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Abstract Perfluorinated chemicals (PFCs) have been used
for many years in numerous industrial products and are
known to accumulate in organisms. A recent survey showed
that tissue levels of PFCs in aquatic organisms varied among
compounds and species being undetected in freshwater ze-
bra mussels Dreissena polymorpha. Here we studied the
bioaccumulation kinetics and effects of two major PFCs,
perfluorooctane sulfonic acid compound (PFOS) and per-
fluorooctanoic acid (PFOA), in multixenobiotic transporter
activity (MXR) and filtration and oxygen consumption rates
in zebra mussel exposed to a range of concentrations of a
PCF mixture (1–1,000 μg/L) during 10 days. Results indi-
cate a low potential of the studied PFCs to bioaccumulate in
zebra mussel tissues. PFCs altered mussel MXR transporter
activity being inhibited at day 1 but not at day 10.
Bioaccumulation kinetics of PFCs were inversely related
with MXR transporter activity above 9 ng/g wet weight
and unrelated at tissue concentration lower than 2 ng/g wet
weight suggesting that at high tissue concentrations, these
type of compounds may be effluxed out by MXR transporters
and as a result have a low potential to be bioaccumulated in
zebra mussels. Oxygen consumption rates but not filtering
rates were increased in all exposure levels and periods indi-
cating that at environmental relevant concentrations of 1 μg/L,
the studied PFCs enhanced oxidative metabolism of mussels.
Overall, the results obtained in this study confirm previous
findings in the field indicating that an important fraction of
PFC accumulated in mussel tissues is eliminated actively by
MXR transporters or other processes that are metabolically
costly.
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Introduction

Perfluorinated chemicals (PFCs) such a perfluorooctane sul-
fonic acid (PFOS), perfluorooctanoic acid (PFOA), or per-
fluorononanoate (PFNAs) have been used for many years in
numerous industrial formulations, known widely for their
use in polytetrafluoroethylene (PTFE) products, although
they are also used as additives in detergents, soaps, as
surfactants, explosives, and as flame retardants (Fromme et
al. 2009). They are considered a new generation of contam-
inants that have aroused concern because they are globally
distributed in the environment, especially in the aquatic
environment, have a high bioaccumulation potential, and
can have an impact on aquatic organisms (Giesy and
Kannan 2001).

The information on the accumulation levels and toxico-
logical effects of PFCs is to date limited and has focused
primarily on PFOS and PFOA (Hekster et al. 2003;
Kennedy et al. 2004). In addition, most studies have been
focused on mammals, fish, and birds (Houde et al. 2011;
Kannan et al. 2001; Vicente et al. 2012). In a recent study,
we evaluated the presence of five PFCs in aquatic organisms
such as fish, oysters, crabs, marin mussels, and zebra mussels
collected in Catalan river basins and in coastal areas to define
a suitable biomonitoring matrix that can be used to assess the
presence and potential effects of PFCs (Fernández-Sanjuan et
al. 2010). Our results indicated a different accumulation be-
haviour of PFCs in the studied species being undetected in
bivalves. Specifically, zebra mussels collected across a pollut-
ed area likely affected by PFCs contamination did not contain
PFCs (Fernández-Sanjuan et al. 2010). This behaviour was
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also observed by Kannan et al. (2005), where PFOS and
PFOAwere only detected in zebra mussels in one out of three
rivers analyzed in the Great Lakes (USA) and at very low
concentrations (3 ng/g wet weight).

The MXR system represents a broad-scale defense mech-
anism protecting cells and organisms against both endogenous
and environmental toxicants, including also anthropogenic
chemicals (Epel et al. 2008). MXR is mediated by membrane
transport proteins from the ABC (ATP binding cassette) pro-
tein family, which recognize a wide variety of potential xeno-
biotics as substrates, pumping them out of the cell in an
energy-dependent, ATP-driven process. The most studied
transporter involved in the MXR mechanism is the p-
glycoprotein (P-gp), which, in humans, is active in the kidney,
adrenal gland, liver, and blood–testes barrier (Cordon-Cardo
et al. 1990). P-glycoprotein orthologues have also been iden-
tified in many other organisms by gene homology, activity
measurements, and immunological probes, and are especially
active in aquatic mussels (Epel 1998; Eufemia and Epel 2000;
Faria et al. 2011; Minier et al. 2006; Smital et al. 2004;
Tutundjian and Minier 2007). Other MXR transporter types
such as the multidrug transporter proteins (MRP) are also
active in many aquatic invertebrates and aid cells to efflux
out xenobiotic metabolites (Luckenbach and Epel 2008;
Smital et al. 2004; Faria et al. 2011). MXR defense mecha-
nism can be compromised by many xenobiotics. This in-
creased sensitivity, referred to as chemosensitization, arises
from the ability of P-gp to recognize and bind to multiple
xenobiotic substrates, resulting in the saturation of the binding
capacity; even non-toxic substances can be chemosensitizers
and cause adverse effects on an organism by allowing nor-
mally excluded toxic substrates to accumulate in the cell
(Faria et al. 2011; Luckenbach and Epel 2005; Smital et al.
2004).

Many xenobiotic enhance metabolic costs as a result of
detoxification or repair mechanism (Calow 1991).
Pollutants may also decrease metabolism and oxygen con-
sumption rates if food intake is inhibited (Barber et al.
1994). Measurements of oxygen consumption rates under
normoxic conditions are a good proxy to determine effects
on aerobic metabolism. Mussel filter rate is also an impor-
tant physiological response to pollutants since ensure the
circulation of water and food and hence, affects accumula-
tion kinetics (Pan and Wang 2009) and mussel metabolism
(Thompson and Bayne 1972). Bivalves have the ability to
close their valves and hence stop filtering and thus, decreasing
the bioaccumulation potential of pollutants (Kontreczky et al.
1997; Vosloo et al. 2012). Therefore, bivalve filtering rates are
also an important physiological response to pollution.

Stevenson et al. (2006) showed a low potential of PFCs
to be accumulated in marine mussel gills of the species
Mytilus californianus and that longer chain PFCs like
PFOS accumulated to a greater extent than short molecules.

These results agree with other studies that also reported that
long chain PFCs accumulated to a greater extent than short
chain ones (Martin et al. 2004). Stevenson et al. (2006) also
found that accumulation kinetics of PFNAwas independent
of efflux P-gp transporter activity but that over 80 % of the
accumulated PFNA was rapidly lost from mussel gill
tissue once mussels were exposed to clean medium.
Furthermore, according to Stevenson et al. (2006), some
PFCs inhibited P-gp transporter activity whereas others
were able to induce that activity as a general response
to stress. Thus the previous results are not conclusive and
partly support the argument that MXR transporters may be
involved in the fast detoxification of PFCs probably by MRP
transporters.

The aim of this present study was to evaluate the accu-
mulation kinetics of two PFCs (PFOA and PFOS) in zebra
mussel individuals in laboratory conditions and to study its
relation with MXR transporter activity and their potential
detoxification route and physiological effects on mussel
metabolism.

Experimental

Chemicals

For this work, the following chemicals were used: PFOA
96 % purity and PFOS 98 % purity, cyclosporine A (CycA)
and rhodamine B (RB), which were purchased from Sigma-
Aldrich (Steinheim, Germany). Stock standard solutions
were prepared in acetonitrile at a concentration of 5 ng/μL
for all native compounds and were stored at −18 °C.
Perfluoro-n-(1,2,3,4-13C4) octanoic acid (m-PFOA) and so-
dium perfluoro-1-(1,2,3,4-13C4) octane sulfonic acid (m-
PFOS), from Wellington Laboratories, were used as surro-
gate standards. HPLC grade water and acetonitrile were
supplied by Merck (Darmstadt, Germany) and glacial acetic
acid from Panreac (Barcelona, Spain).

Sampling and culturing conditions

Zebra mussels, which are 2 cm long in shell length attached
to rocks, were collected from the Mequinenza reservoir,
Ebro River, NE Spain in February 2010 by a scuba diver
at approximately 3–5 m depth and transported to the labo-
ratory. Mussels attached to rocks were rinsed and introduced
into glass aquaria and maintained under constant oxygena-
tion >90 %, temperature (20 °C), and photoperiod (14:10 h;
light–dark). Animals were cultured in local field collected
water which was progressively replaced by artificial ASTM
hard water (ASTM 1999) and fed with a suspension 1:1 of
Scenedesmus subspicatus and Chlorella vulgaris (106cells/
mL, daily). The medium was renewed every other day for
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10 days to allow the acclimatization and depuration of
animals. After the depuration period, 400 mussels with
similar length (2 cm long) were selected for the experiments.
They were gently cut off from rocks, placed on glass sheets
suspended in a glass aquaria filled with of 20 L medium and
maintained a further 10 days in the same conditions de-
scribed above. The test medium was changed every 2 days
and mussels were fed adding food only 2 h before water
renewal.

Experimental design

Zebra mussels in groups of 100 were exposed to a control
and 3 concentrations, 1, 10, and 1,000 μg/L of an equal
mixture of PFOS and PFOA. Stock solution was prepared
by adding equal amounts of each contaminant of 0.02, 0.2,
and 20 mg/L to a 1-L-glass bottle containing 1 L of ASTM
water. The solution was then sonicated for 15 min and added
to the experimental tanks filled with 19 L of ASTM water to
achieve the desired final concentration.

Chemical analysis

At days 2 and 8, water samples for chemical analysis were
collected from all treatments at approximately 10 min after
spiking the water with the contaminants (considered W 0 h)
and just before changing the medium (considered W 48 h).
Furthermore, duplicated composite samples of 20 mussels
from each treatment were collected for chemical analysis
after 1, 5, and 10 days of exposure. Once collected, mussels
in each composite sample were gently washed in ASTM
water, their soft tissue removed from their shells and imme-
diately frozen and stored at −20 °C, until further analysis.

Water samples were analyzed as described in Sánchez-
Avila et al. (2010). Half liter of unfiltered water samples was
spiked with 10 ng/mL of m-PFOS and m-PFOA and was
pre-concentrated with Oasis® HLB 6 cc (200 mg) Solid
Phase Extraction (SPE) cartridges, previously conditioned
with 5 mL of methanol and 5 mL of HPLC water. After pre-
concentration, cartridges were washed with 10 mL 10 %
methanol solution in HPLC water and vacuum dried for
30 min. Ten milliliters of methanol was used as extraction
solvent. Extracts were dried under a gentle N2 current and
reconstituted with 200 μL of a 30/70v/v acetonitrile/HPLC
water solution.

Mussel samples were solid–liquid extracted from grinded
and homogenized wet samples using acetonitrile, based on a
previous method (Fernández-Sanjuan et al. 2010). Three
grams were weighted in polypropylene centrifuge tubes,
spiked with 100 ng/g of the surrogate standards (m-PFOS
and m-PFOA) and incubated for 18 h at 4 °C. Nine milli-
liters of acetonitrile was added and the sample was vortexed
and extracted in an ultrasonic bath for 10 min at room

temperature (three times). Afterwards, the samples were
centrifuged at 2.500 rpm for 5 min. The supernatant was
transferred to a new vial and evaporated to dryness. Then
1 mL of acetonitrile was added to the dried samples and
incubated for 10 min in the ultrasonic bath. The samples
were purified by adding 25 mg of activated carbon and
50 μL of glacial acetic acid and were vigorously mixed for
1 min. Afterwards, the samples were centrifuged for 10 min
at 10.000 rpm. One milliliter of the supernatant was trans-
ferred to a clean micro vial and 150 μL of this extract was
reconstituted in 350 μL of HPLC water, similar to the initial
conditions of the mobile phase.

PFCs were measured using Acquity Ultra performance
LC system connected to a Triple Quadruple Detector (TQ
Detector; Waters, USA) under negative electrospray ioniza-
tion. An Acquity UPLC BEH C18 column (1.7 μm particle
size, 50×2.1 mm, Waters, USA) was used as mobile phase
residue trap to remove any contamination from the mobile
phase. The analysis was performed on a LiChroCART
HPLC RP-18e column (125 mm×2 mm×5 μm particle size,
Merck, Germany) and the flow rate was set at 0.4 mL/min.
Injection volume was of 10 μL. The mobile phase was
2 mM NH4OAc (A)/acetonitrile (B). Gradient elution
started from 70 % A and 30 % B, increased to 90 % B in
5 min and to 100 % B in 0.10 min and held for 1 min. PFOS
and PFOAwere measured using two transitions from parent
to product ion and internal standard quantification was
performed using m-PFOS to quantify PFOS and m-PFOA
to quantify PFOA.

Physiological effects

MXR activity, filtration rate, and oxygen consumption
measurements were conducted at 1 and 10 days of exposure.
All measurements were conducted using ASTM hard water
and at 20 °C.

To evaluate the functional activity of MXR in zebras, the
efflux method according to Pain and Parant (2007) was
applied with slight modifications. The assay first consists
on exposing mussels to a fluorescent dye that is accumulat-
ed in cells and second, on measuring the efflux rate of the
dye into the medium which may or not may contain a model
MXR inhibitor. If the medium is clear of inhibitor dye,
efflux rate (fluorescent units/min) is high; if it contains an
inhibitor, then the pump is compromised and dye efflux rate
decreases. Rhodamine B (RB), a known substrate for P-gp
type MXR transporters, was used for dye and cyclosporine
A (CysA) as model MXR inhibitor. This drug is a non-
competitive inhibitor, it blocks the ATPase activity of the
MXR transporters, affecting the structure of the protein,
with allosteric interactions and subsequently suppressing
their detoxifying activity. Briefly, two groups of five mus-
sels form each treatment were incubated for 1 h, in a light
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protected glass beaker containing 200 mL of 5 μM of RB.
After the loading period, mussels were washed three times
using ASTM water and then left in clean ASTM water for
5 min in order to remove excess dye accumulated. Mussels
were washed once more and individually placed in 30 mL of
ASTM water with or without 5 μM of CysA. Incubation
period lasted 60 min and every 10 min, the medium was
stirred and 200 μL was transferred to a 96-well black nunc
microplate and the fluorescence measured using a micro-
plate fluorescence reader (Synergy 2, BioTek, USA) at a
wave length of 535/590 nm excitation/emission. A standard
curve of RB was used to extrapolate RB concentration in the
medium. This procedure allowed assessing the MXR related
efflux rates of RB. MXR efflux activity was computed as
the difference between the total efflux (without CysA) and
the remaining efflux rate of RB following CysA (Kurelec et
al. 2000; Smital and Kurelec 1997). Calculation of MXR
related efflux was possible only when the difference be-
tween the two measures were significantly different, indi-
cating a real significant inhibitory effect of CysA. All the
measurements performed during the presented experiments
were suitable for the calculation of MXR related efflux.

Zebra mussel filtration rates were measured using the meth-
od described by Coughlan (1969) and adapted to zebra mussels
by Faria et al. (2009), which is based on the loss of neutral red
dye particles from the water column due to filtration by the
mussels. Immediately following exposures, five mussels from
each treatment were placed in 200 mL beakers (1 per beaker)
containing 100 mL of neutral red solution (1 mg/L) and left
protected from light for 2 h. Just prior to placing the mussels in
the solution, an aliquot of water was removed from each beaker
representing the initial concentration, C0. After 2 h, mussels
were removed and the remaining solution (Ct) along with the
initial aliquot (C0) were acidified to pH 5with HCl. Neutral red
concentrations were determined by measuring the optical den-
sity at 530 nm. Standards of neutral red were measured along
with samples and used to generate a standard curve fromwhich
dye concentration could be extrapolated. Filtration rate (f in
mL/animal/h) calculation was determined by the equation:
f ¼ M nt=½ �log C0 Ct=ð Þ ; where M is the volume of the test
solution, n the number of mussels used, t the time in h, C0 and
Ct the initial and final concentration of the dye.

Oxygen consumption assays were performed using standard
respirometrymethods with 50mL gas tight syringes (Hamilton,
USA) following Agra et al. (2011) procedures. Ten syringes
were used per treatment that were filled with 50 mL of the
appropriate test solutions; in eight of them, an individual mus-
sel was placed and the remaining two were used as blank
controls to correct for the ambient O2 depletion due to factors
other than organism’s respiration. The remaining air was ex-
pelled from each syringe and left in the dark in a water bath
(20 °C) for 4 h. After the first 30 min of exposure, initial O2

concentrations were measured with the aid of an oxygen meter
(Model 782) provided with an oxygen electrode model 1302
(Strathkelvin Instruments, Glasgow), and after 4 h from the
start of the test, the final O2 concentrations were measured in
the same way. Following exposures, individual soft tissue
mussel was removed dried for 2 days at 60 °C and weighted.
The oxygen consumption was then given by the differences in
the oxygen content in water just at the beginning (T0030 min)
and after (T final04 h) the exposure period. Respiration rate
was expressed asμg O2 consumed per dry weight per hour. The
depletion in the oxygen content one blank controls was used as
a correction factor for the appropriate treatments.

Data analyses

The bioaccumulation factor (BAF) was calculated according to

BAF ¼ C0

Cw
ð1Þ

Where C0 is the PFC concentration in the organism (ng/g);
Cw is the estimated measured concentration in water (μg/L)
which was obtained from Table 1, BAF is in liters per kilo-
gram. Significant (P<0.05) treatment effects within and
across exposure periods of accumulated and bioaccumulated
factors of PFCs, MXR efflux activities, filtration, and oxygen
consumption rates of exposed mussels to the studied PFOS
were compared using a two-way ANOVA followed by
Tukey’s post hoc multiple comparison tests. Data was log
transformed prior to analyses to improve ANOVA assump-
tions of normality and variance homoscedasticity (Zar 1996).
Tests were performed with the IBM SPSS Statistics software
version 19.

Table 1 Residue levels of PFOA and PFOS in water treatments in new (W 0 h) and old (W 48 h) test solutions

1 μg/L 10 μg/L 1,000 μg/L

W 0 h W 48 h W 0 h W 48 h W 0 h W 48 h

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

PFOA 0.80 0.08 0.75 0.14 10.3 1.10 8.72 0.10 1164 74.4 942 69.9

PFOS 0.98 0.06 0.62 0.14 12.2 1.70 8.20 1.13 871 69.6 670 52.1

Mean and SD of duplicate samples are depicted. PFOA and PFOS levels in water in control treatments were below detection limits (0.001 μg/L)
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Results and discussion

Accumulation kinetics and bioconcentration of PFCs

Levels of PFOA and PFOS in water samples taken at days 1
and 8 of the experiments were quite constant in exposed
treatments decreasing slightly but not significantly (P<0.05,
based on Student t tests) after 48 h (Table 1). Accordingly,

measured concentrations of PFCs were considered not to
vary during the experiment and Cw for each exposure was
estimated as the mean of initial and final values. In control
treatments, PFC levels in water and mussel tissue were
below detection limits (0.001 μg/L, 0.1 ng/g, respectively).
Accumulated levels of PFCs increased significantly (P<
0.05, Treatment effects in Table 2) with exposure levels
being for PFOA close to detection limits at 1 μg/L (0.2–

Table 2 Two-way ANOVA
results testing for treatment and
exposure period effects on accu-
mulated levels and bioaccumu-
lation factors of PFCs, MXR
efflux activities, filtration, and
oxygen consumption rates of
exposed zebra mussels

For clarity only the degrees of
freedom (df) and Fisher’s
ratio (F) are given

Source Treatment Period Interaction

df F P df F P df F P

Accumulated

PFOA 2.17 92.1 <0.01 2.17 8.1 .010 4.17 9.6 <0.01

PFOS 2.17 515.7 <0.01 2.17 102.9 <0.01 4.17 104.1 <0.01

Bioaccumulation factors

PFOA 2.17 227.3 <0.01 2.17 7.6 0.01 4.17 7.1 <0.01

PFOS 2.17 242.2 <0.01 2.17 1.9 0.211 4.17 6.2 0.011

Biological responses

MXR 3.59 12.5 <0.01 1.59 0.1 0.720 3.59 9.3 <0.01

Filtration 3.62 1.3 0.273 1.62 0.2 0.710 3.62 1.8 0.120

Respiration 3.47 7.0 <0.01 1.47 2.1 0.101 3.47 0.9 0.403
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Fig. 1 Accumulated (a, c) and
bioaccumulation factors (b, d;
mean±SE, N02) of PFOS and
PFOA in mussels exposed to 1,
10, and 1,000 μg/L of the PFC
mixture and collected after 1, 5,
and 10 days of exposure.
Different letters indicate
significant differences among
treatment groups according to
ANOVA and Tukey’s pos hoc
tests
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0.4 ng/g) and over threefold greater for PFOS (0.6–0.9 ng/g;
Fig. 1a, c). PFOS tissue concentrations in mussels remained
relatively constant at low spiking levels (1 μg/L), those of
PFOA increased at 10 days at moderate levels (10 μg/L),
and those of both PFOA and PFOS decreased significantly
with time (P<0.05, period and interaction effects, Table 2)
and at the highest concentration tested (1,000 μg/L).
Bioaccumulation factors (BAF) of the studied PFCs varied
also significantly across exposure levels (P<0.05, treatment
effects, Table 2) being at 1 μg/L 1,000 L/kg for PFOS and
500 L/kg for PFOA (Fig. 1b, d). At 10 and 1,000 μg/L,
PFOS showed also between twofold and threefold greater
potential to be bioaccumulated than PFOA (Fig. 1b, d), but
rarely exceeded bioaccumulation factors of 100 L/kg. Exposure
period effected significantly (P<0.05, period effects, Table 2)
bioaccumulation factors of PFOA, being higher at 5 and 10 days
in mussels exposed to 1 and 10μg/L, respectively, and decreas-
ing at day 10 in mussels exposed to 1,000 μg/L (Fig. 2b).
Exposure period effects on bioaccumulation factors of PFOS
were similar than those of PFOA but less marked (Fig. 2d).
Observed bioaccumulation factor ranges of 100–1,000 L/kg for
PFOS are of similar magnitude of those reported in the fresh-
water mussel Perna viridis in laboratory exposures at 1 and
10 μg/L (400 and 200 L/kg, respectively) by Liu et al. (2011)
and of benthic algae (686–1,000 L/kg), amphipods (828 L/kg),
and zebra mussels (885 L/kg) collected in Great Lakes
(Michigan, USA; Kannan et al. 2005). The observed low
BAF of PFOA also agree with previous lab and field studies
that indicate that longer-chain PFCs bioaccumulate in wildlife
(Martin et al. 2004). Nevertheless, BAF of 1,000 are quite low
when compared with those reported in fish or other aquatic
organisms (Fernández-Sanjuan et al. 2010; Kannan et al. 2005;
Martin et al. 2004) and means that under realistic exposure
levels <1 μg/L, accumulated levels of PFCs may be undetected
in zebra mussels (Fernández-Sanjuan et al. 2010). Indeed
Kannan et al. (2005) reported that tissue levels of PFOS in
zebra mussels and other aquatic invertebrates collected in Great
Lakes (Michigan, USA) were low (2.9–4.3 ng/g wet weight)
and in most ocasions undetected (<2 ng/g wet weight).

Physiological effects

To our knowledge, there are few studies that have assessed
effects of PFCs in aquatic life in vivo (Hekster et al. 2003;
Farré et al. 2008; Ji et al. 2008; Latała et al. 2009). In this
study, PFC exposure affected significantly MXR transporter
activity and oxygen consumption rates but not filtering rates
(Table 2, Fig. 2). Effects on MXR transporter activity varied
with time being inhibited in all exposed mussels after 1 day
and enhanced at day 10 in mussels exposed to 10 μg/L of
PFCs (Fig. 2a).

It is difficult to provide an explanation for this behaviour
but induction and inhibition of MXR activities by different

PFCs have been described in marine mussels (Stevenson et
al. 2006). The previous authors hypothesized that several
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letters indicate significant differences among treatment groups accord-
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PFCs induced MXR transporter activity indirectly as a result
of a general stress response, in which the syntheses of other
stress proteins were also induced. General stress response is
energetically costly (Calow 1991). Oxygen consumption
experiments confirmed that PFCs exposure enhanced dra-
matically aerobic metabolism in all exposure levels and
periods (Fig. 2b) and this effect was independent of the
filtering process (Fig. 2c), which was unaffected. Thus the
hypothesis that PFCs may create a general stress response
and hence their detoxification is metabolically costly is
supported by our data. Note also that the lowest effects
observed for oxygen consumption rates (2 μg/L of the
mixture of both PFCs) were in the lower range of reported
concentration effects for aquatic biota so far. In a 7-day
chronic toxicity test, the cladoceran species Moina macro-
copa and Daphnia magna showed significant reproductive
changes at 0.31 and 2.5 mg/L for PFOS, respectively (Ji et
al. 2008). Among freshwater invertebrates, Chironomus
tentans was one of the most sensitive species to PFOS, of
which 20-day chronic EC10 based on survival was found at
86 μg/L (MacDonald et al. 2004). In general, fish appear to
be more sensitive than invertebrates to chronic PFOS expo-
sure. Ji et al. (2008) reported that the growth of second
generation Medaka fish (Oryzias latipes) exposure to
10 μg/L of PFOS was reduced relative to control fish.
There is no reported information on sub-lethal responses
of mussels to PFCs other than on MXR efflux transporter
activity (Stevenson et al. 2006). Lethal concentration levels
(96 h LC50) of PFOS to the freshwater mussel Unio com-
plamatu were reported to be 57 mg/L (Beach et al. 2006),
which indicate low to moderate toxicity. Our results on both

MXR and oxygen consuption rates indicated that PFC mix-
ture of PFOS and PFOA were able to alter mussel physio-
logical responses at concentrations over four orders of
magnitude lower than those reported to impair survival.

Accumulation versus MXR

Results depicted in Fig. 3a showed an exponential decay
relationship between accumulated levels of PFCs and MXR
transporter activity in mussels exposed to a large range of
concentrations of the studied PFC mixture, 1–1000 μg/L. A
closer observation of MXR and PFC accumulation relation-
ships across exposure treatments (Fig. 3b, c, d) indicated
that at high exposure treatments, and consequently at high
accumulation levels of PFCs, MXR transporter activity was
indeed negatively related with PFC tissue accumulation
(Fig. 3b). Conversely at exposure treatments where PFC
accumulation was low (<2 ng/g wet weight), there was no
such relationship (Fig. 3c, d). These results point to the
hypothesis that MXR transporter activity may be involved
in the detoxification of PFCs not strongly bound to proteins
or other cellular structures (the so-called labile fraction
sensu Stevenson et al. 2006), and that this labile fraction
was only present at high exposure levels in the present
study. As shown in Figs. 2 and 3b, MXR transporter activity
was inhibited shortly after exposure and as a result accumu-
lation of PFCs was maximal at exposures of 1,000 μg/L. In
longer exposure periods, however, MXR activity at
1,000 μg/L was enhanced and as a result accumulation
levels of PFCs decreased. The alternative hypothesis that
PFC accumulation is independent of MXR transporter
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Fig. 3 Relationship between
MXR transporter activity and
accumulated levels of PFOS
and PFOA in mussels exposed
to the PCF mixture (1–
1,000 μg/L) and collected at 1
and 10 days. Data in a have
been fitted to the first order
kinetic model PFCs0a×e−b×
MXR. b, c, d Inlet graphs
depict MXR versus PFC
accumulated levels of mussels
exposed at 1,000, 10, and
1 μg/L, respectively. Error
bars are SE
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activity is also possible but then MXR transporter activity
and PFC accumulation relationships observed in Fig. 3b
could not be explained. Our first hypothesis contradicts
partially the findings of Stevenson et al. (2006) that reported
that accumulation and depuration of the PFC perfluorono-
nanoate was independent of P-gp inhibition by verapimil
and that its elimination was bi-modal showing a fast elim-
ination rates of the labile fraction at levels higher than 20 ng/
g wet weight and lower rates below those levels. Note,
however, that in the previous study responses were mea-
sured in vitro and assuming that PFCs were only detoxified
by P-gp MXR transporters. Recent studies have reported
that zebra mussels have both P-gp and MXR putative trans-
porter activities (Faria et al. 2011), thus low accumulation
levels of PFCs could also arise from the activity of other
efflux transporters. Indeed our first hypothesis also agrees
with the fact that PFCs show low affinity for MXR trans-
porters (Stevenson et al. 2006), when compared with that of
specific inhibitors like verapimil (Luckenbach and Epel
2005) and consequently efflux of PFCs by MXR transmem-
brane pumps can only be effective at high exposure/tissue
concentration levels.

Conclusions

PFCs accumulate in many aquatic organisms, triggering toxi-
cological effects which are largely unknown. The accumulation
potential depends on the environmental conditions but largely
on the species and on the biochemical responses against xeno-
biotics. The results presented here for PFOA and PFOS support
previous findings that accumulation of PFCs on zebra mussel
is low compared to other aquatic organisms (Kannan et al.
2005; Fernández-Sanjuan et al. 2010). In this study, we have
elucidated that the activity of efflux transporters may be
involved in PFC detoxification at high exposure levels. We
have also demonstrated that exposure to PFCs increased the
aerobic metabolism of zebra mussels.
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