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Abstract-Treatment of HeLa cells in suspension culture with [“%Z]arachidonic acid led to a rapid 
incorporation of this fatty acid into cellular phospholipid pools. Exposure of these labeled cells to 
A’-tetrahydrocannabinol and other cannabis constituents led to a dose-related release of arachidonic 
acid into the culture medium. Cannabinol and cannabichromene were also effective, whereas other 
cannabinoids were less potent and noncannabinoid constituents such as eugenol were without activity. 
This action of the cannabinoids could have direct effects on cell membrane structure and, in addition, 
could alter the biosynthesis of prostaglandins and related metabolites of arachidonic acid. 

The release of arachidonic acid from phospholipid 
pools where it is covalently bound is believed to be 
an important physiological control point in processes 
mediated by the transformation products of arachi- 
donic acid Cl], Figure 1 depicts these reactions and 
the subsequent conversion to the prostaglandins (PG) 
and thromboxanes; the latter stages involving free 
arachidonic acid probably proceed without direct 
control, although a number of drugs are thought to 
modulate the activity of prostaglandin cyclo-oxy- 
genase [2]. The pharmacological diversity of these 
drugs reflect the wide range of biological mechanisms 
involving prostaglandins. 

In the last few years, we have explored the possibi- 
lity that certain of the constituents of Cannabis satiun 
exert at least some of the reported actions of cannabis 
by modulating the levels of PG in target tissues [3-71. 
Our initial observations showed that several of the 
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Fig. 1. Initial steps in the biosynthesis of prostaglandins 
and thromboxanes. 

naturally occurring cannabinoids, including A’-tetra- 
hydrocannabinol (THC), gave an apparent inhibition 
of PGE synthesis in microsomal preparations from 
ovine or bovine seminal vesicles [3,4]. A thorough 
screening of fractions of cannabis extracts also 
revealed the presence of two potent noncannabinoid 
inhibitors, eugenol [S] and p-vinylphenol [7]. 

In a continuation of these studies, we examined the 
effects of several of these agents on mammalian cells 
in culture which we anticipated would represent a 
more accurate model of the situation in vim. Using 
primary monolayer cultures of mouse mammary 
tumor epithelial cells [S], we discovered a pro- 
nounced divergence in the actions of some of the 
above cannabis constituents. Whereas A’-THC gave 
a significant stimulation in PG production (Table l), 
eugenol essentially abolished PGE synthesis and 
markedly reduced PGF levels [6]. Cannabinol (CBN), 
the most active cannabinoid in the microsomal sys- 
tem, showed marginal inhibition in the mammary cell 
(Table 1). A likely explanation for the stimulatory 
effect of A’-THC was that it accelerated the release 
of arachidonic acid from certain phospholipid storage 
pools in these cells. The purpose of this study is to 
report data which support the view that the canna- 
binoids exert some of their pharmacological actions 
by stimulating the release of arachidonic acid at 
various target sites. 

MATERIALS AND METHODS 

Drugs, precursors, etc. Samples of the various can- 
nabinoids were obtained from the National Institute 
on Drug Abuse and were 93 per cent pure or better. 
Stock solutions were periodically assayed by thin- 
layer chromatography (t.1.c.) to monitor decomposi- 
tion. Olivetol, eugenol, aspirin and p-hydroxycinna- 
mic acid were purchased from Aldrich Chemical Co.. 
Milwaukee, WIS.; the unlabeled fatty acids were pur- 
chased from Applied Science Labs., State College, PA, 
[‘4C]arachidonic acid was obtained from New Eng- 
land Nuclear Corp., Boston, MA and had a specific 
activity of 50 Ci/mole, p-Vinylphenol was prepared by 
thermal decomposition of p-hydroxycinnamic acid as 
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Table 1. Effects of cannabinoids on prostaglandin production in mouse mammary 
cells* 

PGF 

(ngiml) 

PGE 

(ngiml) 

Total PG 

(ngiml) 

Control? 3.85 + 0.40 1.19 * 0.11 5.04 
THCj (0.016 PM) 3.27 + 0.68 0.60 + 0.10 3.87 
THC$ (0.159 FM) 3.30 + 0.44 0.77 f 0.31 4.07 
THC$ (1.59 PM) 8.37 + 0.12 3.87 f 0.29 12.24 
CBN (0.0 16 PM) 3.10 f 0.70 1.60 + 0.10 4.70 
CBN (0.159 PM) 1.73 + 0.49 0.70 + 0.10 2.43 
CBN (1.59 PM) 2.2 + 0.10 0.73 + 0.15 2.93 

Controlt 2.36 k 0.23 0.44 k 0.24 2.80 
Eugenoll (0.015 PM) 0.33 + 0.07 0.49 + 0.02 0.82 
Eugenolj (0.152 PM) 0.5 <0.2 co.7 
Eugenoll (1.52 PM) 1.08 10.2 <1.28 

* Prostaglandin production was estimated by radioimmunoassay. Values are the 
means + SD. of three experiments. Confluent monolayers (day 6) of C3H mouse mam- 
mary tumor cells were used. The details of the preparation and culture of these cells 
are described in Ref. 8. 

t Control samples consisted of media plus vehicle (10 ~1 ethanol). 
$ These values for THC and eugenol were reported at the 1975 Asilomar Conference 

on “The Therapeutic Potential of Marihuana” (see Ref. 6). 

described previously [7]. Phospholipase AI (Trimere- 
surus Jlauooiridis) was purchased from Sigma Chemi- 
cal Co., St. Louis, MO. The crude venom was heated 
at 100” for 8 min and the precipitate removed by cen- 
trifugation [9]. 

Preparation of cells. HeLa cells (S, strain) were 
grown in suspension culture at 2.5 to 7 x 10’ cells/ml 
in Jokliks,medium (Gibco) containing 3.5% each of 
calf Serum and fetal bovine serum and Kanamycin 
(10 &ml). Mouse mammary epithelial cells were pre- 
pared from C3H tumor-bearing animals as described 
previously [S]. 

Labeling of cells. HeLa cells (5 x 10’ cells/ml) were 
incubated with 75,000 dis./min [14C]arachidonic 
acid/ml of cell suspension at 37” for 60min. An ali- 
quot (2 ml) was removed and the cells and superna- 
tant were separated by centrifugation at 1500 g for 
3 min; the per cent of incorporation was calculated 
by analyzing the cells and supematant using pro- 
cedure B (see below). The remaining labeled cells were 
centrifuged and the pellets resuspended in Eagle’s 
minimum essential medium (MEM), in the absence 
of fetal calf serum, equivalent to the original suspen- 
sion volume. 

Drug treatment of the labeled HeLa cells. Labeled 
cells (2 ml) in 10 ml “Siliclad”-coated Erlenmeyer 
flasks were incubated at 37” for 60 min with drug deli- 
vered in 10 ~1 ethanol (final concentrations from 0.16 
to 160 /*M). Controls consisted of 10 ~1 ethanol added 
to otherwise identical systems. Suspensions were 
transferred to tubes and centrifuged and the pelleted 
cells and supernatants analyzed for radioactivity 
using either procedure A or B (see below). In a typical 
experiment, approximately lo6 cells, containing 14C 
with 7O,OOO-80,000 dis./min, gave a control value for 
unstimulated release of about 3000 dis./min. 

Siliclad coating of j7asks. Clean glassware was im- 
mersed for 5 min in 1% Siliclad solution (Clay- 
Adams) and rinsed thoroughly in water and either 
allowed to dry overnight at room temperature or at 
100” for 10 min. 

Analysis of products (procedure A). The incubated 

HeLa cell suspensions were* transferred to tubes and 
centrifuged at 1500 g for 3 min and the arachidonic 
acid was extracted from the supernatant with 3 ml 
ether in screw-capped tubes. The incubation flasks 
were rinsed with 1 ml ether and the combined ether 
phases applied to silicic acid columns (0.4 g, Unisil, 
l&200 mesh. Clarkson Chemical Co., Williamsport, 
PA) contained in a disposable Pasteur pipette with 
a glass wool plug [lo]. The supernatants were again 
extracted with 2 ml ether and added to the columns. 
Eluates collected in scintillation vials were evaporated 
to dryness under nitrogen and 10 ml of toluene-based 
scintillation fluid was added and assayed in a Packard 
Tri-carb liquid scintillation counter. Phospholipids 
were analyzed by resuspending the cell pellets in 2 ml 
MEM and extracting with 3 ml CHCl,-MeOH (2: 1, 
v/v), rinsing the incubation flask with 1 ml CHCI,: 
MeOH and washing the aqueous phase with CHCI,: 
MeOH (2ml). The combined organic phases were 
passed through the same silicic acid columns used 
above, with a final 1 ml CHCI,:MeOH wash of the 
column. Eluates were evaporated to dryness and 
radioactivity was measured. Results were calculated 
as per cent dis./min 14C released into the supernatant 
based on total dis./min recovered (channels ratio 
method was used to determine dis./min). Recoveries 
of arachidonic acid were 95100 per cent and phos- 
pholipids 65-88 per cent. 

Analysis of products (procedure B). The incubated 
HeLa cell suspensions were centrifuged at 1500 g for 
3 min. The cells were solubilized in 0.5 ml NCS 
(Amersham Searle) by warming for 15 min and the 
tube was subsequently rinsed with 0.5 ml NCS. Ten 
ml Aquasol (New England Nuclear Corp.) was added 
to the vial and the sample assayed for radioactivity. 
Aliquots (2 x 0.5 ml) of the cellular supernatant were 
added to 10 ml Aquasol and assayed. The per cent 
incorporation into the cells was calculated as dis./min 
in the cells/total dis./min recovered x 100. 

Quantitative analysis of labeled incorporation and 
released material. Labeled cells or supernatants were 
acidified with 1 N H,SO, and extracted with 10 vol. 
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ethyl acetate resulting in better than 90 per cent re- 
covery of 14C. The extracts were dried with anhy- 
drous Na,SO, and evaporated to dryness under 
nitrogen and then applied to Silica gel t.1.c. plates 
(20 x 20cm, EM Labs, 0.025 cm thick). Chroma- 
tography in chloroform-methanol-glacial acetic acid 
(90:6:6, v/v) was followed by staining with 3.5% phos- 
phomolybdic acid in isopropyl alcohol. Zones were 
removed and 1 ml ethanol and 10 ml scintillation fluid 
were added to the vials containing the Silica gel and 
the radioactivity was measured. Results were calcu- 
lated as per cent dis./min product based on total dis./ 
min recovered. 

Radioimmunoassay of PGE and PGF levels in the 
mouse mammary cultures was performed by the 
Herschel Laboratory, Worcester Foundation, as de- 
scribed in a previous publication [S]. The antisera 
used do not distinguish between the PGr and PG2 
series; the extent of crossreaction has been published 
(see Ref. 8). 

RESULTS 

Arachidonic acid can be incorporated into phos- 
pholipid pools of platelets [11] and cells in culture 
[12] by simple exposure of the cells to free acid for 
a suitable period. In the present study, HeLa cells 
in spinner culture were also found to incorporate 
[14C]arachidonic acid from the medium (Table 2) 
providing a model upon which to study the effects 
of various cannabis components. 

The evidence for the nature of this “bound” arachi- 
donic acid was obtained in two ways. First, treatment 
of the labeled cells with exogenous phospholipase A2 
[9] resulted in the release of substantial radioactivity 
which was identified as arachidonic acid by t.1.c.; 
moreover, the isolated labeled phospholipid also was 
hydrolyzed by phospholipase A, to give [14C]arachi- 
donic acid (results to be published). Second, extrac- 
tion of the cells followed by chromatographic analysis 
indicated that the bulk of the radioactivity in the cells 
consisted of phospholipids (Table 3). Less than 2 per 
cent was free arachidonic acid and somewhat less 
than 20 per cent was probably a mixture of triglycer- 
ides. Further chromatography of the phospholipid 
fraction by two-dimensional t.1.c. showed that it con- 
sisted of one major component with two or three 
minor phospholipid constituents. 

Table 2. Incorporation of [i4C]arachidonic acid into HeLa 
cell phospholipid* 

Time 
(min) 

Per cent 
14C in media 

Per cent 
“+C in cells 

0 93.5 5.2 
5 85.5 17.4 

10 76.1 24.8 
30 54.6 44.9 
60 31.9 60. I 

* HeLa cells (1.2 x lo6 tells/2.0 ml) were incubated with 
[‘4C]arachidonic acid (15O.ooO dis./min, 50 mCi/m-mole) 
at 37” for the indicated time intervals. Values are expressed 
as the percentage of total radioactivity. Thin-layer chroma- 
tography of media indicated mostly unchanged arachi- 
donic acid. Treatment of cells with phospholipase AZ 
released about half of the radioactivity as arachidonic acid. 

Table 3. Distribution of products from HeLa cells labeled 
with [‘%Z]arachidonic acid* 

Thin-layer 
chromatography 

zonet ‘A Radioactivity Identity 

1 (origin) 66.9 Phospholipids 
2 4.6 
3 3.3 PGF 
4 1.6 PGE 
5 2.8 
6 0.9 PGA 
7 1.1 
8 1.9 Arachidonic acid 
9 9.6 Triglycerides 

10 (front) 7.6 

* HeLa cells (6.7 x 10’ cells/ml) were incubated with 
[i4CJarachidonic acid for 60 min at 37”. 

t Silica gel G was developed in CHCl,-MeOH-HOAc 
(90:6:6, v/v). 

Cells labeled as described above were exposed to 
a wide range of A’-THC doses for a period of 1 hr. 
Figure 2 depicts the resulting release of radioactivity 
at each dose and shows that a marked elevation in 
the medium occurs between 1.60 and 16.0nM. 
Beyond 16.0pM a less dramatic release of radioac- 
tivity occurred. The identity of the released material 
was established by t.1.c. and consisted almost entirely 
of arachidonic acid. Sonicated HeLa cells have been 
reported to synthesize PG [13]; however, the intact 
cells which we used exhibited a lesser tendency to 
convert arachidonic acid into PG (Table 4). This may 
be one factor in explaining the apparently low conver- 
sion of labeled arachidonic acid into metabolites 
which we observed. 

The viability of the cells under the conditions of 
our experiments was ascertained using the Trypan 
blue exclusion technique. The results are seen in Fig. 
2 and indicate that at high doses there is a significant 
decrease in viability. These doses are, however, 
beyond those where the release effect occurs. 

The effects of the other naturally occurring canna- 
binoids on arachidonic acid release were of obvious 
interest, especially in view of their activities in the 
microsomal preparations [3,4]. Table 5 summarizes 
our findings and shows a range of responses up to 
about a 9-fold stimulation over control values. The 
most active plant constituents were A’-THC, CBN 
and cannabichromene, while the most potent metabo- 
lite tested was 7-hydroxy-CBN. There is a substantial 
difference in the potency of A’-THC shown in Table 
5 compared to that shown in Fig. 2. This is due to 
binding of the drug to the walls of the incubation 
flask in the case of the former. The data in Fig. 2 
were obtained using vessels which had been “sili- 
conized” (see Materials and Methods), while those in 
Table 5 were from untreated glassware. 

Table 6 gives the activities of several noncanna- 
binoids; p-vinylphenol, p-hydroxycinnamic acid and 
eugenol are components of cannabis, while olivetol, 
morphine and aspirin were included for comparison 
purposes. Only olivetol gave some indication of an 
effect and that was at 160 PM. Both phydroxycinna- 
mic acid and morphine showed no enhanced release 
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CI Release of “C-Arachidonic Acid (Ratio Treated / Control 

A’-THC (PM) 

Fig. 2. Effects of A’-THC on HeLa cells 

Table 4. Effect of A’-tetrahydrocannabinol on prostaglandin production in the HeLa 
cell* 

PGF PGE Total PG 

(ngimf) (ng/ml) (ngimf) 

Controlt 1.09 + 0.38 1.27 + 0.55 2.36 
THC(O.16pM) 1.26 f 0.11 1.55 * 0.09 2.81 
THC(1.6pM) 1.37 & 0.33 1.64 + 0.00 3.01 
THC (16 pM) 1.15 & 0.00 1.91 * 0.09 3.00 
THC(l60pM) 1.42 + 1.10 6.27 + 0.55 7.69 

* Prostaglandin production was estimated by radioimmunoassay. Values are the 
means + SD. of three experiments. The HeLa cells (6.5 x lo5 cells/ml), in log phase 
of growth, were incubated for 60 min. 

t Control consisted of medium (derived from HeLa cells) plus vehicle (10 ~1 ethanol). 

of arachidonic acid, even though in microsomal prep- 
rations they stimulate PG synthesis [7, 141. 

The question of whether the release effect was con- 
fined to arachidonic acid was also examined. Cells 
were labeled with linoleic, stearic and palmitic acids 
using the same procedure adopted for arachidonic 
acid. The effect of A’-THC was then measured and 
the results are shown in Table 7. There appeared to 
be a pronounced specificity for arachidonic acid 

Table 5. Release of arachidonic acid by cannabinoids* 

Cannabinoid concentration (PM) 

0.160 1.60 16.0 160 

A’-THC 0.970 1.09 2.63 8.78 
CBN 1.40 1.34 2.32 8.43 
6lx-OH-A’-THC 1.11 1.24 1.97 4.63 
6fi-OH-A’-THC 1.19 1.26 1.84 4.49 
Cannabidiol 1.65 1.53 2.72 4.86 
7-OH-CBN I .09 1.09 2.40 8.55 
Cannabicyclol 1.15 1.33 1.29 1.87 
Cannabichromene 1.15 1.27 1.69 9.39 
5-“OH-A’-THC 1.13 1.09 1.22 2.86 
1-COOH-7-nor-CBN 1.16 1.46 2.36 

* HeLa cells were prelabeled with [r4C]arachidonic acid 
followed by drug treatment for 60min at the indicated 
concentrations in unsiliconized glassware. The data are 
given as the ratios of released r4C from treated and un- 
treated cells and are the averages of duplicate experiments. 

release; decreasing the degree of unsaturation and/or 
shortening the chain length caused a diminished re- 
sponse to the stimulatory effects of the drug. 

DISCUSSION 

The results presented in this report demonstrate 
that A’-THC and several other cannabinoids can 
cause a turnover or depletion of phospholipid bound 
arachidonic acid in a dose-related fashion in the 
HeLa cell. Similar effects in other systems have been 
reported with substances such as bradykinin [12], 
thyroid-stimulating hormone [ 151 and thrombin 
[ 11,121. A release of arachidonic acid has also been 

Table 6. Release of arachidonic acid by noncannabinoids* 

Drug concentration (PM) 

1.60 16.0 160 

p-Vinylphenol 1.22 I .02 1.17 
p-OH-cinnamic acid I .22 1.07 0.965 
Olivetol 1.00 0.965 1.71 
Eugenol 1.04 1.18 1.52 
Morphine 1.07 0.928 1.15 

* HeLa cells were prelabeled with [14C]arachidonic acid 
followed by drug treatment for 60 min at the indicated 
concentrations. The data are given as the ratios of released 
14C from treated and untreated cells and are the averages 
of duplicate experiments. 



Prostaglandins and cannabis-VI 1279 

Table 7. Fatty acid specificity* 

THC concentration (PM) 

1.60 16.0 160 

Arachidonic acid (20:4) 1.30 2.40 6.35 
Linoleic acid ( 18 : 2) 0.96 1.14 1.60 
Stearic acid (18:O) 1.02 1.26 1.33 
Palmitic acid (16:0) 0.92 0.96 0.97 

* HeLa cells were prelabeled with 14C-fatty acid fol- 
lowed by drug treatment for 60 min at the indicated con- 
centrations in unsiliconized glassware. The data are given 
as the ratio of released 14C from treated and untreated 
cells and are the averages of duplicate experiments. 

evoked by mechanical vibration or immunological 
challenge of guinea pig spleen slices [I]. While the 
overall effects of the cannabinoids are similar to these 
agents, in their respective systems it seems likely that 
they act at different sites. 

Substances such as bradykinin undoubtedly have 
specific receptors to which they bind resulting in a 
stimulation of either phospholipase A, or some 
mediator such as adenyl cyclase. No high affinity 
receptor has yet been identified for A’-THC; however, 
it does “dissolve” readily in membranes [16] and 
because of its lipophylic nature would probably con- 
centrate in the hydrophobic regions of target mem- 
branes. There may be structural requirements for a 
particular cannabinoid to enter into these regions 
which is perhaps analogous to that for membrane- 
bound sterols 1171. 

Cannabinoids are known to cause physical pertur- 
bations of both natural [18] and synthetic mem- 
branes [19] and these may manifest themselves by 
modulating effects on nearby membrane-bound 
enzyme systems. In the present report, an apparent 
activation of phospholipase A2 has been observed. In 
addition, there are reports that other membrane-asso- 
ciated systems involving MgZ + and Na+-K + ATPase, 
acetylcholinesterase [20,21], glutamine synthetase 
[21] and adenylate cyclase [22], also respond to 
A’-THC. 

Another class of drugs, namely the local anesthe- 
tics, cause changes in phospholipase activities [23]. 
It might be expected, then, that some interaction 
would be observed between the cannabinoids and 
these anesthetics. Although this has not yet been 
reported, synergistic actions of A’-THC with certain 
anesthetics have, in fact, been observed [24]. It is in- 
teresting to note that, in a discussion of the general 
pharmacology of the cannabinoids, Paton et al. [25] 
have likened A’-THC to a “partial anesthetic.” 

The noncannabinoid substances listed in Table 6 
showed essentially no activity in stimulating the 
release of arachidonic acid. One such substance, 
eugenol, was also tested for its effect on endogenous 
PG production (Table 1) in the mammary cell where 
it caused a lowering at several different doses. It 
seems, then, that these compounds react only with 
the prostaglandin cycle-oxygenase system. On struc- 
tural grounds it would be expected that they should 
be pharmacologically different than the companion 
cannabinoid constituents of marihuana. 

In most systems thus far reported on, the release 
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of arachidonic acid is followed by an increase in 
prostaglandin synthesis. In the HeLa cell, under our 
conditions, we did not see any significant increase in 
PG using the labeled precursor method of analysis. 
Stimulation of prostaglandin synthesis was seen in the 
mouse mammary cell where the production of PG 
from endogenous arachidonic acid was monitored by 
radioimmunoassay (Table 1). A likely explanation for 
this difference is that in the labeled precursor method 
there is a large dilution of [i4C]arachidonic acid by 
released, endogenous, unlabeled acid which would 
obscure the relatively small conversions to the prosta- 
glandins. This is supported to an extent by the results 
in Table 4 which show that HeLa cells have some- 
what elevated prostaglandin levels in the presence of 
A’-THC. 

The present findings on the release of prostaglandin 
precursor by A’-THC need to be accommodated with 
our previous reports that the latter is an inhibitor 
of prostaglandin cycle-oxygenase. There are, of 
course, obvious differences in the model system. The 
limited data in Table 1, however, suggest a dose- 
related explanation, namely while PGF and total 
prostaglandin production were increased at all A’- 
THC doses, PGE levels were decreased at the lower 
drug levels. In our previous studies [3,4] using the 
microsomal system, only PGE synthesis was measured. 

CONCLUSIONS 

First, treatment of HeLa cells with A’-THC, the 
principal psychoactive constituent of cannabis, causes 
a profound release of phospholipid-bound arachi- 
donic acid. The effective dose range is between 1.6 
and 16pM. 

Second, the above doses of A’-THC do not pro- 
duce changes in cell viability as measured by dye 
exclusion; however, drug levels beyond 4OpM result 
in significant decreases in viability. It is not clear 
whether the decrease in viability is a result of exces- 
sive depletion of membrane arachidonic acid or some 
other effect possibly mediated by the release of arachi- 
donic acid. 

Third, other cannabinoids such as CBN and canna- 
bichromene also stimulate the release of arachidonic 
acid, while cannabicyclol shows little activity. A cor- 
relation of this effect on the HeLa cell with the known 
pharmacological activities of the various canna- 
binoids is difficult because of the numerous biological 
processes affected by arachidonic acid-dependent 
reactions. This effect may, however, reflect the diverse 
actions of A’-THC and other cannabinoids. 

Fourth, the stimulation of PG production by high 
levels of A’-THC in mouse mammary epithelial cells, 
in the isolated perfused guinea pig lung [26] and in 
rat uterine venous blood [27] is probably due to an 
increase in arachidonic acid precursor. Lower doses 
of A’-THC may cause inhibition of prostaglandin 
synthesis, as is suggested by our findings in the mam- 
mary cell. 

Finally, this action of A’-THC on the HeLa cell 
is highly dependent on the structure of the fatty acid 
suggesting a specific action on a phospholipase A, 
system. 
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