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Abstract

Effluents from wastewater treatment works (WwTWs) contain estrogenic contaminants that can cause feminised responses in fish. In
order to assess the identity of estrogenic contaminants taken up by fish exposed to effluents, an analytical method was developed to detect
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strogenic substances in fish bile, where many xenobiotics are excreted and concentrated. Estrogenic metabolites in bile were d
sing enzymatic hydrolysis and the estrogenic activity was determined using a yeast estrogen receptor transcription screen (YES).
amples were concentrated by solid-phase extraction (SPE) prior to fractionation by reversed-phase high-performance liquid chro
HPLC). Active HPLC fractions were detected by YES assay and analysed by gas chromatography–mass spectrometry (GC
rimethylsilylation. The method was validated using bile samples from immature female rainbow trout, which had been exposed to
ater or an undiluted estrogenic effluent for 10 days. Hydrolysis of bile from effluent-exposed fish was complete within 16 h an

he estrogenic activity in the bile was released by�-glucuronidase rather than sulfatase or�-glucosidase treatment. The estrogenic act
f hydrolysed bile from effluent-exposed fish ranged between 530 and 1440 ng E2eq/mL and was 17–48-fold greater than the
ile from reference fish exposed to tap water. The estrogenic activity of bile samples decreased with time in storage (at−70◦C by 7% pe
onth). The recovery of estrogenic activity from SPE was 96± 7% (mean± SD), from HPLC fractionation 87± 7% and for the whole metho
1± 7% (n= 7). 17�-Estradiol, estrone, 17�-ethinylestradiol, nonylphenol and short-chain nonylphenol polyethoxylates were all ide

rom GC–MS analysis of active HPLC fractions of bile from effluent-exposed trout, whereas only 17�-estradiol was detected in bile fro
sh exposed to tap water. There were also several other minor estrogenic components, at present unidentified, in bile of effluent-e
he work shows that fractionation of fish bile is a useful approach to identifying mixtures of estrogenic contaminants taken up by
wTW effluents and has the potential for application in the detection of other endocrine disrupting chemicals in fish tissues.
2005 Published by Elsevier B.V.
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. Introduction

Effluents from UK wastewater treatment works (WwTWs)
ere first reported to be estrogenic to fish in 1994[1],
nd since then estrogenic contaminants have shown to be
idespread in effluents discharging into rivers in England
nd Wales as well as in Europe and the USA[2–5]. The ma-

or estrogenic components in WwTWs effluents have been

∗ Corresponding author. Tel.: +44 1273 678382; fax: +44 1273 677196.
E-mail address:e.m.hill@sussex.ac.uk (E.M. Hill).

identified as the natural estrogens 17�-estradiol (E2) and e
trone (E1) and the synthetic estrogen 17�-ethinylestradio
(EE2) [6]. In addition, estrogen mimics such as alkylp
nols, short-chain alkylphenol polyethoxylates and bisph
A have also been detected in WwTWs receiving indus
inputs[7,8]. Estrogenic effluents are suspected to be res
sible for the high incidence of intersex fish documente
some native fish populations and there is concern abou
reproductive capabilities of affected fish[9–11]. However, no
conclusive association has been proven between environ
tally relevant concentrations of any of the estrogenic con

021-9673/$ – see front matter © 2005 Published by Elsevier B.V.
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inants in effluents and the induction of intersexuality in wild
fish. For vitellogenin induction, a biomarker response for es-
trogen exposure, steroid estrogens and steroid estrogens in
combination with xenoestrogens have been shown to induce
additive effects[12,13]. It is possible that mixtures of estro-
genic contaminants accumulate in fish tissues that can act
additively to cause intersex. Although there has been much
work analysing concentrations of estrogenic compounds in
effluents we know very little about the nature of mixtures of
estrogenic contaminants in fish tissues[6,14–16]. A wide va-
riety of classes of compounds have been shown to be weakly
estrogenic[17], and as typical effluents are complex mixtures
which contain many thousands of chemicals from numerous
domestic and industrial sources, it is important to identify the
most relevant mixture of environmental estrogens that may
accumulate to a high degree in fish.

The aim of this study was to develop an analytical method
to isolate and identify the estrogenic components present in
fish bile. Recent studies have shown that many substances,
including estrogens and alkylphenols, concentrate as glu-
curonide and sulfate conjugates in the fish bile prior to excre-
tion[18–21]. Analysis of bile fluid may be a good indicator of
recent exposure to trace amounts of environmental estrogens
and to investigate this, fish were exposed to a mixture of estro-
genic substances contained within an effluent and their uptake
i ile.
B ance
e ere
f and
t us-
i used
t frac-
t

2

2

hy-
l yl-
c d
f ed
f -
g ma-
A -
4

p m-
b ol-
v hem-
i

2

c ed

from Houghton Springs Farm, Dorset. Trout were exposed for
10 days in continuous flow through tanks containing either
tap water or effluent from a WwTW. The WwTW site chosen
for the study received an influent load of 138,000 population
equivalents, and was primarily domestic, with only 6% of the
load from industrial sources. The influent had been subjected
to primary treatment, activated sludge and trickling filter sec-
ondary treatments. The final WwTW effluent has been shown
to be estrogenic, and the estrogenic contaminants in the efflu-
ent have been well characterised from previous studies[14].
The volume of tanks containing the fish was approximately
1 m3 and flow rate approximately 3–5 L/min. Fish were fed
once daily with commercial trout pellets until 48 h prior to
sampling when food was withheld to increase the bile vol-
ume. At the end of exposure the fish were sacrificed, and the
gall bladder removed and stored immediately in dry ice then
at−70◦C on return to the laboratory. All glassware used for
sample storage and subsequent analysis was washed with de-
tergent, thoroughly rinsed with water, washed with acetone,
then baked at 500◦C for 2 h before use.

2.3. Enzymatic hydrolysis of estrogenic contaminants in
the bile samples

Lyophilised enzyme material was dissolved in HPLC
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nvestigated primarily by isolation of contaminants from b
ile samples were deconjugated, and estrogenic subst
xtracted on an OASIS HLB cartridge. The bile extracts w
ractionated by reversed-phase liquid chromatography
he individual fractions analysed for estrogenic activity
ng a yeast estrogen screen (YES) assay. GC–MS was
o identify components present in estrogenically active
ions.

. Experimental

.1. Chemicals

E1, E2, EE2, technical 4-nonylphenol (NP), bis(trimet
silyl)trifluoroacetamide (BSTFA) containing 1% trimeth
hlorosilane (TMCS),�-glucuronidase (type VII-A extracte
rom Escherichia coli), �-glucosidase (type H-1 extract
rom almonds), sulfatase (type VI fromAerobacter aero
enes) and all other chemicals were obtained from Sig
ldrich (Poole, UK). [2,4,16,16-4H2]E1 (E1-d4), [2,4,16,16
H2]E2 (E2-d4) and [2,4,16,16-4H2]EE2 (EE2-d4) (isotope
urity 96%, chemical purity >98%) were obtained from Ca
ridge Isotope Laboratories (Andover, MA, USA). All s
ents were of HPLC-grade purchased from Rathburn C
cals (Walkerburn, UK).

.2. Exposure of fish to WwTW effluent

Immature (1–2-year-old) female rainbow trout (On-
orhynchus mykiss), 250–320 g body weight, were obtain
s
rade water to the following activities;�-glucuronidas
000 units/mL, sulfatase 2 units/mL, and�-glucosidas
0 units/mL. The enzymes (200�L of each solution) wer
dded to 0.1 M phosphate buffer at pH 6.0 (1500�L) and
ater (800�L) containing bile (100�L). A pH of 6.0 was

ound to give sufficient activity for all three enzymes. T
olution was incubated for up to 16 h at 37◦C, then 300�L
f glacial acetic acid added. An aliquot of each hydroly
ample was kept aside for direct determination of the
strogenic activity and the remainder concentrated by s
hase extraction. The activity and specificity of the indi
al enzymes was monitored separately by incubation
tandard substrates (10�g in 100�L water) of nitropheno
lucuronide, nitrophenol sulfate and salicin. Deconjuga
f the standards was determined by following the forma
f 4-nitrophenol and 2-hydroxymethylphenol by HPLC w
ltraviolet detection at 280 nm[22].

.4. Solid-phase extraction of hydrolysed estrogenic
omponents from bile

The hydrolysed bile was diluted with water (2 mL) a
assed through an OASIS HLB cartridge (200 mg;

ers), which had been conditioned with methanol (5 mL)
owed by water acidified with 1% acetic acid (5 mL). A
er sample loading, the cartridge was washed with w
2 mL), dried under vacuum, and the bile extract eluted
ethanol (5 mL), ethyl acetate (3 mL) and hexane (3 m
he ethyl acetate and hexane fractions were combined,
rated to dryness, reconstituted in 500�L of methanol then
ombined with the initial methanol fraction. The combin
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methanol was gently evaporated under nitrogen to approxi-
mately 60�L, and 60�L of water then added prior to HPLC
fractionation.

2.5. HPLC fractionation

Samples were fractionated on a Waters HPLC system
comprising a model 600 pump and controller, model 717
autosampler and model 996 photodiode array detector. The
following standards were used to monitor HPLC separa-
tion; 6-�-hydroxyestradiol,�-estriol, 16-�-hydroxyestrone,
bisphenol-A, E2, EE2, E1, and technical NP. An aliquot of
the sample (100�L) was injected onto a Novapak C18 col-
umn (5�m particle size; 250 mm× 4.6 mm; Waters). Mobile
phase solvents were water acidified with 0.2% acetic acid (A)
and acetonitrile (B) in an initial ratio (A:B) of 69:31. Sepa-
ration was achieved at room temperature using a flow rate of
1.0 mL/min with the following gradient programme: 0 min
(69:31); 35 min (65:35); 50 min (0:100); 60 min (0:100).
Fractions were collected at 1 min intervals.

2.6. YES bioassay

The estrogenic activities of hydrolysed bile samples and
HPLC fractions were determined by a YES assay. This bioas-
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2.7. GC–MS

The identities of E1, E2, EE2, and NP components
were determined by GC–MS after derivatisation to their
trimethylsilyl ethers. Target HPLC fractions were evapo-
rated to dryness, 20�L of pyridine and 20�L of BSTFA
added and the sample heated for 15 min at 65◦C. The analyt-
ical instrument used was an HP 5890 gas chromatograph,
fitted with a 30 m HP5-MS fused silica capillary column
(30 m× 0.25 mm× 0.25�m film thickness), and connected
to a Kratos MS80 mass selective detector. The carrier gas
was helium at a constant pressure of 51.7 kPa, injection port
temperature was 250◦C and GC interface temperature was
280◦C. The sample (1�L) was introduced using a splitless
injection. The MS detector was used in selected ion mode
(SIM) for analysis of E1, E2, and EE2 and in full scan
mode for the determination of nonylphenols and nonylphe-
nol polyethoxylates. The source temperature was 280◦C with
electron energy of 70 eV.

The oven temperature programme was as follows: 100◦C
for 1 min, 10◦C/min to 280◦C, 280◦C for 11 min. The ions
monitored were342.1, 257.1 (E1);416.2, 285.1 (E2);425.2,
440.2 (EE2) and for deuterated internal standards346.1,
261.1 (E1-d4), 420.2, 287.1 (E2-d4); 429.2, 444.2 (EE2-d4);
the ions marked in bold were used for quantification and the
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ay has been validated in the detection of a wide rang
strogen receptor agonists including E2, E1, EE2 as w
enoestrogens such as alkylphenols, alkylphenol polyeth
ates and bisphenol A[23,24]. Briefly, the human estroge
eceptor (hER) gene has been stably integrated into the
enome together with an expression plasmid containin
strogen-response element (ERE), which controls ex
ion of the reporter gene Lac-Z (encoding the enzym�-
alactosidase). Activation of the receptor hER, by bind
f a ligand, causes binding to the ERE and consequ

he production of�-galactosidase. The enzyme is then
reted into the medium and metabolises the chromog
ubstrate, chlorophenol red-�-d-galactopyranoside (CPRG
normally yellow) into a chlorophenol that can be measu
y absorbance at 540 nm.

Samples of bile extracts and blanks in either ethan
ethanol were serially diluted with ethanol, and 20�L vol-
mes transferred to 96-well flat-bottomed multi-well pla
he ethanol was evaporated at room temperature follo
y the addition of yeast and assay medium containing
hromogenic substrate to the wells, and the plates incu
or 3–5 days. The absorbance of each sample at 540 nm
etermined after subtraction of absorbance at 620 nm to
ect for differences in yeast growth. The estrogenic act
f the bile sample was determined by comparing the li
ange of concentration–response curve of the sample
hat of an E2 standard curve included on each plate.
strogenicity of each sample was expressed in terms
2 equivalents/mL (ng E2eq/mL) of bile. In agreement w
ublished values[23,24]the median effect concentration
2 was typically around 100 pM.
t

thers for confirmation. Full scan data was used for q
ification of branchedpara-alkyl isomers of NP by compar
on with technical NP standard using an external calibra
ethod. Calibration standards for E1, E2, and EE2 cov

he concentration range 0.1–10 ng/�L; for NP the range wa
–20 ng/�L

. Results and discussion

.1. Hydrolysis of bile samples

The rate of deconjugation of estrogenic contaminan
ile samples isolated from effluent-exposed fish was d
ined by incubation with a mixture of three hydrolytic e

ymes,�-glucuronidase, sulfatase and�-glycosidase for u
o 24 h. A mixture of three hydrolytic enzymes was use
econjugate contaminants in the bile as both glucuronid
ulfate conjugates of xenobiotics are reported to be for

n fish, and glucose as well as glucuronide conjugate
strogenic alkylphenols have been detected in the cyp
shScardinius erythrophthalmus[19]. Aliquots of the incu
ating solution were analysed for estrogenic activity by
ES assay and the data showed that although the rate
onjugation varied considerably between bile samples, i
omplete for all samples by 16 h (Fig. 1). Thereafter, the incu
ation time allowed for deconjugation of contaminants in
ile samples was a minimum of 16 h. The nature of the co
ation was determined by incubation of bile samples wit
ividual enzymes (Table 1). Previous studies with standa
ad shown that the enzymes were specific and showe
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Fig. 1. The effect of the incubation time with a mixture of hydrolysis en-
zymes (�-glucuronidase, sulfatase and�-glucosidase) on the release of es-
trogenic activity from bile of effluent-exposed rainbow trout. Results are
expressed as a percentage of the value at 24 h and are a mean± SD of three
bile samples.

cross activity between the three hydrolytic activities[22]. A
small proportion of the estrogenic activity in trout bile (23%
of the total activity of hydrolysed bile) was released by incu-
bation in acidic buffer alone, and there was no further increase
in estrogenic activity of the bile when hydrolysed by sulfa-
tase or�-glucosidase enzymes. The majority of estrogenic
activity was released after incubation with�-glucuronidase
enzyme confirming that most of the estrogenic residues in
trout bile were in the form of inactive glucuronide conju-
gates.

3.2. Measurement of the estrogenic activity of trout bile
in the YES assay

It was noticed that response curves for the estrogenic activ-
ity of many hydrolysed bile samples differed when compared
with the standard curve of E2. After a 3-day incubation pe-
riod in the YES assay, which is the incubation time routinely
used to assay the activity of single compounds, incomplete
concentration–response curves were obtained for the major-
ity of the hydrolysed bile samples, which was in contrast to
the complete response curve obtained for the E2 standard
(seeFig. 2). However, a full response curve was obtained
for all the bile samples after further 2 days incubation. The
suppressed responses at the lower dilutions of bile samples
r stro-
g e all
s y for
5 ween
t ce of

Fig. 2. The relative response in the yeast estrogen screen (YES) for 17�-
estradiol and two (hydrolysed) bile samples of rainbow trout exposed to
effluent: comparison of the YES response after 3 and 5 days of incubation
in the assay. The volume of 17�-estradiol starts at 20�L of a 1× 10−7 M
solution and the volume of the bile extract starts at 20�L. Successive points
are a twofold dilution of the previous point. Thex-axis is a log scale.

anti-estrogenic or other chemicals in the bile sample which
either interfered with the estrogen receptor–ligand interaction
or other elements of the yeast response. The capacity of yeast
to metabolise xenobiotics is limited[25] but it is possible that
after 5 days incubation of the bile sample, the concentrations
of any anti-estrogenic or other chemicals in the bile mixture
were reduced by abiotic transformations, thus allowing a full
estrogenic response in the YES assay.

The estrogenic activity of hydrolysed bile from trout
exposed to WwTW effluent ranged from 530 to 1440 ng
E2eq/mL (mean± SD: 820± 363 ng E2eq/mL,n= 5). The
activity of bile from reference trout exposed to tap wa-
ter was 27-fold lower, between 12 and 55 ng E2eq/mL bile
(mean± SD: 30± 20 ng E2eq/mL,n= 5). The limit of detec-
tion (LOD) of the YES assay, determined from three times
the SD of the baseline noise, was 1.0 ng E2eq/mL. The ac-
tivity of blank samples, comprising the incubation buffer and
hydrolytic enzymes, was less than the LOD of the YES assay.

3.3. Solid-phase extraction of bile samples

The hydrolysed bile samples were concentrated on the
OASIS cartridge prior to HPLC analysis and aliquots of the
sample eluting from the OASIS cartridges in methanol, ethyl
acetate and hexane were analysed by YES assay. The re-
c e of
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T
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e bile, m ee enzym
esulted in a difference of up to 40% in the measured e
enic activity at day 3 compared to day 5, and therefor
amples were quantified after incubation in the YES assa
days. This difference in the YES assay response bet

he two incubations times could be due to the presen

able 1
he estrogenic activity of bile from effluent-exposed rainbow trout afte

ex of fish Number of samples Estroge

Buffer only

mmature female 3 23± 10
a Results expressed as a percentage of the estrogenic activity of th
overy of estrogenic activity from the deconjugated bil
sh exposed to effluent on the OASIS cartridge was 96± 7%
Table 2). Almost all of the activity was associated with

njugation with individual enzymes

ivity of bile, mean± SDa

Sulfatase �-Glucosidase �-Glucuronidas

24± 10 26± 10 101± 8

easured by YES assay, after hydrolysis with a combination of all thres.



R. Gibson et al. / J. Chromatogr. A 1066 (2005) 33–40 37

Table 2
Recoveries for different stages of the isolation of estrogenic contaminants
from trout bile

Stage Number of
samples

Recovery (%)
(±SD)

SPE isolation on OASIS 10 96± 7
Evaporation and addition of methanol:

water (50:50) prior to HPLC
7 97 ± 7

Recovery from HPLC fractionation 10 87± 7
Total recovery from both SPE and

HPLC procedures
7 81 ± 7

methanol fraction, less than 2% being associated in the ethyl
acetate or hexane elutions (data not shown). The recovery for
the final evaporation of methanol to a small volume (60�L)
and addition of water (60�L) prior to HPLC analysis was
97± 7% (Table 2). Care was taken to avoid complete evap-
oration of methanol as this led to some loss of estrogenic
activity, due either to volatility or incomplete resolubilisa-
tion of some of the estrogenic components.

3.4. HPLC fractionation of extracts of hydrolysed bile

A reversed phase liquid chromatography programme was
developed to separate E1, E2, and EE2 as well as other xeno-
estrogens (Fig. 3). A gentle solvent gradient was required to
effectively separate E1, E2, and EE2. All sixty fractions pro-
duced from HPLC separation of bile extracts were screened
for estrogenic activity by analysis of 20�L of solution (from
1.0 mL total) in duplicate using the YES assay. Any active
fractions that were too estrogenic for quantification were di-
luted and re-analysed.

The HPLC-UV chromatogram of bile extracts from
effluent-exposed trout contained additional peaks not de-
tected in the chromatogram of bile extracts from reference
fish., including compounds eluting at 36, 37 and 56 min
(Fig. 4a and b). When bile extracts from reference trout were
f ES
a ith
e e

F ration
o l
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(

Fig. 4. Representative HPLC-UV profiles of extracts of 100�L bile of juve-
nile rainbow trout (a) from trout exposed to tap water, (b) from trout exposed
to WwTW effluent; detection by UV at 280 nm.

of the estrogenic fraction on HPLC corresponded with that
of the E2 standard when analysed immediately after the bile
sample, and the presence of E2 in the estrogenic fraction was
confirmed by GC–MS analysis. There were a number of es-
trogenic fractions in the bile extracts from effluent-exposed
fish (Fig. 5b). The fractions eluting at 28–29 min, 39–40 min
and 42–43 min corresponded to retention times of E2, EE2
and E1, respectively. The concentrations of E1 and EE2 in
their respective fractions were determined by comparing the
response of standard E1 and EE2 to that of E2 in the YES
assay and also by quantitative GC–MS analysis of an aliquot
of each fraction. A comparison of the concentrations of the
steroids by GC–MS and YES analysis confirmed that the con-
centrations of E2, E1 and EE2 most likely accounted for all of
the estrogenic activity in their respective fractions (Table 3).
Clusters of branched-chain nonyl isomers corresponding to
technical NP, as well as short-chain NP ethoxylates contain-
ing between 1 and 4 ethoxy units (NP1–4EO), were detected
from GC–MS analysis of the HPLC fraction eluting at 56 min
(Fig. 6). However, most of the estrogenic activity of this frac-
tion could be attributed to NP, as in the YES assay short-chain
NPEOs are 10-fold less active than the parent alkylphenol
[24]. Quantitation of NP by GC–MS also revealed that the
majority of the estrogenic activity in this fraction could be
attributed to NP rather than the NPEOs (seeTable 3). In ad-
d EOs
ractionated on HPLC and the fractions analysed by Y
ssay, only one major fraction (retention time 27 min) w
strogenic activity was observed (Fig. 5a). The retention tim

ig. 3. Reverse phase HPLC-UV (280 nm) chromatogram of the sepa
f a mixture (250 ng) of estrogens and xenoestrogens: 6-�-hydroxyestradio
1), �-estriol (2), 16-�-hydroxyestrone (3), bisphenol-A (4), 17�-estradio
5), ethinylestradiol (6), estrone (7), and technical nonylphenol (8).
 ition to the presence of estrogenic steroids and NP/NP



38 R. Gibson et al. / J. Chromatogr. A 1066 (2005) 33–40

Fig. 5. Representative HPLC profiles of the estrogenic activity of extracts of 100�L bile of juvenile rainbow trout (a) from trout exposed to tap water, (b)
from trout exposed to WwTW effluent; detection by measuring the response (absorbance) of 20�L of each HPLC fraction in the YES assay. U: unidentified
component.

in bile of effluent- exposed fish, several other estrogenic frac-
tions were detected, the most prominent of which eluted after
19–20 min on HPLC (labelled U inFig. 5b). The identity of
the estrogenic substances in these fractions is currently being
investigated.

Quantitation by GC–MS of the active bile fractions
revealed that the most predominant estrogenic contami-
nants in terms of concentration were NP (43.0± 6.7�g/mL)

followed by E1 (1.1± 0.4�g/mL), E2 (342± 81 ng/mL)
and EE2 (17± 4 ng/mL) (Table 3). The concentrations
of the steroids, E2, E1 and EE2, in 100�L bile would
give a response on HPLC-UV of less than 0.005 AU at
280 nm and would not be detected amongst the other
co-eluting components in the bile (Fig. 4b). In contrast,
using HPLC-UV analyses, NP (and NPEOs) were eas-
ily detected in the bile of effluent-exposed fish reflecting
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Table 3
GC–MS analysis of estrogenic HPLC fractions in bile extracts from effluent-exposed trout

HPLC fraction (min) Identity of estrogenic
component (by GC–MS)

Concentration in bile
determined by YES
assay (ng/mL)a

Concentration in bile
determined by
GC–MS (ng/mL)

Proportion of estrogenic
activity in fraction
determined by GC–MS

(%)

Fractions 28/29 E2
Sample 1 412 345 84
Sample 2 328 259 79
Sample 3 513 421 82

Mean± SD E2 418± 93 342± 81 82± 3

Fractions 39/40 EE2
Sample 1 20 21 103
Sample 2 12 13 108
Sample 3 21 17 81

Mean± SD EE2 18± 5 17± 4 98± 15

Fractions 42/43 E1
Sample 1 1012 966 95
Sample 2 883 779 88
Sample 3 1674 1739 104
Sample 4 1030 971 94

Mean± SD E1 1150± 356 1114± 426 95± 7

Fraction 56 NP, NP1–4EO
Sample 1 40,897 37,953 93
Sample 2 47,959 40,508 84
Sample 3 50,312 50,655 101

Mean± SD NP 46,389± 4900b 43,039± 6719b 93± 9b

a Calculated from the response of standard estrogens, compared with that of E2 in the YES assay: E1 gave a response of 26% of the E2 response, EE2 gave
a response of 98% of the E2 response and NP gave a relative response of 4000 times less than E2.

b The contribution of NP1–4EOs were not included in the calculation of estrogenic activity of the fraction.

the high concentrations of these xenobiotics in the bile
samples.

The relative concentrations of estrogenic contaminants in
the bile of effluent-exposed fish reflected the relative con-
centrations of these contaminants in many domestic WwTW
effluents including the one used in this study[10]. For in-
stance NP, the most predominant contaminant in the bile, has
been identified in domestic sewage effluents at concentra-

Fig. 6. GC–MS total ion chromatogram of nonylphenol contaminants in bile
of rainbow trout exposed to effluent. Bile extracts were fractionated by HPLC
and components in an estrogenic fraction eluting at 56 min were derivatised
t

tions between 0.2 and 10�g/L whereas the steroidal estro-
gens, E1, E2 and EE2 are present at much lower concentra-
tions of 1–200, 1–100 and 0.1–10 ng/L effluent, respectively
[6,15,16].

When the active bile fractions were quantified in terms
of estrogenic activity by YES analysis, E2 and E1 were the
most predominant contaminants (418± 93 and 299± 93 ng
E2eq/mL, respectively) whereas NP and EE2 comprised
12± 1 and 18± 5 ng E2eq/mL of estrogenic activity. EE2
comprised less than 3% of the total estrogenic activity due
to its low concentrations in the bile of effluent-exposed fish,
however in vivo EE2 has been shown to be between 5- and 66-
fold more potent than E2 and so is likely to be a predominant
estrogenic contaminant in the fish bile[13,26].

Analysis of the estrogenic activity in HPLC fractions of
bile from reference juvenile female trout exposed to tap
water revealed that it contained E2 at concentrations of
30 ng/mL, which indicated that although endogenous estro-
gens are present in bile of juvenile trout bile, they do not con-
tribute significantly to the amounts of E2 detected in the bile
of effluent-exposed fish. The use of juvenile rather than sexu-
ally mature fish to detect exogenous estrogenic contaminants
in the bile is an advantage, as mature fish containing fully de-
veloped gonads would synthesise much greater amounts of
endogenous estrogens, which could significantly contribute
t
o their trimethylsilyl ethers prior to analysis by mass spectrometry.
 o the estrogenic activity in the bile.
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The recoveries from HPLC, calculated as the sum of the
individual components compared with the total estrogenic ac-
tivity of the injected mixture, were greater than 87± 7%. The
recovery for the whole analytical procedure, from extraction
of hydrolysed bile to quantitation of individual compounds
after HPLC fractionation was highly acceptable at 81± 7%
(Table 2).

3.5. Estrogenic activity of bile samples during long-term
storage

Bile samples from effluent-exposed fish were stored at
−70◦C for up to a year after the initial analysis for estro-
genic activity by YES assay. During this time aliquots of
bile were periodically hydrolysed and their estrogenic activ-
ity determined in the YES assay. The estrogenic activity of
five bile samples stored between July 2002 and May 2003
declined with time at an average rate of loss of 7.0± 1.2%
per month. It is not clear which of the estrogenic components
in the bile were degrading, however one possibility is that
oxidation of E2 to the less estrogenic E1 occurs during long-
term storage of bile samples. The bile should be analysed
as soon as possible after collection as even during storage at
ultra low temperatures, significant losses of estrogenic com-
ponents were detected.
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ies. We thank Professor John Sumpter and Nicky Beresford,
Brunel University, for advice on use of the YES assay. This
work was funded by the EPSRC (to E.M.H. and C.R.T., ref
GR/R25651/01 and GR/R24999/01).
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