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A number of natural and man-made chemicals possess
estrogenic activity, i.e., they induce receptor-mediated
estrogen dependent responses in vertebrates. Recently,
high concentrations of linear alkylbenzene sulfonates
(LAS) and intermediate products of LAS biodegradation,
sulfophenyl carboxylates (SPC), have been found in the
Bay of Cadiz, Spain. Due to their similar chemical
properties with the estrogenic alkylphenolpolyethoxylates
(APnEO) it has been speculated that LAS and their me-
tabolites have estrogenic effects. The present work ad-
dresses the question upon the possible estrogenicity of
LAS and LAS metabolites by two in vitro assays: the
yeast estrogen receptor assay and the vitellogenin assay
with cultured trout hepatocytes. With both bioassays no
estrogenic effects were observed for any of the compounds
tested. © 1999 Elsevier Science Ltd. All rights reserved.
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Introduction

An increasing number of man-made chemicals present
in the environment are found to be capable of disturbing
the endocrine system of animals, and man. In the last
years, particular concern has been attracted by those
chemicals able to act as estrogens. In vertebrates the
primary natural estrogen is the 17 f-estradiol (E2). In
oviparous vertebrates E2 stimulates the hepatic synthe-
sis of vitellogenin (Vg). This glycolipophosphoprotein is
transported from the liver to the oocytes where it is
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proteolytically processed to form the yolk proteins
(Mommsen and Walsh, 1988; Wallace, 1985). The in-
duction of Vg synthesis by primary cultured hepatocytes
has been shown to be useful in the detection of estro-
genic potential of xenobiotics (Pelissero et al., 1993;
Sumpter and Jobling, 1995).

The estrogenic effects are mediated through the in-
teraction of E2 with the estrogen receptor (ER). The
E2-ER complex binds to DNA sequences that are re-
sponsive to estrogens, the so-called estrogen responsive
elements (ERE), and thereby activates the transcription
of a cis-linked target gene (Tsai and O’Malley, 1994).

A wide variety of substances have been shown to
mimic the action of E2, including synthetic steroids such
as those used in the contraceptive pill (Pelissero et al.,
1993), many pesticides (Chambers, 1984; Eroschenko,
1981; Johnson et al., 1992), phytoestrogens (Pelissero
et al., 1989, 1991) or phthalate plasticizers (Jobling et al.,
1995). Soto et al. (1991) reported that the alkylphenols
(AP) are weakly estrogenic in mammals. These com-
pounds are the final products of the biodegradation of a
family of non-ionic surfactants (alkylphenol-polyeth-
oxylates, APnEO, n=9-40) during sewage treatment
(Giger et al., 1987) and they are persistent and present in
substantial quantities in effluents and in river water. In
subsequent studies it was observed that these chemicals
are able to bind to the ER (Routledge and Sumpter,
1996; Petit et al., 1997) and to induce the synthesis of Vg
in trout liver cells in vitro (Jobling and Sumpter, 1993)
and in vivo (Jobling et al., 1996).

Another group of synthetic surfactants used mainly in
the formulation of detergents and other cleaning prod-
ucts are the linear alkylbenzene sulfonates (LAS). Due
to their widespread use there has been increasing con-
cern about the environmental behaviour of these com-
pounds. It has been determined that LAS chemicals
are completely biodegradable products. During the
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biodegradation process of the LAS compounds, a
methyl group at the end of the alkyl chain undergoes
oxidation giving rise to a sulfophenylcarboxylic acid
(SPC). Further oxidations of the alkyl chain generate
new SPCs, with a shorter alkyl chain. In fresh water,
these chemicals were reported to have a half-life of ap-
proximately 3 days (Larson and Payne, 1981) and thus,
they are very quickly degraded in waste water treatment
plants (Larson et al., 1993).

Until recently, the presence of LAS biodegradation
products has not been reported in seawater. Gonzalez-
Mazo et al. (1997) described the presence of SPCs in
water samples of a salt-marsh area to the south of the
Bay of Cadiz (Spain, 36°30'N 6°15W). Samples were
taken from a channel of around 18 km long whose both
mouths run into the Atlantic Ocean. The discharge
outlet of the untreated urban effluents from San Fer-
nando, a town of about 100 000 inhabitants, is located in
this channel. A variety of SPCs were identified in this
channel, most of them having an alkyl chain length of
7-11 carbon atoms (C7—Cl11). The concentration of
these compounds (SPC, C7-Cl11) increased in propor-
tion to the distance from the discharge point, attaining a
maximal concentration of 120 pg/l at a distance of
around 5 km of the discharge point, and then decreased
progressively (Gonzédlez-Mazo et al., 1997).

Given the similarities in the chemical properties of
LAS and SPC with APnEO, it was suggested that LAS
and SPC may exert estrogenic effects on fish populations
in the Bay of Cddiz, leading to alterations of the fisheries
resources, traditionally very important in this region.
This question was raised by the media and produced a
passionate discussion (Comments published in “El
Pais”, 10 February 1998).

The objective of the present study was to evaluate the
estrogenic potency of LAS and SPC. For this purpose,
two in vitro screening assays for measurement of estro-
genic activity were employed: the ER assay, with the
recombinant yeast screen (Routledge and Sumpter,
1996; Petit et al., 1997) and the vitellogenin assay, with
hepatocytes (Pelissero et al., 1993). Taking into account
that the effects of LAS and SPC could be influenced by
the length of the alkyl chain, as it was reported to occur
with the epoxylate compounds (Jobling and Sumpter,
1993), we have assayed two homologues of the SPC,
with a different length of the alkyl chain (C11 and CS5).

Material and Methods

Xenobiotic treatments: LAS (LAS-C11, A.I.=47%)
was supplied by Petroquimica Espanola S.A. SPC5, and
SPC11 were synthesised in Cddiz University.

Chemicals were dissolved in sterile distilled water and
added to the culture media of yeast or hepatocytes. E2
(Serva, Germany) was used as positive control. E2 was
diluted in ethanol and added to the media to achieve the
final desired concentrations. Final concentration of the
solvent was 0.1%. Controls received the solvent only.

For the test compounds, serial dilutions were assayed. In
the yeast assay the maximal concentration used for the
three compounds was 600 uM. Maximal concentrations
used in the hepatocytes assay were: 150 pM (50 mg/1) for
LAS, 25 uM (7.4 mg/l) for SPC5, and 200 pM (72.8 mg/
1) for SPCI1.

Recombinant yeast estrogen screen

An estrogen-inducible screen developed in yeast
(Saccharomyces cerevisiae) was used to observe recep-
tor-binding activity of the test compounds. The yeast
screen was gently provided by Glaxo (United Kingdom)
and the assay was performed according to Routledge
and Sumpter (1996). The yeast cells contain expression
plasmids carrying the human ER sequences and the re-
porter gene (lac-Z, encoding the enzyme f-galactosi-
dase). Upon binding an active ligand (E2 or an
estrogenic xenobiotic) the activated ER causes the ex-
pression of the reporter gene.

Hepatocytes culture

Immature rainbow trout (Oncorhynchus mykiss)
weighing around 300 g were supplied by a local trout
farm and kept in recycled aerated water until use. He-
patocytes were isolated following a two-step perfusion
technique as described by Scholz et al. (1997). As culture
medium, modified M199 medium (Sigma, USA) was
used. Cells were plated in 24-well culture plates (Falcon)
precoated with Matrigel (0.1 mg protein ml~!). Every
well received 400 pl of the final suspension of cells
(density: 2x10° cells cm™2?). During the first 24 h of
treatment the medium was supplemented with 5% fetal
bovine serum (Sigma, USA) to enhance the attachment
of the cells. During exposure to E2 and the test com-
pounds serum free medium was used. The plates were
maintained at 15°C and 80% humidity. Twenty four
hours after plating, half of the medium was substituted
with fresh medium containing the desired concentra-
tions of xenobiotics and E2. Control wells received
medium alone. Treatments were applied by duplicate.
The medium was renewed each 24 h. After plating for
96 h the medium was removed, aliquoted, and stored at
—80°C until analysis of LDH and vitellogenin in medi-
um. The cells were briefly washed with phosphate-buf-
fered saline (PBS), pH 7.5, and the plates were frozen by
using liquid nitrogen. They were maintained at —80°C
until analysis of protein and LDH content of the cells.

Vitellogenin assay

Vitellogenin was analysed in medium using a non-
competitive ELISA as previously described by Schrag
et al. (1998).

LDH assay

Cytotoxicity was evaluated by measuring the release
of lactate dehydrogenase (LDH) into the extracellular
medium following the method described by Denizeau
and Marion (1990).
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Protein assay

The concentration of Vg detected in the medium was
normalised to the quantity of cell protein present in the
corresponding well. The protein concentrations were
determined by means of the fluorescamine method
(Kennedy et al., 1995).

Results and Discussion

In the yeast screen, the different concentrations of the
three test substances did not induce any difference in the
absorbance with respect to the blanks (results not
shown). This screen indicates that neither LAS nor SPCs
interact with the human ER at the concentrations tested.
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Figure 1 shows the Vg concentrations observed in
media from primary hepatocytes after three days of
treatment with E2 or with different concentrations of
LAS, SPC5 and SPCI11. The treatment with E2 induced
strong production of Vg, indicating the functional re-
sponsiveness of the cells. In the medium of the control
cells negligible Vg was detected. The three test sub-
stances, at all concentrations studied, did not induce an
increase in the concentration of Vg over the levels de-
tected in the controls.

The lack of Vg production in the xenobiotic treated
cells could have been related with a cytotoxic effect of
these substances. To exclude this possibility we have
analysed the cytotoxicity of LAS and SPCs by measur-
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Fig. 1 Vitellogenin levels (ug~'/g protein) observed in controls, and in
the cells treated with 1 uM E2 and with the different concen-
trations (UM values indicated in the x-axis) of LAS (Linear
Alkylbenzene Sulfonate), SPCS, and SPCI1 (Sulfophenyl
Carboxylate C5 and C11). Data are expressed as mean = SEM
(n=4 fishes).
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ing LDH leakage from the cells (Tyson and Green,
1987). As it can be observed in Fig. 2, only the three
highest concentrations of LAS (37.5-150 uM) lead to an
enhanced release of LDH from the cells into the medium
indicating a loss of cell viability. The cytotoxic effect of
LAS could be explained by the documented membrane
alterations of permeability (Zaccone et al., 1985). For
the SPCs, however, none of the tested concentrations
was associated with cytotoxic effects. Thus, the lacking
response of Vg synthesis to LAS and SPC exposure
obviously can not be explained by cytotoxicity of these
compounds.

Recent studies have indicated the necessity to com-
bine several in vitro test to asses the estrogenic potential
of chemicals (Petit et al., 1997; Zacharewski, 1997). In

the present work, both in vitro assays have not been able
to detect any estrogenic activity of the test compounds.
The results of the yeast assay show that the test com-
pounds obviously are not able to bind to the estrogen
receptor what would be a prerequisite to induce recep-
tor-mediated estrogenic responses. The hepatocytes as-
say, which has the fundamental advantage to exhibit the
physiologic and metabolic functions of the intact cell
(Segner, 1998), also failed to show an estrogenic activity
of the test compounds. Thus, the lack of Vg production
by the hepatocytes in vitro indicates that no cellular
metabolites of the test substances were neither estro-
genic.

In vitro systems often are less sensitive to estrogenic
compounds than in vivo assays since they can not
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Fig. 2 Percent of LDH leakage from the control cells and from the
cells treated with 1 pM E2 and with the different concentrations
(uM values indicated in the x-axis) of LAS (Linear Alkylben-
zene Sulfonate), SPCS, and SPCI11 (Sulfophenyl Carboxylate
CS5 and Cl11). Data are expressed as mean = SEM (n = 3 fishes).
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account for the bioaccumulation of the chemicals. For
example, the exposure of male rainbow trouts for three
weeks to 30 ug/l of a variety of AP and APnEO induced
a significant increase of plasma Vg levels with respect to
the controls (Jobling et al., 1996). The same compounds
needed concentrations of 100-1000 ug/l and three days
of incubation (Routledge and Sumpter, 1996) in the
yeast assay, and of 50 pM (around 10 mg/l) and two
days of exposure (Jobling and Sumpter, 1993) in the
hepatocytes assay to induce an estrogenic effect. How-
ever, the results from the two in vitro assays indicate that
LAS and SPCs are mechanistically not able to interact
with estrogen dependent pathways and, therefore, an
estrogenic effect appears to be unviable even after
chronic in vivo exposure and bioaccumulation.

In this work we evaluated possible estrogenic effects
of LAS and of SPCs up to concentrations much higher
than those observed by Gonzilez-Mazo et al. (1997) in
the Bay of Cadiz. With both in vitro test systems used,
no estrogenic activity could be detected. Although there
no exist previous studies about the bioaccumulation of
these substances and their in vivo effects, the failure of
LAS and SPCs to activate estrogen-dependent responses
in both in vitro assays strongly suggest that these com-
pounds are neither estrogenic in vivo.
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