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Abstract

Estrogens are involved in the etiology of breast cancer. Their blastomogenic in¯uence may be partly realized through their

conversion into catecholestrogens, rate of which may be modi®ed by smoking. The risk of having breast cancer diagnosed can
increase in women using estrogen replacement therapy (ERT). The principal aim of this investigation was to compare the
excretion of classical estrogens and catecholestrogens in smoking and non-smoking postmenopausal women receiving Progynova
(estradiol valerate, 2 mg/day, 1 month). Total 16 women were studied before and after treatment. Urinary estrogen pro®le

method based on isotope dilution capillary gas chromatography±mass spectrometry was used. Before ERT, signi®cantly lower
excretion of 16-epiestriol and 4-hydroxyestrone (4-OHE1) and lower ratio of 4-OHE1/E1 were revealed in smokers. After ERT,
much higher excretion of 2-OHE1, and 4-hydroxyestradiol (4-OHE2), higher ratios of 2-OHE1/E1 and 4-OHE1/E1 and lower

ratio of 2-methoxyestrone/2-OHE1 were discovered in smokers as compared to non-smoking women. In conclusion only
combination of ERT + smoking and not smoking itself leads to the speci®c prevalence of catecholestrogens (2-OH- and
carcinogenic and DNA-damaging 4-OH-metabolites) that may increase risk of genotoxic variant of hormone-induced breast

carcinogenesis without in¯uence on the total morbidity. 7 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Estrogens; Catecholestrogens; Smoking; Estrogen replacement therapy; Hormonal carcinogenesis

1. Introduction

Estrogens play an important role in the development

and growth of cancer [1±3]. Studies conducted during

recent years concluded that two main mechanisms or

their combination may be involved in the process of

estrogen-induced carcinogenesis i.e., increased mitogen-

esis or/and initial DNA-damage under the in¯uence of

estrogenic excess or prolonged estrogenic stimulation
[4±6].

Other studies deal with the question in which form
estrogens are involved in carcinogenesis and conclude
that one of the important pathways of estrogen metab-
olism in this context is the conversion of estradiol to
catecholestrogens [5,7,8]. Endogenous as well as ex-
ogenous estrogens may serve as a source for conver-
sion into carcinogenic catecholestrogens [5,6]. In
human subjects, however, involvement of estrogen-
containing drugs into these biochemical reactions has
been studied to a very limited extent.

According to the results of a large collaborative
study, the risk of having breast cancer diagnosed is
seem to increase in women using estrogen replacement
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therapy (ERT) by a factor of 1.023 for each year of
use [9]. Though smoking does not in¯uence this risk or
only non-signi®cantly increases it in cases of last use
of ERT within 5 years before diagnosis [9], tobacco
smoke, as was suggested and partly demonstrated by
us [10,11], may promote shift from promotional to
more tough genotoxic type of estrogen-induced car-
cinogenesis. Mechanism of such e�ect of combination
of smoking with estrogens may be mediated through
increased formation of catecholestrogens, some of
which (so called 4-hydroxyestrogens) are considered as
most carcinogenic and DNA-damaging among estro-
gen metabolites [5,12]. Previously with the use of a
radiometric procedure, the stimulatory e�ect of ciga-
rette smoking on estrogen 2-hydroxylation has been
demonstrated in young women not receiving any treat-
ment [13], though in a very limited number of women
of reproductive age who smoked signi®cant di�erences
in mean values were not revealed compared with non-
smokers [7].

Thus, the principal aim of the present investigation
was to compare the excretion of classical estrogens
and catecholestrogens in smoking and non-smoking
postmenopausal women receiving ERT.

2. Materials and methods

2.1. Subjects

Sixteen women Ð 6 smokers and 10 non-smokers
Ð to whom estradiol valerate (Progynova, 2 mg per
os/day) because of modest degree vasomotor meno-
pausal symptoms had been administered for 1 month,
were studied before and next day after end of the
treatment. Smokers were somewhat younger (51.8 2
3.4 years, mean 2 SD) than non-smokers (57.3 2 4.0
years) although duration of menopause in these groups
(respectively 4.2 2 2.2 and 6.52 3.6 years) and body
weight (66.22125 and 69.2212.0 kg) were practically
the same. Smokers consumed on average 15.7 2 4.4
cigarettes/day during 28.026.5 years.

2.2. Urine collection

Each of the sample periods included a complete 24-
h collection of urine in plastic bottles without any
special diet prescription. Urine samples were stored
frozen with ascorbic acid (about 0.1±0.2%) at ÿ208C
and when all samples were collected they were trans-
ported on dry ice to the laboratory in Helsinki.

2.3. Determination of estrogen fractions

Urinary estrogen pro®le method (15 estrogen metab-
olites) based on isotope dilution capillary gas chroma-

tography±mass spectrometry was used. Details of the
method are given elsewhere [7,14]. The following estro-
gen fractions were measured: estrone (E1), estradiol
(E2), estriol (E3), 2-hydroxyestrone (2-OHE1), 2-
hydroxyestradiol (2-OHE2), 4-hydroxyestrone (4-
OHE1), 4-hydroxyestradiol (4-OHE2), 2-methoxyes-
trone (2-MOE1), 2-methoxyestradiol (2-MOE2), 16-
ketoestradiol (16ketoE2), 16a-hydroxyestrone (16a-
OHE1), 16b-hydroxyestrone (16b-OHE1 ), 15a-hydro-
xyestrone (15a-OHEL), 16-epiestriol (16-epiE3) and
17-epiestriol (17-epiE3).

2.4. Statistical analysis

Group means2 standard deviations (SD) and some
ratios for the estrogens were calculated. Means were
compared with the t-test using the StatSoft Inc.,1993
program for Windows. In case of non-parametric
evaluation of the data Mann±Whitney U-test and
Wald±Wolfowitz runs test were used.

3. Results

Main ®ndings of the study are presented in Tables 1
and 2. Before therapy with estradiol valerate signi®-
cantly lower excretion of 16-epiE3 and 4-OHE1
(Table 1) and lower ratio of 4-OHE1/E1 (Table 2)
were revealed in smokers compared with non-smoking
postmenopausal women.

Treatment with Progynova modi®ed excretion of all
studied estrogen fractions although in a di�erent
degree in smoking and non-smoking women. After the
course of estrogen replacement therapy, signi®cantly
higher excretion of 2-OHE1, 4-OHE2, 2-OHE1 + 2-
OHE2 and 4-OHE1 + 4-OHE2, higher ratios 2-
OHE1/E1, 4-OHE1/E1, 2-OHE1 + 2-OHE2/16a-
OHE1 + E3 and lower ratio of 2-MOE1/2-OHE1
(Tables 1 and 2) were characteristic for smokers. There
was a signi®cantly higher increase (addition) in ex-
cretion of 2-OHE1 and 4-OHE2 (Table 1) and in sums
2-OHE1 + 2-OHE2 and 4-OHE1 + 4-OHE2 (data
not shown) in smoking postmenopausal women as
compared to non-smokers. The similar conclusions
were received using non-parametric approach to the
data evaluation (for example ``p'' value for the di�er-
ence between excretion of 4-OHE2 in smoking and
non-smoking women after ERT in Wald±Wolfowitz
runs test was equal 0.036 and in Mann±Whitney U-
test it was 0.014).

4. Discussion

According to epidemiologic evidence women who
smoke cigarettes are relatively estrogen-de®cient with
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an increased risk of osteoporosis and a decreased risk
of endometrial [15] and Ð only in certain groups [16]
Ð breast cancer. Data on estrogen levels have not
been consistent and for example, both circulating and
urinary classic estrogens have not been found to di�er
among smoking and non-smoking postmenopausal
women [15,17] with only some exclusions [18]. Though
a pharmacokinetic study showed signi®cantly lower
levels of unbound estradiol in women who smoke than
in non-smokers after 1±2 mg of oral micronized estra-
diol, smoking had no apparent in¯uence on circulating
estrogens concentrations in postmenopausal women

after treatment with percutaneous form of this estro-
gen [19].

Con¯icting opinions were presented regarding
question which pathway of estrogen metabolism is
mainly implicated into estrogen-induced carcinogen-
esis [1,7,8,20] and the role of catecholestrogens and
products of their metabolism in this process has
been recently repeatedly emphasized [5±8]. Data
obtained in the present investigation demonstrate no
di�erence in excretion of classic estrogens (E1, E2,
E3) before and after ERT between smoking and
non-smoking postmenopausal women (Tables 1 and

Table 1

Excretion of classical estrogens and other estrogen metabolites in studied postmenopausal womena

Estrogenb Non-smokers Smokers

Before treatment (A) After treatment (B) Value of (B ÿ A) Before treatment (A) After treatment (B) Value of (B ÿ A)

E1 9.7028.60 1232.62295.2 1222.32292.5 14.46213.24 951.52181.2 937.02177.4

E2 2.8722.14 212.6242.2 209.7243.0 3.6522.60 235.7240.5 232.0242.7

E3 4.3822.37 178.3275.2 173.9275.6 3.3122.49 132.1283.2 128.8283.3

2-OHE1 8.8828.42 226.9268.3c 218.0273.6c 6.5223.78 330.9280.0c 324.4280.6c

2-OHE2 2.1922.09 36.4211.7 34.2212.6 2.0520.56 45.829.2 43.829.2

4-OHE1 2.2921.28c 28.8210.6 26.5211.1 1.0920.51c 43.7218.2 42.6218.4

4-OH2 0.0720.08 23.5215.6c 23.4215.7c 0.1020.13 60.8225.3c 60.7225.4c

2-MOE1 2.4921.57 53.4215.1 50.9215.1 2.3620.79 51.3221.9 48.9222.4

2-MOE2 0.3720.26 3.120.8 2.720.7 0.4120.45 3.221.1 2.921.2

16 KetoE2 2.4921.91 66.2233.1 63.7233.4 1.2820.86 54.7242.7 53.4243.4

16a-OHE1 3.7923.40 104.8278.1 101.0277.3 2.4621.40 105.8266.8 103.3267.2

16b OHE1 6.9027.17 50.8220.4 43.9218.4 4.6021.27 39.9221.1 35.3222.3

15a OHE1 0.4620.86 15.028.5 14.528.7 0.2220.30 11.223.7 11.023.7

16-epiE3 1.1220.62c 24.229.0 23.129.2 0.4720.28c 12.5215.1 12.0215.1

17-epiE3 0.6020.20 2.822.7 2.222.7 0.4920.26 1.821.2 1.321.2

a Means and standard deviations (nmol/24 h).
b See text for abbreviations.
c Di�erence between smokers and non-smokers is signi®cant ( p at least <0.05).

Table 2

Ratios and sums of urinary estrogen metabolites in studied postmenopausal womena

Estrogenb Non-smokers Smokers

Before treatment After treatment Before treatment After treatment

E1 + E2 + E3 16.95212.97 16232358.6 21.42216.15 1319.2243.1

2-OHE1 + 2-OHE2 11.07210.50 263.3278.3c 8.5723.84 376.7284.4c

4-OHE1 + 4-OHE2 2.3621.29 52.3225.3c 1.1920.56 104.5243.4c

2-OH1/E1 0.9520.45 0.1920.07c 0.5720.21 0.3520.09c

2-OHE2/E2 0.6920.25 0.1720.06 0.8620.57 0.2020.06

4-OHE1/E1 0.3320.25c 0.0320.01c 0.11.20.05c 0.0520.01c

2-OHE1/4-OHE1 3.9122.52 8.3222.32 5.8121.54 7.9621.54

2-MOE1/2-OHE1 0.3720.21 0.2420.07c 0.4420.19 0.1520.03c

E3/E1 + E2 04120.13 0.1220.05 0.2720.16 0.1020.06

16a-OHE1/E1 0.4120.20 0.0820.05 0.3120.31 0.1120.06

16b-OHE1/E1 0.8020.42 0.0420.01 0.5420.37 0.0420.02

2-OHE1 + 2-OHE2/16a-OHE1 + E3 1.2320.32 1.0820.45c 1.6220.45c 2.2521.53c

a Means and standard deviations.
b See text for abbreviations.
c Di�erence between smokers and non-smokers is signi®cant ( p at least <0.05).
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2). Lower excretion of 4-OHE1 was characteristic
for smokers before start of ERT. At the same time,
a higher excretion of 2- and 4-hydroxyestrogens (ab-
solute and relative values) was revealed in smoking
postmenopausal women (compared with non-smo-
kers) after a course of estrogen treatment (Tables 1
and 2).

Although rather controversial views were pre-
sented with regard to possible problastomogenic ac-
tivity of 2-hydroxyestrogens [7,20,21], these estrogen
metabolites prevent inactivation of 4-hydroxyestro-
gens mediated by catechol-O-methyltransferase [8].
In their turn 4-hydroxyestrogens are considered (see
above) as powerful carcinogens possessing hormonal
and DNA-damaging activity [5,12]. Thus, increase in
production of 4-hydroxyestrogens in smokers receiv-
ing ERT can be instrumental in shift from the pro-
motional to genotoxic type of hormone-induced
carcinogenesis characteristic for smoking as pre-
viously suggested [10,11,17]). This variant of hormo-
nal carcinogenesis may be more tough clinically
which partly explains why course of endometrial or
breast cancer is more fast and prognosis worse
though frequency of disease is respectively lower or
not changed in smokers compared with non-smok-
ing women [22,23]. If one recollects ``defensive''
(antiangiogenic and antitumor) properties of 2-meth-
oxyestrogens [24,25], then decrease in the ratio 2-
MOE1/E1 revealed in this study in postmenopausal
smokers receiving estrogen (Table 2) will provide a
general picture with an important additional feature.
On the other side, the local activities of some
enzymes of estrogen metabolism (aromatase, sulfa-
tase, estrogenic 2- and 4-hydroxylases and others)
may be more relevant for some target tissues
[2,5,26] and need to be taken into consideration
too.

In conclusion, only combination of smoking +
ERT and not smoking itself leads to the speci®c preva-
lence of catecholestrogens (2-hydroxy- and carcino-
genic and DNA-damaging 4-hydroxymetabolites) that
may increase risk of genotoxic variant of hormone-
induced carcinogenesis. As the present investigation
was restricted to 1 month estrogen treatment and as
such treatment became rather popular in several con-
ditions [27] more prolonged studies of ERT e�ect on
estrogen metabolism and catecholestrogens production
in smokers need to be conducted.

Acknowledgements

This study was partly supported by RFBR grant 97-
04-48022 and by grants from Sigrid Juselius Foun-
dation, Helsinki, Finland.

References

[1] H.S. Feigelson, B.E. Henderson, Estrogens and breast cancer,

Carcinogenesis 17 (1996) 2279±2284.

[2] R.J. Santen, Estrogen synthesis inhibitors for breast cancer: An

introductory overview, Endocrine-Related Cancer 3 (1996) 1±8.

[3] E. Gurpide, Endometrial cancer: biochemical and clinical cor-

relates, J. Natl. Cancer Inst. 83 (1991) 405±416.

[4] T.J.A. Key, M.C. Pike, The dose-e�ect relationship between

``unopposed '' oestrogens and endometrial mitotic rate. Its cen-

tral role in explaining and predicting endometrial cancer risk,

Brit. J. Cancer 57 (1988) 205±212.

[5] J.G. Liehr, M.J. Ricci, 4-hydroxylation of estrogens as marker

of human mammary tumors, Proc. Natl. Acad. Sci. 93 (1996)

3294±3296.

[6] E.L. Cavalieri, D.E. Stack, P.D. Devanesan, et al., Molecular

origin of cancer: catechol estrogen-3, 4-quinones as endogenous

tumor initiators, Proc. Natl. Acad. Sci. 94 (1997) 10937±10942.

[7] H. Adlercreutz, S.L. Gorbach, B.R. Goldin, et al., Estrogen

metabolism and excretion in Oriental and Caucasian women, J.

Natl. Cancer Inst. 86 (1994) 1076±1082.

[8] B.T. Zhu, A.H. Conney, Functional role of estrogen metab-

olism in target cells: review and perspectives, Carcinogenesis 19

(1998) 1±27.

[9] Collaborative Group on Hormonal Factors in Breast Cancer,

Breast cancer and hormone replacement therapy: collaborative

reanalysis of data from 51 epidemiological studies of 52705

women with breast cancer and 108411 women without breast

cancer. Lancet 350 (1997) 1047±1059.

[10] L.M. Berstein, Hormonal carcinogenesis and smoking, Cancer

J. 9 (1996) 106.

[11] L.M. Berstein, E.V. Tsyrlina, O.G. Krjukova, S.V.

Dzhumasultanova, In¯uence of tobacco smoke on DNA

unwinding and uterotropic e�ect of estrogens in rats, Cancer

Letters 127 (1998) 95±98.

[12] J.D. Yager, J.G. Liehr, Molecular mechanisms of estrogen car-

cinogenesis, Annu. Rev. Pharmacol. Toxicol. 36 (1996) 203±

232.

[13] J.J. Michnovicz, R.J. Hershcopf, H. Nagamura, Increased 2-

hydroxylation of estradiol as a possible mechanism for the

anti-estrogenic e�ect of cigarette smoking, New Engl. J. Med.

315 (1986) 1305±1309.

[14] T. Fotsis, H. Adlercreutz, The multicomponent analysis of es-

trogens in urine by ion exchange chromatography and GC±

MS-I. Quantitation of estrogens after initial hydrolysis of con-

jugates, J. Steroid. Biochem. 28 (1987) 203±213.

[15] J.A. Baron, E.R. Greenberg, Cigarette smoking and neoplasms

of the female reproductive tract and breast, Seminars

Reproductive Endocrinol. 7 (1989) 335±343.

[16] J.S. Brunet, P. Ghadirian, T.R. Rebbeck, et al., E�ect of smok-

ing on breast cancer in carriers of mutant BRCA1 or BRCA2

genes, J. Natl. Cancer Inst. 90 (1998) 761±766.

[17] L.M. Berstein, Oncoendocrinology of Smoking, Nauka,

Moscow, 1995.

[18] T. Key, M.C. Pike, J.B. Brown, et al., Cigarette smoking and

urinary oestrogen excretion in premenopausal and post-meno-

pausal women, Brit. J. Cancer 74 (1996) 1313±1316.

[19] J. Jensen, Smoking and postmenopausal hormone replacement

therapy, Brit. J. Clin. Pract. 86 (1996) 6±8 Symp. Suppl.

[20] N.P. Telang, A. Suto, G.Y. Wong, et al., Induction by estrogen

metabolite 16a-hydroxyestrone of genotoxic damage and aber-

rant proliferation in mouse mammary epithelial cells, J. Natl.

Cancer Inst. 84 (1992) 634±643.

[21] H. Adlercreutz, T. Fotsis, K. Hockerstedt, et al., Diet and

urinary estrogen pro®le in premenopausal omnivorous and veg-

L.M. Berstein et al. / Journal of Steroid Biochemistry & Molecular Biology 72 (2000) 143±147146



etarian women and in premenopausal women with breast can-

cer, J. Steroid. Biochem. 34 (1989) 527±530.

[22] H.W. Daniell, More advanced-stage tumors among smokers

with endometrial cancer, Amer. J. Clin. Pathol. 100 (1993)

439±443.

[23] H.W. Daniell, E. Tam, A. Filice, Larger axillary metastases in

obese women and smokers with breast cancer Ð an in¯uence

by host factors on early tumor behavior, Breast Cancer Res.

Treatment 25 (1993) 193±201.

[24] T. Fotsis, Y. Zang, M.S. Pepper, et al., The endogenous oes-

trogen metabolite 2-methoxyestradiol inhibits angiogenesis and

suppresses tumor growth, Nature (London) 368 (1994) 237±

239.

[25] N. Klauber, S. Parangi, E. Flynn, et al., Inhibition of angio-

genesis and breast cancer in mice by the microtubule inhibitors

2-methoxyestradiol and taxol, Cancer Res. 57 (1997) 81±86.

[26] W.R. Miller, Estrogen and Breast Cancer, R.G. Landes Comp,

Austin, 1996.

[27] H. Burger, Clinical indications for hormone replacement

therapy, Obsterical Gynecol. Surveys 53 (1998) S10±S13.

L.M. Berstein et al. / Journal of Steroid Biochemistry & Molecular Biology 72 (2000) 143±147 147


