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Abstract

The glutathione S-transferases (GSTs) are a multifunctional family of phase 11 enzymes that
detoxify a variety of environmental chemicals, reactive intermediates, and secondary products of
oxidative damage. GST mRNA expression and catalytic activity have been used as biomarkers of
exposure to environmental chemicals. However, factors such as species differences in induction,
partial analyses of multiple GST isoforms, and lack of understanding of fish GST gene regulation,
have confounded the use of GST as markers of pollutant exposure. In the present study, we
examined the effect of exposure to cadmium (Cd), a prototypical environmental contaminant and
inducer of mammalian GST, on GST mRNA expression in coho salmon (Oncorhynchus kisutch)
liver, gill, and olfactory tissues. GST expression data were compared to those for metallothionein
(MT), a prototypical biomarker of metal exposure. Data mining of genomic databases led to the
development of quantitative real-time PCR (qPCR) assays for salmon GST isoforms
encompassing 9 subfamilies, including alpha, mu, pi, theta, omega, kappa, rho, zeta and
microsomal GST. In vivo acute (8-48 hr) exposures to low (3.7 ppb) and high (347 ppb) levels of
Cd relevant to environmental scenarios elicited a variety of transient, albeit minor changes (<2.5-
fold) in tissue GST profiles, including some reductions in GST mRNA expression. In general,
olfactory GSTs were the earliest to respond to cadmium, whereas, more pronounced effects in
olfactory and gill GST expression were observed at 48 hr relative to earlier time points. Although
evaluation of GSTs reflected a cadmium-associated oxidative stress response, there was no clear
GST isoform in any tissue that could serve as a reliable biomarker of acute cadmium exposure. By
contrast, metallothionein (MT) mMRNA was consistently and markedly induced in all three tissues
by cadmium, and among the tissues examined, olfactory MT was the most sensitive marker of
cadmium exposures. In summary, coho salmon exhibit a complex GST tissue profile consisting of
at least 9 isoforms, all of which are present in the peripheral olfactory system. Short-term exposure
to environmental levels of Cd causes transient changes in salmon GST consistent with oxidative
stress, and in some cases, includes a loss of GST. In a biomarker context, however, monitoring of
tissue MT mRNA expression, especially in the peripheral olfactory system, may be of greater
utility for assessing short-term environmental exposures to cadmium.
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1.0 Introduction

The glutathione S-transferases (GSTs) are a phase |1 detoxification enzyme family that can
mitigate the cellular toxicity of a number of endogenous and environmental chemicals by
facilitating nucleophilic attack by reduced glutathione (GSH) (Hayes et al., 2005). Presently,
14 classes of mammalian GST have been identified based on primary amino acid sequences,
and include alpha, mu, pi, sigma, theta, omega, kappa, and zeta GSTs (Hayes et al., 2005).
In addition, membrane bound microsomal GSTs are a separate GST subfamily belonging to
the MAPEG (Membrane Associated Proteins in Eicosanoid and Glutathione metabolism)
pathway (Hayes et al., 2005). Although fish GSTs have not been well characterized relative
to their mammalian counterparts, all fish species examined to date exhibit tissue GST
catalytic activity and express multiple soluble hepatic GST isoforms, some of which share
structural similarity to the rodent GSTs (Schlenk et al., 2008). Of the various isoforms, the
predominant GST in cyprinids, salmonids and gadoids is a pi class GST, whereas the major
isoform in flatfish, mullet, carp, sea bream and bass is a rho class GST that is expressed only
in aquatic species (Konishi et al., 2005; Leaver et al., 1993; Schlenk et al., 2008).

The majority of aquatic studies have been directed toward using GSTs as biomarkers of
exposure to environmental chemicals (Schlenk et al., 2008). This is because an important
aspect of GSTs is the inducibility of some isozymes upon exposure to pollutants. When
enzymatic activity is used as an endpoint, a modest induction, or even repression (2-fold or
less), of overall GST activity is typically observed in fish exposed to prototypical GST
inducing agents in the laboratory (Schlenk et al., 2008). However, GST enzyme activities
integrate multiple isoforms and the effect of chemical exposures on certain GST isoforms is
not easily distinguished by enzymatic analysis. Accordingly, field GST biomarker studies
have yielded inconsistent results ranging from either a clear induction of GST isoforms and
catalytic activity in response to pollutants (Blahova et al., 2010; Crago et al., 2011; Kim et
al., 2010; Nahrgang et al., 2009; Pathiratne and Hemachandra, 2010), no clear observable
effects (Kim et al., 2010) or a depression of GST activity (Browne et al., 2010; Ferreira et
al., 2010; Toni et al., 2010). Factors contributing to these variable GST responses include
species-, tissue-, and isoform-associated differences in GST induction (Hayes et al., 2005;
Hayes et al., 1991a; Hayes et al., 1991b), and also the fact that GST regulation is a complex
phenomenon that can be influenced by hormones, exposure to natural toxins,
phytochemicals and environmental chemicals (Hayes and Pulford, 1995). Some, but not all,
GST genes contain an antioxidant response element (ARE, also known as electrophile
response element (EpRE) (Hayes et al., 2005; Hayes et al., 1991b) in their promoters which
can be activated by natural and synthetic chemicals. These chemical inducers trigger a
protective cellular antioxidant response involving GSTs and other antioxidant enzymes (i.e.
GSH biosynthetic genes, NADPH quinone reductase) via activation of a master
transcriptional regulator nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) (Casalino et
al., 2007). Cadmium is a classic Nrf2 agonist that induces mammalian GSTs (Casalino et al.,
2007; He et al., 2008; Simmons et al., 2011) and is of relevance to examine induction of
GSTs in the context of aquatic pollution (Durou et al., 2007; Kim et al., 2010; Moreira and
Guilhermino, 2005; Suzuki et al., 2005; Won et al., 2011).

In the present study, we used bioinformatic approaches to identify candidate coho salmon
(Oncorhynchus kisutch) GST genes and develop quantitative real time PCR (qPCR) assays
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to discriminate the various GST mRNAs in response to cadmium. Coho salmon are
experiencing population declines and receive chemical exposures during migration through
urban and agricultural waterways containing metals, pesticides, herbicides, and persistent
pollutants (Hoffman et al., 2000). In addition to their utility as an ecological indicator, coho
are easily cultured in the laboratory and have a three-year lifecycle. Juvenile coho were
exposed for 8, 24 and 48 hrs to two environmentally relevant concentrations of cadmium,
including a low concentration (3.7 ppb) below federal drinking water guidelines of 5 ppb
(USEPA,; http://water.epa.gov/drink/contaminants/basicinformation/cadmium.cfm) and a
higher concentration (347 ppb) within the upper range of environmental exposures
associated with highly polluted waterways (Maceda-Veiga et al., 2011; Srinivasa Gowd and
Govil, 2008) and below ppm cadmium levels often employed in toxicological studies. GST
expression was analyzed in three target organ systems, including the liver, gills and
peripheral olfactory system, to evaluate tissue differences in responses and identify
particularly sensitive tissues for subsequent biomarker studies. The olfactory rosettes are the
major component of the peripheral olfactory system, which is in direct contact with the
surrounding water. Similar to the gills, the olfactory rosettes are highly vulnerable to the
toxic effects of dissolved pollutants, but are relatively understudied with regards to
antioxidant defenses. By contrast, the liver represents the major organ for detoxification and
is a target of cadmium (Khoshnood et al, 2010; Vinodhini and Narayanan, 2008; Malik et al,
2009). We compared our results with those using the classic metal biomarker
metallothionein (MT), which encodes a protein within a family of cysteine-rich, low
molecular weight proteins that play an important role in metal transport and storage (Coyle
et al., 2002; Vasak, 2005) and which has been shown to be highly sensitive to induction in
liver tissues of fish exposed to Cd and to other metals (Chen et al., 2007; Man and Woo,
2008; Roberts and Oris, 2004; Woo et al., 2006).

2.0 Materials and Methods

2.1 Chemicals

MS-222 (Tricaine methanesulfonate) was obtained from Argent Chemical Laboratories
(Redmond, WA) whereas analytical grade cadmium chloride was purchased from
Mallinckrodt Baker (Phillipsburg, NJ). RNeasy® mini kit was purchased from Qiagen
(Valencia, CA). TRIzol® reagent and the SuperScript® First-Strand Synthesis System were
purchased from Invitrogen (Carlsbad, CA). Finnzymes® DyNAmo® SYBR Green 2-Step
gPCR Kit was purchased from New England Biolabs, Inc. (Ipswich, MA). The gPCR
primers were obtained from Eurofins MWG Operon (Huntsville, AL). All other chemicals
and solvents were of analytical grade and purchased from standard sources.

2.2 Animals and exposures

Juvenile coho salmon (1 yr of age, 15.0 g £ 5.7 gm) were provided by the National Marine
Fisheries Service Northwest Fisheries Science Center, Seattle, Washington. Fish were raised
in cylindrical tanks in recirculating freshwater at 10-12°C in dechlorinated municipal water
under a natural photoperiod. The fish were fed Bio Vita Fry Feed (Bio-Oregon Inc, OR) and
water quality conditions were typically 80-120 mg/L total hardness as calcium carbonate,
pH 7.4 £ 0.2, and 8.1 mg/L dissolved oxygen content. Twenty four hours prior to initiation
of exposures, the juvenile coho were transferred to 120 L aquaria receiving filtered city
water. Water quality conditions were monitored during experiments and were pH 7.4 £ 0.1,
12 £ 1 °C, alkalinity 50 ppm, hardness 80 ppm, dissolved oxygen 8.6 £ 0.6 mg/L. For the
exposures, 8-10 juvenile coho per treatment were exposed to the intended concentrations of
3.1 and 310 ppb cadmium for 8, 24, and 48 hrs in 120 L aquaria with an equal number of
control animals receiving carrier (water). Total cadmium analysis and water samples were
conducted pre- and post-exposure in all treatment groups with sample collections following
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a 24 hr static renewal protocol (Frontier GeoSciences Inc. Seattle, WA) and are presented in
the supplementary material (Appendix 1). Measured waterborne cadmium concentrations in
the tanks at the initiation of exposures were 3.7 and 347 ppb in the low and high dose
exposure tanks, respectively. Hereafter, measured cadmium concentrations are used in all
text, tables and figures. The aquaria were contained within a large chilled re-circulating
water bath and received aeration during the static exposures. Exposures were staggered for
each of the three experimental periods (8, 24 and 48 hrs) so that equal numbers of fish were
continually exposed for the treatments and to avoid ammonia buildup. Nitrate and nitrite
levels were below detection for all treatment groups, and ammonia levels were <0.25 ppm.
A 90% static renewal approach was implemented with water containing cadmium replaced
after a 24 hour period.

2.3 Tissue processing, RNA isolation and first strand cDNA synthesis

Following exposures, fish were anesthetized with tricaine methanesulfonate (MS-222) prior
to cervical dislocation. The olfactory rosettes, gill arches, and liver tissues were then quickly
excised and rinsed in PBS, transferred to TRIzol® reagent, frozen in liquid nitrogen and
stored at —80°C. Total RNA was isolated and the samples were cleaned using the RNeasy®
Mini Kit from Qiagen (Valencia, CA) prior to analysis on a Nanodrop spectrophotometer
(Thermo Scientific, Wilmington DE) to ensure integrity of RNA. Total first strand cDNA
was synthesized from DNAse treated RNA samples using the SuperScript® First-Strand
Synthesis System (Invitrogen®, Carlsbad, CA).

2.4 Data mining and development of gPCR assays

Candidate GSTs from genomic databases were identified by analysis of conserved GST
classes using multiple sequence alignments of rainbow trout (Oncorhynchus mykiss),
Atlantic salmon (Salmo salar), and zebrafish (Danio rerio) target sequences. qPCR primer
design was accomplished using Oligo ® Software, Version 6.71 (Cascade, CO). All primers
were tested to optimize annealing temperatures and ensure single product formation.
Amplification products from coho olfactory, liver and gill cDNA were sequenced and
verified at the UW Department of Biochemistry Sequencing Facility, and the sequences
were compared to other teleost DNA sequences using BLAST in The Gene Index database
(TGI, http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/Blast/index.cgi) to confirm
amplification of the target gene. The BLAST queries resulted in correct gene hits with
BLAST e-values < 10715, As part of our cloning strategy, we also compared similar
sequences with lesser e-values before assigning identities to the target GST genes. To
analyze for metal-inducible MT mRNA expression, PCR primer design was accomplished
using the corresponding sequenced data from Atlantic salmon (Salmo salar) MT-1A gene
(Table 1).

After PCR product validation and assay optimization, gPCR assays were conducted in a 96-
well format with SYBR Green using the relative standard curve method (Tilton et al., 2008)
on a BioRad® 1Q5 Real-Time PCR Detection System (Hercules, CA) under the optimal
PCR conditions for each primer set. PCR amplifications were performed for 35 cycles with
denaturation at 94°C for 10s, annealing at optimum temperature for primers (55-58°C) for
20s, and extension at 72°C for 30s followed by melt curve analysis. Standards for mMRNA
quantification were created from gel-purified gPCR products using QIAX 11 kit (Qiagen
Inc.) and quantified before serial dilution from 0.001-100 pg DNA. Several salmon
housekeeping genes were investigated and optimized in gPCR assays, including
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 8 -actin and ribosomal protein L9
(rpl9). Stability analysis by geNorm (version 3.5) software
(http://medgen.ugent.be/~jvdesomp/genorm/) indicated that 3-actin showed the greatest
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stability among tissues and treatments (data not shown). Accordingly, GST and MT gene
expression in all samples was normalized against p-actin quantities.

2.5 Statistical Analysis

All gene expression data presented represents the mean + standard error (SEM) of triplicate
reactions for n=8 individuals for each experimental group unless otherwise indicated. Data
were inspected for homogeneity of variances using the Bartlett’s test. Data sets conforming
to normal distributions were assessed for significance using a one-way ANOVA followed by
a Dunnett’s test. For non-parametric distributions, the effects of cadmium exposure on gene
expression were assessed for significance using the Kruskal-Wallis nonparametric one-way
analysis of variance test followed by a Dunn’s test. All differences in gene expression were
considered statistically significant at p < 0.05. All statistical analyses were conducted using
GraphPad Prism Ver 5.0 (Graph Pad Software Inc, San Diego, CA, USA).

3.0 Results

3.1 Quantitative real time PCR analysis of constitutive GST isozyme and MT expression in
coho salmon tissues

Data mining for salmonid MT and GST-like DNA sequences revealed the presence of a
number of candidate sequences related to alpha, kappa, mu, pi, theta, omega, rho, zeta and
microsomal GST classes as well as for MT isoform 1A. Multiple sequence alignments of the
candidate sequences allowed for the development of PCR primers that were specific to coho
MT and GST genes (Table 1). All products from initial gPCR reactions were sequenced and
confirmed to be similar to the corresponding MT and GST class-specific genes (Table 1).

The results of constitutive GST isoform expression analysis in coho liver, olfactory rosettes
and gills are shown in Figure 1. Notable differences in constitutive GST expression patterns
were observed among the three tissues. For example, pi and rho class GSTs dominated in the
olfactory rosettes and gills, whereas theta and alpha class GSTs were the more predominant
isoforms in the liver (Figure 1). Among the isoforms, the theta class GST showed the most
striking tissue-specific expression. Specifically, GST theta was the dominant GST isoform
in liver, but was the least expressed isoform in the gills, and was among the two minor GSTs
in the olfactory rosettes (Figure 1).

3.2 Waterborne cadmium concentrations and fish health during exposures

Waterborne cadmium concentrations in tanks containing juvenile coho were relatively
similar at 24 hr of exposure when compared to those at the initiation of exposures (time 0,
Appendix 1). No overt cadmium-related effects on fish behavior as assessed by visual
inspection of swimming activity, abnormal opercular movements, or failure to maintain
buoyancy were noted and all animals appeared healthy upon termination of the experiment.

3.3 Effects of cadmium on olfactory rosette GST expression

The results of cadmium on olfactory rosette GSTs are presented graphically in Figure 2.
Exposure to 3.7 ppb caused transient increases (<2.5-fold) in the expression of all 9
olfactory rosette GST genes at 8 hrs, including >2-fold increases in the expression in GST
alpha, omega, pi and kappa isoforms (Figure 2). However, due to interindividual variation in
responses, these responses were not statistically significant. An increase in GST zeta
expression was the only statistically significant effect of cadmium on olfactory GSTs
observed at low environmental cadmium exposures at 8 hr. As opposed to the low 3.7 ppb
cadmium concentration, exposure to 347 ppb cadmium elicited a consistent loss in several
olfactory GSTs that was observed over the time course of the exposures (Figure 2). In
particular, the expression of olfactory alpha, theta, and kappa GSTs were significantly
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reduced by 48 hrs (40%, 41 %, and 57% losses respectively, Figure 2). As observed in
Figure 2, four of the 9 olfactory GST isoforms were significantly dysregulated by cadmium
exposure at 48 hr, suggesting a cumulative response from exposures.

3.4 Effects of cadmium on gill and liver GST expression

Gill GSTs were somewhat less responsive than those in the olfactory rosettes with regards to
modulation by cadmium (Figure 3). For example, none of the 9 gill GSTs were significantly
dysregulated by the low dose of cadmium at 8 hr, and GST zeta, an isoform that was
significantly induced in the olfactory rosettes, was repressed in the gills at the early time
point in the group receiving 347 ppb cadmium. As in the olfactory system, more pronounced
effects were observed on gill GSTs on continued exposure, and by 48 hr, a trend toward gill
GST induction was observed. For example, by 48 hrs, gill rho, pi, and microsomal GSTs
were significantly increased in fish exposed to 347 ppb cadmium (Figure 3).

Although some transient effects on the expression of hepatic GST isoforms were noted
throughout the exposures, no clear pattern of effects on liver GSTs were observed. For
example, liver omega, microsomal, and theta class GSTs were generally decreased on
exposure to the lower dose of cadmium (19%, 34% and 35% losses, respectively, Figure 4).
However, due to individual variability in responses, only the theta GST significantly
differed from that in control coho. A longer exposure stimulated a minor, albeit significant,
1.6- fold increase in liver GST rho expression by 48 hrs (Figure 4).

3.5. Metallothionein mRNA as a biomarker of cadmium exposure

Juvenile coho receiving exposures to the low environmental dose of cadmium resulted in
1.4-, 8.9- and 11-fold inductions of olfactory MT mRNA expression at 8, 24 and 48 hours
respectively (Figure 5). Exposure to the higher concentration of cadmium more strongly
stimulated the olfactory MT response, with 11-, 22-, and 74-fold inductions of olfactory MT
MRNA expression occurring at 8, 24, and 48 hours respectively. Similarly, exposures to the
lower environmental dose resulted in 1.0-, 1.5-, and 3.1-fold inductions of gill MT mRNA
expression at 8, 24, and 48 hours respectively (Figure 5). Moreover, exposure to the higher
concentration also resulted in a particularly strong MT induction response in the gills with
4-, 36-, and 46-fold inductions of gill MT mRNA expression occurring at 8, 24, and 48
hours respectively.

Conversely, exposures to the low environmental dose of cadmium only resulted in a 1.4-fold
induction of liver MT mRNA expression at 8 hours of exposure. Furthermore, at 24 and 48
hours of exposure, the liver MT response was inversely affected with a 6.5% and 21% loss
in liver MT mRNA expression respectively (Figure 5). Exposure to the higher concentration
of cadmium continued to elicit a MT response, albeit less substantial, with 1.6-, 4.9-, and
3.9-fold inductions of liver MT mRNA expression occurring at 8, 24, and 48 hours
respectively. In general, the induction response of MT expression, and in particular in the
olfactory rosettes, showed the most dynamic range of all genes examined on response to
cadmium exposures (Figure 5).

Discussion

A study from our laboratory previously identified 5 GST protein isoforms from GSH
affinity-purified coho liver cytosol that included members of the alpha, mu, pi, theta, and
rho class GSTs (Trute et al., 2007). Since that report, advances in salmon genomics have
provided a considerable enhancement of genome coverage for which we were able to mine
databases for the presence of additional GST isoforms. Utilizing this approach, we identified
4 additional GST isoforms not reported in our original study and which collectively
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encompassed eight cytosolic classes and one microsomal GST. The fact that we did not
detect three cytosolic GST isoforms (omega, theta, and kappa) in our previous report may
have been due to a poor ability of these isoforms to bind to a GSH affinity column or to a
low constitutive expression, which has been noted for theta class GST in other species
(Hayes et al., 2005). Additionally, in our previous study, we reported relatively low
recovery of an alpha class GST subunit in coho liver, whereas in the current study we
observed that alpha GST mRNA was highly expressed relative to other liver GST mRNAs.
This discrepancy could have been due to several factors, including that there are multiple
isoforms of the alpha class GST subfamily that can have high structural homology and are
difficult to discriminate at the protein level. Accordingly, we cannot ensure that the alpha
class GST mRNA measured in the present study encoded the alpha GST protein in our
previous report. Alternatively, such differences could be due to the different binding
affinities of the GST protein isoforms for the GSH affinity column. The fact that our present
study demonstrated the presence of GST mRNAs encoding eight cytosolic subunits as well
as an additional microsomal GST suggests a considerable complexity of coho salmon GST
expression.

It is noteworthy that the peripheral olfactory system of salmon contained a full complement
of GSTs, including isoforms that maintain redox status and protect against cellular oxidative
damage. Specifically, pi class GSTs are active in the detoxification of byproducts of
oxidative damage, including DNA and RNA hydroperoxides, base propenals, and lipid
hydroperoxides (Hayes and Pulford, 1995). GST pi is among the most predominant of the
salmon GST isoforms, and is expressed in high amounts in the olfactory epithelium of
sockeye salmon, where it has been suggested to serve as a biomarker of olfactory function
(Kudo et al., 1999). Similarly, a rho class GST was highly expressed in the coho olfactory
rosettes. Recombinant GST rho enzymes from several aquatic species can rapidly detoxify
cytotoxic o,B-unsaturated aldehydes (e.g. 4-hydroxynonenal, 4-HNE) generated during lipid
peroxidation (Carletti et al., 2008; Doi et al., 2004). Such substrate specificity is important
with regards to cell injury, as 4-HNE levels rapidly increase during cellular oxidative stress
and lead to the formation of covalent adducts with sulfhydryl groups of glutathione;
cysteine, lysine and histidine residues of proteins; and nucleophilic sites of nucleic acids
(Chen et al., 2000; Keller et al., 1997; Raza and John, 2006). In addition to the present
study, an earlier microarray analysis of zebrafish olfactory tissues containing olfactory
rosettes, olfactory bulb and the telencephalon revealed the presence of a variety of
antioxidant enzymes, suggesting that the olfactory system is protected against oxidative
damage by antioxidant pathways (Tilton et al., 2008). Accordingly, olfactory GSTs may
participate with other protective antioxidant enzymes to maintain olfactory signal
transduction under conditions of oxidative stress.

While the majority of fish GST biomarker studies have focused on liver GST expression, we
found that coho liver GSTs were the least responsive of the three tissues to cadmium.
Moreover, induction of MT expression in the liver proved to be a less reliable indicator of
short term cadmium exposure. By contrast, olfactory GSTs were a more sensitive indicator
of cadmium exposure and were sensitive to a loss of steady-state mMRNA expression. In
contrast to other aquatic studies that employed much higher levels of cadmium (i.e. ppm),
the present study investigated lower doses that are more representative of environmental
exposures (Adiele et al., 2010; Kim et al., 2010; Scott et al., 2003; Sloman et al., 2003).
However, other reports involving relatively high toxicological cadmium doses (>1 ppm) not
employed here suggest that GSTs in aquatic species may not be responsive to cadmium. For
example, 24 hr exposure to high cadmium concentrations (up to 11.2 ppm) in Atlantic cod
primary hepatocyte cultures elicit only minor (<1.5-fold) increases in GST expression
(Softeland et al., 2010). Similar to our study, MT expression responded in a more dose
dependent manner to Cd exposure relative to GST (Softeland et al., 2010). In another study,
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Cao et al. demonstrated a loss of GST activity in the liver and gills of Japanese flounder
exposed to > 4 ppm Cd over a 28 day period (Cao et al., 2011). Although the doses
employed by Cao et al exceeded those employed by us, the resulting loss of GST is
consistent and suggests that cadmium induced oxidative stress may compromise GST
expression, as opposed to inducing GSTs, in aquatic organisms.

As opposed to the relatively minor quantitative cadmium-mediated effects on olfactory
rosette GSTs, we observed that olfactory MT mRNA was a highly sensitive and reliable
dosimeter marker of cadmium, particularly at the higher cadmium dose. Similarly, MT
expression in the gills dramatically increased over time at the higher cadmium dose but was
less responsive at the lower, more environmentally relevant dose. The observed induction of
olfactory MT, concomitant with significant repression of several GST isoforms, suggests
that GST detoxification may be compromised during exposure to cadmium induced
oxidative stress. These observations suggest that monitoring the expression of GSTs, MT,
and potentially other antioxidant enzymes in the olfactory system of fish may have utility in
assessing effects of chemical exposures.

Functionally, cellular injury to the peripheral olfactory system of salmon can have
consequences with regards to fish survival. This is because the olfactory rosettes are covered
with a sensory epithelium containing receptor neurons that detect odorant molecules in the
aquatic environment such as reproductive hormones, bile acids, and amino acids (Hara,
1994; Laberge and Hara, 2001). Chemical cues in salmon habitats convey important
information about the surrounding environment, including detection of mates, prey capture
and predator detection, and migration (Quinn, 2005). The rosettes are in direct contact with
the surrounding environment and are thus vulnerable to dissolved contaminants; hence,
chemicals that interfere with odorant detection and signal processing can impair olfactory-
mediated behaviors crucial for survival. Metals such as cadmium are relevant in this regard
as extremely low waterborne concentrations can inhibit olfactory-driven behaviors
(Beauvais et al., 2000; Beauvais et al., 2001; Cripe et al., 1984; Little et al., 1990; Morgan
and Kiceniuk, 1990; Scholz et al., 2000; Scott et al., 2003).

As discussed, a criterion for using cadmium as a model compound in the present study was
its relevance as a gene inducer via activation of the Nrf2 pathway. Whereas this
phenomenon has not been extensively explored in aquatic animals, GST pi in zebrafish is
regulated by Nrf2 through an ARE-like regulatory element, suggesting conservation of this
pathway among vertebrates (Suzuki et al., 2005). It remains to be shown if Nrf2 activators
are potent GST inducers in other fish, or if there are species differences in responsiveness.
Although we observed transient induction of several GST isoforms, including pi, omega and
zeta GST, we did not observe a marked increase in GST induction in any coho tissue
reflective of a potent Nrf2 response observed in rodents or in mammalian cells (Hayes et al.,
2000; Hayes et al., 2005; Schlenk et al., 2008). It is possible that Nrf2 induction of fish
cytosolic GSTs is not active relative to that in mammalian cells, or is less responsive in cold
water species such as salmonids. The microsomal GSTs differ from their cytosolic
counterparts in that they function as integral membrane proteins and are not typically
associated with the Nrf2-responsive GSTs (Hayes and Pulford, 1995). The mGSTs are
relatively understudied in aquatic animals, although an induction of liver mGST has been
reported in pufferfish (Takifugu obscurus) exposed to high levels of cadmium (5 ppm) (Kim
et al., 2010). Common carp (Cyprinus carpio) express at least three mGSTs, including an
isoform (GST3) that is inducible by microcystin LR (Fu and Xie, 2006). However, other
carp mGSTs were decreased by microcystin LR exposure, similar to our results with
cadmium and to a previous field study from our laboratory showing decreased hepatic
mGST in juvenile Chinook salmon (Onchorhynchus tshawytscha) exposed to sediment
chemicals (Browne et al., 2010). Although we did not analyze for the presence of additional
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mGSTs in our study, the results of this study suggest that, similar to their cytosolic
counterparts, mGST regulation may differ among aquatic species and by chemical classes.

Summary and conclusions

In summary, we have developed qPCR assays to discriminate and analyze GST expression
in coho salmon tissues and have observed transient modulation of several GST isoforms by
cadmium. Although our results revealed overall perturbations in GST pathway homeostasis
by cadmium, we did not clearly identify a particular GST class or isoform that could reliably
serve as a biomarker of cadmium exposure. However, it must be pointed out that there were
temporal limitations to our study in that we did not investigate chronic cadmium exposures
for more than 48 hrs, and for several isoforms, a trend toward an increased GST expression
was observed by the end of this experiment. In this regard, it would be of interest to
determine if a more dynamic response in GST, or of particular GST isoforms, might occur
under chronic exposures representative of field studies. Under the acute exposure conditions
of our study, the metal exposure biomarker MT strongly outperformed all of the GST
biomarkers examined, although the reduced expression of several GSTs that were
concomitant with MT induction provided a more complete analysis of the effects of
cadmium on coho antioxidant responses. The fact that the majority of the effects of
cadmium on GST and MT occurred in the peripheral olfactory system indicates that this
sensory organ should be further investigated in fish biomarker studies. This conclusion is
supported by the responsiveness of olfactory MT, which among all genes and tissues
analyzed, was the most sensitive marker of cadmium exposure. From a comparative
biochemical perspective, although cadmium is a potent Nrf2 activator of GST in mammals,
the effects observed in coho suggest that salmon GSTs are not as Nrf2-responsive as
mammals. Conversely, a reduction or loss of fish GST, a common occurrence in field and
laboratory exposures, is of consideration as this phenomenon can reflect an overwhelming of
antioxidant responses that can lead to cell and tissue injury.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tissue-specific constitutive GST isoform expression in juvenile coho salmon
All gene expression data for the individual GST isoforms was normalized to the expression
of B-actin mRNA and data represents the mean + SEM of olfactory rosettes, liver, and gill

tissues from 5 juvenile coho salmon.
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Figure 2. Effects of cadmium on olfactory GST expression

Gene expression of 9 GST isoforms, including; pi, rho, alpha, omega, microsomal GST,
zeta, kappa, mu, and theta, in the olfactory rosettes of coho salmon exposed to 0, 3.7, and
347 ppb cadmium for 8, 24 and 48 hr periods. The 3.7 ppb and 347 ppb datasets are
represented by light and dark bars, respectively. Data represent the mean + SEM of GST
isoform expression normalized to B-actin from 8 juvenile coho in each treatment group and
are presented as percent-change relative to the corresponding controls. Asterisks indicate
statistically significant differences compared to control samples (p <0.05).
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Figure 3. Effects of cadmium exposure on gill GSTs

Gene expression of 9 GST isoforms, including; pi, rho, omega, alpha, microsomal, kappa,
zeta, theta, and mu, in the gills of coho salmon exposed to 0, 3.7, and 347 ppb cadmium for
8, 24 and 48 hr periods. The 3.7 ppb and 347 ppb datasets are represented by light and dark
bars, respectively. Data represent the mean + SEM of GST isoform expression normalized to
B-actin mRNA from 8 juvenile coho in each treatment group and are presented as percent-
change relative to the corresponding controls. Asterisks indicate statistically significant
differences compared to control samples (p <0.05).
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Figure 4. Effects of cadmium exposure on liver GSTs

Gene expression of 9 GST isoforms, including; alpha, theta, pi, microsomal GST, rho, zeta,
omega, kappa, and mu, in the livers of coho salmon exposed to 0, 3.7, and 347 ppb cadmium
for 8, 24 and 48 hr periods. The 3.7 ppb and 347 ppb datasets are represented by light and
dark bars, respectively. Data represent the mean £ SEM of GST isoform expression
normalized to B-actin mRNA from 8 juvenile coho in each treatment group and are
presented as percent-change relative to the corresponding controls. Asterisks indicate
statistically significant differences compared to control samples (p <0.05).
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Figure 5. Effect of cadmium on metallothionein expression in liver, gills and olfactory rosettes
The 3.7 ppb and 347 ppb datasets are represented by light and dark bars, respectively. Data
represents the mean £ SEM of MT expression normalized to -actin mMRNA from 8 juvenile
coho in each treatment group and are presented as percent-change relative to the
corresponding controls. Asterisks indicate statistically significant differences compared to
control samples (p <0.05).
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Table 1

Sequences of PCR primers used in this study.

Reverse: CAC TGA CTAGGC GAG GACT

Gene Primer (5’ to 3") (Source Species)
accession # /
reference

fB-actin Forward: GAC CCA CAC AGT GCC CATCT | (O. mykiss)
AF157514/(Matsuo et

Reverse: GTG CCC ATC TCC TGC TCA al., 2008)
AA

GST alpha Forward: GCT CAC AAG AAG TTT CCG (O. mykiss)

ACA EZ790503.1; (S. salar)
BT046898.1

Reverse: GTC CCC AGG CACCTT TTA

TACTA

GST kappa Forward: CCC AAA CAA GTT CCT GTA (O. mykiss)

TAT GA BT074032.1; (S. salar)
BT043662.1
Reverse: CGT GAC ACC TGC TCT ACC TG
GST mu Forward: GAT GAG AAG CAC AAACTG (O. mykiss)
GG EZ764534.1
Reverse: AAT CAC AAA GCC GTT CCG
GAAG
GST omega Forward: TTG GTG GAA ATG CAA TCA CA | (O. mykiss)
BT073404.1; (S. salar)
Reverse: GTA AAATGC CTT GTA GGT BT049799.1
CTCCG
GST pi Forward: TAT TGT GGG CTA ATG TGT (O. nerka) AB026119/
AAG AT (Gallagher et al.,
2008)
Reverse: CCC TGA AGA GCT TTG TCG
GST rho Forward: CTG CTG TGG GGC TCC GGC (O. mykiss)
BT073173.1; (S. salar)
Reverse: ATC TCA AAC ATG CGC TGG BT057296.1
GST theta Forward: GGT GAG AAA GGT TCC GGT (S. salar) BT045588.1
CA
Reverse: GTG TTG CCA AGA CAG
GTACTCGT

GST zeta Forward: ACA AAG CCC ATT CTT CAT GG | (O. mykiss)

EZ805030.1
Reverse: GGC ACT TGT TGC ATAGGG TT

microsomal Forward: TAC AGA CAATTT GCG AAC (O. mykiss)

GST ATT AT BT074213; (S. salar)
BT048458.2

Metallothionein

Forward: CAAGTGCTCCAACTGTGCAT

(S. salar) BT059876

Reverse: TGAAGAAGACTCCGGTGGAC

(MT-1A)
Reverse: TACACCAGGCCTCACTGACA
ribosomal Forward: AAAAAGCTGCGTGTGGATAAAT | (S. salar) HM4_2302
protein 19 Reverse: GATCGCATCTTATAGCGGAAAC
GAPDH Forward: TCTGTGTTGGAATCAACGGA (S. salar) BT050071.1;

(O. mykiss)
AF360980.1
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