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Summary

The phenolic lignans enterolactone and enterodiol appear periodically in women’s urine, dependent upon
synthesis from plant-derived lignans by the intestinal microflora. The phytoestrogen equol is also present in
women’s urine, and is also derived from a vegetarian diet. Antiestrogenic or antiproliferative actions of these
compounds have been postulated and related to the observation that there is a reduced incidence of breast
cancer associated with diet. We evaluated the estrogenic and antiestrogenic activity of these compounds
using four sensitive assays in tissue culture, including the use of human breast cancer cell lines T47D and
MCF-7. Unexpectedly, we found that enterolactone and enterodiol, as well as equol, are weak estrogens,
and that enterolactone and equol could stimulate the growth of estrogen-dependent breast cancer cell lines.
We suggest that these environmental agents can promote the growth of breast cancer, particularly hormone-
dependent metastases that may be located near the gut or in the mesenteries or liver, where the concentra-
tion of these intestinally produced compounds would be highest. Treatment with an antiestrogen such as
tamoxifen blocks the estrogenic activity of these compounds. In the absence of treatment with an anti-
estrogen such as tamoxifen, hormonal therapy to block steroidal estrogen synthesis in a patient with breast
cancer could conceivably be circumvented by a vegeterian diet rich in the precursors to estrogenic com-
pounds such as enterolactone and equol.

Introduction

During the past decade there has been an extensive
investigation of the chemistry, biosynthesis and
periodic appearance of phenolic lignans in wom-
en’s urine [1-10]. The description of enterolactone
(2,3-bis-(3-hydroxybenzyl)  butan-4-olide, or
HPMF) and enterodiol (2,3-bis-(3-hydroxyben-
zyl)butane-1,4-diol) was particularly interesting
because lignans, which occur extensively in plants,
had not previously been obtained from an animal
source [1, 2]. Subsequent studies demonstrate that

the urinary levels of phenolic lignans are depen-
dent upon modification of plant-derived lignans by
the intestinal microflora, so that, for example, the
addition of linseed to the normal diet can substan-
tially increase the production of both enterolactone
and enterodiol, a precursor in the biosynthesis of
enterolactone [6, 10].

The possibility of antiestrogenic or antiprolifera-
tive actions of the phenolic lignans has been postu-
lated (2, 5], supported somewhat indirectly by a
number of reports [7, 11} inciuding the description
of anticancer activity of other lignans [12, 13]. Un-
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fortunately, progress in elucidating the biology and
pharmacology of these compounds has been ham-
pered by the lack of adequate quantities for large-
scale studies.

To address these questions, we have evaluated
the estrogenic and antiestrogenic activity of entero-
lactone and enterodiol using four sensitive assays in
tissue culture. We used the phytoestrogen equol
for comparison because equol has also been shown
to be present in the urine of normal women [14] and
patients with breast cancer [7]. The estrogenic ac-
tions of phytoestrogens have previously been de-
scribed in vitro [15].

Methods

The structures of the compounds used in the study
are shown in Figure 1. 17p-Estradiol was obtained
from Sigma Chemical Co., St. Louis, Missouri.
Equol was obtained from the Medical Research
Council steroid reference collection, Department
of Chemistry, Queen Mary College of the Univer-
sity of London, England. Enterolactone was ob-
tained from two sources; Dr. G.F. Woods, Scien-
tific Development Group, Organon International,
Newhouse, Lanarkshire, Scotland, provided one
sample, and Dr. K.D.R. Setchell, Childrens Hos-
pital, Cincinnati, Ohio, provided the second sam-
ple, Enterodiol was obtained from Dr. Setchell.
Tamoxifen and N-desmethyltamoxifen were ob-
tained from ICI Pharmaceuticals Division, Mac-
clesfield, England.

MCF-7 cells were maintained in Minimum Es-
sential Medium (MEM; Gibco) with phenol red,
containing nonessential amino acids, 10mM
Hepes, insulin 6ng/ml, penicillin 100 units/ml,
streptomycin 100 ug/ml, and 5% calf serum
(Gibco) that was charcoal stripped. Cells were
transferred to phenol red-free medium (using Sig-
ma phenol red-free MEM) for a total of 3-7 days
before beginning exposure to compounds. To mea-
sure stimulation of progesterone receptor or
growth, cells were plated at 25,000 to 50,000 per
well in 16-mm multiwell plates, and after attach-
ment for 1-3 days, the cells were treated for 3 or 4
days with the compounds in the plienol red-free

medium containing 0.1% solvent ethanol with daily
medium changes, 1ml per well.

T47D cells were maintained in RPMI 1640 (with
phenol red; Gibco) with insulin 6 ng/ml, penicillin
100 units/ml, streptomycin 100 ug/ml, and 10%
whole fetal calf serum (Gibco). Cells were trans-
ferred to medium with charcoal-stripped serum
and without phenol red (using indicator-free RPMI
1640 from Gibco) for 9 days before use. After
plating at 250,000 cells per 16-mm well and attach-
ment for 2 days, the cells were grown for 6 days
further in the phenol red-free medium containing
compounds and 0.1% solvent ethanol, with me-
dium changes every 3 days.

Progesterone receptor was measured in the at-
tached cells by whole cell uptake of [*H] R5020
(New England Nuclear), 5nM in Hanks’ balanced
salt solution with 25mM Hepes (HBSS), 0.5%
ethanol, and 25 nM dexamethasone to reduce bind-
ing of R5020 to glucocorticoid receptor. One hun-
dred-fold excess of nonradioactive R5020 was
added to measure nonspecific binding in separate
wells. After incubation with 0.5 ml of the tritiated
ligand for 45 min at 37° C, the wells were washed 4
times with 1ml of HBSS containing bovine serum
albumin 2mg/ml. If only DNA was to be deter-
mined, the wells were sonicated in 1 ml of the wash
buffer diluted 1:9 with water, and samples were
taken for radioactivity and/or DNA. DNA was
measured fluorometrically using Hoechst 33258
(Calbiochem-Behring) according to Labarca and
Paigen [16].

The stimulation of prolactin in primary pituitary
cells from the immature rat, and the stimulation of
progesterone receptor in primary uterine cells also
from the immature rat, have been described in
detail elsewhere [17-19].

Results

Enterolactone, enterodiol, and equol have close
structural similarities with estrogens and anti-
estrogens (Fig. 1). As shown, the orientation of the
phenolic groups of the compounds is similar to the
orientation of the hydroxyl groups of 173-estradiol,
an important arrangement in the structure-activity
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Fig. 1. Structures of the compounds used in this study.

relationships of estrogenic molecules [20]. In con-
trast, tamoxifen (Fig. 1) is the principal anti-
estrogen used in the treatment of hormone-depen-
dent breast cancer, and N-desmethyltamoxifen is
the major circulating metabolite in man, present at
a ratio of 2:1 to tamoxifen in the circulation of
women treated with the drug [21].

To study the estrogenic activities of the lignans,
we used four tissue culture systems: two primary
cultures of normal cells and two breast cancer cell
lines. Pituitary cell prolactin synthesis in primary
culture has been validated to study the structure-
activity relationships of estrogens and antiestrog-
ens [17, 18]. Progesterone receptor stimulation by
estrogens in primary cultures of rat uterine cells
was used because of the prior report of possible
antiestrogenic activity of enterolactone on rat uter-
ine estrogen-stimulated RNA synthesis [11]. The
assay has also been validated for the study of
estrogens and antiestrogens [19].

We were also able to use estrogen-stimulated
responses in two human breast cancer-derived cell
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lines: T47D cell growth [22], and induction of pro-
gesterone receptor [23] and growth [24] in MCF-7
cells, both cultured in phenol red-free medium
[25]. As in the primary cell assays, estradiol stimu-
lated the markers while antiestrogens inhibited the
action of estradiol.

Enterolactone, enterodiol, and equol showed
weak estrogenic properties in each assay when
compared with estradiol (Fig. 2). The half-maximal
stimulation for all three responses was approxima-
tely 10~ M by estradiol, 10-7 M by equol, and 10-3
M by enterolactone. Enterodiol was approx-
imately 1/10 as active as enterolactone (Fig. 2A, B).
The stimulation of MCF-7 cell progesterone recep-
tor by enterolactone or by enterodiol was inhibited
by antiestrogens, for example, by tamoxifen +
N-desmethyltamoxifen (Table 1A, B).

The estrogenic properties were confirmed by our
study of the growth of the estrogen receptor posi-
tive cell lines T47D and MCF-7. Estradiol, entero-

Table 1. Estrogenic and antiestrogenic actions on MCF-7 cells.

Compounds Response
PgR
(pmolimg
DNA)

A: Control 0.94 £0.09
TAM 0.54 £0.03
Enterolactone 105 M 3.60£0.16
Enterolactone + TAM 0.68+£0.10

B: Control 0.32+0.04
TAM 0.35+0.05
Enterodiol 104 M 2.43+0.19
Enterodiol + TAM 0.37£0.03

1g DNA/well

C: Control 6.6 £0.33
Enterolactone 10—+ M 4.1+0.07

+ E210-1°M 4.0£0.06
+ E210-"M 4.1£0.20
E2 10-1°M 9.8+0.14
E2 10-7M 10.7 £0.05

MCF-7 cells were cultured and treated for 3 days with com-
pounds as described in Methods. Progesterone receptor (PgR)
is shown in A and B; DNA content is shown in C. TAM:
tamoxifen 1 uM + N-desmethyltamoxifen 2 uM. E2: estradiol.
Range is the standard error, n = 4.
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Fig. 2. Dose-response curves for estradiol, equol, enterolac-
tone, and enterodiol.

A. Progesterone receptor stimulation (PgR) in the human
breast cancer cell line MCF-7. Progesterone receptor is shown
as percent of maximal stimulation by estradiol (E2), in order to
show responses for enterolactone and enterodiol on the same
figure. Maximal stimulation was 4.8pmol/mg DNA for
estradiol, equol, and enterolactone curves, and 3.3 pmol/mg
DNA for the enterodiol experiment. Bars show the propagated
standard error from n = 2 for PgR and n = 4 for DNA.

B. Stimulation of prolactin synthesis in primary cultures of rat
pituitary cells. Primary cultures were treated with compounds
for 6 days, and the rate of prolactin synthesis was measured by
1-hr incorporation of [*H] leucine into immunoprecipitable pro-
lactin, and expressed as a percentage of total incorporation of
[?H] leucine into trichloracetic acid-precipitable material. This
assay is described elsewhere [17]. Measurements are shown as
percentage of maximal stimulation by estradiol (E2). For the es-
tradiol, enterolactone, and enterodiol curves, control and maxi-
mal estrogen-stimulated prolactin synthesis were, respectively,
5.0% and 13.5% of total protein synthesis. For the equol curve,
the control and maximal stimulation values were respectively
3.9% and 13.8% of total protein synthesis. Bars show the stan-
dard error, n= 3.

C. Stimulation of progesterone receptor (PgR) in primary cul-
tures of immature rat uterine cells. Primary cultures were tested
for 24 h with the indicated compounds and PgR received by
[*H]R5020 binding as described [19], N=3.

lactone, and equol stimulated the growth of both
cell lines in a concentration-related manner (Figs 3,
4). Tamoxifen (1uM) + N-desmethyltamoxifen
(2 uM) inhibited both estradiol and enterolactone-
stimulated growth (shown for MCF-7 cells in Fig.
4), but inhibition by tamoxifen was reversed
(“estrogen rescue”, ref. 22) by an excess of estra-
diol (10-7M, Fig. 4), indicating that the tamoxifen
operated through a specific and competitive mech-
anism, and not through generalized toxicity.
Interestingly, enterolactone concentrations of
10-4 M inhibited cell growth in the MCF-7 cells
(Table 1C) and in the T47D cells (not shown).
However, this did not seem to be through an anti-
estrogenic mechanism, because an excess of estra-
diol could not reverse the inhibition (Table 1C).
The inhibition of growth by high concentrations of
enterolactone would therefore appear to be due to
nonspecific toxicity. Similar concentrations of en-
terolactone have been reported to bind to and in-
hibit the Na+, K* pump [26, 27] which may bear on
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Fig. 3. Stimulation of T47D human breast cancer cells. T47D
cells were treated 6 days with the indicated concentration of
enterolactone (Ent), estradiol (E2), or equals with medium
changes every 3 days. At the end of the growth period, the cells
were washed and sonicated in the wells, and samples were taken
for DNA as described in Methods. Cross-hatching indicates
growth in the presence of equol or enterolactone. Error bars
represent the standard error, n = 4 wells per determination.

the toxicity we observed. The toxicity observed in
the MCF-7 and T47D cells was not observed in the
two rat primary cells (not shown). This may indi-
cate that the breast cancer cell lines are more sensi-
tive to the toxic effects of enterolactone than nor-
mal cells, an observation which may merit further
study.

Discussion

The lignans enterolactone and enterodiol were
estrogenic in several response assays, contrary to
prior suggestions that the compounds might have
antiestrogenic properties. The possibility that the
hormonal activity of these compounds may affect
estrogen-dependent breast cancer is of interest,
especially for enterolactone which is the predomi-
nant lignan that has been identified. The growth of
T47D and MCF-7 cells was stimulated by 1-10 uM
enterolactone in the medium. The concentrations
of enterolactone in body fluids have been reported
at approximately 10nM in peripheral serum,
100nM in semen, and 1uM in urine [7, 8]. The
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Fig. 4. Stimulation of MCF-7 human breast cancer cells. MCF-7
cells were treated with compounds for 4 days with daily changes.
DNA was measured as described in Methods. Ent: enterolac-
tone, E2: estradiol, Tam: tamoxifen 1 uM + N-desmethyltam-
oxifen 2 uM (which are the approximate circulating levels dur-
ing tamoxifen therapy in the treatment of breast cancer [21]).
After treatment, wells were washed once and sonicated, and
DNA was determined as described. Cross-hatching indicates
the presence of enterolactone or equol. Error bars represent the
standard error, n = 4 wells per determination.

peripheral circulating levels are thus probably too
low to affect cell growth. However, levels of the
compound in the intestine, mesenteries (portatl cir-
culation), and liver are probably higher. A com-
bination of local environment (e.g., intestine,
liver, bladder), individual diet (e.g., high in lin-
seed), or individual metabolism (efficient forma-
tion of lignans in the gut) could provide conditions
for enterolactone-stimulated growth of breast can-
cer metastases. In this regard, it should be noted
that the production of equol (which was also estro-
genic in the stimulation of breast cancer cell
growth) has been reported to increase 1000-fold in
some but not all individuals whose diet was supple-
mented with soya flour [28], and significant individ-
ual variation in the production of other dietary
estrogens may also occur.

These findings may have important implications
for the clinical management of breast cancer in
postmenopausal women who seek to improve their
diet and general health by becoming vegetarians.
High intake of estrogens of dietary origin may reac-
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tivate the microscopic metastatic disease in pa-
tients not taking long-term tamoxifen therapy as an
adjuvant [28]. The estrogens in the diet may cir-
cumvent therapy with aromatase inhibitors (e.g.,
aminoglutethimide). The mechanism of action of
these drugs is to prevent the production of estrone
from androstenedione, thereby denying the tumor
a source of endogenous estrogens. This approach
will not affect the action of dietary estrogens; how-
ever, nonsteroidal antiestrogens (which block the
actions of all estrogens in the tumor) will be effec-
tive.

In contrast, dietary estrogens may not act solely
as described above. The concentration of entero-
lactone and other phytoestrogens in the peripheral
circulation may ultimately be insufficient to drive
tumor growth ir vivo, but high concentrations in
the hepatic portal circulation may be adequate to
stimulate an increase in the production of sex hor-
mone binding globulin (SHBG) by the liver [30].
This has been described in the comparison of re-
placement estrogen administered by oral vs. sub-
cutaneous route [31, 32]. It has been suggested that
a rise in sex hormone binding globulin may de-
crease the concentration of free steroidal estrogens
in the peripheral circulation in postmenopausal pa-
tients and act indirectly to prevent estrogen-depen-
dent breast cancer recurrence [30]. Future studies
should be aimed at resolving these direct vs. indi-
rect alternatives. Clearly this second alternative
may link diet and cancer [33] such that vegetarians
have a lower incidence of breast cancer.

Our own observations, however, bear on the
direct effects of enterolactone and equol, which are
estrogenic in all in vifro systems we tested. While
indirect effects of the phenolic lignans and other
phytoestrogens may be important, it is clear that
the compounds have the potential to stimulate
breast cancer proliferation in vitro, and this should
be considered as a factor in the treatment of vege-
tarian women with breast cancer.

Acknowledgements

We would like to thank Drs. G.F. Woods and
K.D.R. Setchell for providing samples of entero-

lactone to use in these studies and Dr. Setchell for
the sample of enterodiol. Professor D.N. Kirk pro-
vided the sample of equol from the MRC steroid
reference collection at Queen Mary College of the
University of London. We thank Kate Strunk and
Patrick O. Williams, Jr., for technical assistance.
These studies were supported by ACS grant PDT
290, USPHS grants CA-32713, and CA-20432, and
NIH training grant CA-09471 in Human Cancer
Biology. Dr. Gloria Calaf was supported by a grant
from the Pan American Health Organization.

References

1. Stitch SR, Toumba JK, Groen MB, Funke CW, Leemhuis
J, Vink J, Woods GF: Excretion, isolation, and structure of
a new phenolic constituent of female urine. Nature 287:
738-740, 1980

2. Setchell KDR, Lawson AM, Mitchell FL., Adlercreutz H,
Kirk DN, Axelson M: Lignans in man and in animal spe-
cies. Nature 287: 740-742, 1980

3. Axelson M, Setchell KDR: Conjugation of lignans in
human urine. Febs Lett 122: 49-53, 1980

4. AxelsonM, Setchell KDR: The excretion of lignans in rats—
evidence for an intestinal bacterial source for this new
group of compounds. Febs Lett 123: 337-342, 1981

5. Setchell KDR, Lawson AM, Borriello SP, Harkness R,
Gordon H, Morgan DML, Kirk DN, Adlercreutz H, An-
derson LC, Axelson M: Lignan formation in man — micro-
bial involvement and possible roles in relation to cancer.
Lancet 2: 4-7, 1981

6. Axelson M, Sjovall J, Gustafsson BE, Setchell KDR: Orig-
ins of lignans in mammals and identification of a precursor
from plants. Nature 298: 659-660, 1982

7. Adlercreutz H, Fotsis T, Heikkinen R, Dwyer JT, Woods
M, Goldin BR, Gorbach SL: Excretion of the lignans en-
terolactone and enterodiol and of equol in omnivorous and
vegetarian postmenopausal women and in women with
breast cancer. Lancet 2: 1295-1299, 1982

8. Dehennin L, Reiffsteck A, Jondet M, Thibier M: Identi-
fication and quantitative estimation of a lignan in human
and bovine semen. J Reprod Fert 66: 305-309, 1982

9. Cooley G, Farrant RD, Kirk DN, Patel S, Wynn S, Buck-
ingham MJ, Hawakes GE, Hursthouse MB, Galas AMR,
Lawson AM, Setchell KDR: Structural analysis of the urin-
ary lignan 2,3-bis-(3-hydroxybenzyl)butan-4-olide (‘en-
terolactone’). A 400MHz nuclear magnetic resonance
study for the solution state and x-ray study for the crystal
state. J Chem Soc Perkin Trans 2: 489-497, 1984

10. Borriello SP, Setchell KDR, Axelson M, Lawson AM:

Production and metabolism of lignans by the human faecal
flora. J App Bact 58: 37-43, 1985



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

Walters AP, Knowler JT: Effect of a lignan (HPMF) on
RNA synthesis in the rat uterus. J Reprod Fert 66: 379-381,
1982

Hartwell JL.: Types of anticancer agents isolated from
plants. Cancer Treat Rep 60: 1031-1067, 1976

Barclay AS, Perdue Jr RE: Distribution of anticancer ac-
tivity in higher plants. Cancer Treat Rep 60: 1081-1113,1976
Axelson M, Kirk DN, Farrant RD, Cooley G, Lawson AM,
Setchell KDR: The identification of the weak oestrogen
equol  [7-hydroxy-3-(4'-hydroxyphenyl)-chroman| in
human urine. Biochem J 201: 353-357, 1982

Martin PM, Horwitz KB, Ryan DS, McGuire WL: Phy-
toestrogen interaction with estrogen receptors in human
breast cancer cells. Endocrinology 103: 1860-1867, 1978
Labarca C, Paigen K: A simple, rapid and sensitive DNA
assay procedure. Analyt Biochem 102: 344-352, 1980
Lieberman ME, Jordan VC, Fritsch M, Santos MA, Gorski
J: Direct and reversible inhibition of estradiol-stimulated
prolactin synthesis by antiestrogens in vitro. J Biol Chem
258: 4734-4740, 1983

Lieberman ME, Gorski J, Jordan VC: An estrogen recep-
tor model to describe the regulation of prolactin synthesis
by antiestrogens in vitro. J Biol Chem 258: 4741-4745, 1983
Campen CA, Jordan VC, Gorski J: Opposing biological
actions of antiestrogens in vitro and in vivo: induction of
progesterone receptor in the rat and mouse uterus. Endo-
crinology 116: 2327-2336, 1985

Jordan VC, Mittal S, Gosden B, Koch R, Lieberman ME:
Structure-activity retationships of estrogens. Envir Health
Perspec 61: 97-110, 1985

Jordan VC: Biochemical pharmacology of antiestrogen ac-
tion. Pharmacol Rev 36: 245-276, 1984

Chalbos D, Vignon F, Keydar I, Rochefort H: Estrogens
stimulate cell proliferation and induce secretory proteins in
a human breast cancer cell line (T47D). J Clin Endocr
Metab 55: 276-283, 1982

Horwitz KB, McGuire WL: Estrogen control of proges-
terone receptor in human breast cancer. Correlation with
nuclear processing of estrogen receptor. J Biol Chem 253:
2223-2228, 1978

Lippman ME, Bolan G, Huff K: The effects of estrogens
and antiestrogens on hormone-responsive human breast
cancer in long-term tissue culture. Cancer Res 36; 4595-
4601, 1976

25.

26.

27.

28.

29.

30.

31.

32.

33.

Enterolactone and equol 175

Berthois Y, Katzenellenbogen JA, Katzenellenbogen BS:
Phenol red in tissue culture media is a weak estrogen:
implications concerning the study of estrogen-responsive
cells in culture. Proc Nat Acad Sci 83: 2496-2500, 1986
Braquet P, Senn N, Robin J-P, Esanu A, Godfraind T,
Garay R: Inhibition of the erythrocyte Na*, K+-pump by
mammalian lignans. Pharmacol Res Commun 18: 227-239,
1986 )

Fagoo M, Braquet P, Robin J-P, Esanu A, Godfraind T:
Evidence that mammalian lignans show endogenous digi-
talis-like activity. Biochem Biophys Res Commun 134:
1064-1070, 1986

Setchell KDR, Borriello SP, Hulme P, Kirk DN, Axelson
M: Nonsteroidal estrogens of dietary origin: possible roles
in hormone-dependent disease. Am J Clin Nutrition 40:
569-578, 1984

Tormey DC, Jordan VC: Long-term tamoxifen adjuvant
therapy in node-positive breast cancer: a metabolic and
pilot clinical study. Breast Cancer Res Treat 4: 297-302,
1984

Adlercreutz H, Fotsis T, Bannwart C, Winala K, Mikela
T, Brunow G, Hase T: Determination of urinary lignans
and phytoestrogen metabolites, potential antiestrogens and
anticarcinogens in urine of women on various habitual
diets. J Steroid Biochem 235: 791~797, 1986

Elkik F, Guyenne PN, Gompel A, Corvol P, Mercier-
Bodard C, Mauvais-Jarvis P, Kuttenn F: Effects of per-
cutaneous estradiol and conjugated estrogens on the level
of plasma proteins and triglycerides in postmenopausal
women. Am J Obstet Gynecol 143: 888-892, 1982

Holst J, Cajander S, Carlstréom K, Damber M-G, von
Schouitz B: A comparison of liver protein induction in
postmenopausal women during oral and percutaneous oes-
trogen replacement therapy. Brit J Obstet Gynaecol 90:
355-360, 1983

Miller AB: Role of nutrition in the etiology of breast can-
cer. Cancer 39: 2704-2708, 1977

Address for offprints: V. Craig Jordan, Department of Human
Oncology, University of Wisconsin Clinical Cancer Center, 600
Highland Avenue, Madison, Wisconsin 53792, USA



