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Abstract

 

Lysophosphatidic acid (LPA) is the smallest and structur-
ally simplest of all the glycerophospholipids. It occurs nor-
mally in serum and binds with high affinity to albumin,
while retaining its biological activity. The effects of LPA are
pleiotropic and range from mitogenesis to stress fiber for-
mation. We show a novel role for LPA: as a macrophage
survival factor with potency equivalent to serum. Adminis-
tration of LPA protects macrophages from apoptosis in-
duced by serum deprivation, and protection is equivalent to
that with conventional survival factors such as macrophage
colony stimulating factor. The ability of LPA to act as a sur-
vival factor is mediated by the lipid kinase phosphatidyl-
inositol 3-kinase (PI3K), since LPA activated both the p85-
p110 and p110

 

g

 

 isoforms of PI3K and macrophage survival
was blocked completely by wortmannin or LY294002, two
mechanistically dissimilar inhibitors of PI3K. pp70

 

s6k

 

, a
downstream kinase activated by PI3K, also contributes to
survival, because inhibitors of pp70

 

s6k

 

, such as rapamycin,
blocked macrophage survival in the presence of LPA. Modi-
fied forms of LPA and phospholipids, such as phosphatidyl-
choline and phosphatidylethanolamine, had no survival ef-
fect, thereby showing the specificity of LPA. These results
show that LPA acts as a potent macrophage survival factor.
Based on striking similarities between our LPA and serum
data, we suggest that LPA is a major noncytokine survival
factor in serum. (

 

J. Clin. Invest.

 

 1998. 102:716–727.) Key
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Introduction

 

Apoptosis is an energy-requiring form of cell death akin to sui-
cide (1–4). Apoptosis is characterized by cell shrinkage, chro-
matin condensation, DNA fragmentation, and eventual disin-
tegration into membrane-enclosed apoptotic bodies. Unlike
necrotic cell death, which results in loss of membrane integrity
and inflammation of surrounding tissues, apoptotic cells main-

tain an intact plasma membrane and are rapidly cleared by
phagocytes without causing injury to surrounding cells (5).

Apoptosis has been likened to a default pathway in that the
apoptotic program is always ready to be executed unless con-
tinuously inhibited by extracellular signals called “survival fac-
tors” (2, 6). The viability of many, if not all, mammalian cells is
dependent on specific survival factors. Some examples include:
testosterone, which acts on prostatic epithelial cells (7); cyto-
kines such as interleukin-2, which acts on lymphoblasts (8);
and growth factors such as macrophage-colony stimulating fac-
tor (M-CSF),

 

1

 

 which maintains viability of macrophages (9,
10). Nearly all soluble survival factors described to date have
been either proteins or steroid-based lipids.

Recently, lysophosphatidic acid (LPA [1-acyl-

 

sn

 

-glycerol-
3-phosphate]) has received attention as a lipid with growth fac-
tor–like effects (11–13). LPA is the smallest and structurally
simplest of all glycerophospholipids, and it exists in serum at
concentrations of 2–20 

 

m

 

M (14, 15). LPA is released by acti-
vated platelets during blood clotting (14), and immediately
complexes with high affinity to serum albumin while retaining
its biological activity (16, 17). Examples of LPA-mediated ac-
tions include platelet aggregation (18), mitogenesis (19–21),
and focal adhesion and stress fiber formation (22).

LPA binds to a putative G protein–coupled receptor(s)
(GPCR) found on nearly all cell types (23–26). Following
G-protein activation, one of the intracellular signaling events
that occurs is activation of the lipid kinase phosphatidylinositol
3-kinase (PI3K) (11–13). Yao and Cooper have provided data
suggesting that survival factors such as insulin, epidermal
growth factor (EGF), and serum act through PI3K to prevent
apoptosis (27). Because albumin-bound LPA is thought to be
responsible for much of the biological activity of serum, and
because LPA signals through PI3K (11–13), we determined
whether LPA acts as a survival factor and the extent to which
LPA accounts for the survival activity of serum.

We show that LPA alone acts as a potent survival factor for
macrophages, and that its actions are mediated through stimu-
lation of PI3K. Based on striking similarities between the ef-
fects and potency of LPA and serum, we suggest that LPA is a
major noncytokine survival factor in serum. Finally, our find-
ings represent the first report of an LPA-mediated effect on
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Abbreviations used in this paper:

 

 dBSA, 99.95% delipidated frac-
tion V BSA; GPCR, G protein–coupled receptor; LPA, lysophospha-
tidic acid; LPG, lysophosphatidylglycerol; M-CSF, macrophage-col-
ony stimulating factor; MTT, 3-(4,5-dimethylthiazol)-2,5-diphenyl
tetrazolium bromide; ndBSA, nondelipidated fraction V BSA; NGF,
nerve growth factor; PA, phosphatidic acid; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PI3K, phosphatidylinositol 3-kinase;
PL, phospholipids; R.0, serum-free RPMI-based medium; R.10,
RPMI-based medium supplemented with 10% FBS; TLCK, tosyl-
lysine chloromethyl ketone; TPCK, tosylphenylalanine chloromethyl
ketone.
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macrophages, a cell previously thought to be unresponsive to
LPA (13, 28).

 

Methods

 

Reagents and cell culture.

 

Peritoneal exudate cells were harvested by
lavage from BALB/c mice (The Jackson Laboratory, Bar Harbor,
ME) 3 d after i.p. injection of 1.5 ml of 4.05% thioglycollate broth
(29). Cells were washed twice in RPMI-1640 and plated in 24-well
tissue culture plates at 2 

 

3

 

 10

 

5

 

 cells/well in R.10 culture medium
(RPMI-1640 plus 10% fetal bovine serum [FBS], with 2 mM 

 

L

 

-glu-
tamine, 5 mM HEPES, 100 U/ml penicillin, and 100 

 

m

 

g/ml streptomy-
cin). After a 4-h incubation at 37

 

8

 

C, nonadherent cells were removed
by washing with RPMI-1640. The remaining adherent cells, 

 

.

 

 98%
macrophages, as determined by morphologic examination and non-
specific esterase staining (29), were cultured in R.10, R.0 medium
(R.10 minus FBS), or R.0 plus rhM-CSF (a generous gift of the Ge-
netics Institute, Cambridge, MA) or various concentrations of LPA
(Sigma Chemical Co., St. Louis, MO). Wortmannin, tosylphenylala-
nine chloromethyl ketone (TPCK), tosyllysine chloromethyl ketone
(TLCK), and rapamycin were from Sigma, and LY294002 was from
Biomol (Plymouth Meeting, PA). Suramin was a generous gift from
Dr. Wayne Klohs of Parke-Davis (Ann Arbor, MI).

 

Phospholipids.

 

Phosphatidylcholine (PC [1,2-dioleoyl-

 

sn

 

-glycero-
3-phosphocholine]) and phosphatidylethanolamine (PE [1,2-dioleoyl-

 

sn

 

-glycero-3-phosphoethanolamine]) were obtained from Avanti Polar
Lipids (Alabaster, AL). 

 

L

 

-

 

a

 

-lysophosphatidic acid (LPA [1-oleoyl-2-
hydroxy-

 

sn

 

-glycero-3-phosphate]), 

 

L

 

-

 

a

 

-lysophosphatidylglycerol (LPG
[1-acyl-2-hydroxy-

 

sn

 

-glycero-3-[phospho-

 

rac

 

-1-glycerol]]), 

 

L

 

-

 

a

 

-phos-
phatidic acid, dioleoyl (dioleoyl PA [1,2-dioleoyl-

 

sn

 

-glycero-3-phos-
phate]), 

 

L

 

-

 

a

 

-phosphatidic acid, dipalmitoyl (dipalmitoyl PA [1,2-dipalmi-
toyl-

 

sn

 

-glycero-3-phosphate]), and 

 

L

 

-

 

a

 

-phosphatidic acid, distearoyl
(distearoyl PA [1,2-distearoyl-

 

sn

 

-glycero-3-phosphate]) were obtained
from Sigma.

 

Preparation of LPA and phospholipids.

 

99.95% delipidated Frac-
tion V BSA (Sigma) was dissolved at 10 mg/ml in calcium- and
magnesium-free phosphate buffered saline (PBS), through which ox-
ygen-free nitrogen had been bubbled for 20 min. LPA and all other
phospholipids (PLs) were added to a final concentration of 0.5 mg/ml
(1.1 mM) and stored under argon at 

 

2

 

70

 

8

 

C. All PLs were made fresh
for each experiment and used at a final concentration of 7700 nM.

 

Phase contrast and immunofluorescent microscopy.

 

Nuclear mor-
phology was assessed by staining with H33342 (CalBiochem, San Di-
ego, CA), a supravital DNA dye with an excitation wavelength of 348
nm and an emission wavelength of 479 nm. H33342 enters live cells
and so stains the nuclei of viable, as well as apoptotic and necrotic,
cells. The nuclei of apoptotic cells are readily distinguishable from
those of viable and necrotic cells on the basis of chromatin condensa-
tion, nuclear fragmentation, and increased brightness of H33342 fluo-
rescence (30).

Adherent macrophages and macrophages that had detached
spontaneously from culture wells were washed separately in PBS be-
fore staining with H33342 (1.0 

 

m

 

g/ml) for 10 min at 37

 

8

 

C. Wet prepa-
rations were made on glass slides and examined under phase-contrast
and epifluorescence microscopy to visualize cell morphology and
H33342 nuclear staining in the same cells.

 

DNA electrophoresis.

 

Macrophages were cultured for 24 h in R.0
alone or R.0 plus 10% FBS, rhM-CSF (100 U/ml), or LPA (7700 nM).
Adherent and detached macrophages were pooled for DNA extrac-
tion and electrophoresis. To enhance detection of a DNA ladder, low
molecular weight DNA was preferentially isolated from cells. Cells
were lysed in 0.5% Triton X-100, 5 mM Tris chloride, pH 7.4, and 20
mM EDTA for 30 min at 4

 

8

 

C. After centrifugation at 15,000 

 

g

 

 for 20
min to eliminate cellular debris and intact chromosomal DNA, super-
natants were extracted with phenol-chloroform. Sodium acetate 3.0 M,
pH 5.2 (1/10 vol), and 1.0 M MgCl

 

2

 

 (1/30 vol) were added, and DNA
was precipitated in ethanol. Samples were separated by electrophore-

sis on a 1.5% agarose gel containing ethidium bromide. Isolation of
low molecular weight DNA is necessary because FBS-deprived mac-
rophages die asynchronously over 72 h.

 

Thymidine incorporation.

 

Macrophages were cultured for 24 h in
R.0 or R.0 plus FBS, rhM-CSF, or various concentrations of LPA. 2

 

m

 

Ci of [

 

3

 

H]thymidine (2 Ci/mmol; DuPont/New England Nuclear, Bos-
ton, MA) were added for the final 12 h. Cells were washed three times
with RPMI-1640 then incubated with 2.0 ml of ice-cold 5% trichloro-
acetic acid (TCA) for 1 h at 4

 

8

 

C. The TCA was removed, and mac-
rophages were washed once with fresh TCA. 2.0 ml of ice-cold etha-
nol containing 200 

 

m

 

M potassium acetate was added to each well for 5
min, following which cells were incubated twice in 2.0 ml of 3:1 mix-
ture of ethanol/ether at 15 min per incubation. After air drying, cells
were solubilized in 1.0 ml of 0.1 N NaOH. [

 

3

 

H]thymidine counts per
minute were measured by adding samples to scintillation fluid and
counting using a 

 

b

 

-counter (model 1600TR Tri-Carb liquid scintilla-
tion analyzer 

 

b

 

-counter; Packard Instrument Company, Meriden,
CT).

 

MTT assay.

 

Macrophages were cultured for 72 h in R.0 or R.0
plus FBS, rhM-CSF, or various concentrations of LPA, as well as var-
ious inhibitors. The number of viable cells remaining was determined
using a modification of the MTT assay (31). This assay is based on the
ability of mitochondria from viable cells to cleave the tetrazolium
rings of the pale yellow MTT (3-(4,5-dimethylthiazol)-2,5-diphenyl
tetrazolium bromide; Sigma) and form a dark blue formazan product.
The number of surviving macrophages is directly proportional to the
level of the formazan product created. After removing the growth
medium, 165 

 

m

 

l of MTT dissolved in R.0 (1 mg/ml) was added to each
well. After incubation at 37

 

8

 

C for 4 h, the MTT formazan was dis-
solved by adding 165 

 

m

 

l of 10% sodium dodecyl sulfate in 0.01 N HCl.
Aliquots from each well were read using a microELISA plate reader
(Dynatech, Chantilly, VA) with a test wavelength of 570 nm and a
reference wavelength of 650 nm.

Percent viability was calculated in one of two ways. For construc-
tion of an LPA dose-response curve and comparison of the effect of
LPA with that of FBS and M-CSF, data are presented as percent in-
creased viability above R.0 and normalized so that culture in R.10
represents 100%, using the formula

For all studies using inhibitors of LPA, data are presented as percent
viability of that seen with LPA alone in the absence of inhibitor, us-
ing the formula

 

Serum delipidation.

 

Serum was delipidated by one of two proto-
cols. FBS was mixed 1:1 (vol/vol) for 2 h at 22

 

8

 

C with either butanol/
diethyl ether (1:4, vol/vol) (32) or chloroform/methanol (2:1, vol/vol)
(33), and then centrifuged to separate organic and aqueous phases.
Residual organic solvents were removed from the delipidated aque-
ous phase by applying a water-aspirator vacuum for 2 h. The resultant
delipidated FBS was sterilely filtered for later use.

 

PI3K assay.

 

Macrophage cell lysates were normalized for protein
content, and then incubated for 24 h with polyclonal anti-PI3K anti-
bodies directed against either the 85-kD regulatory subunit of the
p85-p110 isoform (Upstate Biotechnology, Lake Placid, NY) or the
NH

 

2

 

 terminus of the p110

 

g

 

 isoform (Santa Cruz Biotechnology, Santa
Cruz, CA). Immune complexes were adsorbed onto protein A (p85-
p110)– or protein G (p110

 

g

 

)–Sepharose, washed twice with PBS con-
taining 1% NP-40 and 1 mM Na

 

3

 

VO

 

4

 

, washed three times with 100
mM Tris, pH 7.4, containing 5 mM LiCl and 1 mM Na

 

3

 

VO

 

4

 

, and fi-
nally washed twice with 10 mM Tris, pH 7.4, containing 160 mM
NaCl, 5 mM EDTA, and 1 mM Na

 

3

 

VO

 

4

 

. PI3K assays were carried

% viability
Viability (LPA) Viability (R.0)–
Viability (R.10) Viability (R.0)–
-------------------------------------------------------------------------------.=

% viability
Viability (LPA inhibitor)+

Viability (LPA)
-----------------------------------------------------------------.=
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out for 10 min in a buffer containing 10 mM HEPES, pH 7.2, 1 mM
EGTA, 20 mM MgCl

 

2

 

, 100 

 

m

 

M ATP, 10 

 

m

 

g of phosphatidylinositol
(Avanti Polar Lipids), 20 

 

m

 

Ci of [

 

g

 

-

 

32

 

P]ATP (20,000 Ci/mmol; Du-
Pont/NEN). Reactions were run for 10 min and then stopped by addi-
tion of 2N HCl. Lipids were extracted, analyzed by TLC, and quanti-
fied via 

 

g

 

-counter liquid scintillation analysis.

 

Statistics.

 

Quadruplicate wells were examined in each experi-
ment, and the results were averaged. A minimum of three experi-
ments were performed for all data points. Data are expressed as
mean

 

6

 

SEM of the averaged values obtained from each experiment.
Statistical significance was determined by a two-tailed Student’s 

 

t

 

 test.

 

Results

 

LPA acts as a macrophage survival factor.

 

Murine peritoneal
macrophages, like most cells in culture, undergo apoptosis
upon serum withdrawal (2, 9, 10). In accord with work by oth-
ers (9, 10), we found that after 72 h in serum-free medium
(R.0) the majority of macrophages exhibited typical features
of apoptosis, such as decreased size and cell rounding (Fig.
1 

 

A

 

). Despite plating at high density, most of the macrophages
in R.0 became nonadherent, detaching gradually over 72 h.

Such progressive loss of cells via detachment is also a charac-
teristic of apoptosis. In marked contrast, macrophages cul-
tured in R.0 plus FBS (R.10), M-CSF (a known macrophage
survival factor), or LPA remained fully viable, with extensive
spreading and dendritic-like processes (Fig. 1, 

 

B–D

 

). Very few
macrophages became nonadherent under these conditions.
These data suggest that LPA alone can inhibit macrophage
apoptosis.

We confirmed LPA’s role as a survival factor in two ways.
First, DNA electrophoresis of macrophages cultured in R.0
yielded a typical “ladder” pattern of apoptosis, indicative of in-
ternucleosomal DNA cleavage (Fig. 2). Culturing macro-
phages in FBS, LPA, or M-CSF decreased the intensity of the
ladder, consistent with inhibition of apoptosis.

Second, adherent and detached macrophages were stained
with Hoechst dye (Fig. 3). Many of the remaining adherent
cells cultured in R.0 had homogeneous brightly staining nuclei,
characteristic of chromatin condensation found in apoptotic
cells. Several nuclei had also undergone fragmentation, an-
other unique feature of apoptosis. On phase contrast, these
same cells were in general smaller and more rounded, consis-

Figure 1. LPA maintains viability of 
macrophages. Macrophages were 
cultured for 72 h in serum-free me-
dium alone (R.0) or supplemented 
with 10% FBS (R.10), 100 U/ml 
rhM-CSF, and 1200 nM LPA. Mac-
rophages cultured in R.0 (A) are 
small and rounded, both character-
istic features of apoptosis. Despite 
initial plating at high density, most 
cells have become nonadherent and 
detached. Macrophages cultured in 
R.10 (B), M-CSF (C), or LPA (D) 
remain adherent and show dendritic 
processes typical of healthy mac-
rophages.
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tent with apoptosis. In marked contrast, macrophages cultured
in FBS, M-CSF, or LPA were of normal size and showed the
faint nuclear staining, prominent nucleoli, and normal chroma-
tin pattern of viable cells. To confirm that the decrease in cell
number seen with R.0 reflects apoptotic cell death and not
poor adherence of viable cells, detached macrophages were
also stained with Hoechst dye. These cells were uniformly apop-
totic, showing decreased size and condensed fragmented nu-
clei. No detached cells were found for macrophages cultured in
FBS, M-CSF, or LPA. Thus, LPA preserves macrophage via-
bility in a manner similar to that of FBS or M-CSF.

To assess the role of LPA as a survival factor more quanti-
tatively, we used the MTT assay (Fig. 4) (31). Preliminary ex-
periments showed that 

 

z

 

 25% of macrophages were viable af-
ter FBS deprivation for 72 h, most likely a result of adhesion-
mediated inhibition of apoptosis (34) (see below). Therefore,
data are presented as a percent of increased viability above
R.0 and normalized so that culture in R.10 represents 100%
(see Methods). Macrophages were cultured for 72 h in R.0 plus
FBS, M-CSF, or LPA. LPA (7700 nM) was as potent as FBS
and M-CSF in maintaining macrophage viability (Fig. 4 

 

A

 

).
We next examined a dose–response curve for the survival

activity of LPA (Fig. 4 

 

B

 

). This curve had a standard sigmoid
shape, with a half-maximal effect at an LPA concentration of
400 nM. A significant effect on macrophage viability was seen
for concentrations of LPA as low as 50 nM (

 

P

 

 

 

,

 

 0.05). The ef-
fect on viability plateaued at 7700 nM. Based on these results,
in all subsequent studies, we used an LPA concentration of
7700 nM, which is within the physiologic range of LPA.

Solubilization of LPA requires complexing to BSA (16, 17,
28). Because BSA binds with high affinity to LPA (16, 17, 35),
we used delipidated BSA (dBSA). Nonetheless, it was still
possible that the increased macrophage viability seen with
LPA was the result of trace contaminants complexed to dBSA.
As a separate control, we therefore supplemented R.0 with
dBSA alone at a concentration equivalent to that used in 7700
nM LPA. As shown in Fig. 4 

 

A

 

, viability with 0.0035% dBSA
(approximately 100

 

3

 

 lower than the final concentration of
BSA in R.10) did not differ from viability with R.0. Thus, the
survival of macrophages cultured in LPA is due to the LPA it-
self and not to the dBSA carrier.

 

LPA is not a mitogen for macrophage.

 

The increased num-
bers of viable macrophages seen with LPA could potentially
be the result of two mechanisms: inhibition of apoptosis and/or
stimulation of proliferation. Although peritoneal macrophages
are thought to be terminally differentiated and hence nonpro-
liferative (36), LPA stimulates proliferation in a variety of cell
types (11–13, 19–21). Therefore, we assessed the contribution
of LPA-induced proliferation to increased macrophage viabil-
ity by measuring [

 

3

 

H]thymidine incorporation as an index of
DNA synthesis (Fig. 5). Macrophages were cultured for 24 h in
R.0 or R.0 plus FBS, M-CSF, or LPA, with [

 

3

 

H]thymidine
added for the final 12 h. Data are presented as percent change
in [

 

3

 

H]thymidine incorporation compared with R.10. As ex-

Figure 2. LPA protects cells 
from apoptosis. DNA electro-
phoresis was performed on 
macrophages cultured for 24 h 
in R.0 alone and containing 
10% FBS (R.10), 100 U/ml 
rhM-CSF, or 7700 nM LPA. 
(Lanes 1 and 6) DNA size 
markers. Macrophages cultured 
in R.0 (lane 5) show a typical 
“ladder” pattern of cells under-
going apoptosis. Macrophages 
cultured in M-CSF (lane 2), 
FBS (lane 3), and LPA (lane 4) 
show very faint DNA ladder 
patterns, consistent with inhibi-
tion of apoptosis.

Figure 3. LPA protects cells from apoptosis. Macrophages were cul-
tured in R.0 alone and containing 10% FBS, 100 U/ml rhM-CSF, or 
7700 nM LPA. After 72 h, the remaining adherent cells were gently 
scraped and stained with Hoechst dye. Many of the adherent mac-
rophages cultured in R.0 show features of apoptosis. These cells are 
smaller and more rounded on phase contrast, and their nuclei stain 
more brightly with Hoechst dye on fluorescence microscopy. The nu-
clei of apoptotic cells appear as homogeneous masses without dis-
cernible nucleoli. Several of these apoptotic nuclei have also under-
gone fragmentation. The arrows indicate examples of apoptotic cells. 
Macrophages cultured in FBS, rhM-CSF, and LPA are of normal size 
and shape, and their nuclei show the faint fluorescence and nucleolar 
structure of viable cells. Detached macrophages cultured in R.0 are 
uniformly apoptotic. They are small and rounded, and their nuclei 
stain brightly with Hoechst dye.
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pected, essentially no [

 

3

 

H]thymidine incorporation was seen
with R.0. M-CSF had a weak but significant proliferative ef-
fect, whereas LPA at concentrations up to 7700 nM did not in-
crease [

 

3

 

H]thymidine incorporation above that seen with R.0
(

 

P

 

 

 

.

 

 0.5). We conclude that LPA is not a mitogen for mac-
rophages, and hence LPA maintains macrophage viability
solely through inhibition of apoptosis.

To show directly the nonproliferative nature of macro-
phages, we determined [

 

3

 

H]thymidine incorporation in the
presence and absence of mitomycin C, a DNA cross-linking
agent that inhibits cell proliferation (Table I). Absolute values
for [

 

3

 

H]thymidine incorporation by macrophages cultured with
LPA are very similar to background values seen with mitomy-
cin C. The nonproliferative nature of macrophages is under-

scored by comparison with a well-described proliferating cell
such as the Chinese hamster ovary (CHO) cell line. Even in
the presence of FBS, [

 

3

 

H]thymidine incorporation by mac-
rophages is 

 

,

 

 1% of that for CHO cells. These findings show
directly that macrophages are nonproliferative. Thus, even in
the case of FBS, the increased number of viable macrophages
is predominantly the result of inhibition of apoptosis rather
than stimulation of proliferation.

 

Suramin blocks LPA-mediated macrophage survival.

 

Sura-
min is a membrane impermeant polyanionic napthalene-
sulfonic acid derivative and broad-specificity inhibitor of
ligand–receptor interactions, which strongly inhibits the bind-

Figure 4. LPA is a survival factor for macrophages. (A) Macrophages 
were cultured for 72 h in serum-free medium alone (R.0) and contain-
ing 10% FBS (R.10), 100 U/ml rhM-CSF, 7700 nM LPA complexed 
to 0.0035% delipidated BSA (dBSA), or 0.0035% dBSA alone. Rela-
tive cell number was determined by MTT assay. P , 0.005, LPA com-
pared with R.0; P , 0.005, M-CSF compared with R.0; P . 0.5, LPA 
compared with R.10 or M-CSF; P . 0.5, 0.0035% dBSA compared 
with R.0. (B) Macrophages were cultured for 72 h in R.0 plus various 
doses of LPA, and viability was determined by MTT assay.

Figure 5. LPA is not a mitogen for macrophages. Macrophages were 
cultured for 24 h in R.0 alone and R.0 containing 10% FBS (R.10), 50 
and 100 U/ml rhM-CSF, or 200, 400, 1,200, and 7,700 nM LPA. 
[3H]thymidine incorporation was determined during the final 12 h. 
Data are presented as percent change in [3H]thymidine incorporation 
compared with R.10. P , 0.01, R.10 and M-CSF (100 U/ml) com-
pared with R.0; P . 0.5, LPA at all concentrations compared with R.0.

Table I. Peritoneal Macrophages Are Nonproliferative

Cell type Culture medium [3H]Thymidine incorporation

cpm

Peritoneal
macrophages R.0 161610

R.10 12396181
R.0 1 mitomycin C 2362
R.10 1 mitomycin C 2165
LPA (7700 nM) 12968

CHO cells R.10 159075613997

Equal numbers of macrophages or CHO cells were cultured for 24 h
in R.0 alone or supplemented with 10% FBS (R.10) or 7700 nM LPA,
in the presence or absence of mitomycin C (25 mg/ml). [3H]Thymidine in-
corporation was determined during the final 12 h. Data are presented as
mean6SEM of the absolute values of the counts per minute.
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ing of LPA to its putative receptor (21, 23, 37). To confirm that
LPA promotes survival in a receptor-specific manner, we cul-
tured macrophages for 72 h in R.0 plus LPA and suramin.
Suramin inhibited survival with an IC50 of z 70 mM, similar to
published values for inhibition of LPA-induced proliferation
(21, 37) (Fig. 6). To exclude the possibility that suramin is toxic
to macrophages, we coincubated identical concentrations of
suramin with FBS and found no inhibition of survival (Fig. 6).
The failure of suramin to inhibit FBS-mediated survival of
macrophages is not surprising because the IC50 of suramin for
inhibition of protein growth factors in FBS varies depending
on the cell type (21, 37). For example, in the case of Rat-1 fi-
broblasts, the IC50 of suramin for EGF is 500-fold greater than
that for LPA (21). Thus, addition of suramin to FBS has no ef-
fect on macrophage survival because suramin inhibits the ef-
fects of LPA but not those of other survival factors such as
platelet-derived growth factor (PDGF) and insulin-like growth
factor-1 (IGF-1). Taken together, these data are consistent
with the hypothesis that LPA acts as a survival factor via inter-
action with its putative membrane receptor.

Other structurally related PLs do not promote macrophage
survival. To show the specificity of LPA as a survival factor,
we tested the effects of several other PLs. Various forms of PA
(which differ from LPA by the presence of a fatty acid at the
sn-2 position of the glycerol backbone) were all less effective
than LPA in promoting macrophage survival. Survival with
PA was greatest for dioleoyl PA and least for dipalmitoyl PA
(Fig. 7). These results are in agreement with reports comparing
the proliferative abilities of LPA with various types of PA in
nonmacrophage cell types (21). It is unclear whether PA inter-
acts with a receptor of its own or cross-reacts with the LPA re-
ceptor (11–13).

LPG, which is structurally similar to LPA except for a glyc-
erol moiety attached to the 3-phosphate head group, has no
survival effect (Fig. 7). Similarly, PLs such as PE and PC

showed minimal survival factor ability. These results plus
those with suramin provide independent evidence that LPA
promotes macrophage survival through interaction with a spe-
cific receptor.

LPA-mediated survival occurs through activation of PI3K.
Several groups have shown that activation of PI3K is linked to
inhibition of apoptosis (27, 38, 39). Because LPA is known to
activate PI3K (11–13), we investigated the contribution of
PI3K to LPA-mediated macrophage survival.

In these studies, we used wortmannin and LY294002, two
potent and structurally different inhibitors of PI3K (27, 40, 41).
Macrophages were cultured for 72 h in R.0 plus LPA and wort-
mannin (Fig. 8 A) or LY294002 (Fig. 8 B). Both wortmannin
and LY294002 inhibited the effect of LPA on macrophage sur-
vival in a dose-dependent manner. The IC50’s for inhibition of
survival by wortmannin (z 50 nM) and LY294002 (z 1.4 mM)
are consistent with their potency as PI3K inhibitors (27, 40,
41). These data support a role for PI3K in the survival effect
of LPA on macrophages. The fact that wortmannin and
LY294002 are structurally distinct and inhibit PI3K by differ-
ent mechanisms (27, 40, 41) suggests that LPA-induced viability
is the result of inhibition of PI3K rather than a nonspecific effect.

We next showed that LPA induces PI3K activity in mac-
rophages. Macrophages were FBS starved for 6 h, and then
stimulated with LPA. LPA activated the p85-p110 isoform of
PI3K within 2 min of stimulation, with peak activity occurring
at 5 min (Fig. 9 A). Preculture of macrophages with wortman-
nin (1 mM) or LY294002 (100 mM) led to near maximal inhibi-
tion of p85-p110 PI3K activity (Fig. 9 B). These same concen-
trations of wortmannin and LY294002 almost completely
inhibited the survival activity of LPA (Fig. 8 A and B). Stimu-
lation with LPA also induced activation of the p110g isoform
of PI3K (Fig. 9 D). We conclude that, as for other growth fac-
tors (27, 38, 39), the survival activity of LPA is largely medi-
ated through PI3K.

Figure 6. Suramin blocks LPA-mediated macrophage survival. Mac-
rophages were cultured for 72 h in R.10 or R.0 plus 7700 nM LPA and 
the indicated concentrations of suramin. Cell viability was assessed 
with the MTT assay. Data are presented as percent response of that 
for LPA or R.10 in the absence of suramin. P , 0.0001, LPA vs. LPA 
plus suramin (70 and 140 mM); P , 0.001, R.10 vs. R.10 plus suramin 
(70 mM); P . 0.3, R.10 vs. R.10 plus suramin (140 mM).

Figure 7. The effect of PL other than LPA on macrophage survival. 
Macrophages were cultured for 72 h in R.0 plus each of the following 
PL, all at 7700 nM: LPA; dioleoyl phosphatidic acid (PA); distearoyl 
PA; dipalmitoyl PA; lysophosphatidylglycerol (LPG); phosphatidyl-
ethanolamine (PE); and phosphatidylcholine (PC). Cell viability was 
assessed with the MTT assay. Data are presented as percent response 
of that for LPA. P , 0.0001, LPA vs. all PL.
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We next determined the ability of wortmannin and
LY294002 to inhibit the survival activity of FBS (Fig. 8, A and
B). The dose–response curve for LY294002 and FBS was virtu-
ally identical to that for LY294002 and LPA. Although the
wortmannin concentrations required to induce apoptosis were
arithmetically higher for FBS than for LPA, these differences
were not statistically significant at any wortmannin concentra-
tion. Thus, our data differ from those of Yao and Cooper (27),
in which 10-fold higher concentrations of wortmannin were
needed to inhibit the survival effect of FBS compared with sur-
vival factors such as insulin and EGF. The striking similarity of
the dose–response curves for each PI3K inhibitor in the pres-
ence of LPA versus FBS offers strong support for the hypothesis
that LPA contributes prominently to the survival activity of FBS.

Finally, it may be noted that FBS-starved macrophages
have a low but detectable level of PI3K activity (Fig. 9 A). As
noted above, we hypothesize that this baseline PI3K activity is
responsible for the 25% survival seen after 72 h of FBS-free
culture. To determine whether adhesion-mediated signaling
events are responsible for baseline PI3K activity, as shown in
other cell types (42–44), macrophages were precultured in
EGTA to chelate Ca21 and block adhesion. EGTA not only
inhibited baseline PI3K activity (data not shown) but also pre-
vented activation of PI3K by LPA (Fig. 9 C; see Discussion).

LPA-mediated survival is signaled only partly through
pp70 s6k. Given the key role of PI3K, we examined the contri-
bution of pp70s6k, a downstream kinase activated by PI3K (45,
46). pp70s6k is activated by almost all mitogens and plays an im-

Figure 8. PI3K is necessary for LPA- and FBS-mediated macrophage 
survival. Macrophages were cultured for 72 h in R.10 (dotted lines) or 
R.0 plus 7700 nM LPA (solid lines) and the indicated concentrations 
of the PI3K inhibitors wortmannin (A) and LY294002 (B). Cell via-
bility was assessed with the MTT assay. Data are presented as percent 
response of that for LPA or R.10 in the absence of inhibitor. The dif-
ferences in percent viability between LPA and R.10 were not signifi-
cant at any concentration of wortmannin (P . 0.25) or LY294002 
(P . 0.9).

Figure 9. Stimulation of macrophages with LPA activates PI3K. 
Macrophages were precultured for 6 h in either R.0 (A and D), R.0 
plus wortmannin (1 mM) or LY294002 (100 mM) (B), or R.0 plus 
EGTA at the indicated concentrations (C). Following preculture, 
macrophages were stimulated with LPA (7700 nM) for 5 min (C) or 
the indicated times (A, B, and D). p85-p110 (A, B, and C) or p110g 
(D) PI3K activity was determined as described in the Methods.
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portant role in progression through early phases of the cell cy-
cle (46).

Complete inhibition of LPA-mediated survival was not
possible with the immunosuppressant rapamycin, a highly spe-
cific and potent inhibitor of pp70s6k activation (Fig. 10) (47).
Even at rapamycin concentrations 100-fold greater than those
needed to inhibit completely the activity of pp70s6k (47), LPA-
mediated survival was inhibited by only about 50%. We con-
clude that a part, but not all, of the survival value of PI3K acti-
vation is mediated via pp70s6k, and that other downstream
mediators of PI3K, including the serine-threonine kinase Akt
(44, 48–50), are involved in LPA signaling as well.

We extended these results using two other inhibitors of
pp70s6k, the serine protease inhibitors TPCK and TLCK,
whose mechanism of action differs from that of rapamycin
(51). Surprisingly, not only were TPCK (Fig. 11 A) and TLCK
(Fig. 11 B) able to inhibit completely LPA-mediated survival,
but their dose-response curves yielded IC50’s (0.4 mM and 0.15
mM, respectively) well below published values for inhibition of
pp70s6k (5 and 50 mM, respectively). Because TPCK/TLCK
and rapamycin have similar but not identical inhibitory effects,
our data suggest that one of the non-pp70s6k signaling path-
ways inhibited by TPCK or TLCK (e.g., phosphorylation of
IkB [51]) may mediate some of the survival effects of LPA not
signaled through pp70s6k.

BSA alone can act as a survival factor. Albumin serves two
functions for LPA. First, it acts as a carrier to solubilize LPA,
without affecting biologic potency (16, 17), and, second, it in-
creases the physiologic half-life of LPA by protecting it from
degradation by phospholipases (13). Thus, LPA bound to BSA
within FBS may have profound effects on cell survival.

To examine this issue, we added nondelipidated BSA
(ndBSA) or 99.95% dBSA to macrophages cultured in FBS-
free medium and compared their effect on survival to that of
FBS. We chose 0.1% (wt/vol) as representative of the BSA

concentration achieved with 10% FBS. As shown in Fig. 12 A,
ndBSA was a potent survival factor, with macrophages cul-
tured in the presence of ndBSA having nearly equivalent sur-
vival compared with 10% FBS. Surprisingly, dBSA was also a
potent survival factor, though its effect was significantly less
than that of ndBSA (P , 0.01). The effect of dBSA on survival
suggests that albumin may have survival activity independent
of bound lipids. Addition of suramin (140 mM) had no effect
on the survival activity of dBSA (data not shown), implying
that survival cannot be attributed to incomplete delipidation of
dBSA. It should be noted that the final concentration of dBSA
used in all our LPA studies was 0.0035% (. 100 times lower
than that used in Fig. 12 A), and that this lower concentration
of dBSA had no effect on macrophage survival (Fig. 4 A).

Finally, to examine directly the role of serum lipids, we
compared the survival activity of FBS to that of dFBS. As

Figure 10. Inhibition of pp70s6k by rapamycin partially blocks LPA-
mediated macrophage survival. Macrophages were cultured for 72 h 
in R.0 plus 7700 nM LPA and the indicated concentrations of rapamy-
cin. Cell viability was assessed with the MTT assay. Data are pre-
sented as percent response of that for LPA in the absence of rapamycin.

Figure 11. Inhibition of pp70s6k by TPCK and TLCK completely 
blocks LPA-mediated macrophage survival. Macrophages were cul-
tured for 72 h in R.0 plus 7700 nM LPA and the indicated concentra-
tions of TPCK (A) or TLCK (B). Cell viability was assessed with the 
MTT assay. Data are presented as percent response of that for LPA 
in the absence of inhibitor.
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shown in Fig. 12 B, delipidated FBS had only 50–80% of the
survival activity of untreated FBS (P , 0.02). To ensure that
delipidation did not adversely affect nonlipid components of
FBS, we used two different protocols for delipidation with
comparable results (32, 33). Moreover, macrophages cultured
in dFBS behaved normally with respect to several well-charac-
terized macrophage functions, including cytokine production,
adhesion, and phagocytosis (data not shown). Together, these
data suggest that LPA, and perhaps other lipids, represent po-
tent noncytokine survival factors in FBS.

Discussion

Our primary objective was to examine the role of LPA as a
macrophage survival factor. LPA is a glycerophospholipid
present in serum at micromolar concentrations with a pleiotro-
pic range of effects (11–13). LPA activates PI3K (11–13), an
important signaling event for survival factors such as EGF and
insulin (27, 38, 39). Thus, it seemed likely that LPA would act
as a survival factor. Despite the breadth of research focusing
on LPA, the effect of LPA as a survival factor has not been re-
ported. This may be because most studies on LPA have used

proliferating cells, such as fibroblasts, in which the mitogenic
effect of LPA can obscure any effects of LPA on apoptosis
(11–13). This problem does not exist for peritoneal macro-
phages, which are terminally differentiated and nonprolifera-
tive (see Fig. 5 and Table I) (36). Thus, assessing the role of
LPA as a survival factor was greatly simplified in our studies,
because cells had only two possible fates: survival or apoptosis.

We report several novel findings. First, we provide evi-
dence that LPA alone is a potent macrophage survival factor
and that albumin-bound LPA is a key survival factor in serum.
Because all survival factors described to date are proteins or
steroid-based lipids, LPA represents a new class of cell sur-
vival factors. Second, LPA-mediated survival is dependent on
activation of PI3K. Third, one of the downstream mediators of
survival signaling by PI3K is the kinase pp70s6k. Since inhibi-
tion of pp70s6k only partially blocks LPA-mediated survival,
other mediators of PI3K, in addition to pp70s6k, must be in-
volved in survival signaling by LPA.

Macrophages cultured in LPA or FBS are morphologically
similar. They spread and form stellate processes and remain vi-
able as assessed by DNA electrophoresis and Hoechst stain-
ing. Coincubation with suramin, which blocks binding of LPA
to its putative receptor (21, 23, 37), induces macrophage apop-
tosis, implying that LPA promotes macrophage survival
through a receptor-mediated process. The failure of several
structurally similar PLs to promote survival indicates that the
effect of LPA is specific. Despite earlier reports of macro-
phage nonresponsiveness to LPA, macrophage survival was
seen at concentrations as low as 50 nM, placing it within the
range of the most sensitive LPA responses (11–13).

BSA alone has been reported to have survival activity (52–
54). One explanation for this is that ndBSA contains high con-
centrations of LPA (16, 17, 35). We found significant macro-
phage survival with LPA concentrations as low as 50 nM, so it
is clear that even trace contamination of BSA with LPA can
have a substantial effect on cell survival. In fact, at concentra-
tions equivalent to those found in 10% FBS, ndBSA had a sur-
vival effect rivaling that of FBS. Although we believe LPA is
the key factor responsible for the survival value of BSA, other
lipids, such as fatty acids (35), which also bind with high-affin-
ity to BSA, cannot be discounted.

Binding of LPA to its putative GPCR leads to activation of
PI3K (11–13, 55). This lipid kinase is involved in LPA-medi-
ated proliferation of fibroblasts (55) and plays a critical role in
survival factor signaling by EGF, insulin, and FBS (27, 38, 39).
Most PI3K isoforms are composed of an 85-kD regulatory sub-
unit and a 110-kD catalytic subunit (56). PI3K is activated by
both receptor tyrosine kinases (RTKs), like those for EGF and
insulin, and GPCR, like that for LPA. Activation of PI3K by
RTK occurs following recruitment of the 85-kD regulatory
subunit to the receptor complex. Activation of PI3K by GPCR
is thought to occur via targeted interaction of the recently
cloned p110g isoforms of PI3K with the bg subunit of GPCR
(57–62). p110g differs from other PI3K isoforms in that it does
not associate with a p85 regulatory subunit and is less sensitive
to inhibition by wortmannin (58, 59).

Our data imply that PI3K activation is essential for LPA-
mediated survival of macrophages. Stimulation of FBS-starved
macrophages with LPA led to rapid induction of PI3K activity
(Fig. 9). The two PI3K inhibitors, wortmannin and LY294002,
inhibited LPA-induced PI3K activity and completely blocked
survival of LPA-stimulated macrophages. At the concentra-

Figure 12. Serum lipids have a potent influence on macrophage sur-
vival. Macrophages were cultured for 72 h in R.10 or (A) R.0 plus 
nondelipidated (ndBSA) and 99.95% delipidated (dBSA) BSA at the 
indicated concentration (wt/vol) or (B) R.0 plus 10% delipidated FBS 
produced by two different protocols. Cell viability was assessed with 
the MTT assay. Data are presented as percent response of that for 
R.10. P , 0.0001, dBSA and ndBSA compared with R.0; P , 0.01, 
dBSA compared with ndBSA; P , 0.02, delipidated FBS compared 
with FBS.
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tions used in our studies, both inhibitors are very specific for
PI3K (27, 40, 41). The fact that these two inhibitors are struc-
turally dissimilar suggests that inhibition of survival is specific
to their effect on PI3K and not the result of nonspecific effects
on other signaling pathways (40, 41).

Our studies do not elucidate the signaling pathways by
which LPA activates PI3K. Somewhat surprisingly, given re-
cent reports suggesting that GPCRs, including the LPA recep-
tor, signal through the p110g isoform (56, 57, 59, 60, 62), we
detected LPA-mediated activation of both the p85-p110 and
p110g isoforms. LPA-mediated activation of p85-p110 PI3K
occurred only in adherent macrophages and was blocked in
macrophages precultured in EGTA (Fig. 9). It is tempting to
speculate that LPA-mediated signaling events, perhaps occur-
ring through Ras (44, 63), synergize with integrin-mediated ac-
tivation of p85-p110, occurring through the tyrosine kinase
FAK (42–44). The failure of LPA to activate p85-p110 in non-
adherent macrophages is consistent with recent reports show-
ing that transduction through several signaling pathways is in-
complete or even inhibited in nonadherent cells (42, 64–66).

LPA-induced activation of p110g is consistent with two
features of our results. First, LPA also promoted the survival
of macrophages cultured in the presence of EGTA (data not
shown), in which activation of p85-p110 was inhibited (Fig. 9).
Second, the IC50 of wortmannin for inhibition of LPA-medi-
ated survival is consistent with signaling by LPA through
p110g. This isoform requires approximately 10-fold higher
concentrations of wortmannin for inhibition than does p85-
p110 (59). Most studies using wortmannin have reported IC50

values in the range of 1–5 nM (27, 40). Our value of 50 nM is
more in accord with those reported for p110g.

After activation, PI3K signals through a variety of kinases,
including pp70s6k (46), Akt (67, 68), p65PAK (46), and noncon-
ventional isoforms of protein kinase C (69, 70). Because
pp70s6k has an important role in mRNA synthesis and cell
growth (46, 71), we examined the contribution of pp70s6k to
LPA-induced macrophage survival. Although an extremely
potent and specific inhibitor of pp70s6k (47, 72), rapamycin in-
hibited LPA-mediated survival by only z 50%. Our results are
consistent with those of Shi et al., in which rapamycin alone in-
duced limited apoptosis, while rapamycin in conjunction with a
second apoptotic stimulus led to enhanced cell death (73). In
contrast, TPCK and TLCK, two additional inhibitors of pp70s6k

(51), completely inhibited LPA-mediated macrophage survival
and did so at concentrations for which z 50% of pp70s6k activ-
ity should still be intact. These combined data suggest that
PI3K mediates macrophage survival through both pp70s6k-
dependent and -independent signaling pathways. In light of re-
cent reports showing that activation of Akt plays a crucial role in
survival factor–mediated inhibition of apoptosis (44, 48–50),
the most economical interpretation of our data is that PI3K
mediates survival through both pp70s6k and Akt. Rapamycin
only partially inhibits the effect of LPA, since it inhibits
pp70 s6k but not Akt. TPCK and TLCK inhibit pp70s6k and
other pathways, which perhaps include downstream effectors
of Akt.

Although the identity of the TPCK/TLCK-dependent
pathways remains unknown, recent data suggest an IkB-depen-
dent mechanism. TPCK and TLCK differ from rapamycin in
their ability to block phosphorylation of IkB and thereby pre-
vent nuclear translocation of NFkB (51). Because NFkB is im-
portant in preventing apoptosis (74–76), it is possible that inhi-

bition of NFkB translocation by TPCK and TLCK represents
the pp70s6k-independent survival pathway whose inhibition is
necessary for induction of apoptosis.

In conclusion, we have shown that LPA is a major survival
factor in FBS. Most known serum survival factors, with the ex-
ception of PDGF and IGF-1, occur at concentrations far below
those necessary for their survival effects. In contrast, LPA at
physiologically relevant doses was equivalent to FBS in main-
taining macrophage viability. Moreover, our identification of
LPA as a potent survival factor may explain a puzzling aspect
of the study by Yao and Cooper, who were the first to show
that survival factors such as insulin, EGF, and FBS act through
PI3K to prevent apoptosis (27). These authors found that the
IC50 of wortmannin needed to inhibit the survival capacity of
FBS was 10 times greater than that needed for insulin and
EGF. This difference in IC50’s implies the existence in FBS of
additional survival factors that activate PI3K isoforms less sen-
sitive to wortmannin, for example, the p110g isoform activated
by LPA. Importantly, we have shown that LPA and FBS share
the same IC50 for wortmannin. Taken together, our results sug-
gest that LPA represents a previously unrecognized and major
noncytokine serum survival factor.
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