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more relevant at the vicinity of the STWSs. In fact, first field
evidence of sexual abnormalities in wild fish was given in

In a laboratory experiment, adult male and roach Rutilus rutilug in the U.K near STWSs.

female carp, Cyrpinus carpio , were intraperi-
toneally injected with a single dose of 500  pg/kg

of 17a-ethynylestradiol (EE ,) and eight days A widely accepted measure of estrogenicity is the deter-

afterwards, vitellogenin levels were recorded in
blood by Western blot analysis. Moreover, effects
on the cytochrome P450 monooxygenase Sys-
tem, phase Il and antioxidant defense enzymes of
the liver were measured. In a field approach,
water and carp were simultaneously collected at
the vicinity of two sewage treatment works
(STWSs) for determining the presence of estro-
genic compounds such as nonylphenol (NP)
and nonylphenol polyethoxylated compounds
(NPEOSs) as well as the occurrence of natural and
sinthetic estrogens. The induction of vitellogenin

on the male individuals was used as a reliable
indicator of estrogenic exposure.

mination of vitellogenin (VTG) in male fish plasma [3-4].
VTG is a yolk egg precursor and its synthesis, in female
fish, is regulated by estradiol circulating levels in plasma. In
male, as a consequence of exposure to substances that mimic
the natural estradiol, VTG can also be synthetised but, as a
redundant protein in this gender, the diversion of vital pro-
teins or lipids to VTG formation will have adverse conse-
guences. Also, the implications of biochemical changes into
physiological performance or even into a population level
reinforce the adequacy of VTG as a specific, early warning
biomarker of estrogenic exposure. Only a few estudies have
used carp as a sentinel species [5-6] but they were selected
for our studies because of their abundance in highly polluted

waters.

The cytochrome P450 dependent monooxygense system
is located in the liver endoplasmic reticulum and plays a key
role in the oxidative metabolism of endogenous compounds
(e.g: steroids), as well as a wide range of xenobiotics. The
cytochrome P450 system consists of a family of hemopro-
teins, the cytochrome P450 family and flavoproteins termed
An increasing broad spectrum of compounds is reported NAD(P)H cytochrome ¢ reductases being the main compo-
exhibit varying degrees of estrogenicity .[mong such nents. This system is reported to respond to estrogenic com-
compounds, estrogens and progestogens, both natural épounds in fish in a very selective manner [7-8]. As a com-
synthetic, as well as the nonionic surfactants alkylphencponent of this system, the isozyme CYP1A or its associated
polyethoxylates (APEs) and their major degradation produccatalytic activity, 7-ethoxyresorufi®-deethylase (EROD),
the persistent nonylphenol (NP), deserve particular attentiohave particularly responded to estrogens [9]. Another
the steroids for displaying the highest estrogenic capacitiisozyme, CYP3A, is mainly involved in theBydroxyla-
and the surfactants because of their massive use. Desftion of the steroid testosterone [10]; although it has a broad
this, estrogenicity of APEs and other “weak-estrogens” issubstrate specificity. Metabolites resulting from this previous
reported several orders of magnitude lower than that of ttoxidative process (phase | reactions) can be conjugated to
natural estradiol [2]. Exogeneous estrogergcg( 170-  larger endogenous molecules such as glutathione and glu-
ethynyl estradiol, diethylstilbestrol (DES), and mestranolcuronic acid, which enhance their solubility and conse-
and progestationale(g: levonorgestrel, norethindrone) quently, make them more easily excretable. Of these con-
chemicals are largely used for treatment of certain hormonjugative reactions (phase Il), glutathioBéransferase (GST)
disorders €.g: menopause), cancers, and in birth-controland UDP glucuronosyltransferase (UDPGT) are among the
pills. In the case of the NPEOs, incomplete degradation imost studied [11]. Moreover, aerobic organisms have
the STWs leads to increasing levels of NP, which is morevolved defence systems against oxidative damage such as
toxic than the parent compound. The natural and synthetantioxidant scavengers (glutahione, vitamin C, vitamin E,
esteroids are excreted mostly in a less active conjugatcarotenoid pigments), and specific antioxidant enzymes,
form, however, deconjugation by microorganisms durincnamely catalase (EC 1.11.1.6), superoxide dismutase (SOD;
water treatment originates the more potent parent compourEC 1.15.1.1) and glutathione peroxidase (GPX; EC 1.11.1.9)
Consequently, presence of such derived compounds will twhich function towards the removal of reactive oxygen
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species and they have been detected in a number of fiBiochemical measurements

species [12]. : . .
P [12] Cytosolic and microsomal fractions were prepared essen

The aim of the study was to observe the VTG inductioitially as described in Forlin and Anderson [15]. Cytochrome
capacity of carp after injection with EBt environmentally P450 system components, namely NAD(P)H cytochrome ¢
unrealistic conditions, as well as the existence, if any, of bicreductase, total cytochrome P450 and EROD activity, were
chemical changes linked to that input. This experimenmeasured in the microsomal fraction as described elsewher
would also provide good controls for a further applicatior[13].
in a field study. This consisted of the analysis of xenoestrc
gens in two tributaries of the Llobregat river by the use o/lmmunobloting

advanced analytical methods like solid phase extraction fo . N
lowed by liquid chromatography-mass spectrometry (LcFor CYP1A and CYP3A protein determinations, {gand
25 ug of liver microsomal proteins, respectively, were loaded

MS). Chemicals presence was related to the increase in VT g
) b on a 5% stacking gel and separated on 10 % SDS-poly:

in the natural fish populations inhabiting these waters. acrylamide gels as described for VTG analysis. Rabbit anti-
fish CYP1A Polyclonal IgG-fraction, BN-1 (Biosense
Laboratories AS) and rabbit-anti trout CYP3A Ab (kind gift
] ] from Prof. M. Celander from Géteborg University) were
Experimental section used as primary antibodies for CYP1A and CYP3A deter-
minations, respectively.

Laboratory study Phase Il enzymes

Glutathione S-transferase (GST) activity was measured ir
the cytosolic fraction andUridinediphosphate glucuronyl-
transferag (UDPGT) was measured in the microsomal frac-
tion.

Adult male and female car@yprinus carpig were supplied

in February 1999 by a fish farm located in the Ebro Delt:
and kept under controlled conditions as described in [13
From ten individually identified carp, 250 of blood was
taken from the caudal vein using an heparinised syring
(VTG control). Afterwards, they were immediately injected
with a single intraperitoneal dose of 50§/Kg EE, and  Antioxidant enzymes were measured essentially as describe
returned to a separate tank for the 8 days. After this perioin Livingstoneet al [16]. A more detailed description of
500pl of blood was collected (VTG induced) with phase Il and the antioxidants: catalase, SOD and GPX activ
heparinised syringes. After each extraction, blood waity measurements are given elsewhere [13].

immediately centrifuged at 1,000<gL0 min and the corre- . .

sponding plasma frozen to —80°C for VTG analysis. Fo Protein content was determined by the method of Lowry
other biochemical measurements, in addition to the EE€t al [17].

injected fish, 5 carps were treate@h an intraperitoneal
injection with the carrier (methanol:corn oil) and anothe
were not injected as they would be used as controls. Animéone-way ANOVA was performed using Sigmastat program.
were killed, measured and sexed. Their livers were immeda Bonferroni’s method was used and wher 0.05, con-
ately dissected and frozen at —80°C for cytochrome P4isidered significant.

monooxygenase system, transferases and antioxida

enzyme analysis. Field study

Antioxidant enzymes

" cStatistics

Water and fish collection
Vitellogenin analysis , .
Between April and June 1999, water samples from the influ-

An equivalent amount of protein of control and,Bfiected ent and effluent from selected STWs were collected as
carp was boiled for 5 min in SDS-PAGE sample buffer [1424-h composite samples. STW Piera, STW Calaf and STW
and afterwards loaded into a 7.5 % polyacrylamide gellgualada discharge into the Anoia tributary and STW
topped with 4 % polyacrylamide stacking gels. HoweverManresa discharges into the Cardener tributary. Water sam
due to the high VTG response in induced fish, for VTCples were also taken at the river stretches where fish wer
semi-quantitation the amount of protein loaded per lane wecollected (Fig. 1). Adult carpCyprinus carpio were fished

50 ug for control carps and Oppg in EE induced fish. by DC electric pulse. At least ten individuals were collected
Semiquantitation was carried out using a Quantity One pacper site and approximately 1 mL of blood was taken from
age program from BioRad and expressed as optical densthe caudal vein using an heparinised syringe and 1mM
units of the peak area per mg of protein. ImmunoblottinPMSF (phenylmethylsulphonyl fluoride) was added to the
was performed using a 1:1000 dilution rabbit anti-salmoiblood to avoid proteolisis. After the extractions, blood was
vitellogenin polyclonal antiserum, AA-1 (Biosense immediately centrifuged at 1,000<gl0 min and the corre-
Laboratories AS) as described in [13]. sponding plasma frozen to — 80 °C for VTG analysis.
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Figure 1. Map indicating where water and fish samples were collected. ¢ STP Calaf, # STP Piera, [0 STP Igualada and
A STP Manresa.
Chemical analysis wards loaded into a 7.5 % polyacrylamide gels topped with

4 % polyacrylamide stacking gels. The amount of protein

Alkylphenol polyethoxylated and nonylphenol analysis ~ loaded per lane was $@ for the field samples and Q.§

) . for the EE induced carp used as control.
The wastewater samples were filtered with a Qubmem-

brane filter and allowed to equilibrate at room temperatur
before extraction. The experiment was performed using &
automated sampler processor ASPEC XL (AutomateProteins which were separated on the SDS-polyacrylamide
Sample Preparation with Extraction Columns) from Gilsorgels as described for the laboratory exposure experiment.
(Villiers-le-Bel, France). A more detailed description of theHowever, these membranes were probed using 1:1000 dilu-
method is described elsewhere [18]. Solid-phase extractition rabbit koi-carp vitellogenin polyclonal antiserum,
(SPE) of the filtered samples was performed with an octad(Odense University, Denmark). Western blots were semi-
cylsilica (C18) sorbent, LiChrolut RP-18 (500 mg, 6 mL), quantitated by scanning with a densitometer Phospholmager
from Merck (Darmstadt, Germany). Identification and quan{Bio-Rad). Relative quantities of VTG were determined as
tification of nonylphenol derivatives was performed by lig-peak areas of the bands from molecular weight ranging from
uid chromatography-atmospheric pressure chemical ionizi70 to 200 kDa due to the appearence of several degradation
tion-mass spectrometry (LC-APCI-MS) using a VG Platforrbands in the field samples. Results expressed as a percent-

Immunoblotting

system from Micromass (Manchester, UK) age of the protein content of a sample of an EBiected
male. Male carp negative control which showed, by western
Estrogens and progestogens analysis blot, not to display VTG using several polyclonal antibodies

) o (AA-1, OP-1 from Biosense laboratories) was also used as
A more detailed description of the method development aryeference.

validation is described elsewhere [19]. Briefly, filtered sam-
ples were extracted with octadecylsilica cartridges LiChrolu
RP-18 from Merck, and subsequently analysed by liqui
chromatography-diode array detection-mass spectromet Results and discussion
(LC-DAD-MS) using two different interfaces: electrospray
(ESP) for estrogens and APCI for progestogens.
Laboratory experiment
Vitellogenin Analysis

. . Vitellogenin analysis
Plasma protein content was determined by the method g 4

Lowry et al.[17] and an equivalent amount of protein waslmmunoblotting with anti-salmon AA-1 polyclonal antibody
boiled for 5 min in SDS-PAGE sample buffer [14] and after-detected three bands in FBduced animals. A thin band of
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approximately 190 kDa, a second, wide one of 150 kDa 200 -

) | mMEE2i
another thin one of 130 kDa. Control males showed O control m induced

bands and in prespawning females only a very faint one g_ 150 -
150 kDa was evidenced, therefore, the band correspont o
to 150 KDa was selected for immunoquantitation. Plas £ 100 4
VTG showed a strong response after, lifection in both 8
male and female carp (Fig. 2). Due to the magnitude of 5
response, a 100-fold dilution of the plasma was requirec ® 50 1

order to obtain a quantifiable signal by densitometry in t

induced animals. Circulating VTG levels reached in trea 0 -
animals were similar in males and females, but as con

levels were lower in males, the increase observed for

gender was higher (90-fold) than the observed in femé Figure 2. Induction of the vitellogenin (VTG) response in female
(67'f0|d) Total plasmatic prOtEin did not Signiﬁcantl (n=2) and male (n=2) carp, Cyrpinus carpio , after experimen-
increased in induced animals respect to the control gr tal injection with a single dose of 500  pg/kg 17 a-ethynylestra-
despite the strong VTG induction. The fact that total pli diol (EE,). Only the 150 KDa band was measured by Western
matic protein do not reflect the VTG increase could be ¢ blot.

to other proteins decreasing and masking the VTG inc
ment. However, in other fish species, total plasmatic prot
was reported to increase after 8 days of treatment wigh 1
estradiol (E) at a dose of 0.5 mg/kg [20]. Strong differenceslevels in control animals indicates that CYP3A is constitu-
on VTG response have been observed among differetively expressed and that they may have important endoge
species. Thus, VTG response in cafp €arpio is reported nous functions in these animals.

to be muqh lower than n trousalmp truttg [21]._Another Total cytochrome P450 and P420 levels were determinec
comparative study carried out with male rainbow trou:

(Oncorhynchus mykissand the cyprinid roachRutilus in the liver microsomal fraction, but they did not indicate
rutilus) indicated that exposure af the samaidse, circu- any significant response after EEeatment. Nevertheless,

. ; . an indication of degradation was observed by higher P42(
I[3t2|?g VTG levels in trout exceed 30 times those of the r0aCevels in EEtreatedg animals and carrier in cgmp%rison to

controls. The flavoprotein, NADPH cytochrome (P450)
reductase fluctuated similarly to total P450 content but
Cytochrome P450 system reached statistical significance in Beeated and carrier fish

. ) i . in comparison to control fish. No particular trend was
CYP1A immunodetermined protein and EROD activity werégpserved for NADH cytochrome Jfreductase. The fact that
significantly depleted in EHreated animals, with a stronger carrier and EEinjected fish responded in an opposite way
inhibition (81 %) observed for the catalitic probe. This isi5 each other in cytochrome P450 content and its associate
probably due to the use of an anti-salmon polyclonal Aleqyctase activity suggests that,Effects are diminished
which may not be so appropriate for carp. Converselyyy the carrier. The masking effect occurs in a more selec-
administration of nonylphenol (NP) or i juvenile salmon tiye manner towards total P450 content than to the flavo-
indicated a stronger reduction of CYP1A than EROD activpotein, Alterations in cytochrome P450 components and
ity [23]. A weak cross-reactivity between rabbit anti-fishactivities after E exposure have been observed in several
CYP1A polyclonal IgG-fraction and carp CYP1A protein fish gpecies in the past. Total P450 content and flavoproteir
was demonstrated by western blot. Blots displayed arequctases were significantly reduced in brook trout

intense band of about 56 kDa in fB&\NF treated trout (used (s fontinaliy after repeated administration of 3 mg/Kg E
as positive control); in carp, this band was, if present, &jpges [7].

approximately 53 kDa and was very faint in carrier and con
trol carp while was not present in EHnhjected fish.
Immunodetermination of CYP3A protein was carried oul
with anti-trout P450con 1gG as the primary Ab, (Gift from The liver microsomal conjugative enzyme activity UDPGT
M. Celander), and the antibody cross-reacted well with carindicated a decrease after injection with the carrier, which
liver microsomes in the present study, although no signifiwas more accentuated after JBfjection, although differ-
cant differences between the control, carrier angdgefips ences among groups were not significant. Similarly, Arukwe
were observed. Two bands of around 50 kDa were obtaineet al. [23] reported a certain decrease in UDPGT after E
in carp whereas only a single band was observetN=  administration and after different doses of the “weaker estro-
treated trout, used as control. Similarly to our findings, kill-gen” nonylphenol (NP). No clear EEelated response was
fish (Fundulus heterocitys and winter flounder observed in cytosolic GST either. Depletion in GST activity
(Pleuronectes americanyshave both displayed two molec- was observed in carrier fish and increase in, Efected
ular weight cross-reactive bands [24]. This suggests thindividuals (similarly to P450 content and its flavoprotein
multiple CYP3A proteins may exist in some teleost fishreductase variations). Nevertheless, induction of cytosolic
species. Also, the fact that they are expressed at significeGST activity (determined using CDNB as substrate), might

female male

Phase Il enzymes
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be less relevant than the induction of certain GST isozymeestrogenic activity measured as a function of vitellogenin
as it happens for total cytochrome P450 levels. Induction dnduction in carp.

transferases is seen to fluctuate similarly to the cytochron

P450 system; as the metabolites resulting from the oxidativvjtellogenin induction

process are the ones that will be further conjugated ar

excreted. The biological implications of exposure to high amounts of
xenoestrogens (mainly NP) was reflected by the presence of
Antioxidant enzymes plasma VTG in male carpC({ carpig. Only male were

selected for the study since, at the time of the year this study
Total GPX activity decreased in carrier fish and slightlywas conducted, most of the females were gravid and VTG
increased in EEtreated animals indicating a non clearresponse was, in this case, biological and would not indicate
response to EHreatment. A similar behaviour between tOta|xenoestrogens exposure. Male carp collected upstream and
GPX and the phase Il GST activity was observed, thiin two sites further downstream a major STW had increased
should be expected considering that total GPX measures tyTG levels in comparison to a negative male control.
activity of certain GST isozymes and Se-GPX. Other antioxFigure 3 indicates that the increase in VTG was more evi-
idant enzymes, such as Se-GPX, catalase and SOD, pident in site 2, situated after the nearer STW. Also certain
gressively decreased in carrier and ,Hgected fish, correlation was found between NP present in water and VTG
although this decrease did not reach significance in conresponser(= 0.75). Observations were similar for the two
parison to control. On the contrary, a decrease on the red||obregat tributaries but, whereas in the Cardener effluent
cycling processes caused by estrogen-mimicking convTG increase was significant in all sites in comparison to
pounds, mainly expressed as a selective EROD inhibitiothe control, in the Anoia river the same trend did not reach
could reduce the amount of oxyradical species originated statistical significance. It must be pointed out that the dis-
biproducts of this process and therefore reduce the resportance from the STW is greater in the Anoia river because

in the antioxidant defences. attemps to collect fish nearer the plant were unsuccessful.
However, despite the distance, NP levels were still signifi-
Field study cantly high.

Not many field studies simultaneously report on xenoe-
strogens presence and biological effects in fish. A recent
High levels of NPEOs and NP in the influent and effluenstudy [31] reported that levels of natural estrogens in the
were determined in the four STWs studied. NP concentradange of tens ng/L and the synthetic estrogepiiEhe low
tion increased in the effluent indicating that this degradatiorange of ng/L in UK waters, this levels could be responsi-
product occurs during STW works. NP levels reached up tble for the estrogenicity of most of the effluents studied [22].
the mg/L range in the STWs and from non detected tin Sweden, estrogenicity of natural streams was also
12.87 mg/L in the receiving waters. In sewage treated efflidetected and, in this case, it was attributed to the fact that
ents, major nonylphenolic compounds are nonylphenolEE, exceed by 45 times the value reported to be estrogenic
(NP) indicating that transformation products are much morto rainbow trout [30]. Thén vivo estimated concentration of
resistant to microbial degradation. NP values were higheNP responsible of vitellogenin induction in rainbow trout is
than the recently reported in the influent of the Igualadbetween 1 and 1Qug/L [22,33], for EE and E it is
STW [25], in Europe [26-28] or in the USA [29]. 1,000 times lower [21,22]. Although cyprinids are less

Chemical analysis

Natural and synthetic estrogens were by far less abunc
Of the various compounds investigated (estradiol, estr
estrone, ethinyl estradiol, mestranol, diethylstilbestrol, prc g (%)

esterone, norethindrone and levonorgestrel), only estriol l Control
diethylstilbestrol were found at quantifiable concentratiol 60 - . m Site 1
Estriol was observed to be present in the raw influent of 1 50 A .

Site 2
B Site 3

STWs, Igualada and Piera, but not in the correspond 40 -
effluents, thus indicating good treatment efficienc 30
Diethylstilbestrol, on the other hand, was found in the infl 20
ent of one of the STWs under investigation (Calaf), and 10
the effluent of another STW (Piera). Such low levels are
agreement with those published by other authors in sim 0
typdes oftr\:va:fcer, v:hich estim(;ite the ;:resenc_e (?[L both nat Cardener Anoia
and synthetic estrogens and progestogens in the ng per

range [22,30-31] and only in punctual occasions in the pu (Manresa) (Ilgualada)
range [32]. Nevertheless, the limited number of positi
results together with the low concentrations obtained, di Figure 3. VTG induction, measured by western blot, in male carp
cults the establishment of possible relationships between sam_pled in three sites from two Llobregat river tributaries (NE
water content of estrogens and progestogens and SPan):

=
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sensitive to xenoestrogens, levels reached in our wate
(mainly as NP concerns) amply surpass this threshold ai

therefore, estrogenicity is likely to occur in many stretche10.

of our rivers. In carp, the most sensitive period to APs is ¢

its early life stages, prior and during sexual differentiation11.

when a female oviduct has been described to develop
males [34]. This labile period usually coincides with the

time of the year when circulating river water is minimal ancl2.

therefore pollutants are more concentrated.

13.

14.
15.

Conclusion

EE, injection of carp caused a very significant and similai16.

induction on VTG in both males and females. Some othe

biochemical responses such as EROD activity and CYP1A17.

were significantly depleted in the Elhjected fish. In the

field an increase in VTG was observed in male fish, mainl18.

at the stations nearer the STW.

19.
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