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Abstract—An estrogen-inducible screen was developed in yeast (Saccharomyces cerevisiae) in order to assess whether surfactants
and their major degradation products are estrogenic. The DNA sequence of the human estrogen receptor (hER) was integrated into
the yeast genome, which also contained expression plasmids carrying estrogen-responsive sequences (ERE) controlling the expression
of the reporter gene lac-Z (encoding the enzyme B-galactosidase). Thus, in the presence of estrogens, B-galactosidase is synthesized
and secreted into the medium, where it causes a color change from yellow to red. This recombinant strain was used to determine
whether representatives of major surfactant classes and some of their principal degradation products possess estrogenic activity. The
results were compared to the effects of the main natural estrogen 173-estradiol. None of the parent surfactants tested possessed
estrogenic activity. However, one class of surfactants, the alkylphenol polyethoxylates, degrade to persistent metabolites that were
weakly estrogenic. Another group of degradation products, the sulfophenyl carboxylates, which are derived from the biodegradation
of linear alkylbenzene sulfonates, do not appear to possess estrogenic activity.
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INTRODUCTION

An increasing incidence of some cancers [1], damage to
reproductive systems, and developmenta problems, found in
both humans and wildlife, has caused concern about the ubiquity
of environmental contaminants that inadvertently mimic the bi-
ological activities of the female hormone estrogen [2]. A very
wide range of chemicals, both natural and manmade, have now
been found to be weakly estrogenic [3-6]. Theseinclude natural
substances such as phytoestrogens and mycoestrogens, certain
pesticides and herbicides, some polychlorinated biphenyls
(PCB), certain combustion pollutants, plasticizers, and break-
down products of surfactants. The majority of these xeno-
estrogens bear little structural resemblance to natural estrogens.
Therefore, it is presently impossible to predict whether a chem-
ical is estrogenic based on chemical structure alone. Thus, the
ability of a substance to act as an estrogen is usually discovered
by accident, as illustrated by the recent realization that the al-
kylphenol nonylphenol [7] and bisphenol-A [8], both released
from laboratory plasticware, are estrogenic.

Surfactants are a class of chemicals detectable in many sur-
face waters. The discovery that nonylphenol was weakly estro-
genic to mammals has led to concern regarding the environ-
mental safety of a major class of nonionic surfactants, the al-
kylphenol polyethoxylates (APnEO, n = 6-40). During sewage
treatment, APnEO are biodegraded initially via shortening of
the hydrophilic chain, forming increasingly lipophilic and per-
sistent metabolites, including short-chain alkylphenol ethoxy-
lates and their carboxylic acid derivatives, and finally into al-
kylphenols such as nonylphenol and octylphenol [9-11]. These
metabolites are widely reported to be present in sewage effluent
and river water of Europe and the U.S. (see Jobling and Sumpter
[6] and references therein), suggesting that aquatic organisms
are being exposed to these estrogenic chemicals.

* To whom correspondence may be addressed.

Yeast

241

Alkylphenol polyethoxylates are just one class of surfactants
used in very large amounts worldwide. We have screened rep-
resentatives of all the major groups of surfactants and their
primary degradation products (when known and available) for
estrogenicity using a recently developed recombinant estrogen
yeast screen. We discuss our findings in relation to known en-
vironmental concentrations, bioaccumulation data, and persis-
tence in the environment of these estrogenic degradation prod-
ucts of some surfactants.

MATERIALS AND METHODS
The recombinant yeast estrogen screen

A recombinant yeast strain was developed in the Genetics
Department at Glaxo for use in a test to identify compounds
that can interact with the human estrogen receptor (hER). Yeast
cells do not normally contain an estrogen receptor; therefore,
the DNA sequence of the hER was stably integrated into the
main chromosome of the yeast. The yeast cells also contain
expression plasmids carrying the reporter gene lac-Z (encoding
the enzyme B-galactosidase), which is used to measure the re-
ceptors' activity.

In this system, the hER is expressed in a form capable of
binding to estrogen-responsive sequences (ERE). These se-
guences were situated within a strong promoter sequence on the
expression plasmid. Upon binding an active ligand, the estro-
gen-occupied receptor interacts with transcription factors and
other transcriptional components [12] to modulate gene tran-
scription. This causes expression of the reporter gene lac-Z and
the enzyme produced (3-galactosidase) is secreted into the me-
dium, where it metabolizes the chromogenic substrate, chlo-
rophenol red-B-p-gal actopyranoside (CPRG), which isnormally
yellow, into a red product that can be measured by absorbance
at 540 nm (Fig. 1).

The yeast strain was stored at —20°C as a 10X concentrated
stock culture in 0.5-ml aliquots in 2-ml sterile cryogenic am-
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Fig. 1. Schematic of the estrogen-inducible expression system in
yeast. The human estrogen receptor gene is integrated into the main
genome and is expressed (1) in aform capable of binding to estrogen
response elements (ERE) within a hybrid promoter on the expression
plasmid (2). Activation of the receptor (3), by binding of ligand, causes
expression of the reporter gene Lac-Z (4) which produces the enzyme
B-galactosidase. This enzyme is secreted into the medium (5) and
metabolizes the chromogenic substrate CPRG (normally yellow) into
a red product (6), which can be measured by absorbance.

poules (Sterilin). To produce the stock, 10 cultures (each with
a final volume of 50 ml) were grown to an optical density of
1.0 (As0) and transferred to sterile 50-ml graduated centrifuge
tubes. The cultures were centrifuged at 4°C for 10 min at ap-
proximately 2,000 g. The supernatant was decanted and the cells
resuspended in 50 ml fresh, single-strength minimal medium
(MMA-UT) with 15% glycerol. The samples were stored for a
maximum of 4 months before being replaced by a new stock.

Preparation of medium components

All the ingredients, unless stated otherwise, were purchased
from Sigma Chemical Company Ltd. (Dorset, England) and
were research grade biochemicals suitable for cell culture.

Minima medium (pH 7.1) was prepared by adding 13.61 g
KH,PO,, 1.98 g (NH,),SO,, 4.2 g KOH pellets (Aldrich, Dorset,
England), 0.2 g MgSO,, 1 ml Fe,(SO,), solution (40 mg/50 ml
H,O; purchased from Aldrich), 50 mg L-leucine, 50 mg L-his-
tidine, 50 mg adenine, 20 mg L-arginine-HCI, 20 mg L-methi-
onine, 30 mg L-tyrosine, 30 mg L-isoleucine, 30 mg L-lysine-
HCI, 25 mg L-phenylalanine, 100 mg L-glutamic acid, 150 mg
L-valine, and 375 mg L-serine to 1 L of purite double-distilled
water. Aliquots of 45 ml were dispensed into 250-ml flasks,
sterilized at 121°C for 10 min, and stored at room temperature.

The vitamin solution was prepared by adding 8 mg thiamine,
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8 mg pyridoxine, 8 mg pantothenic acid, 40 mg inositol (Al-
drich, Dorset, UK), and 20 ml of biotin solution (2 mg/100 ml
H,0) to 180 ml double-distilled water. The solution was then
filter sterilized through 0.2-pum pore size Whatman PURADISC
filters, and 10-ml aliquots were stored at 4°C in sterile glass
bottles. A 20% w/v solution of b-(+)-glucose was sterilized in
20-ml aliquots at 121°C for 10 min and stored at room tem-
perature. A stock solution of 4 mg/ml L-aspartic acid was ster-
ilized in 20-ml aliquots at 121°C for 10 min and stored at room
temperature. A stock solution of 24 mg/ml L-threonine was
sterilized in 5-ml aliquots at 121°C for 10 min and stored at
4°C. A 20 mM copper (I1) sulfate solution (Aldrich, Dorset,
UK) was prepared and filter sterilized through 0.2-pm pore size
Whatman PURADISC filters. The solution was stored at room
temperature in a sterile glass bottle. A 10-mg/L stock solution
of CPRG (Boehringer Mannheim, East Sussex, UK) was made
in sterile distilled water and stored at 4°C in asterile glassbottle.

Growth medium was prepared by adding 5 ml glucose so-
lution, 1.25 ml L-aspartic acid solution, 0.5 ml vitamin solution,
0.4 ml L-threonine solution, and 125 pl copper (I1) sulfate so-
lution to 45 ml single strength minimal medium in a sterile
conical flask. The growth medium was then inoculated with
0.25 ml of the concentrated stock yeast and incubated at 28°C
for approximately 24 h on an orbital shaker (250 rpm with a
50-mm throw) until an absorbance at 640 nm of 1.0 wasreached.

The assay medium was prepared by adding 0.5 ml of the
chromogenic substrate CPRG to 50 ml fresh growth medium.
The medium was seeded with 2 ml yeast from a 24-h yeast culture
with an absorbance at 640 nm of 1.0 prior to use.

Compounds tested

The specificity of the screen was determined using steroids
purchased from Sigma (Dorset, UK). Stock solutions (1 wM)
were made in ethanol, and all serial dilutions were carried out
in ethanol in order to achieve fina concentrations of 5 X 10-®
to 2.5 X 107 M in the microtiter plate wells.

The ability of the test to identify environmental estrogens
was assessed by examining the activity of known environmental
estrogens, i.e., genistein (Sigma, Dorset, UK), bisphenol-A (Al-
drich, Dorset, UK), and op’-DDT (MTM, Lancashire, UK).

Representative chemicals of all the major classes of surfac-
tants (Table 1) were assessed for estrogenic activity. Addition-
ally, biodegradation products were chosen based on their per-
sistencein the aquatic environment, knowledge of what products
are produced when the surfactant is biodegraded, and com-
mercial availability. Abbreviations adopted in this paper for the
alkylphenolic compounds are those used in Ahel et a. [13].

The nonylphenol polyethoxylate Igepal CO-720 (NP12EO) and
4-nonylphenoxycarboxylic acid (NPLEC) were purchased from Al-
drich (Dorset, UK). 4-Nonylphenol (4-NP) was purchased from
MTM (Lancashire, UK), 4-tert-octylphenol (4-OP) 4-nonylphen-
oldiethoxylate (NP2EO), ‘“‘Synperonic” NP2 ether carboxylate
(NP2EC), and “* Synperonic’” A3 (an acohol ethoxylate containing
acertain amount of branching in the hydrophobe and manufactured
from petrochemical fatty alcohol by reaction with 3 mol of ethylene
oxide) were gifts from ICl (Cleveland, UK). Genapol C-100 (a
C12-C14 dcohol ethoxylate with a linear hydrophobe manufac-
tured by reaction of the alcohol derived from coconut oil with 10
mol of ethylene oxide) was supplied by Unilever (Wirra, UK) but
was produced by the German company Hoechst AG. The com-
mercia LAS preparation from Petrelab 550, produced by the Span-
ish manufacturer PETRESA (via HF catayst), was supplied by
Unilever (Wirral, UK). The C10-C13 LAS preparation (19.9%
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Table 1.Surfactants and biodegradation productes tested

Biodegra-
dation
products
Class Surfactant group Representative tested tested
Anionic Linear alkylbenzene sulfonates (LAS) Petrolab 550 SPC
Sirene
Branched alkylbenzene sulfonate ABS a
Alcohol sulfates (AS) Sodium n-octyl sulfate a
Sodium n-nonyl sulfate a
Alcohol ether sulfates Dobanol a
Secondary alkane sulfonates (SAS) SAS a
Others Linear-a-olefin sulfonate a
Sodium lignosulfonate a
Nonionic Alcohol ethoxylates (AE) Synperonic A3 a
Genapol C100 a
Alkylphenol ethoxylates (APE) NP12EO 4-OP
4-NP
NP1EC
NP2EC
NP2EO
Cationic Tallow amine derivatives Di(hydrogenated tallow) di- a
methyl ammonium chloride
Benzalkonium chloride C12-Cl4-alkyldimethylben- 2
zyl ammonium chloride
Amphoteric  Betaines Coconut amido betaine a
Cocobetaine a
Imidazolines N-b-hydroxyethyl oleyl imi- 2
dazoline

a|ndicates unknown or not commercially available.

active matter) from Sirene-113 (produced via AICI, catalyst) and
a range of sulfophenyl carboxylates (SPC) were supplied by
EniChem Augusta Industriale (Milano, Italy). A mixture of 50 to
70 individual branched akylbenzene sulfonates (ABS) manufac-
tured by TCl (Tokyo) and a commercial mixture of C13-C17
secondary akane sulfonates (SAS) manufactured by Hoechst AG
were agift from Jennifer Field (Oregon State University, Corvallis,
OR, USA). The C12—C15 alcohol ether sulfate Dobanol 25-35/70
(70% active matter), manufactured by Shell (UK/Netherlands), was
supplied by Unilever (Wirral, UK). Sodium n-nonyl sulfate (99%)
was purchased from MTM (Lancashire, UK). Sodium n-octyl sul-
fate, linear-a-olefin sulfonate, sodium lignosulfonate, di(hy-
drogenated tallow) dimethyl ammonium chloride, C12-C14-akyl-
dimethylbenzyl ammonium chloride, coconut amido betaine, co-
cobetaine, and N-b-hydroxyethyl oleyl imidazoline were al pur-
chased from Greyhound ChemService (Merseyside, UK). Pure
soap (formulated without perfume or colors) was purchased from
the Sainsbury’s branch at Uxbridge.

Many of the tested chemicals are hydrophobic and were
dissolved in ethanol. Chemicals insoluble in ethanol (such as
the SPC and sodium lignosulfonate) were dissolved in single
strength minimal medium. Stock solutions (2 g/L) were prepared
initially, after which serial dilutions were carried out to achieve
final concentrations of 100 mg/L to 50 pg/L in the wells.

Assay procedure

Yeast assays were carried out within atype |l laminar air flow
cabinet to minimize aerosol formation. Chemicals were serially
diluted and 10-p.l aliquots of each concentration were then trans-
ferred to a 96-well opticaly flat bottom microtiter plate (Linbro/
Titertek, ICN FLOW, Bucks, UK). Chemicals dissolved and di-
luted in absolute ethanol were alowed to evaporate to dryness
on the assay plate. Chemicals that were insoluble in ethanol were
dissolved and serialy diluted in medium. Aliquots (200 wl) of
the seeded assay medium (medium containing recombinant yeast)

and the chromogenic substrate CPRG were then dispensed to
each sample well using a Biohit Proline electronic multichanel
pipettor (Jencons [Scientific] Limited, Bedfordshire, UK). Each
plate contained at least one row of blanks (assay medium only),
as well as a standard curve for 17B-estradiol (3,000 ng/L 1783-
E2 to 1.5 ng/L). The plates were sealed with autoclave tape and
shaken vigorously for 5 min on a titer plate shaker prior to in-
cubation at 32°C in a naturally ventilated heating cabinet (WTB
binder, BD-series). After 3 d incubation, the color development
of the medium was checked periodically at an absorbance of 540
nm (using a Titertek Multiskan MCC/340 plate reader), to obtain
data with the best contrast. After incubation, control wells appear
light orange in color, due to background expression of B-galac-
tosidase (B-gal), and turbid, due to growth of the yeast. Positive
wells are indicated by a deep red color accompanied by turbid
yeast growth. Clear wells (containing no growth) indicate lysis
of the cells, and the color may vary.

RESULTS
Assay characteristics

The sensitivity and reproducibility of the estrogen screen were
assessed by measuring the response of the yeast to triplicate
dilutions of the natural estrogen 173-E2 compared to triplicates
containing only assay medium. The response of the yeast over
this concentration range (3,072 ng/L to 1.5 ng/L) was highly
reproducible, with a concentration of 3 ng/L 17B-estradiol pro-
ducing a detectable increase in B-gal production (Fig. 2).

Specificity of the estrogen screen was assessed by the ability
of arange of steroids and steroid metabolites, diluted from 5
X 1078 M, to stimulate expression of 3-gal in the yeast. The
data presented in Figure 3a and 3b show that the strongest
response was seen in the wells containing 17p-E2 (diluted from
1 X 10-8 M). The next most potent steroids were 17«-estradiol
and 17B-E2 sulfate, which had potencies of approximately two
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Fig. 2. Sensitivity and reproducibility of the estrogen screen. The
graph shows the log concentration of 17p-estradiol (serially diluted
from 3,072 ng/L to 1.5 ng/L) plotted against the absorbance of the
medium after 3 d incubation. Values represent the mean = SE (n =
3). In most cases the SEM were too small to illustrate.

and three orders of magnitude less than that of 17B-E2, re-
spectively. Except for testosterone and cortisol, which induced
a slight response at the highest concentration, the other steroids
failed to induce B-gal production.

Assay response to known environmental estrogens

After assessing the response of the screen to natural hor-
mones, we tested known estrogenic xenobiotics over a concen-
tration range of 100 mg/L to 50 w.g/L. Genistein (a phytoestro-
gen), bisphenol-A (aplasticizer), and two alkylphenols (NP and
OP) were all estrogenic (Figs. 4, 5). Genistein was the most
potent of these chemicals, and the two alkylphenols the least
potent, with OP being about fourfold more potent than NP. The
phytoestrogen genistein and the plasticizer bisphenol-A were
about three orders of magnitude less potent than 17B-E2, while
the pesticide op’-DDT produced a shallow gradient curve that
failed to reach a maximum response over the concentration
range tested, possibly due to a bioavailability effect caused by
solubility problems and sorption to the plastic plates.

Estrogenic activity of surfactants

After having assessed the response of the screen to a variety
of natural and synthetic estrogens, we then proceeded to test rep-
resentatives of the different classes of surfactants and some of their
primary degradation products, when available, for estrogenic ac-
tivity. All the compounds were tested over a concentration range
of 100 mg/L to 50 pg/L. Figure 6 shows the response of the yeast
to a selection of nonionic surfactants and their primary degradation
products. “‘Synperonic’ A3 (AE3) and Genapol C100 did not
stimulate 3-gal production in the yeast and therefore possess no
detectable estrogenic activity. The sudden drop in absorbance when
AE3 was present at 10 mg/L was due to the surfactant lysing the
yeast. The akylphenolic compounds 4-OF, 4-NR, NP1EC, NP2EC,
and NP2EO all produced a dose-dependent elevation in synthesis
of B-gal in the yeast, but al were less potent than 173-E2 (fold
less potency given in parentheses): 4-OP (1.5 X 10°), 4-NP (7 X
10°), NP1EC and NP2EC (2.5 X 10%), and NP2EO (5 X 10°). This
indicates that the presence of two oxyethylene groups markedly
reduces estrogenic activity. The compound NP12EO did not show
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Fig. 3. Specificity of the estrogen screen for a range of steroids and
steroid metabolites. The graphs depict the log concentration of 173-
estradiol (17B-E2), serially diluted from 10 nM, and other natural
steroid hormones, serialy diluted from 50 nM, plotted against the
absorbance (As,,) of the medium after 3 d incubation. Maximal re-
sponses at the highest concentrations are not shown. (A) Estrogens
and corticosteroids; 178-E2 (), 17a-E2 (m), E2-SO4 (¢ ), E2-Gluc
(m), cortisol (O). (B) Androgens and progesterones; testosterone (m),
progesterone (¢ ), DHT (m), 17a-P (O), 17«,20B-P (A).

any observable activity, therefore alkylphenolic compounds with
a high degree of ethoxylation are not estrogenic.

None of the cationic (Fig. 7) or anionic (Fig. 8) surfactants
tested were estrogenic although some lysed the yeast at high
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Fig. 4. Plate showing the response of the yeast screen to some known environmental estrogens. Bisphenol-A (row A) and genistein (row C) were
serially diluted (left to right) from 50 mg/L. Nonylphenol (row E) and octylphenol (row F) were both serialy diluted from 5 mg/L. 17B3-Estradiol
(row H) was diluted from 3,072 ng/L (1 X 108 M). Rows B, D, and G are blanks (no sample added) and show the background color of the medium.

concentrations. Neither SPC (Fig. 9) nor amphoteric surfactants
(Fig. 10) were estrogenic.

DISCUSSION

A wide variety of assays have been developed to assess the
estrogenic activity of a chemical. The classical assay, till in
use, is based on stimulation of uterine growth in immature mice
[14]. More recently, various in vitro assays have been devel-
oped, such as those based on stimulation of DNA synthesis and
cell division in selected breast tumor cell lines, such as MCF-7
and ZR-75 cells [5,15] and those that rely on the expression of
a reporter gene in transfected cells [15].

This paper describes an assay system in which the hER is

3 4
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Fig. 5. Response of the estrogen screen to a range of established
estrogenic compounds. The yeast cells were incubated with bis-
phenol-A (0), genistein (¢ ), or op’-DDT (W) at concentrationsranging
from 100 mg/L to 50 pg/L.

expressed in yeast in a form capable of activating transcription
of apromoter carrying ERE, in an estrogen-dependent manner.
The basic molecular mechanisms of hormone-dependent tran-
scription activation by the hER in mammalian cells have been
shown to operate in yeast [16], indicating that the underlying
regulatory mechanisms have been highly conserved. Yeast was
used as the recipient organism because its rapid growth rate,
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Fig. 6. Response of the estrogen screen to a range of nonionic sur-
factants and their biodegradation products. The yeast cells were in-
cubated with an alkylphenol polyethoxylate (NP12EO; x[) and the
alcohol ethoxylates AE3 () and Genapol 100 (A). Alkylphenol poly-
ethoxylate biodegradation products included two 4-nonylphenoxy-
carboxylic acid derivatives (NP1EC; 0, and NP2EC; A), as well as
4-nonylphenoldiethoxylate (NP2EO; +), 4-nonylphenol (4-NP; A)
and 4-octylphenol (4-OP; ¢), all at concentrations ranging from 100
mg/L to 50 pg/L. The sudden drop in absorbance seen with AE3 at
a concentration of 10 mg/L was due to lysis.
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Fig. 7. Response of the estrogen screen to a range of cationic surfac-
tants. The yeast cells were incubated with n-alkyldimethylbenzyl am-
monium chloride (O0) or dihydrogenated tallow dimethyl ammonium
chloride (¢) at concentrations ranging from 100 mg/L to 50 pg/L.

sexual cycle, and availahility of a range of plasmids and pro-
moters have made S. cerevisiae (budding yeast) a powerful tool
for molecular and cell biologists studying regulatory processes
associated with mammalian cells [17].

Using this recombinant yeast strain, compounds were tested for
their ability to directly stimulate the transcriptional activity of the
hER. As yeast does not normally contain an estrogen receptor, this
system overcomes concern regarding the effects of other gene
targets, or the complex interplay that exists between the estrogen
receptor and receptors for other steroids, peptide hormones, and
growth factors that may be associated with systems relying on the
activation of an endogenous estrogen receptor. However, in vitro
tests represent only a part of the metabolic system present in entire
animals and may give fase positives and negatives. Chemicals
identified as being estrogenic should therefore be tested in in vivo
studies retrospectively.

The results show that the yeast screen is highly sensitive and
has no incurred problems of variable background. The yeast
can consistently detect 17B-estradiol at a concentration as low
as 2 ng/L, which is five times lower than that of the MCF-7
cell system [5]. Animal bioassays using chicken, rat, or mouse
are costly and laborious techniques that are useful for investi-
gating the effects of metabolism and bioaccumulation of xe-
nobiotics, but questions have been raised involving possible
species differences in their hormonal activity. The proliferative
effect of natural estrogens on the female genital tract (vaginal
cornification) is areliable indication of estrogenicity but is not
suitable for large-scale screening.

The yeast-based screen reported here is performed in 96-
well microtiter plates, allowing screening of multiple com-
pounds over a wide range of doses, and results can be obtained
in 3 to 4 d without the need for cell harvesting and counting.
The color change can be clearly seen with the naked eye, al-
lowing results to be qualitative or quantitative. The results show
that this system is highly specific, reproducible, and rapid, fa-
cilitating its use as a routine assay for screening the estrogenic
activity of chemicals.

A number of recombinant yeast-based estrogen assays have
recently been developed for use in various research fields; these
include studies into the mechanisms of hormone binding and
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Fig. 8. Response of the estrogen screen to a range of anionic surfactants
(2100 mg/L to 50 pg/L). (A) A secondary akane sulfonate (0), abranched
alkylbenzene sulfonate (¢), a linear alkylbenzene sulfonate (LAS, eg.,
Petrolab; m and Sirene; A). (B) Sodium lignosulfonate (A), linear a-olefin
sulfonate C14 (A), an akyl ethoxylate sulfate (Dobanol m), the alcohol
sulfates sodium n-octyl sulfate (0) and sodium n-nonyl sulfate (¢ ), and

so2p (1)

transcriptional activation, using site-directed mutagenesis [12],
as well the use of a screen to determine blood plasma levels of
estradiol [18]. The recombinant yeast screen reported in Klein
et al. aso relies on the expression of B-gal but involves a more
complicated and lengthy procedure [18].

There are awide range of available surfactants used in many
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Fig. 9. Response of the estrogen screen to a range of sulfophenyl
carboxylates (SPC), which are biotransformation products of LAS.
The yeast cells were incubated with sulfophenyl acetic acid (),
sulfopheny! propionic acid (m), sulfophenyl butyric acid (T), and sul-
fophenyl valeric acid (A) at concentrations ranging from 100 mg/L
to 50 pg/L.

different products. Each exhibits different combinations of
cleaning (detergency), foaming, wetting, emulsifying, solubi-
lizing, and dispersing properties. In the present study, we tested
what we considered to be representatives of all the major groups
of surfactants and, when available and known, their primary
degradation products. None of the surfactants tested possessed
estrogenic activity. In view of this, it appears that the parent
surfactants themselves may provide no cause for concern re-
garding the effects of exposure to estrogenic chemicals. How-
ever, caution is warranted because presently we know little, if
anything, about metabolism of these chemicals in vivo.

In the present study, only one group of chemicals tested
proved to possess any estrogenic activity, the alkylphenols. Of
these compounds, only the degradation products of the APnEO,
which are environmentally persistent (discussed below), were
weakly estrogenic (Fig. 6). These compounds have also proved

3
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Fig. 10. Response of the estrogen screen to a range of amphoteric
surfactants. Theyeast cellswereincubated with coconut amido betaine
(O), cocobetaine (<), or N-b-hydroxyethyl oleyl imidazoline (m) at
concentrations ranging from 100 mg/L to 50 pg/L.
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estrogenic in other studies, most notably a detailed study in
which 4-OP 4-NP 4-NP1EC, and 4-NP2EO were al able to
stimulate vitellogenin gene expression in trout hepatocytes, gene
transcription in transfection assays, and proliferation of breast
cancer cell lines [15]. In contrast, neither the parent linear al-
kylbenzene sulfonates (LAS) nor their biotransformation me-
tabolites, the sulfophenyl carboxylates (SPC) [19], proved es-
trogenic in our assay (Fig. 9).

The results of the alkylphenolic compounds reported in this
paper are consistent with other findings [5,6,15]. The yeast
screen detects estrogenicity of alkylphenolic compounds at con-
centrations up to hundred times less than those needed to pro-
duce aresponse in hepatocyte culture. The findings of the yeast
screen are more consistent with the results from the MCF-7
human breast cancer cell line used by White et al. [15], which
showed 4-OP to be the most potent alkylphenol (active at 10
pg/L) and found NP1EC (active at 100 wg/L) to be approxi-
mately 10 times more potent than NP2EO. The potency of NP
in the different screens varies the most, with concentrations
ranging from 10 mg/L (hepatocyte culture) to 10 pg/L (yeast
and MCF-7 systems) required to produce a response.

The purity of a chemical is very important for accurate in-
terpretation of the results. The 173-E2 3-sulfate tested (Fig. 3,
¢) was reported to be >99.0% pure (derived by thin-layer
chromatography). Nevertheless, a 0.1% impurity of 178-E2
within this sample would produce the activity we observed in
the assay. The differences evident when comparing the relative
potencies of alkylphenolic compounds in different assay sys-
tems may be due to variations in their composition, uptake,
bioavailability, or metabolism in the different screens.

It is not known presently what particular structural features
are necessary for estrogenic activity. Commercially available
alkylphenolic compounds are a complex mixture of homo-
logues, isomers, and oligomers. This suggests that there may
be only one structurally active estrogenic form of a compound
and may explain why some preparations of 4-tert-nonylphenolic
compounds are more potent estrogens than others (unpublished
observation). Separation of these mixtures into individual iso-
mers and oligomersis necessary to answer this question. Despite
this, thereis a high degree of consistency in the results obtained
from the different assay systems. All agree that OP is more
potent than NP, and that as the EO chain length increases, the
estrogenicity decreases, and that alkylphenols, akylphenol
ethoxylates with a low degree of ethoxylation, and their car-
boxylic acid derivatives are all active.

Alkylphenol polyethoxylates are nonionic surfactants con-
sisting of a branched-chain alkylphenol, which has been reacted
with ethylene oxide to produce a polyoxyethylene derivative.
Although the full breakdown pathway for APnEO has yet to be
determined, studies following the biotransformation of APnEO
in primary effluents in sewage treatment works indicate that
microbial metabolism normally starts by an attack on the ethox-
ylate chain, rather than on the ring or the hydrophobic chain
[20]. The ethoxylate groups are systematically removed by ether
cleavage or by terminal alcohol oxidation followed by cleavage
of the resulting carboxylic acid. As the ethoxylate chain be-
comes shorter, the products become more resistant to biodeg-
radation and increasingly lipophilic. The parent APnEO are
transformed into persistent estrogenic short-chain APEO,
APEC, and AP metabolites, which are then discharged into the
aguatic environment via secondary effluents. The akylphenols
tend to partition into depositional phases of the rivers where
they are found at concentrations significantly higher than those
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in the water phase [11]. The production of alkylphenoxy car-
boxylic acids, by carboxylation of the terminal alcohol group,
may be the most important process involved in the transfor-
mation of APNEO [20]. Ahel et a. found that up to 90% of
APNEO were converted to APnEC after 23 days in shake cul-
tures with APnEO as the sole carbon source [20]. The short-
chain carboxylic acids are highly water soluble and have been
reported to be present in drinking water [21].

Reported concentrations of alkylphenolic compounds in the
aguatic environment are extremely variable and range from
nanograms to milligramg/liter (see Clark et a. [21] for detailed
information). The in vitro estrogen assay systems generally re-
quire higher concentrations of alkylphenolic compounds than
those reported to be present in the environment to elicit an
estrogenic response. These assays, however, measure short-term
responses to estrogenic xenobiotics and do not reflect the real
situation in the aguatic environment, where biota are probably
chronically exposed, possibly throughout their lives. In such a
situation, factors such as bioaccumulation become extremely
important considerations.

Bioaccumulation of the lipophilic metabolites of APnEO has
been observed in freshwater organisms [9,22]. Studies on the bio-
concentration of NP in marine animals [23] have reported con-
centration factors from 100 times (wet tissue weight) in the shrimp
(Crangon crangon) to 3,400 times in the mussel (Mytilus edulis).
Particularly notable is the bioconcentration factor of approximately
7,000 times (dry weight) in the macrophytic algae (Cladophora
glomerata), leading to levels of NP up to 38 mg/kg [9].

The discovery that some alkylphenolic compounds are estro-
genic has led to increasing concern over their use in cleaning
agents, paints, agrochemical's, emulsion polymers, and textile prod-
ucts [24]. Every year about 600,000 metric tonnes of APE are
produced worldwide [25]; 18,000 metric tonnes of NPE (1992 data)
are used annually in the United Kingdom alone. Of this quantity,
37% is lost to the aguatic environment [24]. Although much work
has now been done to support the findings that alkylphenolic com-
pounds are weakly estrogenic, little is presently known about the
real impact these compounds have in the environment. It is not
known which compounds get into aguatic organisms, whether they
are present at concentrations high enough to have any effects and
whether further structural changes, which might ater their activity,
occur by metabolism. Availability and exposure to akylphenolic
degradation products may in part depend upon the life style of the
organism; for example, whether it is free swimming or bottom
dwelling. The physiological effects of exposure to akylphenolic
estrogens are still unclear. These questions need to be addressed,
and their findings will help to assess the impact of human exposure
to estrogenic xenobiotics.
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