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Abstract The first step in xenobiotic detoxification in
aquatic invertebrates is mainly governed by the cyto-
chrome P450 mixed function oxidase system. The ability to
measure cytochrome P450 activity provides an important
tool to wunderstand macroinvertebrates’ responses to
chemical stressors. However, measurements of P450
activity in small aquatic invertebrates have had variable
success and a well characterized assay is not yet available.
The general lack of success has been scarcely investigated
and it is therefore the focus of the present work. In par-
ticular, the suitability of the substrate selected for the assay,
the sensitivity of the assay and the possible inhibition/at-
tenuation of enzymatic activity caused by endogenous
substances were investigated. 7-ethoxycoumarin-O-
dealkylation activity of Daphnia magna, Chironomus
riparius larvae and Hyalella azteca was assessed in vivo
and in vitro and possible inhibition of enzymatic activity by
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macroinvertebrates homogenate was investigated. Activi-
ties of D. magna and C. riparius larvae measured in vivo
were 1.37 + 0.08 and 2.2 & 0.2 pmol h™' organism ™',
respectively, while activity of H. azteca could not be
detected. In vitro activity could be measured in C. riparius
larvae only (500-1000 pmol h™' mg microsomal pro-
tein”'). The optimization of the in vitro assay has been
especially long and resource consuming and particularly
for D. magna, substances that inhibited cytochrome P450
activity seemed to be released during tissue homogeniza-
tion preventing activity measurements in vitro. We there-
fore recommend testing the P450 inhibition potential of
homogenate preparations prior to any investigation of P450
activity in vitro in macroinvertebrates.

Keywords Metabolic enzymes - Xenobiotic
detoxification - Chironomus riparius - Daphnia magna -
Hyalella azteca

Abbreviations

ACN Acetonitrile

BSA Bovine serum albumin

DTT DL-dithiothreitol

ECOD 7-ethoxycoumarin-O-dealkylation

EDTA Ethylenediaminetetraacetic acid
disodium salt dihydrate

EROD 7-ethoxyresorufin-O-dealkylation

K,HPO,-3H,0 Potassium phosphate dibasic trihydrate

KH,PO, Potassium dihydrogen phosphate

MFO Mixed function oxidase

MgCl,-6H,0 Magnesium chloride hexahydrate

NADPH -nicotinamide adenine dinucleotide
2'-phosphate reduced tetrasodium salt
hydrate

PMSF Phenylmethanesulfonyl fluoride
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Introduction

Cytochrome P450 mixed function oxidase (MFO) systems
play the major role in oxidation of drugs and other foreign
compounds in humans (Guengerich 2005; Timbrell 2008)
and in a vast variety of species such as bacteria (Kelly and
Kelly 2013), plants (Gonzalez-Mendoza 2007), aquatic
invertebrates (James and Boyle 1998; Rewitz et al. 2006;
Snyder 2000), fish (Uno et al. 2012) and insects (Fey-
ereisen 1999). Cytochrome P450 contribution to xenobiotic
detoxification has driven the attention of environmental
toxicologists for at least the past two decades (Feyereisen
1999; James and Boyle 1998; Rewitz et al. 2006; Snyder
2000; Uno et al. 2012). The activity of P450 enzymes
(Binelli et al. 2006; Zelnickova et al. 2013) and their
induction (Tian et al. 2014; Vanderweiden et al. 1993) have
been used as biomarkers of xenobiotic exposure, while
overexpression of P450 genes has been attributed to pes-
ticide resistance in several insects (Daborn et al. 2001;
Komagata et al. 2010; Yang et al. 2006). In addition, P450
activation or inhibition seems to play a key role for the
mode of action of a range of synergizing chemicals (Ced-
ergreen 2014). P450 induction can lead to a faster activa-
tion of chemicals that need oxidation to reach their most
active form (Belden and Lydy 2000), while P450 inhibition
can increase the toxicity of compounds that are otherwise
rapidly detoxified via P450 (Cedergreen et al. 2006;
Chalvet-Monfray et al. 1996; Johnson et al. 2013; Pilling
et al. 1995). The knowledge of P450 activity in different
species exposed to various types of stress, its regulation
over time and through the life stages and the resulting
effects on the organisms’ fitness and susceptibility to
chemicals is therefore paramount for our understanding of
chemical effects and interactions in ecologically important
species.

The majority of aquatic risk assessment is currently
based on tests that employ a small suit of macroinverte-
brates for which standardized protocols have been devel-
oped, for example Daphnia magna, Chironomus riparius
larva and Hyalella azteca (EPA 2000; OECD 2004, 2010,
2011, 2012). As a result, these species also form the basis
of a large range of ecological studies generally concerned
with chemical stress. The ability to measure cytochrome
P450 activity in these species and potentially in any species
of macroinvertebrates, both collected in nature or cultured
in the laboratory, would provide an important tool for our
understanding of the organism responses to chemical stress
as well as synergistic chemical interactions.

A well characterized and robust method for cytochrome
P450 activity measurements in small aquatic invertebrates
is to the best of our knowledge not yet available. Mea-
surements of P450 activity have been carried out with
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variable success (Baldwin and Leblanc 1994, Binelli et al.
2006; Sturm and Hansen 1999). The lack of success may be
due to several complications: (1) Substrates commonly used
for human P450 might be unsuitable for the invertebrates
due to differences in P450 isoforms (James and Boyle 1998;
Snyder 2000). (2) Aquatic invertebrates, and particularly
crustaceans, have very low P450 activities as compared to
aquatic vertebrates (Livingstone 1998). Moreover, due to
their small size, the analyses can generally be performed
only on the whole organisms and not on organs such as the
liver, hepatopancreas or gut system, which typically contain
concentrated amounts of P450. Therefore, P450 activity in
whole-body extracts from small invertebrates may not be
high enough to be detected with current spectrophotometric
assays. (3) Finally, since the target organs can usually not be
dissected from small invertebrates, though exceptions exist
(Anderson and Zhu 2004), endogenous substances released
during homogenization of the whole organism might inhibit
and/or alter the measurable enzymatic activity (Baldwin
and Leblanc 1994).

The most common way to measure cytochrome P450
enzymatic activities is by using a range of fluorometric
assays. These methods are based on the transformation of
substrate to a fluorescent product catalyzed by cytochrome
P450 and its quantification with a spectrofluorometer (Aitio
1978; Koenig et al. 2012). In vitro fluorometric assays have
been developed extensively for humans (Ong et al. 2013),
but have also been employed for other mammals (Glockner
and Muller 1995; Routti et al. 2008), fish (Bach and Sne-
garoff 1989; Koenig et al. 2012; Uno et al. 2012), molluscs
(Binelli et al. 20006), insects (Fisher et al. 2003; Mayer et al.
1977), nematodes (Kotze 2000) and large crustaceans
(James 1984; Koenig et al. 2012). In the majority of these
assays, P450 activity has been measured on the microsomal
fraction of target organs which presumably contain high
P450 activity. In addition to in vitro assays, in vivo assays,
where a fluorescent product is formed during exposure of
the living test organisms to a specific substrate, are also
available but much less commonly used. These assays have
been employed for molluscs (Gagnaire et al. 2010), zeb-
rafish larvae (David et al. 2012; Jones et al. 2010; Noury
et al. 2006) and D. magna (David et al. 2012).

Among the different substrates applied in the existing
literature, 7-ethoxycoumarin (7-Ethoxy-2H-chromen-2-
one) and 7-ethoxyresorufin (7-Ethoxy-3H-phenoxazin-3-
one) are standard artificial substrates that have been used
for the fluorometric determination of cytochrome P450
dependent 7-ethoxycoumarin-O-dealkylation (ECOD) and
7-ethoxyresorufin-O-dealkylation =~ (EROD) activities,
respectively. In particular, ECOD activities have been
measured in vitro and in vivo in species as different as
mammals (Moon et al. 1998; Waxman and Chang 2006),
fish (Bach and Snegaroff 1989; Jones et al. 2010), molluscs
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(Gagnaire et al. 2010), nematodes (Kotze 2000) and insects
(Fisher et al. 2003; Sturm and Hansen 1999). Although the
specificity of 7-ethoxycoumarin toward macroinvertebrate
CYPs is largely unknown and other substrates might be
more suitable for macroinvertebrates, its relatively broad
P450 isoenzyme specificity in human (Waxman and Chang
2006), higher reported in vitro activities in fish liver
microsomes (Bach and Snegaroff 1989), higher in vivo
activities in zebrafish larvae (Jones et al. 2010) and fresh
water snails (Gagnaire et al. 2010) compared to
7-ethoxyresorufin as well as its low cost and high water
solubility, made 7-ethoxycoumarin our first substrate of
choice for the present study.

This work investigates the applicability of in vitro and
in vivo ECOD assays for small aquatic invertebrates. The
focus was set on the three major challenges mentioned
above: (1) Substrate suitability (2) Method sensitivity and
(3) possible auto-inhibition of cytochrome P450 activity
during preparation of microsomes for in vitro tests. The
suitability of the substrate 7-ethoxycoumarin for measure-
ment of cytochrome P450 activity in small aquatic inver-
tebrates was tested under in vivo and in vitro conditions
with the standard organisms D. magna, C. riparius larvae
and H. azteca. Moreover, the ability of the ECOD assay to
detect cytochrome P450 inhibition after exposure to
xenobiotics was tested in vivo with the azole fungicide
prochloraz. In order to measure low enzymatic activities of
small aquatic invertebrates in vitro, existing methods were
optimized with focus on the fluorometric assay sensitivity
as well as microsomes preparation procedures. Since very
low or absent in vitro P450 activities were reported pre-
viously for D. magna (Baldwin and Leblanc 1994; Sturm
and Hansen 1999) and a large discrepancy was found
between the in vitro and in vivo activities of D. magna in
the present study, a fast and cheap method was designed to
quantify possible auto-inhibition of P450 activity during
homogenization of the whole organisms. Finally, the
strengths and limitations of the investigated in vitro and
in vivo ECOD assays are discussed.

Materials and methods
Chemicals

Potassium  dihydrogen phosphate (KH,PO4, CAS:
7778-770, purity: >99.0 %), magnesium chloride hexahy-
drate (MgCl,-6H,0, CAS: 7791-18-6, purity: >99.0 %) and
ethylenediaminetetraacetic acid disodium salt dihydrate
(EDTA, CAS: 6381-92-6, purity: 99.0 %) were bought
from VWR—Bie and Berntsen. Potassium phosphate
dibasic trihydrate (K,HPO4-3H,0, CAS: 16788-57-1, pur-
ity: >99.0 %) was obtained from Merck (Germany),

acetonitrile (ACN, CAS: 75-05-8, purity: >99.9 %) from
Rathburn (U.K.), 7-hydroxycoumarin (CAS: 93-35-6 pur-
ity: 99.5 %), 7-ethoxycoumarin (CAS: 31005-02-4, purity:
99.7 %), bovine serum albumin (BSA, CAS: 9048-46-8,
purity: >98 %), Bradford reagent (Product nr: M9066), §3-
nicotinamide adenine dinucleotide 2'-phosphate reduced
tetrasodium salt hydrate (NADPH, CAS: 2646-71-1, purity:
>908 %) and 2-methoxyethanol (CAS: 109-86-4, purity:
>99.9 %), from Sigma-Aldrich (U.S.), DL-dithiothreitol
(DTT, CAS: 03-12-3483, purity: >99.5 %) from Sigma-
Aldrich (Canada), glycerol (CAS: 56-81-5, purity: >99 %),
phenylmethanesulfonyl fluoride (PMSF, CAS: 329-98-6,
purity: >99.0 %) and prochloraz (CAS: 67747-09-5, purity:
98.6 %) from Sigma-Aldrich (Germany).

Rat liver microsomes (Product nr: M9066, pooled from
male rat) were obtained from Sigma-Aldrich (U.S.).

Phosphate buffer (0.30 M) was prepared with KH,PO,
(final conc. in buffer: 0.10 M) and K,HPO,4-3H,O (final
conc. in buffer: 0.20 M) in water from a MilliQ system.
Stock solution of 7-ethoxycoumarin (25 mM) was made in
30 % v/v ACN in MilliQ water and 7-hydroxycoumarin
(1.36 mM) in 30 % v/v ACN in phosphate buffer (0.13 M,
pH 7.5) and glycerol (10 % v/v). The stock solutions of
BSA (5 mgprotein mL™") and NADPH (2 mM) were pre-
pared in phosphate buffer (0.13 M, pH 7.5), of PMSF in
2-methoxyethanol (100 %) and of DTT (50 mM), EDTA
(10 mM) and MgCl,-6H,O (50 mM) in MilliQ water.

Organisms

D. magna originally obtained from the “Technical
University of Denmark, Denmark™ were cultured based on
the “OECD guideline for Testing of Chemicals” (OECD
2012). During culturing, the organisms were fed with
approx. 9 x 10° cells organism™' day~' of the algae
Pseudokirchneriella subcapitata and kept in glass beakers
(1 L) containing 0.800 L M7 daphnia medium (OECD
2012) per 12 individuals at 20 £ 2 °C with a 16:8 h light:
dark photoperiod. Neonates were discarded three times a
week and M7 medium renewed once a week.

C. riparius larvae originally obtained from the “Swedish
University of Agricultural Sciences, Sweden” were cul-
tured based on the “OECD guideline for Testing of
Chemicals” (OECD 2011). During culturing, the organ-
isms were kept in 5 L crystalline dishes containing con-
stantly aerated M7 medium (ca. 8§ cm depth) and quartz
sand (ca. 1 cm depth) at 20 £ 2 °C with 16:8 h light: dark
photoperiods. Evaporated water from the medium was
replaced with demineralized water to maintain the ion
balance; moreover, 1 L of water was changed once a week
to remove excess nutrients. The larvae were fed with
0.150 g of Tubifex® Biotal Basic Vegetable flakes per
crystalline dish, three times a week.
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H. azteca originally obtained from “Roskilde University,
Denmark” were cultured based on the “USEPA Methods for
measuring the toxicity and bioaccumulation of sediment-
associated contaminants with freshwater invertebrates”
(EPA 2000). During culturing, the organisms were kept in an
aquarium (56 L) containing M7 medium at 25 £ 1 °C with
16:8 h light: dark photoperiods and fed with approx. 0.75 g
of commercially available rabbit food pellets (Centrum
Dyrehandel, Ballerup, Denmark) every 2 days. Evaporated
water from the aquarium was regularly replaced with M7
medium. Twice a month, 5 L of medium present in the
aquarium was replenished with fresh M7 medium.

In vivo cytochrome P450 activity assay

The in vivo method was adapted from Gagnaire et al.
(2010) (for details see Section 1 in Supporting Informa-
tion). Five days old D. magna, four instar C. riparius larvae
or randomly selected adult H. azteca were used. The
organisms (10 D. magna, 3 C. riparius larvae or 10 H.
azteca, n = 3 biological replicates) were incubated with
7-ethoxycoumarin dissolved in M7 medium (0.006 mM,
tot. vol. 2 mL) for 3 h at room temperature (22-25 °C).
Blanks were made with the incubation medium containing
no organisms to check for background fluorescence of the
substrate (Aitio 1978). In order to verify whether product
formation was cytochrome P450 dependent, the organisms
were continuously exposed to the azole fungicide
prochloraz (500 pg L™" corresponding to 1.3 uM) before
(18 h) and during incubation. In previous studies per-
formed in our lab, prochloraz was found to be the strongest
inhibitor of in vitro ECOD activity of rat liver microsomes
as compared to other azole fungicides (tebuconazole,
epoxiconazole, propiconazole) and the cytochrome P450
inhibitor piperonyl butoxide (see Fig. S1 in Supporting
Information). During incubation, 100 pL aliquots were
removed from the incubation medium every 30 min and
transferred directly on a transparent microwell plate
(Greiner Bio-one flat bottom 96-well plate, VWR). The
samples were stored at —20 °C until fluorescence mea-
surement. 7-hydroxycoumarin formation (excitation:
380 nm, emission: 480 nm) was measured with a Multi-
mode microplate reader (SpectraMax MS5 Microplate
Reader, Molecular Devices, U.S.) at room temperature
(22-25 °C).

Preparation of microsomes

The procedure for microsomes preparation was based on
four methods reported in literature (Baldwin and Leblanc
1994; Fisher et al. 2003; Kretschmann et al. 2011; Sturm
and Hansen 1999) and optimized (for details see Section 3
in Supporting Information). In short, 5 days old D. magna,
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four instar C. riparius larvae or randomly selected adult H.
azteca were sieved, washed with MilliQ water, snap frozen
in liquid nitrogen and stored at —80 °C. In a single 1.5 mL
vial, whole D. magna (40 organisms), whole C. riparius (5
organisms) larvae or whole H. azteca (40 organisms) were
homogenized in ice cold homogenization buffer (Tot. vol.
1000 pL) containing phosphate buffer (0.13 M, pH 7.5),
EDTA (1 mM), PMSF (1 mM), DTT (1 mM) and glycerol
(10 % v/v). Homogenization was first performed with a
tissue grinder (Econo Grind, Radnoti, U.S.) until the
organisms were largely disrupted. After that, further
homogenization was carried out with an ultrasonic stick
(Digital Sonifier cell disruptor Model 450, Branson Ultra-
sonics, U.S.) on ice (3-5 pulses of 3, 10 s pause between
pulses, 20 % amplitude). The homogenate was centrifuged
(Optima TM MAX-XP Ultracentrifuge, Beckman Coulter,
U.S.) at 10,000 g for 15 min at 4 °C; the supernatant was
collected and further centrifuged at 100,000 g for 50 min at
4 °C. The resulting pellets containing the microsomes were
re-suspended (mechanically using a micropipette and with
the ultrasonic stick using 2-3 pulses of 3, 10 s pauses,
10 % amplitude) in 350 pL. phosphate buffer (0.13 M, pH
7.5) and glycerol (10 % v/v) on ice. When more than
350 pL. of microsomes were necessary, microsomes
obtained from multiple vials were pooled into a single
batch and stored at —80 °C.

Protein content

Protein content was determined according to Bradford
(1976) by use of a Multi-mode microplate reader (Spec-
traMax M5 Microplate Reader, Molecular Devices, U.S.).
The samples (5 pL) were incubated with 250 pL. Bradford
reagent at room temperature for 10-15 min. Absorbance
was then measured at 595 nm and protein content quanti-
fied using a bovine serum albumin (BSA) standard dilution
series (0-1.4 mgprotein mL~! BSA in phosphate buffer
0.13 M, pH 7.5 and glycerol 10 % v/v) as described in the
Bradford Reagent—Sigma-Aldrich Technical bulletin
(Sigma-Aldrich 2013).

In vitro cytochrome P450 activity assay

Based on an existing method (Bach and Snegaroff 1989) a
procedure for the measurement of P450-dependent ECOD
activity in vitro was developed and optimized (for details
see Section 2 in Supporting Information). The assay con-
sisted of re-suspended microsomes (>0.036 mg microso-
mal protein mL~', 50 pL) incubated with 150 uL of
incubation medium containing phosphate buffer (0.13 M,
pH 7.5), NADPH (0.0156 mM) and 7-ethoxycoumarin
(0.6 mM) (Tot. vol. 200 pL). Blanks were made with all
reagents except the substrate in order to account for
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background fluorescence of NADPH (Aitio 1978) and with
re-suspended microsomes (50 pL) in order to maintain the
same density of the medium. Fluorescence increase due to
7-hydroxycoumarin formation (excitation: 380 nm, emis-
sion: 480 nm) was measured every 15 s for 30 min in a
transparent microwell plate (Greiner Bio-one flat bottom
96-well plate, VWR) with a Multi-mode microplate reader
(SpectraMax M5 Microplate Reader, Molecular Devices,
U.S.) at 25 £ 1 °C for D. magna or H. azteca microsomes
and at 30 £ 1 °C [as in Bach and Snegaroff (1989) and
Fisher et al. (2003)] for C. riparius larvae microsomes.

In vitro P450 activity inhibition by endogenous
compounds

In order to test whether cytochrome P450 responsible for
ECOD activity was inhibited by endogenous compounds
present in whole D. magna, C. riparius larvae or H. azteca
and released at the first step of microsomes preparation
(homogenization), ECOD activity of rat liver microsomes
was measured after addition of invertebrate homogenates.
Since this measure consists of two components: (a) the
reduction of fluorescence due to a decrease in P450 activity
and (b) the reduction of product fluorescence due to
homogenate turbidity (scattering), the latter was measured in
a separate experiment with constant product concentrations
and increased macroinvertebrate homogenate concentration.
Homogenates of the invertebrates were prepared in the same
way as described under microsomes preparation, only tissue
grinding and homogenization with the ultrasonic stick was
performed. 50 pL. of homogenate were added in different
concentrations (0-0.24 mg protein mL ") to 50 uL rat liver
microsomes (0.03 mg microsomal protein mL™"). The
mixture was then incubated with 150 pL incubation medium
(as described under in vitro cytochrome P450 activity assay)
(Tot. vol. 250 pL). Fluorescence (7-hydroxycoumarin;
excitation: 380 nm, emission: 480 nm) was measured every
15 s for 30 min at 37 °C. In order to control for possible
attenuation (scattering) of fluorescence intensity due to the
turbid homogenates, the same dilution series of macroin-
vertebrate homogenate were mixed with the fluorescent
product 7-hydroxycoumarin (230 mg mL~" corresponding
to 0.38 uM, 150 pL) and 50 pL. rat liver microsomes
(0.03 mg microsomal protein mL™") (Tot. vol. 200 pL).
Fluorescence (7-hydroxycoumarin; excitation: 380 nm,
emission: 480 nm) was measured every 15 s for 30 min at
37 °C.

Data treatment

The measured fluorescence at time zero of the samples in
the in vivo experiments was always lower than the blanks

(substrate dissolved in M7 medium without organisms).
This was probably due to adsorption of the slightly fluo-
rescent substrate molecule (Aitio 1978) to the organisms.
To adjust that, the average fluorescence value at time point
zero of the samples (FLUgumpie—0) and of the blanks
(FLUpjank1=0) Were subtracted to the fluorescence values
over time of the samples and blank, respectively (Adjust-
edFLUgmple = FLUgumpie — FLUgmple=0 and  Adjust-
CdFLUblank = FLUblank - FLUblank,t:O)- Subsequently, the
adjusted values were corrected for changes in blank fluo-
rescence over time by subtracting the average fluorescence
value of the blanks (CorrectedFLUgmpe = Adjust-
edFLU,mpie— average AdjustedFLUyaq1). The fluorescence
measured in vitro over time was corrected by subtracting
the average fluorescence measured in the blanks (micro-
somes + NADPH without substrate) over time (Correct-
edFLUgmple = FLUgumpie— averageFLUy,aq). This was
done to correct for background fluorescence due to
NADPH (Aitio 1978). Cytochrome P450 activity (change
in fluorescence per hour, flu hfl) was determined as the
slope of a linear regression fitted with the software Sigma
Plot 12.5 in the linear range of fluorescent product for-
mation (Fig. S4 in Supporting Information). Fluorescence
was transformed into units of pmol product via calibration
standards of 7-hydroxycoumarin in the range 0—140 pmol
in MilliQ water for in vivo studies (Fig. S10 in Supporting
Information) or 0—85 pmol in phosphate buffer 0.13 M for
in vitro studies (Fig. S11 in Supporting Informatio). The
rate of product formation, considered proportional to the
P450 activity, was finally expressed relative to protein
content (pmol h™" mg microsomal protein~' mL) for the
in vitro and per organism (pmol organism~' h™") for the
in vivo assays.

Inhibition of ECOD activity of rat liver microsomes
in presence of macroinvertebrate homogenate was
expressed relative to ECOD activity of rat liver micro-
somes without addition of macroinvertebrate homo-
genate (100 % activity). Likewise, attenuation of
fluorescence due to macroinvertebrate homogenate was
compared to the fluorescence of 7-hydroxycoumarin
without addition of macroinvertebrate homogenate
(100 % fluorescence).

Statistic

Fluorescence measured over time in the samples and in the
blanks were statistically compared with an analysis of
covariance (ANCOVA) using the program R. Cytochrome
P450 activities, defined as the slopes describing fluores-
cence over time of the samples were considered to be
statistically significantly different from the blanks or from
each other when p < 0.01.
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Results and discussion

In vivo cytochrome P450 activities: substrate
suitability

ECOD activity was measurable in vivo in D. magna
(Fig. 1a) and C. riparius larvae (Fig. 1b) while no activity
could be detected in H. azteca (Fig. 1¢). ECOD activity in
D. magna was 1.37 £ 0.08 pmol h™' organism " while for
C. riparius larvae the activity was 2.2 + 0.2 pmol h™'
organism™—'. On a dry weight base, ECOD activity in D.
magna was 21 pmol h™' mgg, (0.64 & 0.01 mg dry
weight, 10 organisms, n = 3) while for C. riparius larvae
the activity was 3 pmol h™' mggs (2.3 £ 0.1 mg dry
weight, 3 organisms, n = 3). These results showed that both
D. magna and C. riparius larvae were able to convert
in vivo the substrate 7-ethoxycoumarin to the fluorescent
product 7-hydroxycoumarin. Cytochrome P450 isoforms
with ECOD activity seem to be present in D. magna and C.
riparius larvae, suggesting the suitability of the substrate
7-ethoxycoumarin for the measurement of cytochrome
P450 activity in these species. The absence of
detectable product formation for H. azteca might indicate
that ECOD activity is too low to be detected and/or that
7-ethoxycoumarin may not be suitable for this particular
species. Since the biomass of H. azteca (4.49 = 0.44 mg
dry weight, 10 organisms, n = 3) was seven-fold higher
than the biomass of D. magna (0.64 £ 0.01 mg dry weight,
10 organisms, n = 3), it can be excluded that a too low
biomass was the reason for undetected product formation in
the case of H. azteca. It is generally known that cytochrome
P450 activities found in crustaceans are low compared to
that of other invertebrates (Livingstone 1998). This was
partly confirmed by the P450 activities found in this study

being one order of magnitude lower than the in vivo
activities found for the freshwater snails P. antipodarum
(23.18 £ 2.6 pmol h™' org™', at 16 & 0.5°C) and V.
piscinalis (21.06 & 3.16 pmol h™' org™', at 16 & 0.5 °C)
(Gagnaire et al. 2010). On the other hand, ECOD activity of
D. magna found in the present study was an order of
magnitude higher than the cytochrome P450 dependent
ethoxyresorufin-O-deethylase (EROD) activity reported by
David et al. (2012)(measured at 20 &= 1 °C). This agrees
with the fact that the substrate 7-ethoxycoumarin is con-
sidered to be less specific toward human/crustacean CYP
families as compared to 7-ethoxyresorufin thereby detecting
a higher overall P450 activity (David et al. 2012; Waxman
and Chang 2006). It is important to mention that besides
cytochrome P450 catalyzed phase I metabolism 7-hydrox-
ycoumarin formation measured in vivo is influenced by
several other processes, like uptake, phase II metabolism
and excretion (Gagnaire et al. 2010). Thus the different
ECQOD activities found among the species in in vivo studies
may be affected by processes other than cytochrome P450
dependent oxygenation. Although a study has suggested
that uptake rates may differ significantly between species
(Rubach et al. 2010), it is generally believed that organic
compounds are taken up passively (Livingstone 1998) and
therefore different uptake rates may not be the main reason
for the different ECOD activities found among the species
in the present study. On the other hand, phase II metabolism
could have an effect on detectable ECOD activities due to
further biotransformation of 7-ethoxycoumarin to non-flu-
orescent compounds (Jones et al. 2010). Moreover, differ-
ent excretion rates between species may also affect
detectable ECOD activities (Hawker and Connell 1986).

It is generally accepted that a major detoxification
pathway for pyrethroid insecticides is oxidation by
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ECOD product (pmol org-1)
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D. magna

'
=y
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, H. azteca
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Fig. 1 In vivo 7-hydroxycoumarin formation of D. magna (a), C.
riparius larvae (b) and H. azteca (c) as a function of time.
7-hydroxycoumarin formation by the organisms without and with
simultaneous exposure to prochloraz (500 pg L™") is indicated with
black and white circles, respectively. Data are mean + S.E. (n = 3
biological replicates). Slopes of linear regression lines (pmol h™'
organism~' + S.E.) for D. magna: 145 + 0.08 R’ = 0.94 (black
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circles), 0.17 &= 0.03 R? =055 (white circles); C. riparius larvae:
22 +£02 R’ =0.84 (black circles), 1.6 £ 0.2 R’ = 0.80 (white
circles); H. azteca: 0.0 £ 0.1 R?=0.02 (black circles), 0.07 & 0.06
R? = 0.06 (white circles). Background fluorescence (pmol h™' org™")
was equal to 0.00 & 0.03, 0.0 + 0.2 and 0.00 =+ 0.03 for a, b and c,
respectively (not shown)
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cytochrome P450 monooxygenase (Anand et al. 2006;
Godin et al. 2007; Komagata et al. 2010; Nillos et al. 2010;
Stevenson et al. 2011; Yang et al. 2006; Zhang and Scott
1996). D. magna typically have LCs, values towards these
pesticides in the range of ug L~ [bifenthrin LCs0.48n:
0.32 ug L™ (Mokry and Hoagland 1990); permethrin
LCso.asn: 1.25 pg L! (Mokry and Hoagland 1990)] while
the sensitivity of H. azteca are two to three orders of
magnitude higher showing LCs, values in the range of ng
L! [cyfluthrin LCspgen: 1.3-4.8 ng L! (Weston et al.
2013), LCsp 10a: 2.9 ng L! (Brander et al. 2009), bifen-
thrin LCsg96n: 6.5-8.3 ng L! (Weston et al. 2013), per-
methrin: LCsg 104: 48.9 ng L~ (Brander et al. 2009)]. If
the organism’s ability to detoxify pesticides is assumed to
be a major determinant of an organisms sensitivity, the lack
of cytochrome P450 (ECOD) activity in H. azteca found in
our study may explain the high sensitivity towards pyre-
throids of H. azteca compared to D. magna.

Inhibition of in vivo ECOD activity by the P450
inhibitor prochloraz

The effect of prochloraz exposure (500 pg L™, 21 h total)
on the metabolism of 7-ethoxycoumarin differed among
species. ECOD activity of D. magna was reduced by 90 %
by the addition of prochloraz (from 1.37 %+ 0.08 unexposed
to 0.13 + 0.04 pmol h™' org™" for exposed organisms,
ANCOVA p = 0.05) (Fig. 1a) while ECOD activity in C.
riparius was only slightly affected (not statistically differ-
ent from unexposed, ANCOVA p = 0.09) (Fig. 1b). These
large differences in the inhibition potential of prochloraz
between species might be due to several factors. Cyto-
chromes P450 of C. riparius may be capable of detoxifying
prochloraz more effectively than cytochrome P450 present
in D. magna. Thus, the concentration of prochloraz used in
the present study may have been too low to significantly
inhibit ECOD activity of C. riparius. Moreover, C. riparius
may be able to relatively quickly de novo synthesize large
amounts of P450 during pre-exposure and measurements.
Both explanations could be likely for a sediment-dwelling
organism such as C. riparius which is expected to be
exposed to reduced toxicants present in the sediment at a
larger degree than a water swimming organisms such as D.
magna. On the other hand, even though both species pre-
sented ECOD activities, the P450 isoenzymes involved in
the dealkylation of 7-ethoxycoumarin in D. magna and C.
riparius might be diverse. The inhibition potential of
pharmaceutical azole fungicides toward P450 is known to
be different for different isoenzymes (Venkatakrishnan
et al. 2000) thus different cytochromes P450 with different
affinities for prochloraz may be present in D. magna as
compared to C. riparius.

In vitro cytochrome P450 activities

ECOD activity was detectable in vitro in C. riparius larvae
(Fig. 2b) but not in D. magna (Fig. 2a) and H. azteca
(Fig. 2c). The optimization of the existing methods (see
Section. 2 and 3 in Supporting Information) resulted in a
very sensitive method for the measurement of in vitro
activities of C. riparius larvae microsomes, with the lowest
measurable activity equal to 2 pmol h™' (ANCOVA,
p < 0.01) originated from a concentration of microsomes
as low as 0.036 mg microsomal protein mL~'. Negative
activities found for D. magna, H. azteca and C. riparius
larvae (for microsomes <0.036 mg microsomal protein
mL~") may be attributed to a decrease of NADPH and/or
substrate background fluorescence over time (Aitio 1978).
A change in pH may also be responsible for changes in
fluorescence of the product 7-hydroxycoumarin. However,
this is most probably not an issue in the present work since
the system was buffered at pH 7.5.

In our study, C. riparius larvae activities ranged from
approx. 500 to 1000 pmol h™' mg microsomal protein™"
(at 30 °C). The calculated activities are relative to all the
fluorescence values higher than the lowest detectable ac-
tivity of the method (for details see Section 2 in Supporting
Information) but with microsomes concentrations no higher
than 0.05 mg microsomal protein mL™~" (for details see
Section 5 in Supporting Information). These values are one
to two orders of magnitude higher than previously reported
in vitro ECOD activities in C. riparius larvae
(30-60 pmol h™' mg microsomal protein~', at 25 °C)
(Sturm and Hansen 1999). These differences may be
attributed to differences between the two methods applied.
In the investigation of Sturm and Hansen (1999) ECOD
activity was assessed in organism homogenate at 25 °C,
while our measurements were carried out at 30 °C on
microsomes, where higher activities are expected. Fur-
thermore, the optimization of the procedure in the present
study might have yielded higher activities.

Different ECOD activity could be observed between
different batches of C. riparius larvae microsomes
(Fig. 2b, black and white circles) (217 and 108 pmol h!
at 0.038 mg microsomal protein mL™"). Moreover, thaw-
ing twice a single batch of C. riparius larvae microsomes
was also found to alter its activity (Fig. 2b, white circles
and white triangles) (108 pmol h™' and 62 pmol h™' at
0.038 and 0.036 mg microsomal protein mL™', respec-
tively). It can be excluded that the lack of activities in D.
magna and H. azteca as compared to C. riparius larvae was
due to high temperature or mechanical stress during
homogenization procedures, since the three different spe-
cies were processed with the same optimized techniques
(for details see Section 3 in Supporting Information). A
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Fig. 2 In vitro ECOD activities of D. magna (a), C. riparius larvae
(b) and H. azteca (c¢) relative to microsomes concentration. For D.
magna two separate experiments were conducted with two different
microsomes batches (black circles and black triangles). For C.
riparius larvae three separate experiments were conducted with two

possible explanation for detectable activity of D. magna
in vivo but not in vitro is discussed in the next section.

In vitro ECOD activity inhibition by endogenous
compounds

As mentioned in the introduction, the absence of measur-
able cytochrome P450 activities in vitro in D. magna could
be due to endogenous substances inhibiting cytochrome
P450 activity released during the processing of the organ-
isms and preparation of microsomes (Baldwin and Leblanc
1994; James and Boyle 1998). In order to investigate
whether this was the case in our study, the inhibition of
ECOD activity in rat liver microsomes by compounds
present in D. magna, C. riparius and H. azteca homo-
genates was investigated. The homogenates indeed caused
a decrease in ECOD activity present in rat liver micro-
somes, but to different degrees. The highest concentration
of D. magna homogenate (0.24 mg protein mL™") (Fig. 3a)
decreased rat liver microsomes activity to 45 £ 8 % while
having no effect on detectable fluorescence (102 £ 2 %).
In a similar manner, C. riparius homogenate (0.24 mg
protein mL™") (Fig. 3b) decreased activity to 66 + 4 %
and detectable fluorescence to 85 £ 9 %. H. azteca
homogenate (0.24 mg protein mL™") decreased activity to
only 97 £ 3 % but surprisingly increased detectable fluo-
rescence to 126 £ 10 % (Fig. 3c). The inhibition of cyto-
chrome P450 activity due to endogenous substances has
been shown for several insects (Brattsten and Wilkinson
1973; Gilbert and Wilkinson 1975; Orrenius et al. 1971;
Valles and Yu 1996) and was hypothesized for D. magna
(Baldwin and Leblanc 1994). The results of the present
study confirmed the hypothesis that substances that inhibit
cytochrome P450 activity may be released during homog-
enization. This was particularly evident for D. magna,
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different microsomes batches (black and white circles). The third
experiment (white triangles) tested the effect of two thawing-cycles
of the second microsomes batch. For H. azteca a single experiment
was conducted with geometrical dilutions of a single microsomes
batch (black circles). Data are mean = S.E. (3 analytical replicates)

which may explain the general lack of reported in vitro
activities in the literature (Sturm and Hansen 1999). Inhi-
bition by endogenous molecules was also present in C.
riparius larvae although the majority of decreased fluo-
rescence intensity could be attributed to fluorescence
attenuation by the dark colour of the homogenate. The
substances in the homogenate were responsible for
approximately 20 % of the decrease in activity. On the
other hand, H. azteca homogenate did not affect ECOD
activity. In vitro measurement of microsomal activity in H.
azteca might therefore be possible by further method
optimization, e.g., testing different substrates. Although
there is no obvious explanation for the increase in product
fluorescence after addition of H. azteca homogenate, it can
be hypothesized that fluorescent substances may be present
in organisms and released during processing.

Strengths and limitations of the in vivo
versus in vitro assays

In the present study, measurements of cytochrome P450
ECOD activities were carried out in the crustaceans D.
magna and H. azteca and in the insect larvae C. riparius.
The in vivo assay provided a tool to test the suitability of
the substrate of choice, in vivo measurements of activity,
unlike measurements carried out in vitro, are not subject to
activity inhibition due endogenous compounds. The in vivo
method was relatively easy to perform (fewer instruments
needed) and was characterized by a low chemical con-
sumption, fast fluorescence reading (endpoint instead of
kinetic reading) and it did not require time-demanding
preparation of microsomes. On the other hand, incubation
times were relatively long (3 h) which meant a further
stress for the organisms. This is particularly a problem
when the assessment of activity needs to be carried out
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Fig. 3 The effect of D. magna (a), C. riparius larvae (b) and H. two homogenate batches (circles and triangles). Data are

azteca (c) homogenates on rat liver microsomes ECOD activity (black
symbols) and on the fluorescence of 7-hydroxycoumarin (white
symbols). Experiments were conducted with geometrical dilutions of

after exposure to other chemicals or stresses. Moreover, as
was previously mentioned, the activity measured in vivo is
the result of several toxicokinetic processes (uptake, bio-
transformation, excretion) therefore the differences in
activity seen among species might not only be due to dif-
ferences in P450 activity.

The in vitro assay presents both advantages and disad-
vantages as compared to the in vivo assay. In general, since
the assay is carried out on the microsomal fraction, which
is derived from the endoplasmic reticulum, the resulting
activities can be assumed to be representative of Phase I
metabolism, in which cytochrome P450 plays the major
role. Thus, the in vitro assay is better suited to analyse
biochemical questions related to direct interactions with
these enzymes. Although optimization of the in vitro assay
was both time and resource consuming (see Sections 2 and
3 in Supporting Information), the final method allowed a
faster assessment of activity (30 min incubation as com-
pared to 3 h in vivo). The choice of kinetic instead of end
point measurements provides a larger number of fluores-
cence measurements over time resulting in more robust
slope (activity) determination. A higher measurable activ-
ity in vitro (1000 pmol h™' mg microsomal protein™—' on
average converted to 38 pmol h™' org™' by using a con-
version factor of 0.038 mg microsomal protein org™' in
microsomes) was found compared to the rate obtained
in vivo (2.2 pmol h™" org™") which suggests higher sen-
sitivity of the in vitro assay as compared to in vivo. This is
in accordance with the fact that microsomes generally
contain a concentrated amount of readily accessible cyto-
chrome P450, in contrast to in vivo where all P450
enzymes might not all be accessible to the substrate. In
addition, the difference might also be attributed to the
difference in incubation temperature (5 °C higher for
in vitro) and the optimized amounts of substrate and

mean £ S.E. (3 analytical replicates) (When bars are not depicted,
1 analytical replicate)

cofactors for the in vitro assay as compared to the in vivo
test. Differently from the in vivo setup, the in vitro method
was characterized by snap-freezing and storage of the
organisms at —80 °C. Snap-freezing permits to quickly
sample the organisms and to better preserve the enzymatic
activity at the time of sampling; in addition, it allows
measurements of activity in organisms that are collected in
short intervals (minutes) after a potential treatments pro-
posed to affect P450 activity (for example exposure to
another chemical). Hence, the rate of induction or inhibi-
tion of P450 activity in living organisms caused by other
stressors can be more easily measured over time using the
in vitro assay. Moreover, the in vitro assay can be simul-
taneously carried out on a large number of samples under
similar conditions.

Conclusion

Taken together, the evaluated and optimized in vivo and
in vitro ECOD assays could provide a strong and versatile
tool for the measurement of cytochrome P450 activity in
different aquatic invertebrates. In vitro and in vivo assays
may be used as complementary methods, the choice of
method being determined by the specific research question.
The in vivo assay could be used to investigate cytochrome
P450 activity at the organism level, although the measured
activities might also be affected by processes other than
phase I metabolism. A significant inhibition of in vivo
ECOD activity of D. magna by the fungicide prochloraz
was measured, suggesting the applicability of the in vivo
assay to assess the effect of pesticides interacting with
cytochrome P450 in D. magna. The method could be
applied to a variety of research questions dealing with
contaminant  interactions and the  physiological
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mechanisms behind combined stressor effects. The in vitro
assay was characterized by high sensitivity and it allowed
investigating cytochrome P450 activity at the molecular
level. However, it required a long optimization due to the
high number of parameters and processes involved and the
interference from endogenous substances released during
microsomes preparation did not permit its application to all
species. Thus, we suggest that inhibition due to endogenous
compounds is a very important preliminary test to carry out
prior to any investigation of in vitro activity in aquatic
macroinvertebrates. Finally, since the present study com-
pared in vitro and in vivo assay designed to measure ECOD
activity, depending on the organisms or the different
cytochrome P450 investigated, other substrates should be
tested.
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