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Article history: The mercapturic acid pathway (MAP) is a major phase Il detoxification route, comprising the conjugation
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Available online 29 January 2016 (Glu/Gly) are subsequently removed by ectopeptidases. The resulting Cys-conjugates are reabsorbed and,

finally, a mercapturic acid is generated through N-acetylation. This pathway, though very well character-
ized in mammals, is poorly studied in non-mammalian biological models, such as bivalve mollusks, which
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S are key organisms in aquatic ecosystems, aquaculture activities and environmental studies. In the present
Mercapturic acid pathway . .
Glutathione work, the compound 1-chloro-2,4-dinitrobenzene (CDNB) was used as a model electrophile to study the
Glutathione S-transferase MAP in Pacific oysters Crassostrea gigas. Animals were exposed to 10 wM CDNB and MAP metabolites
Gills were followed over 24 h in the seawater and in oyster tissues (gills, digestive gland and hemolymph). A
Bivalves rapid decay was detected for CDNB in the seawater (half-life 1.7 h), and MAP metabolites peaked in oyster

tissues as soon as 15 min for the GSH-conjugate, 1 h for the Cys-conjugate, and 4 h for the final metabolite
(mercapturic acid). Biokinetic modeling of the MAP supports the fast CDNB uptake and metabolism, and
indicated that while gills are a key organ for absorption, initial biotransformation, and likely metabolite
excretion, hemolymph is a possible milieu for metabolite transport along different tissues. CONB-induced
GSH depletion (4 h) was followed by increased GST activity (24 h) in the gills, but not in the digestive gland.
Furthermore, the transcript levels of glutamate-cysteine ligase, coding for the rate limiting enzyme in
GSH synthesis, and two phase II biotransformation genes (GSTpi and GSTo), presented a fast (4h) and
robust (~6-70 fold) increase in the gills. Waterborne exposure to electrophilic compounds affected gills,
but not digestive gland, while intramuscular exposure was able to modulate biochemical parameters in
both tissues. This study is the first evidence of a fully functional and interorgan MAP pathway in bivalves.
Hemolymph was shown to be responsible for the metabolic interplay among tissues, and gills, acting as
a powerful GSH-dependent metabolic barrier against waterborne electrophilic substances, possibly also
participating in metabolite excretion into the sea water. Altogether, experimental and modeled data fully
agree with the existence of a classical mechanism for phase Il xenobiotic metabolism and excretion in

bivalves.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction tion, reproduction and migration. Water bodies are often used
as sink for pollutants originated from anthropogenic activities,
Aquatic organisms rely on their surrounding environment for receiving a number of potentially toxic chemicals such as phar-
different biological processes such as feeding, gas exchange, excre- maceuticals, metals, nanomaterials, pesticides, polychlorinated

biphenyls and polycyclic aromatic hydrocarbons (Mostofa et al.,

2013). These substances pose a threat to the survival and repro-
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Fig. 1. Overview of the mercapturic acid pathway (MAP). Endogenous or exogenous electrophilic compounds (EC) are (1) absorbed by the cells followed by (2) conjugation
with glutathione (GSH) in a reaction catalyzed by glutathione S-transferases, generating a GSH-conjugate (EC-[Glu-Cys-Gly]). This metabolite is (3) transported to the
extracellular space by ABCC (ATP-binding casset proteins, subfamily C) proteins, where the (4) glutamate and (5) glycine residues can be hydrolyzed by the membrane-
bound extracellular enzymes (4) y-glutamyl transpeptidades (GGT) and (5) dipeptidases (Pept.), generating cysteinyl-glycine (EC-[Cys-Gly]) and cysteine-conjugates. The
newly formed cysteine-conjugate are (6) reabsorbed, gaining the cell cytoplasm, which is usually dependent on multiple importers (Impt, e.g., organic anion transporting
polypeptides and cystine/cysteine exchangers). In the cell interior, the cysteine-conjugate is (7) N-acetylated by N-acetyltransferases, generating the final MAP metabolite,
mercapturic acid N-acetylcysteine-conjugate (EC-[NAC]). (8) The mercapturic acid is further transported to the extracellular space by exporter proteins (Expt., e.g., organic
ion transporter 1), and excreted from the organism. In mammals, the MAP usually occurs at different organs such as liver, kidneys, intestine, and blood. Here, for illustrative
purposes, the MAP is shown in a single cell. Figure was adapted from Ramsay and Dilda (2014).

Bivalves are sessile, filter feeding organisms with high bioac-
cumulation capability (Hédouin et al., 2010), and thus are often
subjected to the effects of aquatic pollutants. These characteristics,
in addition to their widespread distribution and significant eco-
nomic importance, have made bivalves an ideal model organism
in aquatic toxicology and ecotoxicology studies to investigate and
characterize the effects and mechanisms of toxicity for several pol-
lutants (Apeti et al., 2010; Depledge and Fossi, 1994). For instance,
studies have investigated the modulation of major defense sys-
tems (e.g., antioxidant and biotransformation) in bivalves exposed
to environmental pollutants (Aloiisio Torres et al., 2002; Borkovic
et al., 2005; Dafre et al., 2004; de Almeida et al., 2004; Doyotte
et al,, 1997; Franco et al., 2006; Nogueira et al., 2015; Osman
et al.,, 2007; Zanette et al., 2011). In this regard, gills and digestive
gland are the most commonly studied tissues: gills are considered
the main interface between the organism, environment and, con-
sequently, waterborne pollutants (Ravera, 2001), while digestive
gland is known as a major detoxification site due to the higher
expression of the mixed-function oxidase system (Livingstone and
Farrar, 1984; Solé and Livingstone, 2005). Thus, it is essential to
characterize how different organs respond mutually to aquatic
pollutants. Yet, it is still poorly known how they participate and
coordinate the absorption, metabolism and excretion of organic
contaminants (interorgan metabolism) in bivalves.

In bivalves, one of the most studied enzymes related to phase
Il of biotransformation is the glutathione S-transferase (GST),
a protein responsible for conjugating electrophilic compounds
(e.g., halogenonitrobenzenes, arene oxides, quinones, and o,3-
unsaturated carbonyls) with glutathione (GSH) (Board and Menon,
2013), which is the first step in the synthesis of mercapturic acids
(N-acetylcysteine conjugates) (Boyland and Chasseaud, 1969).
These electrophilic compounds have the potential to react with

different cellular targets, such as DNA, RNA and proteins, high-
lighting the importance of GSTs and conjugation with GSH to
the cellular protection and prevention of electrophilic attacks to
biomolecules. As extensively shown in mammals, GSH-conjugates
originated by GST activity are further metabolized along the
mercapturic acid pathway (MAP) before excretion (Hinchman
et al.,, 1991), as follows (Fig. 1): (i) export of GSH-conjugates by
ABCC (ATP-binding cassette, subfamily C) proteins to the extra-
cellular environment; (ii) removal of the gamma-glutamyl and
glycine moieties by the extracellular enzyme gamma-glutamyl
transpeptidase (GGT) and dipeptidases, respectively; (iii) cysteinyl-
conjugates are reabsorbed by multiple transporters (e.g., organic
anion transporting polypeptides and cystine/cysteine exchang-
ers) in specific cell types; (iv) these conjugates are acetylated by
cytosolic N-acetyltransferases, thus generating a mercapturic acid
(N-acetylcysteine-conjugate) and increased hydrophilicity; (v) this
metabolite can now be exported from cells through the organic
ion transporter and excreted from the organism via urine or bile
(Commandeur et al., 1995; Haufroid and Lison, 2005). In mammals,
the mercapturic acid biosynthesis is characterized as an interorgan
process, due to the participation of specific enzymes, which are
mostly located in the liver, kidney and intestine (Hinchman and
Ballatori, 1994; Villanueva et al., 2006).

In addition to mammals (Hayes et al., 2005), the MAP may
be an important pathway of cellular defense to aquatic species,
such as in the conjugation of GSH with phycotoxins (Malbrouck
and Kestemont, 2006) or epoxide groups generated through
cytochromes P450 (James, 1987). Detoxification of oxidative stress
end products, such as 4-hydroxynonenal, are also GST substrates
in aquatic organisms (Pham et al., 2002). MAP metabolites have
been found in macrophytes, sea urchins and fishes exposed to
polycyclic aromatic hydrocarbons, herbicides, epoxides or micro-
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cystins (Lay and Menn 1979; Malins and Roubal, 1982; Yagen
et al., 1984; Pflugmacher, 2004). To our knowledge there are no
studies indicating the presence of MAP metabolites in bivalves
exposed to pollutants, although they unquestionably accumulate
MAP metabolites and upregulate GSH, GST and ABC proteins when
exposed to environmental toxins (Abraham et al., 2012; Burmester
et al.,, 2012; Chen and Xie, 2005; Choi et al., 2006; Contardo-Jara
et al,, 2008; Wang et al., 2004). This lack of chemical data does
not imply that the MAP has a secondary role on the biotransfor-
mation of organic contaminants in bivalves. In fact, some studies
suggest that conjugation with GSH (the initial MAP step) is an
important detoxification pathway in these organisms. For exam-
ple, when GSTs purified from clams were incubated in vitro with
a mixture of PCBs, authors suggested that a PCB-GSH conjugate
was formed (Blanchette and Singh, 2003). Moreover, the elimina-
tion of organophosphate pesticides by mussels can be increased
by previous upregulation of GSH and GST, hence likely increasing
the GSH-conjugation reaction (Pefia-Llopis et al., 2014). Finally, GST
upregulation is usually found when bivalves are exposed to organic
contaminants, which have been commonly suggested as protec-
tive effect against the chemical stress (Liu et al., 2014; Liichmann
etal.,2014).In bivalves, the MAP may be deeply associated with the
metabolism of lipid peroxidation end-products (e.g., epoxyaldehy-
des, ketoaldehydes, 2-alkenals and 4-hydroxy-2-alkenals), whose
production can be affected by abiotic and biotic factors, including
seasonality, oxygen levels, feeding and reproduction (Canesi, 2015).
But it is reasonable to assume that in these organisms the MAP
may also participate in the detoxification of environmental con-
taminants such as pharmaceuticals, industrial intermediates and
pesticides.

The compound 1-chloro-2,4-dinitrobenzene (CDNB) is a ben-
zene derivate routinely used as a general substrate for GST activity
assays (Habig and Jakoby, 1981), producing the GSH-conjugate 2,4-
dinitrophenyl-glutathione (DNP-SG). Therefore, it is possible to
investigate the mercapturic acid biosynthesis following an expo-
sure to CDNB, which begins with the intracellular formation of
DNP-SG and further biotransformation, transport and excretion
events. This strategy has already been successfully employed in
mammals and has allowed the identification of organs acting as
important barriers, such as placenta (Vaidya et al., 2011), intestine
(Ursic et al., 2009) and choroid plexus (Ghersi-Egea et al., 2006), as
well as organs with intense metabolism, such as liver (Villanueva
et al., 2005) and kidneys (Terlouw et al., 2001). Cancer cells also
present a strong activity of CDNB conjugation with GSH, followed
by an efficient DNP-SG excretion, which can provide to these cells
a higher resistance to electrophilic compounds such as some phar-
maceuticals (Zhang and Wong, 1996).

The few non-mammalian models used to investigate the MAP
following CDNB exposure include bacteria (Zablotowicz et al.,
1995), plants (Schroder et al., 2007), and in vitro assays with fish
hepatocytes or red blood cells (Simmons et al., 1991; Stoelting and
Tjeerdema, 2000). Regarding bivalves, a previous study reported
GSH consumption and increased GST activity in the gills of oys-
ters Crassostrea gigas exposed to CDNB, in addition to an increasing
development of a yellowish color in the seawater, which had a
strong absorption at 340 nm and was possibly related to CDNB
metabolites excreted from oysters (Trevisan et al., 2012).

No previous study has characterized the sequential and coordi-
nated steps of MAP in bivalves; neither investigated the importance
of a particular tissue in this route. An acute waterborne exposure of
oysters C. gigas to CDNB was chosen as a first approach to charac-
terize the MAP in bivalves. In this study, we focused on metabolite
analysis, biokinetic modeling, molecular and biochemical analyses;
and used gills, digestive and hemolymph as representative tissues
with potential involvement in the MAP.

2. Material and methods
2.1. Animals and acclimation

Adult male and female oysters C. gigas (length: 9-14cm; wet
weight of soft parts: 22.3+6.4g) were obtained from an oyster
farming facility from Ribeirdo da Ilha (Florianépolis, Brazil). Ani-
mals were acclimated for 7 days in tanks containing filtered and
UV-sterilized seawater (density of 1 animal L-1) with constant tem-
perature 18-20°C and fed with plankton-based commercial food
for filtering invertebrates (Sera Marin Coraliquid, Sera; Germany).
All experiments were carried out according to the local Research
Ethics Committee at Federal University of Santa Catarina.

2.2. Invivo exposure to CDNB for metabolite analysis

Animals were exposed to waterborne CDNB to investigate the
MAP. For this purpose, oysters (n=6) were individually exposed
to 10 wM CDNB (1L animal-!) for 24h in glass flasks. Seawater
aliquots were collected over 24 h (at indicated time points) and
used for the quantification of CDNB and MAP-related metabolites.

The levels of MAP-related metabolites were also quantified
in oyster gills, digestive gland and hemolymph in a parallel
experiment. Animals (n=3-6) were exposed to 10 uM CDNB (1L
animal~1) in glass aquaria for 24 h and tissues were collected at
indicated time points.

All experimental groups were exposed to the same CDNB vehicle
concentration (0.01% ethanol).

2.3. Invivo exposure to waterborne and intramuscular CDNB for
molecular and biochemical assays

The effects of CDNB on antioxidant and biotransformation
related-parameters in the gills and digestive gland were inves-
tigated in oysters (n=12) exposed to 10 uM waterborne CDNB
(conditions similar to Section 2.2) for 24 h in glass aquaria. Gills and
digestive gland were collected at different time points, depending
on the analysis.

Intramuscular exposure occurred by injecting 0.3-3 pmol CDNB
(in 1mL) through a notch in the valves directly into the oysters’
adductor muscle using a 1 mL syringe coupled to a 23-gauge nee-
dle. Due to the low solubility of CDNB in the seawater, and in order
to achieve seawater and hemolymph osmolarity, CDNB was previ-
ously prepared in absolute ethanol and further diluted in the inert
sugar xylose (1 M xylose and 0.01% ethanol). After the injection, ani-
mals (n=8) were maintained for 24 h in clean seawater, and tissues
(gills and digestive gland) were collected. CDNB doses injected in
the adductor muscle can be compared to waterborne CDNB expo-
sures ranging from 0.3 to 3 wM (0.3 to 3 wmol L~ animal~1). Due
to solubility issues, it was not possible to achieve higher doses,
compatible with 10 wM waterborne CDNB.

2.4. In vivo exposure to N-ethylmaleimide (NEM)

The electrophilic, thiol depleting and membrane permeable
compound N-ethylmaleimide (NEM) was used to study the impor-
tance of GSH as a metabolic barrier in the gills, protecting other
tissues against electrophilic substances. Similarly to CDNB, oys-
ter NEM exposures were waterborne (1-1000 M, 1 Lanimal~1) or
intramuscular (10-300 pwmol dissolved in 1 mL seawater). After 1 h
of exposure, gills and digestive gland were collected for GSH deter-
mination (n=9-12). NEM doses injected in the adductor muscle
can be compared to waterborne NEM exposures ranging from 10
to 300 M (10-300 wmol L1 animal~-1).
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2.5. In vitro exposure of gills and digestive gland extracts to
CDNB and DNP-SG

Comparative determination of in vitro DNP-SG synthesis and
degradation rates were investigated in the gills and digestive gland.
Tissues from control organisms (100 mg wet weight; n=3) were
homogenized (1:5w:v) in 20mM HEPES buffer pH 7.0. DNP-SG
degradation rate was determined in crude extracts incubated at
20°C with 100 wM DNP-SG (synthetized as described in Section
2.6) over a 24h period. DNP-SG synthesis rate was determined
in the 20,000 x g supernatant (30 min at 4°C) incubated at 20°C
with 100 M of both CDNB and GSH over a 100 min period. In both
analyses, a concentration of 2 mg protein mL~! was used.

2.6. Synthesis of HPLC standards

For DNP-SG synthesis, GSH and CDNB (1 mM final concentration
each) were incubated during 4h in 1 mL of potassium phosphate
buffer (KPi) 0.1 M pH 7.0 containing 0.25 mM EDTA and 1.5 g of
purified GST from equine liver.

Both 2,4-dinitrophenyl conjugates of cysteine (DNP-Cys) and
N-acetylcysteine (DPN-NAC) were chemically synthesized using
a standard protocol with 1-fluoro-2,4-dinitrobenzene (FDNB) as
derivatizing agent (Hinchman et al., 1991). For DNP-Cys, 2.5 mmol
of FDNB (diluted in 25 mL of methanol) were slowly added to
12.5mL of KHCO3 2N containing 2.5 mmol of cysteine. This solu-
tion was stirred for 15 min and further acidified to pH 2 with dilute
HCI. The precipitate was collected by vacuum filtration and recrys-
tallized from boiling water. DNP-NAC was prepared as described
above, except for the use of 5 mmol of FDNB in 5 mL of methanol,
and 5 mmol of N-acetylcysteine in 25 mL of 1N KHCO3. It was not
possible to synthesize the 2,4-dinitrophenyl-cysteinylglycine con-
jugate (DNP-CG) due to its low stability (Vaidya and Gerk, 2007).

The  extinction  coefficient (340nm) of DNP-SG
(103mM-! xcm~1), DNP-Cys (9.0mM-!xcm~') and DNP-
NAC (9.9mM-1 x cm~!) were used to calculate the concentration
of these CDNB metabolites (Hinchman et al., 1991). The standards
were validated by HPLC analysis of the metabolites generated
in vitro by mouse liver and kidney homogenates incubated with
GSH and CDNB or DNP-SG (same protocol as described for oyster
tissues in Section 2.5).

2.7. HPLC analysis of CDNB and metabolites in tissues and
seawater

CDNB, DNP-SG, DNP-Cys and DNP-NAC levels were determined
in the seawater and tissues after CDNB exposure as described in Sec-
tion 2.2. Seawater samples (n=3-6) were acidified with perchloric
acid (PCA, final concentration 5%). Gills and digestive gland (300 mg,
n=6) were homogenized (1:3 w:v) in TRIS/HCI 0.1 M buffer pH 8.0,
while hemolymph samples were assayed at the cell-free super-
natant (1,000 x g for 10 min at 4°C). All samples (seawater and
tissues) were acidified to 5% PCA, centrifuged at 15,000 x g for
2 min, and the supernatant diluted (5-35 times) and filtered with
disposable 0.22 pm filters.

Samples and standards were analyzed by HPLC using an ACE C18
column (250 x 4.6 mm, 5 pm) fitted with a guard column cartridge
of the same composition, following an isocratic elution proto-
col (Hinchman et al., 1991) with some minor modifications. The
HPLC system consisted of an ESA584 pump and an ESA526 UV/vis
detector. Chromatogram monitoring, peak identification and quan-
tification were performed using the EZ Chrom Elite software
(Agilent Technologies, Santa Clara, CA, USA). Column temperature
was adjusted to 30°C with a constant flow rate of 1mLmin™!
(100-110bar) and 100 pL of sample were used. For CDNB deter-
mination, the mobile phase consisted of 40% acetonitrile and 60%

Table 1
Selected genes with their respective primers used for qPCR analyses and accession
numbers from GenBank.

Gene Sequence 5'-3’ GenBank

GSTo Fw-TGATGAGTTCACCACCGCAA AJ557141.1
Rv-TTCAAACCATGGCCACAGCA

GSTpi Fw-AGGCGATTTTCACCTCTGTC AJ557140.1
Rv-TTCCTTCTGCCACAAAGTCG

GSTmu Fw-ACAAACCTTGGTTCGCTGGA AJ558252.1
Rv-AGGCTTCATCAGTCTGTGCT

GCL Fw-TCACAGAGCCTCAGGTAAGT EKC28200.1
Rv-GTCGTAGTTAATGCGGTCAG

GAPDH Fw-GCTGTGACACCATTGGAGAA AJ544886.1

Rv-ACCAATGACGCAACAAGCGA

dilute acetic acid (1%), and the chromatogram was recorded at
280 nm. For DNP-SG and other CDNB metabolites, the mobile phase
consisted of 25% acetonitrile and 75% dilute acetic acid (1%), and
the chromatogram was recorded at 340 nm. Representative chro-
matograms for CDNB, DNP-SG, DNP-Cys and DNP-NAC analysis are
available as Supplementary Figs. 1 and 2.

2.8. Biochemical analyses in the gills and digestive gland

For total glutathione measurement (the sum of reduced and oxi-
dized forms, defined as GSH in the text), gills and digestive gland
(50 mg; n=12) were freshly homogenized in 0.5M PCA (1:10 w:v)
and centrifuged at 15,000g for 2 min at 4°C. Supernatants were
assayed spectrophotometrically at 412 nm using an enzymatic-
coupled method (Akerboom and Sies, 1981).

For enzymatic measurements, tissues (300 mg; n=12) were
homogenized (1:4 w:v) in 20 mM HEPES and 2 mM PMSF and cen-
trifuged at 1,000 x g for 5min at 4°C. The pellet was discarded and
an aliquot of the supernatant was separated to quantify GGT activ-
ity in the presence of glycylglycine and y-glutamyl-p-nitroanilide
at 405 nm (Silber et al., 1986). The remaining supernatant was fur-
ther centrifuged at 20,000 x g for 30 min at4 °C and the supernatant
used for enzymatic assays. GST activity was assayed using CDNB
and GSH as substrates at 340 nm (Habig and Jakoby, 1981); glu-
tathione reductase (GR) activity was assayed at 340 nm following
the reduction of oxidized GSH in the presence of NAPDH (Carlberg
and Mannervik, 1985); and thioredoxin reductase (TrxR) activity
was assayed at 412 nm following the reduction of DTNB in the pres-
ence of NADPH (Arnér et al., 1999). Protein content was estimated
with Coomassie blue (Bradford, 1976), using bovine serum albumin
as standard.

2.9. Quantitative real-time PCR (qPCR)

After exposure to 10 wM waterborne CDNB at the indicated time
points(detailsin Section 2.3), gills and digestive gland (50 mg; n=4)
were stored at —80°C using RNAlater® (Invitrogen, Brazil). Total
RNA extraction, DNase I treatment and cDNA synthesis were per-
formed following a previous protocol (Mello et al., 2012). Agarose
(1%) gel electrophoresis was performed to check for RNA integrity,
while RNA concentration (Azep) and purity (Azgg/280 and Azgpj230)
were estimated spectrophotometrically (NanoVue, GE Healthcare,
Sweden).

The relative mRNA levels of the GST isoforms omega (GSTo), pi
(GSTpi)and mu (GSTmu), and glutamate-cysteine ligase (GCL) were
assayed by qPCR. Primers (Table 1) were chosen based on the litera-
ture or were selected based on specific C. gigas sequences deposited
in GenBank. Only primers with efficiency between 1.8 and 2.2 were
used. All gPCR analyses were performed in duplicates as previously
described (Mello et al., 2012), using the ABI 7900HT thermocy-
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cler (Applied Biosystems, Brazil). The mRNA levels are expressed
as fold change between control and treatment groups, normalized
by the reference gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) using the 2—2Act method (Livak and Schmittgen, 2001).

2.10. Biokinetic modeling

2.10.1. Uptake phase

In order to characterize the CDNB uptake, the decrease of CDNB
in the seawater was assumed to be the amount of CDNB actively
taken up by the oysters, and relativized to the average soft tissue
weight (22.3 +£6.4 g). The concentration of CDNB was expressed in
terms of concentration factor, CF (viz. the ratio between whole soft
part concentration — wmol Kg—! wet weight — and time-integrated
concentration of CDNB in the seawater—pumol L-1, Renaud et al.,
2014). The CF was used to estimate the total CDNB uptake effi-
ciency of the oyster without taking into account any metabolism
processes. CDNB uptake kinetics was described either as a simple
linear regression model (Eq. (1)) or a simple exponential kinetic
model (Eq. (2)) when observed kinetics tended to reach a steady
state:

CF[ = kut (1 )
CFr= CFss(1-e7ket) (2)

where CF; and CFgs (CFss =ky/ke) are the concentration factors at
time t (h) and at steady state, respectively; and k, and k. are
the uptake and loss rate constants (wmol Kg~! h—1), respectively.
Although observed uptake kinetics tended to reach a steady state
for the entire duration of experiment (thus would have been best
described by a simple exponential kinetic model), the uptake kinet-
ics was also assessed for the first 10 h (estimation made between
0-1h, 0-4h, 0-7 h and 0-10 h) due to the potential effect on limit-
ing availability of waterborne CDNB at the end of the experiment.
Indeed, no adjustment of CDNB concentration in the aquaria was
performed and a low CDNB concentration may lead to a reduction
in the uptake rate constant or a biased measurement.

2.10.2. Depuration phase

In order to model the depuration of metabolites (DNP-SG,
DNP-CYS and DNP-NAC; in concentration—umol Kg~! wet weight
or pwmolL~1) within a given tissue (gills, digestive gland or
hemolymph), depuration kinetics were described by a single-
exponential depuration model (Eq. (3)) or a linear depuration
model (Eq. (4))

Ce= CO e*k“ (3)
Cr=a— (ket) (4)

where C; and Cp are the remaining concentration (umol Kg~! wet
weight for gills and digestive gland, or wmol L~! for hemolymph)
at time t (h) and O, respectively; ke is the depuration rate con-
stant (wmolKg~1h~1); a is a constant and the y intercept when
t=0; a biological half-life can be calculated (T}, ) from the depura-
tion rate constant according to the relation Ty, = In2/ke. Depuration
phase was considered from the moment the component reached
the highest concentration in a given tissues.

At the same time, as the decrease of dissolved CDNB concen-
tration in the seawater was also described by a single-component
model (Eq. (3)) and as oysters may have excreted CDNB metabo-
lites (DNP-SG, DNP-CYS and DNP-NAC) to seawater, the depuration
process (excretion rates) from the oysters was measured based on
metabolite concentration in the seawater. Biokinetic model used
to describe the increase of depurated metabolites levels in the sea-
water from oyster followed a linear model,

AtZICWt (5)

(Eq. (5); adapted from Eq. (1))where A; is the concentration of
the component at time ¢t (h); ky is the appearance rate constant of
the component in the seawater (nmol h—1). Similarly to the uptake
phase, the component appearance is driven by limiting availabil-
ity of CDNB during the course of experiment (especially at the
end). A simple exponential kinetic model would have slightly best
described the appearance of the compound but this may be linked
to the methodology selection (single spiked exposure).

2.11. Statistical analysis

Data were checked for normal distribution based on D’Agostino
& Pearson omnibus normality test. Data were analyzed by one-way
ANOVA followed by post hoc test of Duncan or by Kruskal-Wallis
test. Differences were considered as statistically significant when
p<0.05. For the in vitro metabolism, data were analyzed by fitting
one-phase decay (DNP-SG degradation) or one-phase association
(DNP-SG synthesis) curves followed by extra sum of squares F test
for the K values.

Regarding biokinetic analyses, constants of the models and their
statistics were in general estimated by iterative adjustments of the
model and Hessian matrix computation using the nonlinear curve-
fitting routines in the Statistica® 5.2.1 software. Other biokinetic
models were tested but best fitting regression models were selected
according to highest determination coefficient and examination of
residuals (Metian etal.,2010). The level of significance for statistical
analyses was set at p=0.05.

3. Results
3.1. Absorption, metabolism and excretion of CONB

To investigate the MAP-related biotransformation steps of elec-
trophilic compounds in bivalves, as well as the probable roles
of gills, digestive gland and hemolymph in such steps, oysters C.
gigas were exposed to waterborne 10 wM CDNB for up to 24 h, and
seawater and tissues were collected over time. CDNB concentra-
tion analysis in the seawater indicated a short half-life for this
compound, approximately 1.7 h (Fig. 2A), probably due to a fast
absorption and bioconcentration by the organisms. After 10 h of
exposure, only 5% of the initial CDNB levels were available in the
seawater, which reinforces this hypothesis. CDNB bioconcentra-
tion kinetics were based on CDNB disappearance from seawater
and best described by a first-order saturation model (Fig. 2B). Due
to the potential effect on limiting availability of CDNB at the end of
the experiment, data were analyzed between 0 and 10 h. Biokinetic
modeling points to a fast CDNB bioconcentration (concentration
factor, CF) by C. gigas, exceeding steady-state water CDNB levels by
141.7 £34.3 times (p <0.001). This can be explained by a fast uptake
rate constant, estimated as 18.4+2.72 (Lkg~'h~1, p<0.001). In
order to have an improved approximation of the maximum CDNB
uptake rate constant, a linear model for the first hour of exposure
was used and estimated an uptake rate of 30.9+2.04 (Lkg~1h-1,
p<0.0001) or approximately 4.1 wmol (CDNB) per hour per organ-
ism (data not shown). This estimate could reflect the best case
scenario for determining the uptake rate without any biological
limitations (e.g., depuration, metabolism).

It was not possible to validate these parameters by determin-
ing CDNB levels in tissues, as CDNB levels were below the limit
of detection (10 pmol/100 wL sample) after the necessary dilu-
tion step prior to HPLC analysis. It is possible that CDNB was not
detected at traceable levels in tissues due to a fast metabolism of C.
gigas. Indeed, MAP metabolites (DNP-SG, DNP-CYS and DNP-NAC)
analysis revealed a rapid and effective CDNB biotransformation
in this species. During the initial minutes of exposure, a robust
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Fig. 2. Absorption and estimated concentration factor of 1-chloro-2,4-dinitrobenzene (CDNB) by Pacific oysters Crassostrea gigas. Oysters were exposed to the nominal
concentration of 10 wM CDNB for 24 h and CDNB levels were determined in seawater by HPLC analysis. (A) CDNB levels, analyzed by HPLC with a C18 column at 280 nm,
following an isocratic elution protocol with a acetonitrile:1% acetic acid (25%:75%) mobile phase and 1 mLmin-1 constant flow rate. Data were analyzed using a best-fitting
single-component model. (B) Estimative of CDNB uptake by oysters C. gigas described by the Concentration Factor approach. The data were best described as an exponential
model and are presented as average + SEM (n=3-6).
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Fig. 3. Metabolism of 1-chloro-2,4-dinitrobenzene (CDNB) by Pacific oysters Crassostrea gigas. Oysters were exposed to 10 uM CDNB over 24 h and levels of 2,4-dinitrophenyl-
glutathione (DNP-SG), 2,4-dinitrophenyl-cysteine (DNP-CYS) and 2,4-dinitrophenyl-N-acetylcysteine (DNP-NAC) were assayed by HPLC. Relative metabolite levels (nmol g-1
wet weight or nmol mL-1) were determined in (A) gills, (B) digestive gland and (C) hemolymph. Please note that DNP-NAC levels are plotted against the right Y axis. Absolute
levels (nmol) of DNP-SG, DNP-CYS and DNP-NAC accumulated in (D) gills, (E) digestive gland and (F) hemolymph were calculated using the average total weight or volume of
each tissue (described below). (G) Total metabolite levels accumulated in the organism (nmol per organism, as sum of gills + digestive gland + hemolymph for each individual
compound) or (H) excreted to seawater. (I) DNP-NAC levels in seawater and the associated kinetic best describing its rate of appearance in the water (time-integrated
concentrations) and which indirectly reflects the DNP-NAC depuration by oysters in seawater. Samples (100 L) were analyzed with a C18 column at 340 nm, following an
isocratic elution protocol with a acetonitrile:1% acetic acid (25%:75%) mobile phase and 1 mL min-1 constant flow rate. Total tissue weight for gills and digestive gland was
determined as 7.8% and 5.3% of animal wet weight, respectively. Hemolymph volume was estimated as 51% of animal wet weight (George et al., 1978). Data were presented
as average + SEM (n=3-6).

phase Il metabolism was evident for gills (Fig. 3A), as the first exposure (24 h). In the digestive gland (Fig. 3B), except for a DNP-
MAP metabolite (DNP-SG) peaked at 15 min (203 nmolg=1), and CYS peak at4h (153 nmol g), DNP-SG and DNP-CYS levels remained
the intermediate metabolite DNP-CYS accumulated at 60 min low throughout the 24 h exposure. In the hemolymph (Fig. 3C) DNP-
(308 nmol g—1). This rapid metabolite buildup occurred simultane- CYS peaked at 1h (135nmolg) and DNP-SG values were close to
ously with the fast CDNB uptake in the first hours (t;, =1.7 h). Both zero during all the exposure period.

DNP-SG and DNP-CYS levels decreased close to zero by the end of
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Table 2
Loss rate constants of mercapturic acid metabolites in 3 key tissues of the Pacific
oyster Crassostrea gigas exposed to 1-chloro-2,4-dinitrobenzene (CDNB) for 24 h.

DNP-SG? DNP-CYS? DNP-NACP
Gills 0.32+0.09 0.16+0.02 0.54+0.10°

(r2=0.82) (r2=0.93) (2=0.90)
Digestive gland 0.19+0.05 N.D. 0.354+0.10°

(r2=0.89) (2=0.80)
Hemolymph 0.46+0.17 036+0.14 N.D.

(2 =0.65) (2=0.60)

Data are expressed as Lkg ~! h~! and mean £ SD. N.D. stands for not determined.
3single-component exponential model: C; = Cy eket,
bdecreasing linear model: C; =a-(ke t).
Probability (p) of the parameter estimation:
" (p<0.05).
" (p<0.01).
™ (p<0.001).

Interestingly, by calculating the absolute amount of DNP-SG and
DNP-CYS metabolites (total nmol levels) accumulated in each tis-
sue (based on average total tissue weight of gills and digestive gland
or volume of hemolymph per animal), it was possible to identify
different accumulation and metabolism patterns between tissues
(Fig. 3D-F). Digestive gland, for instance, appears as a minor site for
MAP to take place due to minor metabolite accumulation (Fig. 3E).
On the other hand, gills were responsible for the major CDNB-
GSH conjugation, building up larger amounts of DNP-SG during the
first hour, leading to the sequential MAP steps (Fig. 3D). Finally,
hemolymph was shown to be an important reservoir and trans-
port system for intermediate MAP metabolites, especially DNP-CYS
(Fig. 3F). Overall, C. gigas accumulated approximately 2.5 pmol
DNP-SG + DNP-CYS metabolites in the gills, digestive gland and
hemolymph (Fig. 3G) after 1 h of exposure to CDNB. Although this
value is lower than the estimated CDNB accumulation for the first
hour (4.1 wmol), both numbers may be compatible as DNP-CG
(another intermediate metabolite) could not be determined and
other tissues were not investigated.

DNP-NAG, the final metabolite of the MAP, was detected in con-
siderably lower levels in all tissues when compared to the other
metabolites (Fig. 3A-C). It was observed, however, that DNP-NAC
tended to accumulate in the hemolymph toward the end of expo-
sure (Fig. 3C and F). By taking into account the MAP in mammals
(Hinchman and Ballatori, 1994), one could infer that once DNP-CYS
reaches the extracellular medium (and consequently hemolymph)
it may be uptake by different oyster tissues and intracellularly
acetylated, generating DNP-NAC for further excretion into sea-
water. Indeed, DNP-NAC was the most abundant of the three
metabolites in the seawater (Fig. 3H). The constant rate of DNP-NAC
excretion from C. gigas to seawater was estimated as 0.15Lkg~1 h~!
(Fig. 3I), about 100-fold lower when compared to the fast uptake
rate of CDNB. It is important to note that although DNP-NAC was the
major metabolite detected in the seawater, other chromatogram
peaks were detected at 340 nm in the seawater samples. Never-
theless, these additional peaks were not as intense as compared to
the DNP-SG, DNP-CYS and DNP-NAC. In addition, we did not inves-
tigate other biotransformation pathways, such as glucuronidation
and sulfation. Therefore, it is possible that CDNB metabolism may
have been mediated by other metabolic pathways that were not
taken into account in this study.

MAP metabolism in C. gigas was additionally assessed by
biokinetic modeling of DNP-SG, DNP-CYS and DNP-NAC losses
rates (transfer + metabolism). They were calculated for each tissue
(Table 2) starting from the time point with the highest concentra-
tion of each compound (Fig. 3A-C), as follow: 15 min, 1 hand 4 h for
DNP-SG in the gills, hemolymph and digestive gland, respectively;
1h, 1h and 4 h for DNP-CYS in the gills, hemolymph and digestive

gland, respectively; and 10 h for DNP-NAC in all tissues. Interest-
ingly, hemolymph presented the fastest loss rate for both DNP-SG
and DNP-CYS, while DNP-NAC loss could not be calculated as it was
accumulating in this tissue by the end of the exposure. Digestive
gland presented the lowest loss rates for DNP-SG and DNP-NAC,
with no significant modeling for DNP-CYS. Gills presented mod-
erate and low loss rates for DNP-SG and DNP-CYS, respectively,
probably due to the continuous synthesis of these metabolites in
this tissue, while DNP-NAC loss rate was the highest among the
analyzed tissues.

Phase Il metabolism was also assessed in the gills and diges-
tive gland using an in vitro experiment. Incubation of these tissues
extracts with GSH and CDNB for detection of DNP-SG synthe-
sis revealed that gills present a higher CDNB-GSH conjugation
rate, synthetizing DNP-SG 2.2 times faster than digestive gland
(Supplementary Fig. 3). Another experiment was carried out with
tissue extracts incubated with DNP-SG, and further DNP-SG levels
analysis revealed that this metabolite half-life was 2.7 h for diges-
tive gland versus 5.8 h for gills (Supplementary Fig. 3). Data indicate
that digestive gland has a faster DNP-SG-dependent y-glutamyl
transpeptidase rate than gills in an ex vivo context.

3.2. Antioxidant impairment and upregulation of phase Il
biotransformation

Modulation of GSH levels and activity of antioxidant and
biotransformation-related enzymes were also investigated in both
gills and digestive gland, which were hypothesized to be affected
by CDNB. As expected, CDNB exposure altered GSH levels in the
gills (Fig. 4A), which exhibit a 61% consumption after 4h and 97%
consumption after 24 h. Decreased GR (Fig. 4C) and TrxR (Fig. 4E)
activities were also detected in this tissue after CDNB exposure:
approximately 60% decrease after 10 and 24 h for GR, and 50% after
4 h for TrxR. In addition, 75% increase in GST activity was detected
in the gills after 24 h exposure (Fig. 4G). In contrast these param-
eters were not affected in the digestive gland (Fig. 4), except for a
35% decrease in GST activity after 24 h (Fig. 4H). GGT activity (an
enzyme participating in the MAP) was not affected by the CDNB
exposure in both tissues (data not shown).

The increased GST activity observed in the gills could be related
to an increased expression of phase Il biotransformation genes.
Therefore, transcript levels of three different GST isoforms (GSTo,
GSTpi and GSTmu) as well as the rate-limiting enzyme for GSH
synthesis (GCL) were assessed in the gills and digestive gland of
oysters exposed to CDNB. In accordance with the increased GST
activity, after 4 h of exposure the transcript levels of GSTo and GSTpi
were approximately 73-fold and 6.6-fold higher than control levels,
respectively, and quickly returned to basal levels after 10 h (Fig. 5A
and B). GSTmu transcript levels remained unaltered in all exposure
periods (data not shown). In contrast, in the digestive gland, while
GSTo and GSTmu transcript levels remained unchanged, GSTpi
mRNA levels presented a 2.7-fold and 1.2-fold decrease after 10
and 24 h, respectively (Supplementary Fig. 4). In the gills GCL mRNA
levels were also modulated by CDNB exposure, exhibiting a 6.5-fold
increase after 4 h (Fig. 5C).

3.3. Role of gills on protecting against waterborne electrophilic
agents

To further investigate this role of gills in phase II biotransfor-
mation, which appear as an example of metabolic barrier against
waterborne electrophilic agents, CDNB was administered intra-
muscularly. This approach was used to allow the compound to
immediately reach hemolymph and other tissues, preventing the
initial and intense CDNB-GSH conjugation step in the gills. Follow-
ing previous results (Fig. 4), GSH, GST, GR and TrxR were analyzed as
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ANOVA followed by Duncan’s post-hoc or by Kruskal-Wallis test when suitable. For each tissue, statistical differences against control group (0 h) are presented as *(p <0.05),

**(p<0.01) and ***(p<0.001).

markers of CDNB exposure after 24 h (Fig. 6). In the gills, lower GSH
levels (30%), increased GST activity (42%) and decreased GR activ-
ity (52%) were observed at the highest dose (Fig. 6A, C and E) while
TrxR remained unchanged. In the digestive gland, the only param-
eter affected was GR activity, with 39% decrease at the 3 pmol dose

(Fig. 6F), pointing to a low CDNB bioavailability to this tissue as
compared to gills.

The hypothesis of gills acting as primary site for biotransfor-
mation of electrophilic substances was further investigated by
exposing oysters to the cell-permeable and thiol depleting agent
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Fig. 5. Transcript levels of glutathione S-transferase (GST) and glutamate-cysteine
ligase (GCL) transcription in gills of Pacific oysters Crassostrea gigas exposed to 10 uM
1-chloro-2,4-dinitrobenzene (CDNB). (A) GST isoforms omega (GSTo), (B) pi (GSTpi)
and (C) GCL Data are presented as median, interquartile and range (n=4), with
the fold induction expressed in logarithmic scale. Data were analyzed by one-way
ANOVA followed by Duncan’s post-hoc when suitable. For each tissue, statistical
differences against control group are presented as **(p<0.01).

NEM. Due to its alkylating effect, NEM is expected to deplete thiols
from proteins and low molecular weight molecules, such as GSH.
Similarly to CDNB, oysters were waterborne (1-1000 M) or intra-
muscularly (10-300 pmol organism~!) exposed to NEM, and GSH
content was determined in the gills and digestive gland after 1h
of exposure. In accordance with the results obtained with CDNB,
there were clear distinctive patterns of GSH depletion, depending
on the exposure mode. Waterborne NEM caused GSH consumption
in the gills (67-82%, Fig. 7A) but not in the digestive gland (Fig. 7B),

while intramuscular NEM depleted almost all GSH in both tissues
(up to 98%, Fig. 7C and D).

Average values of GSH depletion were further used to estimate
the 50% inhibitory concentration (IC5g) of waterborne and intra-
muscular NEM. Waterborne NEM exposure presented an ICsq value
8 times lower for gills (32 wM), as compared to the digestive gland
(269 wM). This difference was even more preeminent when NEM
was administered intramuscularly, presenting a 50 times lower
IC50 value for gills (3.2 uM) when compared to digestive gland
(162 wM). These results clearly show that NEM was much more
effective in reacting with thiols present in the gills, as compared to
the digestive gland.

4. Discussion
4.1. CDNB fate in Pacific oysters C. gigas

We investigated the MAP in oysters C. gigas, an important yet
poorly studied biotransformation pathway in bivalves. Chemical
analyses of CDNB and MAP metabolites were performed during
an acute waterborne exposure to the model electrophile CDNB,
and data were integrated in biokinetic modeling. In summary, data
strongly suggest (i) the existence of a complete MAP pathway in C.
gigas, (ii) the pivotal role of gills on the GSH-dependent metabolism
of electrophiles, and (iii) the seawater as a sink for the final MAP
metabolite under the employed exposure conditions.

The MAP is a well-known cellular defense pathway, composed
by several enzymatic steps and cellular transport events. In mam-
mals, MAP metabolites are exported out of the cell by specific
transporters and distributed to other tissues by the circulatory sys-
tem, allowing the participation of other organs (Hinchman and
Ballatori, 1994). The liver acts as an important site for CONB con-
jugation with GSH given its higher GST activity, while kidneys act
on the biotransformation of DNP-SG, generating DNP-CYS due to
its higher ectopeptidase activity. DNP-CYS is further imported by
liver or kidneys, and the final MAP product (DNP-NAC) is gen-
erated intracellularly by N-acetylation, before it can be further
excreted. Intestine may also synthetize DNP-SG and DNP-CYS for
further N-acetylation. Mercapturic acids, the N-acetylated cys-
teine conjugates, can be excreted via bile or urine. In bivalves, the
detailed metabolic organization of the MAP still needs investiga-
tion, nonetheless our data point to some similarities with mammals
in a model of acute exposure to waterborne electrophiles: an
important site for DNP-SG formation was detected (gills), and
the circulatory system (hemolymph) permitted an interorgan
metabolism. Likewise, other organs (e.g., digestive gland) may also
play a role in the MAP in bivalves. Overall, each of the studied
tissues (gills, digestive gland and hemolymph) revealed different
uptake, bioconcentration and excretion rates for CDNB metabolites,
suggesting differential roles.

4.1.1. Absorption and GSH conjugation

According to biokinetic modeling, CDNB bioconcentration
should be evident, due to its fast disappearance in the seawater
(half-life of 1.7 h). However, CDNB was not detected in the tissues
analyzed in this study (bellow detection limit), probably due to the
high biotransformation via GSH-conjugation as soon as it is taken
up by gills and other tissues. Indeed, GSH depletion occurred in par-
allel to a fast and robust DNP-SG build up (15 min) in the gills and
the CDNB disappearance from the seawater. In turn, the DNP-SG
bioaccumulation probably occurs because the loss rate was at least
2 orders of magnitude slower in all tissues than the CDNB uptake
rate from seawater, which partially reflects the DNP-SG formation
rate.
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Fig. 6. Biochemical analyses of antioxidant defenses and biotransformation system in gills and digestive gland of Pacific oysters Crassostrea gigas intramuscularly exposed
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differences against control group (0 pmol) are presented as *(p <0.05) and **(p<0.01).

DNP-SG loss rate was similar between studied tissues; however,
absolute and relative levels of this metabolite were expressively
lower in the digestive gland and hemolymph, when compared to
gills.

Besides DNP-SG formation, other markers related to GSH conju-
gation were evaluated in this study. Rapid (4 h) increase in mRNA
levels related to the enzyme responsible for the rate-limiting step in
GSH synthesis (GCL, Lu, 2013) was observed. This event was accom-
panied by the upregulation of two GST transcripts (GSTo and GSTpi,
4h), followed by an increase in GST activity (24 h) in the gills. Both
GSTo and GSTpi have known conjugating activity toward CDNB
(Hayes and Strange, 2000), probably contributing to the increased
GST activity observed in gills. These data are in line with the idea
of a counteracting mechanism to maintain CDNB conjugation and
GSH supply, especially in the gills.

Altogether, biokinetic modeling, molecular and biochemical
analyses are in line with the idea that gills are a quick-responding
organ and an important site for GSH-conjugation of electrophilic
substances in oysters C. gigas under acute waterborne exposure,
providing substrates for the following steps in the MAP.

4.1.2. Metabolism and excretion

In the next MAP step, according to mammalian metabolism,
DNP-SG is transported out of the cell with the help of ABCC proteins,
and further metabolized by extracellular peptidases (Hinchman
and Ballatori, 1994). Studies suggest an important role for ABCC
proteins in mollusks, protecting these animals against the chemi-
cal burden and toxicity of pollutants or toxic substances obtained
from the diet (Luckenbach et al., 2008; Navarro et al., 2012; Whalen
etal., 2010). As transporters of GSH-conjugates, the cellular protec-
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Fig. 7. Role of gills on protecting bivalves against electrophilic substances. Glutathione (GSH) levels in the gills and digestive gland of Pacific oysters Crassostrea gigas exposed
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tion granted by ABCCs proteins may be linked to the action of the
MAP in invertebrate aquatic species.

Once in the extracellular environment, DNP-SG can be fur-
ther metabolized by peptidases, releasing glutamate and glycine
residues and originating DNP-CYS (Hinchman and Ballatori, 1994).
DNP-CYS build up was most preeminent in the gills when com-
pared to other tissues, occurring as rapid and intense as DNP-SG.
Absolute DNP-CYS burden revealed, however, that hemolymph was
a major site for DNP-CYS bioaccumulation, supporting a role in
DNP-CYS transport. If we use an analogy to the mammalian MAP,
the open circulatory system of bivalves may facilitate the action of
ectopeptidases on DNP-SG at different sites. However, GGT activity
is one order of magnitude higher in the digestive gland than in the
gills (191.9+70.6 x 12.7 + 2.0 nmol min~! mg~! protein, data not
shown). Digestive gland also presented a higher in vitro DNP-SG
degradation rate, but DNP-CYS absolute levels were extremely low
in this tissue at most time periods, pointing to a minor action of
GGT from the digestive gland during biotransformation of water-
borne CDNB. On the other hand, data suggest that the notable GGT
activity in the digestive gland may favor DNP-CYS formation in a
scenario presenting higher availability of CDNB and DNP-SG for this
organ, which was not supported by the data obtained in this study.
However, this could be the case for prolonged or dietary exposures
to CDNB or other electrophilic substances. It is plausible to assume
that the digestive gland would have a much more important role
in the presence of electrophilic metabolites derived from oxida-
tive stress and from the phase I of biotransformation, given that
this organ has high phase I activity (Livingstone and Farrar, 1984;
Solé and Livingstone, 2005) and abundance of MAP enzymes, as
suggested by data shown in Section 3.

After DNP-CYS burden ceased (1-4h), hemolymph presented
a high loss rate, suggesting that other tissues incorporate this

metabolite. In such tissues, DNP-CYS can be further N-acetylated
to generate DNP-NAC, the final MAP product. The highest levels of
DNP-NAC were observed in the hemolymph, as compared to gills
and digestive gland, and by far the most abundant metabolite in
the seawater. One hypothesis congregating these findings is that
tissues without direct contact with seawater would release DNP-
NAC to hemolymph, which would be further transported to other
tissues such as gills and finally excreted to seawater.

4.2. Gills as an effective GSH-dependent metabolic barrier against
electrophilic substances

Gills are considered the main absorption route of waterborne
chemical compounds in aquatic organisms, especially due to the
wide contact with seawater and a high exchange rate of solutes
between gills and blood/hemolymph (Hayton and Barron, 1990).
This process begins when water-soluble compounds are brought
close to the surface of gills along with the water flow produced
by ciliated cells. These compounds can subsequently diffuse or be
transported through the gill’s epithelium to the circulatory sys-
tem and be further distributed across the organism (Erickson and
McKim, 1990). Taking this process into account, it is reasonable
to expect that this organ would have high defense ability against
contaminants. Indeed, it has already been suggested that gills of
bivalves can be an environment-tissue barrier through the action
of ABC transporters (Luckenbach and Epel, 2008), although this
hypothesis did not encompass phase II biotransformation events,
such as the MAP. Other studies are in conformity with the idea that
gills are a major site for entrance of contaminants, where the mod-
ulation of important cellular defense systems takes place, such as
induction of biotransformation and antioxidant-related enzymes,
and metallothioneins (Ahmad et al., 2011; Bebianno et al., 2004;
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Fig. 8. A proposed model for an interorgan mercapturic acid pathway (MAP) in oysters Crassostrea gigas and the role of gills on the protection against acute exposure to
waterborne electrophile compounds. The model is based on a 24 h waterborne exposure to the model electrophile 1-chloro-2,4-dinitrobenzene (CDNB). At the start, CONB
was rapidly absorbed by the organisms through the gills and possibly other tissues (t1/2 1.7 h). As result of the first MAP step, CDNB was conjugated with GSH in a reaction
catalyzed by glutathione S-transferase (GST), which occurred in a quick (15 min) and intense manner in the gills if compared to digestive gland (4 h). This newly formed
GSH-CDNB conjugate (DNP-SG) possibly reaches the extracellular milieu (hemolymph) with the help of ABCC export proteins, with further extracellular removal of glutamate
and glycine amino acid residues generating a cysteine-CDNB (DNP-Cys). DNP-CYS built up quickly and at significant levels in the hemolymph (1 h), but according to the MAP,
it must be reuptake and intracellularly N-acetylated to be converted to the final mercapturic acid (DNP-NAC). Indeed, DNP-CYS was also detected in both tissues, but sooner
and at greater levels in gills (1 h) than digestive gland (4 h). The mercapturic acid synthesis may occur in several organs and DNP-NAC was detected as the major metabolite
in the hemolymph (10 h) and seawater (>18 h), probably due to the role of this tissue in transporting DNP-NAC to sites in direct contact with seawater for excretion. Together
with the upregulation of GST and glutamate-cysteine ligase (GCL) in the gills, the robust CDNB absorption and initial biotransformation MAP steps in this tissue may confer
to oysters a mechanism of protection against waterborne electrophiles during acute exposures. Thus, gills have the potential to prevent the chemical burden to other target
tissues. Hemolymph was proposed as a milieu for bioaccumulation and transport, integrating the metabolism with other tissues such as digestive gland, particularly at the
later MAP steps. Although the digestive gland presented effective capabilities in synthesis and metabolism of GSH-conjugates, it may be more active in other exposure routes

and scenarios. Relative concentrations of each CDNB metabolite in tissues are indicated as one (low), two (moderate) or three stars (high).

Chatel et al., 2012; Géret et al., 2002; Liichmann et al., 2014, 2011;
Maria et al., 2009; Trevisan et al., 2014b; Zanette et al., 2008). The
data from this study reinforce the idea of a central role of gills in
scenarios of acute exposure to waterborne electrophiles, by inte-
grating absorption, metabolism and excretion of CDNB through the
MAP. CDNB leads to pronounced GSH consumption in the gills,
which was accompanied by upregulation of the gene responsible
for the first and limiting step in GSH synthesis (GCL) and two GST
isoforms, which would favor the bioaccumulation of initial MAP
metabolites in the gills. These previous studies, along with ours,
support the idea of gills as a key player in organismal defense, act-
ing as an effective GSH-dependent metabolic barrier, and together
with the hemolymph, digestive gland and other tissues, assisting
the organism to integrate absorption, metabolism and excretion of
electrophilic contaminants.

4.2.1. GSH-related parameters and GSTs

Increased GST activity occurred only in the gills at 24 h, probably
due to an efficient induction of GST genes, as shown for GSTo, and
GSTpi at 4 h post-exposure to CDNB. Interestingly, RNA transcript
levels in the digestive gland remained stable or even decreased for
the same GST isoforms.

As aforementioned, GST is a family of proteins responsible for
conjugating electrophilic compounds with GSH (Board and Menon,
2013), thus it is expected a marked GSH decrease when this pro-
cess is taking place in an intense manner. In accordance, our results
indicated once more that GSH depletion was observed in the gills,
but not in the digestive gland. Furthermore, increased GCL tran-
scription was observed in the gills, which may be an adaptive
response to provide additional GSH to support CDNB conjugation

(Ghersi-Egea et al., 2006), along with protection against oxidative
stress (Lu, 2013). GSH-synthesis after the GSH depletion caused
by CDNB exposure has already been reported in vitro in skin cells
(Jacquoilleot et al., 2015) and in vivo in the gills of C. gigas (Trevisan
etal., 2012).

4.2.2. Antioxidant enzymes

Evidences that reinforce the idea of gills as a metabolic barrier,
lowering chemical burden in other tissues, include the decreased
GR and TrxR activity in the gills. Inhibition of TrxR (Heiss and
Gerhduser, 2005; Seyfried and Wiillner, 2007) and GR (Bilzer
et al.,, 1984) by CDNB or DNP-SG was demonstrated in mammals.
Impaired GR and TRxR activity, along with GSH depletion has
already been reported in vivo in oysters and mussels (Trevisan et al.,
2014c, 2012), as well as in vitro in hemocytes from oysters (Mello
et al., 2015).

Impairment of thiol reductases in bivalve gills have been asso-
ciated with the toxic effect of different compounds, including
pharmaceuticals (Branddo et al., 2014; Gonzalez-Rey and Bebianno,
2011), nanomaterials (Trevisan et al., 2014a), metals (Macias-
Mayorga et al., 2015) and redox-cycling quinones (Tedesco et al.,
2010). In addition, impairment of the gills glutathione peroxidase
system (through GSH depletion and GR inhibition) was already
reported to decrease in vivo peroxide detoxification rate and animal
survival when exposed to oxidants (Trevisan et al., 2014c, 2012).
Likewise, amplification of glutathione-related defenses in the gills
can also protect against oxidative stress-mediated toxicity of met-
als, as already suggested in blue mussels (Trevisan et al., 2011).
These results suggest that gills antioxidant defenses, including the
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GSH-related system, may be associated to oyster susceptibility to
pro-oxidants agents.

4.2.3. Waterborne vs. intramuscular electrophilic insults

With the use of an acute (24 h) waterborne exposure to CDNB,
gills were characterized as an important GSH-dependent metabolic
barrier to bivalves, preventing the bioaccumulation of electrophilic
compounds to other tissues in such conditions. The use of an intra-
muscular exposure to CDNB or NEM, by direct injection into the
adductor muscle, would allow these electrophiles to reach the
circulatory system, circumventing the putative metabolic barrier
provided by the gills.

Intramuscular injected CDNB caused marked effects on gills
(GSH consumption, GR inhibition and GST induction), and also
affected digestive gland through GR inhibition, which was not
observed with waterborne exposure. NEM is a water soluble and
membrane permeable thiol alkylating agent (Haj-Yehia and Benet,
1996; Morré and Morré, 1995; Murphy et al., 1992), which is
expected to rapidly deplete GSH. As expected, GSH was consumed
in the gills during waterborne NEM exposure, while in the diges-
tive gland GSH was only affected by intramuscular injection, a
pattern similar to that observed with CDNB. Moreover, by com-
paring the ICs59 of NEM toward GSH levels, it is clear that gills
are much more susceptible to both waterborne and intramuscular-
exposure to thiol-alkylating agents, as it was 8 and 50 times lower
than digestive gland, respectively. Altogether, these data suggest
that gills are an effective GSH-metabolic barrier against waterborne
electrophiles, which, according to our data, still holds true when
metabolites gain access to the circulatory system. However, these
data also indicate that digestive gland does have an effective GSH-
conjugating capability, and together with the higher GGT activity
detected in this tissue, open the possibility that digestive gland may
be a major site for MAP in other exposure scenarios, especially in
long-term or diet exposures.

5. Conclusions

This study is the first preliminary description of the MAP in
bivalves, using CDNB as model compound and an acute water-
borne exposure (Fig. 8). Data suggest that under the proposed
exposure condition the MAP is an important mechanism of cellu-
lar defense with the coordinated action of gills, hemolymph and
digestive gland (i) gills appear as an initial site where the first
MAP steps take place, with especial attention to the preeminent
GSH-conjugation capability of this tissue; (ii) hemolymph trans-
ports metabolites throughout the organism, especially DNP-CYS
and DNP-NAC; (iii) the digestive gland and possibly other tissues
may assist on CDNB absorption and metabolism; and lastly (iv) the
final mercapturic acid metabolite (DNP-NAC) excretion could be
followed in the seawater, although it was not possible to identify
the route of excretion. In addition, (v) gills exhibited a robust detox-
ification system, with rapid amplification of key proteins and genes
related to the phase II biotransformation. Despite the fact that this
study was limited to an acute waterborne exposure of a model elec-
trophile, hindering definitive conclusions, it is proposed that gills
are an example of a remarkable GSH/GST-dependent detoxifying
organ in bivalves, a role that remains open to other tissues and
which can be investigated in future studies.
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