fluo-
rescence and another increase in fluorescence, were scored as
positive for calcium oscillations. Each condition was performed
in duplicate within the experiment, and data shown are repre-
sentative of at least three independent experiments.

Cell viability assay

BMDMs were seeded in 96-well plates at 5.0 x 10* cells per cm®
and grown for 24 h. Cells were washed and incubated with me-
dium with or without compounds as indicated for 24 h. MTS/
PMS solution was then added to each well to a final concentra-
tion of 333 pg/ml MTS and 25 pmol/1 PMS. After incubation for
2 h at 37°C, the absorbance at 490 nm was recorded using a
Molecular Devices VersaMax microplate reader. Correlation be-
tween macrophage number and formation of formazan product
has been previously established (11). Each condition was per-
formed in triplicate within the experiment, and data are repre-
sentative of at least three independent experiments.

Apoptosis assay

BMDM were seeded in 6-well plates at 5.0 x 10" cells per cm?
and grown for 24 h. Cells were then washed and incubated with
medium containing compounds as indicated for 24 h. Cells were
harvested using a rubber cell scraper and fixed in 70% cold etha-
nol for 30 min. Cells were then washed with DPBS and stained
with 3 wmol/1 propidium iodide in DPBS containing 0.1% Tri-
ton X-100 and 0.73 pmol/1 RNase A. DNA content was analyzed
by flow cytometry on the FL-3 channel with appropriate gating
used to exclude debris and cellular aggregates. Ten thousand
events were counted for analysis. Each condition was performed
in triplicate within the experiment and is representative of at
least three independent experiments.

SK activity assay

BMDM were seeded in 60 mm plates at 5.0 x 10" cells per em”
and grown for 24 h. Cells were then washed and incubated with
medium in the absence of M-CSF for 4 h. OXLDL (25 pg/ml) was
then added for the time points indicated. Afterwards, cells were
washed with DPBS and lysed with ice-cold solubilization buffer
[50 mmol/1 Tris-Cl, pH 8.0, 150 mmol/1 NaCl, 1% Nonidet P-40
(IGEPAL CA-630), 10% glycerol, 154 nmol/l aprotinin, 2.90
pmol/1 bestatin, 2.34 wmol/1 leupeptin, 1.46 wmol/1 pepstatin,
2.80 pmol/1 trans-epoxysuccinyl-1-leucylamido (4-guanidino) butane
(E-64), and 1 mmol/1 sodium fluoride]. Lysates were centrifuged
at 20,000 gfor 10 min, and the protein content of supernatants was
quantified by BCA protein assay. Equal amounts of protein were
then incubated with 50 wmol/1 sphingosine in 0.4% fatty acid-free
BSA, 10 pGi of [*PJATP, and 100 mmol/1 MgCly. The reaction
was carried out for 30 min at 37°C and stopped by the addition of
20 pl of 1 N HCI and 800 pl of chloroform/methanol/HCI
(100:200:1, v/v/v). After 10 min, 240 pl of chloroform and 240 pl
of 2 mol/1 KCl were added, and the samples were centrifuged at
3,000 g for 5 min. The aqueous layer was aspirated, and 250 pl of
the organic layer were transferred to new glass tubes. The samples
were evaporated under nitrogen gas and then resuspended in
chloroform/methanol/HCI (100:200:1, v/v/v). Labeled S1P was
resolved by TLC on G60 silica gel plates with 1-buthanol/metha-
nol/acetic acid/water (80:20:10:20, v/v/v). Labeled S1P was then
imaged and quantified using a Bio-Rad FX phosphor imager.

Statistical analyses

Categorical data (proportion of cells showin% Ca®" oscillations)
were assessed with both Student’s #test and X~ test. Continuous
data were assessed with Student’s ttest. Comparisons showing P
values < 0.05 were deemed significant.

RESULTS

LysoPC in oxLDL is not responsible for the generation of
[Ca2+]i oscillations

OxLDL and one of its components, lysoPC, have both
been shown to induce an increase in [Ca2+]i in macro-
phages (41-44). While 10 pmol/1lysoPC was able to elicit
[Ca®"], oscillations in BMDMs to some extent, a consider-
ably lower percentage of cells was positive for [Ca2+]i oscil-
lations compared with cells treated with oxLLDL [the 25ug/
ml of oxLLDL used contains approximately 6 pmol/L
lysoPC(45)] (Fig. 1). Furthermore, PC treatment elicited
a response similar to that of lysoPC (Fig. 1). Hence, even
though PC is converted to lysoPC during the LDL oxida-
tion reaction (45), it is unlikely that the lysoPC content in
oxLDL is responsible for the observed [Ca%]i oscillations.

Extracellular Ca®* plays a partial role in the generation of
[Ca2+]i oscillations

An increase in [CaQ+]i can be mediated by an influx of
Ca” from the extracellular environment or from intracel-
lular Ca®* stores. To assess the contribution of extracellu-
lar Ca%, BMDMs were incubated in medium lacking Ca".
Under these conditions, the percentage of cells showing
Ca” oscillations in response to oxLLDL was reduced to less
than half the level observed in cells incubated in media
containing Ca*™ (Fig. 2). This indicates that while the pres-
ence of extracellular Ca®" is required for the full effect of
oxLDL, release from intracellular stores accounts for
much of the observed [Ca2+]i oscillations.

Thapsigargin blocks oxLDL-generated [Ca2+]i oscillations

During the course of a Ca* transient, the release of cal-
cium from stores is followed by reuptake via a number of
pumps and exchangers that remove Ca*™ from the cyto-
plasm. SERCA is one of the pumps that returns Ca® from
the cytoplasm to the ER (46). Thapsigargin, an epoxide
derivative that selectively prevents Ca®™* binding to SERCA

o

3

o
.

0.25 A *% *%

[Ca?*]; Oscillations
o
(6]
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Fig. 1. LysoPC in oxLDL is not responsible for the generation of
[Ca%]i oscillations. Calcium mobilization was visualized using fluo-
4-AM and confocal fluorescence microscopy. After incubation with
fluo-4-AM, BMDMs were washed, and media containing either
nLDL (25 pg/ml), oxLDL (25 pg/ml), PC (10 pmol/1), or lysoPC
(10 pmol/1) was added at time 0. Fluorescence values as a function
of time were measured for every cell in the field, and cells positive
for [Ca%]i oscillations are expressed as a fraction of total cells.
## P<0.01 compared with cells treated with oxLLDL.
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Fig. 2. Extracellular Ca™ plays a partial role in the generation of
[Ca%]i oscillations. Calcium mobilization was visualized using fluo-
4-AM and confocal fluorescence microscopy. After preincubation
with fluo-4-AM, BMDMs were washed, and nLLDL or oxLLDL (both
25 pg/ml) in media containing Ca® or oxLLDL (25 pg/ml) in Ca™*
free media was added at time 0. Fluorescence values as a function
of time were measured for every cell in the field, and cells positive
for [Ca2+]i oscillations are expressed as a fraction of total cells.
* P <0.05 compared with cells treated with nL.DL.

(47-49), completely blocked oxLLDL-generated [Ca®]; os-
cillations (Fig. 3). This suggests that SERCA is responsible
for Ca”™ reuptake to produce [Ca>']; oscillations.

Inhibition of phospholipase C or ryanodine receptor
does not block oxLDL-mediated macrophage survival
Two well-studied mechanisms of Ca® release from intra-
cellular stores involve inositol-1,4,5-triphosphate receptors
(IPgRs) and ryanodine receptors (RyRs). Activation of phos-
pholipase C (PLC) results in the conversion of phosphati-
dylinositol-4,5-bisphosphate to diacylglycerol and IP;. The
IP; stimulates IPsR-mediated Ca® release from the ER.
U-73122 is a selective inhibitor of PLC in this pathway (ICs,
~3 pmol/L) (50). Inhibition of PLC by U-73122 did not se-
lectively inhibit oxLLDL’s prosurvival effect (Fig. 4A), in that it
also decreased survival in control cells incubated without ox-
LDL. Dantrolene inhibits Ca®" release from RyR channels

2
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=
S 05 -
(@)
S 0.25 -
*%*
o  mmmm , ,
nLDL oxLDL oxLDL +
Thapsigargin

Fig. 3. Thapsigargin blocks oxLLDL-generated [Ca®; oscillations.
Calcium mobilization was visualized using fluo-4-AM and confocal
fluorescence microscopy. After incubation with fluo-4-AM, BMDMs
were washed, and media containing 25 pg/ml nLDL, oxLDL, or
oxLDL + thapsigargin (1 pmol/l) was added at time 0. Fluores-
cence values as a function of time were measured for every cell in
the field, and cells positive for [Ca%]i oscillations are expressed as
a fraction of total cells. ** P<0.01 compared with cells treated with
oxLDL alone.
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(51). Inhibition of RyR-mediated Ca”" release with this drug
also did not block oxLLDL’s prosurvival effect (Fig. 4B).

S1P generates [Ca2+]i oscillations and promotes
macrophage survival

S1P can act as a second messenger to induce Ca® mobi-
lization within the cell (38, 39). We demonstrated that S1P
can generate [Ca2+]i oscillations in BMDMs within the
same time frame and as effectively as oxLDL (Fig. 5).
Furthermore, the same concentration of SIP promoted
BMDM survival (Fig. 6A) and blocked apoptosis (Fig. 6B)
to the same extent as oxLDL. S1P arises from the phos-
phorylation of sphingosine by SK (36). It has been previ-
ously reported that oxLLDL can activate SK in SMCs (52,
53), suggesting that the induction of [Ca%]i oscillations by
oxLDL in BMDM might be mediated by its ability to in-
crease phosphorylation of sphingosine.

SK s activated in response to oxLDL

To determine if oxLDL can activate SK in BMDMs, we
used an in vitro kinase assay to measure the ability of cell

A [J - oxLDL
Bl +oxLDL
1
0.75
2
S 05
S
o —\\»%\—a\q
0 . . . ;
0 4 8 12 16

U-73122 (umollL)

B [J - oxLDL
B +oxLDL
1 ‘W
0.75 1
£
g /(%\#H:\ﬁ/
8
> 0
0.25 1
0 . . . .
0 40 80 120 160

Dantrolene (umol/L)

Fig. 4. Inhibition of PLC or RyR does not block oxLLDL-mediated
macrophage survival. A: BMDMs were washed and incubated with
media alone or oxLLDL (25 pg/ml) in the presence U-73122 or
dantrolene at the concentrations indicated for 24 h. B: Viability was
measured by the bioreduction of MTS and expressed as a ratio nor-
malized to absorbance values of cells cultured in 10% M-CSF con-
ditioned media.
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lysates to phosphorylate sphingosine. There was a 1.5-fold
increase in SK activity almost immediately after the addi-
tion of oxLLDL (Fig. 7). This rapid activation of SK lends
plausibility to the suggestion it could be a mechanism for
mediating the [Ca2+]i oscillations observed in response to
oxL.DL.

Inhibition of SK blocks oxLDL-mediated [Ca®'];
oscillation and macrophage survival

To test if SK activation is required for the ability of ox-
LDL to induce [Ca2+]i oscillation, we used a selective in-
hibitor of SK (54). Figure 7 shows that this compound
effectively blocks SK activation by oxLDL. It also com-
pletely blocked oxLLDL-generated [Ca2+]i oscillations (Fig. 8)
and oxLDI-mediated macrophage survival (Fig. 9). These
results strongly suggest that oxLDL-induced Ca”" mobiliza-
tion is mediated by increased generation of S1P via SK
activation.

DISCUSSION

A number of groups have reported that oxLLDL induces
an increase in [Ca%]i (41-44), and our studies extend this
observation by demonstrating that at least in macrophages,
this is an oscillatory increase. These oscillations involved
Ca” release from intracellular stores and required SERCA
to return cytosolic Ca” to the ER. S1P is known to induce
intracellular calcium release in other cells (37), and we
found it to be as effective as oxLDL at inducing [Ca%] ;
oscillations in BMDM. The addition of oxLLDL resulted in
an almost immediate activation of SK, which is the major
cellular pathway to production of SIP.

Inhibition of SK activation blocked not only oxLDL-
generated [Ca2+]i oscillations but also oxLDI.-mediated
macrophage survival. This links Ca®* signaling with the
prosurvival effects of oxLLDL. Delivery of S1P by oxLLDL it-
self is unlikely because SIP is lost during the oxidation
process (55). Furthermore, native LDL, which contains

] m
E 0.75 "
s
S 05 -
o
N
S 025 -
0 .
nLDL oxLDL S1P

Fig. 5. SI1P generates [Ca™]; oscillations. Calcium mobilization
was visualized using fluo-4-AM and confocal fluorescence micros-
copy. After incubation with fluo-4-AM, BMDMs were washed, and
media containing either nLDL (25 pg/ml), oxLLDL (25 pg/ml), or
S1P (30 pmol/1) was added at time 0. Fluorescence values as a func-
tion of time were measured for every cell in the field, and cells
positive for [Ca™]; oscillations are expressed as a fraction of total
cells. #* P<0.01 compared with cells treated with nLDL.

significant amounts of SIP (55), does not elicit a Ca” re-
sponse similar to S1P, suggesting that endogenous pro-
duction, perhaps in the plasma membrane, may be
required to induce calcium oscillation (56). Our results do
not exclude a role for other components of oxLLDL, such
as oxysterols, in stimulating intracellular [Ca%]i oscilla-
tions. However, the fact that the effect of oxLLDL was mim-
icked by exogenous SI1P and inhibited by an SK inhibitor
suggests that S1P plays a major role. In addition, a recent
study in U937 macrophages found that increased intracel-
lular Ca*'in response to 7B-hydroxycholesterol was medi-
ated by influx of extracellular Ca”™ and was nonoscillatory
(57). Both of these features are different from our find-
ings with oxLDIL-induced Ca™ signaling in BMDM.

The exact mechanism in which S1P mediates Ca®* mobi-
lization is still uncertain. Ca*" release mediated by S1P oc-
curs independently of IP3Rs and RyRs (58). One possible
candidate is SCaMPER (for sphingolipid Ca® release me-
diating protein of the ER) (58). SCaMPER is a 181 amino
acid protein that was first shown to mediate sphingolipid-
gated Ca®' release from intracellular stores in Xenopus
laevis oocytes. More recently, antisense knockdown of
SCaMPER mRNA was shown to substantially reduce sphin-
golipid-induced calcium release in human and rat cardio-
myocytes (59). However, SCAMPER shares no similarity to

A 1. w*
*%
0.75
2
B 05
8
>
0.25
0 . .
Media Alone oxLDL S1P
B
1 4
0.75
0
2
S 05 - **
] *%
o
<
- .
0 - - -
Media Alone oxLDL S1P

Fig. 6. SIP promotes macrophage survival. BMDMs were washed
and incubated with media alone, oxLLDL (25 pg/ml), or SIP (30
pmol/1) for 24 h. A: Viability was measured by the bioreduction of
MTS and expressed as a ratio of normalized to absorbance values
of cells cultured in 10% M-CSF conditioned media. B: Apoptosis
was assessed by measuring the percentage of cells with subdiploid
DNA. Data are expressed as a ratio of normalized to fluorescence
values of cells cultured in the absence of M-CSF. ** P < 0.01 com-
pared with cells treated with media alone.
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Fig. 7. SKisactivated in response to oxLDL. BMDM were washed
and incubated in medium without M-CSF for 4 h. OxLDL (25 pg/
ml in medium without M-CSF) or oxLDL + SKI (30 pmol/1) was
then added for the time periods indicated. SK activity was assessed
by measuring the ability of lysates to phosphorylate sphingosine
with an in vitro kinase assay. Data are normalized to values of cells
at time 0. * P< 0.05 compared with cells at time 0.

any other known [Ca%]i channels and is a small protein
with only one transmembrane domain (58). Thus, it is un-
likely to itself be a Ca®" channel. Furthermore, a study
showed that there is little correlation between its intracel-
lular location and that of known [Ca2+]i stores (60).

We recently reported that oxLDL-mediated [Ca*']; os-
cillations lead to activation of the Ca2+/ calmodulin-depen-
dent kinase, eEF2 kinase (16). Both the increase in [Ca2+]i
oscillations and the activation of eEF2 kinase were blocked
by BAPTA-AM, an intracellular Ca’' chelator. Addition of
oxLDL also resulted in the phosphorylation of eEF2, the
only known substrate of eEF2 kinase. The eEF2 kinase se-
lective inhibitors TS-4 and TX-1918 blocked the ability of
oxLDL to promote survival of BMDMs. Withdrawal of
M-CSF resulted in the activation of p38 mitogen-activated
protein kinase (MAPK), an effect that is blocked with the
addition of oxLLDL, and eEF2 kinase can be negatively reg-

o

3

o
.

[Ca?*]; Oscillations
o
(6]

0.25 -
*%
o | mEEE \ ,
nLDL oxLDL oxLDL +
SKI

Fig. 8. Inhibition of SK blocks oxLDL-generated [Ca®]; oscilla-
tions. Calcium mobilization was visualized using fluo-4-AM and
confocal fluorescence microscopy. After incubation with fluo-4-AM,
BMDMs were washed, and media containing nLDL (25 pg/ml),
oxLDL (25 pg/ml), or oxLDL (25 pg/ml) + SKI (30 pmol/1) was
added at time 0. Fluorescence values as a function of time were
measured for every cell in the field, and cells positive for [Ca2+]i
oscillations are expressed as a fraction of total cells. ** P < 0.01
compared with cells treated with oxLDL alone.
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Fig. 9. Inhibition of SK blocks oxLDL-mediated macrophage
survival. BMDMs were washed and incubated with media alone or
oxLLDL (25 pg/ml) in the presence or absence of SKI (30 pmol/1)
for 24 h. A: Viability was measured by the bioreduction of MTS and
expressed as a ratio of normalized to absorbance values of cells
cultured in 10% M-CSF conditioned media. B: Apoptosis was as-
sessed by measuring the percentage of cells with subdiploid DNA.
Data are expressed as a ratio normalized to fluorescence values of
cells cultured in the absence of M-CSF. ** P < 0.01 compared with
cells treated with oxLDL alone.

ulated by p38 MAPK. Together, these results indicated
that oxLLDL can positively regulate eEF2 kinase activity by
both I) generating an oscillatory increase in [Ca2+]i and 2)
inhibiting its negative regulation by p38 MAPK. The only
known substrate of eEF2K is eEF2, a monomeric GTPase
that regulates peptide chain elongation. Phosphorylation
of eEF2 inhibits its activity, thereby reducing the rate of
protein synthesis. In keeping with its ability to activate
eEF2K, addition of oxLLDL results in a decrease in overall
protein synthesis in BMDMs (16). Paradoxically, this effect
of eEF2K activation has been shown to result in increased
viability of cells under conditions of metabolic stress (e.g.,
growth factor withdrawal).

The results described herein extend our previous ob-
servations and suggest a model in which oxLLDL activates
SK, triggering S1P-mediated oscillatory Ca™ release from
intracellular stores, which in turn leads to activation
of eEF2K and energy conservation via inhibition of pro-
tein synthesis, culminating in increased macrophage sur-
vival Al
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