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Existing environmental risk assessment procedures are limited in their ability to evaluate the com-
bined effects of chemical mixtures. We investigated the implications of this by analyzing the com-
bined effects of a multicomponent mixture of five estrogenic chemicals using vitellogenin
induction in male fathead minnows as an end point. The mixture consisted of estradiol,
ethynylestradiol, nonylphenol, octylphenol, and bisphenol A. We determined concentration—
response curves for each of the chemicals individually. The chemicals were then combined at
equipotent concentrations and the mixture tested using fixed-ratio design. The effects of the mix-
ture were compared with those predicted by the model of concentration addition using biomathe-
matical methods, which revealed that there was no deviation between the observed and predicted
effects of the mixture. These findings demonstrate that estrogenic chemicals have the capacity to
act together in an additive manner and that their combined effects can be accurately predicted by
concentration addition. We also explored the potential for mixture effects at low concentrations
by exposing the fish to each chemical at one-fifth of its median effective concentration (ECs).
Individually, the chemicals did not induce a significant response, although their combined effects
were consistent with the predictions of concentration addition. This demonstrates the potential
for estrogenic chemicals to act additively at environmentally relevant concentrations. These find-
ings highlight the potential for existing environmental risk assessment procedures to under-
estimate the hazard posed by mixtures of chemicals that act via a similar mode of action, thereby
leading to erroneous conclusions of absence of risk. Key words: concentration addition, estrogen,
estrogen mimic, fathead minnow, mixture effects, Pimephales promelas, prediction. Environ
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Many environmental contaminants are capable
of disrupting endocrine function in humans
and wildlife. This phenomenon has been asso-
ciated with reduced fecundity, reproductive
failure, and population-level effects in a variety
of aquatic organisms (Jobling et al. 2002;
Matthiessen and Gibbs 1998; Nash et al.
2004). This highlights the urgent need to
develop accurate methods of assessing the risk
that these chemicals pose. Current methods
usually focus on the assessment of single
chemicals. This is in clear contrast to real-
world exposure situations, which are generally
to mixtures of endocrine-disrupting chemicals,
many of which act via a common mode of
action. This means that the overall risk posed
in real exposure situations may be greater than
that expected on the basis of the effects assess-
ment of the individual mixture components,
due to the potential for combined effects.
Concerns over the ecological significance of
these effects were heightened in the late 1990s
after reports of spectacular synergisms between
binary mixtures of estrogenic pesticides 77 vitro
(Arnold et al. 1996). These results were subse-
quently withdrawn because of issues of repro-
ducibility, leading many to question the overall
significance of mixtures (Kortenkamp and

Alterburger 1999). However, the issue has
continued to attract interest in view of the fact
that many of the estrogenic effects reported in
the literature exceed expectations based on
chemical-by-chemical assessments. A notable
example of this is the discrepancy between the
widespread distribution of reproductive abnor-
malidies in wild fish populations relative to the
low concentrations of estrogenic chemicals to
which they are exposed (Jobling et al. 1998;
van Aerle et al. 2001).

Many of the chemicals identified as
endocrine disruptors are known to mediate
their effects by binding with the estrogen
receptor (Payne et al. 2000). Estrogenic chemi-
cals include both the natural and synthetic
steroidal estrogens, as well as a wide range of
synthetic chemicals that mimic the actions of
endogenous estrogen. The potencies of these
different types of chemical vary over several
orders of magnitude. For example, the
steroidal estrogens, such as 17B-estradiol (E,)
and 17a-ethynylestradiol (EE,), are capable of
exerting estrogenic effects on fish when present
in the water in the low nanograms per liter
range (Thorpe et al. 2003). These chemicals
pose a significant environmental risk, having
been detected in effluents that discharge into
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rivers at concentrations that are individually
capable of inducing a significant effect
(Desbrow et al. 1998). In contrast, chemicals
that mimic the actions of estrogen, such as the
alkylphenols, exhibit much lower potencies and
rarely occur at concentrations that are individu-
ally effective in the environment (Desbrow
et al. 1998). Hence, the individual assessment
of the hazard posed by these chemicals indicates
a negligible risk. However, this approach does
not account for the potential for endocrine dis-
ruptors to act in combination. This may lead to
the underestimation of hazards that exist in real
exposure situations, resulting in erroneous con-
clusions of absence of risk.

Increasing recognition of these short-
comings has prompted considerable efforts to
investigate the combined effects of estrogenic
chemicals (e.g., Ashby et al. 1997; Soto et al.
1994). However, many of these studies have
been hampered by inadequate theoretical
foundations on which to base the expected
effects of mixtures of chemicals that exhibit
nonlinear concentration—response curves
(Kortenkamp and Altenburger 1999). More
recently, however, the pharmacological con-
cept of concentration addition (CA) has been
applied to the assessment of estrogenic mix-
tures. This concept is based on the assump-
tion that the components of the mixture act in
a similar manner, such that replacing one or
more chemicals totally, or in part, with the
other mixture components can produce the
same overall effect. The overall effect of the
mixture can therefore be described quantita-
tively using a mathematical model, based on
the concentration and potency of the individ-
ual mixture components (Bodeker et al.
1992). This means that potential hazards can
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be predicted from basic information about the
components of the mixture and its composi-
tion (number and concentration of chemicals
present), thereby negating the need for mix-
ture testing. A number of studies have
attempted to validate this concept by compar-
ing the effects of the mixture with those
expected on the basis of additivity. This has
involved the single-substance testing of the
individual mixture components in order to
gain information for the modeling of mixture
effects. The predictions made can then be
tested experimentally. This approach has been
used extensively in aquatic toxicology to
demonstrate the validity of CA as a means of
predicting the toxicity of multicomponent
mixtures of similarly acting compounds in var-
ious assays with fish, daphnia, algae, and bac-
teria (e.g., Altenburger et al. 2000; Backhaus
et al. 2000, 2004; Faust et al. 2001; Hermens
et al. 1984a, 1984b; Konemann 1981).

There is considerable evidence that CA
may also be used to predict the effects of mix-
tures of estrogenic chemicals. The validity of
this approach has been demonstrated 77 vitro,
using assays such as the yeast estrogenicity
screen (YES) and the human breast cancer cell
proliferation assay (E-SCREEN) (Payne et al.
2000, 2001; Rajapakse et al. 2002; Silva et al.
2002). Such studies have revealed the capacity
for the components of the mixture to con-
tribute to the overall effect by acting in relation
to their potency, even at low-effect concentra-
tions. For example, Silva et al. (2002) com-
bined eight estrogenic chemicals at low-effect
concentrations and demonstrated that the
effects of this mixture were consistent with the
predictions of CA. This highlights the capacity
for these chemicals to act in combination, even
when the individual components of the mix-
ture are present at concentrations below the
threshold of statistically detectable effects. This
has become known as the “something from
nothing” phenomenon (Silva et al. 2002).

In light of this ir vitro evidence, there is
now an urgent need to assess whether these
mixture effects also occur in higher life forms,
which reflect the net effects of complex chains
of events involving the uptake, distribution,
and metabolism of test agents until they reach
their target sites. The induction of the egg
yolk protein vitellogenin (VTG) is an estab-
lished 77 vivo assay for analyzing estrogenic
effects in fish. This protein is normally
induced in the livers of female fish in response
to stimulation by endogenous estrogen.
However, it can be induced in both male and
female fish exposed to extremely low concen-
trations of estrogenic chemicals (Sumpter and
Jobling 1995). Although a causal relationship
has not been established, a number of studies
have demonstrated that VTG induction is
associated with effects at higher levels of bio-
logical organization (e.g., Harries et al. 2000).
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It therefore offers a sensitive and integrated
measure of estrogenic activity, which is rele-
vant to the assessment of environmental risk.
Recent evidence indicates that the induction
of VTG can be used to assess the joint action
of binary mixtures of estrogenic chemicals
in vivo (Thorpe et al. 2001, 2003). Here, we
have applied this assay to the analysis of multi-
component mixture effects.

The aim of this study was to investigate
the predictability of the combined effects of
five estrogenic chemicals on VTG induction
in the fathead minnow (Pimephales promelas).
We used CA as a concept on which to base
the expectation of additivity. We tested the
predictive power of CA by analyzing the estro-
genic effect of each mixture component indi-
vidually. Information on their potency was
then used to make predictions, which were
then tested by comparison with the observed
mixture effects. Mixture effects at low-effect
concentrations of the individual components
were also investigated to analyze the applica-
bility of CA under environmentally realistic
conditions. All studies were conducted using
an optimal experimental design that mini-
mized the number of test organisms. Quality
checks of the exposure conditions were con-
ducted using analytical chemistry.

The work described in this article con-
tributes to our current understanding of the
combined effects of multicomponent mix-
tures of estrogenic chemicals at higher levels
of biological complexity, as well as aiding in
the development of methods that can be
applied to the analysis of mixtures. Hence,
the findings are of considerable relevance to
the assessment of environmental risk.

Materials and Methods

Test organisms. A stock of fathead minnows
was obtained from Osage Catfisheries (Osage
Beach, MO, USA). These fish, and their off-
spring, were used to conduct 14 independent
exposure studies. Before exposure, stock fish
were held in communal holding tanks with a
recirculating water supply. The exposure
studies were conducted in 30-L glass aquaria
(0.6 m x 0.3 m x 0.3 m), which were supplied
with a continuous flow of water. The analysis
of VTG induction focused on the responses of
male fish. However, an equal number of
females were included in each experiment to
reduce the level of aggression between males.
During the exposure, the fish were fed twice
daily: once with frozen brine shrimp and once
with flaked fish food. The photoperiod was
maintained at 16-hr light/8-hr dark with
20-min dawn and dusk transition periods.
Test chemicals. We investigated the activity
of five estrogenic chemicals. These were selected
on the basis of previous reports of their presence
in the environment and because of their likely
association with intersexuality in wild fish

(Desbrow et al. 1998). They included the
natural steroidal estrogen E,, the synthetic
steroidal estrogen EE,;, and the estrogen-mim-
icking compounds 4-zer+nonylphenol (NP),
4-tert-octylphenol (OP), and bisphenol A
(BPA). Stocks of E, (98% purity), EE; (98%
purity), OP (97% purity), and BPA (99%
purity) were purchased from Sigma Aldrich
(Dorset, UK). NP (99% purity) was obtained
from ACROS Organics (Leicestershire, UK).
All chemicals were dissolved in HPLC-grade
dimethylformamide (DMF) supplied by BDH
Laboratory Supplies (Dorset, UK).

Water supply and test apparatus. We
applied stock solutions to the tanks using a
Watson-Marlow 205U multichannel peristaltic
pump using silicon tubing (Watson Marlow,
Falmouth, Cornwall, UK). Solutions were
delivered at a rate of 0.02 mL/min into mixing
vessels, which were supplied with dechlori-
nated water that had been heated to 25°C.
Water entered the mixing vessels at a flow rate
of 300 mL/min, resulting in a 1:15,000 dilu-
tion of the stock solution. The diluted stock
solution then flowed into the tanks at a rate of
18 L/hr, which resulted in one complete water
change every 100 min. Dissolved oxygen and
water temperature were recorded daily, and the
functioning of the delivery system was moni-
tored throughout the study.

Delivery of the test chemical commenced
1 week before the start of each exposure.
During this equilibration period, the fish were
acclimatized to the experimental conditions in
an identical set of undosed tanks. After 7 days,
the fish were transferred into the tanks con-
taining the chemical or chemicals, where they
were maintained under exposure conditions
for a period of 2 weeks. Three control tanks
were run alongside each exposure. Two of
these were negative controls (NCs), consisting
of one undosed tank that received water only
[water control (WC)] and one tank that was
dosed with DMF [solvent control (SC)]. A
positive control (PC) was also included in
each study. The PC tank was dosed with EE,
at a concentration of 10 ng/L, which has pre-
viously been found to induce a maximum
VTG response (Panter et al. 2002).

Analytical chemistry. We determined
exposure concentrations at three different time
points during each experiment. We collected
the first set of water samples after 1 week of
dosing, immediately before the addition of the
fish. The second set was taken 1 week after
this, and the third set was taken after the final
week, on the day that the exposure was termi-
nated. Water samples were collected in solvent
rinsed glass bottles. If the sample was to be
analyzed for the presence of steroid estrogens,
the bottles were silylated before use. The water
samples were then analyzed according to the
nature of the chemical in question, using one
of the four following analytical techniques.
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Water samples containing EE, were
extracted onto preconditioned solid-phase C18
cartridges. Extracts were eluted into methanol,
which was removed under a stream of nitro-
gen. The extracts were then resuspended in
ethanol, and the EE, concentration was deter-
mined using an established radioimmunoassay
technique (Lange et al. 2001). Samples con-
taining E, also underwent solid-phase extrac-
tion (SPE) on a DVB Speedisk (Baker,
Deventer, The Netherlands). After cleanup of
the extracts with C18 cartridges, derivitization
of E, was carried out using silyl reagents before
analysis using gas chromatography combined
with ion trap detection (adapted from Belfroid
et al. 1999; Houtman et al. 2004). Samples
containing BPA underwent SPE analogous to
the E; procedure, after which the extracts were
analyzed using HPLC coupled to diode array
detection. This was carried out under isocratic
elution conditions with methanol/water
(60740, vol/vol) (adapted from Belfroid et al.
1999). For the analysis of water samples con-
taining NP and OP, the extraction step was
omitted. After the addition of acetonitrile
(5%), large sample volumes (300-800 pL)
were injected onto a reversed-phase HPLC col-
umn, which was coupled with an ion trap mass
spectrometer via an electrospray interface for
on-column enrichment. Analytes were eluted
using a fast gradient (Pojana et al. 2004).

Experimental design. We determined the
complete concentration—response curve of
each chemical in the test system in order to
provide the information necessary to generate
the prediction. The successful comparison of
observed and predicted mixture effects was
dependent upon the quality of these data. In
order to generate a prediction of low uncer-
tainty, that is, high accuracy and precision, it
was necessary to minimize the chance of
unknown systematic shifts in VTG sensitivity
for each chemical within the study time that
could result in a biased prediction (inaccu-
racy), and determine the concentration-effect
information of each compound with a certain
precision in order to maintain a given statisti-
cal variability of the prediction (precision).
We achieved this by repeating each exposure
at least once after a given time lag. Data from
repeated studies were then pooled.

Slight differences in the absolute VTG
levels between studies were accounted for by
standardizing the absolute effects scale to rela-
tive effects of between 0 and 1. The mean
VTG concentration in the fish from the NC
(SC) and the PC tanks were used as the mini-
mum and maximum responses, respectively.
This scaling was carried out after the VTG
effects data were log;, transformed, such that
a median effective concentration (ECs) cor-
responds to the concentration that produces a
logo-transformed VTG induction, which is
median in relation to the NCs and PC.

The aim of the single-chemical exposures
was to produce the data necessary to predict
the median effect concentration of the mixture
without exceeding a given level of statistical
uncertainty (the 95% confidence limits for the
predicted ECs( were set at a maximum of
+ 0.2 on the log;g-transformed concentration
scale). This relied on the premise that there
was average effect data variability, determined
on the basis of historical data sets produced
under similar test conditions, and it required
that the concentration range tested provided
sufficient information on the VTG response
curve. This information was based on results
of the repeated preliminary exposure studies,
each of which included six different concen-
trations, to which four male and four female
fish were exposed.

In order to compare the mixture effects
with the predictions of CA for a wide range of
different VTG levels in the final mixture
experiment, we used a “fixed-ratio” mixture
design: a master stock was prepared, contain-
ing each of the chemicals at their ECs, con-
centrations. This was diluted to give a range
of mixture concentrations of 100, 50, 30, 20,
10, and 5%, which corresponded with rela-
tive VI'G responses between 0 and 100%,
according to the CA expectations. Fish were
exposed to this dilution series in two indepen-
dent studies using the same methods and
design as employed in the individual exposure
studies. The concentration—response to the
mixture was then determined and related to
the effects predicted by CA.

In order to directly relate the effects of the
compounds to the observed mixture effects,
we performed a second mixture experiment.
The design of this experiment involved the
parallel testing of each chemical, both indi-
vidually and in combination. Only one con-
centration of each chemical was tested. This
approach aimed to investigate the potential
for mixture effects to occur at low-effect con-
centrations of the components, that is, at con-
centrations that would not, individually,
induce a statistical significant effect (Silva
et al. 2002). The low-effect concentrations
adopted were based on the ECs of each
chemical divided by 5. According to the prin-
ciples of CA, it was predicted that this mix-
ture would induce a 50% level of effect.

Fish sampling and analysis of plasma
VTG. At the end of each exposure, the fish
were sacrificed by overdosing with MS222
(Sigma Aldrich). The length and weight of
each individual were recorded before bleed-
ing. Blood samples were collected from the
caudal peduncle using heparinized capillary
tubes (Hawksley and Sons Ltd., Sussex, UK).
These were centrifuged at 4,000¢ for 5 min.
Plasma was then drawn off and stored at
—20°C until required for analysis. Plasma
VTG concentrations were determined using a
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carp-VTG enzyme-linked immunosorbent
assay (ELISA) validated for the measurement
of VTG in fathead minnows (Tyler et al.
1996).

Mathematical modeling and statistical
analysis. We determined concentration—
response curves for each of the five chemicals
and for the mixture using pooled data from
the repeated exposures. To account for the
intra- and interexperimental variability asso-
ciated with this nested data scenario, we used
the generalized nonlinear mixed modeling
approach in which both fixed and random
effects are permitted to have a nonlinear rela-
tionship with the effect end point (Vonesh
and Chinchilli 1997). As random effect, a
shift parameter was included in the nonlinear
regression model, which accounts for a shift
of the whole curve based on the log;(-trans-
formed concentration scale. Furthermore, a
best-fit approach was adopted: three different
regression models (probit, logit, and Weibull)
were fitted independently to the same pooled
data set, and the best fit was selected on the
basis of statistical criteria (Scholze et al.
2001). This approach was implemented
using the NLMIXED function of the SAS
statistical software package (SAS Institute,
Cary, USA).

The expected concentration—response
relationship of the mixture was calculated
using CA, which is represented by Equation 1:

-1
np
ECx,, =| S-2| , 1

i (zlEcx] .

where ECuxyyjy is the concentration of the
mixture that induces an overall effect x, ECx;
is the concentration of the ith chemical in an
n-component mixture required to induce the
same magnitude of effect, and p; is the pro-
portion of the 7th component in the mixture
(Backhaus et al. 2000). Hence, in addition to
information regarding the exact composition
of the mixture, knowledge of identical effect
concentrations (ECx values) of the mixture
components is all that is required to predict
an ECx value for the mixture. CA was used to
predict ECx values for the mixture in steps of
1% for effect levels from 10% up to 95%.
These values were then connected using
straight lines to give a graphical representa-
tion of the predicted curve. All predicted
effect concentrations are estimates and are
therefore subject to stochastic variability,
which meant that the predicted effect concen-
tration of the mixture also had to include a
measure of statistical uncertainty. This was
achieved using the bootstrap method (Efron
and Tibshirani 1993), which enabled 95%
confidence limits to be derived for the mean

predicted effect.
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Results

Analytical determination of exposure concen-
trations. Because of occasional technical prob-
lems that were encountered with the analysis
of the water samples, we did not obtain full
sets of reliable data for each chemical in all
exposures. Inconsistencies between data sets
for some chemicals created problems when
plotting the concentration—response data by
effectively shifting the position of the curve
along the x-axis, thereby increasing the vari-
ability associated with the biological response.
This reduced the accuracy and precision of the
effect model for the chemicals concerned. In
contrast, when the biological data (the VTG
response) were plotted against the nominal
concentrations, it proved to be highly repro-
ducible. This strongly suggested that the occa-
sional differences between nominal and
measured concentrations were artifactual. For

this reason, the concentration—response analy-
ses were based on nominal, as opposed to
measured, exposure concentrations.

The problems encountered with the
chemical analyses were subsequently resolved,
and good agreement between the nominal and
actual exposure concentrations of each chemi-
cal was obtained in the mixture experiments.
This is demonstrated in Table 1, which shows
the measured concentration of all of the mix-
ture components on the first day of each of
the mixture experiments. These values were
between 100 and 166% and 66 and 128% of
the nominal value for EE, and E,, and 64 and
128%, 50 and 110%, and 55 and 105% of
nominal value for NP, OP, and BPA, respec-
tively. Hence, the extent of the deviation from
nominal concentrations did not vary consis-
tently between chemicals, despite the differ-
ences between their exposure concentrations.

Table 1. Nominal and measured exposure concentrations at the beginning of each mixture experiment.

The mean measured concentration of each
chemical remained fairly constant over time:
the measured concentrations of EE,, E,, NP,
OP, and BPA 1 week and 2 weeks after the
start of the exposure were an average of 99 and
77%, 89 and 92%, 92 and 96%, 84 and 97%,
and 92 and 86% of those measured at the start
of the exposure, respectively. Hence, the ana-
lytical data generally confirm that the exposure
conditions were similar and reproducible for
each of the chemicals used.

Biological effects data. All exposure stud-
ies ran to completion. The rate of mortality
did not differ between treatments, which
indicated that the chemicals tested were not
acutely toxic and that the fish were not
unduly stressed. The baseline concentrations
of VTG determined for control males and
females were consistent with the literature
(Harries et al. 2000; Panter et al. 1998; Tyler

Concentration EE, (ng/L) E, (ng/L) NP (ug/L) OP (pg/L) BPA (pg/L)
(mixture dilution) Nominal Measured Nominal Measured Nominal Measured Nominal Measured Nominal Measured
First mixture experiment
10.1 mg/L (5%) 0.03 0.03,0.05 1.25 <08,13 0.35 04,07 225 15,24 75 41,61
20.2 mg/L (10%) 0.06 0.07,0.08 25 <15,26 0.7 07,08 45 25,51 15 956,12
40.4 mg/L (20%) 012 0.14,0.19 5 39,49 14 09,14 9 45,82 30 19,22
60.6 mg/L (30%) 0.18 0.23,0.23 75 6.2,9.0 2.1 23,20 135 11,12 45 43,32
101 mg/L (50%) 0.3 031,042 12.5 13,16 35 35,28 225 20,14 75 79, 41
202 mg/L (100%) 0.6 06,1.0 25 25,28 7 71,55 45 35,32 150 150, 110
Second mixture experiment
40.4 mg/L (20%) 012 013 5 6 1.4 1.8 9 9.4 30 20

The measured values given for the first mixture experiment represent the concentrations determined during two independent exposure studies.
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Figure 1. Pooled concentration—-response data and
best-fit regression curves for each of the individual
mixture components. (A) EE,. (B) E,. (C) NP. (D) OP.
(E) BPA. Each point represents the VTG response
of one fish, with each color representing an inde-
pendent exposure study. The solid line represents
the best-fit curve, and the dashed lines represent
the 95% confidence interval.
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etal. 1996), and there were no significant dif-
ferences between the VTG levels of WC and
SC fish in any of the exposures. Clear concen-
tration—response curves could be determined
for male fish in response to each of the single
chemicals as well as to the mixture. In con-
trast, female VTG levels exhibited extensive
variability, depending on their stage in the
spawning cycle (data not shown). For this rea-
son, only the data from male fish were suit-
able for inclusion in the analyses.

Concentration—response analysis for indi-
vidual chemicals. The analysis of the concen-
tration—response data for each chemical was
based on data pooled from at least two inde-
pendent exposure studies. In the case of OP
and BPA, a third smaller-scale study was con-
ducted. This was necessary because the first
two exposures did not cover the full extent of
the VTG response curve. In general, data
from repeated studies showed excellent agree-
ment, although there was some disparity
between the positions of the curves for EE,
and, to a lesser extent, E,. This is likely to
reflect the increased potential for error when
working in the nanograms per liter concentra-
tion range. These findings support the need
to base the prediction of mixture effects on
more than one set of data using the means of
repeated and pooled data sets.

Each of the chemicals tested induced VTG
in a concentration-dependent manner.
Figure 1 shows the concentration—response
data for each chemical and their estimated
regression curves. The corresponding best-fit
models with estimated parameters are given in
Table 2, together with the estimated ECs val-
ues and the confidence limits, which were
always below the planned tolerance benchmark
of + 0.2 on the logo-transformed concentra-
tion scale. It was possible to determine the
100% effect (relative to the PC) for each
chemical, and the lowest tested concentration
did not provoke effects significantly different
from the untreated controls. This allowed the
estimation of full concentration-response
curves without needing to extrapolate to
untested effect levels. Figure 2 shows the con-
centration—response curves for each chemical

plotted on the same concentration scale, thus
highlighting the magnitude of variations in
potency. EE; was the most potent chemical
tested, with an ECsq of 0.9 ng/L, which was
between 25 and 30 times more potent than E,.
The ECs of the natural steroid E, was 25
ng/L. NP and OP were 280 and 1,800 times
less potent than E,, with ECs values of 7 and
45 pg/L, respectively. BPA was the least potent
chemical tested, with an ECsq of 150 pg/L.
This was 6,000 times less potent than E,.
Concentration—response analysis for the
mixture. The VTG response induced by the
mixture is shown in Figure 3, together with the
line of best fit and the curve predicted by CA.
The variability associated with the best-fit esti-
mate is shown in Table 2. A concentration—
response curve was evident, and there was excel-
lent agreement between the results of the two
independent exposures. The pooled data sets
provide sufficient information for EC estimates
of low statistical uncertainty and thus a good
basis for the comparative assessment of
observed and predicted mixture effects. The
comparison of the observed VTG response and
the corresponding regression fit with the pre-
diction curve yielded excellent agreement, inde-
pendently of the effect level. No statistical
deviation could be detected, with the prediction
lying within the narrow 95% confidence limits
along the full length of the curve. These find-
ings provide evidence that estrogenic chemicals
act in an additive manner 77 vivo and that their
effects can be predicted accurately using CA.
Mixture effects at low-effect concentrations.
The results of the investigation into mixture
effects for compounds at low-effect concentra-
tions are shown in Figure 4. Analysis of the data
revealed that, individually, each of the chemi-
cals failed to provoke a response that was statis-
tically different from that of the controls at a
concentration that was equivalent to one-fifth
of their ECs. In contrast, when fish were
exposed to the same dose of all five chemicals in
combination, VI'G was significantly induced.
In line with the first experiment, there was
good agreement between the observed effect of
the mixture and the prediction of CA, with the
prediction falling within the confidence limits

Table 2. VTG induction by the individual compounds and the mixture.

of the observed effects. This confirms that the
combined action of estrogenic chemicals does
not deviate from additivity even in the low-
effect concentration range.

Discussion

Exposure concentrations. The decision to
determine the concentration—response relation-
ships on the basis of nominal, as opposed to
measured, exposure concentrations was made
in order to overcome problems that were ini-
tially encountered with the analytical chemistry
(discussed above). In theory, the measured
concentrations should provide a more accurate
reflection of the exposure conditions, because
they account for experimental errors that may
have arisen because of inaccuracies in the
preparation of stock solutions and/or the dos-
ing of tanks. As a result, the measured concen-
trations should provide the basis for the
mathematical modeling of mixture effects.
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Figure 2. Best-fit regression curves for the individual
mixture components plotted on the same concen-
tration scale.

Concentration—response function
A A

Compound Model? B B, S etween oxp ECs0(95% Cl)
EE, Probit 5.03 1.65 0.29 0.0009 (0.0005-0.001)
E, Probit 375 2.33 0.1 0.025 (0.020-0.029)
NP Logit -7.10 8.40 <108 7.02 (6.05-8.56)
op Weibull -6.37 357 <108 48.2 (36.2-58.0)
BPA Probit -5.61 2.55 0.06 158 (119-205)
Mixture
Observed Weibull —-6.61 3.71 <100 48.0(40.9-61.4)
Predicted CA — — — 44.3 (38.6-47.1)

Cl, confidence interval. ﬁ1 and fiz are statistical estimates of model parameters; 95% Cls are approximate confidence inter-
vals for effect concentrations given in pg/L; 63auyeen exp IS the statistical estimate for variance between experiments; and
ECs values are in relation to the NCs and PC, calculated from the given concentration-response function (rounded values).
aConcentration-response functions as defined by Scholze et al. (2001).
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Figure 3. Comparison between the observed and
CA-predicted mixture effects of five estrogenic
chemicals in the male fathead minnow. Each point
represents the VTG response of one fish, with each
color representing an independent exposure study.
The solid black line represents the best-fit of the
observed effect data, and the solid red line repre-
sents the CA prediction. Dashed lines represent the
95% confidence intervals. The predicted effect of the
mixture falls within the 95% confidence interval of
the observed data across the entire dose-response
curve.
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However, if problems occur when measuring
the exposure concentrations, these can add
more variability than they remove. This, in
turn, reduces rather than improves the accu-
racy of the prediction. Hence, in the absence of
a full set of reliable measured concentrations, it
was more accurate to base the mathematical
model on the nominal values.

This approach did not appear to reduce the
reproducibility of the concentration—response
analysis of NP, OP, and BPA. In contrast, the
agreement between the concentration—
response curves determined for E, and EE, in
each of the repeated exposures was slightly
reduced when the VTG response data were
plotted against nominal, as opposed to meas-
ured, concentrations. However, these differ-
ences were marginal. This indicates that the
nominal values provided a reliable indication
of the real exposure concentrations and vali-
dates their use in the concentration—response
analyses. This approach may not have used the
chemical analytical data to their full potential.
However, the determination of exposure

Individual chemical Mixture

ZZX ﬁwii_[

[T ]

Control EE, E, NP OP

Vitellogenin induction (%)

BPA Observed Predicted

Figure 4. Mixture effects at low-effect concentra-
tions (one-fifth of ECgg) of five estrogenic chemi-
cals. Error bars indicate SEM. Individual
concentrations were 0.12 ng/L EE,, 5 ng/L E,,
1.4 pg/L NP, 9 pg/L OP, and 30 pg/L BPA. The mix-
ture treatment contained all five chemicals at the
aforementioned concentrations, resulting in an
overall mixture concentration of 40.4 pg/L. Analysis
of variance detected a significant difference
between treatments (Fg 19 = 4.05, p < 0.01). Post hoc
tests revealed no difference between the response
of fish exposed to each of the chemicals individu-
ally and that of the control fish. In contrast, the mix-
ture elicited a response that was significantly
different from that of the controls.

concentrations was extremely useful in con-
firming the accuracy of the dosing system.
Without this, it would not have been possible
to validate the methods employed.

Single-substance effects. Despite the
plethora of published data describing the
potency of the chemicals tested in this study,
comparisons between studies are complicated
by apparent differences between the species
tested, the end points analyzed, and the assay
systems used. However, comparable studies
involving the analysis of VI'G induction in
male fathead minnows exposed to estrogenic
chemicals under flow-through conditions have
yielded results that are consistent with the
effects reported here. For example, Panter
et al. (1998) reported the induction of VTG
in response to between 32 and 100 ng/L of E,
after a 3-week exposure, which is in the same
order of magnitude as the potency observed in
this study. EE, has previously been found to
induce VTG at concentrations between
0.1 and 1 ng/L (Pawlowski et al. 2004). This
is consistent with the ECsg of 0.9 ng/L
reported here. The potency of NP is also con-
sistent with previous evidence that this chemi-
cal is effective at concentrations between 1 and
10 pg/L in fathead minnows after a 2- to
3-week exposure (Harries et al. 2000; Pickford
et al. 2003). Studies by Sohoni et al. (2001)
suggest that BPA is less potent, although
the effects reported were of a similar order of
magnitude as those observed in this study.
Concentration—response data from compara-
ble studies on the test species were not avail-
able for OP.

Differences between the relative potencies
of each of the compounds tested in this study
are also described in the literature. These data
are reviewed in Table 3, which reflects the dif-
ferences in the potency of each of the chemi-
cals tested. The potency of each chemical
relative to E, also varied extensively between
studies. The cause of this variability is
unknown, but is likely to reflect differences
between the exposure systems, the concentra-
tions tested, and the effect levels used to
determine potency. Differences in species sen-
sitivity may have also influenced the patterns
observed.

Table 3. Relative potencies previously reported for the five mixture components in terms of VTG induction.

Mixture effects. The results of the first mix-
ture experiment demonstrate that mixtures of
estrogenic chemicals have the capacity to act in
combination and that their effects can be accu-
rately predicted on the basis of the concentra-
tion—response curves of the individual mixture
components according to the principles of CA.
The predictions were in close agreement with
the observed effects across the entire range of
effects. Thus, we can conclude that the com-
bined effect of the mixture does not deviate
from additivity. This is consistent with the
priori assumption of this concept, which is
dependent upon the components of the mix-
ture acting via a common mechanism to con-
tribute to the overall mixture effect. Although
the validity of this concept has been demon-
strated for estrogenic chemicals in assays
involving unicellular organisms and mam-
malian cells (Payne et al. 2000, 2001;
Rajapakse et al. 2002; Silva et al. 2002), these
results provide the first evidence that the prin-
ciples of CA hold true for multicomponent
mixtures of estrogenic chemicals at higher
organizational levels, despite the increased bio-
logical complexity of the assay system and the
greater potential for toxicokinetic effects.

Similar additive effects have previously
been reported in response to binary mixtures
of estrogenic chemicals iz vivo. Thorpe et al.
(2001) investigated the effects of two-
component mixtures on VI'G induction in
rainbow trout. Concentration—response
curves were determined for fixed-ratio binary
mixtures of E, and NP (1:1,000) and of E,
and methoxychlor (MXC; 1:1,000), and these
were related to the predictions of CA. The
mixture of E; and NP induced effects that
were in agreement with the predictions of CA
across the entire range of concentrations tested.
In contrast, the mixture of E; and MXC
induced effects that were less than additive.
This was attributed to the fact that MXC may
act via a mechanism different from that of E,
and NP. Nevertheless, the effects observed pro-
vide strong evidence of the capacity for mix-
tures of similarly acting chemicals to behave in
an additive manner according to the principles
of CA. However, this conclusion was not con-
firmed in a subsequent investigation into the

Exposure Exposure Effect
Test organism Sex system duration (days) level EE, E) NP 0P BPA
Roach (Rutilus rutilus)? Male Flow-through 21 LOEC — 1 — 1,000 —
Rainbow trout (Oncorhynchus mykiss)? Male Flow-through 21 LOEC — 1 — 100 —
Zebrafish (Danio rerio)? Male Flow-through 8 LOEC 0.06 1 — — —
Sheepshead minnow (Cyprinodon variegatus)® Male Flow-through 16 LOEC 0.53 1 50 — —
Killifish (Fundulus heteroclitis)? Male Injection 8 LOEC — 1 20 200 100
Rainbow trout (Oncorhynchus mykiss)® Female (juvenile) Flow-through 14 ECso 0.04-0.09 1 1,000 — —
Zebrafish (Danio rerio)’ Male Semistatic 21 LOEC >0.25 1 25,000 5,000 50,000
Rainbow trout (Oncorhynchus mykiss) Juvenile Semistatic 21 LOEC >0.25 1 5,000 1,500 50,000
Fathead minnow (Pimephales promelas)? Male Flow-through 14 ECso 0.036 1 280 1,800 6,000

LOEC, lowest observed effect concentration. These data are scaled relative to the E, potency observed in each study.
aRoutledge et al. (1998). bRose et al. (2002). cFolmar et al. (2003). @Pait and Nelson (2003). €Thorpe et al. (2001). Van den Belt et al. (2003). 9Present study.
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combined effects of E; and EE, (Thorpe et al.
2003). The effects of this mixture were
consistent with CA at low-effect concentra-
tions, but a divergence occurred with increas-
ing effect level, with the predicted effects
exceeding those that were observed. This was
attributed to the limitations of the experimen-
tal design rather than being the result of a real
deviation from additivity (Thorpe et al. 2003).

The problems encountered by Thorpe
et al. (2003) were attributed to the fact that
only three concentrations of the mixture were
tested. This may have reduced the accuracy of
the concentration—response relationship. An
additional problem arose because of difficul-
ties in defining the maximum response to the
individual test compounds, as well as the
maximum response predicted by CA. These
difficulties were overcome in the present
study by testing a wider range of mixture con-
centrations and by standardizing the response
across exposures according to the minimum
and maximum response of the controls. The
accuracy with which these methods allowed
the effects of the mixture to be predicted
undoubtedly reflects the power of the mathe-
matical modeling and statistical analyses. It
also demonstrates the capacity for the VTG
induction assay to produce high-quality,
reproducible data for analyzing the mixture
response.

Low-dose implications. The additive
nature of the combined effects observed in the
first mixture experiment demonstrates that all
components contribute to the overall effect of
a mixture. This implies that the overall effects
will always exceed the highest individual effect
of the mixture components. By this line of
reasoning, low-effect concentrations of the
individual components may give rise to con-
siderable mixture effects. This phenomenon is
of particular importance for the environ-
mental hazard assessment of chemicals because
it indicates that concentrations of chemicals
that show no effect when applied singly may
provoke substantial effects when acting in
combination. The second mixture experiment
investigated whether these theoretical conclu-
sions from the CA concept also hold true in
the real world, by analyzing the combined
effect of the mixture components when they
were present at low, noneffective concentra-
tions. Even under these circumstances, a
highly significant mixture effect of more than
50% was observed. These i vivo results were
consistent with the “something from nothing”
effects reported by Silva et al. (2002), which
were produced using 77 vitro techniques.

More recently, the potential for estrogenic
mixture effects at low concentrations has been
explored in vivo using an assay based on an
increase in rat uterotrophic weight (Tinwell
and Ashby 2004). Concentrations that indi-
vidually induced low effects were determined

for seven estrogenic chemicals. Equipotent
concentrations were tested, both individually
and in combination, at various concentrations.
The highest concentration of the mixture
induced a significant increase in uterine
weight in relation to the effects produced by
the individual chemicals (although this differ-
ence was marginal). At 5- and 10-fold dilu-
tions, few of the individual chemicals induced
a significant response, and at a 50-fold dilu-
tion, no significant responses were observed.
However, the same dilutions of the mixture
were found to induce a significant response,
thereby demonstrating the potential for mix-
ture effects, even when the effects of each indi-
vidual chemical cannot be detected. Although
these findings were not related to expectations
based on additivity, they are in perfect agree-
ment with the results of the present study.
This provides strong evidence of the capacity
for estrogenic chemicals to act in combination
at higher levels of biological organization, even
at the type of low-effect concentrations
encountered in the environment.

Regulatory context. Our findings in this
study, combined with those of Tinwell and
Ashby (2004), highlight the limitations of
existing approaches to environmental (and
human) risk assessment when considering the
hazard posed by mixtures of endocrine-disrupt-
ing chemicals. Estrogenic chemicals, such as
the alkylphenols, which are generally present in
the environment as mixtures and at concentra-
tions below those required to individually
induce an effect, may therefore add to the
overall risk when present with other chemicals
that act via a similar mechanism. The failure to
account for the combined effects of these
chemicals will undoubtedly lead to the under-
estimation of potential hazards and hence erro-
neous conclusions regarding the risk that they
pose. In demonstrating the inadequacy of the
chemical-by-chemical approach to risk assess-
ment, these findings represent a significant step
toward achieving a more realistic means of
assessing the environmental hazard posed by
estrogenic chemicals. In addition to their regu-
latory implications, these findings indicate that
CA may be a valuable tool for predicting the
hazard posed by this type of mixture.

Research needs. It is important to recog-
nize that CA can be applied only when the
mixture is completely defined in terms of the
number of chemicals present and the mixture
ratio. A predictive risk assessment of combi-
nation effects will therefore depend heavily on
the generation of robust tools for analyzing
the type of mixtures that occur in real expo-
sure situations. It should also be acknowl-
edged that the scope of these findings is
limited to the assessment of chemicals that act
via the same mechanism to induce a common
effect. The next major challenge will be to
consider the endocrine-disrupting effects of

Environmental Health Perspectives « voLume 113 | numser 6 | June 2005

mixtures of chemicals that act via different
modes of action, or that have both agonistic
and antagonistic effects. Potential interactions
with non-endocrine-active compounds, such as
solvents and surfactants, should also be consid-
ered, along with the influence of additional
stresses incurred via changes in the environ-
ment and organismal physiology. Although the
task of integrating this body of knowledge into
hazard assessment procedures presents a formi-
dable challenge, these improvements will be
essential in ensuring the adequate protection of
wildlife populations and human health.

REFERENCES

Altenburger R, Backhaus T, Boedeker W, Faust M, Scholze M,
Grimme LH. 2000. Predictability of the toxicity of multiple
chemical mixtures to Vibrio fischeri: mixtures composed of
similarly acting chemicals. Environ Toxicol Chem
19:2341-2347.

Arnold SF, Klotz DM, Collins BM, Vonier P, Gillette LJ,
McLachlan JA. 1996. Synergistic activation of estrogen
receptor with combinations of environmental chemicals.
Science 272:1489-1492.

Ashby J, Lefevre PA, Odum J, Harris CA, Routledge EJ,
Sumpter JP. 1997. Synergy between synthetic oestrogens?
[Letter]. Nature 385:494.

Backhaus T, Faust M, Scholze M, Gramatica P, Vighi M,
Grimme LH. 2004. Joint algal toxicity of phenylurea herbi-
cides is equally predictable by concentration addition and
independent action. Environ Toxicol Chem 23:258-264.

Backhaus T, Scholze M, Grimme LH. 2000. The single substance
and mixture toxicity of quinolones to the bioluminescent
bacterium Vibrio fischeri. Aquat Toxicol 49:49-61.

Belfroid AC, Van der Horst A, Vethaak AD, Schafer AJ,
Rijs GBJ, Wegener J, et al. 1999. Analysis and occurrence
of estrogenic hormones and their glucuronides in surface
water and waste water in the Netherlands. Sci Total
Environ 225:101-108.

Bddeker W, Altenburger R, Faust M, Grimme LH. 1992.
Synopsis of concepts and models for the quantitative
analysis of combination effects: from biometrics to eco-
toxicology. ACES 4:45-53.

Desbrow C, Routledge EJ, Brighty GC, Sumpter JP, Waldock M.
1998. Identification of estrogenic chemicals in STW efflu-
ent. 1. Chemical fractionation and in vitro biological
screening. Environ Sci Technol 32:1549-1558.

Efron B, Tibshirani R. 1993. An Introduction to the Bootstrap.
London:Chapman & Hall.

Faust M, Altenburger R, Backhaus T, Blanck H, Bodeker W,
Gramatica P, et al. 2001. Predicting the joint algal toxicity
of multi-component s-triazine mixtures at low-effect con-
centrations of individual toxicants. Aquat Toxicol 56:13-32.

Folmar LC, Hemmer MJ, Denslow ND, Kroll K, Chen J, Cheek A,
et al. 2003. A comparison of the estrogenic potencies of
estradiol, ethynylestradiol, diethylstilbestrol, nonylphenol
and methoxychlor in vivo and in vitro. Aquat Toxicol
60:101-110.

Harries CE, Runnalls T, Hill E, Harris CA, Maddix S, Sumpter JP,
et al. 2000. Development of a reproductive performance test
for endocrine disrupting chemicals using pair-breeding fat-
head minnows (Pimephales promelas). Environ Sci Technol
34:3003-3011.

Hermens J, Canton H, Janssen P, Jong R. 1984a. Quantitative
structure activity relationships and toxicity studies of mix-
tures of chemicals with anaesthetic potency: acute lethal
and sublethal toxicity to Daphnia magna. Aquat Toxicol
5:143-154.

Hermens J, Leeuwangh P, Musch A. 1984b. Quantitative struc-
ture activity relationships and mixture toxicity studies of
chloro- and alkylanilines at an acute lethal toxicity level to
the guppy (Poecilia reticulata). Ecotoxicol Environ Saf
8:388-394.

Houtman CJ, Van Oostveen AM, Brouwer A, Lamoree MH,
Legler J. 2004. Identification of estrogenic compounds in
fish bile using bio-assay directed fractionation. Environ
Sci Technol 38:6415-6423.

Jobling S, Coey S, Whitmore JG, Kime DE, Van Look KJW,

727



Article | Brian et al.

McAllister BG, et al. 2002. Wild intersex roach (Rutilus
rutilus) have reduced fertility. Biol Reprod 67:515-524.
Jobling S, Nolan M, Tyler CR, Brightly G, Sumpter JP. 1998.
Widespread sexual disruption in wild fish. Environ Sci

Technol 32:2498-2506.

Kénemann H. 1981. Fish toxicity tests with mixtures of more than
two chemicals: a proposal for a quantitative approach and
experimental results. Toxicology 19:229-238.

Kortenkamp A, Altenburger R. 1999. Approaches to assessing
combination effects of oestrogenic environmental pollu-
tants. Sci Total Environ 233:131-140.

Lange R, Hutchinson TH, Croudace CP, Siegmund F,
Schweinfurth H, Hampe P, et al. 2001. Effects of the syn-
thetic estrogen 17 alpha-ethynylestradiol on the life-cycle
of the fathead minnow (Pimephales promelas). Environ
Toxicol Chem 20:1216-1227.

Matthiessen P, Gibbs PE. 1998. Critical appraisal of the evidence
for tributyltin-mediated endocrine disruption in molluscs.
Environ Toxicol Chem 17:37-43.

Nash JP, Kime DE, Van der Ven LTM, Wester PW, Brion F,
Maack G, et al. 2004. Long-term exposure to environmental
concentrations of the pharmaceutical ethynylestradiol
causes reproductive failure in fish. Environ Health Perspect
112:1725-1733.

Pait AS, Nelson JO. 2003. Vitellogenesis in male Fundulus hetero-
clitus (killifish) induced by selected estrogenic compounds.
Aquat Toxicol 64:331-342.

Panter GH, Hutchinson TH, Ldnge R, Lye CM, Sumpter JP,
Zerulla M, et al. 2002. Utility of a juvenile fathead minnow
screening assay for detecting (anti-) estrogenic sub-
stances. Environ Toxicol Chem 21:319-326.

Panter GH, Thompson RS, Sumpter JP. 1998. Adverse repro-
ductive effects in male fathead minnows (Pimephales
promelas) exposed to environmentally relevant concentra-
tions of the natural oestrogens, oestradiol and oestrone.
Aquat Toxicol 42:243-253.

Pawlowski S, van Aerle R, Tyler CR, Braunbeck T. 2004, Effects

of 17a-ethinylestradiol in a fathead minnow (Pimephales
promelas) gonadal recrudescence assay. Ecotox Environ
Safe 57:330-345.

Payne J, Rajapakse N, Wilkins M, Kortenkamp A. 2000.
Prediction and assessment of the effects of mixtures of
four xenoestrogens. Environ Health Perspect 108:983-987.

Payne J, Scholze M, Kortenkamp A. 2001. Mixtures of four
organochlorines enhance human breast cancer cell prolif-
eration. Environ Health Perspect 109:391-397.

Pickford KA, Thomas-Jones RE, Wheals B, Tyler CR, Sumpter JP.
2003. Route of exposure affects the oestrogenic response of
fish to 4-tert-nonylphenol. Aquat Toxicol 65:267-279.

Pojana G, Bonfa A, Busetti F, Collarin A, Marcomini A. 2004.
Determination of natural and synthetic estrogenic com-
pounds in coastal lagoon waters by HPLC-electrospray-
mass spectrometry. Int J Environ Anal Chem 84:717-727.

Rajapakse N, Silva E, Kortenkamp A. 2002. Combining xeno-
estrogens at levels below individual no-observed-effect
concentrations dramatically enhances steroid hormone
action. Environ Health Perspect 110:917-921.

Rose J, Holbech H, Lindholst C, Norum U, Povisen A,
Korsgaard B, et al. 2000. Vitellogenin induction by 17 beta-
estradiol and 17 alpha-ethinylestradiol in male zebrafish
(Danio rerio). Comp Biochem Physiol C 131:531-539.

Routledge EJ, Sheahan D, Deshrow C, Brighty GC, Waldock M,
Sumpter JP. 1998. Identification of estrogenic chemicals in
STW effluent. 2. In vivo responses in trout and roach.
Environ Sci Technol 32:1559-1565.

Scholze M, Bodeker W, Faust M, Backhaus T, Altenburger R,
Grimme LH. 2001. A general best-fit method for concentra-
tion-response curves and the estimation of low-effect
concentrations. Environ Toxicol Chem 20:448-457.

Silva E, Rajapakse N, Kortenkamp A. 2002. Something from
“nothing”"—eight weak estrogenic chemicals combined at
concentrations below NOECs produce significant mixture
effects. Environ Sci Technol 36:1751-1756.

Sohoni P, Tyler CR, Hurd K, Caunter J, Hetheridge M, Williams T,

et al. 2001. Reproductive effects of long-term exposure to
bisphenol A in the fathead minnow (Pimephales promelas).
Environ Sci Technol 35:2917-2925.

Soto AM, Chung KL, Sonnenschein C. 1994, The pesticides
endosulphan, toxaphene, and dieldrin have estrogenic
effects on human estrogen-sensitive cells. Environ Health
Perspect 102:380-383.

Sumpter JP, Jobling S. 1995. Vitellogenesis as a biomarker for
estrogenic contamination of the aquatic environment.
Environ Health Perspect 103(suppl 7):173-178.

Thorpe KL, Cummings RI, Hutchinson TH, Scholze M, Brighty G,
Sumpter JP, et al. 2003. Relative potencies and combina-
tion effects of steroidal estrogens in fish. Environ Sci
Technol 37:1142-1149.

Thorpe KL, Hutchinson TH, Hetheridge MJ, Scholze M,
Sumpter JP, Tyler CR. 2001. Assessing the biological
potency of binary mixtures of environmental estrogens
using vitellogenin induction in juvenile rainbow trout
(Oncorhynchus mykiss). Environ Sci Technol 35:2476-2481.

Tinwell H, Ashby J. 2004. Sensitivity of the rat uterotrophic
assay to mixtures of estrogens. Environ Health Perspect
112:575-582.

Tyler CR, Vandereerden B, Jobling S, Panter G, Sumpter JP.
1996. Measurement of vitellogenin, a biomarker for expo-
sure to estrogenic chemicals, in a wide variety of cyprinid
fish. Comp Physiol B 166:418-426.

van Aerle R, Nolan M, Jobling S, Christiansen LB, Sumpter JP,
Tyler CR. 2001. Sexual disruption in a second species of
wild cyprinid fish (the gudgeon, Gobio gobio) in United
Kingdom freshwaters. Environ Toxicol Chem 20:2841-2847.

Van den Belt K, Verheyen R, Witters H. 2003. Comparison of vitel-
logenin responses in zebrafish and rainbow trout following
exposure to environmental estrogens. Ecotox Environ Safe
56:271-281.

Vonesh E, Chinchilli VM. 1997. Linear and Nonlinear Models for
the Analysis of Repeated Measurements. New York:Marcel
Dekker.

728

voLUME 113 | NuMBER 6 | June 2005 « Environmental Health Perspectives




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice




