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icities was examined. Second, the possibil-

ity that the extent ofsimilarity between the

inhibitors and substrate might determine

quantitatively the potency of the inhibitors
was investigated.

The method chosen for these calculations
was an all-valence electron semi-empirical
linear combination of atomic orbitals self-
consistent field theory, CNDO/2 (20). The
CNDO/2 wave function was used for a Mul-
liken PoPulation analysis of the filled mo-

lecular orbitals to determine the net atomic
charges. To measure the propensity of the
molecules to act as nucleophiles in non-
covalent complex formation, the energies

and spatial distributions of the highest
filled molecular orbitals were examined.

These Parameters are a first approximation
to the expressions for the propensity of a
molecule to act as an electron donor as

formulated in second order perturbation

theory (21). Similarly, the energies and spa-
tial distributions of the lowest empty mo-
lecular orbitals, a first approximation to the

reactivity of the molecules as electron ac-
ceptors, were examined to measure the pro-
pensity of the molecules to act as electro-
philes. The CNDO/2 wave function was
deorthogonalized to calculate these reactiv-
ity parameters (22).

To ensure that trends in the electronic
structures of the inhibitors did not depend
on the particular (CNDO/2) method cho-
sen, calculations were made on seven of the
inhibitors using another semi-empirical, all
valence electron method called IEHT (23).

In contrast to CNDO/2, which tends to
over-localize charge on heavy atoms, IEHT

tends to over-delocalize charge. Since the
actual charges should lie somewhere be-
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tween the IEHT and CNDO/2 charges,

trends in the charge distributions common
to both methods should be reliable.

Molecular geometries are needed as in-

put data for the calculations. The geometry
of cAMP was constructed by attaching the
nucleoside portion of the crystal structure

of 5’-methyleneadenosine-3’,5’-cyclic mon-
ophosphonate to the phosphate portion of

the crystal structure of uridine-3’,S’-cyclic
monophosphate (24). The zwitterion form

of cAMP with N(1) protonated was used in
accordance with the crystal structure of the

former.
The bond lengths and angles for xan-

thone and xanthene were adapted from the
crystal structure of a related compound
(25). This crystal structure was also used as
the basic flavonoid skeleton; however, the
flavonoids have an additional degree of
freedom in the orientation of the B-ring
with respect to the chromone moiety. Thus,

it was necessary to determine the minimum
energy conformation for rotations about
the C(2)-C(1’) bond. For this study, an-
other all-valence electron semi-empirical

quantum mechanical method, perturbative
configuration interaction using localized or-
bitals (PCILO) (26) was used. This method
was developed specifically for energy-con-

formation studies of large molecules and
has been used with a great deal of success

for this purpose. The conformation studies
were carried out for three flavonoids: cyan-

idin, myricetin, and flavone. The last two
compounds were chosen because they are
the most and least substituted flavone de-
rivatives and the conformational energetics
of the other flavone compounds should re-
semble them; cyanidin was chosen because
of the possibility that delocalization of its

net charge might have a profound influence

on its conformational energetics. The con-
formations used in the CNDO/2 and IEHT
calculations were based on the results of
the PCILO study.

RESULTS

A large number of flavonoids and related
compounds were screened as inhibitors of
phosphodiesterase by measuring their in-

hibitory effect at one concentration of the

inhibitor (100 mM) and substrate (2.478

mM). The percent inhibition of these com-
pounds was expressed relative to control

assays run simultaneously in the presence

of 0.5% DMSO. The results summarized in

Tables 1-3 show that of 45 flavonoids
tested, 19 had inhibitory potency compa-
rable to IBMX, one of the most potent
inhibitors known.

Kinetic studies. The kinetics of enzyme
inhibition were examined for six of the in-
hibitors spanning a wide range of potencies.
Lineweaver-Burk plots (27) were used to
determine the nature of the inhibition, with
least squares lines fitted to the data. For all

six compounds the results were consistent
with Michaelis-Menten kinetics. Within

each compound there were no statistically
significant differences in the maximal en-
zyme velocities ( Vmax) determined at each

inhibitor concentration, which suggests
that the inhibition is in all cases competi-
tive. This conclusion was supported on the

basis of Hofstee plots (not shown). The K,
values were determined from Dixon plots

and Hofstee plots (not shown) as well as
the Lineweaver-Burk (shown for cyanidin

chloride [Fig. 2] and quercetyi [Fig. 3]) with
each method yielding approximately the
same values. Average K. values are sum-
marized in Table 4.
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FIG. 2. Lineuearer-Burk plot shooing the

inhibition oflu’erflukephosphodiesterase by ryan if/in

(‘hioride

Lines were drawn b�- least square fits with r > 0.99

for each line. The enzyme used was a 2000 g super-

natant diluted 1:11 and the inhibitor concentrations

were 50 �tM (A), 25 )1M (LI), and 0 �tM (0).
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FIG. 3. Lineweaver-Burk plot showing the inhibi-

tion of liver fluke phosphodiesterase by quercetin

Lines were drawn by least square fits with r = 0.95

(A), r = 1.00 (U), and r = 0.96 (0). The enzyme was a

2000 g supernatant diluted 1:20, and the inhibitor

concentrations were 50 fLM (A), 25 �M (U), and 0 �LM

(0).

TABLE 4

K, i(i/UCS obtained for set-en (-ompetitite inhibitors

of lite, fluke cyclic n ucleotide phosphodiesterase.

Trivial name K,

Cyanidin chloride 10 ± 3 �LM

Quercetin 13 ± 6 �LM

Flavone 23 ± 5 �iM

Morin 48 ± 10 �tM

Isobutylmethylxanthine (IBMX) 55 �iM

Flavanone 100 ± 20 f1M

L-Catechin 1200 ± 200 fLM

Structure/activity studies. These studies
involved two different types of alterations
of the simple flavonoid, flavone: exocyclic
substitutions, and replacement or modifi-

cation of the A, B and C rings (Fig. 1).
Flavone was found to have a K, value of 23
± 5 jiM, which makes it as potent as any
compound previously tested on this enzyme
( 18). Twenty other compounds retaining

the same skeleton but with varying exo-

cyclic groups were tested (Table 1). The
results show that a wide range of substitu-
ents produce only minor changes in the
measured inhibitory potencies. With the
exception of apiin, which has a bulky disac-

charide substituted at the 7-position, all of

these modifications resulted in compounds
whose expected K. values would be within

a range of 15-75 ELM. The variations within
this range appear to be idiosyncratic. For
example, fisetin differs from quercetin only

by the absence of a 5-hydroxyl group, and
they represent the most and one of the least
active compounds retaining the flavone
skeleton. However, robinetin and myrice-
tin, which differ by the same 5-hydroxyl
group, are equally active. A summary of the
exocyclic modifications can be found in Ta-

ble 5.

A limited number of modifications of the

A ring were tested. Table 6 summarizes

TABLE 5

Effects of exoevelie modifications retaining a

common skeleton on potency as phosphodiesterase

inhibitors

Exocvclic modification Change in ac-

________________ tivity

:3 - H -+ OH, Cl, NH�, NHOH, rhamnose N.S.’

5-H-.OH N.S.

7-H-+OH N.S.

-a apiose-glucose disaccharide decreased

2’-H---OH N.S.

3-H--�OH,OCH N.S.

4’ - H -� OH, OCR N.S.

:3 - H, 4’ - H -‘ 3-OCftO-4’ N.S.

5’-H-’OH N.S.

S - H, 5, - H -. 3’,S’-diOCH decreased

* Refer to tables I, 2, and 3 for quantitative corn-

parisons.

N.S. means not significant.

TABLE 6

Effects of modifications of the A ring on potency as

phosphodie.sterase inhibitors.

Structure Compound Inhi.
bition’
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these results. The presence of the A ring

appears to contribute to activity, as pyrone

and dimethyl pyrone which lack the ring
are less active than 2-ethylchromone, the
closest analogue retaining it. No com-
pounds eliminating the A ring but preserv-
ing the B ring were tested. The two com-
pounds which modify the A ring by attach-
ing a 6,7-furano ring were moderately ac-

tive, but exact analogues lacking this addi-

tion could not be found for comparison.
The results of the B ring variations are

summarized in Table 7. Replacing the ring

with a 2-ethyl group decreased the single

point % inhibition from 80% to 35% and a
2-carboxyl group decreased it further to
30%. Replacing the 2-phenyl group with a
fused 2,3-benzo ring system, however, had

little effect on activity. The resulting tn-

TABLE 7

Effects of modifications of the B ring on po

phosphodiesterase inhibitors

tency as

Structure Compound Inhi-
bition�

�1#{231}j�J�J Flavone

0

E:�t_.2- 2-Ethylchromone

80%

35%

0 COOMi:�:#{231}I:ti2-Carboxychromone 30%

©:T#{231}:ii�J Xanthone 70%

a See Table 1 , footnote a.

cyclic compound is xanthone, the prototype

for another large class of natural products
with interesting pharmacological properties
(5, 28).

The C ring modifications are summarized
in Table 8. Replacing the 1-oxygen with a
carbonyl group had little effect on the po-
tency. Accordingly, menadione (vitamin

K:t) had nearly as much activity as the
closely related 2-ethylchromone. However,
eliminating the oxygen and opening the C
ring by converting flavone to chalcone re-
sulted in an inactive compound. Saturation

of the 2 = 3 double bond, which disrupts
the planarity and conjugation of the ring,

produced a large decrease in potency, as
can be seen from the activities of flavanone,
naringenin, 3’,5-dihydroxy-4’-methoxyfla-
vanone, and fustin (dihydrofisetin). Subse-

quent replacement of the planar 4-carbonyl
group of flavanone with a planar isonitrosyl
group did not further reduce the activity.
The modification of the 4-position involved
in converting the flavone quercetin to the

flavylium compound cyanidin chloride,
which entails replacing the oxo group with
a proton, creating a net positive charge but

preserving the C ring planarity, produced a
small increase in activity. However, satu-
ration of the 4-carbon position decreased

activity, as seen by the low activity of 1-

catechin with respect to quercetin and the
low activity of xanthene with respect to

xanthone. The phenothiazine derivative tri-
fluoperazine was less active than its closest
analogue, xanthone, but it is uncertain
whether this effect is due to C ring variation
or the influence of the large exocyclic sub-
stituents. The unsaturated lactone deniva-
tive methoxsalen had comparable activity

TABLE 8

Effects of modific ations of the C ring on po tency as phosphodiesterase inhibitors

C ring modification Change in activity Based on

0

I � N.S. Menadione vs. 2-ethylchromone
-‘ .5 H-

no activity Flavone vs. chalcone

2 = 3 -e 2 - 3 decreased Flavanones vs. flavones

4 = 0 -* 4 = NOH N.S. 4-Isonitrosoflavan vs. flavanone

-4 4 - H N.S. Cyanidin chloride vs. quercetin

-4 4 - H2 N.S. L-Catechin vs. flavanones; Xanthene vs. xanthone

Pyranone -e lactone N.S. Methoxsalen vs. khellin

or decreased Coumarin vs. 2-ethylchromone
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to its closest pyranone analogue khellin;
however, the prototype lactone, coumarin,
had less activity than 2-ethylchromone.

Quantum chemical studies. The PCILO
conformation studies showed that the mm-
imum energy conformer of cyanidin has the
B-ring in the plane of the A and C rings for
maximum delocalization of the net charge.
The barrier for rotation is steep as shown

in Fig. 4. In contrast, flavone and mynicetin
both have low energy conformers which

resemble biphenyl, with their B-rings
skewed and low barriers to rotation ( 1 ± 1
kcal/mol). It is expected that the other

flavonoids would exhibit similar conforma-
tional energetics. It should be noted that
the asymmetry in the energy curves shown
in figure 4 arises mainly as an artifact of the
PCILO method, which uses completely lo-
calized bond orbitals as a first approxima-
tion to the electronic structure and would
disappear if the average of two Kekul#{233}
structures were used.

Based on the PCILO results, electronic
structures of the flavonoids were calculated
with the B ring rotated 45#{176}with respect to
the A and C rings. In addition, the planar

20 #{149} �
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+ #{149}Dihedrol Angle Between

B and C Rings (�)

FIG. 4. Energy as a function of B ring rotation

angle for flatone (i�), myricetin (D), and cyanidin

(0)

Zero energy is taken as the lowest energy conformer

for each compound. The curve for flavone should be

symmetrical about � = 9�O; the asymmetry is an

artifact of the PCILO method. The cyanidin and myr-

icetin curves would probably be nearly symmetrical.

conformers of cyanidin and quercetin were

calculated. As can be seen from Tables 9

and 10, the B ring rotation has little effect
on the charge distribution, with the atomic
charges becoming only slightly more delo-
calized in the planar conformers.

Both CNDO/2 and IEHT show that the
charge distribution of the pyrone ring of
flavone resembles that of the pynimidine
ring of cAMP when oriented as shown in
Table 9. The substitution of a hydroxyl
group at the 3 position disrupts this resem-
blance slightly by withdrawing electrons
from this position, but does not change the
charge distribution of the rest of the ring
significantly. More distant substituents had

little effect on the C ring charge distnibu-
tion. For example, a comparison of fisetin
to quercetin or robinetin to mynicetin shows

that a 5-hydroxyl group does not change
greatly the electronic structure of the C
ring. Similarly, a comparison of quercetin,

morn, and myricetin shows very little ef-
fect of B ring substituents on the electronic
structure of the C ring. A comparison of
quercetin to cyanidin shows that the fla-
vone and flavylium C rings have very sim-

ilar electronic structures. In fact, although
the usual valence bond representation of
cyanidin shows 0(1) bearing a formal posi-
tive charge, the calculations show that it is
instead slightly negative, just as in its ana-

logue quercetin and the other flavonoids. A

comparison of the electronic structures of

pyrone to flavone shows that removing the
A and B rings alters the charge distribution
of the C ring surprisingly little. Thus, al-

though the presence of a C ring which re-
sembles the pynimidine ring ofcAMP seems
necessary for potency, it is not sufficient.

No similarities in nucleophilicity param-
eters were found between cAMP and the
flavonoids. However there was some simi-
lanity in electrophilicity parameters. The

lowest empty molecular orbitals for both

cAMP and the inhibitors as calculated by
CNDO/2 are ir-type orbitals with signifi-
cant contributions from the pynimidine ring
atoms of cAMP or the C-ring atoms of the

inhibitors. The low lying empty orbitals for
the six inhibitors calculated by IEHT are
similar in nature, lending credence to the
CNDO/2 results.
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Similarities betw een electronic p roperties ofphosphodiesterase inhi

CNDO/2 method

bitors and cAM P as calcu lated by

Compound Inhibitiond Net atomic chargesh Total
Cring

‘i�
Cring

in
LEMO’

0(1) C(2) C(3) C(4) C(9) C(1O)

cAMP Km 8 �M -.14 +23 -.12 +33 +22 -.05 +47 83%

Cyanidin 0od 100% -.13 +23 +08 +11 +24 -.09 +44 67%

450 -.13 +24 +08 +12 +24 -.10 +45 71%

Quercetm 0#{176} 90% -.18 +14 +06 +23 +23 -.16 +32 47%
450 -.18 +15 +05 +23 +23 -.16 +32 49%

Flavone 80% -.19 +21 -.14 +24 +18 -.06 +24 44%

Myricetin 70% -.18 +14 +05 +23 +23 -.16 +31 49%

Morin 70% -.20 +16 +03 +25 +22 -.15 +31 44%

Robinetin 70% -.18 +. 14 +.06 +21 +20 -.09 +34 45%

Xanthone 70% -.19 +19 -.07 +23 +19 -.07 +28 37%

Fisetin 65% -.18 +14 +05 +21 +20 -.09 +33 45%

Flavanone 55% -.23 +19 -.04 +23 +19 -.08 +26 41%

Xanthene 40% -.21 +15 -.02 +04 +15 -.02 +09 27%

Pyrone 15% -.13 +16 -.10 +24 +16 -.10 +23 83%

a See Table 1. footnote

H Charges determined by Mulliken population analysis and expressed in fractions of an electron. Atom

positions correspond to flavone numbering (Fig. 1). Corresponding orientations for cAMP and xanthone are

shown below:

For example, N(3) in cAMP and 0(9) in xanthone are listed in the 0(1) column.

� The percentage ofthe LEMO which is contributed by the C ring atoms, as calculated by Mulliken population

analysis.

(I Dihedral angle between A and C rings (taken as 45#{176}for other flavonoids).

a.

Similarities between electronic properties ofphosphodiesterase inhibitors and cAMP as calculated by IEHT

method

Compound Inhibitiona Net atomic chargeh on Total
C ring

�i
C ring

in0(1) C(2) C(3) C(4) C(9) C(1O)
LEMO

cAMV’ K�,=8�tM -.21 +10 -.05 +14 +10 +06 +14 NA

Quercetin 90% -.26 +11 +11 +10 +10 +03 +19 38%
450

-.26 +12 +.11 +10 +10 +04 +21 42%

Flavone 80% -.26 +12 .00 +09 +10 +03 +08 39%

Morn 70% -.25 +13 +11 +12 +11 +04 +26 42%

Xanthone 70% -.26 +01 +03 +. 10 +. 10 4-03 +01 31%

Flavanone 55% -.34 +.09 -.02 +10 +08 +02 -.07 34%

Xanthene 40% -.32 +.06 +.01 -.04 +06 +01 -.22 47%

a See Table 1, footnote

I’ See Table 9, footnote b.

C See Table 9, footnote c.
d Because of convergence problems, the net charges on cAMP are only estimated ± 0.03.

C See Table 9, footnote d.

a.



DISCUSSION TABLE 11

Cvanidin chloride

Q uercetin

Kaempferol

Chrysin

Fisetin

Flavanone

100% (77%)

100% (19%)

84� (0%)

15%

55%

0%

0%

22%

0%

0%

Naringenin

Malvidin chloride

L-Catechin

Coumarin

40%

15%

15%
5(�I

Many factors could affect the potency of Similarities between the structure/activity

flavonoids as phosphodiesterase inhibitors.
For example, since the nucleotide binding

sites of several enzymes with dinucleotide
folds are hydrophobic pockets ( 16), it might

be thought that the most potent flavonoid

relationships for flatonoids and related compounds

#{176}� inhibitors offluke phosphodiesterase and bovine

�. ribonuclease
COITPOund � HNaseiv�hihi-

�on

inhibitors of phosphodiesterase would be loo%
highly water insoluble. Our results, how- to�
ever, show no connection between solubil- 85%

ity and activity; for example, the two best 75%

inhibitors were one of the most soluble

(cyanidin chloride) and one of the least
55�

55%

soluble (quercetin) flavonoids tested.

The competitive nature of the kinetics
suggests that the flavonoids might compete

with cAMP for the same binding site in the
fluke phosphodiesterase. This hypothesis
. . � .
implies that the potency of the flavonoids

. �
depends on the affinity of the compound

. . . . . .
for this binding site. The structure/activity

Fustin 0% 0%
� � �. .. � � . � � - ._________

See Table 1, footnote a.
, . . .

Inhibitor concentration = 1 mM; numbers in pa-
.

rentrieses aeterminea at 100 �LM. See reference 14.

#{149}L-isorner tested on RNase.
relations reported in the previous section
will be examined in light of this hypothesis.

#{149}‘Inhibitor concentration = 200 �zM.

Some nucleotide binding sites involve by disruption of the #{182}-electron system that

edge-on interactions between the base and could stabilize a stacked complex.
the enzyme. For example, a model proposed The calculated electronic properties sug-
for the ATP binding site of frog actomyosin gest an explanation of how the flavonoids

involves three such interactions (29). Our can mimic cAMP in a stacking interaction.
results are not consistent with this sort of There is a resemblance between the charge
binding in fluke phosphodiesterase. Many distributions of the pyranone rings of the

of the modifications which had large effects inhibitors and the pynimidine ring of
on the physical and chemical charactenis- cAMP. In addition there is a resemblance

tics of the edge of the flavone molecules between the substrate and the inhibitors in

had little effect on the activity of the corn- their propensity to accept electrons in a ir-

pound. orbital. These similarities are not altered
Other nucleotide binding sites involve by the addition of exocyclic substituents to

stacking interactions between the base and the A and B rings, or by converting the
enzyme. Stacking occurs in the binding of flavone C ring to a flavylium C ring. Finally,
cytidine monophosphates to bovine pan- it should be noted that the most active
creatic ribonuclease A (RNase A) (30) and inhibitor, cyanidin, is the only flavonoid

in the binding of NAD+ to lobster GAPDH predicted to have a totally planar lowest

(16). We hypothesize that the fluke phos- energy conformer. These observations pro-

phodiesterase nucleotide binding site in- vide a rationalization for why flavonoids

volves stacking and ir - 7r interactions sim- compete with cAMP, but not a quantitative

ilar to those in RNase A and GAPDH. explanation of the observed structure/ac-

Support for this assertion is provided by a tivity relationships. It is thus likely that

comparison of the structure/activity rela- factors beyond these electronic properties

tions for the flavonoids as inhibitors of help determine the potency of the inhibi-

RNase A and fluke phosphodiesterase. As tors.

shown in Table 11, saturating the flavonoid To test whether stacking occurs and

C ring dramatically decreased potency in whether the pyranone and pynimidine rings

both enzymes. Saturation would interfere are oriented similarly at the binding site,
with stacking both by steric hindrance and several lines of investigation can be envi-

566 FERRELL ET AL.
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sioned. For example, a variety of spectro-
scopic techniques including fluorescence
and NMR spectroscopy could elucidate the
nature of the environment in which the

substrate and inhibitors bind. In addition,
photoaffinity analogues of cAMP and the
flavonoids could help determine which
amino acids are involved in the binding and

how they are oriented with respect to the
ligands. And of course there is always the

possibility that the structures of such com-

plexes might be solved by crystallography.
If the flavonoids are mimics of cAMP,

then it is possible that the previously re-
ported pharmacological effects of flavo-
noids where similar structure/activity re-
lations were noted result from their actions
on phosphodiesterase. It would be of inter-
est to investigate the role of this enzyme in

flavonoid-induced coronary vasodilation (4)

and spasmolysis (4). Although these sys-
tems are phylogenetically distant from the
fluke, preliminary experiments in this lab-
oratory have shown that at least one fla-
vonoid, monin, is a potent inhibitor of slime

mold (Physarum polycephalum) and beef
heart phosphodiesterases as well as fluke

phosphodiesterase. These experiments, to-

gether with the demonstration that quer-
cetin decreases cAMP degradation in Ehr-
lich ascites tumor cell homogenates (7),

suggest that the flavonoids inhibit a broad

spectrum of phosphodiesterases.
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Note added in proof Since preparation of this manu-

script, reports have been published showing flavonoids

to be potent inhibitors of beef heart phosphodiesterase

(Beretz, A., Anton, R., and J. C. Stoclet. Flavonoid

compounds are potent inhibitors of cyclic AMP phos-

phodiesterase. Experientia 34: 1054-1055, 1978.) and

of bovine lung phosphodiesterase (Ruckstuhl, M ., Ber-

etz, A., Anton, R., and Y. Landry. Flavonoids are

selective cyclic GMP phosphodiesterase inhibitors.

Biochem. Pharmacol. 28: 535-538, 1979.). The struc-

ture/activity relationship observed in the former dif-

fered from the present report only in that the presence

ofa 3-hydroxyl group appeared important for activity.
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SUMMARY

MUFSON, R. A., DEFEO, D. & WEINSTEIN, I. B. Effects of phorbol ester tumor
promoters on arachidonic acid metabolism in chick embryo fibroblasts. Mol. Phar-

macol. 16: 569-578 (1979).

The phorbol ester tumor promoter (12-0-tetradecanoyl-phorbol-13-acetate (i0�-10� M)

caused a rapid (1-3 hr after addition) release of arachidonic acid and prostaglandins E2
and F2� from chick embryo fibroblasts. This effect was inhibited by cycloheximide and

puromycin. Prostaglandin release was more sensitive to inhibition than was arachidonic
acid release. Indomethacin, a cyclooxygenase inhibitor, completely blocked TPA-induced
prostaglandin synthesis and slightly enhanced arachidonic acid release. Despite the
complete suppression of prostaglandin synthesis, indomethacin caused only a 20-30%
inhibition of TPA induction of plasminogen activator. Phonbol 12,13-didecanoate, phor-
bol-12,13-dibenzoate and mezerein were also potent inducers of arachidonic acid and

prostaglandin release, while phorbol and 4a phorbol didecanoate were inactive. All trans
retmoic acid (10_5_106 M) inhibited TPA-mduced arachidonic acid and prostaglandin

release; retinyl palmitate and fl-carotene were less effective inhibitors. The effects of the
phorbol compounds and retinoids on arachidonic acid release in this cell culture system
correlate with their known effects on tumor promotion in mouse skin. Deacylation of
membrane phospholipids may, therefore, be an important concomitant in the action of
this class of tumor promoters.

INTRODUCTION

The ubiquitous occurrence of membrane
bound phospholipases has prompted spec-
ulation as to their role in the action of
membrane active hormones. Investigation
of the action of several hormones inciuding
ACTH’ (1), TSH (2), prolactin (3) and ep-

This research was supported by the National Can-

cer Institute contract No. NO-ICP-2-3234 and in part

by grant No. CA 13696.

I The abbreviations used are: ACTH, adrenocorti-

cotropic hormone; TSH, thyroid stimulating hormone;

TPA, 12-0-tetradecanoyl phorbol-13-acetate; CEF,

chick embryo fibroblasts; DMSO, dimethyl sulfoxide;

PGE2, prostaglandin E2; PGF2,, prostaglandin F,,,;

idermal growth factor (4), have revealed
that the interaction of these molecules with
their target cells results in the release of
arachidonic acid from phospholipids and
increased prostaglandin synthesis, as part
of a biochemical stimulus-response mecha-
nism. Recently Ohuchi and Levine have

shown that the phorbol ester tumor pro-
moter TPA stimulated arachidonic acid re-
lease and prostaglandin synthesis in a ca-

nine kidney cell line MDCK (5). Further,
Moroney and co-workers (6) have shown
that certain prostaglandins can mimic the

PDD, phorbol-12,13-didecanoate; PDB, phorbol-

12,13-dibenzoate.
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effects of phorbol esters on cell membrane
properties. In cell culture systems the phor-

bol ester tumor promoters induce highly
pleiotropic effects which resemble in sev-
eral respects the effects of certain hormones
(7). The possibility that phospholipid de-

acylation may be a critical event in the
mediation of these effects has prompted us
to examine the effects of TPA and related

compounds on arachidonic acid metabolism
in CEF cultures. We have studied these
cells because they are very sensitive to the
phorbol esters, and several of their bio-
chemical responses to these tumor pro-
motens have been previously characterized
(8-10).

EXPERIMENTAL PROCEDURES

Cell culture. Chick embryo fibroblasts
were prepared from 9-10 day old chicken
embryos as previously described (11). Cells
were maintained in a culture medium com-
posed of Dulbecco’s modified Eagle’s me-
dium containing 5% fetal calf serum, 1%
chicken serum, and 10% tryptose phosphate
broth. 0.25% trypsin in Ca�� and Mg�-free

phosphate buffered saline was used to re-
move the cells from the plates for counting
and passaging. Cells were not used beyond
the eighth passage.

Chemicals. Phonbol esters were pur-
chased from Consolidated Midland Corp.
(Brewster, N. Y.). All trans retinoic acid
was a gift from Dr. Michael Sporn; similar
results were obtained with all trans retinoic

acid (Type xx) purchased from Sigma
Chemical Company. All other biochemicals

and retinoids were purchased from Sigma
Chemical Company (St. Louis, Missouri).
[3H]�achidonic acid (60-100 Ci/mmole),
[3H]PGE2 (100-200 Ci/mmole) and [3H]-
PGF2, (100-150 Ci/mmole) were from New
England Nuclear (Boston, Mass.). Other

chemicals were analytical or reagent grade.
Phorbol esters or retinoids were dissolved
in DMSO. When added to the cell cultures
the final concentration of DMSO did not
exceed 0.1%. This concentration did not
affect growth, arachidonic acid or prosta-
glandin release, or plasminogen activator
induction. Solutions of phorbol esters were
stored in the dark at -20#{176}.Solutions of

retinoids were made up immediately before

use and handled in subdued light.
Labelling cultures with [3H]arachi-

donic acid. 2-3 x i0� cells were plated per

50 mm tissue culture dish. In each expeni-
ment each plate received exactly the same
number of cells per plate. Twenty-four
hours after plating, the medium was
changed and 4 ml of fresh medium contain-
ing 5 �Ci of [3H] arachidonic acid was

added. After a 24 hour incubation with the
labelled arachidonic acid the labelling me-

dia was removed, and the cultures were
washed three times. They were then used
as “prelabelled cells” for the various exper-
iments described. Analysis of cellular lipids
revealed that 60-70% of the arachidonic
acid was incorporated by the cells; 85-90%
was bound to phospholipid and 3% or less
was present as free arachidonic acid. Test

compounds were added to the cultures in 2
ml of serum containing medium.

Analysis of released arachidonic acid
metabolites. At the required time the media
were removed from the cultures and 400 �.tl
was taken to determine total radioactivity
released. The remaining media were acidi-
fled with 0.5 ml of 0. 1 M HC1 and extracted
twice with 2.5 ml of ethyl acetate. The ethyl
acetate was evaporated under vacuum. The
recovery of arachidonic acid and prosta-
glandins was 55% and 65%, respectively.
The residue was applied to plastic-backed
silica gel G thin layer plates (Merck,
Darmstadt) with pure standards to locate
prostaglandins E2, F20; arachidonic acid;

and the phospholipids phosphatidyl-cho-
line, -ethanolamine and -serine. Plates were

developed in 2,6-dimethylheptanone, gla-
cial acetic acid, and 0.9% NaCl (80:40:6) as
described by Marinetti (12). Standard spots
were visualized with iodine vapor, and cut
out. After the iodine color faded, the radio-
activity associated with the standard spots
was determined by liquid scintilla-
tion spectrometry. Channels ratio analysis
demonstrated that the liquid scintillation
quench associated with the arachidonic

acid and prostaglandin spots was the same.
Therefore, the cpm presented under RE-

SULTS are corrected only for extraction re-

covery.
The ethyl acetate residue was also ana-

lyzed using high pressure liquid chromatog-
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FIG. 1. The accumulation of arachidonic acid and prostaglandins E2 and F2,, in culture medium from

CEF

TPA (80 nM) or 0.1% DMSO were added in 2 ml of serum-containing medium to cultures prelabelled with

{�H]arachidonic acid and aliquots of the media collected at the specified times. Control cultures received 0.1%

DMSO as vehicle control. Radioactivity was extracted and analyzed by thin layer chromatography for

arachidonic acid and prostaglandins E2 and F2,. Results are the means from two different cultures. (A)

Arachidonic acid released, plus TPA (S #{149})or 0.1% DMSO (0- - -0). (B) Prostaglandin E2 released, plus

TPA (S #{149})or 0.1% DMSO (0- - -0); prostaglandin F2,, released, plus TPA (A-A) or 0.1% DMSO

(�---�).
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raphy (13). Identification of arachidonic
acid, PGE2, and PGF2� and arachidonic acid
was confirmed using this chromatographic
system.2

Plasminogen activator determination.

Plasminogen activator activity in cell ly-
sates from subconfluent cultures (approxi-
mately 5 x 106 cells cm dish) was assayed

by quantitating the lysis of i25I labelled
fibrin as described previously (10). Test
compounds were added with fresh growth

medium 24 hours before enzyme assay.
Cell counts. Cells were removed from

tissue culture plates for counting using
0.25% trypsin in phosphate buffered saline.
Cell counts were performed using an elec-
tronic Coulter counter (Model ZF Coulter
Electronics, Hialeah, Florida).

Presentation of data. All experiments
were performed either in duplicate on in
triplicate. The data presented are repre-
sentative of the results from two to three
separate experiments.

RESULTS

To measure its metabolism, CEF were

2 Mufson, R. A., A. M. Jeffrey, D. Park and I. B.

Weinstein, unpublished data.

prelabelled with [3H]arachidonic acid for 24
hr, then washed to remove the unincorpo-
rated material and incubated in unlabelled
media with and without further additions.
Within 1 hr after addition of 80
nM TPA to CEF cultures prelabelled with
[3H] arachidonic acid, there was an almost
10-fold increase in the arachidonic acid con-

tent of the culture media (Fig. 1A). In ad-
dition, there was a 2-3 fold increase in the
levels of PGE2 and PGF2,, with a greater
increase in the amount of prostaglandin E2

compared to F20 (Fig. 1B). By three hours
the arachidonic acid and prostaglandin ac-
cumulation was maximal with PGE2 still
present in greater amounts than F2,,. Six
hours after addition, however, the levels of
arachidonic acid and PGE2 were returning
to basal levels. In some experiments, 24
hours after addition of TPA the levels of
arachidonic acid and prostaglandins ne-
mained somewhat elevated; however, in
others the levels had returned to basal by

this time. With different batches of em-
bryos the spontaneous release of arachi-
donic acid and PGE2 and PGF2,, in the
absence of TPA varied (see for example
Table 2), but in all experiments the addition
of TPA enhanced the basal levels. In addi-
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The effect ofphorbol esters and mezerein on

arachidonic acid andprostaglandin E2 release from

chick embryo fibroblasts
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tion, TPA stimulated arachidonic acid and
PG release from cells in serum free medium.
The release also seemed to be specific for
arachidonic acid since cells prelabelled with

linoleic acid were not stimulated by TPA to
release this fatty acid. The maximal stim-
ulations of [3H]arachidonic acid release me-
diated by 80 ni�i TPA varied between 3 and
10 fold.

The release of arachidonic acid and pros-

taglandins was concentration dependent
between i0� and i0� M TPA (Fig. 2). The

arachidonic acid and PGE2 levels rose in a
parallel fashion. Of the total radioactivity
released at 3 hours after addition of maxi-
mally stimulating concentrations of TPA,

arachidonic acid represented 85%, PGE2 3%
and PGF2� 0.5%. Of the remaining radioac-
tivity, about 1.5% was associated with phos-
pholipids and 9.0% was unidentified.

Table 1 compares the abilities of a series
of phorbol esters and related compounds to

induce arachidonic acid release and stimu-

FIG. 2. The effect of TPA concentration on the

accumulation of arachidonic acid and prostaglan-

dins E2 and F2,, from prelabelled CEF

The indicated concentrations of TPA in 2 ml of

serum-containing medium were added to CEF cultures

prelabelled with [‘H]arachidonic acid. Three hours

later the media were collected and radioactivity was

extracted and analyzed by thin layer chromatography

for arachidonic acid and prostaglandin E2. Results are

the means from three different cultures. Arachidonic

acid content (S #{149})and prost.aglandm E2 content

(L�-A) of TPA-treated cultures are presented as

percent of that in control cultures exposed to 0.1%

DMSO.

Compounds were added at the specified concentra-

tions to cultures prelabelled with [3H] arachidonic acid

and three hours later the media was collected. Radio-

activity was extracted and analyzed by thin layer
chromatography. Results are the means ±SEM from

three different culture dishes.

Addition Arachi- PGE2
donic acid (cpm/200

(cpm x ui)
10�/200

fLl)

DMSO 0.1% 19.5 ± 1.7 0

PDD 1.5 x iO� M 87.5 ± 6.1 395 ± 45

4aPDD 1.5 x iO-� M 21.4 ± 1.9 0

PDB 1.5 x iO� M 65.1 ± 2.0 111 ± 19

Phorbol 2.6 x 10� M 24.4 ± 2.0 0

Mezerein 1.5 x 10� M 82.8 ± 3.8 307 ± 30

late prostaglandin synthesis in CEF cul-
tunes. The compound PDD was more active
than PDB. The parent alcohol phorbol and
the compound 4aPDD, a stereoisomer of

PDD, were both inactive (Table 1). These

results correlate with previous data on the
activities of these compounds as tumor pro-
moters on mouse skin (14), and as media-
tors of other effects in cell culture systems
(7-9). Mezerein, a macrocyclic diterpene
with anti-leukemic activity and a structure

very similar to phorbol esters (15), was also

very active.

Cycloheximide was used to determine
whether the deacylation response required

protein synthesis. A concentration of 40 �g/
ml of cycloheximide was found to reduce

tO� [3H]leucine incorporation into protein by
95-100%, when measured three hours after
addition to cells. This concentration when
added simultaneously with 80 n�i TPA
markedly suppressed both arachidonic acid
release and prostaglandin synthesis (Fig. 3).
Reducing the concentration of cyclohexi-
mide resulted in increasing arachidonic acid
release and prostaglandin synthesis (Table
2). It appeared that TPA-induced prosta-

glandin synthesis was more sensitive to cy-
cloheximide inhibition than arachidonic
acid release. Puromycin (20 �zg/ml) also

inhibited TPA-induced arachidonic acid
release and PGE2 synthesis (Table 2).




