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Summary—Various phytoestrogens such as formononetin, daidzein, genistein and equol were
synthesized. Their purity was assessed by various analytical techniques including melting point
determination, thin-layer chromatography (TLC), infra-red spectra (ir. spectra), nuclear
magnetic resonance (‘H- and ""C-NMR) and gas chromatography coupled with mass
spectrometry (GC-MS). The estrogenic activity of these compounds, as well as biochanin A
and coumestrol, was biologically tested by the induction of vitellogenin secretion in yearling
sturgeon and compared to the activity of estradiol-178.

Pure daidzein, biochanin A, genistein, equol and coumestrol all had estrogenic activity as
assessed by their induction of hepatic synthesis of vitellogenin when administrated intraperi-
toneally to yearling Siberian sturgeon. Coumestrol seemed to be the most potent compound,
inducing the most vitellogenin secretion with the lowest dose administered. Formononetin was
inactive when administered by the intraperitoneal route. All the phytoestrogens tested were
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considerably less potent than estradiol-178.

INTRODUCTION

The isoflavones formononetin, daidzein, bio-
chanin A and genistein as well as the coumestan
coumestrol (Fig. 1), are known to be present in
various plant species, and particularly in soy-
bean extracts and in vegetable dietary com-
pounds like alfalfa[l1-3). They have been
considered as responsible for the depression of
fertility observed in sheep grazing clover pasture
by acting on progesterone levels [4] or on pitu-
itary luteinising hormone (LH) release [5, 6].
Their estrogenic activity has been assessed in
biological assays such as the increase in the
uterus weight of sheep [7], mouse [8] or rat[9]
and by biochemical tests like binding to estro-
gen receptors[10, 11]. Several recent studies
have shown a possible effect of these com-
pounds on the synthesis of sex hormone-binding
globulins (SHBG) by the liver, as well as on sex
steroid metabolism [12, 13].

No data are available on the effect of these
compounds on fish, even though the commercial
diets routinely used for fish culture are known
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to be prepared using soybean extracts (up to
20-30% by weight) or alfalfa extracts or oil [14].
In these lower vertebrates, liver vitellogenin
synthesis is an estrogen-dependent physiological
process [15] which can be easily used as a test
system for a wide variety of natural and syn-
thetic estrogenic substances [16]. Vitellogenin,
which is one of the eggs main yolk precursors in
many oviparous vertebrates, is known to be
synthesized in the liver of females during the
reproductive season [17]. This hepatocyte se-
cretion can be artificially induced in both sexes
at any stage in the life cycle[18]. During re-
search on cultured sturgeon in the South West
of France, we obtained unexpected data con-
cerned with elevated sex steroid and vitellogenin
concentrations in the plasma of these fish [19]. A
dietary estrogenic contamination was assumed
to be responsible. Several steroidal estrogens
were identified in the diet[19] but we also
observed that vitellogenin synthesis could be
induced in immature fish by the vegetable com-
ponent (soybean) of the artificial diet[20]. In
that study, vitellogenin levels were observed to
rise compared to those in a control group of fish
fed on a casein diet [20]. This result suggested
that the estrogenic activity of phytoestrogens,
such as isoflavones, isoflavans and coumestans,
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Fig. 1. Chemical structure of the phytoestrogens tested compared to the natural estrogen:estradiol-178.
The carbon atoms of equol are numbered to assist the interpretation of Table 1.

was responsible for the elevated vitellogenin
levels.

The aim of this work is to establish whether
these compounds could induce directly vitel-
logenin secretion in sturgeon.

EXPERIMENTAL

Synthesis of phytoestrogens

The isoflavones formononetin, daidzein and
the isoflavan equol were synthesized according
to Adlercreutz et al.[21] with a few modifi-
cations of the procedure for daidzein and equol
synthesis. In all cases the development of the
chemical reaction was assessed by TLC. The
chemical reactions are presented in Fig. 2.

Formononetin was obtained by the method
of Bass [22], by cyclization of 2,4-dihydroxy-4’
methoxybenzoin. This compound had been syn-
thesized previously according to the methods of
Chapman and Stephen[23] and Spoeri and
Dubois [24] by condensation of resorcinol with
4-methoxy-phenyl acetonitrile.

Daidzein was obtained by demethylation of
formononetin using BBr,/CH,Cl;, as the de-
methylation agent. When we followed the pro-
cedure of Adlercreutz and coworkers[21], we
obtained a mixture of formononetin, daidzein
and various larger molecules of different R;
values in TLC. Daidzein was thus further
purified by liquid chromatography on a silica
gel column (1.6 x 70cm). Under these con-
ditions the recovery yield fell from 86 to 35%.

Equol was obtained by catalytic hydrogen-
ation of daidzein on palladium/charcoal (Pd/C)
as catalyst which reduced the ketone group and
the double bond of the heterocycle. Equol was
collected from the Pd/C-aquous ethanol mixture
by 4 successive filtrations to remove the Pd/C
residues. The ethanolic solution was then gently
distilled under atmospheric pressure instead of
vacuum evaporation reported by Adlercreutz
and collaborators [21]. Equol was recrystallized
from aqueous ethanol. This procedure allowed
us to obtain the compound with a 35%
yield.
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Fig. 2. Chemical synthesis reactions.

Biochanin A was purchased from Sigma
(code No.: D2016) and was recrystallized in
aquous ethanol before in vivo use or genistein
synthesis.

Genistein was obtained by demethylation of
biochanin A according to the same experimental
procedure that was used for the transformation
of formononetin into daidzein (yield 92%; the
silica gel column chromatography was not
necessary in this case).

Coumestrol was obtained from Apin Chemi-
cal Ltd (Abingdon, England). Estradiol-178 was
purchased from Steraloid Ltd (Croydon, Eng-
land).

Analytical methods

The products obtained by the synthesis pro-
cedures were analysed using various methods in
order to confirm their chemical structure as well
as assess their degree of purity. The cross-check-
ing of all data obtained (melting point, TLC,
ir. spectra, 'H- and C-NMR spectra and
GC-MS) allowed us to confirm the chemical
structure of all phytoestrogens synthesized and
to demonstrate a good degree of purity for each.
Thus all synthesis procedures were continued on
until a degree of purity of at least 99% was
reached for each compound.

Melting point determination. Melting points
were determined on a Kofler banc and com-
pared to those previously published in the
literature [25-27]. All the melting point infor-
mation obtained was strictly comparable to
those already reported in the literature, indicat-
ing a good degree of purity for each compound.
These were: 258°C for formononetin, 323°C for
daidzein, 153°C for equol, 213°C for biochanin
A and 298°C for genistein.

Thin-layer chromatography (TLC). All thin-
layer chromatography was performed on silica
gel plates using chloroform—methanol (90:10;
v/v) as eluant. Purification procedures were
continued until we obtained a single spot for
each recrystallized compound. R, values were
approximately: formononetin, 63; daidzein, 35;
equol, 45; biochanin A, 66; genistein, 42 and
coumestrol, 45, in accordance with those
already cited by Braden et al. [7].

Infra red spectra (i.r.). The i.r. spectra were
recorded as neat film nujol mulls on a Perkin—
Elmer 1420 spectrophotometer. The i.r. profiles
allowed us to check the functional groups of
each molecule revealing aromatic rings, methyl-
ether, hydroxyl, ketone groups, etc.

Nuclear magnetic resonance. 'H and "“C
spectra were recorded on a Brucker AC 250
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Table 1. Carbon-13 chemical shifts of equol in (CD,),SO
Carbon-13 Chemical shifts (ppm)
Cv Cre Cys C, Gy C, Cu Cs Cs Gy Csa Cy or C,
Equol 131.67 1283 1153 70.27 37.17 3131 11247 13010 108.10 102.50 154.53 156.14 or 156.50

The positions of the numbered carbon atoms are shown in Fig. 1.

spectrometer. The samples were dissolved in
(CD;),S0 or CDCL,; according to solubility
characteristics. The spectra obtained were inter-
preted and compared to those already published
by other authors [27, 28] except for equol, since
as far as we know its *C-NMR spectra has not
been reported. The '*C chemical shifts obtained
for this compound are presented in Table 1. The
interpretation of each spectra provided us with
a better confirmation of the fine chemical struc-
ture of each compound than can be obtained by
1.I. spectra.

Combined gas chromatography-mass spec-
trometry (GC-MS). Chromatographic analyses
were performed on a Varian 3000 chromato-
graph equipped with a splitless injector and a
60m x 0.22 mm (® = 0.1 um) DB5 (J&B) cap-
illary column. Each compound was derivatized

in trimethylsilyl ether before analysis using an
already prepared mixture of N,0-bis (trimethyl-
silyl) acetamid (BSA) purchased from Fluka
(code No. 15242). The temperature program
was as follows: T = 50°C, up to 160°C at 10°C
per min then, from 160°C to 280°C in 2°C per
min, Spectra were taken with a scan frequency
of 2 scans/s. This chromatographic technique is
more sensitive than TLC; it allows identification
of trace contaminating compounds present at a
1% level. On each GC analysis, the phytoestro-
gens appeared as a single peak, allowing us to
confirm the purity as well as the chemical
stability of each compound (Fig. 3).

Mass spectra analyses were performed on a
Finnigan TSQ 70 spectrometer using electron
impact ionization (EI). For each compound
the molecular ion was the most abundant ion,
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Fig. 3. Gas chromatography analysis of the six phytoestrogens used in the study. ThF phytoestrogens were
mixed in CH,Cl, and derivatized before the injection of 5 ul of the solution containing | mg/ml of each
compound. For more details see ‘Analytical Methods’.
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except for equol for which the main ion was
m/z = 192, which is in agreement with previous
studies [29, 30].

Experimental methods

Animals. The experiment was carried out on
yearling Siberian sturgeon of 20 g mean weight
and 12cm mean length. They were hatched
in the experimental fish farm of Donzacq
(Landes). Three weeks before the beginning of
the experiment, fish were fed with natural prey
(diptera larvae and silkworms) which avoided
prior estrogenic contamination through com-
mercial fish food, as has been demonstrated
previously. They were separated into eight
batches of four fish each and held in identical
running water conditions. During the whole
experiment, fish were fed with natural prey.

Experimental procedure. Before beginning the
experiment, ten randomly chosen fish were
blood sampled in order to determine the initial
vitellogenin level. For intraperitoneal adminis-
tration all phytoestrogens, and estradiol as well,
were suspended in a solution of 3% benzylic
alcohol in gelatinized phosphate-buffered saline
(0.05; pH 7.4; gelatin 1%; NaCl 0.9%). Each
fish received 0.5ml of solution per injection,
including the control fish which were treated
with the injection solution alone. Injected doses
varied from one phytoestrogen to another,
based on previous data obtained by Braden et
al.[7] in ewes. Formononetin and biochanin A
were used at 0.5 mg/g of body weight, daidzein
and genistein at 0.2 mg/g of body weight, equol
and coumestrol at 0.05 mg/g of body weight and
estradiol-17f at 0.0001 mg/g of body weight.
Four successive injections were performed on
alternate days over 8 days. On the tenth day,
blood was collected through the caudal vein
using heparinized syringes, centrifuged at
10,000g for Smin and the plasma stored at
—20°C until assayed for vitellogenin.

Plasma analysis. Vitellogenin was measured
in plasma by homologous enzyme linkage im-
muno-sorbent assay (ELISA)[20, 31]. Specific
vitellogenin immunoserum was raised in a
rabbit against purified Siberian sturgeon vitel-
logenin prepared by two successive chromato-
graphic steps [32]. All immunological steps
were performed in phosphate-buffered saline
(0.01 M; pH7.4; 0.9% NaCl) containing 2%
swine serum. Secondary antibodies and
PAP complexes were purchased from Dako
(Denmark). Peroxidase of the PAP com
plexes was revealed by O-phenylene diamine in
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Table 2. Vitellogenin levels induced by intraperitoneal injection of
phytoestrogens in yearling Siberian sturgeon (20 g mean weight)

Estrogenic Dose Vitellogenin

compounds (mg/g) (ug/ml) No. of fish
Control — <0.1 (n=>5)
Formononetin 0.5 <0.1 n=4)
Daidzein 0.2 2+0.06 (n=4)
Equol 0.05 8.8+28 (n=23)
Biochanin A 0.5 98 + 14 (n=4)
Genistein 0.2 213+ 56 n=4
Coumestrol 0.05 272 + 98 (n=4)
Estradiol-178 0.0001 246 + 97 (n=4)

citrate-phosphate buffer (0.1-0.2M, pH 5) and
staining was stopped by 4M H,SO,. The
staining reaction was measured at 495 nm on
a titertec MKII Multiscan Plus spectropho-
tometer. Inter-assay variation was 11% (n =
30), intra-assay variation was 10% (n = 40).
According to our method, the lower limit of
sensitivity of the assay was 0.1 ug of vitellogenin
per ml of plasma.

RESULTS

Vitellogenin was undetectable in the plasma
of ten randomly chosen fish at the beginning of
the experiment. Plasma concentrations of vitel-
logenin obtained after treatment are presented
in Table 2. Compared to the control fish all the
phytoestrogens tested, except formononetin, in-
duced vitellogenin synthesis. Biochanin A, ad-
ministrated at a dose of 0.5mg/g of body
weight, induced a plasma vitellogenin level of
98 + 14 ug/ml. Daidzein induced a plasma vitel-
logenin level of 2 +0.06 pg/ml, and genistein a
level of 213 + 56 ug/ml, when administrated at
a dose of 0.2mg/g of body weight. Equol in-
duced a plasma vitellogenin level of 8.8 + 2.8
pg/ml and coumestrol of 272 + 98 ug/ml, when
administrated at a dose of 0.05 mg/g of body
weight. Estradiol injected at a dose of 0.0001
mg/g of body weight induced a plasma vitello-
genin level of 246 + 97 ug/ml.

DISCUSSION

Because of the large amount of phytoestro-
gens needed for this type of in vive experiment,
the bioassay was performed on a restricted
number of fish per batch using only one dose,
which was based on tests by other authors
conducted on ewes [7].

The secretion of vitellogenin in response to
estradiol is dose-dependent [33] and thus it can
be used to assess the estrogenicity of potential
estrogenic compounds like phytoestrogens.
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However, the results obtained in this system
must be considered cautiously since several pre-
vious studies have demonstrated that the estro-
genic potency of such substances can vary from
one species to another [11] and also from one
administration route to another [7]. Neverthe-
less, all the phytoestrogens tested, except for-
mononetin, induced vitellogenin secretion; this
indicates that phytoestrogens are abie to bind to
the estrogen receptors involved in vitellogenin
secretion. According to the literature [7, 34] the
estrogenicity of isoflavones is highly dependent
upon the stereochemical structure, particularly
the distance between the two hydroxylated
groups carried by the two aromatic nuclei and
the angle of “twist” of the two hydroxylated
rings with respect to each other. Some com-
pounds have a stereochemical structure closer to
the natural hormone estradiol-178 than others
and are therefore likely to be the most potent.
The inactivity of formononetin was expected.
Indeed, various authors have reported that its
estrogenic activity in mammals is related to its
prior metabolism by intestinal bacteria flora to
daidzein and equol [35, 36]. Braden et al.[7]
have already shown the lack of activity of this
compound when employed by intramuscular or
intraperitoneal route. The only positive results
were obtained on ewes by intra-ruminal admin-
istration. In the same study coumestrol was
demonstrated to be 10 times more active than
genistein, which itself was 2 times more active
than biochanin A. Wong and Flux [8] also as-
sessed the estrogenic potencies of genistein,
biochanin A, daidzein and formononetin, using
the mouse uterine assay, after oral adminis-
tration of each phytoestrogen. They found that
the relative activities of these isoflavones were:
genistein 1.5, biochanin A 1.0, daidzein 0.4 and
formononetin “‘slight activity”. Shutt and Cox
[37] discussed the relative molar binding affini-
ties (RMB) of isoflavones to sheep uterine estro-
gen receptors; they were: coumestrol 5, genistein
0.9, equol 0.4, daidzein 0.1, biochanin A, 0.01,
formononetin, 0.01. Then in various other stud-
ies authors have considered that coumestrol is
1000-fold less active as estradiol-17§ itself [5]
and that equol binds 1000 times[10] or 100
times [11] less avidly than estradiol-17f to uter-
ine estrogen receptors in rat. In these two
systems equol was considered to act essentially
as an estrogen antagonist because of the lability
of its link to the estrogen receptors [10, 11].
Even though a relative scale of estrogenic
potency cannot be constructed in our case

because of the employment of only a single dose
which was different depending on the phy-
toestrogen, our results seem to be in accordance
with these previous data obtained in mammals.
In our case however, phytoestrogens must be
considered as estrogen agonist since they in-
duced a vitellogenic response. These results
suggest that our previous finding of high vitel-
logenin levels in the plasma of immature
Siberian sturgeon fed a soybean diet {20] may
have been caused, at least in part, by the
estrogenic activity of phytoestrogens present in
the diet.

Now that the estrogenic activity of these
compounds has been demonstrated by the in-
duction of vitellogenin secretion, it will be inter-
esting to test them on other estrogen-dependent
functions like steroid binding protein (SBP)
synthesis and gonadotrophic hormone (GTH)
release by pituitary cells. Indeed, previous
work has demonstrated that the action of
these compounds can vary from one species
to another and also from one target tissue to
another [10, 11].

This estrogenic effect, directly linked to the
diet, could be of considerable consequence in
fish farming due to the important role of estro-
gens in physiology. In fish, the daily intake of
estrogenic compounds, via the diet, could act on
various physiological processes such as repro-
duction, growth and osmoregulation [19]. This
dietary estrogenic contamination must be kept
in mind, especially when it is realized that in the
near future it is hoped that vegetable protein
souces like soybean or alfalfa will replace ani-
mal protein in fish diets.

In summary, the estrogenic potency of phy-
toestrogens in fish has been directly demon-
strated for the first time, supporting previous
results obtained in sturgeon fed a semisynthetic
diet containing soybean [20]. However, the vari-
ability in action of these compounds from one
target tissue to another, as well as from one
species to another, implies that other studies
must be performed before generalizing to other
fish species. This dietary contamination suggests
that there may be environmental problems if
estrogenic substances are present in fish farm
effluent which then enters a natural water-
source.
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