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Previous toxicokinetic studies have shown that mussels (Mytilus spp.) can readily absorb
the three main mammalian sex steroids, estradiol (E,), testosterone (T) and progesterone
(P) from water. They also have a strong ability to store E; and the 5a-reduced metabolites
of T and P in the form of fatty acid esters. These esters were shown to have half-lives that
were measured in weeks (i.e. they were not subject to fast depuration). The present study
looked at the toxicokinetic profile of two other common steroids that are found in water,
the potent synthetic oestrogen, (ethinyl-estradiol) (EE,. one of the two components of ‘the
pill’), and cortisol, a natural stress steroid in vertebrates. In the first three hours of uptake,
tritiated EE> was found to be taken up at a similar rate to tritiated E,. However, the levels in
the water plateaued sooner than E,. The ability of the animals to both esterify and sulphate
EE, was found to be much lower than E,, but nevertheless did still take place. After 24 h of
exposure, the majority of radiolabelled EE in the animals was present in the form of free
steroid, contrary to E; which was esterified. This metabolism was reflected in a much
lower half-life (of only 15 h for EE, in the mussels as opposed to 8 days for E; and >10
days for T and P). Intriguingly, hardly any cortisol (in fact none at all in one of the
experiments) was absorbed by the mussels. The implications of this finding in both
toxicokinetic profiling and evolutionary significance (why cortisol might have evolved as a
stress steroid in bony fishes) are discussed.

Keywords: depuration, endocrine disruption, mollusk, steroid, ethinyl-estradiol, cortisol

INTRODUCTION

There has been a multitude of studies on the potential role of vertebrate-type sex steroids in the
reproduction of mollusks over the last seventy years (as reviewed by 1-4). Most of these studies,
especially the earlier ones, have attempted to prove that the common sex steroids, 17f3-estradiol
(E,), testosterone (T) and progesterone (P) act as hormones in mollusks in the same way that they
do in vertebrates. Measurement of sex steroids in mollusk tissues was commonly presented as
evidence for the relevance of their hormonal role in the hope that changes in concentrations would
correspond in an expected way with different stages of their reproductive cycle (e.g. E,
concentrations would be at their highest at the height of gonad maturation of females), sex (e.g.
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E, concentrations would be higher in females than in males) and
after treatment with endocrine disrupters (e.g. there would be an
increase in T in response to Tributyl Tin exposure). Apart from
the fact that any such evidence is circumstantial (correlation not
being proof of cause and effect), several recent reviews have
pointed out why such expectations are problematic (2-6). The
review by Scott (4) in particular pointed out that, regardless of
whether or not mollusks are able to make their own vertebrate
steroids, there are three very important factors that preclude an
unambiguous link between concentrations and reproductive
processes in mollusks: firstly, the environment (that includes
laboratories) is awash with vertebrate steroids (7); secondly,
water-dwelling mollusks, especially bivalves, have a remarkable
ability to absorb the common human sex steroids, P, E; and T
from water (8-10); and, thirdly, mollusks have an even more
notable ability to store these steroids and/or their metabolites in
the form of fatty acid esters (8-14). Esterification involves the
conjugation (typically via removal of a water molecule) of the
carboxyl group of a fatty acid with a reactive hydroxyl group of a
steroid. Hydroxyl groups that have been shown to be targets for
esterification are those found at the 17 position in T and E,
(Figure 1) and at the 3P position of certain 50.- and 20B-reduced
metabolites of T and/or P. There is no evidence that the hydroxyl
group at position 3 of E, is conjugable with fatty acids, although
it can be conjugated with a sulphate group (Figure 1). The

uptake of steroids by mollusks and the fact that the steroids can
be readily metabolised and conjugated is usually not taken into
account by researchers who measure steroids in invertebrates -
even though the notable ability of mollusks to absorb and esterify
steroids was convincingly proved twenty years ago (11).
Publications that give no consideration to the possibility that
steroids in mollusks might be contaminants rather than
endogenously produced hormones or a mixture of both
continue to appear in the literature.

As mentioned above, our previous work has already described
the pattern of uptake, metabolism and esterification of E,, T and P
by the mussel, Mytilus spp. (8-10). We found that all three were
taken up very readily by mussels, but metabolised in different ways.
Most of the E, was either esterified unmodified (and accumulated in
the animal) or converted to a sulphate (which accumulated in the
water). Testosterone was strongly esterified. However, analysis of
both free and ester fractions showed that >90% had been converted
to 50-reduced metabolites. About a fifth of the tritium was also lost
from the T radiolabel in the form of tritiated water, but there was no
evidence that this was linked to E, production. Progesterone
radiolabel was also strongly accumulated in the ester fraction.
However, this was entirely due to formation of 3B3- and/or 20pB-
hydroxylated 50.-reduced metabolites. The purpose of the present
paper was to investigate the uptake of two other steroids, ethinyl-
estradiol (EE,; the estrogenic component of “The Pill”) and cortisol,

17p3-estradiol
E,

21 o*v

an®

C=0

Cortisol

CH3OH

17a-ethinylestradiol
EE,

21 L=y
SHEOH:
Cc=0

H,C
2 OH

11-deoxycortisol

FIGURE 1 | Structures of E,, EE,, cortisol and 11-deoxycortisol- highlighting the positions of key hydroxyl groups in all four steroids. Those circled in blue are
known or hypothetical (e.g. the 21-hydroxyl group of cortisol) points of esterification. Those circled in red are where preferential sulphation occurs. Those circled in
yellow cannot be naturally conjugated (i.e. they are non-reactive). The numbers show the relevant positions of the groups on the steroid skeleton.
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which is abundant in natural waters, as it is the stress steroid of bony
fishes. We hypothesised that EE, would behave in a similar way to
E,, but likely slower, due to the fact that the reactive 3-hydroxyl
group on the C17 position (which is where esterification takes place)
is paired with an o-hydrogen atom in E,, but with an o-ethinyl
group in EE, (Figure 1). We hypothesised that this would diminish
esterification, but not sulphation, as this was shown by us to occur
in mussels on the hydroxyl group at the C3 position of E,. In the
case of cortisol, because it has an unhindered primary hydroxyl
group at the C21 position (Figure 1), we hypothesised that this
would be a readily reactive site for esterification. In other words, we
expected cortisol to build up strongly in the ester fraction.

MATERIALS AND METHODS

The experiments described here were part of a large series of
experiments, all aiming at describing the toxicokinetic profile of
common vertebrate steroids in the common mussel.

Animals

Mussels were collected from two locations; The Retreat, Brancaster
Staithe, Norfolk during March 2014 (Experiment 1, 50 animals)
and Portland Harbour, Dorset during October 2014 (Experiment
2, 110 animals) and November 2015 (Experiment 3, 16 animals).
Both areas are populated predominantly by Mytilus edulis, but we
cannot discount the co-existence of Mytilus galloprovincialis and/
or their hybrids (hence we refer in this paper to ‘Mytilus spp.’). The
animals were acclimated to the experimental conditions for 6, 5
and 1 days for Experiment 1, 2 and 3 respectively. Animals were
not sexed or aged. The average wet weight of the animals and the
mean shell length mean varied between 3.16-4.62 g and 49-58 mm
respectively in all experiments.

Methods

The methodology and toxicokinetic profile has already been
described for E,, T and P (8-10). All procedures involved placing
the animals in containers with filtered (50 um) seawater (with
aeration or pre-aerated water), adding radiolabel to the water and

TABLE 1 | Summary of conditions employed in each experiment.

then taking 1 mL water samples at various intervals in order to
measure the amount of radioactivity remaining in the water.
Sorption controls (no animals) were in place to measure any
losses due to sorption or aerosol formation. Whole mussel soft
tissue (i.e. not including the shell) was used for the analyses. Certain
conditions employed in these experiments (i.e. duration, vessel type,
volume of water) varied as part of method development. Table 1
displays the experimental conditions relevant to the data
reported here.

Experiment 1: The first experiment was carried out under
identical conditions to Exp. I in the publications on E, (8, 15),
which are displayed in Table 1. The animals were transported in
a cool-box overnight and immediately placed in a flow-through
system of sea water. Individual rods were placed vertically in
aerated cylindrical glass tanks with 13 L of sea water at 16 + 1°C
with a 16:8 h light:dark photoperiod for exposure to radiolabel.
Five mussels were added in each tank. The animals were fed
Shellfish Diet® 1800 (a mix of Isochrysis spp., Pavlova spp.,
Tetraselmis spp., Thalassiosira weissfloggi and Thalassiosira
pseudonana) following manufacturer’s instructions and the
water was changed daily. The mussels were dosed with 0.86
uCi L' (4.25 ng LY ethinyl-estradiol, 17-[6,7-*H(N)] ([*H]-
EE,) purchased from American Radiolabeled Chemicals, Inc.
(101 ARC Dr. St. Louis, MO 63146 USA). Samples were collected
at intervals (see Figure 2 for frequency) over 48 h. The animals
were given a second dose of radiolabel and kept for another 48 h
to build up the amount of radiolabel in the tissues and provide
sufficient material for subsequent metabolite analysis. For
depuration, animals were placed in fresh water in shallow trays
under flowthrough conditions (I L min™). Ten animals were
sampled on day 0, 5, 10, 15 and 20.

Experiment 2: The second uptake experiment was run under
identical conditions to Exp. 4 in the publication by Schwarz et al.
(8) and details are provided in Table 1. Briefly, five mussels were
placed in an aerated bucket lined with a polyethylene bag and
filled with 2 L of filtered sea water at 16 + 1°C with a 16:8 h light:
dark photoperiod for exposure. Water was changed daily, and
animals were fed Shellfish Diet® 1800 daily (following
manufacturer’s instructions). The animals were given the same

Exp Treatments Vessel type

1 EE, radiolabel only Glass tank with rods
EE, sorption & aeration control

2 EE, radiolabel only Buckets lined with polythene bag
EE, low
EE, high

EE, sorption & aeration control
C radiolabel only
C low
C high
C sorption & aeration control
E, positive control

3 C radiolabel only
C sorption control
11-Deoxy-C radiolabel only
11-Deoxy-C sorption control

Polypropylene beakers

Animals per vessel

Vessel replicates ~ Water volume  Length of exposure

5 10 13L 2x 48h
0 1

5 6 2L 24h
5 2

5 2

0 2

5 6

5 2

5 2

0 2

5 2

1 8 0.2L 6h
0 8

1 8

0 8
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FIGURE 2 | Percent of radiolabelled steroid removed from: top graph, 13L
water containing 5 mussels over 48 h ( + S.E.M; n=10) (Exp.1); and, bottom
graph, 2L water containing 5 mussels over 24h (Exp 2.). O, Eg; [0 EEs; A,
EE, +2.5 ug cold steroid; v, EE, + 25 ug cold steroid; ¢, Cortisol. Standard
errors are also shown. In the 2L experiment, the proportions were corrected
for non-specific loss of radiolabel in control tanks (ca. 9% by 24h for E, and
EE, and 5% for cortisol in the 2L water experiments). Non-specific radiolabel
loss in the 13L tank experiments was negligible (< 2%).

amount of [°H]-EE, (2.9 uCi L"), but had either no (n = 6), 2.5
ug L' (low; n=2) or 25 pg L' (high; n=2) of cold EE, added.
There were also bags in which mussels were exposed to [*H]-E,
(2.74 pCi LY, n=2, used as a positive control), to [H]-cortisol
(3.06 pCi L") with no (n=6), 2.5 ug L' (low; n=2) or 25 ug L
(high; n=2) of cold C and to [’H]-EE, (3.45 uCi LY, n=2) and
[*H]-cortisol (3.29 uCi LY n=2) only (sorption controls; i.e. no
animals). Water (1 mL) samples were taken at 0, 3, 6, 18,24 h
from all vessels and immediately placed in scintillation fluid for
counting (see Figure 2, bottom graph). For depuration, animals
were placed in fresh sea water in shallow trays under flowthrough
conditions (1 L min™"). Ten animals were sampled on day 0 and
five animals were sampled on day 5, 10, 15 and 20.
Experiment 3: The animals were transported in a cool-box
and kept for at least 24 h in running seawater before exposure
experiments. The temperature was not controlled during

exposures and ranged between 15-19°C. The animals were not
fed as exposures were short. Individual mussels were placed in
polypropylene beakers with 200 mL pre-aerated filtered seawater
for six hours with either [*H]-cortisol (3.8 uCi LY or [PH]-11-
deoxycortisol (6.08 uCi L") and an equal number of sorption
controls for each steroid. No aeration was carried out during the
6 h exposure period. Water samples (1 mL) were collected at
regular intervals and immediately mixed with 7 mL scintillation
fluid. After exposure, all animals were frozen at -20°C for later
extraction. No depuration followed Experiment 3.

Metabolite Separation and HPLC

The methods for extracting and separating free and esterified
steroids (and HPLC conditions) have all been previously
described in the above-mentioned papers.

Clearance Rates

The rates at which individual mussels initially cleared steroids
from water (i.e. clearance rates) were calculated as follows. The
percentage radiolabel remaining in the water from each
treatment were first of all corrected (if necessary) for loss of
radiolabel due to sorption. Label disappearance data were fitted
to hyperbolic decay curves using Sigmaplot (Systat Software Inc,
TW4 6]Q, London, UK.) as described previously (8). In all cases,
except for cortisol in Experiment 3, r > was >0.99. The calculated
proportion of radiolabel that had been removed from the water
by 1.5 h was used to derive a rough estimate of the ‘clearance rate’
of an individual mussel (mL animal™ h™') at the start of each
exposure period:

Initial clearance rate = ——
1.5n

Where r = proportion of radiolabel removed over the first 1.5
h; V= total volume of water in the container (mL); #n = number of
animals in the container.

RESULTS
Uptake

In Experiment 1 (Figure 2) the reduction in the level of EE, in
the water was very similar to that of E, over the first 3 h (8, 15)
but then diverged. Ethinyl-estradiol plateaued at a higher level
than E,. This same pattern was found in the second 48 h
incubation period (Table 2). In Experiment 2, there was a
marked decrease in radioactivity in all the bags containing
mussels with either E, or EE,, but zero decrease in the levels of
[*H]-cortisol (Figure 2). There was a slight decrease in [H]-EE,
and [*H]-cortisol (up to 9% and 5%, respectively, over 24 h) in
the control bags with no animals. The amounts of radioactivity
remaining in the water levelled off after 18 h at c. 50% for E, and
c. 60% for the three EE, treatments. In the first 1.5 h, the
calculated clearance rate (mL animal h™") of EE, was higher
(61.3) than that of E, (52.0) (Table 2). The addition of large
amounts of cold steroid appeared to reduce the clearance rates of
EE, to 49.6 and 41.6, respectively, but this was not statistically
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TABLE 2 | Clearance rates at beginning of incubation period and percentage of
radiolabel absorbed by end of incubation period.

Clearance rate
(mL animal™ h™)

% Radioactivity
absorbed by
end of experiment

Experiment 1 EE; first 48 h 46.0 20
48 h EE, second 48 h 43.3 13
E, first 48 h 44.8* 37
E, second 48 h 46.7* 28
Experiment 2 EE, label only 61.3 40
24 h EE, + low dose of cold 49.6 40
EE, + high dose of cold 41.6 38
E, label only 52.0 46
Cortisol 0 0
Experiment 3 Cortisol 6.4 9
6h 11-deoxycortisol 17.4 26

*Data shown for comparison purposes only, as previously reported by Schwarz et al. (8).

significantly different (due to the fact that there were only two
containers each for the cold EE, treatments). By the end of the
experiment, the proportion of radiolabel that had been absorbed
was the same for all three treatments (Table 2).

In Experiment 3, cortisol decreased by about 5% over 6 h and
11-deoxycortisol by 25% (Figure 3). Because there was no
aeration, there was no non-specific loss of radiolabel in control
pots with no animals.

The efficiency of ethyl acetate in extracting EE, radioactivity
from tissue was established to be between 95-98%, the same as
for E; and T (8, 9). When ten of each of the mussels from the EE,
treatments (no depuration) were extracted (Exp. 2), a statistically
significant difference was found in the concentration of
radiolabel (pg g' wet weight; n=10; + sem) between the

100 1

90

80

70

60

% Radioactivity in water

50 L] L] L] L v v L]

Hours

FIGURE 3 | Pattern of disappearance of radiolabelled Cortisol (O) and 11-
deoxycortisol ([J) steroids from 200 mL water containing one mussel over 6
h. Each treatment had 8 replicates. Non-specific radiolabel loss was negligible
(0.34% for Cortisol and 0.16% for 11-deoxycortisol). Error bars are shown.

treatments (radiolabel-only, 370 + 30; low, 470 + 10; high,
480 + 10). The average weights of wet tissue animal™ in the
three groups were 4.09, 4.75 and 4.34 g. Basically, low and high
amounts of cold EE, appeared to increase rather than decrease
the concentration of radiolabel that was extracted from the
tissues at the end of the 24 h exposure period. This could be
due to the saturation of detoxification capacity. Whatever the
reason for the disparity in the water v. tissue results, the
important conclusion is that microgram quantities of cold EE,
do not appear to saturate the uptake of radiolabelled EE,.

The solvent separation procedure (which involved
partitioning the radioactivity twice between heptane and 80%
ethanol) was also shown to work as well for EE, as for E,, Pand T
(data not shown). The ratio of ester:free:water-soluble in the EE,
extracts (4:88:8) was strikingly different from that found for E,,
in which the same ratio was 85:11:4, strongly indicating that the
170.-ethinyl group on EE, obstructs the esterification of the 17f3-
hydroxyl group. To confirm that this was not an anomaly of the
solvent separation procedure, some of tissue extract from
mussels in Experiment 1, that had been dosed twice with [*H]-
EE, over a four-day period, was run on normal phase HPLC
(Figure 4). This confirmed that there was a large peak of activity
corresponding to free EE, and only a small peak in the expected
elution position of esterified EE,. The opposite situation was
found for E,, where the majority of the steroid was in the form
of ester.

Depuration

When [*H]-EE,-treated animals were placed in clean seawater,
there was a sharp drop in concentrations of radiolabel over the
first five days in Experiment 1 and over 1 day in Experiment 2
(Figure 5), with a calculated half-life of 15 h in Experiment 2.
The infrequency of sampling meant that it was not possible to get
an accurate half-life for Experiment 1 (it was somewhere between
0 and 5 days!). Solvent partitioning of the extracts from
Experiment 2 showed that depuration was almost entirely due
to the loss of the free steroid fraction. The ester fraction, although
low in amount, was relatively stable between 0 and 10 days.

8 4 4 Ester Free
=
E
© — EE,
ui' 2 4 veeeee E,
ko)
C
®©
LuN
w g
30 35 40 45 50

Minutes

FIGURE 4 | Separation on normal-phase HPLC of whole tissue extracts of
mussels that had been exposed for 96 h to either tritiated E, or EE, (Exp. 1)
showing contrasting distribution of radioactivity between free and ester fractions.
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FIGURE 5 | Depuration of radiolabelled EE; (converted to pg g™ of tissue of
radiolabel) from mussels (whole tissue extracts) that had been exposed for
either 96h (top graph, Exp. 1) or 24 h (bottom graph Exp. 2) to tritiated EE,.
In Experiment 2, a portion of each extract was also partitioned twice between
heptane and 80% ethanol to establish the relative proportions of esterified
and free (i.e. non-conjugated) steroid. Amounts of water-soluble radiolabel
were negligible. Standard errors have not been included in the second graph
for clarity (as the lines were so close together).

Metabolism of EE>

Water from the control tank and from the mussel tank treated
with [*H]-EE, was extracted with a C18-Seppak and separated
on a rp-HPLC column (Figure 6). Pooled samples of the ester
fraction were also saponified and the resultant hydrolysate run
on the same column under the same conditions. The control
water sample contained a single peak in the elution position of
standard EE,. The water from the mussel tank contained the
same peak, but also several unidentified metabolites. The
hydrolysate of the ester fraction also contained some
radioactivity in the elution position of EE,, but also had at
least four other peaks (adding up to 40% of the total
radioactivity). The behaviour of E, in the same three
treatments (taken from 8, 15) are shown for comparison.
There were many peaks in the water, with the dominant peak
being identified in the above-mentioned paper as 3-sulphated E,.
There was a single peak (also previously confirmed as intact E,)
in the ester hydrolysate.

50 1
40 { Control water :
30 1 H

E: — E&
20 1 seeeenes E,
10 { i
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30 1
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EE, and E, dpm*1000

10 4 Mussel hydrolyzed
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[$)]
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FIGURE 6 | Pattern of elution of radioactive EE, (solid line) and E, (dotted
line) on rp-HPLC extracted, after a 24h exposure period, from either sorption
control (no mussels), water which contained live mussels, or hydrolysed ester
fraction of the tissue. Standard EE, eluted at 54 min and E, at 51 min.

DISCUSSION

We have demonstrated that mussels, when first exposed to
radiolabelled steroids, take up EE, as readily as E,. This fact
should not be surprising, as EE, has previously been detected in a
gastropod snail (16) and specifically in mussels in at least three
studies (17-19). Its uptake has also been demonstrated directly in
two studies using either '*C-radiolabelled (20) or non-
radiolabelled (21) EE,.

It was shown, as was found with E,, T and P (aforementioned
papers by Schwarz and colleagues) that the amount of additional,
cold EE, in the water had only a weak effect on the initial rate of
the [°H]-EE, disappearance from the water and actually seemed
to increase the amounts of radioactivity that could be recovered
from the tissue. The important point was that the uptake of
radiolabel was not ‘saturable’ by cold steroid even in amounts far
higher than could be expected in the environment.

In terms of what is an ‘environmental level’ of EE,, Almeida et
al. (19) recently tabulated a series of published studies. These
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showed concentrations from undetectable to 4,400 ng L. The
authors, however, missed an earlier study by Hannah et al. (22),
which not only tabulated a similar wide range of concentrations
of EE, from worldwide studies, but also analysed and discussed
the fact that some of the higher concentrations that have been
reported are almost certainly wrong — because if one takes into
account water volumes and flow rates in the areas that were
studied, the concentrations grossly exceed the amounts of EE,
that would have had to have been manufactured and released
into those environments (i.e. the concentrations were impossible
on the basis of production volumes). The authors suggested that
some of these wrong values were due to methodological
problems such as incomplete clean-up of samples or poor
Mass Spectrometer resolution. This is probably true for some
studies, however, another study (23), following an inter-
laboratory exercise on the measurement of steroids in water
taken from trout farms, came up with an alternative suggestion,
that some of the high values were probably the result of
calculation error by the scientists involved (even something as
trivial as mixing up nanograms and micrograms). The authors
estimated that calculation errors likely affect 30% of similar
papers in the literature.

The amounts of EE, radioactivity in our studies all levelled off
early on and at a higher level than E,. In the study on E, uptake
by Schwarz et al. (8), the tendency to plateau was ascribed to the
fact that after about 18 h, most, if not all, of free E, had
disappeared from the water and had been converted to stable
ester (found in the tissue) and sulphate (found mostly in the
water). However, in the EE, uptake experiment, analysis of the
water on rp-HPLC showed that at 24h that there still appeared to
be a large peak of non-metabolised EE,. Although there were
other peaks in the water, they were not substantial and there was
certainly not a predominant ‘sulphate’ peak as there was with E,
(8). This lack of sulphate production was unexpected. However,
one must bear in mind that EE,, like many pharmaceuticals, has
been designed to resist metabolism. In fact, in the laboratory, EE,
has been shown to inhibit its own sulphation when present in
nanomolar concentrations (24). What then brings about the
apparent slowdown in uptake of EE, after a few hours, even
though there still appears to be a good supply of intact EE, in the
water? Whereas mussels avidly esterify E, (8), they appear to do
so at a much lower rate with EE,. Furthermore, even the small
amount of radiolabel that does appear to be esterified turns out
not to be entirely intact, as it is in the case of E,. The much slower
ability of the mussels to esterify EE, is likely because the
o-ethinyl group is attached to the same carbon atom (C17) as
the B-hydroxyl group that attaches to the fatty acid to form an
ester (Figure 1).

In the absence of avid sulphation, esterification or
metabolism, the most likely explanation for our results (which
it must be pointed out were carried out under static conditions)
is that EE, uptake is plateauing because it reaches a point where
its uptake is balanced by its release. At the start of exposure, the
radiolabel rushes in, but then (we suggest) is held so loosely by
the fats and proteins in the animal that some of it starts to come
out again. In summary, mussels have high capacity for EE,

uptake, since uptake was not influenced much by adding up to
25 ug L™ of cold EE, to the water, but relatively low affinity, since
the amount of radioactivity left in the water levelled off at about
85% in the 13 L tanks and 60% in the 2 L tanks. A low affinity for
retaining free EE, would also explain its relatively rapid
depuration rate.

In regard to depuration, Ricciardi et al. (20) reported
considerably longer half-lives of EE, from 13 to 96 days,
depending on which tissues were being investigated. What, the
reader might ask, is the explanation for such a big inter-study
difference? In our study, we exposed mussels for either 1 or 4
days to radiolabelled EE,. Although there was evidence for ester
formation, the ratio of Ester : Free at the beginning of depuration
was very low and what we were measuring was predominantly
the depuration of free EE,. In their study, they exposed mussels
for 38 days. After such a long time, we would predict gradual
accumulation of esterified EE, up to a point when there would be
a noticeably higher ratio of Ester : Free at the start of the
depuration period. We suggest that what the authors were
measuring in their study was predominantly the eventual
disappearance (subtly different from depuration) of esterified
EE,. The authors did not distinguish between free and ester in
their study. They did not mention even the possibility of
esterification and just assumed that the radioactivity was all
free EE,. This explanation is backed up by the fact that they
found a half-life of only 2.7 days when they measured
radioactivity in the haemolymph (plasma) of the mussels. In
contrast to the tissues, one would expect the haemolymph to
contain mainly free EE,, although possibly some ester in
the form of fat droplets. The variability of the half-lives in
the different tissues in their study is probably explained by the
different tissues having different ratios of Free : Ester at the start
of depuration. If this interpretation is correct, then this means
that essentially all measurements of half-lives in both studies are
wrong (in the sense that they are a mixed measure of the half-
lives of two totally different compounds, one water-soluble and
the other fat-soluble). This needs to be considered in any future
studies on EE, depuration. A more recent study (21), is also
highly relevant. When mussels were treated with cold EE, alone
for 10 days, it was only detectable (as free EE,) in the tissue on
day 1. However, when mixed with three other pharmaceutical
compounds, it built up to 77 ng g”* dry weight of tissue by day 10
and dropped to a value of 13 ng g after a further 8 days of
depuration. Perhaps this indicates one or other of these other
compounds inhibit esterification - thus leading to a build-up of
predominantly free EE,? This is only speculation.

Our uptake experiment was carried out with cortisol not
because we believed it to be the stress hormone in mussels. In
evolutionary terms, this would make no sense. The reason we
include this steroid in our studies was because cortisol has a
primary hydroxyl group at its C21 position (Figure 1). We
hypothesised that this would be very susceptible to esterification.
What we found, however, was that the mussels absorbed cortisol
poorly — so we were unable to test whether or not this hydroxyl
group was a suitable ligand for esterification. This finding
though, recalled a study made by one of us on steroid uptake
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TABLE 3 | Basic information on steroids used or referred to at this study.

CAS No. Steroid Log P
57-63-6 17a-Ethinyl-estradiol 3.67%
50-28-2 17p-Estradiol 4.01%
58-22-0 Testosterone 3.32%
57-83-0 Progesterone 3.87%
50-23-7 Cortisol 1.61%
52-58-9 11-Deoxycortisol 3.08%
53187-98-7 11-Ketotestosterone 2.761

FVEGA-QSAR (version: 1.1.5). Experimental LogP (26).
1VEGA-QSAR (version: 1.1.5). Predicted LogP model (MLogP) 1.0.0. (26).

by a teleost fish (25). In that study, among a number of steroids
tested, cortisol and 11-ketotestosterone (11-KT) were also
notable for not being absorbed by the fish. Although this may
be explained by the fact that cortisol is much more water soluble/
less lipophilic (it has a substantially smaller partition coefficient
(Log P), a proxy for lipophilicity, see Table 3), the one thing that
these two steroids have in common is an oxygen group at the C11
position on the second ring of the steroid molecule (as shown in
Figure 1). To test whether this was critical, we carried out a short
experiment in which we compared the ability of the mussel to
take up cortisol and 11-deoxycortisol radiolabels. In contrast to
the first experiment, there was some uptake of cortisol, but the
clearance rate (which may be an overestimate due to the poor fit
of the data to the decay curve) was still much less than E, or EE,,
and c. 3 times less than 11-deoxycortisol. These results may
suggest that the reduced lipophilicity imparted by an additional
oxygen group at the C-11 position of cortisol has a one-way effect
on the transfer across the gill membranes (whether vertebrate or
invertebrate), when compared with the more lipophilic steroids
studied. The reason we say ‘one-way’ is that cortisol has been
shown to pass very easily from fish into the water across the gills
(27). It is tempting to speculate that the hypothetical resistance to
uptake via the same route imparted by an 11-oxygenated group
might have been the driver for the evolution of cortisol as a stress
steroid and 11-KT (as opposed to T) as the male androgen in
teleost fish. A stress steroid and a male androgen would be of
little use to fish if they could be absorbed from the water by other
fishes as readily as they are excreted. This argument does not
need to be applied to E,, because fish have evolved a high-affinity
sex steroid-binding globulin in their bloodstream that strongly
retains E, (25). This means only small amounts of E, find their
way into the water in the first place.

This study provides no new evidence on the putative
biosynthesis of vertebrate steroids by mussels, so this topic will

REFERENCES

1. Janer G, Porte C. Sex Steroids and Potential Mechanisms of non-Genomic
Endocrine Disruption in Invertebrates. Ecotoxicology (2007) 16:145-60. doi:
10.1007/s10646-006-0110-4

2. Scott AP. Do Mollusks Use Vertebrate Sex Steroids as Reproductive
Hormones? Part 1. Critical Appraisal of the Evidence for the Presence,
Biosynthesis and Uptake of Steroids. Steroids (2012) 77:1450-68. doi:
10.1016/j.steroids.2012.08.009

not be discussed. In regard to the possible endocrine disrupting
potential of EE, in mollusks, there were two highly replicated
and well-funded experiments (28, 29) in which Lymnaea
stagnalis were dosed with microgram concentrations of EE,
but there were no effects of any consequence. In addition, two
recent studies have shown, convincingly in our view, that EE, (in
contrast to what it does to fishes) has absolutely no effect on egg
yolk (vitellin) protein production in mussels (30, 31). With
regards to other studies that have reported miscellaneous
effects of EE, in mollusks (32-36), we can only state that none
of them was flawless - at least according to the principles of
sound ecotoxicology (37). So, all in all, there is not very
convincing data yet that EE, in the aquatic environment has
any serious effects on mussels. Whether the amounts of EE, that
are likely taken up by mussels, and the small amounts stored in
the form of ester in the tissue, are a risk to vertebrates that eat
them is hard to say. It seems unlikely, however.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

TS conducted the bulk of experimental work, organised data and
co-authored the manuscript. AC provided critical review of the
manuscript and contributed to the discussion, tables and
methods sections. AS participated in the experiments, created
the graph plots and a first draft version of the manuscript. IK
secured funding for the work, overviewed the PhD studies
(Tamar was a student at the time) and co-authored the
manuscript, edited almost final versions and formatted the MS
for submission. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was funded by Defra (Grant number CB0485) and
Cefas internal funds (Cefas Seedcorn).

3. Scott AP. Do Mollusks Use Vertebrate Sex Steroids as Reproductive
Hormones? II. Critical Review of the Evidence That Steroids Have
Biological Effects. Steroids (2013) 78:268-81. doi: 10.1016/
j.steroids.2012.11.006

4. Scott AP. Is There Any Value in Measuring Vertebrate Steroids in
Invertebrates? Gen Comp Endocrinol (2018) 265:77-82. doi: 10.1016/
j.ygcen.2018.04.005

5. Fodor I, Urban P, Scott AP, Pirger Z. A Critical Evaluation of Some of the
Recent So-Called ‘Evidence’ for the Involvement of Vertebrate-Type Sex

Frontiers in Endocrinology | www.frontiersin.org

December 2021 | Volume 12 | Article 794623


https://doi.org/10.1007/s10646-006-0110-4
https://doi.org/10.1016/j.steroids.2012.08.009
https://doi.org/10.1016/j.steroids.2012.11.006
https://doi.org/10.1016/j.steroids.2012.11.006
https://doi.org/10.1016/j.ygcen.2018.04.005
https://doi.org/10.1016/j.ygcen.2018.04.005
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Katsiadaki et al.

EE2 and Cortisol in Mussels

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Steroids in the Reproduction of Mollusks. Mol Cell Endocrinol (2020)
516:110949. doi: 10.1016/j.mce.2020.110949

. Horiguchi T, Ohta Y. A Critical Review of Sex Steroid Hormones and the

Induction Mechanisms of Imposex in Gastropod Mollusks. In: S Saleuddin,
AB Lange, I Orchard, editors. Advances in Invertebrate (Neuro)Endocrinology:
A Collection of Reviews in the Post-Genomic Era. Volume 1, Phyla Other Than
Arthropoda. London: Apple Academic Press Inc (2020). p. 255-83.

. Ojoghoro JO, Scrimshaw MD, Sumpter JP. Steroid Hormones in the Aquatic

Environment. Sci Total Environ (2021) 792:148306. doi: 10.1016/
j.scitotenv.2021.148306

. Schwarz TI, Katsiadaki I, Maskrey BH, Scott AP. Mussels (Mytilus Spp.)

Display an Ability for Rapid and High Capacity Uptake of the Vertebrate
Steroid, Estradiol-17b From Water. | Steroid Biochem Mol Biol (2017)
165:407-20. doi: 10.1016/j.jsbmb.2016.08.007

. Schwarz TI, Katsiadaki I, Maskrey BH, Scott AP. Rapid Uptake,

Biotransformation, Esterification and Lack of Depuration of Testosterone
and its Metabolites by the Common Mussel, Mytilus Spp. ] Steroid Biochem
Mol Biol (2017) 171:54-65. doi: 10.1016/j.jsbmb.2017.02.016

Schwarz T, Katsiadaki I, Maskrey BH, Scott AP. Uptake and Metabolism of
Water-Borne Progesterone by the Mussel, Mytilus Spp. (Mollusca). ] Steroid
Biochem Mol Biol (2018) 178:13-21. doi: 10.1016/j.jsbmb.2017.10.016
Gooding MP, LeBlanc GA. Biotransformation and Disposition of
Testosterone in the Eastern Mud Snail Ilyanassa obsoleta. Gen Comp
Endocrinol (2001) 122:172-80. doi: 10.1006/gcen.2001.7630

Janer G, Mesia-Vela S, Porte C, Kauffman FC. Esterification of Vertebrate-
Type Steroids in the Eastern Oyster (Crassostrea virginica). Steroids (2004)
69:129-36. doi: 10.1016/j.steroids.2003.12.002

Janer G, Sternberg RM, LeBlanc GA, Porte C. Testosterone Conjugating
Activities in Invertebrates: Are They Targets for Endocrine Disruptors? Aquat
Toxicol (2005) 71:273-82. doi: 10.1016/j.aquatox.2004.11.024

Guercia C, Cianciullo P, Porte C. Analysis of Testosterone Fatty Acid Esters in
the Digestive Gland of Mussels by Liquid Chromatography-High Resolution
Mass Spectrometry. Steroids (2017) 123:67-72. doi: 10.1016/j.steroids.
2017.05.008

Schwarz TI, Katsiadaki I, Maskrey BH, Scott AP. Data on the Rapid and High
Capacity Uptake of the Vertebrate Steroid, Estradiol-173, From Water by Blue
Mussels, Mytilus Spp. Data Brief (2016) 9:956-65. doi: 10.1016/
j.dib.2016.10.030

Lu M, Horiguchi T, Shiraishi H, Shibata Y, Abo M, Okubo A, et al.
Identification and Quantitation of Steroid Hormones in Marine Gastropods
by GC/MS. Bunseki Kagaku (2001) 50:247-55. doi: 10.2116/bunsekikagaku.
50.247

Pojana G, Gomiero A, Jonkers N, Marcomini A. Natural and Synthetic
Endocrine Disrupting Compounds (EDCs) in Water, Sediment and Biota of
a Coastal Lagoon. Environ Int (2007) 33:929-36. doi: 10.1016/j.envint.
2007.05.003

Hallmann A, Smolarz K, Konieczna L, Zabrzanska S, Belkac M, Baczek T. LC-
MS Measurement of Free Steroids in Mussels (Mytilus trossulus) From the
Southern Baltic Sea. | Pharm Biomed (2016) 117:311-5. doi: 10.1016/
jjpba.2015.09.013

Almeida A, Silva MG, Freitas R. Concentrations Levels and Effects of 170:-
Ethinylestradiol in Freshwater and Marine Waters and Bivalves: A Review.
Environ Res (2020) 185:109316. doi: 10.101016/j.envres.102020.109316
Ricciardi KL, Poynton HC, Duphily BJ, Blalock BJ, Robinson WE.
Bioconcentration and Depuration of 14C-Labeled 170.-Ethinyl Estradiol
and 4-Nonylphenol in Individual Organs of the Marine Bivalve, Mytilus
edulis L. Environ Toxicol Chem (2016) 35:863-73. doi: 10.1002/etc.3137
Brew DW, Black MC, Santos M, Rodgers ], Henderson WM. Metabolomic
Investigations of the Temporal Effects of Exposure to Pharmaceuticals and
Personal Care Products and Their Mixture in the Eastern Oyster (Crassostrea
virginica). Environ Toxicol Chem (2020) 39:419-36. doi: 10.1002/etc.4627
Hannah R, D'aco V], Anderson PD, Buzby ME, Caldwell DJ, Cunningham
VL, et al. Exposure Assessment of 170.-Ethinylestradiol in Surface Waters of
the United States and Europe. Environ Toxicol Chem (2009) 28:2725-32. doi:
10.1897/08-622.1

Ellis T, Margiotta-Casaluci L, Pottinger TG, Morris S, Reese RA, Sumpter JP,
et al. Immunoassays are Not Immune to Errors: Examples From Two Studies

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

of Steroid Output From Freshwater Trout Farms. Gen Comp Endocrinol
(2020) 285:113226. doi: 10.1016/j.ygcen.2019.113226

Rohn KJ, Cook IT, Leyh TS, Kadlubar SA, Falany CN. Potent Inhibition of
Human Sulfotransferase 1A1 by 17oa-Ethinylestradiol: Role of 3’-
Phosphoadenosine 5'-Phosphosulfate Binding and Structural
Rearrangements in Regulating Inhibition and Activity. Drug Metab Dispos
(2012) 40:1588-95. doi: 10.1124/dmd.112.045583

Scott AP, Pinillos M, Huertas M. The Rate of Uptake of Sex Steroids From
Water by Tench Tinca tinca L. @ Is Influenced by Their Affinity for Sex
Steroid Binding Protein in Plasma. J Fish Biol (2005) 67:182-200. doi:
10.1111/j.0022-1112.2005.00727.x

Benfenati E, Manganaro A, Gini G. VEGA-QSAR: Al Inside a Platform for
Predictive Toxicology. CEUR Workshop Proc (2013) 1107:21-8.

Ellis T, James JD, Scott AP. Branchial Release of Free Cortisol and Melatonin
by Rainbow Trout. J Fish Biol (2005) 67:535-40. doi: 10.1111/j.0022-
1112.2005.00740.x

Segner H, Caroll K, Fenske M, Janssen CR, Maack G, Pascoe D, et al.
Identification of Endocrine-Disrupting Effects in Aquatic Vertebrates and
Invertebrates: Report From the European IDEA Project. Ecotoxicol Environ
Saf (2003) 54:302-14. doi: 10.1016/S0147-6513(02)00039-8

Lagadic L, Coutellec M-A, Caquet T. Endocrine Disruption in Aquatic
Pulmonate Molluscs: Few Evidences, Many Challenges. Ecotoxicology (2007)
16:45-59. doi: 10.1007/s10646-006-0114-0

Fernandez-Gonzalez LE, Diz AP, Grueiro-Noche G, Muniategui-Lorenzo S,
Beiras R, Sanchez-Marin P. No Evidence That Vitellogenin Protein
Expression is Induced in Marine Mussels After Exposure to an Estrogenic
Chemical. Sci Total Environ (2020) 721:137638. doi: 10.1016/
j.scitotenv.2020.137638

Fernandez-Gonzalez LE, Sanchez-Marin P, Gestal C, Beiras R, Diz AP.
Vitellogenin Gene Expression in Marine Mussels Exposed to
Ethinylestradiol: No Induction at the Transcriptional Level. Mar Environ
Res (2021) 168:105315. doi: 10.1016/j.marenvres.2021.105315

Andrew MN, Dunstan RH, O'Connor WA, Van Zwieten L, Nixon B,
MacFarlane GR. Effects of 4-Nonylphenol and 17 o-Ethynylestradiol
Exposure in the Sydney Rock Opyster, Saccostrea glomerata: Vitellogenin
Induction and Gonadal Development. Aquat Toxicol (2008) 88:39-47. doi:
10.1016/j.aquatox.2008.03.003

Andrew MN, O'Connor WA, Dunstan RH, Macfarlane GR. Exposure to 170.-
Ethynylestradiol Causes Dose and Temporally Dependent Changes in
Intersex, Females and Vitellogenin Production in the Sydney Rock Oyster.
Ecotoxicology (2010) 19:1440-51. doi: 10.1007/s10646-010-0529-5

Borysko L, Ross PM. Adult Exposure to the Synthetic Hormone 170
Ethynylestradiol Affects Offspring of the Gastropods Nassarius burchardi
and Nassarius jonasii. Ecotoxicol Environ Saf (2014) 103:91-100. doi: 10.1016/
j.ecoenv.2013.12.032

Leonard JA, Cope WG, Barnhart MC, Bringolf RB. Metabolomic, Behavioral,
and Reproductive Effects of the Synthetic Estrogen 170-Ethinylestradiol on
the Unionid Mussel Lampsilis fasciola. Aquat toxicol (2014) 150:103-16. doi:
10.1016/j.aquatox.2014.03.004

Leonard JA, Cope WG, Hammer EJ, Barnhart MC, Bringolf RB. Extending the
Toxicity-Testing Paradigm for Freshwater Mussels: Assessing Chronic
Reproductive Effects of the Synthetic Estrogen 170.-Ethinylestradiol on the
Unionid Mussel Elliptio complanata. Comp Biochem Physiol C Toxicol
Pharmacol (2017) 191:14-25. doi: 10.1016/j.cbpc.2016.09.002

Harris CA, Scott AP, Johnson AC, Panter GH, Sheahan D, Roberts M, et al.
Principles of Sound Ecotoxicology. Environ Sci Technol (2014) 48:3100-11.
doi: 10.1021/es4047507

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Endocrinology | www.frontiersin.org

December 2021 | Volume 12 | Article 794623


https://doi.org/10.1016/j.mce.2020.110949
https://doi.org/10.1016/j.scitotenv.2021.148306
https://doi.org/10.1016/j.scitotenv.2021.148306
https://doi.org/10.1016/j.jsbmb.2016.08.007
https://doi.org/10.1016/j.jsbmb.2017.02.016
https://doi.org/10.1016/j.jsbmb.2017.10.016
https://doi.org/10.1006/gcen.2001.7630
https://doi.org/10.1016/j.steroids.2003.12.002
https://doi.org/10.1016/j.aquatox.2004.11.024
https://doi.org/10.1016/j.steroids.2017.05.008
https://doi.org/10.1016/j.steroids.2017.05.008
https://doi.org/10.1016/j.dib.2016.10.030
https://doi.org/10.1016/j.dib.2016.10.030
https://doi.org/10.2116/bunsekikagaku.50.247
https://doi.org/10.2116/bunsekikagaku.50.247
https://doi.org/10.1016/j.envint.2007.05.003
https://doi.org/10.1016/j.envint.2007.05.003
https://doi.org/10.1016/j.jpba.2015.09.013
https://doi.org/10.1016/j.jpba.2015.09.013
https://doi.org/10.101016/j.envres.102020.109316
https://doi.org/10.1002/etc.3137
https://doi.org/10.1002/etc.4627
https://doi.org/10.1897/08-622.1
https://doi.org/10.1016/j.ygcen.2019.113226
https://doi.org/10.1124/dmd.112.045583
https://doi.org/10.1111/j.0022-1112.2005.00727.x
https://doi.org/10.1111/j.0022-1112.2005.00740.x
https://doi.org/10.1111/j.0022-1112.2005.00740.x
https://doi.org/10.1016/S0147-6513(02)00039-8
https://doi.org/10.1007/s10646-006-0114-0
https://doi.org/10.1016/j.scitotenv.2020.137638
https://doi.org/10.1016/j.scitotenv.2020.137638
https://doi.org/10.1016/j.marenvres.2021.105315
https://doi.org/10.1016/j.aquatox.2008.03.003
https://doi.org/10.1007/s10646-010-0529-5
https://doi.org/10.1016/j.ecoenv.2013.12.032
https://doi.org/10.1016/j.ecoenv.2013.12.032
https://doi.org/10.1016/j.aquatox.2014.03.004
https://doi.org/10.1016/j.cbpc.2016.09.002
https://doi.org/10.1021/es4047507
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Katsiadaki et al. EE2 and Cortisol in Mussels

Copyright © 2021 Katsiadaki, Schwarz, Cousins and Scott. This is an open-access the original author(s) and the copyright owner(s) are credited and that the original
article distributed under the terms of the Creative Commons Attribution License publication in this journal is cited, in accordance with accepted academic practice. No
(CC BY). The use, distribution or reproduction in other forums is permitted, provided use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org 10 December 2021 | Volume 12 | Article 794623


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	The Uptake of Ethinyl-Estradiol and Cortisol From Water by Mussels (Mytilus spp.)
	Introduction
	Materials and Methods
	Animals
	Methods
	Metabolite Separation and HPLC
	Clearance Rates

	Results
	Uptake
	Depuration
	Metabolism of EE2

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


