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SUMMARY

We have investigated the involvement of arachidonic acid release
and metabolism in the mitogenic response, i.e., [*H]thymidine
incorporation, to epidermal growth factor (EGF) in BALB/c 3T3
cells. EGF induces release of arachidonate and prostagiandin
(PG) formation after its addition to BALB/c 3T3 cells at the same
concentrations that stimulate mitogenesis. Further, EGF-stimu-
lated mitogenesis is blocked by inhibitors of arachidonate metab-
olism including indomethacin, eicosatetraynoic acid, and dexa-
methasone, whereas the addition of major arachidonate products

in BALB/c 3T3 cells, PGE., PGF.., and their intermediates PGG.
and PGH., stimulate mitogenesis in synergism with EGF. The
addition of PGs to BALB/c 3T3 cells also overcame indometha-
cin- and eicosatetraynoic acid-inhibited responses to EGF. In-
domethacin must be added with EGF in order to block arachi-
donate metabolism and subsequent mitogenesis. These resuits
suggest that the release of arachidonic acid and its subsequent
metabolism is an apparent early requirement for the initiation of
cell cycle traversal by EGF.

Growth factors stimulate “quiescent”, nonproliferating cells
that are reversibly arrested in the G,/G, phase to enter the cell
cycle and become committed to DNA synthesis in S phase (1,
2). Growth factors exert their effect by interacting with high
affinity receptors on the plasma membrane and promote the
generation of early signals in the membrane and cytosol, leading
to propagation of the mitogenic signal into the nucleus and
eventually to cell proliferation (3, 4).

PDGF and EGF are probably the best characterized growth
factors. It has been suggested that PDGF is necessary to render
density-arrested BALB/c 3T3 fibroblasts competent to initiate
DNA synthesis in response to EGF and insulin-like growth
factors (5, 6), whereas cells arrested at subconfluence by serum-
depletion can be induced to enter the cell cycle by EGF or
insulin-like growth factors alone (7, 8).

PDGF activates phospholipase C in BALB/c 3T3 cells, gen-
erating the second messengers inositol trisphosphate and dia-
cylglyceride (3, 9). Those two compounds, which evoke release
of intracellular calcium stores and stimulate protein kinase C,
respectively, are important for several cell responses including
mitogenesis (10, 11). However, EGF, a potent growth stimulator
of fibroblasts, does not appear to activate phospholipase C in
BALB/c 3T3 cells (7, 8). Transduction of the EGF signal in
BALB/c 3T3 cells must therefore be via another mechanism.

! Present address: Depart: t of Molecular Biology, Burroughs Wellcome Co.,
Research Triangle Park, NC, 27709.

EGF stimulates arachidonic acid release in several mammalian
cell lines (12-14) and, further, EGF is linked to the activation
of phospholipase A, in A431 cells via its ability to phosphorylate
and regulate the activity of lipocortin (15). This activity of
EGF plus the ability of eicosanoids to regulate proliferation of
fibroblasts (16-18), and the increased production of PG by
transformed fibroblasts (19) and many malignant tumors (20,
21), led us to investigate the possible involvement of arachi-
donic acid metabolites in the mitogenic response to EGF in
BALB/c 3T3 (A31) cells. Much of the published work on the
role of eicosanoids in cultured fibroblast proliferation was done
with exogenously added compounds, although there is a great
deal of literature on the role of endogenous eicosanoids in the
control of proliferation in other cell types. We ask the following
question: is the formation of eicosanoids in BALB/c 3T3 cells
necessary for EGF-induced mitogenesis, or are the two events
unrelated? We report that EGF stimulates release of arachi-
donic acid in quiescent BALB/c 3T3 fibroblasts and that this
arachidonic acid is converted by these cells into metabolites
that are necessary for the mitogenic response. We postulate
that these eicosanoids are important intracellular mediators of
EGF-induced cellular responses in BALB/c 3T3 cells.

Materials and Methods

Materials. [*H]Arachidonic acid (60-100 Ci/mmol), [*H]JPGE,
(100-200 Ci/mmol), [*H]PGF, (150-180 Ci/mmol), and [*H]thymidine

ABBREVIATIONS: PDGF, platelet-derived growth factor; DMEM, Dulbecco’s modified Eagle medium; EGF, epidermal

factor; ETYA,

5,8,11,14-eicosatetraynoic acid; FCS, fetal calf serum; NDGA, nordihydrogualaretic acid; PG, prostaglandin; HPLC, high performance fiquid

chromatography.
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(6.7 Ci/mmol) were from New England Nuclear (Boston, MA). EGF
was from Seragen, Inc. (Boston, MA). Arachidonic acid was purchased
from Nu-Chek Prep (Elysian, MN). PGE; and PGF;, were from Sigma
Chemical Co. (St. Louis, MO), PGG; and ETYA were from Biomol
Research Laboratories (Philadelphia, PA), and PGH; was from Oxford
Biomedical Research (Oxford, MI).

Indomethacin, ibuprofen, NDGA, dexamethasone, and p-bromo-
phenacyl bromide were obtained from Sigma Chemical Co. Instruments
for HPLC were from Waters Associates (Milford, MA) and a radioac-
tivity flow detector from Radiomatic Instruments and Chemical Co.
(Tampa, FL) was used to measure radioactivity of the HPLC eluate,
with Hydrofluor (National Diagnostics, Somerville, NJ) as scintillation
fluor. Solvents used included HPLC-grade methanol, HPLC-grade
water, and acetic acid from Fisher Scientific (Fairlawn, NJ) and ethyl
acetate from Baker Chemical Co. (Phillipsburg, NJ).

Cell culture. BALB/c 3T3 mouse fibroblasts (clone A31) obtained
from the American Tissue Culture Collection (Rockville, MD) were
maintained at 37° in a humidified, 5% C0,/96% air atmosphere. The
culture medium was DMEM (GIBCO, Grand Island, NY) containing
10% FCS (Hyclone Laboratories, Logan, UT, or Sigma Chemical Co.),
fungizone (1.25 ug/ml; GIBCO), and gentamycin (50 ug/ml, M.A.
Bioproducts, Walkersville, MD). Trypsin (GIBCO Laboratories) was
used to subculture cells.

Arachidonic acid metabolism: characterization of metabo-
lites. Assays for arachidonic acid metabolism were carried out in
triplicate. Cells were cultured at 7.6 X 10° cells/75-cm?® flask (Falcon,
Oxnard, CA) in 15 ml DMEM/10% FCS and grown to near confluence.
[*H)Arachidonic acid (5 uCi; final concentration 1 uM) was added to
the cells in serum-free DMEM containing 10 ng/ml EGF and incubated
for 24 hr. [*H]Arachidonic acid and its metabolites were extracted from
the incubation medium and the cells by acidifying to pH 3.5 with 1 M
formic acid and extracting twice with 3 volumes of ethyl acetate. The
organic phase was dried under vacuum and the samples were reconsti-
tuted in 30% methanol for analysis by HPLC. Recovery of internal
standards during sample preparation was greater than 90%. Separation
of eicosanoids by reverse phase HPLC was achieved by stepwise elution
from a C,s Ultrasphere column (Altex Scientific Inc., Beckman Instru-
ments, Berkeley, CA) with methanol/water, pH 6.05, at a flow rate of
1.1 ml/min as described previously (22). Eluted radioactivity was mon-
itored using a Flow-One radioactivity detector (Radiomatic Instru-
ments) equipped with a Qume computer (Radiomatics) for data proc-
essing. Metabolites were also separated using a normal phase HPLC
system consisting of a u-Porasil (10 um) column (Waters Associates)
eluted with hexane/ethanol/acetic acid (994:6:1) for 26 min followed
by hexane/ethanol/acetic acid (90:10:1) for an additional 60 min at a
flow rate of 3.0 ml/min.

Arachidonic acid metabolism: release by EGF. The cellular
phospholipid fraction was labeled with [*H]arachidonic acid by incu-
bating monolayers with 5 xCi of [*H]arachidonic acid (10 nM) for 16
hr. Incorporation of [*H]arachidonic acid into the phospholipid fraction
was confirmed by thin layer chromatographic analysis of extracted
phospholipids performed according to the method of Flower and Black-
well (23). Routinely 70-75% of the [*H]arachidonic acid was incorpo-
rated. The labeled monolayers were washed twice with Hank’s balanced
salt solution (GIBCO) to remove unincorporated [*H]arachidonic acid.
To study the release of endogenous arachidonic acid metabolites the
cells were incubated for 1 hr in 5 ml of serum-free DMEM, in the
presence or absence of EGF as described in the figure legends. Arachi-
donic acid and its metabolites were extracted and separated by the
reverse phase HPLC system as described above.

Analysis of DNA synthesis. [*H]Thymidine incorporation was
used to measure the mitogenic response. Assays were carried out in
quintuplicate. BALB/c 3T3 cells were cultured at 1 X 10* cells/0.32-
cm? well in 96-well plates (Costar, Cambridge, MA) in 0.2 ml of
DMEM/10% FCS. Cells were grown to near confluence (2-3 days) and
then incubated for 24 hr in serum-free DMEM. The cells retained their
ability to respond to EGF and therefore remained competent in serum-
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free medium. DNA synthesis experiments were performed by incubat-
ing the cell monolayers in 0.2 ml of serum-free DMEM containing
EGF. Potential inhibitors of mitogenesis were added to the cells in
serum-free DMEM 30 min before the addition of EGF. In the case of
dexamethasone, a phospholipase A, inhibitor (24, 25), a 4-hr preincu-
bation was used. In experiments to determine the time dependence for
inhibition of mitogenesis by a cyclooxygenase inhibitor, indomethacin
was added at the times indicated in Fig. 8. In other experiments,
eicosanoids were added simultaneously with EGF. After incubation for
20 hr the monolayers were pulsed with 1 uCi of [*H]thymidine/well
and incubated for an additional 4 hr. After trypsin treatment for 15
min, cells were harvested by using a semiautomated sample harvester
(Skatron; Flow Laboratories, Rockville, MD) onto glass filter paper
discs. Samples were processed for liquid scintillation counting in At-
omlight (New England Nuclear).

Analysis of endogenous PG. In parallel with experiments to
measure DNA synthesis, experiments were conducted to estimate PG
formation. BALB/c 3T3 cells were cultured at 1 X 10° cells/2-cm? wells
in 24-well plates in 2.0 ml of DMEM/10% FCS. Cells were grown to
near confluence (2-3 days) and then incubated for 24 hr in serum-free
media. PG formation was examined by incubating cell monolayers with
0.5 ml of serum-free DMEM containing EGF. Inhibitors of arachidonic
acid metabolism were added to the cells in serum-free DMEM 30 min
before the addition of EGF. For dexamethasone, a 4-hr preincubation
was used. The incubations were continued for 30 min. The medium
was removed and analyzed for PGs.

PG production was measured by estimating PGE, with a specific
radioimmunoassay using antiserum supplied by Seragen as described
previously (26). Samples were assayed at several dilutions and exhibited
parallelism with authentic standard PG.

Results

Characterization of arachidonic acid metabolites. Ex-
ogenous [*H}arachidonic acid (1 uM) was added to the cells and
incubated for 24 hr (Fig. 1A). The major arachidonic acid
metabolite coeluted with PGE,/D, on reverse phase HPLC.
The leading peak of radioactivity represents the void volume
containing uncharacterized polar phospholipids or diacylgly-
ceride. PGE,/D, and PGF,, accounted for approximately 30
and 15%, respectively, of the total added [*H]arachidonic acid.
The metabolite peak that coeluted with PGE./D, was collected
and rechromatographed on a normal phase HPLC system that
separated PGE, from PGD,. In all cases, only one peak was
detected that coeluted with PGE..? It should also be noted that
in many experiments small amounts of uncharacterized metab-
olites eluted between 60-70 min, a region in which hydroxy
arachidonic acid metabolites normally elute.

EGF stimulation of arachidonic acid release and me-
tabolism. EGF caused release of [*H]arachidonic acid and its
metabolites from BALB/c 3T3 cells in which [*H]arachidonic
acid was incorporated into cellular phospholipid (Fig. 1, B and
C). The release of arachidonic acid and its metabolites was
increased approximately 2-fold by the addition of EGF (10 ng/
ml) (Table 1). The major metabolites of arachidonic acid re-
leased in the presence or absence of EGF coeluted with authen-
tic PGE; and PGF,. as determined by reverse phase HPLC.
PGE, and PGF,, accounted for approximately 8 and 0.5%,
respectively, of the total radioactivity eluting on the HPLC
column, whether the samples were from incubations treated
with or without EGF.

PGE;, the major metabolite of arachidonic acid in BALB/c
3T3 cells, was measured by a specific radioimmunoassay for

?R. D. Nolan, unpublished observations.
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Fig. 1. HPLC radiochromatograms of [*H]arachidonic acid metabolites in
BALB/c 3T3 celis. A, Metabolites produced by celis after 24-hr incubation
with exogenous [*H add B and C, Endogenous metabolites
released from celis acid. Cells were
hwbatedfomrwhsenm-ﬂ'eeDMEM(B)ahsenm-freeDMEM
containing EGF, 10 ng/mi (C). Media were extracted and chromato-
graphed on the reverse phase-HPLC system as described in Materials
and Methods. The results are representative of triplicate incubations in
several experiments.

TABLE 1

Effect of EGF on release of arachidonic acid from resting 3T3 celis
Arachidonic acid was incorporated into the phosphoilipid fraction of 3T3 cells as
described in Materials and Methods. Cell monolayers were then incubated for 60
MhmmdeGF(wng/nl) The incubation medium was
extracted and arachidonic acid metabolites were separated on reverse phase
HPLC. Data are mean + standard error (three determinations).

Radioactivity released
Total Arachidonic acid PGE,
dom
Control 63750 + 8222 45296 + 8812 3937 + 673
EGF 93104 + 9365 71610 + 5546 7475 £ 1107

PGE; and used as an indication of arachidonic acid metabolism
and release in subsequent experiments. EGF-stimulated PGE,
release was observed as early as 1 hr after the addition of EGF
(Fig. 2). Maximal release of PGE, was achieved within 46 hr
after the addition of EGF. The level of PGE; actually declined
after 8 hr and is presumably due to conversion of PGE, to
PGF... Hammarstrom (19) showed that BALB/c 3T3 cells
slowly metabolized PGE, to PGF.... This data is also consistent
with the findings in the present study in which low levels of
PGF,,, were detected in 1-hr incubation medium and higher
levels were detected in 24-hr incubations (data not shown).
EGF stimulation of mitogenesis. EGF, at concentrations
identical to those that caused release of PGE, (1-100 ng/ml),
stimulated mitogenesis, measured by [*H]thymidine incorpo-
ration into DNA in BALB/c 3T3 cells (Fig. 3). EGF-stimulated
DNA synthesis was maximal at 24 hr after the addition of EGF
(data not shown), compared with EGF-stimulated PGE; re-
lease, which was observed within 4 hr. These data suggest that
eicosanoid formation may be a very early event in the initiation
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Fig. 2. Time course for PGE. release from BALB/c 3T3 celis. The
BALB/c 3T3 celis grown to subconfiuence in 24-well plates were serum-
depleted for 24 hr. EGF (10 ng/mi) was added and the medium was
removed at the indicated times. Release of PGE; into the incubation
medium was measured by . The data (mean + stand-
ard error, three experiments) are representative of several different
experiments. The data are expressed as per cent increase over basal (in
absence of EGF).
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Fig. 3. Effect of EGF concentration on PGE; release (O) and DNA
synthesis (@) in BALB/c 3T3 celis. in parallel studies BALB/c 3T3 cells
were grown to near in 96-well or 24-well plates. The cells
were serum-depleted for 24 hr and EGF was added at various concen-
trations. For PG formation the media was removed from the 24-weill
mmmmumas&mmmmm
by radioimmunoassay. DNA synthesis was measured 24 hr after the
addition of EGF in the 96-well plates as described in the Materials and
Methods. The data (mean + standard error, five determinations for [>H]
thymidine incorporation, three determinations for PGE; release) are rep-
resentative of several different experiments.

o
-

of DNA synthesis. It should be noted that the amount of [*H]
thymidine incorporated into DNA and the amount of PGE,
formed varied between experiments.

Effects of inhibitors of arachidonic acid metabolism
on EGF-induced mitogenesis. The effect of various inhibi-
tors of arachidonic acid metabolism on EGF-induced PGE,
release and mitogenesis was investigated as an approach to
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determine whether arachidonic acid release is essential for
EGF-stimulated mitogenesis. The addition of inhibitors of ar-
achidonic acid release and metabolism inhibited both the syn-
thesis of PGE, and mitogenesis in BALB/c 3T3 cells. The
possibility that these inhibitors of arachidonic acid metabolism
affect cell viability was eliminated by the trypan blue exclusion
test, which demonstrated greater than 85% viability in all
incubations. Inhibition of phospholipase activation by dexa-
methasone and p-bromophenacyl bromide resulted in parallel
inhibition of both mitogenesis and PGE; release (Fig. 4, A and
B). Likewise, mitogenesis and PGE, release were both inhibited
by NDGA, the cyclooxygenase and lipoxygenase inhibitor, and
ETYA, the synthetic analog of arachidonic acid that blocks
both the lipoxygenase and cyclooxygenase pathways (Fig. 4, C
and D). Inhibition of PGE; release was observed at the same
drug concentration as inhibition of mitogenesis for these two
compounds. The cyclooxygeanse inhibitors indomethacin and
ibuprofen blocked both mitogenesis and PGE; release at similar
concentrations (Fig. 4, E and F). These data indicate that a

100 4
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Fig. 4. Effect of inhibitors of arachidonic acid metabolism on DNA
synthesis (O) and PGE; release (@) by BALB/c 3T3 celis. In paraliel
studies BALB/c 3T3 celis were grown to near confiuence in 96-well or
24-well plates. The cells were serum-depleted for 24 hr. Dexamethasone
was added 4 hr before the addition of EGF (10 ng/mi). All other inhibitors
were added 30 min before the addition of EGF. For PG formation the
media was removed from the 24-well plates 30 min after the addition of
EGF and PGE; release was determined by radioimmunoassay. DNA
synthesis was measured 24 hr after the addition of EGF in the 96-well
plates as described in Materials and Methods. The data were calculated
as per cent inhibition from the means of five determinations for DNA
synthesis and three determinations for PGE release. The standard errors
for these determinations were always less than 10% of the mean and
the data are representative of several experiments. A, Dexamethasone;
B, p-bromophenacyl bromide; C, NDGA; D, ETYA; E, indomethacin; F,
ibuprofen.

Arachidonic Acid in BALB/c 3T3 Cell Proiiferation 653

metabolite(s) of arachidonic acid is involved in the stimulation
of mitogenesis by EGF.

Effects of arachidonic acid metabolites on mitogenesis.
Exogenous prostanoids were added to cells simultaneously with
EGF (10 ng/ml) and their effects on mitogenesis were investi-
gated. Although the PGs tested stimulate DNA synthesis to a
very small extent when added alone or in the presence of
indomethacin at concentrations of 107 to 10~® M,? they have a
synergistic effect when added with EGF (Fig. 5A). PGF,, was
the most potent eicosanoid (ECs ~ 5 X 107° M), followed by
PGG., PGH,, and PGE, (EC; ~ 3 X 10”7 M). PGD, and PGI,,
neither of which are produced by BALB/c 3T3 cells in detect-
able amounts, had no stimulatory effect on DNA synthesis; in
fact, PGI, was slightly inhibitory. To determine whether the
PGs could reverse the inhibition caused by indomethacin, the
stimulatory effect of PGs was also investigated. Individual PGs
were added in the presence of EGF to cells that had been
preincubated for 30 min with indomethacin (2 X 10™° M).
PGF.., PGE,, PGG,, and PGH; all reversed the inhibitory
effect of indomethacin on EGF-stimulated mitogenesis (Fig.
5B). PGF,, was again the most potent metabolite and provided
complete restoration of the indomethacin-inhibited response at
2 X 107® M. The concentration of PGE, required for complete
restoration of the indomethacin-inhibited response was 10™° M
(Fig. 5B). Furthermore, when added with EGF to cells in which
the mitogenic response was inhibited by ETYA (5 X 10~® M)
PGE; and PGF,, completely restored the mitogenic response.*

Temporal relationship between mitogenesis and PGE;
biosynthesis. To test the temporal relationship between PG
formation and initiation of mitogenesis, indomethacin was
added to BALB/c 3T3 cells at various times after stimulation
by EGF. When an EC;, of indomethacin (1 X 10™® M) was
added prior to or simultaneously with addition of EGF the
mitogenic response was significantly reduced (Fig. 6). However,
delaying addition of indomethacin after the addition of EGF
had little or no effect on EGF-induced mitogenesis. This is
further evidence that arachidonic acid metabolites are involved
in the early initiation events that result in the mitogenic
response to EGF.

Discussion

The release of arachidonic acid and its subsequent metabo-
lism is a necessary requirement for the mitogenic effect of EGF
in BALB/c 3T3 cells. This hypothesis is supported by the
following observations. First, EGF stimulates the release of
arachidonic acid and subsequent PGE, formation at concentra-
tions very similar to those required for the stimulation of [*H]
thymidine incorporation. Very similar dose-response relation-
ships were observed for PGE; formation and mitogenesis. Sec-
ond, the addition to the cells of inhibitors of either arachidonic
acid release or arachidonic acid metabolism inhibited EGF-
dependent mitogenesis. Again similar dose-response relation-
ships between EGF-dependent mitogenesis and arachidonic
acid metabolism as estimated by PGE, formation were ob-
served. Third, the release of arachidonic acid and its metabo-
lites is an early response to EGF. Inhibitors of arachidonic acid
metabolism added after the cessation of arachidonic acid oxi-
dation were ineffective in inhibiting DNA synthesis. Fourth,

*R. D. Nolan and R. M. Danilowicz, unpublished observations.
‘R. D. Nolan and R. M. Danilowicz, unpublished observations.
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Flg.s Effects of eicosanoids on EGF-stimulated DNA synthesis in BALB/c3T3 celis. Celis were grown to near confluence in 96-well plates and
for 24 hr. Celis were then treated in two different ways. A, Eicosanoids and EGF (10 ng/mi) were simultaneously added to the

celslnsenm-fmeDMEM DNA synthesis was measured by

after 24 hr. Data (mean + standard error, five determinations)

[*H]thymidine incorporation
are expressed relative to stimulation by EGF alone (which is designated 100%). B, Celis were treated with indomethacin (2 x 107 m) for 15 min in
serum-free DMEM before simuitaneous addition of EGF (10 ng/mi) and eicosanoids. DNA synthesis was measured by [*H

after 24 hr. Data (mean + standard error, five determinations) are expressed as per

Jthymidine incorporation
cent restoration of the response to EGF alone. The response

to EGF alone is 100% whereas the response to EGF with indomethacin is 0%. The data are representative of severa! different experiments.
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Fig. 8. The addition of indomethacin at various times during EGF stimu-
lation of DNA synthesis. Cells were grown to near confluence in 96-well
plates and were for 24 hr. EGF (10 ng/mi) was added at
time 0. Indomethacin (1 x 10~° m) was added to the cells at the indicated
times before or after the addition of EGF. DNA synthesis was measured
by[’H]hynidneiwpaaﬁmmzuw Data (mean + standard error,

five determinations) are expressed as of the control, which
is EGF-stimulated DNA synthesis in the absence of indomethacin. Re-
sults are representative of several different experiments.

the addition of PGs, although at higher concentrations than
released into the incubation medium by the cells, not only
restored but potentiated indomethacin-inhibited EGF-depend-
ent DNA synthesis. We think that these data strongly support
the involvement of arachidonic acid metabolism in EGF-de-
pendent mitogenesis in these cells.

Arachidonic acid, either exogenous or liberated from cellular
phospholipid, is oxidized primarily via the cyclooxygenase path-
way, although very minor uncharacterized metabolites do elute
in the hydroxy-fatty acid region of the HPLC profile. The
major stable metabolite is PGE,, although some PGF., was
observed, particularly in 24-hr incubations. No additional me-
tabolites of arachidonic acid were observed in the 24-hr incu-
bations. Hence, the formation of PGE, was used to estimate
arachidonic acid metabolism and its detection implies the for-
mation of the unstable endoperoxides PGG, and PGH,. Metab-
olism of arachidonic acid is an early event, with maximum
PGE; concentrations achieved within 4-6 hr, whereas DNA
synthesis occurs and is measured 24 hr after the addition of
EGF. The addition of arachidonic acid inhibitors during the
initial phase subsequently leads to an inhibition of EGF-stim-
ulated DNA synthesis.

The addition of a phospholipase A; inhibitor or pretreatment
with dexamethasone, which induces lipocortin activity (24, 25),
inhibits both mitogenesis and PG formation induced by EGF.
The dose-response relationship between PGE; formation and
DNA synthesis was similar for all inhibitors except indometh-
acin and ibuprofen. This suggests a possible involvement of
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lipoxygenase products although these metabolites are not char-
acterized and are produced in nearly undetectable levels. NDGA
and ETYA, inhibitors of both lipoxygenase and cyclooxygenase,
give very similar dose response relationships for both PGE,
production and DNA synthesis. These data support the hy-
pothesis that arachidonic acid metabolism is a requirement for
EGF-stimulated mitogenesis in the cell.

In the absence of EGF, the PGs were very weakly mitogenic.
However, exogenous PGs potentiated EGF-induced mitogene-
sis and not only restored but potentiated indomethacin-inhib-
ited EGF-induced mitogenesis. PGF., was the most potent PG
and exhibited a markedly different dose-response relationship
than observed for other PGs. In this regard PGF,, but not other
PGs can stimulate phosphoinositide metabolism in Swiss 3T3
cells (27). Thus the difference in dose-response curves observed
in this study may be related to PGF,.-specific stimulation of
phosphoinositide metabolism.

This hypothesis is substantiated by the findings that PGF.,
is the most potent PG in stimulating the initiation of DNA
synthesis and cell division in Swiss 3T3 cells (28) and that
PGE, and PGE; act in synergism with PGF,, in producing
these responses (18). EGF-stimulated mitogenesis is not asso-
ciated with the inositol cycle in BALB/c 3T3 cells (7, 8), as has
been shown with PDGF (3, 9). However, recent data suggest
EGF stimulates the formation of inositol phosphates in density-
arrested BALB/c 3T3 pretreated with activators of adenylate
cyclase (29). Also EGF and PDGF produce additive or syner-
gistic mitogenic effects in many cells (5, 6). That the endoper-
oxides PGG; and PGH, were significantly more potent than
PGE; in stimulating DNA synthesis may suggest that the
endogeneously formed endoperoxides may be involved in EGF-
stimulated mitogenesis. Higher concentrations of exogenous
PGs, PGE,, PGF,., PGG;, and PGH,, were required to poten-
tiate or restore EGF mitogenesis than were released into the
incubation medium by these cells in response to EGF. This is
somewhat perplexing, but PG formation usually occurs as a
burst, suggesting a higher but short-lived intracellular concen-
tration. Measurement of intracellular PG concentration is not
possible due to the rapid movement of PG to the extracellular
medium. There is little evidence to indicate active transport of
PGs from the extracellular to the intracellular space, except
notably in lung cells (30), indicating that high extracellular PG
concentrations are required to reproduce the levels seen inside
the cell after endogenous synthesis.

The data presented in this paper support a role for endoge-
nous arachidonic acid metabolism in EGF-induced mitogenesis
in BALB/c 3T3 cells. One can envision a model for EGF-
induced mitogenesis as follows: EGF binds to its receptor, which
by means of its protein tyrosine kinase activity phosphorylates
the phospholipase A; inhibitor lipocortin (15). Phosphorylation
inactivates lipocortin, phospholipase A, activity releases ara-
chidonic acid, and arachidonic acid is oxidized to the endoper-
oxides and PG formation ensues. The biochemical events that
subsequently lead to mitogenesis are unclear but the impor-
tance of arachidonic acid release and metabolism in these
processes are supported by our findings as well as others (1).

One can speculate on eicosanoid formation and involvement
in the actions of other mitogens. PDGF and fibroblast growth
factors stimulate the release of arachidonic acid and subsequent
metabolism in BALB/c 3T3 cells as well as other cells (9, 31,
32). In other studies, indomethacin and phenadone did not
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block PDGF-induced DNA synthesis (33). This suggests stim-
ulation of DNA synthesis and the involvement of eicosanoids
could depend, not only on the mitogen, but on the cells under
examination. Extrapolation of dexamethasone effects on DNA
synthesis to other fibroblasts must be carefully considered
because dexamethasone and other glucocorticoids affect fibro-
blasts in many ways. Recently, a-adrenergic stimulation of cell
replication in a rat thyroid cell line has been associated with
PG formation (34). The present study, as far as we know, is
the first to demonstrate the involvement of endogenously de-
rived eicosanoids in induction of mitogenesis in BALB/c 3T3
fibroblasts by EGF. These results may be important in under-
standing the control of fibroblastic proliferation in wound
healing and may provide an insight into the mechanism for
oncogenic transformation. Certainly, some carcinomas have
been shown to possess an elevated number of EGF receptors
(35) and BALB/c 3T3 cells transformed by oncogenic DNA
viruses exhibit increased rates of synthesis of PGE,, PGE,, and
PGF.. compared with their normal counterparts (19). These
findings stress the importance of finding the connection be-
tween EGF, eicosanoids, and cell proliferation. Although other
studies are clearly required to elucidate the mechanism involved
in EGF-induced mitogenesis, we conclude that arachidonic acid
metabolism is necessary but not sufficient for initiation of
DNA replication in BALB/c 3T3 fibroblasts.
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