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Abstract

Chromium is released during several industrial processes and has accumulated in some estuarine areas. Its effects on mammal
have been widely studied, but relatively little information is available on its effects on fish. Gene expression changes are useful
biomarkers that can provide information about toxicant exposure and effects, as well as the health of an organism and its ability
to adapt to its surroundings. Therefore, we investigated the effects of Cr(VI) on gene expression in the sediment dwelling
fish, winter flounder Pseudopleuronectes americahug/inter flounder ranging from 300 to 360 g were injected i.p. with
Cr(VI) as chromium oxide at 2ag/kg chromium in 0.15N KCI. Twenty-four hours following injections, winter flounder were
euthanized with MS-222 and the livers were excised. Half of the livers were used to make cytosol and the other half were
used to isolate MRNA for subtractive hybridization. Subtractive clones obtained were spotted onto nylon filters, which revealed
several genes with potentially altered expression due to Cr(VI), includiegcaass GST, 1-Cys peroxiredoxin (a non-selenium
glutathione peroxidase), a P-450 2X subfamily member, two elongation factors (EF-1 gamma and EF-2), and complement
component C3. Semi-quantitative RT-PCR was performed and confirmed that Cr(VI) down-regulated complement component
C3, an EST, and two potential glutathione peroxidases, GSTA3 and 1-Cys peroxiredoxin. In addition, cytosolic GSH peroxidase
activity was reduced, and silver stained SDS-PAGE gels from glutathione-affinity purified cytosol demonstrated that a 27.1 kDa
GSH-binding protein was down-regulated greater than 50%. Taken together, Cr(V1) significantly altered the expression of several
genes including two potential glutathione peroxidases in winter flounder.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 2001). Chromium is a major toxicant found at several
o o ~ estuarine Superfund sites around the US, including
Chromium is found primarily as Cr(1ll), an essential  Shipyard Creek in Charleston, SC; Portsmouth Naval

trace metal, or Cr(V1), the more toxic forrdévi etal., Shipyard, Kittery, ME; Pacific Sound Resources in
* Corresponding author. Tel+1-915-747-6888; E.“Ott Bay; a.nd Puget Sc.’und n S?attle’ WA. At these
fax: 1+1-915-747-5808. sites, estuarine and marine organisms may be exposed
E-mail addresswbaldwin@utep.edu (W.S. Baldwin). to and accumulate chromium. Sediment dwelling or-
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ganisms are at higher risk because they are in directements (ARES) in its promoter regiohdaver et al.,
contact with contaminated sediments and ingest other 1997). In addition, mouse and rat GSdclass subunit

contaminated sediment dwelling organisms. Addi-
tionally, most metals, including chromium, tend to
accumulate in the liverMeador et al., 1995 espe-
cially if exposure is through an oral rout&/itmer

et al., 1989; Wilbur and Voytek, 1988Winter floun-
der Pseudopleuronectes americahase an excellent
sentinel organism to study the effects of chromium on

genes and a rat GS% class gene are regulated by
c-Fos and c-Jun, which in turn control GST basal ac-
tivity and stimulate activity when animals are exposed
to xenobiotics Daniel, 1993.

Cr(VI) has also been shown to activate nuclear tran-
scription factor kappa-B (NkB) (Chen et al., 1997,
Ye et al., 1995; Shi et al., 1999which can in turn

gene expression since they are associated with sedi-induce transcription. However, Cr(VI) and its reduced
ments, eat other sediment dwelling organisms and areproduct Cr(lll) have also been shown to inhibit the

in turn consumed by humans.

Chromium’s toxicity is at least partially derived
from its reduction from Cr(VI) to Cr(lll) in the
cell, which produces radicals\lbur and \Voytek,
1988, and possibly depletes glutathione (GSHpjo
and Satomi, 1991 During Fenton type reactions,
chromium ions are oxidized and reactive oxygen

binding of NF«B to its promoter in vitro $humilla

et al., 1998, probably through different mechanisms.
Inhibition of NF«B hinders GSTr mediated protec-
tion of cells from ROS induced deatfiif et al., 2000.
NF-«B controls the expression of a number of antiox-
idant enzymes such as Mn SODd4s et al., 1995
GSTP1-1Kia et al., 1998, and xanthine oxidas&(

species (ROS) are generated that interact directly et al., 1998, as well as several other genes including

with macromoleculesMao et al. (1995have shown
that reduction of Cr(VI), in the presence of ascor-
bate, reacted witl-butyl hydroperoxide in vitro and

complement component C816on et al., 1999 and
al-antitrypsin Ray et al., 199hin mammals.
Alterations in gene expression are useful tools in

produced free radicals. Oxidative stress was induced that they estimate the potential cellular and physio-

by hexavalent chromium in the freshwater field crab
(Barytelphusa guerinj as measured by increased
lipid peroxidation, xanthine oxidase activity, and su-
peroxide dismutase activity, indicating superoxide
radical formation $ridevi et al., 1998 Furthermore,
increased production of malondialdehyde, an indi-
cator of lipid peroxidation, was found in chromium
treated miceRungby and Ernst, 1991Electron spin

logical effects of a toxicant. Since there are relatively
few sequenced and defined genes in flounder or other
estuarine species of commercial and recreational sig-
nificance, we performed suppressive subtractive hy-
bridization to determine altered gene expression in
winter flounder liver following Cr(VI)-treatment. This
information can be used to produce useful and new
biomarkers for Cr(VI) or metal exposure in estuarine

resonance has demonstrated that the radical scav-organisms.

enger, ac-(4-pyridyl 1-oxide\-tert-butylnitrone did
not combine with the hydroxyl radical, but with fatty
acid-derived radicals generated via lipid peroxida-
tion in liver tissues following chromium treatment
(Kadiiska et al., 1994 Taken together, this indicates
that Cr(VI) can cause the formation of lipid hydroper-
oxides in vivo.

2. Materials and methods
2.1. Treatment of winter flounder with Cr(VI)

All studies were carried out according to NIH guide-

Organisms have a number of protective mechanismslines for humane use of research animals and were
against ROS including GSH, Vitamin C, superoxide pre-approved by the Mount Desert Island Biological
dismutase (SOD), catalase, glutathidhgansferases  Laboratory (MDIBL) Animal Care and Use Commit-
(GSTs) and the glutathione peroxidases. These en-tee. Male winter flounder weighing between 300 and
zymes in combination catalyze the degradation of ROS 360 g were captured in the Gulf of Maine and trans-
to oxygen and water. Induction of antioxidant enzymes ported to MDIBL in Salsbury Cove, ME. Flounder
is intended to increase the detoxification of ROS. For were housed in 2348 gal tanks for 1 week until being
example, & class GST gene (GSTA) in plaicBléu- transferred to individual 10 gal tanks and acclimated
ronectes platesddnas several antioxidant response el- for 24 h prior to treatment. Three control flounder were
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injected intraperitoneally (i.p.) with 10d 0.15N KCl
and three flounder were injected with 2§/kg of
Cr(VI) as chromium trioxide (Sigma, St. Louis, MO)
dissolved in 0.15N KCI. Twenty-four hours following
injection, the winter flounder were euthanized with
MS-222 (Sigma, St. Louis, MO) and livers were ex-
cised.

2.2. Sample preparation and affinity chromatography

Excised livers were cut into slices with sterile scis-
sors and approximately half of each liver was placed
in TriReagent (Sigma, St. Louis, MO). Livers were
frozen at—80°C until RNA was extracted accord-
ing to previously published protocol€fomczynski
and Sacchi, 1987 RNA was treated with DNAse
I (Clontech, Palo Alto, CA). The other half of
the liver was used to produce cytosol and micro-
somes according to previously published methods
(Vander Hoeven and Coon, 1974nd protein con-
centrations were determined according Boadford
(1976) Glutathione-binding proteins were purified
by glutathione-sepharose affinity chromatography
from approximately 4.5mg (300-3%0) of pooled
cytosolic protein Baldwin and LeBlanc, 1996with
modifications. Specifically, glutathione-sepharose
columns were obtained from Sigma (St. Louis, MO),
equilibrated and washed after addition of pooled
cytosol from control or treated fish with 10 mM
potassium phosphate (KPi) buffer, pH 7.4, prior to
elution with 10mM KPi buffer containing 7.0 mM
glutathione. Protein concentrations of GSH-binding
proteins were determined spectrophotometrically at
260 nm.

2.3. Production of subtractive clones for macroarray
preparation and hybridization

Isolation of mMRNA from the liver RNA was per-
formed using the Qiagen Oligotex Poly A RNA Pu-
rification Kit™ (Qiagen, Valencia, CA) and resulting
MRNA from the treatment groups were pooled. Dif-

of the procedure, subtracted sequences were inserted
into plasmid pCR 2.1 and transfected into competent
INVaF E. coli (Invitrogen, Carlsbad, CA). Bacterial
clones were isolated and plasmids were extracted
from the bacteria using the QiaPfeBpin MiniPrep

Kit (Qiagen). Genes isolated during this procedure
were amplified with primers made to linkers added
during the subtractive hybridization procedure (for-
ward: 8-TCGAGCGGCCGCCCGGGCAGGT-3re-
verse: BAGCGTGGTCGCGGCCGAGGTR Equal
amounts of PCR product and 0.6N NaOH were
mixed and spotted on nitrocellulose membranes to
make 96-well arrays. Blots were then neutralized
for 2-=4min in 0.5M Tris—HCI, pH 7.5, washed
with water and then UV cross-linked (SpectroLinker
XL-1000, Spectronics Corp., Wesbury, NY).

Probes were prepared from either forward and
reverse subtracted products from the subtractive hy-
bridization procedure, or from individual flounder
(Jin et al., 199Y. Briefly, 100 ng dsDNA was dena-
tured for 8min at 95C, and then Rl [33P]dATP
(Perkin-Elmer Life Sciences Inc., Boston, MA)u3B
reaction buffer, 2l random primer mix, and jl
Klenow enzyme (Clontech Laboratories, Palo Alto,
CA) was added and incubated for 30 min at°87
At the end of the incubation, jol of stop solution
was added and the probe was purified using the
ProbeQuart G-50 Micro Columns (Amersham
Pharmacia Biotech Inc., Piscataway, NJ). Blots were
prehybridized for 1 h in 5 ml of ExpressHyb (Clontech
Laboratories) in the presence of 0.5mg of sheared
salmon sperm DNA and then hybridized overnight at
72°C in the presence of the probes. Blots were washed
four times at 68C with a low stringency wash §2
SSC, 0.5% SDS) and twice with a high stringency
wash (0. SSC, 0.5% SDS) and then exposed to
X-ray film for 5—7 days with an intensifying screen
at —80°C. Genes that showed differential expression
following the subtractive arrays were selected and se-
quenced at the University of Maine DNA Sequencing
Facility (Orono, ME). Genes expressed from arrays
performed with individual control and Cr(VI)-treated

ferentially expressed sequences between the controlfish RNA were quantified on an EPI-Chemi Darkroom

and Cr(VI) treated groups were isolated using the
Clontech PCR-SeletY cDNA Subtraction Kit (Palo
Alto, CA). Subtractive hybridization was performed
in two directions in order to produce clones both in-
duced and down-regulated by chromium. At the end

with LabWorks™ analysis software (UVP Labora-
tory Products, Upland, CA). Statistical analysis was
performed using Mann-Whitney-test on StatVie®
software (SAS Institute Inc., Cary, NC). R-value of
<0.05 was regarded as significant.
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2.4. RT-PCR confirmation of differential expression

RT-PCR was used to confirm differential gene ex-

pression. Reverse transcription was performed to cre-

ate cDNA using 200 units Moloney Murine Leukemia
Virus-Reverse Transcriptase (MMLV-RT) (Promega
Corporation, Madison, WI), a 10 mM dNTP mixture,
and 0.05.g random hexamers. Gene specific primers
were made and RT-PCR was performed with primers
as indicated below: 1-Cys peroxiredoxin (1-Cys
PRX) (non-selenium glutathione peroxidase) for-
ward (8-GGATGGATTGCCCCTCACC-3 and re-
verse primers (SCACCGTTGGGGAAGAGAGC-3
with an annealing temperature of @8; GSTA3
forward (B-GATCTCCGTCACTGAGGAG-3 and
reverse  (5GGCTGGAAAAGTTGTGCTGAG-3
annealing temperature of 58; GSTA4 forward
(5-GGTACCAGATGTTCAACAG-3) and reverse
(5-CAAGAGGAAGTCGCAGCC-3) annealing tem-
perature of 52C; complement component C3 forward
(5-GTGGGCGTCTTACAGCCAGC-3 and reverse
(5-CCTACAGTGTGGATAGCTC-3) annealing tem-
perature of 52C; elongation factor 2 (EF-2) forward
(5-CGCCGTCGCTGGGACACCC: 3 and reverse
(5-GCAGGAATTAGGCATGAGCC-3) annealing
temperature of 63C; 3-29 forward (5GTATG-
CAGCCCACGGTG-3 and reverse (SCGCAGTGT-
TTATCACATCC-3) annealing temperature of 5C;
3-32 forward (5-CCCCTAATCTATATCAATAC-3)
and reverse (5GCAAACTGAGACAAAGTG-3)
annealing temperature of 4C; P-450 2X forward
(5-TAGGCCATGAGGTAGAGGAAAG-3) and re-
verse (5GAGGAGCACAAGAAAACCAGAG-3)
annealing temperature of 5€; elongation factor-1
(EF-1) gamma forward (SCTCCAACGAGGACAC-
ACTG-3) and reverse (SCACCATGGTCTTGCAC-
TCC-3) annealing temperature of 6Q; andB-actin
forward (8-GCACAGCTGGAGCAGAGG-3 and
reverse (5GCAACACGGAGCTCGTTG-3 anneal-
ing temperature 63C. All reactions were cycled at
95°C for 30s, the appropriate annealing tempera-
ture for 30s, and 72C for 45s. 1-Cys PRX and
GSTA3 were amplified for 39 cycles. Complement
component C3 was amplified for 25 cycles, EF-2 and
GSTA4, 35 cycles; EF-1, 25 cycleg:-actin, 32 cy-
cles; 3-29, 40 cycles; 3-32, 27 cycles; and P-450 2X

L.M. Chapman et al. / Aquatic Toxicology 67 (2004) 181-194

viewed, analyzed and quantified densitometrically
using the EPI-Chemi Darkroom and LabWot¥s
Analysis Software (UVP, Upland, CA). Densitometric
units for each gene were divided by the housekeep-
ing gene,B-actin. Statistical analysis was performed
using Mann-WhitneyJ-test on StatVie® software.

A P-value of <0.05 was regarded as significant.

2.5. Electrophoresis and silver staining

Proteins purified via GSH-sepharose chromatog-
raphy were separated (p@) by polyacrylamide gel
electrophoresis (SDS-PAGE) using 12.5% gels as
described elsewhere.gemmli, 1970. Proteins were
visualized by silver staining (Bio-Rad, Hercules, CA).
Initial silver stain development took approximately
5min, and individual proteins were quantified every
20s following initial development from the silver
stained gels using the LabWorRé program and the
EPI-Chemi Darkroom. Molecular weights of the GST
subunits were determined by co-electrophoresis with
molecular weight standards (Bio-Rad, Hercules, CA).

Two-dimensional electrophoresis was also per-
formed on affinity purified GSTs according to previ-
ously published protocolsX(Farrell, 1975. Isoelec-
tric focusing was carried out in a glass tube of inner
diameter 2.0 mm using 2.0% pH 3.5-10 ampholines
(Amersham Pharmacia Biotech, Piscataway, NJ) for
9600 Vh. The enclosed tube gel pH gradient plot for
this set of ampholines was determined with a surface
pH electrode. A train of 20 carbamylated creatine
phosphokinase (CPK) isoelectric pointlpnarkers
was added to the sample. The isoelectric points of
each of the charge forms for conditions of 9 M urea
at room temperature have been determined and vary
from 5.75 to 7.54. After equilibration for 210 min in
buffer (10% glycerol, 2.3% SDS and 0.0625M Tris,
pH 6.8), the tube gel was sealed to the top of a
stacking gel that overlaid a 10% acrylamide slab gel
(0.75mm thick), and SDS gel electrophoresis was
carried out. Molecular weight standards were added
to a well in the agarose that sealed the tube gel to the
slab gel. Proteins were visualized by silver staining.

2.6. GSH levels and enzyme assays

for 40 cycles. The PCR products were separated ina GSH levels were measured according to previ-
1.6% agarose gel, stained with ethidium bromide and ously published protocolsAfhderson, 1986 GST
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activity was measured spectrophotometrically us-
ing 1-chloro-2,4-dinitrobenzene (CDNB), ethacrynic
acid, 3,4-dichloronitrobenzene (DCNB), and cumene
hydroperoxide (Sigma Chemical Co., St. Louis, MO)
according toHabig and Jakoby (1981All GST en-
zyme assays were conducted afZ5and spectropho-

tometric changes measured every 15s for 5min.

Unpairedt-tests were performed with StatViéusoft-
ware. AP-value of<0.05 was regarded as significant.

3. Results
3.1. Subtractive hybridization and subtractive arrays

Subtractive hybridization was used to determine
changes in gene expression in flounder liver fol-
lowing treatment with hexavalent chromium, from
which two subtractive libraries were developed.
One library contained transcripts after subtracting
Cr(VI)-treated flounder liver RNA from control liver
RNA (down-regulated by Cr(VI), and the other library
contained transcripts after subtracting control liver
RNA from Cr(VI)-treated flounder liver RNA (genes
up-regulated by Cr(VI). One-hundred and ninety-two
clones were dotted onto two distinct sets of 96-well

185

products and not individual fish. However, qualita-
tive differences can be determined from these arrays.
Genes that appeared differentially expressed in the
subtracted array were sequenced and subjected to a
BLAST search to determine identitygble J. A total

of 29 genes were found to be differentially expressed,
including ana class GST (GSTAS3), 1-Cys peroxire-
doxin, EF-1 gamma, EF-2, a carboxypeptidase and a
P450 2X family member.

Most translation and nucleotide searches were in
agreement as to the putative identity of the clones.
However, nucleotide searches did not recognize a
potential match for carboxypeptidase or mitochon-
drial elongation factor G1 (EF-G1). Furthermore,
both EF-G1 anda hemoglobin were submitted
as ESTs to GenBank because there were significant
discrepancies in alignment between the sequenced
flounder clones and other known sequences, such as
stop codons within the sequence, indicating that these
genes are potential pseudogende¢s and Gallwitz,
1982.

One of the genes sequenced, a putative GSTAS,
provided BLAST matches similar to several genes in
the « class. Therefore, protein alignments were done
to evaluate this gene’s subclassig. 1, Table 2.

Fig. 1reveals that the flounder GST is most identical

membranes. Differential expression was determined and similar to the chicken's GSTCL3, which is an
using probes from the reverse and forward subtracted class GST. Itis also very similar to the mouse GSTA3,

products developed from the subtractive hybridization

which suggests that it is most likely a GSTA3 sub-

procedure. These subtractive arrays are not quanti- class member. Blast scores also reveal that rat GSTAS
tative since probes are obtained from the subtracted shows high similarity to the flounder GSTA3, and rat
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Mouse GSTA3:
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Mouse GSTA4:
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Fig. 1. Protein translation and clustal alignment of G&Henes from various species compared to winter flounder. Dark gray indicates
identity and light gray indicates similarity to the winter flounder sequence within the chicken, rat and mouse ¢&S§ genes.
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Table 1

Differential expression of genes on the subtractive arrays

Sample Gene similarity E-value ()2 E-value P)P Accession no.
3-1 Carboxypeptidase B NS 9.00E-06 AY225096
3-8 EST CB074834
3-11 EST CB74827
3-13 GlutathioneStransferase A3 2.00E16 2.00E-14 AY156727
3-14 1-Cys peroxiredoxin 2.06EL0 4.00E-30 AY156726
3-17 Glucose 6 phosphate dehydrogenase aGE 5.00E-40 AY225097
3-22 EST CB074828
3-23 EST CB074843
3-25 EST (EF-G1) NS 2.00E22 CB074836
3-26 EST CB074829
3-29 EST CB074832
3-30 EST CB074830
3-32 EST CB074825
3-33 EST CB074831
3-34 EST CB074840
3-36 Elongation factor-2 3.00852 2.00E-35 AY225098
3-39 EST CB074841
3-42 Cytochrome P450 2X NS 1.80B4¢ AY225104
3-43 Serine proteinase inhibitor 2.0086 2.00E-10 CB074846
3-46 C-type lectin domain 4.06EL0 2.00E-40 AY225103
3-58 Complement component C3 0.0pED E-123 AY225099
3-60 EST CB074833
3-79 EST CB074837
4-9 EST CB074383
4-12 EST & hemoglobin B) 2.00E11 8.00E-26 CB074845
4-29 EST CB074842
4-41 EST CB074835
4-50 Elongation factor-1 gamma 1.0685 3.00E-52 AY225101
4-55 EST CB074844

Above are the genes that were found differentially expressed on the subtractive arrays and their GenBank accession no.

@ E-values based on nucleotide—nucleotide blast on GenBank (blastn).

b E-values based on nucleotide—protein blast (tblastx) on GenBank.

¢ E-value of no significant value on GenBank.

d E-value calculations based on the blastx program to Fugu set up as an experimental service on the P-450 database
(http://132.192.64.52/p450.htjriby Rob Edwards and David Nelson.

GSTAGS is orthologous to mouse GSTABgton and 3.2. Confirmation of gene expression changes
Bammler, 1999 However, chicken GSTCL4 shows

greater similarity to flounder GSTA3 than rat GSTAS5, Hybridization to the arrays were performed using
and both rat GSTA3 and mouse GSTA4 show high RNA from individual fish. These are not as sensitive
similarity to the flounder GSTA3. Thus flounder as the subtractive arrays and therefore several genes
GSTA3 is not definitively a GSTAS. At this time we  with low expression levels that were differentially ex-
have designated this gene ascanlass GST subfam-  pressed in the earlier hybridizatioritaple ) did not

ily member that is most likely a GSTA3. Recently appear on this array. However, these arrays are quanti-
an EST from winter flounder has been putatively tative Chan et al., 1997 The genes that were statisti-
identified as anx class GST with high homology to  cally significantly down-regulated include ESTs 3-26,
GSTA4 (GenBank accession no. CF195645). There- 3-29, 3-30, 3-32 and 3-334éble 3.

fore, to avoid discrepancies we will call clone 3-13, Semi-quantitative RT-PCR was also performed to
GSTA3. confirm differential expression of select genes iso-
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Table 2

Amino acid similarity and identity of winter flounder GSTA translations to other subfamily members in different species

Protein Similarity Identity E-valué Accession no.
(%) (%)

Chicken GSTCL3 83 80 2.0E14 M38219

Mouse GSTA3 77 72 4.0E13 M73483

Chicken GSTCL4 79 68 1.0E12 AF133251

Rat GSTA5 75 70 2.0E12 X78847

Rat GSTA3 75 68 2.0E12 X78848

Mouse GSTA4 79 70 3.0E12 NM_010357

2 E-value calculations based on the tblastx program in GenBank.

lated during subtractive hybridization, as well as 3.3. Silver staining and densitometry of GSH-affinity
GSTA4 (Fig. 2. GSTA4 was examined because it is purified proteins

in the same GST family as GSTA3 and was recently

cloned in subtractive hybridization experiments with We were interested in examining GSH-binding pro-
pollution exposed winter flounder. The graphs in teins and GSH peroxidase activity further because
Fig. 2 indicate that 3-29, complement component two of the genes demonstrating differential expres-
C3, 1-Cys PRX (a non-selenium GSH peroxidase), sion are potential glutathione peroxidases (GSTA and
and GSTA3 were all significantly down-regulated. 1-Cys PRX). To determine if differential expression
Complement component C3 is an acute phase proteinof RNA translated to differential expression of pro-
(Moon et al., 1998 and both GSTA3 and 1-Cys PRX tein, cytosols were run through a GSH-affinity col-
are potential glutathione peroxidasdsisher et al., umn to purify GSH-binding proteins, including GSTs.
1999; Martinez-Lara et al., 2002; Yang et al., 2D02  Silver stained SDS-PAGE gels demonstrated that sev-
EF-1 was the only up-regulated gene, but this obser- eral GSH-binding proteins were captured by the col-
vation was not significant because of a fish that did umn. Two of these proteins at 27.1 and 25.2 kDa were
not respond to Cr(VI)-treatment&ig. 2). Similarly, highly expressedHig. 3) and have similar molecular
RT-PCR indicated that 3-32 was not down-regulated, weights as GST subunits from other teleost species
while individual arrays had indicated that 3-32 was (Pham et al., 2002; George et al., 138Bhe molec-
significantly down-regulated Table 3. Both con- ular weight of 1-Cys PRX in fish is unknown, but
firmatory techniques indicate that individual fish is 24.9kDa in mouse (GenBank O08709). Compar-
demonstrate high variability in the expression of this ison between purified pooled samples from control

gene Fig. 2, Table 3. and chromium-treated cytosols by densitometry indi-
cated that the protein at 27.1 kDa had been decreased
Table 3 in the chromium-treated sampldsig. 3A and B. In
Differential expression of genes of individual chromium-treated contrast, another GSH-affinity purified protein band
winter flounder following array analysis at 25.2kDa was not altered by chromium treatment
Sample Controkt S.E. Cr(Vl)+ S.E. (Fig. 3A and q.
326 1004 400 327+ 31 Two—dimensio_ngl gel _ glectrophoresis was per-
3.99 100+ 29.4 20.0+ 23.1 formed with affinity purified cytosol from control
3-30 100+ 30.5 28.1+ 5.6 flounder liver samples to confirm the size of the
3-32 100+ 61.1 14.1+ 9.8 GSTs, and determine the pf the down-regulated
3-33 100+ 44.7 13.8+ 3.6 band of GSTs at 27.1kDa. The two-dimensional

Probes were made from individual flounder liver RNA samples and  silver stained gel indicates the presence of several
hybridized to the subtraction arrays. Arrays were analyzed with GSTs with two distinct MW bands of approximately
LabWorks™ densitometry to determine differential expression. 271 and 25.2kDa. The bulk of GSTs at 25.2kDa
Data are shown as percentage of con#oS.E. (n = 3) for ) ) ) . )

had ps between 5.4 and 7.1Fig. 4). The GSTs

genes withP-values<0.05. Data were analyzed statistically using ” .
Mann—WhitneyU-test. with a MW of 27.1 had {5 that varied between
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Fig. 2. Confirmation of differential expression by semi-quantitative RT-PCR. RT-PCR was performed as desc8betiim 2 and bands
quantified using LabWorR$'. Densitometry was taken of the bands on the gel using LabVi¥rienalysis software. Ethidium bromide

stained RT-PCR gels are shown below the graphs, with the first three bands being controls and the second three Cr(VI)-treated flounder. The
first row of bands is the gene in question and the second row is a P@Ratin, our housekeeping gene. Data is expressed as mean relative
density+ S.E. (n = 3) relative top-actin expression. An asterisk indicates statistical significance at0.05 by Mann-WhitneyU-test.
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Fig. 3. Quantitation of GSH-binding proteins from control and Cr(VI)-treated winter flounder. Cytosolic proteins were partially purified
through a GSH affinity column, separated by SDS-PAGE, and visualized via silver staining (A). Initial silver stain development took
approximately 5min, and individual proteins were quantified every 20s following initial development as descr8eadiam 2 Molecular

weights of the GST subunits were determined by co-electrophoresis with molecular weight standards (Bio-Rad, Hercules, CA). Graphical
representation of quantified GSH-binding proteins at (B) 27.1kDa and (C) 25.2kDa are below. Squares represent controls and triangles
represent Cr(VI)-treated proteins.

Fig. 4. Two-dimensional gel electrophoresis of GSH-affinity purified proteins. GSH-binding proteins were separated by two-dimensional
gel electrophoresis and silver stained. Proteins at 27.1 and 25.2kDa separated into several distinct bands. The 27.1kDa band produced
primarily basic GSH-binding proteins (bands 2—4) with the exception of the neutral protein (band 1). The 25.2 kDa proteins were primarily
neutral to slightly acidic (band 5).
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7.26 and 9.1kDaKig. 4). Bands 2—4 all had I non-selenium glutathione peroxidases in mam-
greater than 8. It is possible that the bands at MW mals (fang et al., 200R 6 Class GSTs also per-
27.1kDa represent distinatclass GSTs. GSTA3 and form GSH-dependent lipid peroxidation in plaice
GSTA4 from a number of species, as well as pldice  (Martinez-Lara et al., 2002 GSH-dependent peroxi-
class GSTs, are basic proteins. The theoretitalfp  dation using cumene hydroperoxide as the substrate,
GSTAS3 proteins from chicken, mouse, rat and human was decreased modestly (18%) but significanibhle
range from 8.42 to 9.06 (GenBank accession nos. 4). Additionally, GSH-dependent peroxidation and
are provided inTable 2, while 6 class GSTs from  CDNB conjugation was measured in the GSH-affinity
plaice (X63761, X95200) are slightly less basid (p purified proteins and both activities were decreased
8.29) based on the ProtParam program from Expasyin a similar fashion to the individual samples, with
(http://www.us.expasy.olg Therefore, many of the  cumene hydroperoxide activity decreasing 20% and
silver stained proteins down-regulated at 27.1kDa CDNB conjugation decreasing 12% (data not shown).
have ps consistent withx class GSTs. This work suggests that down-regulation of 1-Cys
PRX and GSTA3 decreased overall GSH-dependent
3.4. Total GSH, GSH peroxidase and GST activities peroxidation in liver of Cr(VI)-treated flounder.
in Cr(VI)-injected flounder

Total GSH levels were determined following 4. Discussion
Cr(VI)-treatment as a potential indicator of oxida-
tive stress. GSH levels increased 44% in livers of Hexavalent chromium treatment altered the expres-
Cr(VI)-treated flounder {able 4. However, this in- sion of several genes in winter flounder liver, includ-
crease was not significant. In addition, several dif- ing some ESTsTable 1 Fig. 2). Similar gene ex-
ferent GST assays were performed to determine if pression profiles were found in male European floun-
there were substantial reductions in GST and GSH der Platichthys flesuscollected from polluted sites
peroxidase activity. GST activity using CDNB as with high concentrations of metals. Four genes were
the substrate was reduced 19%, but not in a signif- down-regulated in European flounder including EF-2,
icant manner Table 4. CDNB is a substrate often  EF-1, and complement component Gilliams et al.,
used as an indicator of overall GST activity. GST 2003.
specific activity measured using ethacrynic acid and Many of the genes altered in winter flounder are
DCNB as substrates were low compared to cumene altered in other species by ROS or involved in the re-
hydroperoxide and CDNB, and were unaffected by duction of oxygen radicals, including GSTA3, 1-Cys
Cr(Vl)-treatment in flounder liver (data not shown).  PRX, complement component C3 and some elonga-

GSH-dependent peroxidation is performed pri- tion factors Collard et al., 1998; Bols et al., 2001,
marily by o class GSTs, and both selenium and Daniel, 1993; Chen et al., 2000; Patel et al., 2002;

Fisher et al., 1999 The generation of ROS can alter

Table 4 gene.expressiop py activating transcription facFors
Modulation of GST activity in winter flounder liver following that bind the antioxidant response element, or activate
Cr(VI)-treatment NF-«B transcriptional activity, and Cr(VI) has been
shown to increase NkB and AP-1 activity in cells

Enzyme assay Control CrVi-treated (Kaltreider et al., 1999 1-Cys PRX 5 flanking re-
CDNB?* _ 323+ 72 259+ 77 gion revealed consensus binding sequences for c-Jun,
g:’x;g;:g"(gg%ox'ﬁe ‘l‘g-gi 2-2 ig?i 2411 c-Myc and Spll(ee et al., 1999 Somea class GSTs

i i i ’ are induced through the ARElu et al., 2001; Daniel,
Al data are presented as mearS.E. (n = 2-3). 1993, and a rat GSTA3 has AP-1, ARE, and NB-

* Indicates a statistical difference from control using Student’s transcription factor binding sites in its regulatory re-
t-test (P < 0.05).

a8 GST activity measurements are presented as nmol/min mg gion (FOtOUhi'Ardaka_ni an_d BatiSt’ 1999A b class
protein. GST, termed GSTA, in plaice is also under the control
b GSH levels are presented as nmol Ggifprotein. of the ARE (eaver et al., 1997 and the pro-oxidant
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ethoxyquin increased GST activity with CDNB as
the substrate while decreasing GST activity towards
(+/-)-anti-benzo[a]pyrene-trans-7,8 - dihydrodiol - 9,
10-epoxide (BPDE) in brown bullhea#iénson et al.,
2001). Furthermore, complement component C3 is
induced by IL-B activation of NFxB in Caco-2 (hu-
man intestinal epithelial) cellsMoon et al., 1993
Interestingly, IL-B also down-regulates class GSTs

in Caco-2 cells. However, there is no evidence that
this is mediated by NiB and may instead be reg-
ulated by hepatic nuclear factor 1 (HNF-Bdmero

et al., 2002.

Down-regulation of these genes may also sug-
gest that short-term exposure to chromium blocked
AP-1 or NF«B from binding their respective pro-
moter regions. Cr(VI) and Cr(lll) at 1 and 0.5mM
respectively, directly inhibited NkB binding to its
DNA-binding sequenceShumilla etal., 1998t is in-
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dence indicates that in mammals some of Cr(VI)'s
toxicity may be due to its direct effects, or its reduced
form, Cr(lll) cross-linking with DNA or proteins
(Wilbur and Voytek, 1988 Other research indi-
cates that 8-hydroxyguanosine adduct formation is
caused by a combination of radical production and
Cr(lll), and does not occur unless both hydrogen per-
oxide and Cr(lll) are providedTsou et al., 1996
Chromium-induced protein cross-linking may not
cause alterations in gene expression, and we did not
find changes in DNA repair enzymes. However, since
several ESTs were alteredlable ), it is possible that
Cr(VI) at low doses has other mechanisms of toxicity
in winter flounder that cannot be inferred based on
our current data.

Of particular interest are the two potential
non-selenium glutathione peroxidases (GSTA3 and
1-Cys PRX) that have potential roles in cellular an-

teresting to speculate that acute exposure to chromiumtioxidant defense systems. Members of theclass

interferes with transcriptional controls because in-
duction of GSH peroxidases would be considered
protective.

Cr(VI) has been shown to induce GSH Prx in other
studies and different tissues. GSH Prx mRNA lev-
els were induced by 3Q0M potassium dichromate
in human lung epithelial cells (A549) 4.33-foltYd
and Shi, 200}, and GSH Prx activity was increased
slightly by Cr(VI) in cultured lymphocytes at 30g/ml
(Geetha et al.,, 2002 In contrast, other studies in
A549 cells at 5-20p.M have shown no changes in
GSH Prx levelsDubrovskaya and Wetterhahn, 1998

of GSTs have high glutathione peroxidase activity
(Yang et al., 2002; Martinez-Lara et al., 2002nd
both a class GSTs and the 1-Cys PRX are involved
in the metabolism of phospholipid hydroperoxides
(Fisher et al., 1999 The 1-Cys PRX is also known
as peroxiredoxin 6, anti-oxidant protein 2 (AOP-2),
and a calcium-independent phospholipase A2, and
to our knowledge this is the first time that a 1-Cys
PRX family member has been cloned and sequenced
in a fish species. Transcript levels of both of these
proteins were reduced approximately 50% in win-
ter flounder liver following acute treatment with

Furthermore, studies in rats treated with potassium chromium Eig. 2). Furthermore, a GSH-binding
dichromate showed decreased GSH Prx activity and protein of approximately 27.1kDa was significantly

decreased GST activity in the rat intestirgefigupta
et al., 1990, and 1 mM potassium dichromate de-
creased GST activity in isolated hepatocytekerfo

et al., 1989. We are unaware of any studies demon-
strating an increase in GST activity or GSH Prx activ-
ity in liver tissue by Cr(VI).

reduced Fig. 3). The molecular weight of this pro-
tein is consistent with the molecular weight of GSTs
from several aquatic specieBdldwin and LeBlanc,
1996; Fisher et al., 1999; George et al., 1989; Henson
et al., 2001; Pham et al., 2002; Leaver et al., 7997
Two-dimensional electrophoresis demonstrated that

Overall, the expression data suggests that muchthe d of the proteins at 27.1 kDa were basic, which

of the toxicity of Cr(VI) in winter flounder is due
to either its reduction to Cr(lll) and other chromium
species, or redox cycling between different forms
of chromium. This is consistent with previous ob-
servations that demonstrate chromium’s effects on
lipid peroxidation and the formation of free radicals
(Mao et al., 1995; Sridevi et al., 1998; Rungby and
Ernst, 1991; Kadiiska et al., 1994However, evi-

is consistent witha class GSTs, but not with the
neutral to acidic peroxiredoxins. Thus, the 27.1kDa
proteins probably represeatclass GSTSs, but it can-
not be ruled out that some bands may bhelass
GSTs.

In addition, the down-regulation of non-selenium
GSH peroxidases reduced total cytosolic GST activity
with cumene hydroperoxide as the substrate by 18%
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(Table 4. The non-selenium GSH peroxidases ac-
count for only a portion of the total GSH peroxidase
activity in an organ, and are species and organ depen-
dent Ketterer, 1988 For example, GSTA1-GSTA3
accounted for approximately half of the phospholipid
hydroperoxide activity of the liver of mouse and rat
liver extracts of 28,000« g supernatant fractions
(Yang et al., 200R Thus, an 18% decrease in cumene
hydroperoxide activity may represent a significant de-
crease in glutathione peroxidase activity if only a cou-
ple of the GSH peroxidases have been down-regulated.
This may have significant biological effects on the
ability of this fish to defend itself against oxidative
damage. Alternatively, reduced glutathione peroxi-
dase activity may also indicate a need to increase lipid
peroxidation, prostaglandin and leukotriene signaling,
and thus increase inflammatory responses or possibly
mitogenic responses dégarde et al., 1997 This may
indicate the importance of inflammatory responses in
the acute effects of chromium since the expression of
complement component C3, an acute phase reactan
was also decrease#ig. 2).

The « class GST with which our partial sequence
aligns best is GSTCL3 in chicken and GSTA3 mouse.
However, there is also similarity to GSTA4 and
GSTAbS class member§ig. 1, Table 3. Flounder may
have fewera class GSTs than mammalian species
and thus some of ita class GSTs may be difficult to
compare phylogenetically. At this time we recognize
this flounder GST as aa class member with higher
similarity to GSTA3 from mammals than with other
a class GSTs.

In conclusion, Cr(VI) altered the expression of
several genes including some ESTs. DNA sequencing
and semi-quantitative RT-PCR confirmed that an EST,
complement component C3, and two non-selenium
GSH peroxidases (GSTA and 1-Cys PRX) were
down-regulated. The down-regulation of the GSH
peroxidases was further established by quantifying
proteins purified through a GSH affinity chromatog-
raphy column and by measuring cumene hydroper-
oxide activity, indicating that Cr(VI) can have signif-

t

L.M. Chapman et al. / Aquatic Toxicology 67 (2004) 181-194

Acknowledgements

This study was funded in part by grants from NIH
5G12RR08124, MDIBL/NIEHS P30 ES03828-16 and
the South Carolina Sea Grant Consortium pursuant
to the National Oceanic and Atmospheric Adminis-
tration Award No. NA86RG0052, Am. 7, 9. Some of
the sequence analysis was paid for by a grant from
the University of Texas-El Paso University Research
Institute. Lacey Bingham was supported by NSF
through the UTEP-REU Program (DBI-0139463).
Jonathan Roling is supported by an EPA-STAR-MAI
fellowship (U91620701).

References

Anderson, M.E., 1985. Determination of glutathione and
glutathione disulfide in biological samples. Meth. Enzymol.
113, 548-555.

Baldwin, W.S., LeBlanc, G.A., 1996. Expression and induction

of an immunochemically related class of glutathione

Stransferases iDaphnia magna Comp. Biochem. Physiol.

113B, 261-267.

Bols, N.C., Brubacher, J.L., Ganassin, R.C., Lee, L.E., 2001.
Ecotoxicology and innate immunity in fish. Dev. Comp.
Immunol. 25, 853-873.

Bradford, M.M., 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein using the
principle of protein dye binding. Anal. Biochem. 72, 248-254.

Chan, J., Kan, Y.W., Diatchenko, L., Vijaychander, S., Chenchik,
A., Seibert, P.D., 1997. Cloning differentially expressed
genes from small amounts of total RNA with the Clontech
PCR-Seled™ cDNA Subtraction Kit. Clontechniques XII, 25—
26.

Chen, F., Ye, J., Zhang, X., Rojanasakul, Y., Shi, X., 1997. One-
electron reduction of chromium(VI) by alpha-lipoic acid and
related hydroxyl radical generation, dG hydroxylation and
nuclear transcription factor-kappa B activation. Arch. Biochem.
Biophys. 338, 165-172.

Chen, E., Proestou, G., Bourbeau, D., Wang, E., 2000.
Rapid up-regulation of peptide elongation factor EF-lalpha
protein levels is an immediate early event during oxidative
stress-induced apoptosis. Exp. Cell. Res. 259, 140-148.

Chomczynski, P., Sacchi, N., 1987. Single step method of
RNA isolation by acidic guanidinium thiocyanate—phenol—
chloroform extraction. Anal. Biochem. 162, 156—159.

icant effects on genes regulated by ROS and genescCollard, C.D., Agah, A., Stahl, G.L., 1998. Complement activation

that regulate ROS. We anticipate using this infor-
mation to identify and validate useful biomarkers
for exposure to Cr(VI), or other metals and toxi-
cants that may cause oxidative stress in estuarine
organisms.

following reoxygenation of hypoxic human endothelial cells:
role of intracellular reactive oxygen species, NF-kappa B and
new protein synthesis. Immunopharmacology 39, 39-50.

Daniel, V., 1993. Glutathion&-transferases: gene structure and
regulation of expression. Crit. Rev. Biochem. Mol. Biol. 28,
173-207.



L.M. Chapman et al. / Aquatic Toxicology 67 (2004) 181-194 193

Das, K.C., Lewis-Molock, Y., White, C.W., 1995. Activation of Prostaglandins Leukotrienes and Essential Fatty Acids 57, 489—
NF-kB and elevation of manganese superoxide dismutase gene  491.
expression by thiol reducing agents in lung adenocarcinoma Leaver, M.J., Wright, J., George, S.G., 1997. Structure and

(A549) cells. Mol. Cell. Biochem. 148, 45-57. expression of a cluster of glutathiogransferase genes from
Devi, K.D., Rozati, R., Banu, B.S., Jamil, K., Grover, P., 2001. a marine fish, the plaiceP(euronectes platesgaBiochem. J.
In vivo genotoxic effect of potassium dichromate in mice 321, 405-412.
leukocytes using comet assay. Food Chem. Toxicol. 39, 859— Lee, T.-H., Yu, S.-L., Kim, S.-U., Kim, Y.-M., Choi, I., Kang,
865. S.W.,, Rhee, S.G., Yu, D.-Y,, 1999. Characterization of the
Dubrovskaya, V.A., Wetterhahn, K.E., 1998. Effects of Cr(VI) on murine gene encoding 1-Cys peroxiredoxin and identification
the expression of the oxidative stress genes in human lung of highly homologous genes. Gene 234, 337-344.
cells. Carcinogenesis 19, 1401-1407. Mao, Y., Zang, L., Shi, X., 1995. Generation of free radicals
Eaton, D.L., Bammler, T.K., 1999. Concise review of the by Cr(VI) from lipid hydroperoxides and its inhibition by
glutathione Stransferases and their significant to toxicology. chelators. Biochem. Mol. Biol. Int. 36, 327-337.
Toxicol. Sci. 49, 156-164. Martinez-Lara, E., Leaver, M., George, S., 2002. Evidence from
Fisher, A.B., Dodia, C., Manevich, Y., Chen, J., Feinstein, heterologous expression of glutathioSdransferases A and
S.I,, 1999. Phospholipid hydroperoxides are substrates for Al of the plaice Pleuronectes plates}#hat their endogenous
non-selenium glutathione peroxidase. J. Biol. Chem. 274, role is in detoxification of lipid peroxidation products. Mar.
21326-21334. Environ. Res. 54, 263-266.
Fotouhi-Ardakani, N., Batist, G., 1999. Genomic gloning and Meador, J., Stein, J., Reichert, W., Varanasi, U., 1995.
characterization of the rat glutathio®gransferase-A3-subunit Bioaccumulation of polycyclic aromatic hydrocarbons by
gene. Biochem. J. 339, 685-693. marine organisms. Rev. Environ. Contam. Toxicol. 143, 79—

Geetha, S., Sai Ram, M., Singh, V., Havazhagan, G., Sawhney, 165.
R.C., 2002. Anti-oxidant and immunomodulatory properties of Moon, M.R., Parikh, A.A., Pritts, T.A., Fischer, J.E., Cottongim,

seabuckthorn Hippophae rhamnoidgs-an in vitro study. J. S., Salzman, A.L., Hasselgren, P.O., 1999. Complement
Ethnopharmol. 79, 373-378. component C3 production in IL-lbeta-stimulated human

George, S., Buchanan, G., Nimmo, |., Hayes, J., 1989. Fish and intestinal epithelial cells is blocked by NEB inhibitors and
mammalian liver cytosolic glutathior@transferases: substrate by transfection with ser 32/36 mutantBa.. J. Surg. Res. 62,
specificities and immunological comparison. Mar. Environ. 48-55.

Res. 28, 41-46. Moos, M., Gallwitz, D., 1982. Structure of a human

Habig, W.H., Jakoby, W.B., 1981. Assays for differentiation of beta-actin-related pseudogene which lacks intervening
glutathioneS-transferases. Meth. Enzymol. 77, 398-405. sequences. Nucl. Acid Res. 10, 7843-7849.

Henson, K.L., Stauffer, G., Gallagher, E.P., 2001. Induction of O’Farrell, P.H., 1975. High resolution two-dimensional
glutathione Stransferase activity and protein expression in electrophoresis of proteins. J. Biol. Chem. 250, 4007-4021.
brown bullhead Ameiurus nebulosyidy exthoxyquin. Toxicol. Patel, J., McLeod, L.E., Vries, R.G., Flynn, A., Wang, X,
Sci. 62, 54-60. Proud, C.G., 2002. Cellular stresses profoundly inhibit protein

Hojo, Y., Satomi, Y., 1991. In vivo nephrotoxicity induced synthesis and modulate the states of phosphorylation of
in mice by chromium(VI) involvement of glutathione and multiple translation factors. Eur. J. Biochem. 269, 3076-3085.
chromium(V). Biol. Trace Elem. Res. 31, 21-31. Pham, R.T., Gardner, J.L., Gallagher, E.P., 2002. Conjugation of

Jin, H., Cheng, X., Diatchenko, L., Siebert, P.D., Huang, C.C., 4-hydroxynonenal by largemouth basdi¢ropterus salmoides
1997. Differential screening of a subtracted cDNA library: a glutathioneS-transferases. Mar. Environ. Res. 54, 291-295.
method to search for genes preferentially expressed in multiple Ray, A., Hannink, M., Ray, B.K., 1995. Concerted participation of
tissues. Biotechniques 23, 1084-1086. NF-«kB and C/EBP heteromer in lipopolysaccharide induction

Kadiiska, M.B., Xiang, Q.H., Mason, R.P., 1994. In vivo free of serum amyloid A gene expression in liver. J. Biol. Chem.

radical generation by chromium(VI): an electron spin resonance 270, 7365-7374.
spin-trapping investigation. Chem. Res. Toxicol. 7, 800-805. Romero, L., Higgins, M.A., Gilmore, J., Boudreau, K., Maslen,

Kaltreider, R.C., Pesce, C.A., lhnat, M.A., Lariviere, J.P., A., Barker, H.J., Kirby, G.M., 2002. Down-regulation of alpha
Hamilton, J.W., 1999. Differential effects of arsenic(lll) and class glutathioneés-transferase by interleukin-1beta in human
chromium(VI) on nuclear transcription factor binding. Mol. intestinal epithelial cells (Caco-2) in culture. Drug Metab.
Carcinog. 25, 219-229. Dispos. 30, 1186-1193.

Ketterer, B., 1988. Protective role of glutathione and glutathione Rungby, J., Ernst, E., 1991. Experimentally induced lipid
transferases in mutagenesis and carcinogenesis. Mutat. Res.  peroxidation after exposure to chromium, mercury or silver:
202, 343-361. interactions with carbon tetrachloride. Pharmacol. Toxicol. 70,

Laemmli, U.K., 1970. Cleavage of structural proteins during the 205-207.
assembly of the head of bacteriophage T4. Nature 227, 680— Sengupta, T., Chattopadhyay, D., Ghosh, N., Das, M., Chatterjee,
685. G.C., 1990. Effect of chromium administration on glutathione

Lagarde, M., Lemaitre, D., Calzada, C., Vericel, E., 1997. cycle of rat intestinal epithelial cells. Indian J. Exp. Biol. 28,
Involvement of lipid peroxidation in platelet signaling. 1132-1135.



194

Shi, X., Ding, M., Ye, J., Wang, S., Leonard, S.S., Zang, L.,
Castranova, V., Vallyathan, V., Chiu, A., Dalal, N., Liu,
K., 1999. Cr(VI) causes activation of nuclear transcription
factor-kappa B, DNA strand breaks and dG hydroxylation via
free radical reactions. J. Inorg. Biochem. 75, 37-44.

Shumilla, J.A., Wetterhahn, K.E., Barchowsky, A., 1998. Inhibition
of NF-kB binding to DNA by chromium, cadmium, mercury,
zinc and arsenite in vitro: evidence of a thiol mechanism. Arch.
Biochem. Biophys. 349, 356—-362.

Sridevi, B., Reddy, K.V., Reddy, S.L.N., 1998. Effect of trivalent
and hexavalent chromium on antioxidant enzyme activities
and lipid peroxidation in a freshwater field cré®arytelphusa
guerini. Bull. Environ. Contam. Toxicol. 61, 384-390.

Tsou, T.C., Chen, C.L., Liu, T.Y., Yang, J.L., 1996. Induction
of 8-hydroxydeoxyguanosine in DNA by chromium(lll)
plus hydrogen peroxide and its prevention by scavengers.
Carcinogenesis 17, 103-108.

Ueno, S., Susa, N., Furukawa, Y., Aikawa, K., Itagaki, ., 1989.
Cellular injury and lipid peroxidation induced by hexavalent
chromium in isolated rat hepatocytes. Nippon Juigaku Zasshi
51, 137-145.

Vander Hoeven, T.A., Coon, M.J., 1974. Preparation of properties
of partially purified cytochrome P450 and NADPH-cytochrome
P450 reductase from rabbit liver microsomes. J. Biol. Chem.
249, 6302-6310.

Wilbur, S., Voytek, P., 1988. Toxicological Profile for Chromium.
Agency for Toxic Substances and Disease Registry, p. 376.

Williams, T.D., Gensberg, K., Minchin, S.D., Chipman, J.K., 2003.
A DNA expression array to detect toxic stress response in

L.M. Chapman et al. / Aquatic Toxicology 67 (2004) 181-194

European flounderRlatichthys flesys Aquat. Toxicol. 65,
141-157.

Witmer, C.M., Park, H.S., Shupack, S.l., 1989. Mutagenicity and
disposition of chromium. Sci. Total Environ. 86, 131-148.
Xia, C., Hu, J., Ketterer, B., Taylor, J.B., 1996. The organization
of the human GSTP1-1 gene promoter and its response to
retinoic acid and cellular redox status. Biochem. J. 313, 151—

161.

Xu, Y., Cheng, G., Baltimore, D., 1996. Targeted disruption of the
TRAF3 leads to postnatal lethality and defective T-dependent
immune responses. Immunity 5, 407-415.

Yang, Y., Sharma, R., Zimniak, P., Awasthi, Y., 2002. Role of
alpha class glutathion&transferases as antioxidant enzymes
in rodent tissues. Toxicol. Appl. Pharmacol. 182, 105-115.

Ye, J., Zhang, X., Young, H.A., Mao, Y., Shi, X., 1995.
Chromium(VI)-induced nuclear factor-kappa B activation in
intact cells via free radical reactions. Carcinogenesis 16, 2401—
2405.

Ye, J., Shi, X., 2001. Gene expression profile in response
to chromium-induced cell stress in A549 cells. Mol. Cell.
Biochem. 222, 189-197.

Yin, Z., Ivanov, V.N., Habelhah, H., Tew, K., Ronai, Z.,
2000. GlutathioneStransferase p elicits protection against
H20,-induced cell death via coordinated regulation of stress
kinases. Cancer Res. 60, 4053—4057.

Zhu, M., Chapman, W.G., Oberley, M.J., Wasserman, W.W., Fahl,
W.E., 2001. Polymorphic electrophile response elements in
the mouse glutathion&transferase GSTal gene that confer
increased induction. Cancer Lett. 164, 113-118.



	Construction of a subtractive library from hexavalent chromium treated winter flounder (Pseudopleuronectes americanus) reveals alterations in non-selenium glutathione peroxidases
	Introduction
	Materials and methods
	Treatment of winter flounder with Cr(VI)
	Sample preparation and affinity chromatography
	Production of subtractive clones for macroarray preparation and hybridization
	RT-PCR confirmation of differential expression
	Electrophoresis and silver staining
	GSH levels and enzyme assays

	Results
	Subtractive hybridization and subtractive arrays
	Confirmation of gene expression changes
	Silver staining and densitometry of GSH-affinity purified proteins
	Total GSH, GSH peroxidase and GST activities in Cr(VI)-injected flounder

	Discussion
	Acknowledgements
	References


