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ABSTRACT
Tamoxifen, a nonsteroidal antiestrogen, is used widely in the
treatment of breast cancer and is undergoing evaluation as a
chemopreventive agent. In this study, we investigated several
long-term effects of tamoxifen in intact adult female rats fol-
lowing acute treatment at various dosages. The effects of ta-
moxifen on somatic growth, growth hormone (GH) levels, thy-
roid hormone levels, and on hepatic cytochrome P450 (P450)
expression were compared with those of fulvestrant (ICI
182,780), 17�-estradiol-3-benzoate, and 4-hydroxytamoxifen
under the same experimental conditions. Each compound was
injected s.c. for two consecutive days, and rats were killed 37
days after treatment. Tamoxifen decreased body weight and
serum triiodothyronine (T3) levels at dosages ranging from 0.5
to 200 mg/kg. Ovary weight, uterus weight, peak plasma GH
concentration, and hepatic CYP2A1 content were decreased

37 days after treatment with tamoxifen at a dosage of 20
mg/kg, but expression of other P450 enzymes was not af-
fected. However, tamoxifen and 4-hydroxytamoxifen could not
be detected in plasma by high performance liquid chromatog-
raphy analysis at this time, which suggests that the effects of
tamoxifen were mediated indirectly. 4-Hydroxytamoxifen ex-
hibited effects similar to those of tamoxifen, indicating that this
metabolite contributes to the in vivo activity of tamoxifen. Es-
tradiol benzoate decreased CYP2A1 and increased CYP3A
hepatic levels, but had no effect on serum T3 concentration. In
contrast, treatment with ICI 182,780 had little or no effect on the
endpoints measured. In summary, 2-day tamoxifen treatment
of intact adult female rats resulted in persistent suppression of
somatic growth, serum T3 levels, and hepatic CYP2A1 expres-
sion.

Tamoxifen is a triphenylethylene derivative that acts as a
full estrogen agonist, partial agonist, or antagonist depend-
ing on the species and target organ (MacGregor and Jordan,
1998). In human breast tissue, tamoxifen is a competitive
antagonist with a binding affinity for the estrogen receptor
that is approximately 2% of that of 17�-estradiol (Robertson
et al., 1982). Tamoxifen blocks the proliferative stimulation
of the mammary gland by estrogen and has become the
endocrine therapy of choice for all stages of breast cancer in
both premenopausal and postmenopausal women. Recently,

tamoxifen has been proposed for prophylactic use in healthy
women at high risk for breast cancer (Smith et al., 2000).
Like estrogen, tamoxifen helps prevent osteoporosis and spi-
nal fractures in postmenopausal women and lowers serum
cholesterol levels. However, tamoxifen treatment slightly in-
creases the risk of thrombosis and pulmonary embolisms
(MacGregor and Jordan, 1998; Smith et al., 2000), but the
primary concern with long-term tamoxifen use, especially as
a chemopreventive agent, is an increased risk of endometrial
cancer (Fornander et al., 1989). Novel antiestrogens such as
fulvestrant (ICI 182,780) are devoid of estrogen agonist ac-
tivity and may eventually replace tamoxifen for the treat-
ment of breast cancer. ICI 182,780 is a 7�-alkyl analog of
17�-estradiol that binds the estrogen receptor with approxi-
mately the same binding affinity as estradiol and blocks the
uterotropic activity of tamoxifen and estradiol in immature
female rats (Wakeling et al., 1991).
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In rats, chronic tamoxifen administration leads to a dose-
related increase in hepatocellular tumors (Greaves et al.,
1993). The mechanism of this hepatocarcinogenic activity by
tamoxifen is not fully understood but involves metabolic ac-
tivation of tamoxifen to a reactive intermediate that binds
covalently to proteins and DNA (Dehal and Kupfer, 1999).
Hepatic biotransformation of tamoxifen yields tamoxifen N-
oxide, N-desmethyltamoxifen, and 4-hydroxytamoxifen as
major metabolites (Mani et al., 1993). Formation of N-des-
methyltamoxifen and 4-hydroxytamoxifen is catalyzed by the
cytochrome P450 (P450) enzymes including CYP2C, CYP2D,
and CYP3A (Mani et al., 1993; Dehal and Kupfer, 1999), and
experimental evidence suggests that 4-hydroxylation of ta-
moxifen stabilizes the formation of the reactive intermediate
�-hydroxytamoxifen (Potter et al., 1994; Dehal and Kupfer,
1999).

Factors affecting biotransformation pathways of tamoxifen
are relevant to both its diverse pharmacological actions and
its carcinogenic side effects. In rats, tamoxifen induces
CYP2B and CYP3A enzymes, which are involved in its bio-
activation and metabolism (White et al., 1993). In addition to
the reversible induction effect, tamoxifen produces long-last-
ing changes in hepatic levels of other P450 enzymes. Studies
from our laboratory showed that neonatal tamoxifen treat-
ment resulted in altered hepatic P450 expression in adult
rats (Kawai et al., 1999). However, it remains to be deter-
mined whether prolonged alteration of P450 expression pro-
duced by tamoxifen is restricted to developmental exposure
in animals with undeveloped gonads or whether it represents
a general effect that also applies to sexually mature animals.
Another unresolved question is whether tamoxifen or its
active metabolites persist for an extended period after ad-
ministration and exert effects directly or produce hormonal
alterations, which modulate P450 enzyme expression indi-
rectly. Support for a hormonal mechanism stems from re-
ports that tamoxifen suppressed growth hormone (GH) se-
cretion in adult male and female rats for at least 7 weeks
after administration (Tannenbaum et al., 1992), interfered
with thyroid hormone activity (DiPippo and Powers, 1997;
Fitts et al., 1998), and enhanced modulation by exogenous
androgen of selected P450 enzymes in adult female rats
(Chang et al., 1996). Chronic tamoxifen treatment affects
endocrine-mediated responses such as somatic growth, uter-
ine weight, and reproductive success that are dependent on
gonadal, pituitary, and thyroid hormones (Bowman et al.,
1983; MacGregor and Jordan, 1998). In rats, the sexually
dimorphic pattern of GH secretion (Edén, 1979) plays a major
regulatory role in the hepatic expression of P450 enzymes
such as CYP2A1, CYP2C11, and CYP2C12 (Waxman and
Chang, 1995). Therefore, a drug treatment that modifies GH
secretion, or interferes with estrogen or thyroid hormones,
has the potential to permanently alter pathways of hepatic
drug and steroid metabolism.

In the current study, we set out to determine whether
acute tamoxifen treatment of intact adult female rats pro-
duced prolonged changes in hepatic P450 enzyme expression
and whether those changes are accompanied by changes in
circulating GH or thyroid hormone levels or are associated
with measurable serum concentrations of tamoxifen and
4-hydroxytamoxifen. Additional goals were to directly com-
pare the effects of tamoxifen with those of a pure estrogen
antagonist, ICI 182,780, and an estrogen agonist, estradiol

benzoate, and to determine whether 4-hydroxytamoxifen
contributes to the diverse side effects of the parent com-
pound.

Experimental Procedures
Materials. Tamoxifen (free base), 4-hydroxytamoxifen (70% Z-

isomer), and 17�-estradiol-3-benzoate were purchased from Sigma-
Aldrich (St. Louis, MO). ICI 182,780 was obtained from Tocris Cook-
son (Ballwin, MO). Other reagents were obtained from sources
reported previously (Wong and Bandiera, 1996).

Animals. Adult female Long-Evans rats weighing 175 to 225 g
(7–10 weeks of age) were purchased from Charles River Canada
(Montreal, QC, Canada). Upon arrival, rats were housed in pairs on
corncob bedding in polycarbonate cages with free access to water and
Rodent Laboratory Diet 5001 (PMI Feeds Inc., Richmond, IN). Ani-
mal quarters were maintained at a temperature of 20–23°C with a
12-h photoperiod. Rats were cared for in accordance with the prin-
ciples and guidelines of the Canadian Council on Animal Care.

Animal Treatment and Collection of Blood and Tissue Sam-
ples. Two acute exposure studies were conducted using a 2-day
treatment protocol, which was shown previously to inhibit 7,12-
dimethylbenz(a)anthracene-induced tumor growth for more than 4
months after administration (Jordan, 1976). For the dose-response
study, rats were divided into seven treatment groups with six ani-
mals in each group. After a 3-day acclimation period, rats were
injected s.c. with tamoxifen in peanut oil at dosages of 0.5, 5, 20, 100,
or 200 mg/kg on two consecutive days. A control group received
peanut oil alone at 2 ml/kg. Rats were weighed on each day of
treatment and at 11, 21, 31, and 37 days after the start of treatment.
Blood samples for the GH assay were collected every 20 min for 8 h
(starting at 9:00 AM) on day 34 from three control rats and three rats
treated with tamoxifen at dosages of 20 or 200 mg/kg. Blood (250 �l)
was drawn from the tip of the tail into heparin-coated glass capillary
tubes (Natelson Blood Collecting Tubes; Fisher Scientific, Vancou-
ver, BC, Canada) and placed on ice. Trunk blood was collected after
decapitation of rats at 37 days after the start of treatment, placed on
ice, and allowed to clot. Serum and plasma were separated by cen-
trifugation at 13,000g for 15 min at 4°C and stored immediately at
�75°C until analysis. Rat livers were excised immediately and he-
patic microsomes were prepared as described below. In a separate
experiment, three intact adult female rats were injected subcutane-
ously with tamoxifen in peanut oil at 50 mg/kg on two consecutive
days, and blood samples for HPLC analysis of tamoxifen and 4-hy-
droxytamoxifen were collected every 12 days after treatment. Blood
(1 ml) was drawn from the tip of the tail into heparin-coated glass
capillary tubes, and plasma was separated and stored as described
above.

In a second study, rats were divided into six treatment groups
with eight animals in each group. After a 3-day acclimation period,
rats were injected subcutaneously on two consecutive days with
tamoxifen (20 mg/kg), 4-hydroxytamoxifen (20 mg/kg), ICI 182,780
(10 mg/kg), 17�-estradiol-3-benzoate (1 mg/kg), or tamoxifen (20
mg/kg) and 17�-estradiol-3-benzoate (1 mg/kg) given as two separate
injections. The dosage of tamoxifen and 4-hydroxytamoxifen selected
was based on the results of the dose-response experiment. Smaller
dosages were chosen for estradiol benzoate and ICI 182,780 because
these compounds have a greater binding affinity for the estrogen
receptor (Robertson et al., 1982; Wakeling et al., 1991; MacGregor
and Jordan, 1998). Similar dosages were shown previously to main-
tain (in the case of estradiol benzoate) or alter (in the case of ICI
182,780) uterine weight and other estrogen responses in ovariecto-
mized (ICI 182,780) or intact rats (estradiol benzoate) (Wakeling et
al., 1991; Bandiera and Dworschak, 1992). Tamoxifen and estradiol
benzoate were dissolved in peanut oil, ICI 182,780 was dissolved in
propylene glycol, and 4-hydroxytamoxifen was injected as a suspen-
sion in peanut oil. Control rats received peanut oil or propylene
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glycol alone at 2 ml/kg. Food intake was measured every 5 days. Four
rats from each treatment group were killed by decapitation at 17
days, and the remaining four animals were killed at 37 days after the
start of treatment. Trunk blood was collected, placed on ice, and
allowed to clot. Serum was prepared and stored as described above.
Liver, uterus, and ovaries were excised after decapitation from each
animal, blotted dry, and weighed, and hepatic microsomes were
prepared immediately.

Preparation of Hepatic Microsomes and Microsomal As-
says. Hepatic microsomes were prepared from individual rats by
differential ultracentrifugation. The final microsomal pellet was sus-
pended in 0.25 M sucrose, and aliquots of the suspension were stored
at �75°C. Total P450 concentration was determined from the sodium
dithionite-reduced carbon monoxide difference spectrum using a mo-
lar extinction coefficient of 91 cm�1 � mM�1, as described previously
(Wong and Bandiera, 1996). Microsomal protein concentration and
microsomal testosterone hydroxylase activities were determined as
reported previously (Anderson et al., 1998).

Preparation of P450 Proteins and Antibodies. Purified rat
CYP2A1, CYP2B1, and CYP3A1 were included as calibration stan-
dards in the immunoblot assays. Rat CYP2A1 was provided by Dr. A.
Parkinson (University of Kansas Medical Center, Kansas City, KS).
Rat CYP2B1 and CYP3A1 were purified as reported previously
(Wong and Bandiera, 1996; Anderson et al., 1998). Sheep anti-rat
CYP2A1 polyclonal IgG was donated by Dr. P. E. Thomas (The State
University of New Jersey-Rutgers, Piscataway, NJ). Rabbit anti-rat
CYP2B1 polyclonal IgG and rabbit anti-rat CYP3A1 polyclonal IgG
were prepared as reported previously (Wong and Bandiera, 1996;
Anderson et al., 1998). The antibodies reacted with the following
P450 enzymes, but not with other P450 proteins. Sheep anti-
CYP2A1 IgG reacted primarily with CYP2A1 but also recognized
CYP2A2. Rabbit anti-CYP2B1 IgG reacted equally with rat CYP2B1
and CYP2B2, and recognized a third noninducible member of the
CYP2B subfamily. Individual CYP2A and CYP2B proteins can be
resolved by SDS-PAGE and were quantified separately. Rabbit anti-

CYP3A1 IgG was back-absorbed as reported (Anderson et al., 1998)
and reacted predominantly with CYP3A1. It also recognized CYP3A2
and may react with other CYP3A enzymes that cannot be resolved
from CYP3A1 by SDS-PAGE.

SDS-PAGE and Immunoblot Assay. SDS-PAGE was performed
as reported previously (Wong and Bandiera, 1996). Proteins resolved
by SDS-PAGE were transferred electrophoretically onto nitrocellu-
lose membranes. Membranes were incubated for 2 h at 37°C with
sheep anti-CYP2A1 IgG at 10 �g of IgG/ml, rabbit anti-CYP2B1 IgG
at 2 �g of IgG/ml, or rabbit anti-CYP3A1 IgG at 50 �g of IgG/ml.
Membranes were then washed and incubated for 2 h at 37°C with
alkaline phosphatase-linked rabbit F(ab�)2 anti-sheep IgG (Kirkeg-
aard and Perry Laboratories, Inc., Gaithersburg, MD) at a dilution of
1:1000, or with alkaline phosphatase-linked goat F(ab�)2 anti-rabbit
IgG (Tago BioSource International, Camarillo, CA) at a dilution of
1:3000. Assay conditions were optimized to ensure that color devel-
opment did not proceed beyond the linear response range of the
phosphatase reaction. Staining intensities of protein bands were
determined using a pdi 420oe densitometer equipped with an AGFA
Arcus II scanner and the pdi Quantity One 3.0 software (pdi Inc.,
Huntington Station, NY). The amount of immunoreactive protein
was determined from the ratio of the integrated intensity of the
stained band to that of the internal standard. Values of integrated
intensity were converted into picomoles by means of calibration
curves prepared with purified rat P450 standards. The CYP3A pro-
tein level is expressed as the optical density (OD � mm2) of the
stained band relative to the optical density of an internal standard
because CYP3A1 was the only purified CYP3A enzyme available for
use as a calibration standard, and anti-CYP3A1 IgG may react with
other CYP3A.

Growth Hormone and Thyroid Hormone Assays. Plasma GH
concentration was measured with an enzyme immunoassay kit con-
taining rat GH-biotin conjugate, goat anti-rat GH serum, and donkey
anti-goat IgG-coated microtiter plates (Amersham Biosciences, Baie
d’Urfé, QC, Canada). Assays were performed as described by the
manufacturer. Absorbance was measured at 450 nm with a spectro-
photometric microplate reader (model EL 309; Bio-Tek Instruments,
Winooski, VT). GH plasma concentrations were derived from GH
standards included on each plate. The limit of detection of the assay
was reported by the manufacturer to be approximately 2 ng/ml and
the cross-reactivity of the goat anti-GH IgG to be less than 0.3% for
rat thyroid-stimulating hormone, luteinizing hormone, prolactin, fol-
licle-stimulating hormone, and adrenocorticotropic hormone.

Total serum 3,3�,5-triiodothyronine (T3) concentrations were mea-
sured with a solid phase 125I radioimmunoassay kit containing rab-
bit anti-T3 polyclonal IgG-coated test tubes and a radioactive T3
tracer solution (ICN Biomedicals, Costa Mesa, CA). The limit of
detection of the assay was reported by the manufacturer to be ap-
proximately 0.7 ng/ml (1 pmol/ml). The cross-reactivity of the rabbit
anti-T3 IgG was reported to be less than 0.18% for L-thyroxine,
0.44% for 3,5-diiodothyronine, and 0.01% for 3,5-diiodothyronine and
3,3�,5�-triiodothyronine. Total serum L-thyroxine (T4) concentrations
were measured with a solid phase 125I radioimmunoassay kit con-
taining mouse anti-T4 monoclonal IgG-coated test tubes and a ra-
dioactive T4 tracer solution (ICN Biomedicals). The limit of detection
of the assay was reported by the manufacturer to be approximately
8 ng/ml (10 pmol/ml). The cross-reactivity of the mouse anti-T4
monoclonal IgG was reported to be less than 31% for D-thyroxine, 1%
for T3, 0.002% for 3,5-diiodo-L-thyronine, 3,5-diiodo-L-thyrosine, and
3-iodo-L-thyrosine.

HPLC Analysis of Tamoxifen and 4-Hydroxytamoxifen. The
HPLC assay for tamoxifen and 4-hydroxytamoxifen was derived
from published methods (MacCallum et al., 1996) with clomifene as
the internal standard. Tamoxifen and 4-hydroxytamoxifen were ex-
tracted twice from 250 �l of plasma with 3 ml of n-butanol/hexane
(2:98, v/v). The solvent was evaporated and the residue was recon-
stituted in 200 �l of methanol and filtered into autosampler vials.
Tamoxifen, 4-hydroxytamoxifen, and clomifene were separated at

Fig. 1. Body weights of intact adult female rats following treatment with
tamoxifen. Rats were injected once daily for two consecutive days with
peanut oil (F) or tamoxifen at dosages of 0.5 (E), 5 (�), 20 (ƒ), 100 (f), or
200 mg/kg (�). Body weights are presented as the mean � S.E.M. of six
rats per treatment group. Mean body weights of rats treated with tamox-
ifen at all dosages were significantly different (p � 0.05) from those of
vehicle-treated rats from 11 to 37 days after the start of treatment.
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40°C on a Supelco LC-18 (3 �m, 15 cm � 4.6 mm i.d.) reverse phase
column (Supelco, Bellefonte, PA). The column was eluted at flow rate
of 0.75 ml/min with an isocratic mobile phase consisting of methanol/
water/triethylamine (80:19.9:0.1, v/v) and monitored at 243 nm. Ta-
moxifen and 4-hydroxytamoxifen peaks were identified by compari-
son of their retention times with those of authentic standards.
Tamoxifen and 4-hydroxytamoxifen were quantified from calibration
curves of the ratio of peak area of the authentic standard to that of
the internal standard plotted against the concentration of the au-
thentic standard. The limit of detection of the assay was approxi-
mately 0.2 nmol/ml for tamoxifen and 0.02 nmol/ml for 4-hydroxyta-
moxifen.

Statistical Analysis. Differences between the mean value of the
peanut oil control group and multiple treatment groups were tested
by one-way analysis of variance, followed by the Student-Newman-
Keuls test. Differences between the mean value of the propylene
glycol control group and the ICI 182,780 treatment group were
analyzed by Student’s t test. Mean differences with p � 0.05 were
considered to be statistically significant.

Results
Dose-Response Study. To evaluate the long-term effects

of tamoxifen in intact adult rats, we initially conducted a
dose-response study using a treatment regimen that was
associated with prolonged antineoplastic activity (Jordan,
1976) and altered GH secretion (Tannenbaum et al., 1992).

Body Weights. Tamoxifen administered once daily for two
consecutive days at dosages ranging from 0.5 to 200 mg/kg
per day had a pronounced and long-lasting effect on body
weight in intact adult female rats. Mean body weights of
tamoxifen-treated rats were consistently less than those of
vehicle-treated rats from 11 to 37 days after the start of
treatment, and final body weights of tamoxifen-treated rats
were 12 to 22% less than those of vehicle-treated rats (Fig. 1).
The effect was not dosage-dependent within the investigated
range and corresponded to an initial loss in body weight
during the treatment period followed by attenuated weight
gain, which persisted for more than 4 weeks after the start of
treatment. Liver weight was not affected following treatment
with tamoxifen (data not shown).

Hepatic Microsomal P450 Activities and Content. Ex-
posure to tamoxifen at critical early stages of development
was shown previously to produce altered hepatic P450 en-
zyme expression in adult rats (Chang et al., 1996; Kawai et
al., 1999). In the present study, we measured the effect of
several dosages of tamoxifen on individual hepatic microso-
mal P450 enzyme levels and several P450-mediated testos-
terone hydroxylase activities, which serve as catalytic mark-
ers of individual P450 enzymes. Testosterone 7�-hydroxylase

activity is an enzyme-selective marker for CYP2A1, testos-
terone 2�- and 6�-hydroxylase activities serve as catalytic
indicators of CYP3A, and testosterone 16�-hydroxylase ac-
tivity is a marker for CYP2B enzymes (Waxman and Chang,
1995). The total P450 content was not significantly different
between dosage groups. Following tamoxifen treatment at
dosages of 20 mg/kg or greater, testosterone 7�-hydroxylase
activity, the major testosterone-metabolizing activity in fe-
male rat liver, was decreased by approximately 40% relative
to the control group, indicating reduced hepatic CYP2A1
expression (Table 1). Testosterone 2�-, 6�-, 16�-, and 16�-
hydroxylase activities, and the rate of formation of andro-
stenedione were unaffected by tamoxifen at all dosages in-
vestigated, suggesting that tamoxifen had no effect on
hepatic expression of CYP2B, CYP2C, and CYP3A enzymes.

Determination of hepatic CYP2A1, CYP2B, and CYP3A
protein levels by immunoblot analysis with specific antibod-
ies and densitometric quantification confirmed that CYP2A1
levels were approximately 35% lower in rats treated with
tamoxifen at dosages of 20 mg/kg or greater, relative to
control values (Fig. 2). In contrast, administration of tamox-
ifen had no effect on CYP3A (Fig. 2) or CYP2B levels (data
not shown).

GH and Thyroid Hormone Levels. Tannenbaum et al.
(1992) had reported that GH secretion was suppressed to
baseline levels in adult female rats for up to 7 weeks after
administration of tamoxifen for 2 days at a dosage of 5
mg/rat. To determine whether a similar effect of tamoxifen
might explain the attenuation in weight gain and suppres-
sion of hepatic CYP2A1 expression observed in the present
study, GH concentrations were determined in three vehicle-
treated rats and three rats treated with tamoxifen at dosages
of 20 or 200 mg/kg. Blood samples were collected every 20
min over an 8-h period, 3 days before rats were killed. Indi-
vidual representative 8-h plasma GH profiles of a control and
a tamoxifen-treated rat (20 mg/kg) are presented in Fig. 3.
The plasma GH profiles of rats treated with vehicle or ta-
moxifen at dosages of 20 or 200 mg/kg were similar and
typical of adult female rats (Edén, 1979). The plasma profile
was characterized by frequent low amplitude pulses sepa-
rated by trough levels of not less than 20 ng/ml. Average and
nadir GH levels were not affected by administration of ta-
moxifen at dosages of 20 or 200 mg/kg, but the peak GH level
of the 20 mg/kg treatment group was lower by approximately
40% relative to the control group. However, the peak GH
level was not changed significantly in rats treated at a dosage
of 200 mg/kg. There was no obvious correlation between

TABLE 1
Effect of tamoxifen on hepatic microsomal testosterone hydroxylase activities
Rats were injected once daily for two consecutive days with peanut oil or tamoxifen at the dosages indicated. Rats were killed and hepatic microsomes were prepared 37 days
after the start of treatment. Enzyme activities are expressed as mean � S.E.M. of six rats per treatment group, except for the 100 mg/kg dosage group where n � 5.

Dosage Total P450 Content
Testosterone Metabolite

2� 6� 7� 16� 16� Androstenedione

mg/kg nmol/mg pmol formed/min/nmol total P450

0 0.91 � 0.03 51 � 13 294 � 50 1570 � 175 121 � 16 65 � 7 389 � 56
0.5 0.95 � 0.05 62 � 15 316 � 37 1360 � 44 124 � 7 67 � 6 372 � 45
5 1.02 � 0.02 54 � 11 331 � 59 1270 � 189 129 � 25 65 � 11 359 � 68
20 0.94 � 0.02 42 � 5 356 � 37 934 � 116* 140 � 12 80 � 8 479 � 57
100 0.82 � 0.03 43 � 4 407 � 27 938 � 75* 145 � 15 98 � 15 515 � 91
200 0.81 � 0.03 39 � 6 350 � 29 907 � 88* 112 � 11 73 � 9 429 � 71

* Significantly different from the vehicle-treated group (p � 0.05).

Effect of Tamoxifen on P450 Enzymes and Serum T3 Levels 587



changes in weight gain or hepatic CYP2A1 levels and dimi-
nution of GH secretion by tamoxifen.

To determine whether the attenuated weight gain of ta-
moxifen-treated rats could be attributed to persistent
changes in serum levels of thyroid hormones, T3 and T4
serum levels were measured 37 days after the start of treat-
ment. Mean serum T3 concentrations of rats treated with
tamoxifen at all dosages, except 20 mg/kg, were decreased by

28 to 46% relative to control values (Fig. 4A). In contrast,
serum T4 concentrations did not change significantly follow-
ing administration of tamoxifen, except for rats treated at a
dosage of 20 mg/kg (Fig. 4B). The discordant results obtained
for the 20 mg/kg treatment group may be unreliable because
the T3 level was decreased significantly and the T4 level was
not increased significantly in rats treated with tamoxifen at
this dosage in the second phase of the study (Fig. 7).

Plasma Levels of Tamoxifen and 4-Hydroxytamox-
ifen. Tamoxifen and its active metabolite 4-hydroxytamox-
ifen have relatively long biological half-lives in rats of ap-
proximately 10 h and 17 h, respectively (Robinson et al.,
1991). To investigate the possibility that the long-lasting
physiological effects observed after tamoxifen treatment
were caused by tamoxifen or 4-hydroxytamoxifen persisting
in treated animals, plasma from three of the six control rats
and three rats treated with tamoxifen at a dosage of 50 mg/kg
was collected at four time points and analyzed by HPLC.
Tamoxifen was present in rat plasma at a concentration of
0.75 � 0.07 �M at 2 days after the start of treatment, de-

Fig. 2. Hepatic microsomal levels of CYP2A1 and CYP3A in intact adult
female rats following treatment with tamoxifen. Hepatic microsomes
were prepared 37 days after the start of treatment, and CYP2A1 (left
y-axis and solid bars) and CYP3A (right y-axis and open bars) protein
levels were measured by densitometric analysis of immunoblots probed
with polyclonal antibodies against CYP2A1 or CYP3A as described under
Experimental Procedures. Results are presented as the mean � S.E.M. of
six rats per treatment group, except for the 100 mg/kg dosage group
where n � 5. �, significantly different from the vehicle-treated group (p �
0.05).

Fig. 3. Representative 8-h plasma GH concentrations following treat-
ment with peanut oil (F) or tamoxifen at a dosage of 20 mg/kg (E). Intact
adult female rats were treated once daily for two consecutive days and
blood samples (250 �l) were taken every 20 min for 8 h at 34 days after
the start of treatment from three rats per treatment group. Data from one
rat in each treatment group are shown in the figure.

Fig. 4. Serum T3 (A) and T4 (B) levels of intact adult female rats
following treatment with tamoxifen. Serum for T3 and T4 determination
was collected 37 days after the start of treatment. Results are presented
as the mean � S.E.M. of six rats per treatment group. �, significantly
different from the vehicle-treated group (p � 0.05).
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clined to 0.23 � 0.03 �M after 13 days, and was no longer
detectable at 25 or 37 days after the start of treatment (Fig.
5). 4-Hydroxytamoxifen was present in plasma at approxi-
mately 10% of the level of tamoxifen at two days after the
start of treatment. At 13 days after the start of treatment,
4-hydroxytamoxifen was detectable at a concentration of 0.02
�M in plasma of one rat only and was no longer detected in
any of the rats at 25 or 37 days after the start of treatment
(Fig. 5). The results indicate that the effects of tamoxifen on
weight gain, serum T3 concentrations, and hepatic CYP2A1
levels were independent of measurable tamoxifen or 4-hy-
droxytamoxifen plasma concentrations.

Comparison with Estradiol Benzoate, ICI 182,780,
and 4-Hydroxytamoxifen. In the second phase of the
study, the effects of tamoxifen on growth, thyroid hormone
levels, and hepatic P450 expression were compared with
those of estradiol benzoate, an estrogen agonist, and the pure
steroidal antiestrogen, ICI 182,780, to determine whether
the responses were unique to tamoxifen or shared by pure
estrogens or antiestrogens. Coadministration of estradiol
benzoate with tamoxifen was included to determine whether
the effects of tamoxifen could be reversed or enhanced by
estradiol benzoate.

Body Weight and Food Intake. Mean body weights of
rats treated with estradiol benzoate or ICI 182,780 were
essentially the same as those of the respective control groups
for up to 37 days after treatment (Fig. 6). The body weight
profile of rats treated with ICI 182,780 was elevated in com-
parison with the propylene glycol group because the initial

body weight of the ICI 182,780-treated group was greater,
but the overall weight gain of ICI 182,780-treated rats was
the same as that of vehicle-treated rats. Administration of
tamoxifen and 4-hydroxytamoxifen elicited similar effects
and caused an initial loss in body weight followed by reduced
weight gain compared with the control group for 37 days
after the start of treatment. Coadministration of estradiol
benzoate with tamoxifen had a mixed effect. The mean body
weight of rats in this treatment group increased to the same
extent as that of control rats during the initial 2 weeks after
treatment but did not increase thereafter (Fig. 6).

The decreased weight gain of rats treated with tamoxifen,
4-hydroxytamoxifen, or tamoxifen plus estradiol benzoate
was associated with decreased food intake (Table 2). The
mean relative daily food intake of rats treated with tamox-
ifen or 4-hydroxytamoxifen was significantly less than that of
the control group for the first 13 days after the start of
treatment. A similar effect was observed for the first 8 days
after the start of treatment for rats treated with tamoxifen
plus estradiol benzoate and for the first 3 days after the start
of treatment for estradiol benzoate-treated rats. In contrast,
administration of ICI 182,780 had no effect on daily food
intake. There was no apparent difference in food efficiency
(i.e., the ability to convert food consumed into body weight)
between treatment groups. Thus, the effects of tamoxifen,
4-hydroxytamoxifen, or tamoxifen plus estradiol benzoate on
body weight were attributed to the suppression of food in-
take.

Hepatic Microsomal P450 Content. Total P450 content
of hepatic microsomes prepared 37 days after the start of

Fig. 5. Plasma concentrations of tamoxifen (solid bars) and 4-hydroxyta-
moxifen (open bars) at various times after tamoxifen treatment. Intact
adult female rats were injected once daily for two consecutive days with
tamoxifen at a dosage of 50 mg/kg. Plasma concentrations were deter-
mined by HPLC analysis and are presented as the mean � S.E.M. of
three rats per treatment group. At day 12, 4-hydroxytamoxifen was
detected in plasma from one rat only. n.d., peaks corresponding to tamox-
ifen or 4-hydroxytamoxifen could not be detected.

Fig. 6. Body weights of intact adult female rats following treatment with
propylene glycol at 2 ml/kg (E), ICI 182,780 at 10 mg/kg (�), peanut oil at
2 ml/kg (F), estradiol benzoate at 1 mg/kg (f), tamoxifen at 20 mg/kg (ƒ),
tamoxifen at 20 mg/kg plus estradiol benzoate at 1 mg/kg (�), or 4-hy-
droxytamoxifen at 20 mg/kg (�). Body weights are presented as the
mean � S.E.M. of eight rats per treatment group for days 0, 1, 3, 8, and
13 and four rats per treatment group for days 18, 23, 28, 33, and 36,
except for the tamoxifen plus estradiol benzoate treatment group where
n � 9 and n � 5 rats, respectively.
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treatment was not significantly different among treatment
groups. The hepatic CYP2A1 protein level was decreased by
approximately 25% for rats treated with estradiol benzoate
or tamoxifen (Fig. 7). CYP2A1 protein levels were also de-
creased following administration of 4-hydroxytamoxifen, but
the change was not significant. Administration of ICI
182,780 or the combined treatment with tamoxifen and es-
tradiol benzoate had no effect on hepatic CYP2A1 protein
levels. Hepatic CYP3A levels were elevated significantly af-
ter administration of estradiol benzoate or coadministration
of tamoxifen with estradiol benzoate (Fig. 7). Administration
of tamoxifen, 4-hydroxytamoxifen, or ICI 182,780 had no
effect on hepatic CYP3A protein levels. Expression of CYP2B
enzymes was not affected by any of the treatments (data not
shown).

Uterus and Ovary Weights. Uterus and ovary weights
were measured at 17 and 37 days after the start of treatment.
Because changes in body weight can potentially complicate
interpretation of organ weight findings, absolute and relative
organ weights are presented in Table 3. Absolute and relative
uterus weights were decreased by more than 50% at 37 days
after the start of treatment with tamoxifen, 4-hydroxytamox-
ifen, or tamoxifen plus estradiol benzoate, whereas adminis-
tration of estradiol benzoate or ICI 182,780 had no effect.
Absolute ovary weight was decreased by 20 to 40% following
treatment with tamoxifen, 4-hydroxytamoxifen, and tamox-
ifen plus estradiol benzoate. A small decrease in relative
ovary weight was observed following treatment with ICI
182,780. Similar but smaller changes in uterus weight were
noted at 17 days after the start of treatment with tamoxifen
or 4-hydroxytamoxifen. The results demonstrate that the
effect of tamoxifen on uterus and ovary weights is more
severe at the later time point, distinct from that of estradiol
benzoate and ICI 182,780, and could not be prevented or
reversed by coadministration of estradiol benzoate.

Serum T3 and T4 Levels. Serum T3 levels were de-
creased by approximately 25% at 37 days after administra-
tion of tamoxifen at a dosage of 20 mg/kg or coadministration
of tamoxifen plus estradiol benzoate (Fig. 8A). Following

treatment with ICI 182,780, mean serum T3 levels were
increased slightly but significantly relative to the vehicle-
treated group. None of the treatments affected serum T4
levels (Fig. 8B).

TABLE 2
Effect of ICI 182,780, estradiol benzoate, tamoxifen, and 4-hydroxytamoxifen on daily food intake and food efficiency
Rats were injected once daily for two consecutive days with propylene glycol (2 ml/kg), ICI 182,780 (10 mg/kg), peanut oil (2 ml/kg), estradiol benzoate (1 mg/kg), tamoxifen
(20 mg/kg), tamoxifen (20 mg/kg) plus estradiol benzoate (1 mg/kg), or 4-hydroxytamoxifen (20 mg/kg), and killed 37 days after the first injection. Food intake was determined
by measuring the amount of food provided to each cage (two rats per cage) and the amount remaining at the next time point. Daily food intake is presented as the mean �
S.E.M. of eight rats per treatment group for days 1, 3, 8, and 13 after the first injection, and four rats per treatment group for days 17 and 37, except for the tamoxifen plus
estradiol benzoate treatment group where n � 9 and n � 5, respectively. Mean food efficiency � S.E.M., calculated as daily weight gain (grams) divided by daily food intake
(grams), is shown in parentheses. Food intake and food efficiency were also determined for each treatment group on days 23, 28, and 33, but values were not different from
those listed for days 18 and 37 and thus are not included in the table.

Treatment
Daily Food Intake (mg/g body wt) and (Food Efficiency) (g wt gain/g food intake)

Day 1 Day 3 Day 8 Day 13 Day 18 Day 37

Propylene glycol 74.6 � 3.6 83.4 � 0.3 79.3 � 5.8 67.6 � 3.6 67.3 � 0.3 57.2 � 1.3
(0.39 � 0.06) (0.13 � 0.07) (0.09 � 0.05) (0.09 � 0.08) (0.06 � 0.04) (0.11 � 0.09)

ICI 182,780 75.0 � 3.6 81.4 � 3.4 72.1 � 1.7 71.2 � 3.0 73.1 � 10.0 63.5 � 4.2
(0.3 � 0.07) (0.2 � 0.01) (0.03 � 0.03) (0.06 � 0.03) (0.05 � 0.02) (0.04 � 0.01)

Peanut oil 71.8 � 2.5 68.9 � 3.2 71.9 � 2.9 69.6 � 0.7 64.7 � 8.4 58.8 � 4.2
(0.06 � 0.15) (0.16 � 0.02) (0.07 � 0.04) (0.12 � 0.01) (�0.03 � 0.06) (�0.02 � 0.04)

Estradiol benzoate 59.4 � 5.9 53.9 � 1.8* 72.3 � 3.7 72.3 � 1.6 75.4 � 1.7 66.6 � 3.9
(0.08 � 0.13) (�0.13 � 0.07) (0.14 � 0.03) (0.05 � 0.04) (0.08 � 0.01) (0.06 � 0.05)

Tamoxifen 55.3 � 2.2* 40.0 � 6.6* 57.5 � 3.4* 61.1 � 2.8* 62.7 � 3.4 63.4 � 0.5
(0.23 � 0.1) (�0.72 � 0.46) (0.04 � 0.06) (0.05 � 0.06) (0.01 � 0.01) (0.07 � 0.03)

Tamoxifen � Estradiol benzoate 45.0 � 5.4* 47.5 � 7.0* 53.5 � 2.3* 64.1 � 1.6 63.3 � 0.8 61.4 � 8.8
(�0.17 � 0.15) (�0.18 � 0.03) (0.08 � 0.03) (0.08 � 0.01) (0.02 � 0.04) (0.08 � 0.21)

4-Hydroxytamoxifen 54.2 � 3.4* 37.0 � 2.6* 50.4 � 2.4* 61.3 � 2.0* 63.6 � 0.6 56.3 � 0.5
(�0.01 � 0.09) (�0.69 � 0.13) (0.06 � 0.02) (0.02 � 0.02) (0.06 � 0.01) (0.00 � 0.08)

* Significantly different from the vehicle-treated group (p � 0.05).

Fig. 7. Hepatic microsomal levels of CYP2A1 and CYP3A in intact adult
female rats following treatment with propylene glycol (PG), ICI 182,780,
peanut oil (PO), estradiol benzoate (EST), tamoxifen (TAM), tamoxifen
and estradiol benzoate together (TAM�EST), or 4-hydroxytamoxifen
(4OH-TAM). Hepatic microsomes were prepared 37 days after the start of
treatment, and CYP2A1 (left y-axis and solid bars) and CYP3A (right
y-axis and open bars) protein levels were measured by densitometric
analysis of immunoblots probed with polyclonal antibodies against
CYP2A1 or CYP3A as described under Experimental Procedures. Results
are presented as the mean � S.E.M. of four rats per treatment group,
except for the tamoxifen plus estradiol benzoate treatment group where
n � 5. �, significantly different from the vehicle-treated group (p � 0.05).
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Discussion
Previous studies have shown that tamoxifen treatment

during the neonatal period alters adult expression of hepatic
CYP2A1, CYP2C11, and CYP3A9 enzymes in rats (Kawai et
al., 1999), whereas pubertal exposure to tamoxifen enhances
the masculinizing effect of exogenous androgen on CYP2C11
and CYP3A2 in adult female rats (Chang et al., 1996). The
present study establishes that long-lasting selective alter-
ation of hepatic P450 expression is not restricted to develop-
mental exposure but occurs with tamoxifen treatment of
sexually mature animals.

In general, the effects of adult tamoxifen treatment on
P450 enzyme expression were similar to those of neonatal
tamoxifen treatment, but some differences were apparent.
Neonatal administration of tamoxifen decreased CYP2A1-
mediated testosterone 7�-hydroxylase activity, CYP3A-medi-
ated testosterone 6�-hydroxylase activity, and CYP3A9
mRNA expression in adult female rats (Kawai et al., 1999).
In the present study, acute treatment of intact adult female
rats with tamoxifen decreased testosterone 7�-hydroxylase
activity and hepatic CYP2A1 content but had no effect on
testosterone 6�-hydroxylase activity or CYP3A protein lev-
els. As in the earlier study, tamoxifen had no effect on
CYP2B1 or CYP2B2 enzyme expression, indicating that the
direct inductive effect of tamoxifen (White et al., 1993) does
not persist for 5 weeks after treatment, possibly because
circulating and hepatic levels of tamoxifen do not remain
sufficiently high. In fact, the observation that neither tamox-
ifen nor 4-hydroxytamoxifen was detected in rat plasma at 25
and 37 days after the start of treatment implies that the
decrease in CYP2A1 content was mediated indirectly.
CYP2A1 is sexually and developmentally regulated in rats.
The precise hormonal mechanism for the female-predomi-
nant expression of this enzyme is not understood completely,
but the sexually dimorphic pattern of GH secretion appears
to play a major role (Waxman et al., 1989), although estrogen
(Waxman et al., 1989) and thyroid hormones (Yamazoe et al.,
1990; Waxman and Chang, 1995) also influence CYP2A1
regulation. Relatively little is known about the hormonal

regulation of CYP3A9, which is the only rat CYP3A enzyme
identified to date that exhibits female-predominant expres-
sion (Kawai et al., 2000). To test the possibility that a mech-
anism related to the estrogen agonist or antagonist of tamox-
ifen was involved, the effects of tamoxifen were compared
with those of estradiol benzoate and ICI 182,780. Treatment
with estradiol benzoate decreased hepatic CYP2A1 and in-
creased CYP3A expression, whereas ICI 182,780 had no ef-
fect on CYP2A1 or CYP3A protein levels. Moreover, the ef-
fects of tamoxifen were not enhanced or reversed by
coadministration of tamoxifen with estradiol benzoate. Thus,
the results do not support the hypothesis that the suppres-
sive effect of tamoxifen on CYP2A1 expression was estrogen-
mediated.

The sustained reduction in weight gain and food intake
observed in the present study after acute treatment with
tamoxifen or 4-hydroxytamoxifen has not been reported pre-
viously for intact rats. However, the results are consistent
with previous studies in which weight gain and food intake
were suppressed in ovariectomized rats treated with tamox-
ifen by daily injections (Wade and Heller, 1993) or following
a single administration (Bowman et al., 1983). In this re-
spect, tamoxifen would appear to mimic estrogen. The effects
of estrogens on food intake, exercise, and somatic growth of
rats are well known and are mediated by a central action on
the hypothalamus (Tartellin and Gorski, 1971; Wade and
Gray, 1979; Hart, 1990). However, tamoxifen is weakly es-
trogenic, and neither tamoxifen nor 4-hydroxytamoxifen
were detectable in plasma by 25 days after treatment, which
suggests that growth suppression is unlikely to be the result
of estrogenic activity. In the present study, administration of
estradiol benzoate did not alter body weight, although food
intake was temporarily reduced. Similar results have been
reported for estrogen preparations in gonadally intact female
rats (Valette et al., 1980: Bandiera and Dworschak, 1992),
signifying that exogenous estrogens are relatively ineffective
in the presence of endogenous estrogen secretion. Neverthe-
less, suppression of weight gain can occur with prolonged
treatment with exogenous estrogens (Biegel et al., 1998).

TABLE 3
Effect of ICI 182,780, estradiol benzoate, tamoxifen, and 4-hydroxytamoxifen on uterus and ovary weights
Rats were injected once daily for two consecutive days with vehicle or drug, and organ wet weights were measured 17 and 37 days after the first injection. For dosages, see
Table 2. Results are presented as mean � S.E.M. of four rats per treatment group, except for the tamoxifen plus estradiol benzoate treatment group where n � 5 at day 37.
Organ weights expressed as a percentage of body weight are shown in parentheses.

Treatment
Day 17 Day 37

Uterus Weight Ovary Weight Uterus Weight Ovary Weight

g g

Propylene glycol N.D. N.D. 0.43 � 0.01 0.11 � 0.01
(0.15 � 0.006) (0.037 � 0.002)

ICI 182,780 0.28 � 0.04 0.10 � 0.001 0.39 � 0.02 0.09 � 0.01
(0.10 � 0.013) (0.038 � 0.003) (0.13 � 0.005) (0.030 � 0.001)*

Peanut oil 0.36 � 0.05 0.14 � 0.01 0.41 � 0.02 0.10 � 0.01
(0.14 � 0.019) (0.053 � 0.005) (0.15 � 0.009) (0.037 � 0.002)

Estradiol benzoate 0.28 � 0.04 0.12 � 0.01 0.40 � 0.02 0.09 � 0.00
(0.11 � 0.015) (0.048 � 0.003) (0.15 � 0.009) (0.032 � 0.001)

Tamoxifen 0.16 � 0.01* 0.11 � 0.01 0.16 � 0.01* 0.07 � 0.01*
(0.072 � 0.003)* (0.048 � 0.003) (0.070 � 0.003)* (0.030 � 0.002)*

Tamoxifen � Estradiol benzoate 0.25 � 0.04 0.09 � 0.01* 0.17 � 0.01* 0.08 � 0.00*
(0.096 � 0.011) (0.035 � 0.002)* (0.067 � 0.004)* (0.030 � 0.001)*

4-Hydroxytamoxifen 0.16 � 0.01* 0.11 � 0.00 0.16 � 0.01* 0.06 � 0.00*
(0.069 � 0.004)* (0.046 � 0.002) (0.066 � 0.003)* (0.026 � 0.001)*

N.D., not determined.
* Significantly different from the vehicle-treated group (p � 0.05).
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A small change in the GH secretion pattern and a sus-
tained reduction in the serum T3 level accompanied the
reduction in weight gain. The relatively minor effects of ta-
moxifen treatment on plasma GH levels are in contrast with
results of an earlier report in which tamoxifen inhibited GH
secretion in intact female rats for 7 weeks after administra-
tion (Tannenbaum et al., 1992). We have no explanation for
the discrepancy, but other studies have shown that tamox-
ifen either increases or has no effect on serum GH levels
(DiPippo et al., 1995; Borski et al., 1996). The reduction in
serum T3 levels in intact female rats observed in the present
study 5 weeks after tamoxifen treatment represents a novel
finding. The correlation between decreased serum T3 concen-
tration and decreased body weight suggests that the effect of
tamoxifen on weight gain may be T3- rather than GH-medi-
ated. Studies conducted with ovariectomized-hypothyroid

rats indicate that tamoxifen can inhibit the stimulatory ef-
fect of T3 on somatic growth (DiPippo and Powers, 1997; Fitts
et al., 1998). The hormonal interplay between estradiol and
T3 in regulating growth is complex and the mechanism by
which tamoxifen reduces circulating T3 levels is not known.

Tamoxifen has been shown to act as an estrogen agonist or
antagonist in rat uterus depending on the gonadal status of
the animal. Tamoxifen mimics the activity of estrogen and
increases uterine weight in immature and ovariectomized
adult rats (Bowman et al., 1983; Wakeling et al., 1991) but
decreases uterine weight in intact adult rats (Wakeling and
Bowler, 1988). The sustained decrease in uterus weight by
tamoxifen noted in the current study is suggestive of anties-
trogenic activity. Treatment with ICI 182,780 for 14 days has
also been shown to decrease uterine weight in intact adult
rats (Wakeling et al., 1991). The reason for the lack of effect
by ICI 182,780 on uterine weight in our study is not appar-
ent, but a partial explanation may be that the half-life of ICI
182,780 is shorter than that of tamoxifen (10 h) or 4-hy-
droxytamoxifen (17 h) (Robinson et al., 1991). In this case,
the suppressive effect of ICI 182,780 on uterine weight would
have disappeared quickly, whereas the suppressive effect of
tamoxifen would have persisted.

In summary, the present study demonstrates that 2-day
treatment with tamoxifen at dosages as low as 0.5 mg/kg
decreased body weight and serum T3 levels, and at a dosage
of 20 mg/kg decreased peak plasma GH levels, hepatic
CYP2A1 expression, and uterus and ovary weight for more
than 5 weeks in intact adult female rats. The pattern of
effects produced by tamoxifen did not resemble that produced
by ICI 182,780 or estradiol benzoate but was similar to that
of 4-hydroxytamoxifen, suggesting that this metabolite con-
tributes to the activity of tamoxifen in vivo. The sustained
effects of tamoxifen are likely to be mediated indirectly and
cannot be explained by a single mechanism. The suppression
of food intake and body weight caused by tamoxifen exhibits
characteristics of a T3-dependent process. However, the pre-
cise neuroendocrine mechanisms responsible for effects of
tamoxifen on hepatic CYP2A1 expression, T3 levels, and
uterine weight remain to be elucidated.
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