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ABSTRACT. A°-Tetrahydrocannabinol {THC), the primary active compound in Cannabis sativa (marihuana),
and other cannabinoid receptor agonists exert potent effects on luteinizing hormone and prolactin release in
animal models and humans. Compounds possessing the tricyclic cannabinoid structure, including A°>THC and
cannabidiol, have been reported to interact with rodent uterine estrogen receptors in ligand binding assays. The
present study tested the hypothesis that cannabinoid compounds produce a direct activation of estrogen recep-
tors. We investigated whether cannabinoid compounds exhibit estrogen-induced mitogenesis in MCF-7 breast
cancer cells. Under conditions in which 10 pM estradiol promoted MCF-7 cell proliferation, no response was
observed with biologically relevant concentrations (<10 pM) of A°-THC or its tricyclic analog desacetylle-
vonantradol. No response was observed with cannabidiol, a bicyclic cannabinoid compound that exhibits no
cannabimimetic behavioral effects but has been reported to bind to the estrogen receptor in vitro. A>-THC also
failed to antagonize the response to estradiol under conditions in which the antiestrogen LY156758 (keoxifene;
raloxifene) was effective. The phytoestrogen formononetin behaved as an estrogen at high concentrations, and
this response was antagonized by LY156758. We also investigated the ability of cannabinoid compounds to
stimulate transcription of an EREtkCAT reporter gene transiently transfected into MCF-7 cells. Neither A°-
THC, desacetyllevonantradol, nor cannabidiol stimulated transcriptional activity. We conclude that psychoac-
tive or inactive compounds of the cannabinoid structural class fail to behave as agonists in appropriate assays
of estrogen receptor responses in vitro. Copyright © 1996 Elsevier Science Inc., BIOCHEM PHARMACOL 53;1:35—
41, 1997.
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A°-THC,$§ the primary active compound in Cannabis sativa recently [7-9]. To summarize, CB; cannabinoid receptors
(marihuana), and other cannabinoid receptor agonists ex- are G-protein-coupled receptors that utilize G, and G, in
ert potent effects on luteinizing hormone and prolactin re- signal transduction pathways that inhibit adenylate cyclase
lease in animal models and humans. The abundant litera- and Ca®* currents, and stimulate K* currents. A°>-THC ex-
ture on this subject has been reviewed recently [1-3]. It is hibits nanomolar affinity for the CB, receptor, and elicits
currently recognized that the majority of the actions of cannabimimetic behavioral responses in rodents, such as
cannabimimetic compounds on reproductive physiology analgesia, hypothermia, catalepsy, and hypoactivity in an
may be the result of interactions of these drugs with CB, open field test. However, CBD, also a member of the can-
cannabinoid receptors present on neurons in the brain that nabinoid structural class of compounds isolated from C.
ultimately control pituitary hormone release. Of interest, sativa, interacts with the CB; receptor with >100-fold
CB; cannabinoid receptor mRNA has also been found in lower potency than A’-THC, and fails to elicit cannabimi-
the testes, ovaries, and uterus [4-6}. The pharmacology of metic behavioral responses in rodents. A synthetic canna-
CB; cannabinoid receptors in the brain has been reviewed binoid agonist, DALN, binds to the CB, receptor with a

10-fold greater affinity than does A°-THC, and exhibits
similarly increased potency in the behavioral tests in vivo.
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577.8548; FAX (314) 577-8554; E-mail: howletta@sluvca slu.edu witch and colleagues [10], performing heterologous compe-

§ Abbreviations: CAT, chloramphenicol acetyl transferase; CBD, can- tition assays for [’H]estradiol binding to rat uterine estrogen
nabidiol; DALN, desacetyllevonantradol; ERE, estrogen responsive ele- receptors in cytosol, found that 5 to 50 }.LM Ag-THC or

ment; HBSS, Hanks’ balanced salt solution buffered with 25 mM HEPES; 9 . T . .
MEM, minimum essential medium; THC, tetrahydrocannabinol. 11-OH-A"-THC could displace specific binding with a ceil-
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ceptor complex cosedimented on a sucrose density gradient
with ["*C)A%-THC labeled peaks at 4S and 10.4S values. In
contrast, Okey and Bondy [11] failed to observe any dis-
placement of [PH]estradiol-178 from 4S or 8S peaks of ro-
dent uterine estrogen receptors by either 10 uM A°-THC
or Cannabis resin at an amount that would contribute 10
uM A’-THC plus other cannabinoid compounds. As a con-
trol, 100 nM diethylstilbestrol completely displaced radio-
ligand binding in those experiments. Chakravarty and Naik
[12] were unable to find supportive evidence for a A>-THC
interaction with rat estrogen receptors in numerous tissues
using in vitro, in vivo and ex vivo techniques. To further
address this issue, Sauer and colleagues [13] demonstrated
the competition of either crude marihuana extract (con-
taining approximately 20 pM A’-THC) or 6 uM CBD for
binding of [PHlestradiol to the estrogen receptor from rat
uterine cytosol. However, in that same study, 70 pM A°-
THC or 20 pM concentrations of ten hydroxylated me-
tabolites of A’-THC failed to compete [13]. Thus, the data
regarding binding of members of the cannabinoid class of
compounds to the estrogen receptor are conflicting.

The functional significance of putative binding of can-
nabinoid compounds to estrogen receptors has yet to be
defined. Inferential studies in intact animals have ap-
proached the question of whether A’ THC behaves as an
estrogen receptor agonist in studies of uterine growth, and
results have again been conflicting [14-16]. However, in-
terpretation of these studies is confounded by the actions of
cannabinoid compounds at alternative sites in the hypo-
thalamic-pituitary-gonadal axis. The true test of whether
cannabinoid compounds exhibit agonist ability at estrogen
receptors would be the direct demonstration of effects on
transcription via the estrogen response element controlling
gene expression. If A’ THC and its analogs behave as ago-
nists, then they should mimic the effects of estradiol on
gene expression and the consequent response such as the
proliferative response in the MCF-7 breast cancer cell
model. An alternative hypothesis, that A’ THC and ana-
logs behave as estrogen receptor antagonists, would be dem-
onstrated if these compounds blocked the transcription and
proliferative responses to estradiol. In the present paper,
these two alternatives were tested.

MATERIALS AND METHODS
Materials

MEM with nonessential amino acids, HEPES, bovine insu-
lin, calf thymus DNA type [, Hoechst dye 33258, strepto-
mycin sulfate and penicillin-G, and 17B-estradiol were ob-
tained from the Sigma Chemical Co. (St. Louis, MO),
“Cell Culture Tested” when available. LY156758 (keoxi-
fene; raloxifene) was a gift from Eli Lilly & Co. (Indianapo-
lis, IN). Bovine calf serum, lyophilized trypsin, and phenol
red (sodium salt) were from Gibco BRL (Grand Island,
NY). Formononetin was obtained from the Atomergic
Chemicals Corp. (Farmingdale, NY). A°>THC and CBD
were provided by the National Institute on Drug Abuse,
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and DALN was a gift from Pfizer, Inc. (Groton, CT). All
other chemicals were reagent grade.

Cell Culture

MCEF-7 cells were obtained from Dr. V. C. Jordan, Univer-
sity of Wisconsin-Madison. MCF-7 cells were maintained
in MEM containing nonessential amino acids, phenol red
(10 pwg/mL), 10 mM HEPES, insulin (6 ng/mL), penicillin
(100 U/mL), streptomycin (100 pg/mL), and 5% charcoal-
stripped bovine calf serum (maintenance medium) [17]. Be-
cause the responsiveness of MCF-7 cells maintained con-
tinuously in stripped calf serum can drift [18], cells were
propagated in stripped calf serum for only a year or so before
being discarded and replaced with cells derived from our
primary source, MCF-7 cells that had been maintained in
whole serum before storage in liquid N,. Cells tested nega-
tive for mycoplasma before and after the course of the pre-
sent experiments.

Cell Proliferation Assay

The proliferative response to estrogens was determined as
previously described [18, 19]. Except where noted, 12,500
MCEF-7 cells were seeded in 1 mL/well of a 24-well plate on
Day 0O in estrogen-free (phenol red-free) maintenance me-
dium. The cells were fed on Day 1 with the same medium,
and treated for Days 3 through 6 with test medium con-
taining compounds at the indicated concentrations, with
daily medium changes. On Day 7, the wells were washed
with 1 mL of HBSS. The washed cells were dissolved in 925
pL of 10 mM EDTA, pH 12.3 (37°, 20 min), neutralized
with 75 pL of 0.77 M KH,PO,, and sonicated. Then ali-
quots were taken for measurements of DNA fluorometri-
cally with Hoechst dye 33258 according to the method of
Labarca and Paigen [20]. Calf thymus DNA was used as the
standard after calibration by absorbance at 254 nm, assum-
ing 20 absorbance units for 1 mg DNA/mL. Data were
obtained as the mean pwg DNA per well from triplicate
determinations, and normalized such that the basal values
were the minimal (0%) and the values at 100 pM 17B-
estradiol were the maximal (100%) responses. For the ex-
periments reported in this study, the basal values were 3.5
+ 0.37 pg DNA/well, and the response to 100 pM 17p-
estradiol averaged 2.5 = 0.12-fold greater than the basal
values (mean + SEM, N = 7).

Transient Transfections and CAT Assays

For the transcriptional activation studies, the estrogen-
responsive plasmid EREtkCAT was used (provided by Dir.
Ming Tsai, Baylor College of Medicine, Houston, TX).
EREtkCAT plasmids were constructed by insertion of a
21-mer oligonucleotide containing vitellogenin A2 se-
quences from -332 to -318 and Bglll overhangs into
pBLCAT?2 as described [21]. pPBLCAT2 contains the pro-
moter of the herpes simplex virus thymidine kinase (tk)
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gene coupled to the CAT gene of Escherichia coli and RNA
processing signals of simian virus 40. Transient transfec-
tions were performed by the calcium-phosphate coprecipi-
tation method [22] with some modifications. MCF-7 cells
were plated as described above at a density of 120,000 cells/
9.6 cm? well of 6-well plates, in 1.2 mL of estrogen-free
medium. After 4 days of growth and one medium change,
the medium was removed and replaced with 1.0 mL fresh
medium, and 200 pL of the DNA precipitates containing 4
pg reporter plasmid was then added to each well. After
incubation at 37°C for 15 hr, the medium was removed,
and cells were treated with various concentrations of the
appropriate agents in estrogen-free medium for 48 hr. The
CAT assays were performed as previously described [23].
CAT activity was calculated as the percentage of acetylated
forms per total forms (nonacetylated chloramphenicol plus
acetylated forms) and expressed as percent of the maximal
estrogen-stimulated CAT activity.

RESULTS
Effects of Estrogens Versus
Cannabinoeids on Cell Proliferation

Estrogens stimulate the proliferation of the MCF-7 cells in
culture, and this response is particularly evident when phe-
nol red and steroids in the culture serum component are
deleted from the growth medium. As shown in Fig. 1, 17B-
estradiol at 0.1 pM was sufficient to promote proliferation,
and a maximal stimulation was observed at 100 pM 17B-

estradiol. Three cannabinoid compounds were tested for
similar responses. Neither A’ THC, DALN, nor CBD was
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FIG. 1. Failure of cannabinoid compounds to elicit an estro-
genic proliferative response. MCF-7 cells were treated with
the indicated concentrations of compounds, and the data
are expressed as the means + SEM of normalized responses
from 3 to 7 experiments. Data from multiple experiments
were analyzed by ANOVA followed by Tukey’s post-hoc
test. Form = formononetin. Values for 10 nM to 1 pM A®-
THC, 0.1 and 1 pM DALN, and 1 and 10 pM CBD were not
significantly different from each other and, with the excep-
tion of 1 pM DALN, were not significantly different from
control (P < 0.05).
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FIG. 2. Reversal of estrogen receptor-mediated responses by
LY156758. MCF-7 cells were incubated with 100 pM 17f8-
estradiol (Est), 1 pM formononetin (Form), 1 pM A%.THC,
1 pM DALN, and 1 or 10 pM CBD in the absence (-) or
presence (+) of 100 nM LY156758 (LY) as described in the
text. Data are the average responses from 2 or 3 experiments
(zrange) for the cannabinoid compounds and from a single
representative experiment for the estrogens 17p-estradiol
and formononetin.

able to stimulate the proliferative response to a significant
extent above control. The phytoestrogen formononetin
[24] was included in these studies as an example of an
environmental “weak” estrogen. This isoflavone is one of
the weaker phytoestrogens in the estrogen-stimulated pro-
liferation bioassay [19]. Formononetin and its metabolites
are responsible for the infertility syndrome “clover disease”
in sheep grazing pastures rich in subterranean clover, Tri-
folium subterraneum [24, 25]. Although its potency is 4-5
orders of magnitude lower than 17B-estradiol, it neverthe-
less produces a response equal in efficacy to that of 17B-
estradiol (Fig. 1).

Incubation of MCF-7 cells with the antiestrogen
LY156758 [26] did not reduce the growth rate in the pro-
liferation assay below that of the control (Fig. 2). This
indicates that the estrogen-free medium used in these ex-
periments was indeed free of any physiological levels of
estrogens. This compound was an effective antagonist of
the responses to 17B-estradiol and formononetin, and yet it
had no influence on the failure of the cells to respond to
cannabinoid compounds (Fig. 2). LY156758 was used be-
cause it exhibits less partial estrogen agonist activity than
does tamoxifen, yet does not lead to rapid loss of estrogen
receptors as has been reported for the pure estrogen antago-
nist IC1164384 [27].

To determine if cannabinoid compounds might act as
antagonists at the estrogen receptor, these compounds were
incubated with MCF-7 cells in the presence of a concen-
tration of 17B-estradiol that produced a submaximal re-
sponse (Fig. 3). Neither A>THC nor DALN at concentra-
tions of 1 wM (Fig. 3) or 10 uM A°-THC (data not shown)
was able to inhibit the estrogenic stimulation of the prolif-
erative response under conditions in which 100 nM
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FIG. 3. Failure of cannabimimetic compounds to behave as
estrogen receptor antagonists. MCF-7 cells were incubated
with 1 pM 17B-estradiol in the absence or presence of 1 pM
AS.THC, 1 pM DALN, or 100 nM LY156758. Cannabinoid
data (means + SEM of responses from 3 experiments nor-
malized to 100 pM 17B-estradiol) analyzed by ANOVA re-
sulted in no significant differences from the estrogen con-
trol.

LY156758 was completely effective as an antagonist. CBD
at 1 or 10 uM was unable to inhibit the response to 1 pM
17B-estradiol in two separate experiments (data not
shown). The 10 pM concentration of CBD resulted in
cytotoxicity in two other experiments, and thus interpre-
tation of data based upon cell proliferation at this concen-
tration of drug is not possible.

[t was noted in these experiments that 10 pM concen-
trations of DALN exerted a profound toxic effect on the
cells, inhibiting their proliferation below the basal rate of
cell growth. CBD at 10 pM reduced cell proliferation below
that of the basal rate in two out of four experiments; how-
ever, the extent of the cell loss was not as great as for
DALN. The cytoxicity was not shared by A’-THC, al-
though the latter compound was not tested at concentra-
tions greater than 10 pM to determine if higher concen-
trations would alter cell proliferation in a negative way.
This toxicity was unexpected inasmuch as exposure of
N18TG2 neuroblastoma cells to 10-100 uM DALN (or
A°-THC) for up to 48 hr failed to compromise their growth
rate, plating efficiency, or morphology as determined by
scanning or transmission electron microscopy [28]. How-
ever, cytotoxicity has been reported previously for A”-THC
at concentrations that exceed 10 pM in other cell types
[29-32]. The toxicity to 10 puM DALN was not related to
the estrogen receptor because it was not altered by
LY156758. Furthermore, cells grown in 10 pM DALN
failed to survive even in the presence of 1 pM or 1 nM
17B-estradiol. It is recognized that A’-THC is not water
soluble at concentrations that exceed 1-10 uM in the tem-
perature range and salt concentrations in the medium uti-
lized in the present study [32]. Thus, partitioning into the
membranes of cells is not unexpected for cannabinoid com-
pounds at this high concentration [33-35].

M. F. Ruh et al.

Effects on Transcriptional
Activation: Estrogens Versus Cannabinoids

The stimulation of the estrogen receptor by agonists ini-
tiates a transcriptional stimulation via the ERE in target
genes. MCF-7 cells transfected with the EREtkCAT re-
porter gene and treated with 1 pM to 100 nM 17B-estradiol
demonstrated a concentration-dependent increase in tran-
scriptional activation with a maximum 13-fold increase in
CAT activity at concentrations above 100 pM (Figs. 4 and
5). The antiestrogen LY156758, which has been reported to
show only slight partial agonist activity, revealed a very
modest (1.8-fold) increase over basal CAT activity at 100
nM which was not statistically significant. The phytoestro-
gen formononetin demonstrated a 3.4- and 6.7-fold in-
crease over basal CAT activity with 1 and 10 uM, respec-
tively (Fig. 5B). Neither A°THC, DALN, nor CBD was
able to stimulate transcriptional activity. Thus, the canna-
binoid compounds tested cannot be considered estrogens in
a well-established assay of estrogenic activity.

CONTROL
IpM E,
10pME,
100 pM E,
11IME,
10 sM E,
100 oM E,
100 BM LY

1 sM FORM
10xM FORM
1M DALN

1M CBD

1uM THC
10sM THC

FIG. 4. Stimulation of transcription in a transfected EREtk-
CAT expression system by estrogens. Treatment of MCF.7
cells with 17B-estradiol (E,) or LY156758 (LY) (top), or
formononetin (FORM) or the cannabinoid compounds
(bottom) at the indicated concentrations and assay of CAT
activity are as described in the text. Shown are autoradio-
grams of the thin-layer chromatography separations of
chloramphenicol from acetylated metabolites.
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FIG. 5. CAT activity expressed in response to estrogens but
not cannabinoid compounds. (A) Normal estrogenic tran.
scriptional response. CAT values have been normalized
such that the response to 100 pM 17B-estradiol is expressed
as 100%, and stimulation by 1 pM to 100 nM 17p-estradiol
or 100 nM LY156758 (LY) is relative to that value. (B)
Transcriptional response to formononetin (Form), A>.THC,
DALN, or CBD at the indicated concentrations. CAT values
have been normalized such that the maximal response to 10
pM formononetin (Form) is shown as 100%. This stimula-
tion by formononetin represents 65% of the maximal re-
sponse to 100 pM 17B-estradiol. Data shown are the means
+ SEM from 3 wells.

DISCUSSION

Considerable evidence exists to link cannabinoid drugs to
endocrine physiology, and particularly to reproductive
physiology. Clearly, many effects are attributable to canna-
binoceptive neurons in brain pathways that ultimately
regulate pituitary function (for review, see Refs. 2 and 3).
However, because both cannabinoid and steroid molecules
are multi-ringed structures possessing hydroxyl groups, it is
not illogical to hypothesize that the cannabinoid class of
compounds might associate with estrogen receptors, and
vice versa. The present study specifically addressed the
question of whether cannabinoid compounds would result
in a functional interaction with estrogen receptors. The
cannabinoid compounds chosen include A’-THC, the pri-
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mary active cannabimimetic agent in Cannabis prepara-
tions, and DALN, a tricyclic cannabinoid compound hav-
ing a structure homologous to that of A>THC but with
much greater potency to stimulate cannabinoid receptors
[36, 37]. CBD was also tested because it is found in abun-
dance in preparations of Cannabis and has been reported to
have some biological actions although it has limited ability
to promote a cannabimimetic response [38-40}, and it has
been implicated as an agent that might interact with the
estrogen receptor [13]. Using two sensitive and well-
established tests for estrogen receptor activation, the evi-
dence fails to support the hypothesis that cannabinoid com-
pounds can behave as agonists at estrogen receptors. The
notion that cannabinoid compounds including A°>-THC are
environmental phytoestrogens (see, for example, Ref. 41)
cannot be supported by the data presented here. Phytoes-
trogens, including flavonoids, have been found to bind to
the estrogen receptor over a wide range of potencies, and to
produce a wide range of estrogenic efficacies [19, 42, 43].
Certain bioflavonoid compounds have been shown to ex-
hibit antiestrogenic activity {44]. However, the present data
indicate that cannabinoid compounds cannot be consid-
ered as potential environmental estrogens.

A potential for interaction between cannabinoid com-
pounds and the steroid receptors for glucocorticoids has also
been investigated. One study that examined [PH]AS.THC
binding in crude nuclear fractions from hepatoma tissue
culture cells found that only a small fraction of the bound
PHIA%-THC could be displaced by dexamethasone, arguing
against the binding of the cannabinoid to hepatic gluco-
corticoid receptors [45]. The converse experiment, which
showed a partial displacement of PPH]ldexamethasone by
A®-THC or CBD in rat hippocampal cytosol, suggested that
some affinity of cannabinoid compounds exists for the brain
glucocorticord receptors {46, 47]. Functional studies to
demonstrate an activation of the glucocorticoid response
element by cannabinoid compounds have not been re-
ported.

When steroid ligands, including 17B-estradiol, progester-
one, pregnenolone sulfate, androsterone, cortisone, and
corticosterone, were tested for their ability to displace the
potent agonist ligands [PHJCP-55940 or PH]WIN55212-2
from CB, cannabinoid receptors in rat brain membranes,
no interaction was noted at concentrations as high as I or
10 pM [48-50]. Thus, it is not likely that steroid com-
pounds present at their physiological free concentrations in
biological fluids would bind to cannabinoid receptors in the
brain. These data together with the findings in the present
report negate the hypothesis that there exist some affinity
of cannabinoid compounds for estrogen receptors and the
converse.

Current efforts to identify and investigate environmental
factors, including phytoestrogens, that functionally mimic
estradiol have resulted in a growing list of diverse chemicals
that bind to the estrogen receptor and may result in altered
reproductive function and/or increased risk for breast can-
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cer. However, functional analysis of purported estrogenic
compounds in well-defined systems is necessary to define a
compound as an estrogen, i.e. as a compound that can
activate the estrogen receptor. Our studies are the first to
directly study the cannabinoid class of compounds in func-
tional assays for estrogenic activity. The results presented
here fail to support the notion that cannabinoid com-
pounds are xenoestrogens.

This work was supported by U.S. Public Health Service Grants
(DA03690, DA06312, DA0C0182, ES05968, and CA50354), and
by University of Missouri-Columbia Grant MO-VMFCO0018. We
thank Linda B. Cox for excellent technical assistance on some of these
experiments.
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