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miss biological eccentricities. Egg-shell thinning by DDE in birds, deformities in
molluscs exposed to tributyltin, and inhibition of the mating pheromones of newts
by endocrine disruptors are some of the sorts of responses that would be missed by
all but the most sophisticated imaginable toxicodynamic models. This danger could
become an impediment to the development of integrated risk assessment, if it is
perceived that integrated assessment misses important effects on non-mammalian
species. However, the current regulatory test sets also miss many effects. The develop-
ment of integrated mechanistic risk assessment will make it even more apparent that
eco-epidemiological monitoring is needed, along with epidemiological monitoring
of public health, to reveal unanticipated effects. Integration of available knowledge
in various assessments may give deeper insight and help understanding real situa-
tions as shown in examples in the section on “Benefits of Integration” for complex
exposure situations.

Another danger is that integrated risk assessment will become too focused on
risks to vertebrate organisms and neglect other ecological endpoints. This is already
occurring in the sense that toxicity testing is disproportionately performed with
vertebrates. This is problematical from the ecological point of view given the much
great importance of invertebrates, plants, and microbes to the functioning of the
biosphere. If risk assessment becomes fully integrated, there could be an even greater
temptation to neglect mechanisms that are not shared with humans and the species
possessing those mechanisms.

RECOMMENDATIONS FOR CONTINUED DEVELOPMENT AND
ACCEPTANCE OF IRA

To summarize, the strengths of IRA are:

¢ Risk-based decision-making will be informed of all risks that are potentally
significant,

* IRA may predict and diagnose previously unexpected risks,

* Assessment efficiency will increase with regard to data collection, methodology
and decision-making,

» Cost effectiveness will increase in view of shared resources,

* Assessment results will be more coherent in view of shared methodology and
characterization of exposure, hazards and risks, and

= Assessment uncertainty will decrease by confirmation of mechanisms of action
and increased knowledge on toxicokinetics and toxicodynamics.

However, a number of serious weaknesses can also be identified, not so much in
the approach per se, but rather in the demonstration of its benefits and in organiza-
tional backing:

* Although several cases have been studied to demonstrate the benefits of IRA,
none of them have demonstrated convincingly that this approach will be effi-
cient and cost effective.

* These case studies also revealed that an increased quality of the assessment
seems likely, but hard to prove.
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* Although many regulations call for protection of both human health and the
environment, scientifically and institutionally these areas often have developed
independently.

* The emphasis on direct effects on human health reduces the opportunities for
integration.

¢ The knowledge of shared mechanisms, testing methods and integrated testing
strategies still has to evolve to really appreciate the benefits of IRA.

It is clear that further demonstrations of the scientific, economic and regula-
tory benefits of the IRA approach are needed. Our analysis of opportunities for the
promotion of IRA shows that, apart from scientific reasons, societal and political
pressures require increased efficiency in risk assessment as well as moving away from
vertebrate testing. This necessitates integration of in silico, in vitro, and in vivo meth-
ods across species. As risk assessment is becoming more mechanistic and molecular
there may be new opportunities to create an integrated approach based on common
mechanisms and a common systems-biological approach. This development will au-
tomatically provide the examples asked for, which subsequently have to be analyzed
for economic and regulatory benefits.
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Abstract

Recent detection of fluoxetine in the aquatic environment and fish suggests a possibly high accumulation of fluoxetine; however, no
report is available on the bioaccumulation of fluoxetine in aquatic organisms. Since bioaccumulation of fluoxetine was probably depen-
dent on pH near the pK, value of 10.1, experiments were conducted approximately at pH 7, 8, and 9. Distribution coefficients between 1-
octanol and water (Do), and those between synthetic membrane vesicles (liposomes) and water (Dyjp_war) were determined at pH 7, 8,
and 9. The Dq,, and Dy _wa Values increased significantly with increasing pH. Acute toxicity tests were performed using Japanese medaka
(Oryzias latipes) prior to the bioaccumulation test, and 96-h LCso values were 5.5,1.3, and 0.20 mg "' at pH 7, 8, and 9, respectively. In
the bioaccumulation test, concentrations of fluoxetine and its major metabolite, norfluoxetine, in the fish body and liver were measured.
The bioconcentration factors (BCF) of fluoxetine for Japanese medaka were 8.8, 3.0x 10, and 2.6 x 10? in the body and 3.3 x 10%,
5.8 x 102, and 3.1 x 107 in the liver at pH 7, 8, and 9, respectively. The BCF values were lower at pH 7 and higher at pH 9 mainly because
of the increase in nonionized species with significantly higher hydrophobicity than the ionized species at pH values closer to pK,. A sim-
ilar trend was obtained for the concentration of norfluoxetine in the fish but the pseudo-BCF values (the ratio of the norfluoxetine con-
centration in the fish and the fluoxetine concentration in test water) were higher than the BCF value of fluoxetine at all pH conditions.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Fluoxetine; Bioconcentration factor; Ecotoxicity; Ionization

1. Introduction

Fluoxetine and its major metabolite, norfluoxetine, have
recently been detected in fish tissues (Brooks et al., 2005)
and have become a topic of growing public concern. Fluox-
etine was detected in the fish caught from Pecan Creek
(Denton, TX, USA) at 0.11 £0.03ngg™" in the muscle
and 1.34 +0.65ngg™! in the liver (Brooks et al., 2005).
The maximum concentration of fluoxetine found in surface

water was 0.012 ug1™! in the US streams (Kolpin et al.,

" Corresponding author. Tel./fax: +81 88 656 7618.
E-mail address: hiroshi@ias.tokushima-u.ac.jp (H. Yamamoto).

0045-6535/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.chemosphere.2007.06.089

2002), and that detected in the effluents of sewage treat-
ment plants (STPs) was 0.099 ug 1! (Metcalfe et al.,
2003). The predicted environmental concentrations calcu-
lated by the US and EU guidelines with the estimated
removal rate in STPs using STPWIN (USEPA v3.11) of
22.6% are 0.030 ug 17" and 0.841 pg 171, respectively (John-
son et al., 2005). However, since the experimentally mea-
sured removal rate was 93.1% mainly by sorption onto
sludge (Yamamoto et al., 2005), the aquatic environmental
concentration is possibly lower than the prediction.
Although the predicted bioconcentration factor (BCF) of
fluoxetine is only 2.0 at pH 7 (Brooks et al., 2003a), the
actual BCF is considered to be much higher because of
the detection in fish.
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Several investigators have initiated research into the fate
and transport of fluoxetine in the natural aquatic environ-
ment. The reported pseudo first-order photodegradation
constant by sunlight was 0.0126 h™" and the half-life was
55.2 h (Lam et al., 2005). The sorption coefficients (log Koc)
of fluoxetine to dissolved organic matter and a model sedi-
ment, Elliott Silt Loam Soil, were 4.72 and 4.87, respec-
tively, and were comparable to a four-ringed hydrophobic
polycyclic hydrocarbon, pyrene (Yamamoto et al., 2005).
Thus, fluoxetine was predicted to be highly accumulative
in soil/sediment but the transport could be accelerated by
dissolved organic matter.

Several toxicity tests have been extensively performed
using various aquatic organisms. While the predicted
LCs, for fish was 2mgl™! (Sanderson et al., 2003), the
measured 48-h LCsq for Pimephales promelas was
2.28 M (705 pg 1Y) (Brooks et al., 2003b). The aggression
of Thalassoma bifasciatum was decreased after 14 d of oral
exposure to fluoxetine at 6 ug g~'d™! (Perreault et al.,
2003). As far as cladocera are concerned, the predicted
ECso was 150 ug1™' (Sanderson et al., 2003) and the
measured 48 h ECsy for Daphnia magna was 2.65 uM
(820 ug 17y (Brooks et al., 2003b). Brooks et al. (2003b)
found 48 h ECs, for immobilization in Ceriodaphnia dubia,
and no observed effect concentration (NOEC) for fecundity
decrease to be 0.756 uM (234 pgl™') and 0.180 uM
(56 pg 171, respectively, whereas Henry et al. (2004) found
acute 48-h ECsp and chronic NOEC (number of broods per
female) to be 510 and 447 pg 1™}, respectively. For algae,
the predicted ECsy was 900 ug I"! (Sanderson et al.,
2003), and the measured 50% growth inhibition at 120 h
was 0.077 uM (24 pg 1“) and NOEC was <0.0436 uM
(<13 pg 1™ (Brooks et al., 2003b). These aquatic toxicities
of fluoxetine were reviewed and compared with those of
other human pharmaceuticals by Fent et al. (2006). They
found that fluoxetine is one of the most toxic human phar-
maceuticals. However, these toxicity tests were performed
at a single pH or with no details about pH, and the effects
of pH have never been examined. For pentachlorophenol,
bioconcentration factors in goldfish (Carassius auratus)
were strongly affected by pH near the pK, value (Stehly
and Hayton, 1990). Fluoxetine is a secondary amine, so
that it may also be strongly affected by changing pH near
the pK, value of 10.1 (Fig. 1). An ionized species (AH™)
is presumably more easily dissolved in water (i.e., the

octanol/water partition coefficient is lower) than a nonion-
ized species (A), which increases as decreasing pH becomes
lower than pK,. Thus, the octanol/water distribution coef-
ficient (D,,,) decreases with the reduction in pH, because of
the decrease in hydrophobic nonionized species (A). Hence
the accumulation and toxicity of amines, such as that of
fluoxetine, are considered to vary significantly at pH values
slightly lower than pK,.

Consequently, the objectives of this study were (1) to
measure the octanol/water and liposome/water distribution
coefficients at different pH values, and (2) to determine the
toxicity and BCF of fluoxetine using Japanese medaka
(Oryzias latipes) at different pH values. The pH values of
the test water were set at approximately 7, 8, and 9 mainly
because the effects of pH near the pK, value of 10.1 are
apparently more significant than those of the acidic side.
Additionally, Brooks and co-workers sampled fish at a
northern Texas stream (Brooks et al., 2005) where lime-
stone is prevalent and the pH value could be as high as
8. In fact, the pH value of the upper Trinity River basin
was reported by the USGS to range from 7.3 to 8.3 (USGS,
2007).

2. Materials and methods
2.1. Materials

Japanese medaka (Oryzias latipes) acquired from the
National Institute for Environmental Studies (Ibaraki,
Japan) were used in this study. The fish were acclimated
in the laboratory at the University of Tokushima for at
least two months. Approximately 15-d-old larvae were
used for the acute test after five days of acclimation period,
and approximately 2-month-old fish were used for the BCF
test.

Fluoxetine (hydrochloride), its major metabolite nor-
fluoxetine (hydrochloride), an internal standard fluvoxamine,
and l-octanol were purchased from Sigma Chemical Co.
(St Louis, MO, USA). Biochemical grade bis-tris
(bis(2-hydroxyethyl) iminotristhydroxymethyl)methane),
tris (tris(thydroxymethyl)aminomethane), HPLC grade ace-
tonitrile, hexane 5000, dietylether 5000, dichloromethane
300, and iso-amyl alcohol (3-methyl-1-butanol) for spe-
cial grades were obtained from Wako Pure Chemicals
Co. (Osaka, Japan). Palmitoyl-oleoyl phosphatidylcholine

A i AH +  (Octanol-water partition coefficient)
(Al < [AH Do K (Al

o T [A]

wat
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A <——AH

\1/ 3 (Octanol-water distribution coefficient)
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D =
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Fig. 1. Schematic diagram of the partition/distribution of the nonionized (AH™) and ionized (A) species of amines between octanol and water.
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(POPC) was obtained from Nippon Fine Chemical Co.
(Osaka, Japan) to synthesize liposomes. S-(—)-N-(trifluoro-
acetyl)-prolyl chloride in dichloromethane (0.1 M), which
was used to analyze the derivative reagent with gas chro-
matograph mass spectrometry (GC-MS), was obtained
from Aldrich Chemical Co. (Milwaukee, WI, USA).

2.2. Analysis

Concentrations of fluoxetine in the aqueous phase were
measured using high-performance liquid chromatography
(HPLC) equipped with UV/vis absorbance and fluores-
cence detectors. The system consisted of an SLC-10AD
controller (Shimadzu, Kyoto, Japan), two LC-10AD
pumps (Shimadzu, Kyoto, Japan), a CTO-10AS oven (Shi-
madzu, Kyoto, Japan), an SPD-10A UV/vis absorbance
detector (Shimadzu, Kyoto, Japan), and an RF-10A fluo-
rescence detector (Shimadzu, Kyoto, Japan). A 150
mm x 4.6 mm i.d. packed with 5 um of end-capped ODS
main column (VP-ODS, Shimadzu, Kyoto, Japan) was
used with a 10 mm X 4.6 mm i.d. of similar ODS pre-col-
umn (GV-ODS, Shimadzu, Kyoto, Japan). The mobile
phase was isocratic and consisted of acetonitrile and
10 mM potassium phosphate buffer (pH 3.0, 62:38 v/v%0)
and the flow rate was set at 1.0 ml min~'. The UV/vis
absorbance detector was used for quantification at a wave-
length of 228 nm, and the fluorescence detector was used
for rough identification at excitation and emission wave-
lengths of 230 and 293 nm, respectively. The retention time
was approximately 9.0 min and the lower detection limit
was 0.75 ug 17! for 500 pl of injection volume.

The concentration of fluoxetine in the fish was measured
using a GC-MS after the extraction (Eap et al., 1996)
described in detail below. The QP-2010 (Shimadzu, Kyoto,
Japan) was used with splitless injection and electron impact
(EI) modes. A column of 30 m x 0.25 mm i.d. and 0.25 pm
film thickness (DB-5ms, Agilent Technology, CA, USA)
was used, and high-quality helium was used as the carrier
gas at 1.11 ml min~'. The GC oven, injection temperature,
and interface temperature were set at 145 (initial tempera-
ture), 250, and 280 °C, respectively. The temperature grad-
uation was held for 0.5 min at initial temperature (145 °C),
heated at 10 °C min~! to 290 °C, and held for 10 min at
290 °C. For the MS, the ion source temperature and ioni-
zation potential were set at 200 °C and 70 eV, respectively.
Five microliters of solution was injected, and analysis was
performed in SIM mode with collected peaks of m/z =117,
166, 237, 253, 341, and 327. Quantification was conducted
at m/z = 117 for fluoxetine and norfluoxetine, and m/z =
166 for fluvoxamine. Chromatograms of a spiked blank

fish and an example of exposed fish are shown in Fig. 2.

Two separate peaks were found for fluoxetine and nor-
fluoxetine, respectively, and these could be enantiomers
as reported by Eap et al. (1996) because their analytical
conditions/columns are similar to ours. However, no sepa-
rated enantiomer standard was available and we could not
identify them. Fluoxetine and norfluoxetine were quanti-

fied by adding the two peaks. The detection limits for
fluoxetine and norfluoxetine were 63 and 11pugl™!,
respectively.

2.3. Distribution coefficients in I-octanollwater
and liposomelwater systems

The D, values were measured at pH 7.0, 8.0, and 9.0
with 10 mM buffers according to the OECD test guideline
No. 107 (OECD, 1995). Bis—tris and HCl with 75:25 (v/v%)
were used to prepare the pH 7.0 buffer while a mixture of
tris and HCI was used for the pH 8.0 and 9.0 buffers with
67:33 and 90:10 (v/v%), respectively. The total amount of
10 ml of 10 mM buffer-saturated 1-octanol with fluoxetine
and 1-octanol-saturated 10 mM buffer solution were added
into 10 ml dry glass tubes and mixed in the dark using a
tumbler for 24 h. The final concentration of fluoxetine in
the aqueous phase was determined using a fluorescence
spectrophotometer (F-2500, Hitachi, Tokyo, Japan).

Distribution coefficients between synthetic membrane
vesicles (liposomes) and water (Djip-wae) Were determined
using the equilibrium dialysis method developed by Escher
and Schwarzenbach, (1996) and later modified by Yamam-
oto and Liljestrand, (2004). Liposomes were prepared from
POPC dissolved in chloroform using the thin film hydra-
tion technique (Mueller et al., 1983). Ten milliliter of
20 g 17! POPC in dichloromethane was evaporated to dry-
ness and re-suspended in 100 ml Milli Q water in a sonica-
tor. The POPC suspension was extruded with 1.2 um
Millipore polycarbonate membrane to obtain vesicles with
0.6-0.8 um diameters (Yamamoto and Liljestrand, 2004).
The total organic carbon (TOC) concentration of the lipo-
somes was determined using a TOC analyzer (TOC-5000,
Shimadzu, Kyoto, Japan). The buffer solutions described
in the previous section were added to the liposome to set
the concentration at 122mg C17! and aqueous solution
of fluoxetine to set the pH at 6.9, 7.9, and 8.9. Sodium
azide (10 mM) was also added to minimize microbial activ-
ity. The apparatus of the combination of two glass vials, a
sheet of dialysis membrane (Spectram/Por), and a PTFE
connector had been developed by Escher and Schwarzen-
bach, (1996) and was later modified by Yamamoto and Lil-
jestrand, (2004). The initial concentration of fluoxetine in
the aqueous phase was set at 100 pg 1=! and was connected
with the liposome phase by the PTFE connector and a dial-
ysis membrane. After a week of rotary shaking using a
tumbler in the dark, the concentrations of fluoxetine in
both the liposome and the aqueous phase were measured
using HPLC. One week is considered enough to attain
equilibrium for this system (Yamamoto and Liljestrand,
2004). Blank samples were prepared with 10 mM bufler
solution instead of liposome suspension. All tests and
blanks were performed with four replicates, as were the
D,,, tests. The values of Dy war (1 kg™!) were calculated
as follows:

Diip-wat = (Cplank — Cw)/(Cux[lip]) )
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Fig. 2. Examples of selected ion chromatograms of (A) norfluoxetine, (B) fluvoxamine (internal standard), and (C) fluoxetine, of the (a) spiked blank and

(b) BCF test.

where Cplane (mg171) is the concentration of fluoxetine in
the blank solution, C, (mgl™') is that in the aqueous
phase, and [lip] (kgl™") is the TOC of the liposome
suspension.

2.4. Acute tests

Acute tests were performed in accordance with the
OECD test guideline No. 203 (OECD, 1992) at pH 7.1,
7.9, and 8.8 with 10 mM buffers as presented above. Ten
15-d-old fish were exposed to 100 ml of test water in a
100 ml glass beaker. No significant toxic effects were found
for the concentration of buffers (10 mM) for Japanese
medaka in blank solutions during the 96-h test period
and this concentration was enough to control pH. Ten fish
were exposed to fluoxetine solution of each concentration
for 96 h. The test water was replaced once in 48 h from
the beginning of exposure, and the concentration in the
tanks was monitored using HPLC at the beginning and
end of the exposure period. The mean measured concentra-
tion was used for the data analysis. The maximum relative
deviation of the aqueous concentration was 19%. The pH
values of the test solutions were also monitored using a

pH meter (D-52, HORIBA, Kyoto, Japan). LCsy values
for 96 h were determined with probit conversion from the
number of deaths in 96 h for each pH.

2.5. Bioconcentration factors

2.5.1. Exposure

A preliminary test with a single pH condition was per-
formed before the test with three different pH conditions.
Fluoxetine concentrations in the aqueous phase were set
at approximately 30 and 300 ug 1", and Japanese medaka
were exposed for 30 d in the preliminary test. For the test
with three different pH values, test waters were adjusted
at pH 7.2, 8.1, and 8.9 with 10 mM buffers as described
above, and eight fish were exposed to 10 ug1™" of fluoxe-
tine, which was determined from 96-h L.Csy and the detec-
tion limits for GC-MS (i.e., 63 ug 17! or 12.6 ng per sample
for fluoxetine and 11 pg1™" or 2.2 ng per sample for nor-
fluoxetine). For each pH test, blank samples with 10 mM
buffer solutions with no fluoxetine addition were prepared
to confirm absence of any significant effect by the buffer
agent or pH on fish. The exposure period was 30 d as with
the preliminary test.
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The custom-made exposure system consists of glass
tanks, Vivaria R 1815, purchased from Torio Co. (Osaka,
Japan) filled with 2,300 ml of test solution. The fluoxetine
solution was continuously fed into the tank at a flow rate
of 1.7mlmin"'. Aqueous concentrations of fluoxetine
and pH in these tanks were measured every 10d using
HPLC. After the 30-d exposure period, the body and liver
samples were collected from the fish and stored at —20 °C
until the extraction process.

2.5.2. Extraction

The extraction of fluoxetine and norfluoxetine from the
fish was performed using the method developed by Eap
et al. (1996) and Lefebvre et al. (1999) with slight modifica-
tions. Two fish bodies (approximately 50 mg) were placed
in a 2 ml plastic tube, and 30 pl of 2 mg 1! fluvoxamine,
an internal standard, 250 pl of Na,COs, 200 ul of Milli Q
water, and 500 pl of n-hexane-diethylether (50:50 v/v%)
were added. Fluvoxamine was selected as the internal stan-
dard because of its similarity in chemical structure to clo-
voxamine, which is used as an internal standard for the
quantification of fluoxetine and fluvoxamine by Eap et al.
(1996). For the liver, the pairs identical to the body samples
(approximately 1.5mg) were similarly paired and
extracted. After the homogenization, the solution was cen-
trifuged at 4 °C and 10 000 rpm for 30 min. The organic
layer was transferred into a 10 ml glass tube and 500 ul
of 0.1 M HCI was added. The aqueous layer was collected
followed by 1min of shaking and centrifugation at
2500 rpm for 15 min, and then 1 ml of 1 M Na,CO; and
500 pl of dichloromethane-iso-amyl alcohol (85:15 v/v¥%o)
were added. After shaking and centrifugation, the aqueous
layer was removed and anhydrous sodium sulfate was
added to remove the water completely. After shaking and
centrifugation at 2500 rpm for 10 min again, the superna-
tant was transferred to another 10 ml dry glass tube to
evaporate until dryness under a stream of nitrogen at
40 °C. A derivatization reagent of 500 pl was added to
the glass tube and extracted in a sonicator. The derivatiza-
tion reagent was prepared every day by adding 360 pl of S-
(—)-N-(trifluoroacetyl)-prolyl chloride solution into 4.5 ml
of dichloromethane. The glass tube was topped and sealed
with PTFE tape, and the derivatization was performed in a
water bath at 60 °C for 1 h. The reagent was evaporated to
dryness under a stream of nitrogen at 40 °C, 500 pl of
dichloromethane was added, and the derivatized fluoxetine
was extracted in a sonicator. Analysis was performed using
GC-MS as presented above after the solution was concen-
trated to 200 pl under a stream of nitrogen. The BCF value
for each pH was calculated as follows:

BCF = Cﬁsh/cwater <2)

where Cpgn (1g kg™!) is the concentration of fluoxetine in
fish and Cyarer (g kg™!) is the mean of the aqueous con-
centrations. The standard solution was prepared by follow-
ing the procedure shown above after transferring from the

aqueous layer to the dichloromethane-iso-amyl alcohol
layer.

3. Results

3.1. Distribution coefficients between 1-octanollwater and
liposomelwater

The Dow and Diip_wa: values for fluoxetine are summa-
rized in Table 1. While both coefficients increased with
increasing pH, the difference in the Dy, value was signifi-
cantly larger than that of the Dy, wae value.

3.2. Acute test

Table 2 shows 96-h LCs, values of fluoxetine for
approximately 15-d-old Oryzias latipes. The number of
dead fish in the blank solution of 10 mM buffer at any
pH was at most one (i.e., 10%), which was less than the
maximum lethal percentage indicated in the OECD test
guideline No. 203. The higher pH obviously caused higher
toxicity. The difference between LCso at pH 9 and 7 was
statistically significant (p <0.01) as a result of #-tests.
NOEC at pH 7.1 was 3.8 mg 1™ in this study. At pH 8.8,
three-tenth of the fish died at 100 pg 171, the lowest concen-
tration in the study. Therefore, the exposure concentration
of the BCF test was set at 10 ug1™", one order of magni-
tude lower than the concentration.

3.3. Bioconcetration factors

The recovery of fluoxetine from the fish body and liver
was 81.3 + 10.8% and 92.6 + 5.3%, respectively, and those
of norfluoxetine were 71.1411.0% and 95.7 & 2.6%,
respectively. The measured pH values in the test solution
during the exposure period were 7.2 £ 0.1, 8.1 = 0.1, and
8.9 + 0.1, and concentrations were 13.8 3.8, 15.0 3.2,

Table 1

Doy and Dyip_war of fluoxetine at each pH (mean +S.D.)

Ratio of nonionized species [A] Doy
(%)

D lip~wat

pH7 0.079 3.6(x 1.6)x10  1.7(=0.6)x10*
pHE 0.79 4.6(+ 0.6)x 107 2.4(= 0.8) x 10*
pHY 7.4 4.6(=0.5)x10°  4.0(x 1.6) x10°
Table 2

96-h LC50 Values of fluoxetine for Oryzias latipes at pH 7, 8, and 9
(mean % 95% confidence interval)

96 h-LC50 (mg 1)

pH 7 (7.1 £0.1)* 55+13
pH 8 (7.9 £0.1)° 13402
pH 9 (8.8+£0.2)* 0.20 £ 0.02°

& Measured pH values (pH monitoring was performed at the first and
last days of the test).
" p<0.01 compared with LCsq value of pH 7 as a resuit of t-test.
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Table 3
Bioconcentration factor of fluoxetine and its major metabolite norfluoxetine in the body and liver (n = 4; mean + S.D.)
Body Liver Body + liver

Fluoxetine pH7 88+52 3.3(% 0.9) x 10° 1.3(£0.6) x 10
pH 8 3.0(= 1.3) x 10 5.8(x L) x 10° 3.7(% 1.3) x 10
pHY9 2.6(% 1.5) x 10° 3.1(%+ 0.4) x 10° 3.3(+ 1.5y x 10%

Norfluoxetine pH 7 8.4(+ 0.8)x 10 1.5(+ 0.2) x 10° 1.0+ 0.1) x 10°
pH S8 1.3(£0.7) x 10? 3.3(x 0.6) x 103 1.7( 0.6) x 10?
pHY 6.5(% 1.8) x 10? 3.7(+2.3) x 10° 7.2(% 1.7y x 10?

Fluoxetine -+ norfluoxetine pH7 9.3(+ 1.3)x10 1.8( 0.3) x 10 LI(£ 0.2) x 10?
pH 8 1.6( 0.6) x 10% 3.9(% 0.6) x 10° 2.1(£0.6) x 10°
pH 9 9.1(£2.1)x 10 6.8(+0.2) x 10° 1.0(£0.2) x 10°

and 14.5 4 3.3 pg/l, respectively. Table 3 shows the BCF
values of fluoxetine in the body and liver of approximately
2-month-old Oryzias latipes at each pH. No fish died or
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Fig. 3. Relationship between pH and Doy, Diip-war, and BCF. (a) shows
log Dow, Dijp-war, and BCF of sum of fluoxetine and norfluoxetine in body
and liver, (b) shows log BCF in the body, and (c) shows these in the liver.
(FL: fluoxetine, NF: norfluoxetine. Error bars show standard deviations.)

were apparently immobilized in either test or blank solu-
tions. Neither fluoxetine nor norfluoxetine was detected
in blank fish. The measured BCF value of fluoxetine for
the summation of the body and liver was 11 at pH 7.2 in
this study, which was slightly higher than the predicted
value of 2.0 at pH 7 (Brooks et al., 2003a). Since the major
metabolite norfluoxetine was also detected from both sam-
ples, the pseudo-BCF value for norfluoxetine (i.e., the
denominator is the concentration of fluoxetine in the aque-
ous phase and not the concentration of norfluoxetine) is
also added in Table 3.

In our preliminary tests with two different aqueous con-
centrations, the BCF value for fluoxetine in the whole body
was 4.5(+ 1.2) x 10 and the pseudo-BCF value for nor-
fluoxetine was 2.4(+0.3)x 10> in exposing Japanese
medaka to 30ugl™' of fluoxetine for 30 days, and
1.0(+ 0.3) x 10* for fluoxetine and 1.1( 0.2) x 10 for nor-
fluoxetine at 300 pg1™!. The ratios of norfluoxetine and
fluoxetine were 5.3 and 1.1 at 30 pg1™! and 300 pugl™?,
respectively.

Fig. 3 shows the relationships between pH and distribu-
tion coefficient in the octanol/water, liposome/water, and
fish/water systems (i.e., the BCF value) in the body and
liver. The BCF values of fluoxetine in the body and liver
were both lower at pH 7.2 and higher at pH 8.9. The trend
of the increase in the BCF values was apparently similar to
that of the log D, value. Contrarily, the pseudo-BCF val-
ues for norfluoxetine were neither so increased as the
increase in pH nor similar to the trend of log D, value,
but were similar to that of logDjjp wai. The sum of the
BCF and pseudo-BCF values for fluoxetine and norfluoxe-
tine increased similar to the log Dyjp_wa: value. The ratios of
pseudo-BCF and BCF (norfluoxetine per fluoxetine) were
8.5, 3.9, and 2.2 in the body, and 4.5, 5.9, and 1.2 in the
liver at pH 7.2, 8.1, and 8.9, respectively. The ratios were
relatively high at pH 7.2 and low at pH 8.9 except for

the liver at pH 8.

4. Discussion

The large difference of the D,,, value at different pH was
mainly attributed to the difference in the ratio of the
concentration of ionized species ([AH"]) and nonionized
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species ([A]) as can be seen in the increasing ratio of [A]in
Table 1. The estimated coefficient of octanol and water
(Kow) values of ionization (AH") and nonionization (A)
are less than 1 and 5.2 x 10%, respectively. The Diip-war
value, however, did not vary significantly as the Dy, value;
the estimated partition coefficient of liposome and water
(Kiip-wa) of these two are 1.7x10* and 3.3x10%
respectively.

The acute toxicity of fluoxetine found in this study for
Japanese medaka at pH 7.1 (i.e., LCso = 55+12mgl™h
was greater than that in other reports, such as Brooks et al.
(2003 b), where no effect was found at 28.9 pM (8.9 mg 17H
in 48 h. Moreover, the toxicity was found to be as high as
1.7 mg 17!, which is the 96-h LCs, value for fish predicted
by ECOSAR (US EPA v3.12). Approximately 15-d-old fish
larvae, which are apparently more sensitive than juvenile or
sexually matured fish, were used in this study. Toxicity was
reported slightly stronger for other species including algae,
daphnids, and other species of fish as described above. The
results of the toxicity tests were obviously different for
various ages and species.

The strong dependence of toxicity on pH is partly
because of the higher BCF at increased pH due to the
higher fraction of the lipophilic nonionized species (Table
1). The toxicity shows positive correlation with the lipo-
philicity, so that the increasing fraction of lipophilic non-
ionized species caused the greater toxicity. Despite no
apparent effect on blank fish at higher pH, the toxic effects
of the buffer reagent and the higher pH on Japanese
medaka are unclear and further investigation is necessary
to reveal the complete mechanism. The slight difference in
ionic strength in the test water (i.e., the estimated ionic
strength at pH 7.9 was twice as high as the other two) also
possibly causes the difference in the toxicity.

D, has long been used to estimate the hydrophobicity
or bioaccumulation of chemical compounds. Lopes et al.
(2006) calculated the BCF value of an acidic pesticide, tri-
chlofon, referring to Kleier, (1994) and Isnard and Lam-
bert, (1988) at different pH values, and the estimated
values agreed to the measured ones. In these reports, the
BCF values of the ionized (AH™") and nonionized species

‘(A) were calculated as per the following equation:

BCF = PionBCFion + (1 - Pion)BCFnonion (3>

where P,,, is the ratio of ionization calculated by following
the equation below.

1

Pigp = ———————
ion 1+ lOpH _ pKa

)

BCF;,, and BCF onion are the bioconcentration factors of
the ionized and nonionized species, respectively. These
BCF values were estimated using the equation for nonion-
ized compounds suggested by Isnard and Lambert (1988).

log BCF = 0.76 = log Koy, — 0.52 (5)

where log K, was used for both the ionized and nonion-
ized species for estimating BCFi,, and BCFonion. The

—1

lrd
i

871

log K, value for the ionized species was estimated using
the following equation:

(6)

This equation moderately agrees to our results; log Ko
for the ionized species based on Eq. (3) is 0.4 and that
for the nonionized species is 3.0. Those of our results were

0.5 and 3.4, respectively. The formula derived from our
results is

BCF = 0.50 Pioq -+ 3.4(1 — Pion) (7)

The estimated log BCF values of fluoxetine based on Eq.
(3) and those estimated by Eq. (7) are shown in Fig. 4. The
estimated log BCF using Eq. (3) at pH 7.2, 8.1, and 8.9
were 0.60, 1.1, and 1.8, respectively, and the measured
log BCF values of fluoxetine in the body were 0.94, 1.5,
and 2.4, respectively, and slightly higher than the estimated
log BCF values at each pH.

The smaller difference in Dypwat value than Dow value at
pH range 7-9 agrees with those obtained by Escher and
Schwarzenbach, (1996) for substituted phenols with ioniz-
able groups. Liposome has also been used as a model of
biomembrane and found to be better than 1-octanol espe-
cially for ionizable compounds, because liposomes are
made of phospholipid, a main constituent of biomembrane,
and closer to the real biomembrane (Escher and Schwar-
zenbach, 1996). The result of Dy, wae suggests the smaller
influence of the ratio of [AH"]and [A] on the accumulation
of the sum of AHT and A into biomembranes. In Fig. 3,
however, the trend of the increase in the log BCF values
was apparently similar to that of the log Do, value. Con-
trarily, the trend of the sum of log BCF for fluoxetine
and norfluoxetine is similar to that of log Diip war. Since
the pseudo-BCF/BCF ratio (i.e., the norfluoxetine/fluoxe-
tine ratio) was much higher than 1, the compounds origi-
nating from fluoxetine in the aqueous phase were as
highly accumulated as the metabolite norfluoxetine in the
fish body and need to be carefully examined. Moreover,
the prediction of BCF values from log Doy, values is inade-
quate especially for ionizable species (i.e., weak acids and

logKow ion = 10g Kow nonion ™ 34

47 e measured log BCF in body
3.5 — — predicted log BCF (in this study) _— —
3k estimated log BCF (by Lopes.et al.
L 25T
Q
fas] 2+
o))
o]
= 157
s
05T
O i i t 1 L i i
4 5 6 7 8 8 10 11 12
pH

Fig. 4. Measured and predicted log BCF of fluoxetine at different pH.
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bases) such as pharmaceuticals. Further investigation is
necessary for other polar materials to confirm the relation-
ships between log Doy, 10g Diip-wa: and log BCF.

The half lives of fluoxetine and norfluoxetine for mam-
mals are 1-4 d and 7-15 d, respectively (Hiemke et al.,
2000), and the half-life of norfluoxetine in the fish may also
be much longer than that of fluoxetine. In addition, the rel-
atively lower clearance rate of norfluoxetine resulted in a
moderate change in the pseudo-BCF of norfluoxetine with
increasing pH. Not only the half lives of both compounds
but also the higher uptake rate at higher pH caused the
higher BCF. As presented above, the fraction of the hydro-
phobic nonionized species (A) significantly increases with
the increase in pH. In this case, the metabolism, the conver-
sion from fluoxetine to norfluoxetine, proceeded relatively
faster than the uptake. Conversely, the uptake was rela-
tively faster at high pH because of the higher hydrophobic-
ity of the nonionized species (A), and a part of the
fluoxetine absorbed by the fish was possibly accumulated
without metabolism. In our preliminary test with two dif-
ferent aqueous concentrations described above, the ratio
of norfluoxetine and fluoxetine was higher at lower concen-
tration and lower at higher concentration. Exposure to low
concentration might result in the metabolism from fluoxe-
tine to norfluoxetine being relatively faster than the uptake.

Both fluoxetine and norfluoxetine were detected in wild
bluegill (Lepomis macrochirus), channel catfish (Jctalurus
punctatus), and black crappie (Pomoxis migromaculatus)
{Brooks et al., 2005). The concentrations of fluoxetine in
the muscle and liver were approximately 0.11 and
1.3ng g™}, respectively, and those of norfluoxetine were
approximately 1.1 and 10 ng g™, respectively. The ratios
of norfluoxetine and fluoxetine in our results, including
the preliminary tests, were 1.1 (whole body), 5.3 (whole
body), and 9.5 (body) or 4.5 (liver), at aqueous concentra-
tions of 300, 30, and 10 ug 17 respectively, while those
found by Brooks and co-workers, (2005) were approxi-
mately 10 (muscle) and 8 (liver). This comparison suggests
that the exposure of fish to a low concentration causes a
larger ratio, and the aqueous concentration in the river,
where fluoxetine was detected in the fish by Brooks and
co-workers, (2005), was much less than 10 pg 1”1, Using
the BCF value obtained in this study (ie., 8.8 at pH 7.2),
the aqueous concentration of fluoxetine exposed to the
fish can be roughly predicted as 0.011 pg 1", which is
similar to the maximum concentration reported by Kolpin
et al. (2002). Otherwise, the concentration might be
slightly lower and the pH greater than 7, e.g., 0.0033 and
0.00038 pg 1~ at pH 8 and 9, respectively. As presented

above, the pH of the Upper Trinity River Basin in North

Texas (e.g., Grand Prairie and Dallas) monitored by USGS
ranged between 7.3 and 8.3 (USGS, 2007). If the pH at
Brooks and co-workers’ sampling point is similar to these
values, the fluoxetine concentration was predicted to be a
few nanograms per liter. However, further investigation is
necessary to clarify the contribution of the other routes
of bioaccumulation, such as food.
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In this study, the accumulation of fluoxetine was depen-
dent on pH, which agrees to the reports by Fent et al.
(1995) and Looser et al. (1998), who had extensively inves-
tigated the effects of pH on the bioaccumulation of organo-
tins. However, not much has been revealed about the
effects of pH on bioaccumulation, metabolism, or toxicity
of other organic micropollutants including fluoxetine, and
further investigation is necessary.
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