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Abstract

Endocrine-disrupting compounds (EDCs), includifig-gthinyl estradiol (EE2) and 4-
nonylphenol (4-NP), enter coastal environments arityin effluents of wastewater treatment
facilities and have become ubiquitous in marindas@ waters, sediments, and biota. Although
EE2 and 4-NP have been detected in marine shelthstkinetics of bioconcentration and their
tissue distribution have not been thoroughly ingaséd. The authors performed
bioconcentration and depuration experiments irbthe musselMytilus edulis with 3.37 nM
EE2 (0.999 pg/L) and 454 nM 4-NP (100.18fL). Mussels and seawater were sampled
throughout a 38-d exposure and a 35-d depuratidjagyeand 6 tissues were individually
assayed. Uptake of EE2 and 4-NP was curvilineautjirout exposure and followed a similar
uptake pattern: digestive gland > gilfemaining viscera > gonad > adductor > plasma.
Depuration varied, however, with half-lives rangfngm 2.7 d (plasma) to 92 d (qgill) for EE2
and 15 d (plasma) to 57 d (gill) for 4-NP. An inative modeling approach, with 3 coupled
mathematical models, was developed to differentlaeainique roles of the gill and plasma in
distributing the EDCs to internal tissues. Plaspyaears pivotal in regulating EDC uptake and
depuration within the whole mussel.
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INTRODUCTION

In 1999, the US Geological Survey (USGS) revedhad /S rivers and drinking water
supplies are contaminated with numerous pharmaasititnd commonly used organic
chemicals, several of which are endocrine-disrgptiompounds (EDCs) [1]. The presence of
EDCs is alarming because minute concentrationlsasfet chemicals can interfere with the
endocrine system of humans and other animals, selyaffecting development, reproduction,
and incidence of cancer [2,3] and possibly resglimpopulation-level and ecosystem-level
effects [4]. These chemicals enter the marine enment through several routes. Some are
excreted by humans after taking medications (bidgh control compounds including &7
ethinyl estradiol [EEZ2]), and others are foundamenercial detergents (e.g., 4-nonylphenol [4-
NP]). Thus, it is not surprising that relativelyghiconcentrations are present in the effluent from
wastewater treatment facilities [5].

Since the USGS report, focused surveys conducteddghout the United States, Europe,
South America, and Asia have revealed that EDCagoimation is widespread in marine waters



and sediments [6,7]. Concentrations have beentexpas high as 34 ng/L in water and more
than 100 ng/g dry weight in sediments for EE2 §id 2.5 1g/L in water and more than 20 000
ng/g dry weight in sediments for 4-NP [7]. Concatitms of EDCs in bivalves are widely
variable (e.g., 4-NP ranged from 1.5 ng/g to 51§/ nlry wt, depending on the geography and
proximity to urban areas [7]). In addition, 4-NPsHmeen detected in shellfish meat in Italy [9],
Germany [10], and Taiwan [11]. In those studiestatly intake of 4-NP contaminated shellfish
was shown to be a significant source of 4-NP exmoguhumans, contributing up to 44% of
total 4-NP exposure. These studies clearly indittegesignificant bioconcentration of EDCs
occurs in marine bivalves, posing risks to marifeednd possibly to humans through shellfish
consumption.

Of the many marine organisms potentially exposddD€s, bivalve mollusks are known
to be sensitive. Estrogen and estrogen mimics, €ER) have caused reproductive and
developmental delays as well as the formation oft@stis and skewed sex ratios in several
species of bivalves [12,13]. In a series of stubieslice et al., exposure tolg/L and 100
T1g/L 4-NP was found to cause developmental impaitsnand reduced fecundity in the Pacific
oysterCrassostrea gigafl4,15]. In the blue mussaé¥ytilus edulis exposure to 5 ng/L to 50
ng/L EE2 or estradiol resulted in altered gene esgion of egg yolk proteins (vitellogenin and
vitelline), testis-specific kinase, and the putatiaussel estrogen receptor genes, suggesting
adverse impacts to reproductive physiology [16—E&]ld studies have suggested that 4-NP
accumulation is associated with hastened gonadairateon and development in mussels [19].
In addition to EDCs, these bivalves face multiglalienges, including climate change and
pollution-related stressorstytilus edulishas already experienced climate-related contmactio
its geographical range on the east coast of theei8tates [20]. Additional stress caused by
EDCs may further threaten this species. Becauigeatconomic and ecological importance of
marine mussels, understanding the effects of emaBdisrupting compounds on the
reproductive health of these organisms is vitakli@erenvironmental protection of coastal
communities.

Endocrine-disrupting compounds present an obstackffective monitoring programs
because environmental concentrations are oftembahalytical detection limits (sub-ng/L
levels) [12—-17]. However, bivalves are able to bimmentrate EDCs, offering a means for
overcoming this limitation. They also integrate espre over time, even when water
concentrations are temporally variable. Neverttsel#se distribution of EE2 and 4-NP in
individual organs of bivalves has not been examined has tissue that bioconcentrates EE2 and
4-NP to the greatest extent been identified. Asgpthis tissue in monitoring programs may be a
far more sensitive tool than analyzing whole-badgues. In addition, tracking the
bioconcentration and depuration of EE2 and 4-NiRdividual tissues would give us important
insights into the internal processing and turnaaggs of these compounds and help to identify
potential target tissues for adverse effects. \Widse goals in mind, we set out to investigate,
through experimentation and mathematical modetimguptake and depuration of EE2 and 4-
NP within the major tissues of the blue muddekdulisL.

We chose EE2 and 4-NP as model estrogenic EDCsi$ecd the pervasiveness of their
use, their occurrence in marine environments waddywand their potency. An alkylphenol, 4-
NP is a non-ionic surfactant produced commercialtyuse as a detergent [7,21]. In addition,
other alkylphenol ethoxylate surfactants are degptad 4-NP in wastewater treatment facilities,
making 4-NP the most prominent alkylphenol foungémage effluent and sludge [22].017
Produced primarily as a human contraceptive, EE2esnost potent synthetic estrogen [8,21].



Because of the frequent and high level of occueaic-NP and the high potency of EE2, these
2 compounds often contribute a large percentagfeecfinnatural estrogenic activity (as
measured by in vitro assays) detected in maring@mwents [5]. Each compound has distinctly
different physical characteristics (Table 1), althlo their somewhat low octanol-water partition
coefficient Kow) values would suggest relatively low bioconcemnratactors (580 times for

EE2, 2900 times for 4-nonylphenol) [23], in contr@svalues reported in the field and in
laboratory exposure studies (e.g., 1400-4400 thrgkser than water concentrations) [6,24].
MATERIALS AND METHODS

Mussel collection

More than 150 mussels]. edulis(45.6-51.8 mm length), were collected at low tide
November 2013 from a wooden breakwater on Specisialed (Boston Harbor, MA, USA),
returned to the laboratory, and cleaned of epikidviussels were maintained inu& filtered
seawater, collected from Dorchester Bay, Bostorbblaiand acclimated at 11 °C, 35 practical
salinity units (PSU), and a 10:14-h light:dark eytdr 12 d prior to starting the experiment
(actual measured values: 11.2 £ 0.7 °C, 33 £ 1 P07, £ 0.45 mg/L dissolved oxygen,
equivalent to >100% oxygen saturatiors 45 measurements).

EE2 and 4-NP dosing

On the day of the first dosing, 50 mussels wereefmed to each of 3 19-L glass
aquaria: EE2, 4-NP, and control. Each aquariumfiled with 15 L of 5um filtered seawater.
To maintain a constant ratio of seawater to mu8f mL/mussel), the volume of seawater in
each aquarium was adjusted as mussels were satpied the ensuing 38-d exposure period
but held constant (6 L) during the subsequent 8&gliration.

During the exposure period, aquaria were spikell stivck solutions made from
radiolabeled EE2 (Li[4-**Clethinyl estradiol [ARC 1894-50Ci] and 4-NP [ring**C(U)]

[ARC 0900-50uCi]; American Radiolabeled Chemicals). Primary ktsclutions (as purchased)
were diluted with ethanol and adjusted with colchpounds to obtain working stocks (specific
activities of 55 nCi/nmol EE2 and 0.79 nCi/nmol #£X\which were directly spiked into the
aquaria, bringing the final concentrations up 8/3xM EE2 (= 0.999 ug/L) and 454 nM 4-NP
(= 100.138ug/L). These chosen EE2 and 4-NP concentrations re&asvely high compared
with most levels measured environmentally becafisieeospecific activity of the commercially
available radiolabeled material and the need t@ laavacceptable radioactive count in our
seawater and tissue samples. The control aquarasrspiked with a comparable volume of the
ethanol carrier. Aquaria were fitted with airstorasd airtight plexiglass lids with exhaust lines
connected to activated charcoal scrubbers.

During the acclimation, exposure, and depuratiarods, aquarium water was changed
at 3-d to 4-d intervals. Mussels were fed 2 h praathe water change witsochrysis galbana
andThalassiosira weissflog{approximately 2.% 10’ cells/mussel). Water quality was
periodically monitored in the control (nonradioaeli tank: temperature and dissolved oxygen
were monitored using a Yellow Spring Instrumentglel®5/12 FT portable dissolved oxygen
meter, and salinity was monitored with a Milwaukadinity refractometer. Parameters remained
well within optimal range throughout the presentst(temperature, 11.2 £ 0.7 °C; salinity, 33 +
1 PSU; dissolved oxygen, 9.07 £ 0.47 mg/L or appnaxely 100% oxygen saturatiom= 45).
Mussel and seawater sampling

Prior to and after each water change at 3 d toldnal. of seawater was taken from each
aquarium, in duplicate. Water samples were alsedeld directly before and after feeding to
monitor possible changes in EDC concentrationr@salt of the algal food. Additional water



samples were taken periodically at shorter intsrt@better determine the rate of loss of the
radiolabeled compounds over the interval betwedemananges. Each 1-mL water sample was
added to 10 mL of Hionic scintillation fluid (PerkiElmer), stored in the dark overnight, and
counted on a Perkin Elmer Tri-Carb 3110TR liquith8ltation counter (10-min counts,
background-subtracted, corrected for color and glienalytical detection limits for seawater,
plasma, and tissue digestatesiBwere 0.024 pmoles of EE2 and 0.002 nmoles of 4-NP

Four mussels were removed from each of the 3 amoardays 0, 3, 7, 10, 17, 24, 31 and
38 (exposure period) and on days 40, 43, 50, 5778(85-d depuration period). Each mussel
was rinsed in nonlabeled seawater, its length weasaored, and it was dissected into 6 tissues:
cell-free blood plasma, posterior adductor muggile,digestive gland, gonad, and remaining
viscera. After cutting the posterior adductor masohantle cavity seawater was drained and
whole blood was obtained from the central extragiadpace and centrifuged (16 0§03 min)
to separate hemocytes and plasma. Plasma sampidg (fere added to 10 mL of Soluscint XR
(National Diagnostics) and processed as descrilretthé seawater samples. Gill, central mantle
(primarily gonad), posterior adductor muscle, diyesgland, and remaining tissues were
dissected, placed in preweighed 50-mL Falcon tudoad frozen at —80 °C. The central mantle
was primarily composed of gonadal tissue, sorgfisrred to as “gonad” in the present study.
Tissue solubilization antfC counting

Tissues were solubilized using Solusol (Nationadbiostics). Because of the different
masses of each tissue, different amounts of Sowes@ added (300 pL for hemocytes, 1 mL for
gill and posterior adductor muscles, 2 mL for mathd digestive gland, 10 mL for remaining
viscera). Various volumes of 15% benzoyl peroxile2(mL/mL of Solusol) and distilled water
were added to samples as necessary to decolodz® aesolubilize precipitated salts. The final
clear digestates were diluted as necessary to eegluenching, and portions were added to 10
mL of Soluscint XR (National Diagnostics). All dfe tissue digestate solutions were counted for
each tissue (none of the digestates were subsamn@lednts from multiple vials were combined
to obtain the total disintegrations per minute figsue. The disintegrations per minute values
were converted to molar units based on the indalidompound’s specific activity (i.e., 55
nCi/nmol EE2; 0.792 nCi/nmol 4-NP) and then normedi to tissue wet weight.
Model development

Three coupled mathematical models were developgddatify the changes in
concentration of EDCs throughout the experimenhéseawater during exposure, the mussel
tissues during exposure, and the mussel tissuasyddgpuration.
Seawater model

Concentrations of EDCs in seawater are described®gomponent model consisting of
seawater concentratio@4,) and 2 components acting as agents of changescsetdwater
concentration@,; andC,,). The rate of change of the decreasing conceotrati EDCs in the
seawater is the result of the sum of the ratesa&nasing concentrations of EDCs in the agents
of change. The rates of increase for the first bgad the second agent aranda, respectively.
The results of this model provide a solution froimat a time-integrated seawater concentration
is derived. The solution allows for the interpadatiof seawater concentrations throughout the
course of the experiment and, thus, is an impromemmeer time-integrated values determined on
the basis of data specifically collected at disepints in time that may be infrequent and may
contain high levels of uncertainty. The 3-compomantiel consists of

dc,,
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whereC; is the concentration of EDC in componenrtsw; al, or a2, andt is time in days since
each water change. Parameteenga are given by

u=A-BC,t (4)

a=Ce™ (5)

whereA, B, C, andD are parameters of this model that are fit to t#ester data. The best-fit
parameters are determined by an algorithm thatnizeis the root mean squared error of the
solution to the above system of equations witheesfo the measured values of the
concentrations of the EDCs within the seawater.

The solution to the seawater model is determin@wyubke fourth-order Runge-Kutta
method (subroutine ode45 in Matlab R2013b). Thatgmi is used to determine a single
seawater concentration that best represents tlesesgto the mussels. To determine this value,
a time-averaged value of the seawater concentrafi&DCs is calculated from the seawater
function that is the solution to the seawater motthel function is numerically integrated over the
duration of each spike cycle, then divided by theatlon of the spike cycle. These time-

integrated values are then utilized to obtain agsgntative seawater concentratioy, .

Mussel model: Uptake

Traditional kinetic models of uptake and depuratéeompounds within an organism
assume that the rate of change of the concentradibim the organism is a function of 2 factors,
the concentration of the compound in the mediumvhich the organism lives, and the
concentration of the compound within the organi@6126]. The functional form of the basic
model is

did; _
q il kil ©6)

where K]; is the concentration of the compound in compartmehthe organismt, is time, and

ki andky; are the uptake and depuration rate constantsngpadment of the organism. In this

model, the first compartment is the source of compound toitineompartment, so this model

is effective for modeling transport that takes plata linear manner. The traditional kinetic

model is not appropriate here since plasma pro\adssurce of EE2 and 4-NP to 4

compartments: digestive gland, gonad, adductor lauand remaining viscera.

The traditional kinetic model implies that uptakelalepuration can be considered as
separate processes and that both processes areeakipbin nature. As such, the traditional
kinetic model has embedded in the solution a Imgitoncentration of the compound within the
organism (i.e., the compound’s steady-state coratim). When the upstream concentration is



held constant, this limiting dynamic has been ole=s#:in cases where whole-body
bioaccumulation is measured. In this experimenyéwer, the gill and plasma act as tandem
upstream components, each having dynamically chgregincentrations that are dependent on
complex processes. The data (present&esult illustrate that the concentrations within the
gill and plasma do not reach a steady state inettpgriment.

According to the traditional kinetic model, the alg¢ for a component of a model
follows exponential growth when the concentratiasithin the components are very low [27].
Consider §]i.1 and K]i to be small values such thdt[z[X]i.1. The traditional kinetic model is
then approximated by

dix; _ _
T_kui[)qi Kj.[ )Ii (7)

The solution to this equation is then

[X; = x e (8)

Our data suggest that uptake is not exponentidiinvény of the components of the mussel in the
early stages of exposure. An alternative modeltvaefore developed to predict the uptake of
EE2 and 4-NP in the various tissues within the mludgring exposure.

The uptake of the EDCs in the components of theseluduring exposure is modeled
using a coupled system of ordinary differentialaepns. In this system, the rate of uptake for
each component is modeled as a function of theardration of EDC in the upstream
component times a rate-limiting term that is basedhe concentration of EDC within the
component. The processing of EE2 and 4-NP (uptekesfer, etc.) by the mussel tissues is
assumed to be the same, so a single model (Figused&veloped for both compounds. Six
components are considered in this model: gill,pasdigestive gland, gonad, adductor muscle,
and remaining viscera. The gill is assumed to beptimary organ that interacts with the
seawater and across which the EDCs are taken thpugh the mantle may also take up some
EDCs, because it is also in direct contact withsawater and like the gill is a single-celled
epithelium that abuts the seawater apically anddfdasma basally, it consists of a single
epithelial sheet, whereas the gill is composeduofierous cylindrical tubes approximately 20
pm to 35 pum in diameter (with a 20-35 um seawdtancel between them) [28]. The gill
epithelium is also much thinner than that of thentlea Each pair of gills (right and left) consists
of 2 demibranchs (outer and inner), each of whizh dndescending and an ascending arm. A
rough calculation indicates that the gill has aste20 times greater surface area than the mantle
epithelium. The gill should therefore take up tlastvmajority of EDCs, transferring these
compounds to the plasma. We exclude mantle astakeiprgan in our model, although we
retain it in the model as “gonad,” since gonadsue lies between the outer and inner mantle
epithelia and makes up most of the weight of tissue. For simplicity, we also exclude
hemocytes from the present model, since the sig@®tompartment is very small (and thus its
capacity for EDCs limited) in relation to that dktother tissues. According to the present
illustrative model (Figure 1), EDCs enter the @iflost likely by diffusion) during uptake and are
transferred to the plasma. The plasma then disésbihe EDCs to the various internal tissues of
the mussel (digestive gland, gonad, adductor muanl# remaining viscera). During depuration,
EDCs are released into the plasma by the inteisglds and transported to the gill, where they
are released into the seawater.



The uptake of EDCs in the tissues is modeled sahleaconcentrations increase with
time at rates that are coupled to the concentraiiothe neighboring upstream tissues. Since the
digestive gland, gonad, adductor muscle, and ranginscera are all directly downstream of
the plasma, the model allows for each tissue te diigectly from the concentration of EDC in
the plasma (Equation 11). The gill is modeled asathly tissue directly linked to the seawater
(Equation 9), so the differential equation desaghuptake within the gill is unique. The gill
equation follows a functional form that is a vanatof the Michaelis-Menton kinetics utilized
by Yu et al. [25] to describe accumulation. Theartration within the gill increases during
exposure, although the rate of increase slowseasdhcentration in the gill increases. The other
tissues behave similarly (i.e., the concentratibB@Cs also increases over time but at
decreasing rates); however, this decrease is abulpiectly with the concentrations in the
plasma (Figure 1). Our exposure model is desciilyed

d_c.l. - r1Csw (9)
d C+s
dC, _ e
—==5€e"7* (10
dt S (10)
dC, o
F:se "~ for j=3..6 (12)

whereC; is the concentration of EDC in tissue compondnt 1 . . 6) and; ands are

parameters of the model. The ingag associated with 1) gill, 2) plasma, 3) digestiand, 4)
gonad, 5) adductor muscle, and 6) remaining visdéra initial values o€, forj=1..6 are 0

in the uptake model. This model is coupled to #mnsater model in Equation 9 as the change in
the concentration in the gill is dependent on threcentrations of EDCs in the seawatey,,

that are derived from the solution to the seawai@del (Equations 1-3).
Mussel model: Depuration

Depuration of EDCs is modeled in each mussel usimgxponential elimination model.
This is the traditional kinetic model minus theal® term. The data suggest that the
concentrations within the plasma, central to thtevaek of tissues within the mussel, drop
rapidly when the mussel is exposed to contaminas-geawater. The only tissue that is
downstream of the plasma, the gill, is exposedosiream concentrations close to 0 during the
depuration phase of the experiment; because ofttteéause of this simple exponential decay
model effectively captures the change in concapftrah those tissues. The initial conditions of
the exponential decay model are determined by rbeigied values of concentration within each
tissue as determined by the exposure model. Tharaliémn for each of the tissues is then
modeled as the solution to the following 6 diffdr@hequations

dcC, _
F = _kdj C]- for ]= 1..6 (12)
whereky; is the depuration rate constant of component {issue).

RESULTS

Behavior of EE2 and 4-NP in seawater



Changes in the concentrations of EE2 and 4-NPdarséfawater declined over time after
aquaria were spiked following each water changgffumental Data, Table S1; Figure 2).
Seawater samples taken immediately before andfading indicated that the microalgae did
not strip out any of the radiolabeled compounds rmain in the water, because there was no
difference between the 2 sets of water sampleseaiest on samples that contained
radioactivity: EE2p = 0.786,n = 15; 4-NP p = 0.640,n = 15). The decline in seawater
concentrations had 3 distinct features that ocduate8 different timescales: minutes, days, and
weeks. Similar to other published studies [29}jahiconcentrations of both EE2 and 4-NP
decreased exponentially in our seawater aquariatesrafter being spiked (Figure 2). Minimum
values were reached by 18 h to 24 h postspikedtir BE2 and 4-NP, after which time seawater
concentrations of both EDCs rose slightly over3kekto 4-d period between water changes.

Only EE2 (not 4-NP) exhibited an additional trengbiothe 38 d of exposure. With each
advancing spike cycle (water change), the concémtraf EE2 taken within the first 5 min after
spiking the water increased linearly over the 3&dod. This linear trend also applied to the
samples taken 3 d after each spiking event, dirtieejust prior to the next water change; and the
rate of change was very close to that of the measemts taken minutes after the spike. Fitting a
linear regression to the values of EE2 concentratineasured immediately after each spike
event on day 0 and on day 3 resulted in a rateavéase in EE2 of 0.0234 nM/d and 0.0240
nM/d, respectively, which amounted to a total cleaafapproximately 27% of the target EE2
concentration over the 38-d exposure period. ThE4:oncentrations in the seawater did not
appear to contain this linearly increasing trendwiver, this trend may be the result of the fact
that the concentration of EE2 in the seawater wasl@rs of magnitude lower than that of 4-NP.
Although the observed linear change of EE2 wagively large (27% of the target EE2
concentration), changes of the same magnitudesid4RP would only account for 0.2% of the
target 4-NP concentration, which is well below Hiagiance observed in the sample measurement
of 4-NP, and thus would not be detected in the slata

Additional experiments were conducted in beakergaining 400 mL of filtered
seawater, both with and without a live mussel,atidy characterize the behavior of EE2 and 4-
NP (Supplemental Data, Table S1). Beakers con@iilive mussel showed a similar
exponential drop in EE2 and 4-NP concentrationsbasgrved in the exposure aquaria. In the
absence of a mussel, however, seawater concensatidoth EE2 and 4-NP remained close to
the target concentrations of 3.37 ravid 454 nMrespectively, indicating that components of the
mussel were responsible for the exponential drageawater concentrations (e.g., rapid uptake
of both compounds, binding to the shell or to muslusets on mussel epithelia).

The best-fit parameters of the 3-component seawatelel (Equations 1-3) were
determined by fitting the solution to the measuwredcentrations in seawater. The agents of
changeal anda2, captured the collective effects of the musseahenEDC concentration in the
seawater. The initial values of the concentratibseawater were the intended concentrations of
the initial spike (454 nM for 4-NP and 3.37 nM f©E?2), whereas the initial values for the 2
agents of change were both 0 nM. To account folitkearly increasing 38-d trend in the EE2
concentrations in the seawater, the linear trersir@moved from the data prior to determining
the best-fit parameters for the seawater model.lifkar trend was then added to the solution to
the model to accurately predict the seawater clsimgeoncentrations of EE2 in the seawater.
No such trend was observed in the 4-NP data, do@@processing and postprocessing of the
data and model solution were not necessary. Thefibparameters for the 4-NP and detrended
EE2 seawater are listed in Table 2.



A time-integrated average concentration of seawadesr determined using the solutions
to the 3-component seawater model. The modeledge@oncentrations for 4-NP were found
to be 155 nM and 151 nM for spike cycles that adea®d 4 d in duration. Because the spike

cycles alternate in duration between 3 d and Halaverage value &, =153nM was used to

represent the time-integrated concentration of 4eM&t the course of the exposure period. A
similar calculation was performed on the solutiornihte seawater model applied to the EE2
concentrations. Recall that the model for EE2 \itate fdata where the linearly increasing trend
observed in the data was removed. The time-intedgnatlue determined for this solution was
1.839 nM. The linear trend that is removed fromdhginal data to fit the seawater model is
then superimposed on the time-integrated valudaattprovides an EE2 concentration in the
seawater that reflects the observed linearly irsingavalues over time. As such, the EE2
concentration in the seawater is represented as

C.,(t)=0.0234+ 1.83 (13)

This linear function is then used as a boundargitimm on the exposure model for EE2.
Mussel tissue uptake

Each tissue of the mussel displayed the charaitemisnlinear increase in EE2 and 4-NP
over the 38-d exposure period (the full data sptésented as Supplemental Data, Table S2;
Figure 3 depicts digestive gland and gill as typgamples). Because mussels are exposed to
much lower concentrations of EE2 than 4-NP (nonyr&aB7 nM vs 454 nM), tissues
accumulated picomoles per gram (wet wt) concewoinatof EE2 compared with nanomoles per
gram (wet wt) concentrations of 4-NP. Differentiasue bioconcentrations followed the same
pattern for EE2 and 4-NP: digestive gland >gitemaining viscera > gonad > adductor >
plasma.

Plasma contained much lower concentrations of E24aNP (Figure 4) compared with
any of the other tissues (e.g., Figure 3; Suppl¢éah&ata, Table S2). Most interesting, however,
is that the plasma samples contained the same mivatten of EE2 and 4-NP as the targeted
seawater exposure concentration of these 2 compamthe first sampling day (i.e., d 3 of
exposure) and subsequently exhibited concentrati@isvere 2 to 3 times higher than the
targeted seawater exposure concentrations (Figu&irte hemocytes were removed from the
plasma samples, the high concentrations of EE2&B in the plasma can only be explained
by the binding of these EDCs to a component opteema itself (most likely plasma proteins).

Endocrine-disrupting compounds in individual mugssues were modeled using a 3-
component uptake model (Equations 9-11). The paeamef the uptake model were fit to
scaled average values of concentration measureakim of the mussel components at each
sampled time during exposure. The scaling of theesaccounts for differences observed in the
mean and variance in the measurements from thereliff components. The scale factor for each
component was set to the inverse of the maximutheofmeans so that the range of
concentration values for all components varied betwO and 1. The true parameter values for
the model were then calculated according to thesfoamation of the data as dictated by the
differential equations. The best-fit parameterstifiss model are summarized in Table 3.

The best-fit uptake model provides an excellentlipteon of the measured values of
EDCs in all of the tissues for both EE2 and 4-Nigyfes 3 and 4; Supplemental Data, Table
S2). The total root mean squared errors for the &tP4-NP models are 0.51 and 0.54, which
are lower than the root of the sum of the squaféseostandard deviations of the tissue data to



which the model was fit, having values of 0.79 8rg4. The parameter values for the model
indicate that there are at least 2 different factbat have an effect on the change in the
concentrations of EDCs within each tissue. This ehdblistrates the unique role of the gill in
the transport of EDCs into the mussel and the itapdrole of the plasma in the distribution of
EDCs to the tissues.

Mussel tissue depuration

The depuration of EE2 and 4-NP from mussel tissigsfollowed the typical
exponential decay pattern (Figures 3 and 4). Dejourgate constants and half-lives were
calculated using the best-fit parameter of an egptial decay model coupled with the exposure
model. The depuration rates for tisguie;;, are those parameters that result in a solutidheto
model in Equation 12 that have the lowest root nesprared error with respect to the measured
concentration values of EDCs within the tissuesndudepuration. The initial values of the
concentrations within each tissue are those predlicalues of concentration determined by the
exposure model at the end of the exposure perioelsd best-fit depuration rates are summarized
in Table 4. Half-lives were calculated as 0.9§3/

There are considerable difference&jmandt,, values among the different tissues. The
gill exhibits the longest half-life of all the tisss for both EE2 and 4-NP, indicating a very slow
process of depuration. Interestingly enough, th@aieing viscera also have fairly long half-
lives, which indicates that there is some tissussue compartment in the remaining viscera
that retains EE2 and 4-NP for a considerable leafittme. At the other end of the spectrum,
plasma exhibited relatively rapid depuration halé$ (9 d for EE2 and 15 d for 4-NP). Half-
lives displayed a very similar pattern for both gmunds: EE2, gill > remaining viscera >
digestive gland gonad = adductor > plasma; 4-NP, gill > remainiisgera > digestive gland =
gonad = adductor > plasma.

To compare our results with those of previous sithat analyzed whole-body tissues
of EDCs, we “reassembled” each mussel to determive-body EE2 and 4-NP concentrations.
Individual EDC organ bioburdens were summed foheaassel and divided by the summed
total wet weight of the tissues (Figure 5). Therailgpattern of bioconcentration and depuration
was similar to what was observed for individuastiss. Both EDCs showed similar uptake
trends where the uptake ratgsfor the digestive gland, gonad, adductor musgtié, remaining
viscera are considerably larger than that of thsmph for both EE2 and 4-NP. Depuration half-
lives were a bit more variable, with a 39.2-d Hé#f-for EE2 and a 58.9-d half-life for 4-NP.

Similar to the reconstruction of the raw data,gbkitions to the multicompartmental
models were used to reconstruct the uptake of sy the whole model. The modeled
results match those of the reconstructed data(fejire 5), further validating the success of the
modeling approach taken.

DISCUSSION

Measurement of total EDCs in mussel tissues: Parempounds and metabolites

Although specific data on the metabolism and bietfarmation of EE2 and 4-NP in
bivalves are scarce, previous studies investigataigral steroid hormones and consistencies in
the metabolism of 4-NP and EE2 across animal pinyéble predictions of how these
compounds are likely metabolized, stored, and ¢xdri@ mussels. For example, studies in
Mytilus sp. exposed to 17R3-estradiol have found that estriacconverted almost entirely to
estradiol esters [30,31], which is suggested ta breechanism for sequestering and storing



excess steroid hormone [31]. However, this doesnaatn that adverse effects to estradiol
exposure are not expected. Although free estraepyksented only 5% of total measured
estradiol, Janer et al. [30] found a 10-fold inseea parent estradiol at their highest exposure
concentration (2 pg/L), suggesting that biologefécts are likely. Sulfation of estradiol has
been shown to occur in other mollusks and may loéhan route for excretion [32]. For 4-NP, in
contrast, a recent study in the snaiimnaea stagnalisevealed that 42% of 4-NP found in
tissues was present as the unmetabolized paremocord, whereas glucuronic acid conjugates
were the primary metabolites found in tissues @&oed [33]. Overall, this suggests a slow
metabolism of 4-NP in mollusks. This may resultrirthe lower activity of phase | and phase |l
biotransformation enzymes seen in marine invertebreompared with mammals [32].

In the present study, we used radioactively labElEd and 4-NP to trace
bioconcentration of these compounds in individuakgel tissues. Since these C-14 labels would
also be present in EE2 and 4-NP metabolites, weatatistinguish between parent compounds
and potential metabolites. Based on our resultsyaudd expect that the majority of EE2
measured in mussel tissues would be in the forestradiol esters, whereas 4-NP would likely
be present as both parent compound and 4-NP ghicuoid conjugates. Although these
metabolites are not estrogenic, they can be eawilyerted back to estrogenic compounds
through hydrolysis within the mussels themselvedusing digestion of mussels by predators.
EDC bioconcentration in the digestive gland

The digestive gland holds the highest concentraifdhe 2 EDCs of the tissues we
examined and exhibits a very strong linear corni@tatvith the concentrations of each EDC in
the whole bodyrf = 0.95,p < 0.001). Surprisingly, the gonad was not a megorcentrator of
EDCs (higher concentrations were found in the digegland, gill, and remaining viscera).
Since mussels were collected at the end of Noventdey after the spring and fall spawning
periods, some mussels were spent, while othersicaat variable amounts of residual gametes.
It is unlikely that the mussels would have alreatdyted the annual cycle of gametogenesis in
preparation for the following spring. If we had dsaussels that were fully ripe with gametes,
perhaps the gonad would have been a greater sillfGs. Nevertheless, given the dramatic
seasonal changes in the gonad wet weight as d oésbé reproductive cycle, the digestive
gland would likely show far less seasonal variapih EDC concentrations.

Our data show that the digestive gland constitapgsoximately 5% of the total wet
weight of the whole-body tissues yet amasses coratems of EE2 that are approximately 17%
higher and concentrations of 4-NP that are apprateiy 20% higher than the whole body. We
suggest that analyzing digestive glands may bdtarlaternative than analyzing whole-body
tissues in screening and monitoring programs. &asté extracting a dilute analyte from a large
mass of tissue, it would be far more efficientxtr&ct a much higher concentration of analyte
from a small mass of tissue, likely increasing &ation recoveries. Having smaller masses of
tissue to extract would reduce the volume of sdhaenl the time needed for sample processing,
leading to a reduction in overall cost. The digestiland is easy to identify and cleanly dissect
from surrounding tissues, so it would not signifittg increase processing time. Being small, the
entire digestive gland could be extracted, rathanthaving to subsample the mass of whole-
body tissue, as is sometimes done, eliminatingjamsaurce of variability. Matrix interferences
would likely be reduced since a single tissue iadpextracted, eliminating those interferences
contributed from other tissues and possibly redyamalytical detection limits. Experiments are
currently underway in our lab to directly compareoke-body and isolated digestive gland
extractions and analyses (e.g., recoveries, im@rées, number of mussels needed, final analyte



volumes) to better support this suggestion.

Several studies to date have investigated theteftddDCs on the gonadal tissue in
bivalves, including studies of enzyme expressiahactivity [34], gonadal development and
histology [15,35], expression of vitellogenin-likeoteins [16], and presence of intersex
condition (e.g., ovo-testis in clams [35], hermayglitic oysters [15]). However, the present
study suggests that the digestive gland may alsmbmportant target site because of its high
level of bioconcentration. Endocrine-disrupting gauands have been shown to affect the
expression level of steroid metabolism enzymesiwitie digestive gland, including 1713-
hydroxysteriod dehydrogenase, the enzyme thatyzatathe conversion of precursor steroids to
testosterone, estrone [36], and P450 aromatasehwhbiverts testosterone to estradiol [30]. In
addition, a gene expression study found that 4égerere differentially expressed in the
digestive gland of female mussels following expedorl7i3-estradiol including genes involved
in “hormone response” [37]. Although the role o&ftebrate-like” steroid hormones in
molluskan endocrinology is debatable (e.g., S&®&})[ steroid hormones (e.g., 17R3-estradiol)
and anthropogenically derived mimics (e.g., EE2 44NP) induce effects, and in some cases
adverseeffects, in bivalves as the above studies haveish@ur demonstration that EE2 and 4-
NP bioconcentrate in the digestive gland and prev/giudies revealing activation of steroid
hormone metabolic enzymes suggest that the digegkand may be a target site causing
disruption of steroid metabolism, which then ingmeffects in other tissues. Alteration in
steroid hormone levels in the digestive gland napntiead to adverse impacts seen in the
gonadal tissue. Alternatively, EDCs may interaceclly with receptors in the gonadal tissues,
causing the effects observed in previous studiksary, additional studies are needed to clarify
the molecular initiating events that lead to engecdisruption in bivalves; however, the present
study places renewed emphasis on the digestive glad highlights the need to investigate
effects on this tissue.

Differential EDC bioconcentration in other tissues

The gill was the second-highest bioconcentrat&DE€s among the tissues sampled,
possibly linked to its likely role in directly takg up EDCs from seawater and transferring them
to the blood. The gill accumulated EDCs relativeplyckly, yet retained EDCs for appreciably
longer time periods than any of the other tissxesrened (EE2 half-life = 92 d; 4-NP = 57 d).
The gill’s ability to bioconcentrate EDCs likelyroes from some intrinsic component that
sequesters relatively high amounts of these congmuburing depuration, EDCs are likely
transferred from internal tissues (digestive glaguhad, adductor muscle, remaining viscera) to
the plasma. The EDCs are then rapidly transfened the plasma to the gill, which does not
retain them in its tissues during depuration buhadiately shunts them to the outside seawater.
As a result, the concentration of EDCs in the pkasafis to exceedingly low levels as
everything that is drawn from the internal tissisesnmediately passed to the gill and
discharged into the surrounding seawater. Althdbghe is a constant flow of EDCs through the
gill tissues, the overall concentration of EDCsha gill remains relatively high, since the gill’'s
previously sequestered EDC is only slowly depurdtad likely that as the rate and extent of
depuration in the other internal tissues slowsudapon from the gill tissue stores will become
more apparent.

The concentrations of EDCs in the remaining viseezee greater than those of the
gonad and posterior adductor muscle, and the ival$-bf EDCs in the remaining viscera were



only exceeded by those of the gill. This suggdsswe may have overlooked an important
tissue for EDC storage. The bivalve kidney is aspgis candidate. It is known to have storage
capabilities, both in the pericardial gland portadrthis renal system and in the kidney proper.
However, the small size of this organ would meat the bioconcentration of EDCs would have
to be exceedingly high to have elevated the conagons in the remaining viscera. Storage in
various connective tissues of the remaining visceeamother possibility. As a relatively large
compartment, connective tissues would be moreyliteehave the necessary storage capacity
than does the kidney.

Modeling of EDCs in tissues

We have modeled our mussel system using 3 coupdtidemmatical models to quantify
changes in the bioconcentrations of EE2 and 4-NRdividual tissues oM. edulisover time. It
is not uncommon to model accumulation and depuratging different models that deviate from
a simple kinetic modeling approach [26,39]. The sisdised in the present analysis are coupled
so that the results of the seawater model are l@yyrmdnditions for the exposure model.
Similarly, the results of the exposure model previitial conditions for the depuration model
[26,39].

Because of the observed temporal fluctuationsamwager concentrations of EDCs, we
modeled the concentrations of EE2 and 4-NP in ¢agvater using a system of differential
equations fit to the data to provide a systematig t@ obtain a continuous function that
describes the changes in the concentration over. tifsing this function, a time-integrated value
of the concentration is obtained. This value issad&geous to use because it avoids potential
bias in solutions that are determined purely bycsdata.

We developed a new approach to modeling the u@aédransport of EDCs within
interconnected tissues. Our modeling is an imprargraver the traditional kinetic-based
modeling because it captures the uptake of ED@aah of the tissues when the concentration of
EDCs within each tissue is low. Furthermore, thelehancorporates plasma into the transport
model and successfully fits the data from bothEE2 and the 4-NP experiments, where the
concentrations of EDCs are 2 orders of magnitutferdnt. The model integrates an increasing
trend in the EE2 concentrations over the lengtthefexposure period. Finally, parameters of the
model provide a means by which the processing d@&Rithin the tissues can be differentiated.

Our multicompartmental model gave us a much battderstanding of the interplay
between the various tissues in the mussel. Whileevhody models provide information about
the gross processing of compounds such as EDGs thedels do not provide insight into how
compounds are differentially distributed within timeissel or on the roles that different tissues
play in the internal processing of EDCs. This a#fdial knowledge is extremely valuable in
understanding the possible impact of bioaccumutatio a species. The model we have
developed provides a predictive tool that descritmes the mussel processes EDCs throughout
its body as well as direction for future researolE®C processing pathways.

Potential human exposure through shellfish consionpt

Because of their low-dose and multigenerationaat$f (e.g., de Assis et al. [40]), the
potential risk of EDC exposure to humans from aie&xposure has been a concern. Indeed,
these chemicals have been found to be ubiquitofeooh[10]. Although the finding that EE2
was present in drinking water sources was initialrming, intake through this route was
estimated to be very low, 0.013 ng/d, whereas dietgposure was higher at 23 ng/d [41].
Several studies have investigated dietary expdsuteNP with ranges varying by geographic
location and diets of study participants. In Gennaletary intake of 4-NP was estimated to be



7.5 pg/d [10], whereas the range in Taiwan wasd/d o 40 pg/d depending on region [11]. In
another study, Ferrara et al. [9] specifically feed on seafood to determine the potential risk of
EDC exposure from shellfish. In the Adriatic SedJR in shellfish was found to contribute 6
pg/d to 13 pg/d to average seafood consumers apg/ddo 87 pg/d to heavier seafood
consumers. Shellfish consumption could therefordrdmute a substantial amount of the daily
intake of EDCs.

In the present study, we investigated the biocatnagon of EE2 and 4-NP over the
course of 38 d. Although the concentrations ofehesemicals did not plateau and our modeling
results suggest that they will continue to increask continued exposure, we decided to
calculate the bioconcentration at 38 d using time{integrated seawater concentrations (Table
5). Our values (103.00 for EE2 and 196.29 for 4-hif@)lower, and therefore more conservative,
than published bioconcentration factors [6,24]X@easons. First, our concentrations are
reported as wet weight, rather than as lipid cdntenlry weight. Second, we calculated these
values at 38 d, which were not steady-state vaNegertheless, using the 38-d bioconcentration
values, we then predicted the concentrations tleatdvbe found in shellfish given measured
seawater concentrations of EE2 and 4-NP globally.e&3timates produced predicted exposures
from shellfish consumption as 2.1 ng/d to 0.35 [fgfcEE2 and 0.04 ng/d to 80.5 pg/d for 4-NP
(Table 5). These upper-limit values are comparbf@evious studies of dietary intake in
general [10,11,41] and shellfish specifically [dpwever, the question of risk to these levels
remains. Values for acceptable daily intake haenlweveloped by the World Health
Organization and other authors for EE2 (see Caldstell. [41]), whereas the only tolerable
daily intake value that we could find for 4-NP wagported from the Danish Environmental
Protection Agency [42]. We found that the uppegeaaf our predicted daily doses of EE2 and
4-NP from shellfish consumption are close to oreextproposed acceptable daily intake (EE2)
and tolerable daily intake (4-NP) values. This sig that shellfish consumption may represent
a large portion of dietary exposure to these comgsun certain areas and, when combined with
other exposure sources, could pose significant risk

CONCLUSION

Whereas most reports of EDCs in bivalve tissueg li@alt with whole-body tissues, the
present study has helped to characterize the boecdration, transport, and depuration of 2 of
the most prevalent environmental EDCs, EE2 and 4iNAdividual organs of the blue mussel
M. edulis.All tissues bioconcentrated significant quantioé&DCs. The digestive gland,
however, bioconcentrated both EDCs to a far greatint than any of the other tissues
examined. The digestive gland would therefore leebiist choice of a tissue to examine in EDC
monitoring programs rather than analyzing wholeybiigsues. The gonad was less of a sink for
EDCs than the digestive gland, gill, or remainimgrera. The long half-life of EDCs in the
remaining viscera suggests that there was an ilmpiostorage compartment left in the remaining
viscera that we had not sampled. Modeling indictitasthe blood plasma mediates the transfer
of EDCs between the gill and the other organs. Pejmn is slower in the gill, apparently
because the gill may continually accept EDCs frbendther, internal tissues, transported via the
plasma, and then transfers them to the externalatea

SUPPLEMENTAL DATA
Tables S1-S2(60 KB XLSX; 242 KB XLSX).
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Figure 1. Diagrammatic representation of the pafswiar the uptake and elimination ofd@thinyl estradiol and
4-nonophenol in the tissues of the marine muislgilus edulis Tissues connected by solid arrows are included in
our mathematical modeling. Tissues connected blyatharrows are potential alternative pathways,(engntle



uptake) or tissues for which we currently do noteheobust data (e.g., hemocytes). The overall payhiseawater
to gill to plasma to other tissues) concurs wittssal morphology.

Figure 2. Measured and modeled concentrations @eifrinyl estradiol (EE2) and 4-
nonylphenol (4-NP) in aquarium seawater over 34 periods between water changes.
Dotted and dashed lines represent agents of clfahga?; see text). Solid lines are model fits to
the raw data represented by filled squares for &kPfilled circles for 4-NP.

Figure 3. Typical examples of the pattern of ensh@cdisrupting compound concentrations in
Mytilus edulistissues. Mean concentrations £ standard error) of biethinyl estradiol (EE2)
and 4-nonylphenol (4-NP) in digestive gland (DGJl aill tissues are presented for the 38-d
exposure period (filled squares for EE2 and filtedles for 4-NP) and the 35-d depuration
period (open symbols). Solid and dashed lines ametrfits to the bioconcentration data during
exposure and depuration, respectively.

Figure 4. Mean concentration (+ standard errof)fofethinyl estradiol (EE2) and 4-
nonylphenol (4-NP) iMytilus edulisblood plasma (cell-free) over the 38-d exposuréper
(filled squares for EE2 and filled circles for 4-Nd&hd the 35-d depuration period (open
symbols). Horizontal lines depict the targeted expe concentration of the 2 endocrine-
disrupting compounds (i.e., 3.37 pmol/mL for EEZ @54 pmol/mL for 4-NP). Solid and dotted
lines are model fits to the raw bioconcentratiotadhuring exposure and depuration,
respectively.

Figure 5. Mean concentrations (= standard errof)7afethinyl estradiol (EE2) and 4-
nonylphenol (4-NP) iMytilus eduliswhole bodies obtained by totaling individual endioer
disrupting compound organ bioburdens for each niisssesues and dividing by the sum of the
wet tissue weights of each of the tissues. Biocotmagon data (filled squares for EE2 and filled
circles for 4-NP) are presented for the 38-d expoperiod and the 35-d depuration period
(open symbols). Solid lines and dashed lines agsembled from the exposure and depuration
model fits to the accumulation data, respectively.
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Table 1. Physical properties ofd-@éthinyl estradiol (EE2) and 4-nonylphenol (4-NRattare

relevant to bioaccumulation in marine organi¥ms

EE2 4-NP
Molecular weight 296.40 220.35
Log Kow 3.67 4.48
Aqueous solubility 11.3 mg ! (at 27 °C) 7 mg L (at 25 °C)
Vapor pressure 1.95x 10° mm Hg (at 25 °C) 0.11x 10° Pa (at 20 °C)
Bioconcentration fact8r 580 2900

#Log Kow for 4-NP from European Union [43]; all other déitam PubChem [44].

P Calculated from the linear regression in Meylaalef23].

Kow = octanol-water partition coefficient.



Table 2. Best-fit parameters of the 3-componentehbtto aquarium seawater concentrations af-17

ethinyl estradiol (EE2) and 4-nonylphenol (4-NPgothe course of 3 d or 4 d between water chdnges

Parameter EE2 (detrended) 4-NP

A 2.361 339.96
B 2.857 3.144
C 1.572 461.73
D 1.137 1.624

@ EE2 parameters were calculated after correctinth®slight increase in seawater
concentrations over the course of the 38-d expodloesuch trend was observed for 4-

nonylphenol. Parameters A, B, C, and D are apphdelquations 4 and 5.



Table 3. Best-fit parameters for the model of cotregions of 1é@-ethinyl estradiol (EE2) and 4-

nonylphenol (4-NP) iMytilus eduliscomponents during endocrine-disrupting compourmbsnre

EE2 4-NP

Component Index, i ri S ri S

Gill 1 0.0021 0.0589 0.1845 0.0526
Plasma 2 0.7340 0.0013 0.0562 0.1690
Digestive gland 3 344.05 0.1288 0.2170 4.0212
Gonad 4 327.22 0.0280 1.1542 1.8204
Adductor 5 537.77 0.0266 1.1974 1.0947
Viscera 6 305.64 0.0358 0.8211 2.0744

& Parameters, ands, are applied to Equation 8; ands; are applied to Equation 10; angtore

ands; to s are applied to Equation 11.

Adductor = posterior adductor muscle; viscera =ai@ng viscera after dissection of gill, whole

blood, digestive gland, gonad/mantle, and posteioiuctor.



Table 4. Depuration rate constarkg @nd half-lives of 1d-ethinyl estradiol (EE2) and 4-nonylphenol

(4-NP) in various tissues (components)ftilus eduli§

EE2 4-NP
Component Index kg (d™ Half-life (d) ki (09  Half-life (d)
Gill 1 0.0075 92 0.015 57
Plasma 2 0.26 2.7 0.12 15
Digestive gland 3 0.028 25 0.033 30
Gonad 4 0.040 17 0.022 33
Adductor 5 0.054 13 0.021 32
Viscera 6 0.022 32 0.017 48

® Theky values were obtained using Equation 12 with commatians at the start of depuration
given by the modeled tissue concentration of eadoerine-disrupting compound on day 38 of

the exposure period. Half-lives were calculatedrag)/ky;.



Adductor = posterior adductor muscle; viscera =aimg viscera after dissection of gill, whole

blood, digestive gland, gonad/mantle, and postedoiuctor.



Table 5. Estimated bioconcentration of 1éthinyl estradiol (EE2) and 4-nonylphenol (4-NR}hellfish meat based on

measured seawater concentrations globally

EE2 4-NP
38-d tissue concentration, from Fig. 5: Reassembled 0.2352 30.0382
mussel (nmol/g wet wt)
38-d tissue concentration (ug/g wet wt) 0.06971 6.6189
Time-integrated water concentration (ug/L) 0.6768 33.72
38-d bioconcentration 103.00 196.29

Seawater concentrations in marine environment (ug/L <0.0002-0.034 0.000002—4.10

Predicted shellfish concentrations (Lg/g wet wt) <0.000021-0.0035 0.0000004-0.805

Predicted dose in meal (i.e., 100 g) 2.1ngto0.35ug 0.04 ngto 80.5 g

Acceptable (for EE2) or tolerable (for 4-NP) 60 ng to 3.0 pg 300 pg’

@The 38-d bioconcentration was determined by digdhe 38-d wet weight tissue concentration by
the integrated water concentration. Predicted f$lellissue concentrations were determined by
multiplying the range of seawater concentrationasuead in the environment (EE2 from Aris et al.
[8]; 4-NP from David et al. [7]) by the 38-d bioamntration. Acceptable daily intake and tolerable

daily intake values were taken from Caldwell ef{4l] for EE2 and Nielsen et al. [42] for 4-NP.

® The tolerable daily intake for 4-NP determined\bglsen et al. [42] is 5 pg/kg body weight. This

value was multiplied by the average adult weigtKg) to derive a daily intake of 300 ug.



