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Abstract
Background. In recent years, aromatase inhibitors have
been used to treat hormone-dependent breast cancer in
postmenopausal women. Although gonadotropin-releasing
hormone (GnRH) agonists inhibit the growth of breast can-
cers by estrogen deprivation, it is not known whether
GnRH agonists have a direct effect on breast cancer cells.
In the present study, we examined the direct effect of a
GnRH agonist (leuprorelin acetate) on aromatase activity
in a human breast cancer cell line, SK-BR-3. We also stud-
ied the synergistic effect of fadrozole (an aromatase inhibi-
tor) and leuprorelin acetate on aromatase activity and cell
proliferation in SK-BR-3 cells.
Methods. Aromatase activity was determined by measuring
[3H] water released upon the conversion of [1â-3H] andros-
tenedione to estrone. Cell proliferation was estimated by
determining the incorporation of 5-bromo-29-deoxyuridine
in cellular DNA (cell proliferation assay system).
Results. Aromatase activity in SK-BR-3 was inhibited by
fadrozole. In addition, SK-BR-3 aromatase activity was in-
hibited by leuprorelin acetate. Stimulation of cell prolifera-
tion by estradiol (10nM) and testosterone (20nM) was
almost completely inhibited by the addition of an estrogen
receptor antagonist, ICI 182780 (10nM), and fadrozole
(1nM). When both these compounds were added, the most
potent inhibition of aromatase activity (fadrozole, 0.1nM;
leuprorelin acetate, 1nM) and cell proliferation (fadrozole,
10nM; leuprorelin acetate, 100nM) was observed.
Conclusions. These results lead us to the conclusion that
combination therapy with an aromatase inhibitor and a

GnRH agonist may provide a new treatment for both pre-
and postmenopausal patients with hormone-dependent
breast cancer.
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Introduction

A number of studies have demonstrated that 30% to 60%
of breast carcinomas have aromatase activity substantially
higher than that in normal breast tissue and surrounding
adipose tissues.1 In postmenopausal women, estrogens
produced from adrenal androgens through an aromatase
enzyme system (which is located in fat, muscle, and other
tissues) play an important role in stimulation of the growth
of estrogen-dependent breast cancer.2 The high concentra-
tions of estradiol found in the breast tumors of postmeno-
pausal women could be the result of enhanced uptake from
plasma or in-situ aromatization of androgens to estrogens.3

As some clinical studies have shown that breast cancers
with high aromatase activity are more sensitive to treatment
with aromatase inhibitors than tumors without aromatase
activity,4,5 aromatase inhibitors have recently been used for
the treatment of hormone-dependent breast cancer in
postmenopausal patients.

Gonadotropin-releasing hormone (GnRH) agonists also
inhibit the growth of hormone-dependent tumors, such as
prostatic and breast cancers. Remission of breast cancer in
premenopausal women after GnRH agonist administration
is apparently mediated by the suppression of gonadotropin
secretion and the resultant decrease in gonadal steroid
hormone secretion.6 Recently, some investigators have re-
ported that GnRH agonist administration, with an estrogen
receptor inhibitor, tamoxifen, is an effective treatment for
breast cancer in postmenopausal women.7 In addition,
Christian et al.8 reported the direct effect of a GnRH ago-
nist and tamoxifen in a breast cancer cell line, MCF-7. Al-
though combination therapy of a GnRH agonist with an
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aromatase inhibitor is clinically effective in breast cancer
patients,9,10 few studies have investigated the effect of the
combination on breast cancer cells in vitro. In the present
study, therefore, we studied the direct effect of a GnRH
agonist, leuprorelin acetate, on aromatase activity and cell
proliferation in the human breast cancer cell line, SK-BR-3,
which is known to have aromatase activity and estrogen and
GnRH receptors.11,12 We also studied the synergistic effect
of a potent aromatase inhibitor, fadrozole, and leuprorelin
acetate. We also studied the effects of estradiol and test-
osterone on the proliferation of SK-BR-3 cells.

Materials and methods

Materials

We obtained [1â-3H] androstenedione (SA, 24.7Ci/mmol),
as a substrate for a [3H] water assay, from New England
Nuclear (Boston, MA, USA). McCoy’s 5A medium and
fetal bovine serum (FBS) were purchased from Gibco BRL
(Bethesda, MD, USA). A cell proliferation assay system
(5-bromo-2-deoxyuridine – enzyme-linked immunosor-
bent assay; BrdU-ELISA) was obtained from Boehringer
Mannheim (Mannheim, Germany). Fadrozole was pro-
vided by Novartis Pharmaceuticals (Basel, Switzerland).
The GnRH agonist, leuprorelin acetate, was kindly pro-
vided by Takeda Chemical Industries (Tokyo, Japan). A
competitive estrogen receptor antagonist, ICI 182780, was
kindly provided by Zeneca Pharmaceuticals (Macclesfield,
England). All other steroids and chemicals were purchased
from Sigma (St. Louis, MO, USA).

Cell culture

The human breast adenocarcinoma cell line, SK-BR-3, was
obtained from the American Type Culture Collection
(Rockville, MD, USA). SK-BR-3 was cultured in McCoy’s
5A medium supplemented with penicillin G (40U/ml),
streptomycin (40 µg/ml), and FBS (10%). Cell culture was
maintained at 37°C in humidified 5% CO2-95% air. The
medium was changed twice a week. When SK-BR-3 cells
reached 80% confluence, the medium was changed to FBS-
free medium and the cells were cultured for an additional
48h.

Aromatase activity

Aromatase activity was measured by the [3H] water
method.13 The medium was changed and cells were incu-
bated with [1â-3H] androstenedione (20nM; 24.7 Ci/mmol)
for an additional 4h. In some dishes, the aromatase
inhibitor, fadrozole, was added simultaneously. When
the effect of leuprorelin acetate was determined, cells
were pre-incubated with leuprorelin acetate for 48h.14

The reaction was terminated by the addition of 0.5ml
trichloroacetic acid (10%). The medium was transferred

to a test tube containing 1.5 ml charcoal suspension
(30%) to remove residual steroids, and the mixture was
incubated at 37°C in water for 30min. The mixture was
centrifuged (3000 g) for 10min and the supernatant
was filtered. The radioactivity of [3H] water was measured
with a scintilation counter (Aloka LSC-651; Aloka, Tokyo,
Japan).

Cell proliferation

Cell proliferation was measured with the BrdU assay sys-
tem according to the instruction protocol. SK-BR-3 cells, at
a density of 5 3 103 cells/well, were dispersed in 96-well
culture plates and pre-incubated with FBS-free medium for
48h. In some dishes, leuprorelin acetate was added. After
48h, cells were cultured with various concentrations of test
substances (fadrozole, ICI 182780, estradiol, or testoster-
one) for 24h. BrdU labeling solution was added and the
cells were incubated for an additional 18h. Absorbance was
measured with the ELISA reader at 450 nm (reference
wavelength, 690 nm).

Statistical analysis

Comparisons between groups were made with the Mann-
Whitney U-test. Differences were accepted as being signifi-
cant at P , 0.05.

Results

Effect of fadrozole and leuprorelin acetate on aromatase
activity in SK-BR-3

SK-BR-3 cells produced [3H] water from [1â-3H] andros-
tenedione during the course of the incubation. The [3H]
water release was linear with time for up to 6h. Thus, in
further incubation, the incubation time was set at 4h. The
value for [3H] water radioactivity of the blank incubation
without cells was subtracted from the value for each sample.
The aromatase activity of the SK-BR-3 cells was calculated
as 0.1 pmol/h per 106 cells.

Aromatase activity was significantly inhibited (P , 0.01)
by the addition of fadrozole, in a concentration-dependent
manner, with an IC50 value of 0.3nM (Fig. 1A). The admin-
istration of 0.1nM fadrozole inhibited aromatase activity to
approximately 60% of the control value, and 1nM and
10nM fadrozole inhibited aromatase activity to 20% and
3% of the control value, respectively. The addition of 1pM
leuprorelin acetate inhibited aromatase activity to ap-
proximately 80% of the control value, and 1nM and 1µM
leuprorelin acetate inhibited aromatase activity to 70% and
40% of the control value respectively (Fig. 1B). When both
fadrozole (0.1nM) and leuprorelin acetate (1nM) were ad-
ministered, the aromatase activity was almost completely
inhibited (Fig. 2).
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Effect of sex steroids, fadrozole, and leuprorelin acetate
on cell proliferation in SK-BR-3

The administration of estradiol at concentrations of 0.1 to
10nM stimulated cell proliferation significantly (P , 0.05),

in a dose-dependent manner (Fig. 3A). When ICI 182780
(10nM) was simultaneously added to the medium, the
stimulatory effect of estradiol (10nM) was almost com-
pletely inhibited. Testosterone (20nM) also significantly (P
, 0.05) stimulated cell proliferation, and the stimulatory
effect was similar to that of 0.1nM estradiol (Fig. 3B). The
proliferation stimulated by testosterone (20nM) was almost
completely inhibited by fadrozole (1nM) and by ICI 182780
(10nM). As shown in Fig. 4, when 10nM fadrozole and

Fig. 1. A Inhibitory effect of fadrozole on aromatase activity in the
human breast cancer cell line SK-BR-3. Aromatase activity is ex-
pressed as a percentage of the control (cont.) activity. Results are
expressed as the mean 6 SD values from four determinations in two
independent experiments. **P , 0.01; the effect of fadrozole is
significantly different from the value in the absence of fadrozole. B
Inhibitory effect of leuprorelin acetate on aromatase activity in SK-
BR-3. Aromatase activity is expressed as a percentage of the control
activity. Control was not added to leuprorelin acetate. Results are
expressed as mean 6 SD values from four determinations in two inde-
pendent experiments. *P , 0.05; **P , 0.01, the effect of leuprorelin
acetate is significantly different from the value in the absence of
leuprorelin acetate

Fig. 2. Effect of the combination of fadrozole and leuprorelin acetate
on aromatase activity in SK-BR-3. Aromatase activity is expressed as a
percentage of the control activity. Results are expressed as mean 6 SD
values from four determinations in two independent experiments. *P
, 0.05; **P , 0.01, the effect of fadrozole and leuprorelin acetate is
significantly different from the value in the absence of fadrozole and
leuprorelin acetate

Fig. 3A,B. Effect of steroids, fadrozole, and the competitive estrogen
receptor antagonist, ICI 182780, on cell proliferation in SK-BR-3. Cell
proliferation is expressed as a percentage of the control count. Results
are expressed as mean 6 SD values from five determinations. a, P ,
0.01 vs control; b, P , 0.01 vs estradiol (E2; 10nm); c P , 0.05 vs
testosterone (test; 20 nm)

Fig. 4. Effect of the combination of fadrozole and leuprorelin acetate
on cell proliferation in SK-BR-3. Cell proliferation is expressed as a
percentage of the control count. Results are expressed as mean 6 SD
values from five determinations. *P , 0.05; **P , 0.01, the effect of
fadrozole and leuprorelin acetate is different from the value in the
absence of fadrozole and leuprorelin acetate
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100nM leuprorelin acetate were added to SK-BR-3 cells,
the cell proliferation was significantly inhibited (P , 0.01),
to about 70% of the control value.

Discussion

The present study demonstrated the in-vitro synergistic
effect of an aromatase inhibitor, fadrozole, and a GnRH
agonist, leuprorelin acetate, on the cell proliferation of SK-
BR-3. Both clinical and endocrinological studies have inves-
tigated treatment with GnRH agonists in premenopausal
breast cancer patients and treatment with aromatase inhibi-
tors in postmenopausal breast cancer patients. The study
group of Coombes et al.9,10 demonstrated that the combina-
tion of a GnRH agonist and an aromatase inhibitor given to
premenopausal women caused greater estrogen suppres-
sion than the GnRH agonist alone, and led to an objective
clinical response in four of six patients with breast cancer
after the disease relapsed following treatment with a GnRH
agonist as a single agent. So far, to our knowledge, the
effects of a combination of an aromatase inhibitor and a
GnRH agonist on cell proliferation in breast cancer cells
have not been reported. Therefore, in the present study, we
determined the effects of fadrozole and leuprorelin acetate
on aromatase activity and cell proliferation in a human
breast cancer cell line.

The human breast cancer cell line SK-BR-3 is known to
have aromatase activity and estrogen and GnRH recep-
tors.11,12 In a preliminary study, we observed the immunohis-
tochemical expression of aromatase in the cytoplasm of
SK-BR-3 cells (data not shown). Therefore, we used
SK-BR-3 for this present study. Fadrozole significantly
(P , 0.01) inhibited aromatase activity in SK-BR-3 in a
concentration-dependent manner, with an IC50 of 0.3nM.
Leuprorelin acetate also significantly (P , 0.01) inhibited
aromatase activity in SK-BR-3; to our knowledge, this is the
first demonstration that leuprorelin had such an inhibitory
effect on aromatase activity in a human breast cancer cell
line. When 3.75mg of leuprorelin acetate was administered
subcutaneously, to premenopausal breast cancer women,
the serum concentration was found to be approximately 0.5
to 1nM.14 In the present study, it is interesting to note that
1nM leuprorelin acetate significantly inhibited aromatase
activity, to about 70% of the control value. Maeda et al.15

reported that a GnRH agonist, buserelin, at concentrations
of 0.01 to 1nM, stimulated aromatase activity in cultured
human granulosa cells, while at concentrations of 10 to
100nM, buserelin suppressed this activity. The difference
between their results and ours may reflect the different
reagents and cells used. In the present study, fadrozole
(0.1nM) and leuprorelin acetate (1 nM) in SK-BR-3 cells
completely inhibited aromatase activity. The inhibitory
mechanism of leuprorelin acetate on aromatase activity in
SK-BR-3 is still unclear; therefore, further study is neces-
sary to elucidate this question.

Estradiol, at concentrations of 0.1 to 10nM, showed a
stimulatory effect on cell proliferation, in a dose-dependent

manner. The addition of 20 nM testosterone to SK-BR-3
cells stimulated cell proliferation, and the stimulatory effect
was similar to that of 0.1nM of estradiol. The cell prolifera-
tion stimulated by testosterone (20nM) was almost com-
pletely inhibited by fadrozole (1nM) and ICI 182780
(10 nM). Yano et al.16 demonstrated that testosterone-
induced cell growth in MCF-7 breast cancer cells was
inhibited by fadrozole, but was not inhibited by an antian-
drogenic agent. Brian et al.17 reported that ICI 182780
significantly inhibited the growth of MCF-7 cells. They
speculated that the growth inhibition appeared to be caused
by the antiestrogenic activity of ICI 182780. Yue et al.17

reported when ovariectomized nude mice were inoculated
with MCF-7 cells transfected with the human placental
aromatase gene, the tumor growth was stimulated by the
administration of androstenedione. However, when the
ovariectomized mice with MCF-7 tumors were treated
with the aromatase inhibitors 4-hydroxyandrostenedione or
fadrozole, or with the antiestrogen tamoxifen, tumor
growth was significantly inhibited. From our data, together
with those of previous reports, we assume that androgen
was converted into estrogen by intracellular aromatase and
stimulated the cell proliferation through estrogen receptors.

When fadrozole (10nM) and leuprorelin acetate
(100nM) were added to SK-BR-3 cells, their cell prolifera-
tion was significantly inhibited. Thus, it is speculated that
the inhibition of SK-BR-3 cell proliferation by fadrozole
and leuprorelin acetate may be the result of the inhibition
of aromatase activity. Concentrations of 0.1nM fadrozole
and 1nM leuprorelin acetate showed complete inhibition of
aromatase activity, while these concentrations did not affect
cell proliferation (data not shown). When we measured cell
proliferation, we did not add androgen as an aromatase
substrate; therefore, the discrepancy in the doses of the
agents fad rozole and leuprorelin may be due to a limitation
of intrinsic cellular substrates for aromatase.

The remission of breast tumor growth in premenopausal
women treated with aromatase inhibitors and GnRH
agonists suggested that these peptides may have a direct
effect on breast cancer cells.9,10 Yue et al.18 reported the
first direct evidence that the in-situ synthesis of estrogen
in breast tumors, rather than peripheral aromatization
and uptake from plasma, can enhance tissue estrogen levels
and stimulate tumor growth; GnRH agonists may exert
their antitumor activity not only through chemical castra-
tion but also by acting directly on tumor cells. Our results
lead us to the conclusion that combination therapy with an
aromatase inhibitor and a GnRH agonist may provide a
new treatment not only for premenopausal but also for
postmenopausal women with hormone-dependent breast
cancer.

References

1. Kitawaki J, Fukuoka M, Yamamoto T, et al. (1992) Contribution of
aromatase to the deoxyribonucleic acid synthesis of MCF-7 human
breast cancer cells and its suppression by aromatase inhibitors. J
Steroid Biochem Mol Biol 42:267–277



187

2. Grodin JM, Siiteri PK, MacDonald PC (1973) Souce of estrogen
production in postmenopausal women. J Clin Edocrinol Metab
36:207–214

3. Yue W, Zhou D, Chen S, et al. (1994) A new nude mouse for
postmenopausal breast cancer using MCF-7 cells transfected with
human aromatase gene. Cancer Res 54:5092–5095

4. Bezwoda WR, Mansoor N, Dansey R (1987) Correlation of breast
tumor aromatase activity and response to aromatase inhibition
with aminoglutethimide. Oncology 44:345–349

5. Miller WR, O’Neill J (1987) The importance of local synthesis of
estrogen within the breast. Steroids 50:537–548

6. Nicholson RI, Walker KJ, Turkes A, et al. (1984) Therapeutic
significance and the mechanism of action of the LH-RH agonist
ICI 118630 in breast and prostate cancer. J Steroid Biochem 20:
129–135

7. Iino Y, Takei H, Morishita Y (1995) Adjuvant endocrine therapy
for breast cancer (in Japanese). Jpn J Cancer Chemother 22(Suppl
I):81–87

8. Christian N, Evelyne C, Magali RD, et al. (1991) Distinct effects
of gonadotropin-releasing hormone analogs and 4-hydroxy-
tamoxifen on pS2 mRNA expression with respect to cell pro-
liferation in MCF-7 breast cancer cells. Anticancer Res 11:411–
416

9. Dowsett M, Stein RC, Coombes RC (1992) Aromatization inhibi-
tion alone or in combination with GnRH agonists for the treatment
of premenopauasal breast cancer patients. J Steroid Biochem Mol
Biol 43:155–159

10. Stein RC, Dowsett M, Hedley A, et al. (1990) The clinical and
endocrine effects of 4-hydroxyandrostenedione alone and in com-

bination with goserelin in premenopausal women with advanced
breast cancer. Br J Cancer 62:679–683

11. Chun Y, Dujin Z, Shiuan C (1998) Modulation of aromatase ex-
pression in the breast tissue by ERRα-1 orphan receptor. Cancer
Res 58:5695–5700

12. Eidne KA, Flanagan CA, Harris NS, et al. (1987) Gonadotropin-
releasing hormone (GnRH)-binding sites in human breast cancer
cell lines and inhibitory effects of GnRH antagonists. J Clin
Endocrinol Metab 64:425–432

13. Osawa Y, Donald GS (1971) Estrogen biosynthesis. Stereospecific
distribution of tritium in testosterone-1α, 2α-t2. Biochemistry 10:
66–71

14. Taguchi T, Koyama H, Yayoi K, et al. (1995) A dose-comparative
study on TAP-144-SR, an LH-RH agonist depot formulation, in
premenopausal patients with advanced or recurrent breast cancer
(in Japanese). Jpn J Cancer Chemother 22:477–494

15. Maeda K, Kitawaki J, Yokota K, et al. (1996) Effects of
gonadotropin-releasing hormone and its analogue (buserelin) on
aromatase in cultured human granulosa cells (in Japanese). Acta
Obstet Gynecol Jpn 48:89–95

16. Yano S, Tanaka M, Nakao K (1995) Anti-tumour effect of
aromatase inhibitor inhibitor, CGS16949A, on human breast
cancer cells. Eur J Pharmacol 289:217–222

17. Brian JL, Syreeta LT, Yue W, et al. (1998) The steroidal
antiestrogen ICI 182780 is an inhibitor of cellular aromatase
activity. J Steroid Biochem Mol Biol 67:293–304

18. Yue W, Ji-Ping W, Christopher JH, et al. (1998) In situ aromatiza-
tion enhances breast tumor estradiol levels and cellular prolifera-
tion. Cancer Res 58:927–932


