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Abstract

Chronic exposure to marijuana produces adverse effects on the endocrine and reproductive systems in humans; however, the
experimental evidence for this presented thus far has not been without controversy. In this study, the estrogenic effect of marijuana smoke
condensate (MSC) was evaluated using in vitro bioassays, viz., the cell proliferation assay, the reporter gene assay, and the ER competitive
binding assay. The results of these assays were compared with those of three major cannabinoids, i.e., THC, CBD, and CBN. The
estrogenic effect of MSC was further confirmed by the immature female rat uterotrophic assay. MSC stimulated the estrogenicity related to
the ER-mediated pathway, while neither THC, CBD, nor CBN did. Moreover, treatment with 10 and 25 mg/kg MSC induced significant
uterine response, and 10 mg/kg MSC resulted in an obvious change in the uterine epithelial cell appearance. MSC also enhanced the
IGFBP-1 gene expression in a dose-dependent manner. To identify the constituents of MSC responsible for its estrogenicity, the MSC
fractionated samples were examined using another cell proliferation assay, and the estrogenic active fraction was analyzed using GC-MS. In
the organic acid fraction that showed the strongest estrogenic activity among the seven fractions of MSC, phenols were identified. Our
results suggest that marijuana abuse is considered an endocrine-disrupting factor. Furthermore, these results suggest that the phenolic
compounds contained in MSC play a role in its estrogenic effect.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Marijuana (Cannabis sativa) is the second most highly
abused drug in Korea following methamphetamine (Chung
et al., 2004), and the number of people smoking marijuana
for recreational purposes has increased due to its easy
availability. Although marijuana is known as a “soft drug”
due to its low acute toxicity, in contrast to many other
abused drugs, its inappropriate use has been prohibited by
law in many countries including Korea.

Marijuana contains more than 400 compounds, among
which the terpene chemicals unique to the plant genus
Cannabis are called cannabinoids. The main cannabinoids
are Δ9-tetrahydrocannabinol (THC), cannabidiol (CBD), and
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cannabinol (CBN), and THC is the most potent psychoactive
compound which marijuana contains. The hallucinative
action of cannabinoids is mainly mediated by two
cannabinoid receptors (CB1, CB2) in the central nerve
system and certain peripheral tissues.

Chronic exposure to marijuana produces adverse effects
on the endocrine and reproductive systems in humans. It
decreases sperm counts as well as sperm motility and affects
sperm morphology in men and suppresses ovulation in
women. It also alters multiple female hormonal systems,
including prolactin, follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and estrogen (Nahas and Latour,
1992; Ashton, 1999, 2001; Khalsa et al., 2002; Brown and
Dobs, 2002). Since THC can accumulate in fatty tissue due
to its lipid solubility (Ashton, 2001), and cannabinoids have
similar carbocyclic structures to steroids (Martin, 1986), the
disruptive effects of cannabinoids on the gonadal or
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reproductive system are of significant concern. The relation-
ship between cannabinoids or crude marijuana plant extracts
and the estrogen receptor (ER) has been investigated in
terms of the adverse effects (Rawitch et al., 1977; Smith et
al., 1979; Sauer et al., 1983; Ruh et al., 1997; Watanabe et
al., 2005). However, the experimental evidence accumulated
thus far concerning their effects on the steroid systems has
not been without controversy. In their recent studies, Ruh et
al. (1997) concluded that cannabinoids, such as THC and
CBD, could not stimulate the estrogenic activities through
the ER, while crude marijuana plant extracts still provoked
the proliferation of human breast cancer cells (Watanabe et
al., 2005).

Marijuana smokers are actually exposed to not only
marijuana plant elements, such as cannabinoids, but also the
numerous components generated by marijuana cigarettes
while they are smoking. The components of marijuana and
cigarette smoke are largely the same, with the exception of
cannabinoids in marijuana and nicotine in cigarettes (Robert,
1988). Recently, it was reported that cigarette smoke
induced an estrogenic response, and the possible constituents
responsible for this estrogenic activity were identified
(Kamiya et al., 2005; Takamura-Enya et al., 2003).
Furthermore, the relationship between smoking cigarettes
and women's health, including the risk of breast cancer, has
been highlighted (Strohsnitter et al., 2005; Terry and Rohan,
2002). Although it was reported that marijuana smoke
condensate (MSC) interacted with the ER (Sauer et al.,
1983), its estrogenic activity has not been demonstrated, and
no functional analysis designated to elucidate its mechanism
of action in well-defined assays has been conducted.
Therefore, it is necessary to evaluate the estrogenicity of
MSC and clarify its potential harmful effects on human
health.

In the present study, we determined the ability of MSC to
induce the estrogenic effect through an ER-mediated
mechanism using human mammary carcinoma cells and
immature female rats. The estrogenic activities of seven
fractionated samples obtained from MSC were traced by the
Fig. 1. Scheme of the fraction
cell proliferation assay, and the possible causative ingredi-
ents in the fraction showing the strongest estrogenic activity
were identified using GC-MS.

Materials and methods

Chemicals. Non-filtered marijuana cigarettes were prepared from dried
marijuana plants (National Institute of Scientific Investigation, Korea) using a
manual cigarette-stuffing machine (Privileg, Germany). THC, CBD, and CBN
were obtained from Cerilliant (TX, USA), and 0.1 M stock solutions were
prepared in dimethylsulfoxide (DMSO) (Sigma-Aldrich, MO, USA). 17β-
Estradiol (E2) was purchased from Sigma-Aldrich, and standard chemicals for
GC-MS analysis were purchased from Chem Service (PA, USA).

Cell culture. The MCF7-BUS cell line, estrogen-sensitive human breast
cancer cells, was kindly provided by Dr. Soto (Tufts University, MA, USA), and
MCF7 cells were obtained from the American Type Culture Collection (VA,
USA). Cells were grown in DMEM supplemented with 5% FBS in a humidified
incubator at 37 °C in a 5% CO2 and 95% air atmosphere.

Animals. Female Crj:CD (SD) rats, 18 days old, were obtained from Orient
Bio Co. Ltd., Seoul, Korea. The animals were allowed a 3-day acclimation
period in the laboratory animal facility. The rats were provided with tap water
and a commercial diet ad libitum. The animal room was maintained at a
temperature of 24 ± 2 °C and a relative humidity of 50 ± 20%, with a 12-h light/
dark cycle.

Preparation of MSC. Forty non-filtered marijuana cigarettes (average
weight, 646 mg) were burned, and marijuana cigarette smoke, consisting of
particles less than 2.5 μm in diameter, was collected on a single fiber filter
(10 × 10 cm, Sibata, Japan) in a smoking chamber using a high-flow vacuum
pump connected to a cascade impactor (Dusturbo, Korea). The forty marijuana
cigarettes generated a total of 683 mg (dry weight) of MSC. MSC was extracted
by sonication with methylene chloride, filtered, and evaporated to dryness. For
the in vitro bioassays, it was dissolved in DMSO at a concentration of 100 mg/
ml and stored at −80 °C until needed. It was diluted with an experimental
medium to the desired concentrations for the treatment of the cells. For the in
vivo study, the dried MSC was dissolved in corn oil and diluted to the desired
concentrations for the treatment of the animals.

Fractionation of MSC. MSC was fractionated using an acid–base liquid-to-
liquid partition sequence and silica gel column chromatography according to the
method reported by Lewtas et al. (1990), as follows (Fig. 1). In summary, the
dried MSC extract was redissolved in methylene chloride and partitioned into
basic (F1), acidic (F2), and neutral (F3–F7) fractions. The neutral fraction was
ation procedure of MSC.



Fig. 2. Effects of MSC, THC, CBD, and CBN on the MCF7-BUS cell
proliferation. (A) MCF7-BUS cells were treated with the indicated concentra-
tions of E2 (a positive control) or each compound for 144 h. The SRB assay was
conducted as described in the Materials and methods section in order to measure
the cell proliferation. The proliferative effect of the compounds relative to E2

(10−10 M, 100%) is represented by the RPE. The results are expressed as the
mean (95% confidence limit) ± SD of three separate experiments. Values
significantly different from the control are indicated by an asterisk (*P b 0.05).
(B) MCF7-BUS cells were treated with E2 or MSC at various concentrations
(10−15 to 10−10 M for E2; 0.1–10 μg/ml for MSC) for 144 h.
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further subfractionated using silica gel column chromatography into the
following fractions: F3 was eluted with hexane, F4 with a 1:1 mixture of
methylene chloride and hexane, F5 with methylene chloride, F6 with a 1:1
mixture of methylene chloride and methanol, and F7 with methanol. Each
fraction was collected separately, evaporated to dryness, and dissolved in DMSO
at a concentration of 100 mg/ml and stored at −80 °C until needed. Each sample
was diluted to the desired concentrations with an experimental medium. GC-MS
analysis was conducted on aliquots obtained from the fractions after drying and
reconstituting in methanol.

CDFBS preparation. In order to remove the sex steroids from the serum, FBS
was treated with 5% charcoal–0.5% dextran (Olea et al., 1996). The charcoal
(acid washed, Sigma-Aldrich, MO, USA) was activated with cold sterile water
immediately before use. A suspension of 5% charcoal with 0.5% dextran T70
(Pharmacia LKB, NY, USA) was prepared and centrifuged at 1000×g for 10
min. After aspirating the supernatant, the charcoal pellets were mixed with FBS
and maintained in suspension by rolling at 6 cycles/min at 37 °C for 1 h. The
suspension was centrifuged at 2000×g for 50 min, and the supernatant was
filtered through both a 0.45-μm filter and a 0.2-μm filter (Nunc, NY, USA). The
charcoal/dextran-treated FBS (CDFBS) did not show any significant cell
proliferation of MCF7 cells and was stored at −20 °C until use.

Cell proliferation assay. The cell proliferation assay using the MCF7-BUS
cells was carried out as described elsewhere (Perez et al., 1998). Briefly, the cells
were harvested with 0.05% trypsin–0.53 mM EDTA·4 Na and resuspended in
5% FBS-DMEM. They were seeded onto 48-well plates at a density of 5 × 105

cells/well and incubated in an atmosphere consisting of 5% CO2 in air at 37 °C
for 48 h. The cells were then treated with a medium containing MSC, THC,
CBD, or CBN at the indicated concentrations in phenol red free 10% CDFBS-
DMEM. After incubating the cells for 144 h, the Sulforhodamine B (SRB) assay
was carried out to evaluate the extent of cell proliferation. The relative
proliferation effect (RPE) was calculated using the following equation:
RPE = [(S − 1)/(E − 1)] × 100, where S = the proliferation of the samples
and E = the proliferation of a positive control (10−10 M E2). The biologically
active fractions were identified by conducting another cell proliferation assay
with the fractionated samples in the same way.

Reporter gene assay. The reporter vector was constructed by inserting two
estrogen response elements (EREs) of Vitellogenin A2 into the pGL3 promoter
vector. MCF7 cells suspended in phenol red free 3% CDFBS-DMEM were
seeded onto 48-well plates at a density of 1 × 105 cells/well and incubated in a
5% CO2 and 95% air atmosphere at 37 °C for 24 h. The cells were washed with
OPTI-MEM, and 0.5 ml FBS free OPTI-MEM I was then added. 200 μl of the
FBS free OPTI-MEM I medium containing 2 μg of pERE2-Luc and 4 μg of
LipofectAMINE was added to each well after incubating the medium for 30 min
at 37 °C. The cells were incubated in a 5% CO2 and 95% air atmosphere at 37 °C
for 10–15 h. The cells were treated with the indicated levels of the compounds in
phenol red free 5% CDFBS-DMEM and incubated again for 24 h.

For the luciferase assay, the cells were washed with PBS and incubated for
10 min with a lysis buffer. The cell lysate was centrifuged, and the luciferase
activity in the upper layer was measured using a Turner design luminometer TD-
20/20 (Promega, WI, USA) after adding 20 μl of Luciferase assay reagent
(Promega Bioscience, CA, USA). The protein level was then measured using the
Bradford method (Bradford, 1976) with BSA as the standard. 200 μl of the
Bradford reagent was added to 10 μl of the cell lysate, and then the absorbance at
595 nm was measured using a spectrophotometer (Perkin Elmer, UK).

Competitive ER binding assay. The competitive ER binding assay was
performed as previously described (Arcaro et al., 1999). Briefly, 1.5 nM of the
recombinant human ER was incubated with MSC, THC, CBD, CBN, or E2 for 4
h at room temperature in the presence of 2.5 nM of [2,4,6,7-3H] E2.
Subsequently, 100 μl of a 50% (v/v) hydroxyapatite slurry was added to the
reaction mixture. The hydroxyapatite-bound receptor [3H] E2 complex was
separated by centrifugation at 200×g for 20 min, and the radioactivity of the
pellet was determined using a liquid scintillation counter (Pharmacia LKB, NY,
USA). The amount of the receptor-bound [3H] E2 in the presence of the test
compounds was calculated after correcting for any non-specific binding as
determined by the amount of the receptor-bound [3H] E2 in the presence of a
200-fold excess of E2. The data are expressed as the ratio of the receptor-bound
[3H] E2 in the presence of the compounds to the 0.1% DMSO used as a control.

Immature female rat uterotrophic assay; uterine weight measurement and
morphology. When the rats were 21 days old, they were weighed, weight
ranked, and assigned randomly to each group, consisting of six rats. 10 μg/kg
E2, as a positive control, and 1, 10, 25, and 50 mg/kg MSC in corn oil were
administered to the rats in the respective experimental groups once per day for 3
consecutive days by means of an intraperitoneal (i.p.) injection performed at
2:00 pm. The control group was injected with corn oil alone. Approximately 24
h after the final treatment, the rats were weighed and anesthetized with diethyl
ether. The uteri, including the uteri horn, body, and cervix, as well as other
tissues, were carefully dissected and weighed after removing the adhering fat
and mesentery. For the morphological study, immediately following their
removal and weighing, the uteri were further fixed in 10% neutral buffered
formalin, in order to maintain the uterine morphological integrity. They were
then processed overnight by means of a Hypercenter XP Tissue Processing
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System (Shandon Scientific Ltd., UK) using the following series of solutions:
70%, 75%, 80%, 90%, 95% ethyl alcohol, absolute ethyl alcohol, acetone, 2
changes of xylene, and 2 changes of paraffin. The processed samples were
embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin–eosin
(H and E).

RT-PCR analysis. In order to determine the gene expression of insulin-like
growth factor binding protein-1 (IGFBP-1), total RNA was extracted from the
frozen liver samples (up to 30 mg) obtained from the uterotrophic assay, using
a RNeasy Mini kit (Qiagen, Germany) according to the manufacturer's
protocol. The extracted total RNA was stored at −80 °C. The cDNA sequence
of rat β-actin, an internal standard, is available from GenBank, and that of
IGFBP-1 was designed using the program, Primer Design, which is part of the
DNASTAR suite (DNASTAR Inc., WI, USA). The primers used were as
follows:

(1) β-actin-up: 5′-CCTGACCCTGAAGTACCCCA-3′
(2) β-actin-down: 5′-CGTCAGGCAGCTCATAGCTC-3′
(3) IGFBP-1-up: 5′-TCCTTCCAGGTTCGCGTAGT-3′
(4) IGFBP-1-down: 5′-TCTGTTGAGCGGCAGCTAAT-3′

The following PCR products were obtained: 542 bp for β-actin and 568 bp
for IGFBP-1. Amplification was performed using a PCR thermocycler (MJ
Research Inc., MA, USA), according to the protocol of the Promega Access RT-
PCR System (Promega, CA, USA). The thermal cycle profile of the first strand
cDNA synthesis was 1 cycle at 42 °C for 50 min and 94 °C for 5 min. The
thermal cycle profile of the second strand cDNA synthesis and PCR
amplification was at 94 °C for 2 min, followed by 28 cycles at 94 °C for 30
s, 52 °C for 30 s, and 72 °C for 1 min. The final RT-PCR cycle was 72 °C for 10
min. The mRNA products were amplified by RT-PCR, followed by 1.2%
agarose gel electrophoresis in a TAE buffer containing ethidium bromide. The
PCR products were detected and analyzed using a Gel documentation and
analysis system (UVP, UK).

GC-MS analysis. The analysis of the most active fraction was performed
on an Agilent 6890/5973N GC-MS system. The GC was equipped with a
30-m-long, 0.25-mm-i.d., 0.25-μm-film-thickness HP-5HT capillary column.
The inlet temperature was 260 °C. The split ratio was 5:1, and the helium
flow rate was 1.0 ml/min. The oven was programmed to operate at an
initial temperature of 60 °C for 1 min and then to increase the temperature
to 100 °C at a heating rate of 4 °C/min, to 200 °C at 6 °C/min, and finally
to 300 °C at 30 °C/min. The MS was operated in selected ion monitoring
(SIM) mode.

Statistical analysis. Each in vitro assay was performed at least in triplicate.
The data from the in vitro and in vivo assays are expressed as means ± SD.
Statistical analysis was carried out using one-way analysis of variance
(ANOVA) followed by Dunnett's t test. A P value b 0.05 (P b 0.05) was
considered significant.
Fig. 3. Effects of MSC, THC, CBD, and CBN on the luciferase activity in MCF7
cells measured using the reporter gene assay. (A) MCF7 cells were treated with
the indicated concentrations of E2 or each compound for 24 h after being
transiently transfected with pERE2-luc construct using LipofectAMINE. The
total luciferase activity was measured using Luciferase assay reagent. The
results are expressed as the mean (95% confidence limit) ± SD of three separate
experiments. Values significantly different from the control are indicated by an
asterisk (*P b 0.05). (B) MCF7 cells were treated with E2 or MSC at various
concentrations (10−15 to 10−10 M for E2; 0.1–10 μg/ml for MSC) for 24 h.
Results

Effects of MSC and the cannabinoid compounds on the human
breast cancer cells through the ER binding

To determine if MSC and the major cannabinoids are able
to act as estrogenic compounds, their effects on the MCF7-
BUS cell proliferation were examined. THC, CBD, and CBN
at concentrations of 10−6 M (Fig. 2A) and below (data not
shown) did not show any significant effects. However, MSC
stimulated the cell proliferation (Fig. 2A) and was found to
be estrogenic compared with the control in a dose-dependent
manner (Fig. 2B). MSC showed a maximal cell proliferation
of 30.8 ± 0.56% at 10 μg/ml, and the effect of MSC (10 μg/
ml) was blocked entirely by the addition of TM (10−6 M)
(data not shown).

The ERE-mediated estrogenic activities were also evalu-
ated using the reporter gene assay. The data presented in Fig.
3 showed similar patterns to those of the MCF7-BUS cell
proliferation assay. THC, CBD, and CBN at concentrations
of 10−6 M (Fig. 3A) and below (data not shown) were not
able to activate the transcription of the E2-responsive
reporter gene transfected into MCF7 cells, whereas MSC
increased it in the concentration range of 0.05–10 μg/ml.
MSC increased the luciferase activity by 12.9 ± 0.35,
compared with the control, at 5 μg/ml and slightly decreased
it at 10 μg/ml (Fig. 4B). The transcriptional effect of MSC
(10 μg/ml) was inhibited completely by the addition of TM
(10−6 M) (data not shown).



Fig. 4. Estrogen receptor binding affinity of MSC. The binding ability of 2.5 nM
[2,4,6,7-3H] E2 to the recombinant human ER in E2 and MSC was measured
after the unbound radioligands were removed following incubation for 4 h at
room temperature. The amount of the specific bound ligands was calculated by
subtracting the nonspecific bound counts from the total. The results are
expressed as the mean (95% confidence limit) ± SD of three separate
experiments.
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To determine whether MSC and cannabinoids directly
bind to ER-α to show their estrogenic effects, their
competitive binding ability with ER-α was examined. As
shown in Fig. 4, MSC significantly inhibited the binding of
[3H] E2 to ER-α by 34.2 ± 0.6% at 5 μg/ml compared with
the control, which indicates that MSC directly interacts with
ER-α. However, THC, CBD, and CBN at concentrations
below 10−6 M did not show any significant binding affinity
(data not shown).

Effects of MSC on the immature female rats

To further confirm the estrogenic effect of MSC, the in
vivo studies were carried out using 21-day-old immature
female rats treated with 1, 5, 10, and 25 mg/kg MSC i.p.
once daily for 3 days. As shown in Table 1, treatment with
each indicated dose had no effects on the body weight or
liver, lung, kidneys, and adrenals to body weight ratios.
However, 10 and 25 mg/kg MSC significantly increased the
Table 1
Effects of treatment with MSC on body and relative tissue weight in immature fema

Groups Body
weight
gain (g)

Liver Lung Kidn

Left

Tissue/body weight ratio × 100 (g/g)

Control 13.5 ± 0.9 4.82 ± 0.19 0.67 ± 0.04 0.53
E2 10 μg/kg 14.1 ± 1.8 4.81 ± 0.24 0.69 ± 0.03 0.56
MSC 1 mg/kg 14.7 ± 2.4 4.61 ± 0.27 0.69 ± 0.02 0.53

5 mg/kg 13.2 ± 1.8 4.62 ± 0.29 0.66 ± 0.03 0.49
10 mg/kg 14.4 ± 2.3 4.59 ± 0.17 0.68 ± 0.01 0.53
25 mg/kg 14.1 ± 1.8 4.61 ± 0.19 0.67 ± 0.04 0.53

21-day-old female Crj:CD (SD) rats were treated with E2 (a positive control) or MSC
corn oil alone. The animals were sacrificed at the age of 24 days. The results are
significantly different from the control are indicated by an asterisk (⁎P b 0.05).
uterus to body weight ratio compared with the control
group.

The uterine epithelium is one of the most commonly used
morphological endpoints in the uterotrophic assay (Diel et al.,
2002). Therefore, the morphological change of the uterine
luminal epithelium was examined with the uteri obtained from
the group of rats, which showed the highest estrogenic activity
in the uterotrophic assay. As shown in Fig. 5, partial
hypertrophy of the uterine epithelial cells was observed in the
rats treated with 10 mg/kg MSC. In addition, the uterine
epithelial cells were disorganized, and their appearance changed
from simple columnar (Fig. 5A) to partially pseudostratified
(Fig. 5C) following the treatment with 10 mg/kg MSC, in a
manner which was similar to that of the rats treated with 10 μg/
kg E2 (Fig. 5B).

IGFBP-1 is an estrogen-regulated gene in the liver and a
potential biomarker for the estrogenic response (Diel et al.,
1995; Geis et al., 2005). The IGFBP-1 gene expression was
determined using RT-PCR with the liver obtained from each
group of rats in the uterotrophic assay. MSC induced IGFBP-1
gene expression in a dose-response manner (Fig. 6).

Identification of a biologically active fraction

We further examined the estrogenic effects of the fraction-
ated samples of the MSC extract using the cell proliferation
assay, and an estrogenically active fraction was identified. In
this assay, F2 showed the strongest estrogenic activity in a dose-
dependent manner and 10 μg/ml F2 displayed the maximal cell
proliferation of 57.9 ± 2.9% (Figs. 7A and B).

In order to identify the causative chemicals of MSC, which
was responsible for its estrogenic activity, the estrogenically
active F2 fraction was analyzed using GC-MS. As a result of the
preliminary analysis using the scan mode of GC-MS, several
peaks corresponding to phenols were observed in F2. THC,
CBD, and CBN, which are not responsible for the estrogenic
activity of MSC, were also detected (data not shown).
Therefore, the presence of phenol and 15 phenolic derivatives
(2-ethylphenol, 2-methylphenol, 2-nitrophenol, 3-ethylphenol,
3-methylphenol, 4-ethylphenol, 4-methylphenol, 4-nitrophenol,
2,4-dichlorophenol, 2,4-dimethylphenol, 2,4-dinitrophenol,
le rats

ey Adrenal Uterus

Right Left Right

± 0.05 0.53 ± 0.04 0.01 ± 0.00 0.01 ± 0.00 0.04 ± 0.01
± 0.03 0.53 ± 0.03 0.01 ± 0.00 0.01 ± 0.00 0.11 ± 0.01⁎

± 0.01 0.51 ± 0.03 0.01 ± 0.00 0.01 ± 0.00 0.05 ± 0.01
± 0.04 0.50 ± 0.04 0.01 ± 0.00 0.01 ± 0.00 0.05 ± 0.01
± 0.04 0.53 ± 0.04 0.01 ± 0.00 0.01 ± 0.00 0.07 ± 0.01⁎

± 0.07 0.53 ± 0.05 0.01 ± 0.00 0.01 ± 0.00 0.06 ± 0.01⁎

i.p. at the dose indicated once daily for 3 days. Control animals were treated with
expressed as the mean (95% confidence limit) ± SD for six animals. Values



Fig. 6. Estrogenic effect of MSC on the IGFBP-1 gene expression in liver using
RT-PCR. The total RNA was extracted using a RNeasy Mini kit from the liver
samples obtained from the rats treated with corn oil (C), 10 μg/kg E2, and 1, 5,
10, and 25 mg/kg MSC. The IGFBP-1 mRNA levels were measured using RT-
PCR along with β-actin mRNA as the internal standard. RT-PCR was conducted
as described in the Materials and methods section. Values significantly different
from the control are indicated by an asterisk (*P b 0.05).

Fig. 5. Estrogenic effect of MSC on the uterine luminal epithelium of immature
female rats. Uteri from the rats treated with corn oil (A), 10 μg/kg E2 (B), and 10
mg/kg MSC (C) were fixed in 10% buffered formalin and processed to slide for
morphology using hematoxylin–eosin (H and E) stain. Luminal epithelium is
indicated by arrows. Magnification, (A) and (B), ×100; (C), ×200.
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2,4,6-trichlorophenol, 2-methyl-4,6-dinitorphenol, 4-chloro-3-
methylphenol, and pentachlorophenol) was analyzed. Among
these, 2-ethylphenol, 2-methylphenol, 3-ethylphenol, 3-methyl-
phenol, 4-ethylphenol, 4-methylphenol, and 2,4-dimethylphe-
nol were identified. The concentrations of the phenols are
shown in Table 2.

Discussion

Xenoestrogens have been the subject of a considerable
amount of attention because they can influence the growth and
development of the female reproductive tissues and increase the
risk of breast and other diseases due to hormone imbalance.
They can interact with the ER, inducing a response that mimics
endogenous estrogen stimulation, thus leading to a disruption of
the estrogen-regulated cellular and physiological processes
(Korach et al., 1997; Nira, 1999). Recently, numerous studies
have been conducted on the estrogenic effects of both natural
and synthetic materials present in our environment, which can
affect human body through their intake (Oh and Chung, 2004;
Kinjo et al., 2004; Kamiya et al., 2005; Kojima et al., 2005).
Marijuana produces not only psychoactive elements, such as
cannabinoids, but also numerous other compounds, due to the
heat generated during smoking. These pyrogenic chemicals,
some of which are estrogenic, disturb the steroid system and
have harmful effects on human health (Furuta et al., 2005;
Takamura-Enya et al., 2003; Kamiya et al., 2005; Wang et al.,
2005). Therefore, the goal of this study was to investigate the
estrogenic responses of MSC and cannabinoids, using both in
vitro and in vivo bioassays, and identify the active compounds
responsible for their estrogenicity.

Several bioassays are available to predict estrogenic potency.
In the classical ER-mediated pathway, the ligand binds to the
ligand-binding domain of the ER, followed by the formation of
a liganded homodimeric complex. Then the complex binds to
distal EREs in the 5′-promoter regions of E2-responsive genes,
further interacts with components of the general transcription
factor complex and coactivators or adaptors, and finally induces
transcription (Korach et al., 1997; Nira, 1999). In the present



Fig. 7. Effects of seven fraction samples on the MCF7-BUS cell proliferation.
(A) MCF7-BUS cells were treated with the indicated concentrations of E2, MSC
or each fraction sample (Fn, n = 1–7) for 144 h. The results are expressed as the
mean (95% confidence limit) ± SD of three separate experiments. Values
significantly different from the control are indicated by an asterisk (*P b 0.05).
(B) MCF7-BUS cells were treated with E2 or the organic acid fraction (F2) at
various concentrations (10−15 to 10−10 M for E2; 0.05–10 μg/ml for F2) for 144
h. The assay was conducted in a similar manner to that reported in Fig. 2.

Table 2
Concentrations of phenols in the organic acid fraction (F2)

Phenols Concentration (mg/g)

Phenol 0.1238
2-Ethylphenol 0.0248
2-Methylphenol 0.0787
3-,4-Ethylphenol 0.3947
3-,4-Methylphnol 0.2895
2,4-Dimethylphenol 0.1029

Concentrations of phenols were determined from F2 using GC-MS described in
the Materials and methods section.
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study, we conducted the cell proliferation assay and the reporter
gene assay using MCF7-BUS and MCF7 cells, respectively,
which are human mammary carcinoma cell lines that contain the
ER and can be used to screen the estrogenic activities, as well as
the recombinant human ER competitive binding assay.
Therefore, we were able to assess both the ER and ERE-
mediated estrogenic effects. To prevent background estrogen
activity, cell culture experiments were performed with charcoal-
stripped serum in order to remove endogenous steroids. Phenol
red was also excluded from the media since it was reported to
contain an estrogenic component (Berthois et al., 1986).
Although cells have their own metabolic systems, they may
not fully explain the metabolism of xenobiotics that occurs in
vivo (Zacharewski et al., 1998). Therefore, the immature female
rat uterotrophic assay was used to confirm the estrogenicity and
account for the activity due to bioavailability. We measured the
growth of the uterus and analyzed the morphological and
molecular endpoints in the rat uterus and liver, respectively.
This combination of three different in vitro test systems and the
enhanced rodent uterotrophic assay provided a good prediction
of the action of marijuana as a xenoestrogen.

In the cell proliferation assay and the reporter gene assay,
only MSC showed both ER and ERE-mediated estrogenic
effects in a dose-dependent manner, while THC, CBD, and
CBN did not show any significant effects. These estrogenic
effects of MSC were entirely blocked by the addition of TM,
and the affinity of MSC for the ER was confirmed using the
competitive ER binding assay. Thus, it was clearly demonstrat-
ed that the estrogenicity of marijuana was induced through the
typical ER-mediated pathway via binding of the ER-MSC
complex to ERE. Our results are partially consistent with those
of other researchers. Sauer et al. (1983) reported that a crude
marijuana plant extract, condensed marijuana smoke, and 6 mM
CBD competed with [3H]E2 for binding to the ER from rat
uterine cytosol, but 70 mM THC did not. In another study, 10−8

to 10−6 M THC and 10−6 to 10−5 M CBD did not induce the
proliferation of MCF7 cells (Ruh et al., 1997). Recently,
Watanabe et al. (2005) demonstrated that crude marijuana plant
extracts stimulated MCF7 cell proliferation, whereas THC,
CBD, and CBN did not show any significant effects. Therefore,
it is unlikely that physiological estrogenic effects on marijuana
abusers are due to cannabinoids. We concluded that other
complex compounds, rather than cannabinoids, contained in
marijuana could be the cause of the estrogenic effect, which is
related to the ER.

The uterotrophic effects of estrogens include the hyper-
trophic response of uterine epithelial cells (Branham et al.,
1993; Papaconstantinou et al., 2000). Moreover, the changes
in the uterine epithelium are correlated with an increased risk
to promote of the development of endometrial carcinoma
(Diel et al., 2002). However, thus far, few studies have
examined the effects of MSC on the uterine morphology. In
this study, 10 mg/kg MSC, which had the maximal
estrogenic activity in the uterotrophic assay, was shown to
induce the partial hypertrophy and transformation of the
uterine epithelial cells. This result supports the uterine weight
gain induced by MSC.

It is also necessary to analyze, in addition to uterotrophic
assay, the estrogenic effects of MSC in another tissue because
hormonal activity observed in one tissue may not reflect the
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effects elicited in other tissues or the whole organ. Especially,
the liver plays an important role in homeostasis with the
synthesis, activation, and degradation of hormones (Diel et al.,
2002; Geis et al., 2005). The enhanced expression of IGFBP-1
in rat hepatoma cells and liver induced by estrogen and
estrogen-like substances, such as genistein, has been reported
(Diel et al., 1995; McCarty, 2003; Geis et al., 2005). MSC also
stimulated this gene in a dose-dependent manner, even though
the data of the relative uterine weight did not show any clear
dose dependency. IGFBPs are specific binding proteins of
insulin-like growth factors (IGFs), and the IGF axis plays an
important role in the regulation of cell survival, growth,
metabolism, and differentiated function (Kabir-Salmani et al.,
2005). Even though the exact mechanism of the transcriptional
regulation of IGFBP-1 has not been clarified, estrogen
administration is known to reduce IGF-1 levels and increase
IGFBP-1 levels (Campagnoli et al., 2003).

We also found that the organic acid fraction (F2) of MSC
increased the MCF7-BUS cell proliferation more than the other
fractions. In addition, the presence of 2-ethylphenol, 2-
methylphenol, 3-ethylphenol, 3-methylphenol, 4-ethylphenol,
4-methylphenol, and 2,4-dimethylphenol was clearly confirmed
in F2. This is the first study in which the chemicals responsible
for the estrogenicity associated with smoking marijuana have
been identified. In a study of the estrous cycle of rats with 10mg/
kg and 20 mg/kg marijuana resin and smoke condensate,
disturbances in the estrous cycle, a shortening of the estrus, and a
lengthening of the diestrus were observed in both treatments,
and these effects were more significant in the case of MSC. The
authors of this report explained that the difference in intensity
between the resin and smoke condensate was probably due to the
presence of constituents in MSC, which were not found in the
resin (Lares et al., 1981). Phenol, alkyl phenols, and cresols are
well-known components of cigarette smoke condensate
(Kamiya et al., 2005). They are mainly produced by the
pyrolytic reactions of lignin, cellulose, and various phenolic
plant pigments (Nikolic et al., 1997). Especially, 4-methylphe-
nol and 4-ethylphenol were shown to have estrogenic activities
in the yeast two-hybrid assay, where the REC10 values, which
corresponds to the concentration showing 10% activity of 10−7

E2, were 3 × 10−5 M and 3 × 10−4 M, respectively. However,
phenol and 2,4-dimethylphenol did not induce any estrogenic
activity (Nishihara et al., 2000). The authors of this report
suggested that phenolic compounds with a moiety of appropriate
hydrophobicity at the para-position are estrogenic-active.
Therefore, it is inferred that 4-methylphenol and 4-ethylphenol
are the major compounds responsible for the estrogenic activity
of marijuana.

In conclusion, our research clearly confirmed that smoking
marijuana has an ER-mediated estrogenic effect on the
endocrine system, and that this effect is mostly caused not by
the cannabinoid compounds themselves but by the complex
ingredients generated by smoking marijuana. Furthermore, the
in vivo results demonstrated the estrogenic activity of MSC and
strongly supported the in vitro findings. Also, the phenolic
compounds were identified in the organic acid fraction that
showed the strongest estrogenic activity among the MSC
fractions. Therefore, these results suggest that marijuana abuse
is considered an endocrine-disrupting factor, and that the
phenolic compounds are the causative chemicals responsible for
the estrogenic effect of MSC.
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