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ABSTRACT

There is substantial evidence that the tumor promoter 4/9-12-0-tetra-
decanoylphorbol-13-acetate (TPA) elicits enhanced arachidonic acid re

lease and its metabolism to prostaglandins and lipoxygenase products in
many cell types. The goal of this study was to determine whether 4a-12-
0-tetradecanoylphorbol-13-acetate(4aTPA), a stereoisomer of TPA, can

induce arachidonic acid release and whether it is by the same mechanism
as release induced by TPA. The finding that 10 Mg/ml 4aTPA produces
a response comparable with 1 Mg/ml TPA and with similar kinetics was
unexpected. The mechanism mediating the TPA response appears to be
the activation of protein kinase C (PKC), which subsequently results in
phospholipase \Â¡ activation. This is suggested by the observation that
TPA-induced arachidonate release is inhibited 65% by l-(5-isoquinoli-
nesuIfonyl)-2-methylpiperazine dihydrochloride (11-7). an inhibitor of
PKC and that TPA completely down-regulates PKC. In addition, down-

regulation or depletion of PKC by prior treatment with TPA results in a
75% loss of response to a second TPA treatment. In vitro activation of
partially purified PKC could be demonstrated for TPA but not 4aTPA.
4aTPA thus appears to induce the release of arachidonate by a different
but unknown mechanism. The 4aTPA effect is not significantly reduced
by the PKC inhibitor H-7, and no evidence of PKC activation or down-
regulation was observed. Additionally, 4oTPA is unable to "down-regu
late" arachidonate release when the two-treatment protocol is used and

the down-regulation of PKC by TPA has little effect on 4Â«TPA-induced
arachidonate release. Cycloheximide inhibited TPA-induced arachidon
ate release by 80% and 4oTPA-induced release by 50%, indicating a
partial requirement for protein synthesis for both phorbol esters. Acti-

nomycin D, on the other hand, inhibited the TPA response by 70%, but
enhanced the 4aTPA response by 169%. When used at 10- or 100-/ig

doses, 4orTPA was found to lack activity with respect to ornithine
decarboxylase induction, oxidant production, hyperplasia, inflammation,
and tumor promotion, suggesting that arachidonate release is not suffi
cient to induce these events. This may be related to the observation that
with TPA the extent of arachidonate metabolism to prostaglandin E2 is
four- to fivefold greater than occurred with 4aTPA, even under conditions

of equivalent arachidonate release.

INTRODUCTION

There is substantial evidence that the tumor promoter TPA3

elicits enhanced arachidonic acid release and its metabolism to
prostaglandins and lipoxygenase products, collectively referred
to as eicosanoid synthesis, in many cell types including murine
epidermal cells in vivo and in vitro (reviewed in Ref. l). Because
it is well established that eicosanoids are one of the major
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mediators of inflammation, which is an event induced by tumor
promoters (2), questions have arisen as to the role and/or
requirement for these lipid mediators in the tumor promotion
process. The conclusions of several studies by different labora
tories indicate that: (a) exogenous application of prostaglandins
with TPA can modify tumor development (3); (b) use of inhib
itors of various parts of the arachidonate cascade causes an
inhibition of tumor incidence (4); and (c) reduction of arachi
donic acid levels in epidermal membranes by altering dietary
consumption of specific fatty acids results in a reduction in
tumor number (5). Since eicosanoids are themselves capable of
eliciting inflammation (6), we hypothesized that the reason that
inactive phorbol esters such as 4Â«TPAlack tumor promoting
activity (7) was in part due to their inability to elicit arachidonic
acid release and metabolism, and thus inflammation.

The structural difference between the active phorbol ester
TPA and its epimer 4aTPA is the Â«-configuration of the
hydroxyl group at position 4, which changes the spatial arrange
ment of the cyclopentenone group and 4-hydroxy group.
4Â«TPA,however, has the same lipophilic and physicochemical
characteristics as TPA and thus could be expected to have the
same initial interaction with membranes with regard to inser
tion into lipid bilayers. Such perturbation of membranes can
result in activation of phospholipase A2 with subsequent hy
drolysis of the acyl-linkage at the sn-2 position of membrane
phospholipids (8). In mammalian cells, arachidonic acid is the
preferred fatty acid at this position. The questions of immediate
interest are whether 4Â«TPAcan cause arachidonic acid release
and metabolism, and if it does, whether it is via the same
mechanism as TPA-induced release, i.e., activation of the PKC
pathway. The latter would be expected, based on the observa
tions that PKC is a receptor for TPA (9), although non-phorbol
ester promoters such as benzoyl peroxide induce many of the
same biological events as TPA, i.e., inflammation and hyper
plasia (10), suggesting that at some level common non-PKC
pathways are involved. It is important to our understanding of
the mechanisms of tumor promotion to determine whether all
of the critical effects induced by TPA are mediated via PKC or
if there exist significant non-PKC mechanisms as well, which
mediate the action of other inflammatory agents including non-
PKC-type tumor promoters.

We have approached this question by examining the nature
of arachidonic acid release elicited by TPA or 4Â«TPA in cul
tured murine epidermal cells in the presence or absence of
inhibitors of PKC and under conditions in which PKC has been
depleted. Since the further metabolism of arachidonate to pros
taglandins involves 2 additional enzymatic steps that might be
differentially regulated by different agents, levels of the major
metabolite, PGE2, were also measured. The results of this study
indicate that the majority of arachidonate release induced by
TPA is mediated by PKC. Whereas 4Â«TPAis also capable of
causing substantial arachidonate release, this response does not
appear to be mediated by PKC as measured by lack of direct
activation and of down-regulation. In addition, 4Â«TPA does
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not induce the tumor promotion-related biological responses

(11) previously shown to occur with TPA: it does not induce
ODC activity, hyperplasia, or an oxidant response, or promote
tumors in initiated mice. This may be related to the observed
reduced conversion of arachidonate to PGE2, compared with
TPA, in 4aTPA-treated epidermal cells.

MATERIALS AND METHODS

Chemicals. Phorbol esters were obtained from LC Services Corp.
(Woburn, MA). [l-'"C]Arachidonic acid (specific activity, 55-60 mCi/
mmol) and L-['4C]ornithine hydrochloride (specific activity, 55 mCi/

mmol) were purchased from Amersham Corp. (Arlington Heights, IL).
Â¡7-32P]ATP(specific activity, 25 Ci/mmol) was purchased from ICN
(Irvine, Ã‡A).H-7 and HA-1004 were purchased from Seikagaku Amer
ica (St. Petersburg, FL). Authentic prostaglandin standards, cyclohex-
imide, and actinomycin D were obtained from Sigma Chemical Co. (St.
Louis, MO). Silica Gel 60-254 plates (0.25 mm; Merck, Darmstadt,
West Germany) were used for thin-layer chromatography. Solvents and
other chemicals were of the highest quality available.

Cell Isolation. Keratinocytes were isolated from 1- to 2-day-old new
born SSIN mice by the trypsinization procedure of Yuspa and Harris
(12). Keratinocytes were plated at a density of 3 x IO6basal-like cells
per 35-mm dish for arachidonate metabolite analysis, 10 x IO6 cells/
100-mm dish for PKC assays, or 6 x IO6cells per 60-mm dish for ODC

assays. The plating medium was an enriched Waymouths, containing
10% fetal bovine serum; the growth medium was an enriched MCDB
15! containing 0.1% bovine serum albumin but no serum, referred to
as SPRD-111 and described by Morris et al. (13). Following plating,
the cultures were incubated at 37Â°Cin 5% CO2 for 48 h prior to use in

the assays described below.
Arachidonic Acid Release and Prostaglandin Synthesis. Cultures were

labeled for 15 to 16 h (determined to be the time of maximum incor
poration into the phospholipids) in fresh growth medium containing
[14C]arachidonic acid (0.10 ^Ci/ml media). The radioactive medium

was then aspirated off and replaced with fresh medium containing the
desired concentrations of solvent (acetone), phorbol ester, and/or cy-
cloheximide (2.81 Mg/ml) or actinomycin D (l Mg/ml). After the des
ignated incubation time, 1-ml aliquots of media from these cultures
were acidified to approximately pH 3 with l N HC1 and extracted twice
with 4 ml of ethyl acetate. The extraction efficiencies were approxi
mately 90%. The pooled extracts were dried under vacuum, redissolved
in a small volume of ethyl acetate, and applied to TLC plates for
analysis of PGE2. The plates were developed with the organic phase of
ethyl acetate:2,2,4-trimethy!pentane:acetic acidrwater (11:5:2:10, v/v/
v/v) (14). The separated bands were detected by staining with iodine
vapors and autoradiography, and those bands corresponding to authen
tic standards scraped into scintillation vials and counted.

Protein Kinase C Activity. Epidermal cells scraped from cultures (3-
100-mm dishes/treatment group) treated for 16 h with solvent or
phorbol esters were homogenized at 4Â°Cin 0.5 ml of Buffer 1 [20 mM

Tris-HCl (pH 7.6), 2 mM EDTA, 2 mM EGTA, with the fresh addition
of 10 Mg/ml pepstatin A, 20 Mg/ml aprotinin, and 50 Mg/ml leupeptin]
plus 1 mM dithiothreitol, 1 mM phenylmethylsulfonylfluoride, and 0.5%
(v/v) Triton X-100 using 2 15-s bursts of a Tissuemizer at setting 6.
Following centrifugation at 100,000 rpm (541,000 x g) for 10 min
(15), equal amounts of supernatant protein (~4 mg) were applied to a
4-ml DEAE-cellulose column, pre-equilibrated with Buffer 1containing
1 mM dithiothreitol and 0.1 mM phenylmethylsulfonylfluoride (Buffer
2). After washing the loaded column with 4 column volumes of the
Buffer 2, protein was eluted from the column with 0.12 M NaCl (found
to be optimum using a linear gradient from 0-0.4 M) in Buffer 1, and
0.5-ml fractions were collected for the assay of protein kinase activity.
Total protein kinase as well as non-C kinase activity was determined
essentially as described by Ashendel et al. (16) in column fractions by
comparing the transfer of 32Pfrom 7-32P-ATP to histone (type Ills) in
both the presence ("plus") and absence ("minus") of phosphatidylserine

(100 ne/mi) and 2 mM CaCl2 (16); minus reaction mixtures also

contained 1 mM EGTA. All reaction mixtures contained 20 mM Tris-
HCl, (pH 7.6), 10 mM MgCl2, 0.5 mM EDTA, 0.5 mM EGTA, 375 Mg/
ml histone, and 20 MMATP, along with 0.5-1 x IO6dpm Â¡7-32P]ATP.

Protein kinase C activity was calculated for each fraction as the differ
ence between 32P-labeled histone in the presence and absence of phos-

pholipid and calcium. For each assay, 75 M' of reaction mixture were
added to 25 M'of column eluate and allowed to incubate at 30Â°Cfor 10

min, after which 50 n\ were spotted onto 2.5 x 2.5-cm squares on P81
phosphocellulose paper (Whatman) and immersed in 75 mM phos
phoric acid (10 ml/square). These were then washed with 3 changes of
distilled water, rinsed in acetone, allowed to air dry, and the radioactiv
ity counted in 10 ml of scintillation cocktail. Total counts present in
the reaction mixture were determined by counting unwashed paper on
which 25 M!of selected reaction mixtures had been spotted. Fractions
were also assayed for protein content using the Coomassie blue protein
assay on duplicate 20-fil samples with bovine serum albumin as a
standard. The specific activity of protein kinase C was calculated as net
cpm per Mgprotein in each fraction.

The ability of TPA and 4aTPA to activate epidermal PKC was
determined by using the above method for partial purification of PKC
from normal epidermis. The assays were carried out so that Ca2+ was

omitted (except in the positive control sample) and replaced with TPA
or 4oTPA over a range of doses.

Oxidant Generation. The chemiluminescence response of IO6epider

mal cells isolated from newborn mice was measured as previously
described (17) in 3 ml of Dulbecco's phosphate-buffered saline contain

ing 5 mM glucose and 1 Mg/ml luminol. After determining the back
ground chemiluminescence of each vial, 100 ng/ml TPA or 1- to 100-
Mg/ml 4Â«TPAwere added. The response was monitored continuously
for up to 20 min at 10-s intervals in a scintillation counter set in the
chemiluminescence mode.

Hyperplasia. Following topical treatment with acetone or 10 or 100
Mgof 4Â«TPAin 200 M'of acetone, 2 to 3 animals were sacrificed 1, 2,
or 4 days following the last application. Treatments were either single
or multiple (daily for 5 days) applications. The dorsal skins were
removed, fixed in 10% formalin, and embedded in paraffin, and sections
were stained with hematoxylin and eosin.

Tumor Promotion Experiments. Groups of 10 female SSIN mice, 6
weeks of age, were initiated with a single application of 100 nmol of
7,12-dimethylbenz(a)-anthracene several days after shaving the hair
from the dorsal surface. Beginning 2 weeks later, daily applications (5/
week) of either 10 or 100 Mgof 4Â«TPAwere made for 12 and 16 weeks,
respectively. The dorsal skins were examined weekly for the appearance
of tumors.

Ornithine Decarboxylase Activity. Assays were carried out on epider
mal cell cultures treated in groups of 4 for 6 h with either acetone, 1
Mg/ml TPA, or 10 Mg/ml 4Â«TPA.Centrifugation at 12,000 x g was
performed on homogenized cells and the supernatant used to determine
enzyme activity, as described previously (18). Total protein was deter
mined by Coomassie blue binding and ODC activity expressed as nmol
CO2/mg protein/h.

Vascular Permeability. Shaved mice were treated topically with ace
tone or the phorbol esters. A saline solution of 1% Evans blue dye was
injected i.v 30 min prior to sacrifice at 250 M'/30 g body weight. At the
time of sacrifice, 6 h after treatment, the skins were excised, and 1-cm2

sections were cut out and minced in 600 M' of 0.5% NaSO4. Acetone
(1.4 ml) was added, and extraction of the dye was allowed to proceed
overnight in capped tubes. Following centrifugation, the absorbance of
the dye in the supernatants was determined spectrophotometrically at
620 nm. This is a modification of the assay described by Nakadate et
al. (19).

Purity of the 4aTPA. Chromatographie analysis of the 4Â«TPAindi
cated a purity of 99.85%. The lack of biological activity (other than
arachidonate release) even at doses of 100 Mg/ml is a further indication
that the 4Â«TPAwas not contaminated with the active 4/J form.

RESULTS

Release of Arachidonate. The principal components of the
released radiolabeled material from prelabeled cells were sepa-
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rated and identified by chromatography (Fig. 1). The large
majority (~95%) of the material in control, TPA-, or 4Â«TPA-
treated cultures was unoxidized arachidonic acid. The effect of
increasing doses of 4Â«TPA on the release of arachidonate,
measured as total radioactivity present in the media, was as
sessed (Fig. 2). Previous studies with cultured epidermal cells
(20) have routinely used TPA at a l-jig/ml dose. A 1-^g/ml

dose of 4Â«TPA does not induce an arachidonate response;
however, 10 ng/m\ of 4aTPA produces a response comparable
with 1 Mg/ml TPA. Cultures grown in the continuous presence
of 5 Mg/ml 4Â«TPA for 6 days showed few signs of toxicity;
vacuolization was noticeable in cultures grown in the continu
ous presence of 10 pg/m\ 4Â«TPA(not shown).

The kinetics of arachidonate release (Fig. 3) indicate that the
effect of TPA is more rapid than that of 4Â«TPA.The level of
release induced by TPA plateaued between 4 and 6 h, whereas
the 4Â«TPAresponse approached a plateau between 6 and 8 h.

Arachidonic
Acid

-HETES
and other
products

-PGD2

-PGE,

-PGF2fl

-Origin

TPA 4aTPA

Fig. 1. Autoradiogram of arachidonate products in the media of control or
phorbol ester-treated cultured epidermal cells. Cultured epidermal cells were
labeled with 0.10 jiCi of [MC)arachidonic acid/ml of medium for 15 h followed
by removal of this medium and replacement with fresh medium containing
solvent. 1 /ig/ml TPA, or 10 fig/ml 4Â«TPA.After 3 h, the medium was removed,
and the labeled products were separated by thin-layer chromatography and
counted. The experiment was performed at least 4 times, on different culture
preparations. HETES, hydroxyeicosatetraenoic acid.

100

10
dose (;ig ml)

Fig. 2. Effect of dose of 4Â«TPAon the release of [14C]arachidonic acid from

murine epidermal cells. Cultured epidermal cells were labeled with 0.10 nCi of
("Cjarachidonic acid/ml of medium for 15 h followed by removal of this medium
and replacement with fresh medium containing solvent or phorbol ester at the
doses shown. After 3 h, the radioactivity in aliquots of the medium were deter
mined. The values represent the percentage increase above the solvent control
(set at 100%). Bars, SD. n = 4 dishes/treatment group.

time (h) after treatment

Fig. 3. Time course of release of |'4C]arachidonic acid from murine epidermal

cells following treatment with TPA or 4Â«TPA. Cultures were prelabeled as
described in "Materials and Methods." At given times after addition of fresh

medium containing solvent (O), 10 Â»ig/ml4Â«TPA(â€¢),or 1 //Mnil TPA (â€¢),the
radioactivity in aliquots of the medium was determined. Values, mean cpm/ml
medium Â±SD, n = 3 to 4 dishes/treatment group.

Fig. 4. Extent of PGE2 production in control or phorbol ester-treated epidermal
cell cultures. Epidermal cultures were prelabeled as described in "Materials and
Methods." Following a 3-h treatment with either solvent (C), TPA (I //n 'ml), or

4nTPA (10 /jg/ml), 1 ml of medium was removed and the metabolites separated
by thin-layer chromatography. as shown in Fig. I. The average amount of released
label (cpm) per treatment group was 5,484 Â±960 SEM (C), 16,437 Â±3,145 SEM
(TPA), and 16,699 Â±6,293 SEM (4oTPA). Bars, mean percentage conversion to
PGE: of this released label from 4 separate experiments of 3 cultures per treatment
group each.

This plateau effect may be due either to metabolic breakdown
of the phorbol esters or to a balance achieved between arachi
donate release and re-esterification into phospholipids. It is
unlikely to be due to complete utilization of the available
arachidonate, since higher doses of TPA (10 Â¿tg/rnl)caused
significant increased arachidonate release (data not shown).
Subsequent arachidonate release experiments in this study used
a 3-h time point to avoid these possible complications of re-
utilization.

Prostaglandin Synthesis. The percentage of arachidonic acid
that is metabolized to PGE2 was dependent upon the particular
phorbol ester used, as shown in Fig. 4. Under solvent control
conditions, approximately 3% of the released label was identi
fied as PGE2; with TPA treatment the percentage increased 4-
to 5-fold to approximately 13% of the released label. When
4Â«TPAwas used at doses (10 Me/ml) that caused a release of
arachidonate equivalent to TPA, PGE2 represented only 4.7%
of the released label.

Protein Kinase C Mediation. In order to address the question
of whether PKC mediates at least part of the arachidonate
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response to TPA or 4Â«TPA,3 approaches were taken, i.e., use
of PKC inhibitors, down-regulation of the response, and meas
urement of PKC activity. As indicated in Fig. 5, the PKC
inhibitor H-7 (21) depressed TPA-induced release by 65%; HA-

1004, another kinase inhibitor with little effect on PKC (22),
had no effect on the TPA response. On the other hand, H-7
and HA-1004 had similar but slight (17%) effects on 4aTPA-
induced arachidonate release. The doses of H-7 and HA-1004
are those previously used to inhibit PKC-mediated events in
murine epidermal cells (23).

Since depletion or down-regulation of PKC by phorbol esters
has been shown to result in a dramatic reduction in response to
subsequent phorbol ester treatment, this approach was taken to
establish more firmly whether PKC is involved solely in the
TPA, but not 4<*TPA, response. In this study, 5 ng/ml 4aTPA
was used since this dose produces no signs of cytotoxicity with
repeated treatment. As indicated in Fig. 6, when cultures were
treated for 3 h with TPA prior to a second treatment with TPA
15 h later, a 75% loss of responsiveness to TPA was observed.
When 4aTPA was used in the same treatment protocol, no loss
of response was observed with the second treatment. Labeling
of the cultures with [14C]arachidonate was not affected by the

first treatment (data not shown). Further indication of differ
ences in the mechanism of arachidonate release is provided in
a different experiment in which prior TPA treatment was shown
to have had little effect on subsequent 4aTPA treatment, and
prior 4Â«TPAtreatment always resulted in a slightly enhanced
TPA response.

To more directly measure the effect of TPA and 4aTPA on

HA1004+T

HA1004+4aT

Fig. 5. Effect of the kinase inhibitors H-7 and HA-1004 on arachidonic acid
release induced by either TPA or 4aTPA. Cultures were prelabeled as described,
and were treated with 100 ^g/m' H-7 or HA-1004 in the presence or absence of
either 1 fig/ml TPA (lop) or 10 /Â¿g/ml4nTPA (bottom) for 3 h. after which time
the radioactivity in aliquots of the medium was determined. Values, mean increase
above solvent control Â±SD, n = 3; the experiment was performed twice.

400 -,

300-

200

100-

A-A A-T T-T

A-A A-4a 4a-4a

300-1

200-

100^

A-A T-4a 4a-T

treatment protocol
Fig. 6. Down-regulation of the arachidonate release response by prior treatment

with TPA or 4aTPA. Cultures were treated with either acetone (A), 1 /<!-',ml TPA
(T), or 5 Mg/ml 4<*TPA(4a) for 3 h. Fresh medium containing O.I Â¿iCi/ml[I4C]-

arachidonate was added, and after 15 h was then replaced with fresh medium
containing solvent or phorbol ester. The agents used in this double-treatment
protocol are designated by the hyphenated letter combinations under their re
spective bars. Prior treatment with any of the agents does not alter the amount
of label incorporated (data not shown). Treatment with acetone followed by
treatment with either TPA or 4Â«TPA(A-T or A-4a\ data not shown) gave the
same values as A-A (shown). Values, mean increase above double solvent control
treatment (A-A) Â±SD, n = 4. The experiment was performed 3 times with
essentially the same results.

PKC, epidermal cultures were treated with solvent or phorbol
esters for 18 h, and PKC activity was measured. As indicated
in Fig. 7, treatment with 4aTPA had no effect on the level of
PKC activity, whereas TPA produced a dramatic loss of activity,
referred to as down-regulation. In addition, as shown in Fig. 8,
4oTPA lacked the ability to activate PKC under conditions in
which effective activation by calcium or TPA occurred.

Inhibition of Protein and RNA Synthesis. Neither the protein
synthesis inhibitor cycloheximide nor the RNA synthesis inhib
itor actinomycin D had an effect on control levels of arachidon
ate release during the 3-h treatment period used in this study
(data not shown). Cycloheximide, however, inhibited TPA-
induced arachidonate release by 80% and 4oTPA-induced re
lease by nearly 50% (Fig. 9). Actinomycin D had different
effects on the response of the 2 phorbol esters: the TPA re-
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Fig. 7. Down-regulation of protein kinase C activity by TPA but not 4aTPA
in cultured epidermal cells. Cultured murine epidermal cells were treated for 15
h with either solvent (D). I Mg/ml TPA (A), or 10 Mg/ml 4aTPA (O). Column
fractions of homogenized cells were assayed for kinase activity in the presence or
absence of phosphatidylserine and calcium by measuring the incorporation of [7-
ÃŽ2P]ATPinto histone. Values are the specific activity of protein kinase C calcu

lated as net cpm (nonspecific kinase activity subtracted) per mg protein per 10
min in each fraction. The experiment was repeated 3 times.

4aTPA .1 4aTPA t 4aTPA 10 4aTPA 100

â€¢ctivator(ua ml|

Fig. 8. Lack of activation of protein kinase C by 4Â«TPA.Protein kinase C was
partially purified from epidermal cells, as described in "Materials and Methods."

Kinase activity was determined in the presence or absence of calcium or phorbol
esters (doses are Mg/ml) by measuring the incorporation of [->-"P]ATP into

histone. Values (mean Â±SEM) are calculated as pmol (nonenzyme background
subtracted) per mg protein per 10 min. The experiment was repeated 3 times
using duplicates.

sponse was reduced by approximately 70%, whereas the 4Â«TPA
response was reproducibly enhanced by 169%. The effects of
these inhibitors might have been greater if the cultures had been
treated prior to rather than simultaneously with the addition of
the phorbol esters.

Ornithine Decarboxylase Activity. Epidermal cultures treated
for 6 h with 1 ng/m\ TPA exhibited a marked increase in ODC
activity compared with acetone-treated cultures. Whereas
4ttTPA had no effect at 10 Mg/ml, a dose of 100 Mg/ml reduced
activity to less than control values, probably due to toxicity
(Table 1).

Oxidant Response. No chemiluminescence was observed in
cells treated with either 1-, 10-, or 100-Mg/ml 4Â«TPA, even
after 30 min of treatment (data not shown). TPA at 0.1 Mg/ml,
however, produced a very large response that peaked at approx
imately 5 min. This TPA response has been described previously
in detail (17).

In Vivo Promotion-related Parameters. Topical application of
TPA to the dorsal skin of mice has previously been demon
strated to produce an increase in vascular permeability (19),
epidermal hyperplasia, and, with repeated application to carcin-

o
â€¢&

Fig. 9. Effect of cycloheximide and actinomycin D on TPA or 4aTPA-induced
release of arachidonic acid from prelabeled epidermal cells. Cultures were prela-
beled as described, and were treated with 1.0 in: ml cycloheximide (CH) or 2.8
Mg/ml actinomycin D (ACT) in the presence or absence of either 1 Mg/ml TPA
(lop) or 10 Mg/ml 4oTPA (bottom) for 3 h, after which time the medium was
counted. Neither cycloheximide nor actinomycin D had an effect on control levels
of arachidonate release during the 3-h treatment period (mean cpm Â±SD are 592
Â±22 for control, 584 Â±48 for cycloheximide, 632 Â±23 for actinomycin D).
Values represent the percentage net response (control values subtracted) of the
phorbol esters Â±SD, n â€”4; the experiment was performed 3 times.

Table 1 Effect of4aTPA on ornithine decarboxylase activity and vascular
permeability

AgentAcetone

TPA
4ttTPA
4aTPADose"

(Mg)1

10
100ODC*10.5

Â±2.0
90.3 Â±17.0
14.3 Â±2.0
6.0 Â±0Vascular

permeability'0.034

Â±0.005
0.664 Â±0.029
0.029 Â±0.003
0.058 Â±0.010

" Dose is Mg/ml media for ODC assay and Mg/mouse for vascular permeability

assay.
* ODC activity is expressed as nmol CO2/mg protein/h; values represent the

mean Â±SEM, n = 4.
' Vascular permeability is expressed as the Atx of Evans blue dye extracted

from 1 cm2 dorsal skin. Values represent the mean Â±SEM using 3 skin samples

from each of 3 different mice.

ogen-initiated mouse skin, the development of tumors (2). In

this study, the effect of 4Â«TPAon these parameters was deter
mined.

Using either 10- or 100-Mgdoses of 4aTPA, no increases in
vascular permeability were observed, whereas a 1-Mgdose of

TPA produced a dramatic increase (Table 1). Additionally, 10
and 100 Â¿Â¿gof 4cvTPA did not produce epidermal hyperplasia
(assessed histologically; data not shown) after either single or
multiple daily applications. Finally, tumor promotion experi
ments were performed on initiated mice in which either 10- or
100-Mgdoses of 4Â«TPAwere applied 5 times/week for 12 (100-
Mg dose group) or 16 (10-Mg dose group) weeks. No tumors

developed under these conditions (data not shown).
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DISCUSSION

Since the response of cells or tissues to endogenous or ex
ogenous stimuli frequently involves or is mediated by one or
more eicosanoids, an elucidation of the processes regulating
eicosanoid production should be of value both for understand
ing signal transduction events and for designing prophylactic
approaches to controlling associated pathophysiological reac
tions. The production of a given eicosanoid, such as PGE2, the
most abundant arachidonate metabolite synthesized by murine
epidermal cells (20), is the result of several discrete enzymatic
processes, each of which may be regulated in a different manner.
This study is concerned primarily with the initial, rate-limiting
step in this sequence (commonly referred to as the arachidonate
cascade), the deacylation of arachidonate from phospholipids.
This free arachidonate is then a substrate for prostaglandin
synthetase, which produces the unstable products PGG2 and
PGH2; the latter can be metabolized by any one of a battery of
enzymes synthesizing the prostaglandins, prostacyclin, and
thromboxane.

The two epimers (Â«and ÃŸ)of TPA were used, since this
would preclude differences in hydrophilicity as well as charge
or size considerations. The ability of the ÃŸepimer (TPA) to
cause arachidonate release has been well documented in nu
merous cell types (1). In the case of murine epidermal cells, this
release, and subsequent metabolism, has been implicated as
causative to TPA-induced inflammation (I) and as necessary
for tumor development when used in the classic initiation-
promotion protocol (1).

The finding that 4cvTPA stimulates arachidonic acid release
was unexpected, particularly at the relatively low doses used in
this study. Although the experimental use of 4Â«TPAhas been
limited, one report showed that a similar inactive phorbol ester,
the 4a-phorbol-12,13-didecanoate, lacked the ability to induce
arachidonic acid release in urothelial cells (24). In the murine
epidermal cells used in the studies presented here, 4Â«TPAnot
only induced arachidonate release but appeared to do so by a
different mechanism than does TPA, based on several experi
mental approaches. The first indication that the mechanism
differs between the 2 epimers is that a 10-fold higher dose of
4Â«TPAwas needed to approximate the amount of arachidonate
released in response to TPA. Second, TPA-, but not 4Â«TPA-,
induced arachidonate release was inhibited by H-7, an inhibitor
of PKC (21 ). Third, down-regulation of PKC by prior treatment
with TPA resulted in a markedly decreased response to a second
TPA treatment but had no effect on the response to a subse
quent 4<*TPA treatment. Conversely, treatment with 4Â«TPA
did not decrease the response to subsequent treatments of either
epimer. Finally, direct in vitro activation of epidermal PKC was
demonstrated with TPA but not with 4Â«TPA.This lack of PKC
activation is believed to be responsible for the observed lack of
"down-regulation" of arachidonate release when this 2-treat-

ment protocol was used. Collectively these data indicate that
while activation of PKC mediates the TPA-induced release of
arachidonate, the 4aTPA response is mediated by a non-PKC
mechanism.

This observation of PKC mediation of the TPA-induced
arachidonic acid release is not unique to epidermal cells. Several
reports concerning other cell types, such as macrophages (25)
and Madin-Darby canine kidney cells (26, 27), suggest that the
mechanism is ubiquitous, although in some cells, i.e., platelets,
TPA did not induce arachidonate release unless a Ca2+ iono-

phore was also present (28).

The effect of TPA on murine epidermal cell arachidonate
release at least partially requires protein synthesis and gene
transcription. The dose of cycloheximide used was reported to
inhibit TPA-mediated PGE2 synthesis in dog urothelial cells by
50% (24). In another receptor-mediated system, leukotriene D4
treatment of bovine aortic endothelial cells and murine smooth
muscle cells caused an increase in phospholipase A2 activity
that required protein and RNA synthesis (29). Similar findings
were also reported for the Fc-receptor in macrophages (30),
which suggest that receptor-mediated increases in phospholi
pase A2 activity are, in general, gene transcription-protein syn
thesis-requiring processes. There are several possible explana

tions for increased phospholipase A2 activity: (a) de novo syn
thesis of phospholipase A2 may occur; or (b) existing but
nonactive phospholipase A2 molecules may be activated. Pro
teins, specifically the lipocortins, have been reported to bind to
phospholipase A2 and inhibit its activity (31, 32). It has been
proposed that activation of receptor systems, which do not have
to be PKC (33), may cause the synthesis of a protein similar to
melittin (phospholipase A2 activating protein) that either acti
vates phospholipase A2 directly or interferes with lipocortin in
some manner (34). Phospholipase A2 can also be activated by
protease treatment (29); TPA has been reported to stimulate
the production of proteases in epidermal cells (35). The nature
of the regulatory mechanisms operative in murine epidermal
cells remains to be determined.

The partial requirement for protein synthesis for the 4Â«TPA
arachidonate response indicates that multiple events are prob
ably occurring. In the absence of data to indicate the involve
ment of a receptor, one likely mechanism by which 4aTPA
might activate phospholipase A2 is direct membrane perturba
tion (8). If phospholipase A2 has a fast turnover rate, it would
be expected that cycloheximide would diminish a 3-h response
regardless of the mechanism of activation. On the other hand,
the observation that suppression of RNA synthesis enhances
phospholipase A2 activity after 4Â«TPAtreatment indicates that
perhaps other regulatory proteins may be involved. Without
additional information, it is difficult to speculate on the nature
of this regulation or why it differs from TPA.

The lack of activity of 4Â«TPA,with respect to lack of ODC
induction, hyperplasia, or inflammation, suggests that arachi
donate release alone, at least at the levels induced by 4Â«TPA,
is not sufficient to induce inflammation or hyperplasia, both of
which are events induced by tumor promoters and are believed
to be required for tumor promotion. However, the percentage
of released arachidonate that was metabolized to PGE2 was 4-
to 5-fold greater in TPA-stimulated cells than in 4Â«TPA-

stimulated cells, indicating that TPA regulates prostaglandin
synthesis at levels beyond phospholipase A2 activation. There
may also be differences in the class of phospholipid undergoing
phospholipase A2 attack; specific phospholipid breakdown
products are known to have different biological functions (36).
Since it is the metabolites and not arachidonate itself that are
mediators of inflammation, it is possible that this accounts for
at least part of the lack of biological activity of 4Â«TPA.These
events may also require additional mediators and/or activation
of additional signaling systems. Such effectors may be the
consequence of the activation of PKC by TPA. Additional
studies are clearly needed to clarify the regulation of prosta
glandin production and the identification of the biological
activities of the metabolites.
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