
007) 929–936
www.elsevier.com/locate/envint
Environment International 33 (2
Natural and synthetic endocrine disrupting compounds (EDCs) in water,
sediment and biota of a coastal lagoon

Giulio Pojana, Alessio Gomiero, Niels Jonkers, Antonio Marcomini ⁎

Department of Environmental Sciences, University of Venice, Calle Larga S.Marta 2137, I-30123 Venice, Italy

Received 22 December 2006; accepted 2 May 2007
Available online 7 June 2007
Abstract

We report a survey on the occurrence and distribution of natural (17β-estradiol, E2; estrone, E1) and synthetic (nonylphenol, NP; nonylphenol
monoethoxylate carboxylate, NP1EC; bisphenol-A, BPA; benzophenone, BP; mestranol, MES; 17α-ethinylestradiol, EE2; diethylstilbestrol, DES)
endocrine disrupting compounds (EDCs) in water, sediment and biota (Mediterranean mussel, Mytilus galloprovincialis) in the Venice lagoon, a
highly urbanized coastal water ecosystem that receives both industrial and municipal wastewater effluents. The survey was preceded by the
development of tailor made extraction and clean-up procedures for the simultaneous HPLC–ESI-MS determination of all examined EDCs in
sediment and biota samples. Satisfactory extraction performances and method detection limits (MDLs) were obtained for almost all EDCs. Most of
the selected compounds were found in water and sediment (concentration range: 2.8–211 ng/L, and 3.1–289 μg/kg, d.w., respectively), while only
17α-ethinylestradiol and nonylphenol were recorded in biota samples (conc. range: 7.2–240 ng/g, d.w.). 17β-estradiol and ethinylestradiol
contributed mostly to the water estradiol equivalent concentration (EEQ) (1.1–191 ng/L, average: 25 ng/L), while synthetic EDCs (17α-
ethinylestradiol, diethylstilbestrol) were mainly responsible of the sediment EEQ (1.1–191 μg/kg, average: 71 μg/kg, d. w.). Whenever
diethylstilbestrol was not recorded in the sediment, water EEQs were similar to sediment EEQs. A remarkable increase of nonylphenol was
observed in sediments over the last decade.
© 2007 Published by Elsevier Ltd.
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1. Introduction

It is well-established that aquatic wildlife in marine and
freshwater of the European Union is exposed to natural and
synthetic endocrine disrupting chemicals (EDCs) which are able
to interfere with the hormonal system, thus possibly causing
adverse effects on the intact physiology of organisms (Desbrow
et al., 1998; Spengler et al., 2001; Schlumpf et al., 2004). Both
field and laboratory studies provided abundant evidence that
exposure to these chemicals can lead to abnormal modulation or
disruption of development and reproduction in aquatic wildlife,
especially fish (Routledge and Sumpter, 1996; Harries et al.,
1997; Jobling et al., 1998;Van den Belt et al., 2003). Abnormally
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elevated levels of plasma vitellogenin, a biomarker response for
estrogens exposure, as well as a decrease in gonads develop-
ment, reduced fecundity and/or fertility, are the most commonly
observed effects. Literature reports show that concentrations of
most effective estrogens as low as 0.1 ng/L in water samples can
produce an increase of plasma vitellogenin in freshwater fish and
that estrogenic compounds can act additively to cause intersex
or other dysfunctions in aquatic wildlife (Seki et al., 2003;
Gunderson et al., 2004; Brian et al., 2005). Very recently,
estrogenic mixture has been moreover demonstrated to affect
reproductive performance of fish even at individual non-effect
concentration levels (Brian et al., 2007).

The EDCs most commonly found to be of concern for the
aquatic wildlife are those originated by the discharge of either
treated or untreated municipal and industrial wastewaters. The
identified most potent EDCs contained in these effluents are the
natural and synthetic steroid estrogens, such as 17β-estradiol (E2),
estrone (E1), and 17α-ethinylestradiol (EE2), although less potent
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non-steroidal chemicals such as alkylphenols and bisphenol-A
(BPA) are widely encountered at significant concentration levels.

Chemical analysis is essential for determining the identity and
concentration of individual EDCs in the environment. As additive
effects of the estrogenic activity of EDCs mixtures have been
proved, the total estrogenic potential of environmental samples
can be quantitatively evaluated in terms of EEQ (estradiol
equivalent concentration), provided that individual concentra-
tions of most active compounds are known (Körner et al., 1999;
Brian et al., 2005). The EEQ is the sum of the concentrations of
individual EDCs after normalization on E2 by means of estradiol
equivalency factors (EEFs). The EEF is the quotient of EC50E2/
EC50compound and is conventionally set to 1 for E2. These factors
cover a very wide range of values, from 2.7 for diethylstilbestrol
(DES) to 1.1×10−7 for benzophenone (BP) (Körner et al., 1999;
Gutendorf and Westendorf, 2001; Folmar et al., 2002).

A comprehensive evaluation of the potential impact of EDCs
towards ecosystems should be based on reliable quantification
of EDCs residual concentrations in water, sediment, as well as
in organisms along the food-chain. The potential hazard posed
by EDCs with relatively low polarity (e.g. EE2) was shown to
depend on the removal from water through sorption and
bioaccumulation (Lai et al., 2000; Bowman et al., 2002). Both
in vitro and in vivo studies demonstrated that sediments can
Fig. 1. Map of the Venice lagoon with location of the four sampling sta
exhibit high estrogenic activity towards benthic organisms
(Legler et al., 2002; Duft et al., 2003).

While many works on freshwater and, more recently, river
sediments (Bolz et al., 2001; Peck et al., 2004) were published,
data sets on the occurrence and behaviour of EDCs in estuarine
waters and sediments are still limited (Ferguson et al., 2001;
Stuart et al., 2005; Houtman et al., 2006). In addition, the effects
of transition environments on EDCs are still not fully understood
(Bowman et al., 2002). A detailed review of available data has
been recently reported (Langston et al., 2005).

The Venice lagoon (Italy) appears quite suitable for investi-
gating the occurrence and effects of EDCs: it is a shallow coastal
lagoon ecosystem connected to the sea by three inlets (Fig. 1).
This ecosystem undergoes heavy anthropogenic pressure which
increased greatly over the last century, following urban, industrial
and agricultural development. The presence and distribution of
natural and synthetic EDCs in the lagoon waters have been
recently investigated for the first time (Pojana et al., 2004a,b).

In this study, we extended the previous investigation to
sediment and biota with the aim of comparing the estrogenic
potential of sediments and waters, and to obtain water/sediment
partition coefficients and bioaccumulation factors for the selected
EDCs. The latter included natural and synthetic steroids shown to
be major estrogenic components of municipal wastewaters, as
tions: 1. Isola della Tresse; 2. S. Nicolò; 3. Celestia; 4. S.Erasmo.
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well as non-steroidal estrogens frequently detected inwastewaters
affected by industrial inputs.

2. Materials and methods

2.1. Chemicals

Analytical standards of 17β-estradiol (E2), estrone (E1), estriol (E3), 17α-
ethinylestradiol (EE2), mestranol (MES), diethylstilbestrol (DES), bisphenol-A
(BPA), nonylphenol (NP), benzophenone (BP) (N 98% pure) were obtained from
Fluka (Büchs, Switzerland). Nonylphenol monoethoxylate carboxylate
(NP1EC, purity approx. 90%) was purchased from CIBA (Basel, Switzerland)
and further purified by semi-preparative reversed-phase high performance liquid
chromatography (HPLC) on a C-18 column. Isotope-labeled EDCs used as
internal standards (tetradeuterated normal-4-nonylphenol, n-NP-d4, hexadeca-
deuterated bisphenol-A, BPA-d16, tetradeuterated 17α-ethinylestradiol, EE2-d4
and trideuterated 17β-estradiol, E2-d3) were obtained from Chemical Research
2000 (Rome, Italy). Ammonium acetate (AcNH4), HCl and NH3 solutions
(32%, v./v. in water, and 37%, v./v. in methanol, respectively), all N 99% pure,
were from Fluka. All employed organic solvents were HPLC ultra-gradient
grade from Romil (Dublin, Ireland). Water for chromatographic purposes was
purified by a Milli-Q system (Millipore, Billerica, MS, USA). Standard stock
solutions were prepared for all compounds, but MES and E1, at 1 μg/μL by
dissolving solid standards in methanol. MES and E1 were dissolved in methanol
at 0.1 μg/μL. All working solutions (100, 10, 1 ng/μL) were weekly prepared
by diluting stock solutions in 2 mL Teflon capped glass vials from Agilent
(Avondale, PA, USA).

2.2. Sampling

Samples of water, sediment and organisms (Mediterranean mussel, Mytilus
galloprovincialis) were collected in 4 stations located in the central Venice
lagoon. The sampling stations were selected according to known major potential
sources of EDCs (Fig. 1): Station 1, Isola delle Tresse, is affected by the treated
industrial effluents from the nearby industrial district of Porto Marghera and by
the final effluent of a municipal mechanical–biological sewage treatment plant
(approx. 310,000 equivalent inhabitants); Station 2, S. Nicolò, and Station 3,
Celestia, receive municipal untreated sewage from the Lido island and the
historical centre of Venice, respectively; Station 4, S. Erasmo, located near the
sea inlet, was assumed to be little affected by direct discharges and thus chosen
as “environmental background” site of the EDC contamination in the Venice
lagoon. Grab water samples were collected during ten subsequent sampling
sessions from October 2001 to October 2002 as previously described (Pojana
et al., 2004b), while sediments (0–20 cm layer) and mussels were sampled on
two separate occasions (October 2001, July 2002). Sediment samples (approx.
2 kg each one) were collected at the selected sites with a core sampler (4 sub-
samples per site). They were then added with 100 ppm of HgCl2, freeze-dried,
homogenized in a glass mortar and stored in a freezer at−30 °C before analysis.
Collected mussels (30–50 individuals per site, 4.2–5.6 cm long) were left for
24 h in an aerated tank with filtered sea water to allow their stabilization. Then
they were sacrificed, and their soft tissues were collected, added with 100 ppm
of HgCl2, freeze-dried, homogenized in a glass mortar and then stored in a
freezer at −30 °C before analysis. Typical physical–chemical parameters, such
as dissolved O2, pH, temperature and salinity for waters, and Eh values for
sediments, were also recorded, and are reported in the R&D section. The organic
carbon content of composite sediment samples was determined with a NA1500
NCS elemental analyzer by Fisons (Valencia, CA, USA).

The reported theoretical Kows and BCFs for the examined EDCs were
calculated by using the EPIWIN® (US-EPA) software (http://www.epa.gov/
oppt/exposure/pubs/episuitedl.htm).

2.3. Extraction, chromatographic separation and detection

The determination of selected EDCs in water samples was performed as
previously described (Pojana et al., 2004a). Briefly, 1000 mL water aliquots
were extracted by SPE on a C-18 column, and the final extracts were analyzed
by High Performance Liquid Chromatography coupled with a Mass Spectrom-
etry detector via an ElectroSpray Interface (HPLC–ESI-MS). Tailored
extraction and purification procedures were developed for the determination
of the selected EDCs from sediments and biota samples, and hereafter described,
while the chromatographic separation, detection and quantification conditions
applied to sediment and biota extracts were the same as previously reported for
water extracts (Pojana et al., 2004a). Twenty grams of freeze-dried sediment
sample were sonicated, after addition of recovery standards (100 ng of n-NP-d4,
BPA-d16, EE2-d4 and E2-d3 dissolved in methanol, 10 ng/μL each) to the dried
samples, at 20 °C in a Branson (Danbury, CT, USA) sonication bath with a
methanol:acetone mixture (80:20, v:v) for 2 h (50 mL, two times). The two
50 mL aliquots from each extraction step were then combined, filtered through a
GFF filter (47 mm, 0.7 μm pore size) from Whatman (Maidstone, UK) and
concentrated under gentle nitrogen flow down to 500 μL in an automated
evaporator Zymark Turbovap II (Darlington, MA, USA) set at 20 °C. The
concentrated extracts were then diluted to 1000 μL with Milli-Q water. Final
extracts were then stored into 2 mL Teflon capped screw cap glass vials from
Agilent at 2 °C before their analysis (100 μL injected volume) as previously
reported (Pojana et al., 2004a). Five grams of freeze-dried mussel soft tissue,
after addition of deuterated recovery standards (100 ng of n-NP-d4, BPA-d16,
EE2-d4 and E2-d3, 10 ng/μL each in methanol), were sonicated with a n-
hexane/acetone mixture (70:30, v:v) for 2 h (20 mL, two times). The two 20 mL
aliquots from each extraction step were then combined, filtered through a glass
fiber filter (47 mm, 0.7 μm pore size) from Whatman (Maidstone, UK) and
concentrated under gentle nitrogen flow down to 500 μL in the automated
evaporator set at 20 °C. The concentrated extracts from mussels samples were
further purified on a clean-up glass column (25 cm long, 1 cm i.d.) filled with 2 g
of Florisil (60–100 mesh, activated at 150 °C for 16 h). After conditioning the
columnwith 50 mL of n-hexane, the extract from sonication was added at the top
of the column, and elution was carried out by two solvent fractions: 50 mL of n-
hexane (discarded fraction), followed by 50 mL n-hexane/isopropanol 9:1 (v:v),
which was collected and then concentrated down to 500 μL in the automated
evaporator. The concentrated extract was then diluted to 1000 μL with Milli-Q
water. Final extracts were stored into 2 mL Teflon capped screw cap glass vials
from Agilent at 2 °C prior to their analysis (100 μL injected volume) by HPLC–
ESI-MS under conditions previously reported (Pojana et al., 2004a).

2.4. Calculation of EEQ

The estradiol equivalent concentrations (EEQs) for each investigated
chemical were calculated by using estradiol equivalent factor (EEF), defined
as the quotient of EC50E2/EC50compound. EEF values previously reported in the
literature were averaged and applied (Pojana et al., 2004b). Each individual
average EEF value was multiplied by the measured molar concentration of the
corresponding EDC to obtain a EEQ value for each analyzed chemical. The
resulting sample EEQ was obtained by adding the individual EEQs.

3. Results and discussion

The pool of chemicals analyzed in this work included natural (estrone,
E1; 17β-estradiol, E2; estriol, E3) and synthetic (17α-ethinylestradiol,
EE2; mestranol, MES) steroids as well as non-steroidal compounds
(diethylstilbestrol, DES; bisphenol-A, BPA; benzophenone, BP; non-
ylphenol, NP) likely to occur in sewage effluents and surface waters, and
considered as the most potent endocrine active substances. The accurate
simultaneous determination of these EDCs in marine sediment and biota
was first undertaken. The resulting method was then applied to the
environmental investigation that was carried out in four stations during
six sampling sessions over a period of one year.

3.1. Analysis of selected EDCs in sediment and biota

Extraction and clean-up procedures were optimized in order to
achieve satisfactory recoveries for all examined compounds. The
extraction efficiencies were validated by triplicate analyses of samples
spiked at two concentration levels, 100 and 20 ng/g (d.w.) of each



Table 3
Concentrations of detected EDCs in lagoon sediments

Sampling period Station Average concentration (μg/kg, dry weight)

Compound EE2 DES BPA BP NP

July, 2001 1 b2.0 55 118 33 192
2 12 b2.0 2.1 30 57
3 41 b2.0 60 110 47
4 b2.0 11 25 19 97

July, 2002 1 b2.0 63 99 15 91
2 b2.0 b2.0 b2.0 36 101
3 b2.0 34 32 14 73
4 35 b2.0 21 58 53

Abbreviations: E2, 17β-estradiol; E1, estrone; EE2, 17α-ethinylestradiol; BPA,
bisphenol-A; BP, benzophenone; nonylphenol, NP; NP1EC, nonylphenol
monoethoxylate carboxylate.

Table 1
Extraction efficiencies for examined EDCs from sediment (20 and 100 μg/kg, d.
w., spiking level) and mussel (20 and 100 ng/g, d.w., spiking level) samples

Compound (acronym) CAS
number

Mean recovery
(n=3) from
sediment, % (RSD)

Mean recovery
(n=3) from
mussel, % (RSD)

Spiking level 20 μg/kg 100 μg/kg 20 μg/kg 100 μg/kg

Estriol (E3) 50-27-1 75 (8) 79 (5) 56 (11) 62 (7)
17β-estradiol (E2) 50-28-2 71 (13) 77 (15) 52 (8) 55 (5)
Estrone (E1) 53-16-7 78 (6) 84 (3) 44 (15) 46 (14)
17α-ethinylestradiol
(EE2)

57-63-6 65 (11) 70 (8) 48 (16) 52 (14)

Mestranol (MES) 72-33-3 77 (13) 82 (10) 51 (17) 55 (13)
Diethylstilbestrol
(DES)

56-53-1 85 (9) 88 (6) 72 (10) 77 (6)

Bisphenol-A (BPA) 80-05-7 75 (12) 78 (8) 75 (8) 80 (5)
Benzophenone (BP) 11-61-9 59 (12) 63 (10) 70 (9) 74 (5)
Nonylphenol (NP) 25154-

54-3
84 (6) 86 (5) 63 (14) 66 (11)

Nonylphenol
monoethoxylate
carboxylate (NP1EC)

n.a. 61 (15) 67 (14) 40 (16) 46 (11)

n.a.: not available.
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compound, respectively. The obtained recoveries of selected EDCs in
sediment and mussel tissues are presented in Table 1.

Two sonication extraction steps with methanol–acetone (80:20, vol:
vol), each extraction lasting 2 h, followed by extract filtration, con-
Table 2
Concentrations of analyzed EDCs in lagoon water samples

Sampling period Station Average concentration (ng/L)

Compound E2 E1 EE2 BPA BP NP NP1EC

Oct, 2001 1 b1.0 b1.2 b0.8 3.4 b2.6 4.0 5.0
2 7.2 b1.2 8.4 b1.0 15 5.8 3.3
3 8.0 5.2 b0.8 4.7 16 4.3 2.8
4 – a – a – a – a – a – a – a

Nov, 2001 1 3.0 b1.2 8.0 30 12 39 15
2 8.0 b1.2 4.6 4.9 20 69 42
3 – a – a – a – a – a – a – a

4 b1.0 b1.2 34 b1.0 b2.6 7.1 b0.1
Feb, 2002 1 3.1 b1.2 b0.8 7.6 36 31 82

2 175 4.6 10 6.4 37 23 71
3 15 b1.2 7.1 b1.0 16 27 16
4 36 10 b0.8 9.7 b2.6 16 10

May, 2002 1 b1.0 3.2 b0.8 7.9 6.5 b0.5 b0.1
2 b1.0 b1.2 b0.8 5.3 b2.6 b0.5 b0.1
3 b1.0 6.7 b0.8 8.8 b2.6 b0.5 b0.1
4 b1.0 b1.2 b0.8 6.6 b2.6 b0.5 b0.1

July, 2002 1 b1.0 b1.2 10 3.5 b2.6 b0.5 3.3
2 b1.0 b1.2 b0.8 b1.0 b2.6 b0.5 10
3 b1.0 b1.2 b0.8 b1.0 5.0 b0.5 2.3
4 b1.0 b1.2 b0.8 3.5 5.5 b0.5 b0.1

Oct, 2002 1 15 b1.2 28 18 113 211 b0.1
2 14 b1.2 25 145 128 103 b0.1
3 14 b1.2 23 15 136 146 b0.1
4 9.8 b1.2 18 16 87 211 b0.1

Abbreviations: E2, 17β-estradiol; E1, estrone; EE2, 17α-ethinylestradiol; BPA,
bisphenol-A; BP, benzophenone; nonylphenol, NP; NP1EC, nonylphenol
monoethoxylate carboxylate.
a Sample not collected.
centration, and solution reconstruction, permitted mean recoveries from
sediment that ranged from 63% for BP, to 88% for DES, with relative
standard deviations of 5–15%. The performance of the extraction proce-
dure showed some individual recoveries lower than those previously
reported, which was counterbalanced by the number (10) of analytes
simultaneously extracted and separated. (Kuster et al., 2004).

The mussel tissues underwent the same extraction procedure (i.e. two
steps of 2 h sonication), with hexane–acetone (70:30, vol:vol) as ex-
tractant. To avoid strong signal decrease on ion generation observed in the
ESI interface caused by co-extracted interferences, an additional Florisil
clean-up step was added to the procedure. Mean recoveries (Table 1) at
both 20 and 100 ng/g spiking level were between 45 and 80%, except for
NP1EC (35%), with relative standard deviations of 5 to 19%.

The proposed extraction procedures, followed by HPLC–ESI-MS
determination, allowed to reachMethod Detection Limits (MDL, s/n = 3)
ranging from 0.1 to 2.6 ng/L for water samples, 0.2 to 5.0 μg/kg (d.w.)
for sediment samples, and from 0.3 to 5.0 ng/g (d.w.) for biota samples,
respectively (Tables 2–4). These MDLs are comparable with those
recently reported (Liu et al., 2004).

3.2. Composition and spatial distribution of EDCs in lagoon water
samples

Concentrations of recorded EDCs in the lagoon water samples are
presented in Table 2. Except for E3, MES and DES (MDLs: 1.0, 2.0
and 0.6 ng/L, respectively), all other steroidal and non-steroidal EDCs
were detected in all stations. In some more detail, at station 1, located
near the large industrial district of Porto Marghera, the concentrations
Table 4
Concentrations of detected EDCs in mussels

Sampling period Station Average concentration
(ng/g, dry weight)

Compound EE2 NP

July, 2001 1 b3 170
2 17 115
3 7.2 240
4 7.2 206

July, 2002 1 b3 131
2 38 211
3 11 171
4 20 170

See Table 1 for abbreviations.
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of non-steroidal EDCs (e.g. NP and BPA) were generally higher than
those of steroidal estrogens (e.g. EE2), as result of the proximity to both
industrial treated effluents and effluents of a mechanical–biological
sewage treatment plant (STP) receiving municipal and industrial
wastewaters. The vicinity of the STP is likely to explain the significant
concentrations of E2 and EE2 during the winter period (3.0–15 ng/L
and 8.0–28 ng/L, respectively). At stations 2 and 3, expected to be
affected mainly by municipal wastewaters, non-steroidal EDCs were in
general more abundant than steroidal EDCs, except for the peak
concentration (175 ng/L) of E2 at station 2 in the February sampling
session. The overall results showed that stations 1–3 were affected by
EDCs of both municipal and industrial origin (Pojana et al., 2004b).
Unexpectedly high contamination levels of steroidal and non-steroidal
EDCs were found at station 4, selected as “environmental background”
site: the mean concentrations of E2, EE2, NP and BPAwere 9.5 ng/L,
11 ng/L, 47 ng/L, 7.5 ng/L, respectively. The redistribution of con-
taminants inside the central lagoon by tidal hydrodynamics is likely to
explain this finding and confirms previous reported results (Pojana
et al., 2004b). The seasonal sampling permitted to identify possible
influence of seasonality on concentrations. Approx. 40% of concentra-
tions in the summer period were b MDL, achieving 69% during the
May/July sessions. Temperature was the only recorded parameter that
changed significantly in the sampling sessions, exhibiting a minimum
value of 9.3 °C in February and a maximum value of 29.2 °C in July,
respectively. The only other parameter showing a significant change
was dissolved O2, ranging from 13 mg/L in November to 29 mg/L in
February. All other recorded parameters remained fairly constant
throughout the sampling period: pH (7.6–8.2) and salinity (26–34 g/L,
as NaCl) were as expected over the entire sampling campaign and as
previously found (Pojana et al., 2004b).

Results from the sampling of stations 1 and 3 are in good agreement
with those obtained recently at sampling stations located approx. 500 m
from the location of stations 1 and 3 in this investigation. In this survey,
however, average concentration levels of the same selected EDCs
dissolved in water were lower or in the typical concentration range
previously reported for fresh and marine waters (Baronti et al., 2000;
Pojana et al., 2004b; Céspedes et al., 2005; Langston et al., 2005).
Diethylstilbestrol (DES), analyzed for the first time in the Venice
lagoon, was not detected in all water samples.

3.3. Composition and spatial distribution of EDCs in lagoon sediments

The Venice lagoon sediment was analyzed to determine distribution
and partitioning of examined EDCs in this compartment. To the best of
our knowledge, these are the first data about contamination from EDCs
in the Venice lagoon sediments. The average concentrations of the
detected EDCs from the four sampling stations are reported in Table 3.
While concentrations of synthetic non-steroidal EDCs showed a
relevant increase from 2001 to 2002 in collected sediments, synthetic
steroidal EDCs showed to decrease. The most contaminated sediment
was found at station 1. Generally, NP was found at the highest con-
centration scores (47÷192, average 89 μg/kg) as expected by its
hydrophobic properties (Kow: 5.76), which caused a preferential
accumulation in both sediments and aquatic organisms. The relevant
contamination recorded at station 1 could indicate a continuous dump-
ing during the sampling period. However, the reported concentrations
were generally similar or lower than those previously recorded in other
environments (Ferguson et al., 2001; Ferrara et al., 2001). In contrast
with NP, NP1EC (Kow: 2.2), was not detected in any sediment sample.
Bisphenol-A (Kow: 3.64) was instead found up to a 118 μg/kg con-
centration level, approx. ten times higher than previously reported for
other coastal sediments (1.4–13 μg/kg) (Kawahata et al., 2004).
Diethylstilbestrol (Kow: 5.64), which was not detected in water
samples, was detected at stations 1, 3 and 4 in the 11÷63 μg/kg
range, much higher than other reported environmental concentrations
(0.3–2.0 μg/kg) (Lopez de Alda et al., 2002). Benzophenone (Kow:
3.15), showed instead concentrations (up to 110 μg/kg) lower than the
typical environmental levels reported elsewhere (100÷800 μg/kg)
(Burkhardt et al., 2005). Ethinylestradiol (Kow: 4.12) was the only
steroidal EDC detected at relevant concentrations (up to 41 μg/kg) in
the collected sediment samples, similarly to previously reported for
river sediments (Langston et al., 2005). The relatively high concentra-
tions of synthetic EDCs, such as EE2 and NP, are in good agreement
with previous laboratory experiments with marine sediments which
showed no or little degradation under anaerobic conditions, which are
the typical Venice sediment conditions: the monitored average Eh
values at stations 1 and 2 were −69 and −28 mV, respectively, while at
stations 3 and 4 Eh values of 44 and 28 mV were found, respectively
(Ying and Kookana, 2003). The fast degradation rate of natural
estrogens (E2, E1) in the water column (half lives: 2.8÷3.0 days),
together with their potential interaction with colloidal particles
(Bowman et al., 2002), can explain their almost total absence in the
sediment samples. On the basis of the measured concentrations in
waters and sediments and of the measured organic carbon content
(9.7%, 6.5%, 1.6% and 1.8% at stations 1, 2, 3 and 4, respectively),
rough experimental partitioning coefficients could have been estimated
for NP, BPA and BP. Carbon-normalized sediment–water partition
coefficients were calculated for each station according to Eq. (1):

K VOC ¼ Cs=Caq

� �
=fOC ð1Þ

where Cs is the average concentration in the analyzed sediment
sample (as μg/kg), Caq is the determined mean concentration in water
(as ng/L), and fOC is the mass fraction of organic carbon in the collected
sediment sample. Despite the limited number of samples, experimental
LogK′OC values were 3.7–5.0 for BP (mean: 4.5), 3.3–5.5 (mean: 4.7)
for BPA, and 4.5–5.0 (mean: 4.8) for NP; the values calculated for NP
are in good agreement with those reported for other estuarine sediments
(Isobe et al., 2001), but lower than in estuarine suspended particulate
matter (Jonkers et al., 2003).

3.4. Composition and spatial distribution of EDCs in Mediterranean
mussels

In addition to water and sediment samples, biota samples were also
analyzed in order to investigate potential bioaccumulation of EDCs by
lagoon organisms. The Mediterranean mussel (M. galloprovincialis)
was selected as target, since it's a representative filtering organism of
this estuarine ecosystem with a great ability in bioaccumulating
persistent pollutants (Sabik et al., 2003; Gagné et al., 2004).

Only two of the examined EDCs were systematically found in
mussel tissues: EE2 and NP. The average concentrations of EE2 and
NP in the collected samples are reported in Table 4. The exhibited
levels of NP (115÷240 ng/g, d.w.) were much lower than those
previously reported in a more extended survey along the Adriatic Sea
coast, with values in the 243÷265 ng/g, fresh weight, range, which
correspond to 2025–2208 ng/g, dry weight, according on the average
measured water content (Fulvio Ferrara, personal communication)
(Ferrara et al., 2001). The steroidal synthetic estrogen EE2 was instead
found in the 7.2÷38 μg/kg, d.w. concentration range. Diethylstilbestrol
was also recorded in mussel samples from two stations (3, 4), during
the 2002 sampling session, at concentrations of 9.6 and 13 ng/g (d.w.),
respectively. The presence of DES in these samples could not have
been explained, since the locations are far from any potential source,



Table 5
Total measured estrogenicity (EEQ) in the Venice lagoon waters and sediments at each sampling station, and relative mean contribution (%) of individual EDCs to the
total EEQ

Station — matrix

1 — water 1 — sediment 2 — water 2 — sediment 3 — water 3 — sediment 4 — water 4 — sediment

Average (range)
EEQ

16 (1.1–57)
ng/L

155 (145–165)
μg/kg

20 (1.1–52)
ng/L

12 (4–21)
μg/kg

17 (1.2–49)
ng/L

77 (64–90)
μg/kg

21 (1.2–52)
ng/L

43 (30–55)
μg/kg

Compound Average contribution (%) to estradiol equivalent concentration (EEQ)

E2 44 b0.1 49 b0.1 51 b0.1 43 b0.1
E1 2 b0.1 1 b0.1 7 b0.1 2 b0.1
EE2 56 b0.1 49 2 42 41 56 56
DES b0.1 100 b0.1 97 b0.1 59 b0.1 43

See Table 1 for definitions. Not reported EDCs exhibited b0.1% EEQ values in each analyzed sample. The outlying value recorded in February (175 ng/L) at Station 2
was discarded in the EEQ calculation.
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except the sediment itself. Bisphenol-A was detected only in mussels
from station 1 in the 2001 sampling campaign (11 ng/g, d.w.). The
other examined EDCs were not detected in any mussel sample, i.e.
concentrations were b MDLs: 5, 1.5, 1.5, 4, 3 and 0.2 ng/g, d.w., for
E3, E1, E2, MES, BP and NP1EC, respectively. No comparison with
other environments could be done since no data were available so far,
to the best of our knowledge, for these EDCs. On the basis of these
preliminary results (the first data about the occurrence of EDCs in the
Venice lagoon biota), approximate experimental bioconcentration
factors (BCFs) could be estimated for NP and EE2. In case of samples
with EE2 concentrations b MDL, half of the experimental MDL was
used for both water and mussel concentrations. The BCF values were
calculated according to the following equation:

BCF ¼ Cm=Caq ð2Þ

where Cm is the average concentration in the analyzed mussel tissues
(as ng/g, f.w.) and Caq is the average concentration in water (as ng/L)
from the same station. The resulting BCFs were 1300 to 1500 (mean:
1400) and 3200 to 5800 (mean: 4400) L/g for EE2 and NP, respec-
tively. The BCF of NP was also obtained by the EPIWIN® software
leading to a value of 7200, which might suggest an underestimation of
Fig. 2. Seasonal trend of mean EEQ values (ng/L) and temperature
the calculated experimental BCF. However, a similar value of BCF
(3400) was previously reported for NP in laboratory experiments
(Ekelund et al., 1990). The BCF value for EE2 obtained by EPIWIN®
(i.e. 134) was at least ten times lower than that calculated here from
field experimental results. The experimental values found were at least
ten times higher than those previously predicted for river organisms by
mass-balance food-web models (Lai et al., 2002). No field literature
data on EE2 BCFs were instead available, to the best of our knowledge,
for a comparison.

3.5. Estimation of estrogenicity of waters and sediments

The recent demonstration from in vivo experiments that the mixture
of examined EDCs shows a toxicological behaviour according to the
principles of concentration addition in both freshwater and marine fish
species, encouraged to estimate the estrogenic potential of lagoon water
and sediment (Brian et al., 2005). The concentrations of individual
EDCs were those presented in this work from field experimental results,
while the EEFs were obtained from scrutin examination of most recent
values reported in the literature (Pojana et al., 2004b). They were
5.8×10−2, 1, 1.5, and 2.6 for E1, E2, EE2, and DES, respectively, the
EDCs contributing significatively (N 0.1%) to the total EEQ. The
(T ) in the Venice lagoon waters during the sampling period.
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resulting EEQ values for both water and sediment are shown in Table 5.
The water estrogenic potential ranged between 1.1 ng/L and 52 ng/L,
and did not include the peak value (175 ng/L) of EE2 at station 2. A
marked seasonability was shown by the EEQs aswell as by the chemical
concentrations. Fig. 2 shows the average concentrations of E1, E2, EE2,
as well as of EEQs, against temperature (9 °C to 25 °C) over the six
sampling campaigns: at temperatures below 20 °C EEQ values recorded
that the sampled stations were between 3.7 and 57 ng/L (mean: 32 ng/L),
while at temperatures above 20 °CEEQswere 3.4–20 ng/L (mean: 5 ng/L).
This suggests that the time trend of EEQs is more marked than the
concentration trend, i.e. effect concentrations decrease more markedly
with temperature than chemical concentrations. In the sediment, EEQs
ranged between 4 and 165 μg/kg d.w. (Table 5). Station 1 exhibited the
highest sediment EEQs (145÷165 μg/kg), while station 2 was the least
contaminated (4–21μg/kg). The occurrence of DES increased greatly the
sediment EEQ value at station 1, as well as at station 3, since its high EEF
(approx. 2.6). The calculated EEQs in both water and sediment samples
were higher than those previously reported in literature from bioassays
carried out on sewage treatment plant effluents, surface waters and
sediments (2.0–7.4 ng/L and 3.3×10−3–11×10−3 μg/kg, respectively)
(Oh et al., 2000).

A recent study on the biological effects of contaminated sediments
on the freshwater mudsnail Potamopyrgus antipodarum reported a
manifest increase in the number of sheltered embryos already at 1 μg/
kg (d.w.) EEQ level (Duft et al., 2003). Taking into account that 81% of
the analyzed sediment samples exhibited EEQ N1 μg/kg, the Venice
lagoon sediment is strongly expected to be, expecially for the benthonic
organisms, an additional source of exposure to EDCs.

An advantage of estimating EEQs from chemical analysis is to
identify the compounds most contributing to the total estrogenic
potential. The percentage contributions of analyzed compounds to the
total EEQ of lagoon waters and sediments are also reported in Table 5.
Estradiol, estrone, ethinylestradiol and diethylstilbestrol were the main
contributors to the overall EEQ. Steroidal EDCs (E2, E1, EE2) showed
to contribute mostly to the water EEQs, while EE2 and DES accounted
mainly for the sediment EEQs levels. When detected, DES alone
contributed up to a N99% of the overall sediment EEQ.

The water EEQs recorded in this work were lower than those found
in a previous survey, but it is to be noticed that 84% of the previous
samples were collected around the Venice historical centre, mostly in
the inner city channels receiving untreated wastewaters, where higher
concentrations of EDCs, expecially the steroidal ones (E2, EE2) were
expected to be found (Pojana et al., 2004b). During this survey, only
59% of samples exhibited EEQ values N2.5 ng/L, in comparison with a
N90% percentage of samples in the previous survey. This finding
further confirms the Venice historical centre as major source of EDCs
for the Venice lagoon.

Based on the exposure data reported in this investigation for water
and sediment, on internal exposure on biota and on effect data from
literature, effects such as increase of plasma vitellogenin, decrease in
gonadal maturity, development of hermafroditic gonads and testis-ova,
are likely to be observed in the aquatic organisms of the Venice lagoon.
Very recent in vivo laboratory investigations confirmed these hypoth-
esis: the investigated EDC mixture was found to significantly affect
hemocites parameters of mussels at concentration comparable with
those found in the Venice lagoon (Canesi et al., 2007).
Acknowledgements

This work was supported by the CORILA (Consortium for
Managing the Coordination Center of the Research Activities
Concerning the Venice Lagoon System). Additional support came
from the ACE European project (EVK1-CT-2001-00100). The
authors gratefully acknowledge A. Volpi Ghirardini, C. Losso and
C. Bettiol (Department of Environmental Sciences, University of
Venice), as well as N. Nesto (ISMAR-CNR, Venice) for their
assistance in the sampling sessions, and Agilent Technologies Italy
for the technical support.
References

Baronti C,Curini R,D'AscenzoG,DiCorciaA,Gentilizi A, Samperi R.Monitoring
natural and synthetic estrogens at activated sludge sewage treatments plants
and in a receiving river water. Environ Sci Technol 2000;34:5059–66.

Bolz U, Hagenmaier W, Körner. Phenolic xenoestrogens in surface water,
sediment and sewage sludge from Baden-Württemberg, south-west
Germany. Environ Pollut 2001;115:291–301.

Bowman JC, Xhou JL, Readman JW. Sediment–water interactions of natural
oestrogens under estuarine conditions. Mar Chem 2002;77:263–76.

Brian JV, Harris CA, Scholze M, Backhaus T, Booy P, Lamoree M, et al.
Prediction of the response of freshwater fish to a mixture of estrogenic
chemicals. Environ Health Perspect 2005;113:722–8.

Brian JV, Harris CA, Scholze M, Kortenkamp A, Booy P, Lamoree M, et al.
Evidence of estrogenic mixture effects on the reproductive performance of
fish. Environ Sci Technol 2007;41:337–44.

Burkhardt MR, ReVello RC, Smith SG, Zaugg SD. Pressurized liquid extraction
using water/isopropanol coupled with solid-phase extraction cleanup for
industrial and anthropogenic waste-indicator compounds in sediment. Anal
Chim Acta 2005;534:89-100.

Canesi L, Lo russo LC, Ciacci C, Betti M, Rocchi M, Poiana G, Marcomini A.
Immunomodulation of Mytilus hemocytes by individual estrogenic
chemicals and environmentally relevant mixtures of estrogens: in vitro
and in vivo studies. Aquat Toxicol 2007;81:36–44.

Céspedes R, Lacorte S, Raldúa D, Ginebreda A, Barceló D, Piña B. Distribution
of endocrine disruptors in the Llobregat River basin (Catalonia, NE Spain).
Chemosphere 2005;61:1710–9.

Desbrow C, Routledge EJ, Brighty G, Sumpter JP, Waldock M. Identification of
estrogenic chemicals in STW effluent. I: chemical fractionation and in vitro
biological screening. Environ Sci Technol 1998;32:1549–58.

Duft M, Schulte-Oehlmann U, Weltje L, Tillmann M, Oehlmann J. Stimulated
embryo production as a parameter of estrogenic exposure via sediments in
the freshwater mudsnail Potamopyrgus antipodarum. Aquat Toxicol
2003;64:437–49.

EkelundR,BergmanÅ,GranmoÅ,BerggrenM.Bioaccumulation of 4-nonylphenol
in marine animals— a re-evaluation. Environ Pollut 1990;64:107–20.

Ferguson PL, Iden CR, Brownawell BJ. Distribution and fate of neutral
alkylphenol metabolites in a sewage-impacted urban estuary. Environ Sci
Technol 2001;35:2428–35.

Ferrara F, Fabietti F, Delise M, Piccioli Bocca A, Funari E. Alkylphenolic
compounds in edible molluscs of the Adriatic Sea (Italy). Environ Sci
Technol 2001;35:3109–12.

Folmar LC, Hemmer MJ, Denslow ND, Kroll K, Chen J, Cheek A, et al. A
comparison of the estrogenic potencies of estradiol, ethynilestradiol,
diethylstilbestrol, nonylphenol and methoxychlor in vivo and in vitro.
Aquat Toxicol 2002;60:101–10.

Gagné F, Blaise C, Hellou J. Endocrine disruption and health effects of caged
mussels, Elliptio complanata, placed downstream from a primary-trated
minicipal efflluent plume for 1 year. CompBiochemPhysiol C 2004;138:33–44.

GundersonMP,BermudezDs, BryanTA,Degala S, Edwards TM,Kools SAE, et al.
Variation in sex steroids and phallus size in juvenile American alligators
(Alligator mississipiensis) collected from 3 sites within the Kissimmee–
Everglades drainage in Florida (USA). Chemosphere 2004;56:335–45.

Gutendorf B, Westendorf J. Comparison of an array of in vitro assay for the
assessment of estrogenic potential of natural and synthetic estrogens,
phytoestrogens and xenoestrogens. Toxicol 2001;166:79–89.

Harries JL, Sheahan DA, Jobling S, Matthiessen P, Neall P, Sumpter JP,
et al. Estrogenic activity in five United Kingdom rivers detected by



936 G. Pojana et al. / Environment International 33 (2007) 929–936
measurement of vitellogenesis in caged male trout. Environ Toxicol Chem
1997;16: 534–42.

Houtman CJ, Booij P, Jover E, Pascual del Rio D, Swart K, van Velzen M, et al.
Estrogenic and dioxin-like compounds in sediment from Zierikzee harbour
identifiedwithCALUXassay-directed fractionation combinedwith one and two
dimensional gas chromatography analyses. Chemosphere 2006;65:2244–52.

http://www.epa.gov/oppt/exposure/pubs/episuitedl.htm.
Isobeme T, Nishiyama H, Nakashima A, Takada H. Distribution and behavior

of nonylphenol, octylphenol, and nonylphenol monoethoxylate in Tokyo
metropolitan area: their association with aquatic particles and sedimentary
distributions. Environ Sci Technol 2001;35:1041–9.

Jobling S, Nolan M, Tyler CR, Brighty G, Sumpter JP. Widespread sexual
disruption in wild fish. Environ Sci Technol 1998;32:2498–506.

Jonkers N, Laane RWPM, De Voogt P. Fate of nonylphenol ethoxylates and their
metabolites in two dutch estuaries: evidence of biodegradation in the field.
Environ Sci Technol 2003;37:321–7.

Kawahata H, Ohta H, Inoue M, Suzuki A. Endocrine disrupter nonylphenol and
bisphenol A contamination in Okinawa and Ishigaki Islands, Japan—within
coral reefs and adjacent river mouths. Chemosphere 2004;55:1519–27.

KörnerW,HanfV, SchullerW,KempterC,Metzger J, HagenmaierH.Development
of a sensitive E-Screen assay for quantitative analysis of estrogenic activity in
municipal sewage plant effluents. Sci Total Environ 1999;225:33–48.

Kuster M, Lopez de Alda MJ, Bercelò D. Analysis and distribution of estrogens
and progestons in sewage sludge, soils and sediments. Tr Anal Chem
2004;23:790–8.

Lai KM, Johnson KL, ScrimshawMD, Lester JN. Binding of waterborne steroid
estrogens to solid phases in river and estuarine systems. Environ Sci Technol
2000;34:3890–4.

Lai KM, Scrimshaw MD, Lester JN. Prediction of the bioaccumulation factors
and body burden of natural and synthetic estrogens in acquatic organisms in
the river systems. Sci Total Environ 2002;289:159–68.

LangstonWJ, Burt GR, Chesman BS, Vane CH. Partitioning, bioavailability and
effects of oestrogens and xeno-oestrogens in the acquatic environment.
J Mar Biol Assoc UK 2005;85:1-31.

Legler J, DennekampM, Vethaak AD, Brouwer A, Koeman JH, Van der Burg B,
et al. Detection of estrogenic activity in sediment-associated compounds
using in vitro reporter gene assays. Sci Total Environ 2002;293:69–83.

Liu R, Zhou JL, Wilding A. Microwave-assisted extraction followed by gas
chromatography–mass spectrometry for the determination of endocrine
disrupting chemicals in river sediments. J Chromatogr A 2004;1038:19–26.
Lopez de Alda MJ, Gil A, Paz E, Barceló D. Occurrence and analysis of
estrogens and progestogens in river sediments by liquid chromatography–
electrospray-mass spectrometry. Analyst 2002;127:1299–304.

Oh SM, Choung SY, Sheen YY, Chung KH. Quantitative assessment of
estrogenic activity in the water environment of Korea by the E-SCREEN
assay. Sci Total Environ 2000;263:161–9.

Peck M, Gibson RW, Kortenkamp A, Hill EM. Sediments are major sinks of
steroidal estrogens in two United Kingdom rivers. Environ Toxicol 2004:
945–52.

PojanaG, Busetti F, Collarin A, Bonfà A,Marcomini A. Determination of natural
and synthetic estrogenic compounds in coastal lagoon waters by HPLC–
electrospray-mass spectrometry. Int J Environ Anal Chem 2004a;84:717–27.

Pojana G, Bonfà A, Busetti F, Collarin A, Marcomini A. Estrogenic potential of
the Venice lagoon waters. Environ Toxicol Chem 2004b;23:1874–80.

Routledge EJ, Sumpter JP. Estrogenic activity of surfactants and some of their
degradation products assessed using a recombinant yeast screen. EnvironToxicol
Chem 1996;15:241–8.

Sabik H, Gagné F, Blaise C, Marcogliese DJ, Jeannot R. Occurrence of
alkylphenol polyethoxylates in the St. Lawrence River and their bioconcen-
tration by mussels (Elliptio complanata). Chemosphere 2003;51:349–56.

SekiM, Yokota H,MaedaM, Tadokoro H, Kobayashi K. Effects of 4-nonylphenol
and 4-tert-octylphenol on sex differentiation and vitellogenin induction in
medaka (Oryzias latipes). Environ Toxicol Chem 2003;22:1507–16.

Schlumpf M, Schmid P, Durrer S, Conscience M, Maerkel K, Henseler M, et al.
Endocrine activity and developmental toxicity of cosmetic UV filters—an
update. Toxicol 2004;205:113–22.

Spengler P, Körner W, Metzger JW. Substances with estrogenic activity in
effluents of sewage treatment plants in southwestern Germany. 1. Chemical
analysis. Environ Toxicol Chem 2001;20:2133–41.

Stuart JD, Capulong CP, Launer KD, Pan X. Analyses of phenolic endocrine
disrupting chemicals in marine samples by both gas and liquid chromatog-
raphy–mass spectrometry. J Chromatogr A 2005;1079:136–45.

Van den Belt K, Verheyen R,Witters H. Comparison of vitellogenin responses in
zebrafish and rainbow trout following exposure to environmental estrogens.
Ecotoxicol Environ Saf 2003;56:271–81.

YingG-G,KookanaRS.Degradation of five selected endocrine-disrupting chemicals
in seawater and marine sediments. Environ Sci Technol 2003;37:1256–60.

http://www.epa.gov/oppt/exposure/pubs/episuitedl.htm

	Natural and synthetic endocrine disrupting compounds (EDCs) in water, sediment and biota of a c.....
	Introduction
	Materials and methods
	Chemicals
	Sampling
	Extraction, chromatographic separation and detection
	Calculation of EEQ

	Results and discussion
	Analysis of selected EDCs in sediment and biota
	Composition and spatial distribution of EDCs in lagoon water samples
	Composition and spatial distribution of EDCs in lagoon sediments
	Composition and spatial distribution of EDCs in Mediterranean mussels
	Estimation of estrogenicity of waters and sediments

	Acknowledgements
	References


