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Molecular characterization of glutathione peroxidase gene
from the liver of silver carp, bighead carp and grass carp
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The c¢DNAs encoding glutathione peroxidase (GPx) were
cloned and sequenced from the liver of three Chinese carps
with different tolerance to hepatotoxic microcystins, phyto-
planktivorous silver carp (Hypophthalmichthys molitrix) and
bighead cam (Aristichthys nobilis), and herbivorous grass carp
(Ctenopharyngodon idellus). Using genome walker method, a
750 bp 5’-flanking region of the silver cap GPx gene was ob-
tained, and several potential regulatory elements were identi-
fied in the promoter region of the GPx gene. The silver carp
GPx gene was widely expressed in all tissues examined.
Despite phylogenetic analysis, assigning this newly described
carp GPx to the group of mammalian GPx2, the carp GPx
seems more similar to GPx1 from a physiological point of
view. The constitutive expression pattern of the three carp liver
GPx gene, shows a positive relationship with their tolerance to
microcystins. [BMB reports 2008; 41(3): 204-209]

INTRODUCTION

Cyanotoxins produced by freshwater cyanobacteria are com-
mon worldwide, and have been reported to cause serious poi-
sonings and deaths of wild and domestic animals (1), as well
as significant hazards to human health (2). The reported in-
cidences of animal and human exposure to microcystins (3, 4)
emphasize the need for a better understanding of the detox-
ification mechanism of these compounds. It has been known
that microcystins can cause an increase in reactive oxygen spe-
cies (ROS) production (5). Although ROS play an important
role in host defense, high concentrations of ROS lead to oxida-
tive stress which can cause cellular damage (6). This stress can
be counteracted by enzymatic and non-enzymatic antioxidant
systems. Among enzymatic systems, the glutathione perox-
idases (GPx) belong to the first line of defense against per-
oxides, superoxide anion and hydrogen peroxide, and assumes
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an important role in detoxifying lipid and hydrogen peroxide,
with the concomitant oxidation of glutathione (7).

GPx is a generic name for a family of multiple isozymes. In
general, the members in the family can be divided into two sorts.
One sort of the isozymes have selenium-dependent glutathione
peroxidase activity and contain selenocysteine (SeC) encoded
by a TGA codon, whereas the other sort have no selenocysteine.
Five selenium-dependent GPx (GPx1, GPx2, GPx3, GPx4 and
GPx6) have been identified in mammals based on their primary
sequence, substrate specificity and subcellular localization
(8-12). Although GPx5 has the similarity in nucleotide/protein
sequence with GPx3, it is not selenoenzymes because its active
site contains cysteine instead of selenocysteine (13).

Silver carp (Hypophthalmichthys molitrix) and bighead carp
(Aristichthys nobilis), the most commercially important phyto-
planktivorous fish in China, are suggested to be able to sup-
press and graze out Microcystis aeruginosa blooms (14).
Although report about tissue distribution and depuration of
two microcystins (microcystin-LR and microcystin-RR) is avail-
able in silver carp (15), little is known about the molecular de-
toxification mechanism of the cyanotoxins in this fish. Recent
studies suggest that fish GPx may play an important role in the
detoxification of microcystins, mainly focused on the changes
of enzyme activities (16-18). Our previous study observed the
increased GPx gene expression level in tilapia exposed to a
single 50 pg kg' body weight (bwt) dose of MC-LR (19).
However, the GPx gene expression level in different fishes
with different food habit and tolerance to microcystins has not
been characterized (20). In this report, the GPx cDNA se-
quences were cloned from phytoplanktivorous silver carp and
bighead carp and herbivorous grass carp (Ctenopharyngodon
idellus), the promoter region of silver carp GPx gene was also
obtained and characterized, and finally, the tissue expression
pattern of silver carp GPx gene and the constitutive GPx gene
expression level in the liver of these three Chinese carps were
determined, aiming at a better understanding on the molecular
mechanism of microcystin detoxification in freshwater fishes.

RESULTS AND DISCUSSION
Cloning and phylogenetic analysis of three Chinese carp GPx

cDNA
The full-length GPx cDNA clones were isolated from silver carp
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liver by RT-PCR and RACE. The silver carp GPx clones were 892
bp in length, contained an open reading frame (ORF) of 576 bp
(encoding a polypeptide of 191 amino acids), flanked by 25 bp
5’-untranslated region (5’UTR) and 291 bp 3’-untranslated re-
gion (3’'UTR). The theoretical molecular weight (Mw) of the pu-
tative peptide was estimated to be 21.59 kDa and the isoelectric
point (pl) to be 6.37. The 40th amino acid corresponds to a sele-
nocysteine encoded by a TGA codon. Comparison of the de-
duced amino acid sequence of silver carp GPx with other animal
GPx sequences showed that catalytic residues of GIn” and
Trp"’ which interact with selenocysteine were conserved in sil-
ver carp GPx (Fig. 1). Partial GPx cDNA sequences obtained
from the liver of bighead carp and grass carp were 653 bp and
666 bp in length respectively (data not shown) and both encod-
ing 119 amino acids (Fig. 2). The coding regions deduced from
bighead carp and grass carp partial GPx cDNA sequences were
both corresponded to the position 73-191 of the silver carp GPx.
Studies with vertebrate species have identified crucial amino

1 CTGATAAATCTGTACCTTTTATGAACTATT
GATA
3 TETAATTTAATTAAGTTORGGCTGTTTTTTGTTTTAATTATGEGTTTTTAAT A TGCAL
0cT1 Cidwa Cdwa
A1 AGARAGAAGAGRAT AAATATGGACTAGTGATGCTCCAT TOGT ARACT AR TCGGATCATTT
SRy SRY
181 TAATGAACAGATCGAATCGRT TCACASAATCRGAACARACTGAAT TATTRGTTCACTCGA
HzF2 HWF3E
21 ﬁETEg?TCAGTCTC&ﬁEGGTCTCGAGTTG&ﬁTEGACﬁﬁCEETCTCﬁEAAGTCCGATTCCT
271 AAGGARCCGAGAACCGATGAG TCAT TAMACTGATATTRAGT G TACAGAT TATATGACTGA
AP
3591 GLAATAGTAAGATCTTTTAATATGRAGT TGCTTTAAAAGAATAATATCCTATACAAMCCT
3591 AbATAACATACGTTAAT AACCAACAACTTAAACTGCATTRGAALA TAMAGGACTCTGAT
451 TCAAGAGTCTGACTCTRAGAGTTCAAAAT AAAATGTGTATATATAGCCTATAATALCATT
CREBF1
511 ﬁAAAAAﬁﬁTTAAACGﬁAETTTTTGAEE%E&TGATTATGCAGEE?TTGG&AAGC&AT&TCG
A71 TCGTTTGACAASAGATRRCGA TRT T TAACAGT T TAACCTRETACCCTRACACGAGACTGE
GATH
g3l ﬁETTCCTTTTTTTGTﬁTTTACGCﬁGTTCCCTEEETTTEE?TEA&GGTTCAATTCAAGGTC
.
BS1 CRTTGATAMAACALACAGCAT TTTRCACT TCGASCT ACAGCRTAMACTRCTTGTTORAGT
GATH WB
VBT ATGACAGGEAACATGAMGAAGTTTTATGA TCTRTCCGECAAGET T TTRTCAGGRRACATC
T WTGHNMWWEEKEFYDLSESAELLSEGDI
11 CTGAATTTTTORTCTCTCASAGGGAMGT TRTRCTTATTGASMATGTGRCGTCRCTCTGA
LWMWFEE2LEKEGEYYLIEHMN®YMA&ESLZ
871 GGCACAACARTCAGGGATTACACTCAGAT GAACGAGC TCCACAGT AT TATGCTGATCAL
GTTYRDY TOMWNELHSESY MDD
431 GRGCTGGTTATTCTGGGCGCTCCCTREAACCART TCGGACATCAGGAGAACT GoAAGAAT
G LY I LGAPLGCMNWNODFGH®RZE®MNTE CEN
991 GATGARATTCTGAAGTCTCTGAAGTACGT CCGACCHGRAGATRRC TTCGAGCCOAAMTCD
bDEILKESESLEKEYYRPGDGFEFPIES
1051 CAGCTTCTRGAGAAGCTTRAAGT GAACEET GAGAACGCCCACCCTCTRTTTGTRTTCTTG
1 0 L LEEKLEWMNIGE®MNAHPLEFLYFL
1111 AdpGAGAAGCT GO TCAACCCAGTRACGACGCTRT GTCCCTGAT GRGT GATCCCARATTC
1T K EKLPOBPSESDDASY S LKWGEDPETF
1171 ATCATCTGGRAGTCCCGTGAACAGRALT GACATCRCC TRGAGCT T TRAGAAGT TCCTCATT
1T I I "2 P Y HNRMNDTIAWMNFEHKTFLTI
1231 GLECCGGACGLRGGAACCHT TCAAGCGGT ACAGCALAAAGT TCCTCACCAGCGACATTGAA
G PO GEPFEKERYSRHEFLTOSEEDTIE
1281 GLAGATATCAAAGAGCTTCTCAAGAGGACGAAGT A4 ACCTRRCAGGCGROCT TCACGTGT
191 A~ D I K ELLEKETRTE -
1381 TTRGCCATGCAAGAT AGACCGTCOACTGLATATCACAT GRAGCCATAAGATTRTTRTTAG
1411 ATATAGACTGACTGTGCAGACATGAT TAAAGTGLASCTGTTTTTTAGACTTTTTACTTAA
1471 TEAAGATGCTTCCTAARACCTTTETRGGAAGTTTCTGATGTAGC TRTAGAGGTTTATTAT
1631
1591

A TAGTTRTGTTTTATCCATGAAT TRCACAGCTCAGRTTRTGTCTTTCAACTRTTAACTG
AASATAAABACTAAAASAAAAAAAMAY

Fig. 1. Nucleotide sequence and deduced amino acid sequence
of silver carp selenium-dependent GPx. The SECIS element is lo-
cated in the 3' UTR and the ATGA AA GA motif is showed in
bold. Putative regulatory elements were predicted with TFBIND
(http://tfbind.ims.u-tokyo.ac.jp/).
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acids for the enzymatic mechanism of GPx. Some of these ami-
no acids are conserved in the three Chinese carp GPx gene. Two
catalytic residues GIn” and Trp'*>* are conserved to hydrogen
bonded to the Selenium/Sulfur moiety of GPxs (21). Meanwhile,
the residues Arg®> *® 79" and Lys®® which play a significant
roles in directing the substrate toward the catalytic center in
mammals (22) were conserved in silver carp, bighead carp and
grass carp. GPx has three loop structures that stabilize the struc-
ture of the enzyme in mammal. The first loop is Asn* - Tyr*
(NVASLUGTTVRDYT), the second is Leu”” - GIn®* (LGFPCNQF
GHQ) and the third is Trp'® - Phe'® (WNF) (23). In the present
study, the amino acids formed these three loop structures were
all well conserved in GPx from silver carp, bighead carp, and
grass carp.

The GPx sequences identified in the three Chinese carps
were compared to those of other fishes and mammals avail-
able in GenBank with BLAST program. Both the nucleotide se-
quences and the deduced amino acid sequence analyses
showed that the three Chinese carp GPx gene had a high se-
quence identity with GPx1 and GPx2 of mammals. To reveal
the molecular phylogenetic position of silver carp, bighead
carp, and grass carp GPx, a phylogenetic tree was constructed
by the Mega 3.1 software. Basically, GPx1 to GPx4 can be
classified into four subgroups, with GPx5 and GPx6 of mam-
mals in the same cluster of GPx3 (Fig. 3).
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Fig. 2. Comparison of the GPx amino acid sequences. Dashes in-
dicate the amino acid gaps that are necessary to align these
sequences. The conserved residues in all sequences are indicated
by asterisk (*). The active-site residues located within hydrogen-
bonding distance to the selenium atom are boldfaced. Residues
directing the substrate toward the catalytic center are boxed.
Residues that are important for the activity of the enzyme are
darkened. Three loop structures that stabilize the structure of the
enzyme are underlined.
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Isolation and characterization of silver carp GPx gene
5’-flanking region

To understand the regulation of silver carp GPx gene, a 750 bp
fragment upstream of the start codon was amplified using ge-
nome walker method. Analysis of the upstream 750 bp se-
quence of silver carp GPx gene, revealed that there was no clas-
sical TATA box or CCAAT box in the 5 flanking region and that
the region was not GC rich (<50% G + C). The ubiquitous
transcription element sites, one SP1 binding site and three AP
binding sites, located at 191 bp, 76 bp, 455 bp and 455 bp up-
stream of the start codon respectively. One liver-specific site
(HNF-3b) and one heat shock factor 2 site (HSF2) as well as four
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Fig. 3. A molecular phylogenetic tree of GPx based on the
Neighbour-joining method with values for each internal branch
determined by bootstrap analysis with 1000 replications. Values
indicate percentages along the branch.
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GATA sites were identified at 406 bp, 419 bp, 46 bp, 154 bp,
207 bp and 738 bp upstream of the start codon respectively.
Three homologous chicken CdxA caudal type homeobox pro-
tein binding sites and one octomer transcription factor 1 (OCT1)
were also identified at 98 bp, 663 bp, 677 bp, 704 bp upstream
of the start codon respectively. Furthermore, there were two ho-
mologous sex-determining region Y sites (SRY) and one MYB
recognition element found in the region at 611 bp, 655 bp, 9 bp
upstream of the start codon respectively (Fig. 1).

Cis-acting DNA elements in promoters are responsible for
interacting with corresponding transcription factors to control
transcription of related genes in response to a variety of envi-
ronmental and developmental signals. Both human GPx1 and
GPx2 promoter regions are capable of responding to exoge-
nous agents such as paraquat and t-butyl hydroperoxide (24,
25). This transcriptional response of oxidative stress is likely to
be more physiologically relevant in vivo than the post-tran-
scriptional regulation mechanism which occurs in vitro in the
presence of selenium deficiency (26, 27). Extensive further
studies are required to determine what element(s) affect ex-
pression of silver carp GPx gene and what element(s) respond
to cellular stress induced by exogenous agents.

Tissue expression pattem of silver carp GPx gene and consti-
tutional liver GPx mRNA level among the three Chinese camps
The silver carp GPx was widely expressed in all tissues exam-
ined including liver, adipose tissue, intestine, muscle, and brain.
The highest expression of silver carp GPx was observed in liv-
er, followed by adipose tissue and intestine, whereas the low-
est expression was observed in the muscle and brain (Fig. 4).
The GPxs of three Chinese carps in this study, together with
zebrafish GPx1 and rainbow trout GPx2, are more closely re-
lated to those of GPx2 than to those of GPx1 of mammals.
GPx1 and GPx2 are both cytosolic enzymes. Tissue dis-

500bp
250bp
100bp

2000bp
1000bp
500bp

250bp
100bp

Fig. 4. GPx (a) and beta-actin (b) mRNA expression in different
tissues of silver carp by RT-PCR. M, marker; 1, liver; 2, adipose
tissue; 3, intestine; 4, muscle; 5, brain.
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tribution in mammalian species showed that GPx1 is ubig-
uitous, whereas GPx2 is mainly restricted to the gastro-
intestinal tract and human liver (but not rat liver) (8, 28).
However, in the present study, silver carp GPx was widely ex-
pressed in all major tissues examined including liver, adipose
tissue, intestine, muscle, and brain. It should be pointed out
that despite phylogenetic analysis, assigning this newly de-
scribed carp GPx to the group of mammalian GPx2, the carp
GPx seems more similar to GPx1 from a physiological point of
view. In fact, both tissue distribution and absence of anti-
oxidant response elements (ARE) typical of the GPx2 mamma-
lian gene in the 5" flanking region, which make GPx2 part of
the adaptive response in mammals (29), suggest that this newly
discovered carp gene shares the physiological role with mam-
malian GPx1 enzymes. On the other hand, phylogenetic anal-
ysis may be complicated by the high degree of conservation
beween GPx1 and GPx2.

GPx gene expression was detected in the liver of the silver
carp, bighead carp and grass carp by RT-PCR. The ratio GPx/
beta-actin mRNA (%) was determined to be 200.4 + 30.5
(silver carp), 188.1 + 16.6 (bighead carp) and 102.0 + 13.2
(grass carp).

In aquatic ecosystems, fish stand at the top of the aquatic
food chain, and are possibly affected by exposure to toxic
cyanobacteria. Liver is the major site in fish and other verte-
brates for the detoxification of ingested toxic materials by oxi-
dation, and ROS is known to be involved in the process (5,
30). As one of primary antioxidant enzymes, GPx plays an im-
portant role in protecting membrane from being oxidated. By
catalyzing through reduced glutathione, GPx protects the cell
and hypersensitive molecules from the attack of free oxygen
radical (31). The important role that GPx plays in detoxifying
process of microcystins is supported by many experiments.
The activitiy of GPx was enhanced in liver of Corydoras palea-
tus exposed to 2 pg/L microcystin-RR (16). The activities of
GPx increased significantly after 6 h exposure in hepatocytes
of common carp exposed to 10 pug/L MC-LR, in loach after oral
exposure to MCs (18, 32), and in tilapia fed with cyanobacte-
rial cells (17). Our previous study also showed that the gene
expression level of GPx tended to increase in the liver of tila-
pia after exposure to a single 50 pg kg ' body weight (bwt)
dose of MC-LR (19).

It has been known that the amount of cyanotoxin is much
higher in phytoplankton than the aquatic plants (33). In the
present study, semi-quantitative RT-PCR was conducted to de-
termine the constitutive expression level of GPx gene among
three Chinese carps, including phytoplanktivorous silver carp
and bighead carp and herbivorous grass carp, under natural
environment. The constitutive expression pattern of the three
carp liver GPx gene, shows a positive relationship with their
tolerance to microcystins (20): resistent fish (planktivorious sil-
ver carp and bighead carp) is notably higher than sensitive fish
(herbivorous grass carp). Since oxidation and ROS generation
is necessarily involved in the detoxification process of cyano-
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toxins in hepatocytes, the high expression of liver GPx in phy-
toplanktivorous fish (silver carp and bighead carp), might be
important to restrain over production of ROS and protect the
fish liver from injury. The speculated cyanotoxin content in the
food of these three Chinese carps, coincides well with their liv-
er GPx expression level. We suggest that liver GPx might be
important for Chinese carps to detoxify microcystins in phyto-
plankton food.

MATERIALS AND METHODS

Fish sampling

Silver carp, bighead carp and grass carp (average mass 500 g)
were caught in Xiangang Reservoir (Boluo County, Guangdong
Province, China). Randomly selected fish were killed, and liv-
ers were dissected immediately for RNA isolation. Five fishes
for each species were sampled.

PCR cloning of GPx cDNA sequences of three Chinese camps
Total RNA was isolated using SV Total RNA Isolation System
(Promega, USA). Reverse transcription was performed with oli-
go(dT)1s primer using First Strand cDNA Synthesis Kit (Toyobo,
Japan). Two degenerate primers GPx01F (5-GGACATCAGGA
GAACTGCAAA/G)AA(T/O)GA(A/G)GA-3") and GPx02R (5"-A
CCAGGAACTT(C/T) TC(G/A)AA(G/ATTCCA-3’) were designed
to clone partial GPx cDNA sequences by PCR.

Gene-specific primers scGPx3'S1 (5-AGTCTCTGAAGTAC
GTCGC-3') (for silver carp and bighead carp), gcGPx3’S1 (5-AA
TCTCTGAAGTATGTCCG-3’) (for grass carp) and GPx3’S2 (5'-
AAGAGAAGCTGCCTCAACC-3') (for the three carps) were de-
signed for 3'-RACE of three Chinese carp GPx cDNA. 3’-RACE
was performed using a 3’-Full RACE Core Set (TaKaRa, Japan).
Two Gene-specific primers scGPx5’S1 (5-GATGTCATTCCTG
TTCAC-3') and scGPx5'S1 (5'-GGTCGGACGTACTTCAGAGA
CT-3’) were designed in the cloned PCR fragments of silver carp
GPx cDNA for 5-RACE. 5-RACE was performed using the
SMART RACE Kit (TaKaRa, Japan).

Cloning of 5’-flanking region of silver carp GPx gene

Two Gene-specific primers GSP1 (5'-CTACTGTGGAGCTCGT
TCATCTGAGTG-3"), GSP2 (5-TGTTCCCTGTCATGCTCG-3')
were designed for cloning the sequence of 5’-flanking region
of silver carp GPx gene. Genomic DNA was isolated from sil-
ver carp using Blood & Cell Culture DNA Kit (QIAGEN, USA)
according to the manufacture’s recommendations. Universal
Genome Walker Kit (Clontech, USA) was used for cloning the
sequence (34). Putative transcription regulatory regions were
predicted with TFBIND (http:/tfbind.ims.u-tokyo.ac.jp/) (35).

Phylogenetic analysis

Phylogenetic trees were constructed by the Neighbour-joining
method using MEGA 3.1 software. The reliability of the tree
obtained was assessed by bootstrapping using 1000 bootstrap
replications.
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Analysis of relative liver GPx expression among three Chinese
carps and tissue expression pattern of silver carp GPx

The relative liver GPx mRNA abundance of three Chinese
carps was determined by PCR amplification of liver cDNA
samples within the exponential phase, using beta-actin as an
external control. The relative liver GPx cDNA level of three
Chinese carps was expressed as the ratio GPx/beta-actin cDNA
(%). Values are expressed as means + S.E. (n = 5) for each
species. The tissue expression pattern of silver carp GPx mRNA
among liver, adipose tissue, intestine, muscle and brain was
also demonstrated by RT-PCR.

Statistical analysis

Statistical analyses of differences among treatment means of
relative liver GPx cDNA level of three Chinese carps, was done
using SPSS 10.0 by one-way analysis of variance (ANOVA)
and the post hoc test. Differences were considered significant
if P<0.05.

Acknowledgements

We wish to express our thanks to Dr. Jeffrey T. Silverstein for
his help during the work and two anonymous referees for their
helpful review of the manuscript. This work was financially
supported by the National Natural Science Foundation of
China (Project No. 30670367), the Guangdong Natural
Science Foundation (Project No. 031886), the Project of
Science and Technology of Guangdong Province (Project No.
2005B20301005), the Project of Science and Technology of
Guangzhou City (Project No. 2006Z3-E0551), and the
Scientific Research Foundation for the Returned Overseas
Chinese Scholars.

REFERENCES

1. Carmichael, W. W. (2001) Health effects of toxin-produc-
ing cyanobacteria: "the CyanoHABs". Hum. Eco.l Risk
Assess 7, 1393-1407.

2. Pouria, S., Andrade, A. D., Barbosa, J., Cavalcanti, R. L.,
Barreto, V. T. S., Ward, C. J., Preiser, W., Poon, G. K.,
Neild, G. H. and Codd, G. A. (1998) Fatal microcystin in-
toxication in haemodialysis unit in Caruaru, Brazil. Lancet
352, 21-26.

3. Falconer, 1. R. (2001) Toxic cyanobacterial bloom prob-
lems in Australian waters: risks and impacts on human
health. Phycologia 40, 228-233.

4. Jochimsen, E. M., Carmichael, W. W., An, J. S., Cardo, D.
M., Cookson, S. T., Holmes, C. E., Antunes, M. B., de
Melo Filho, D. A., Lyra, T. M., Barreto, V. S., Azevedo, S.
M. and Jarvis, W. R. (1998) Liver failure and death after
exposure to microcystins at a haemodialysis center in
Brazil N. Engl. J. Med. 338, 873-878.

5. Ding, W. X., Shen, H. M. and Ong, C. N. (2001) Critical
role of reactive oxygen species formation in microcystin-
induced cytoskeleton disruption in primary cultured hepa-
tocytes. J. Toxicol. Environ. Health, Part A 64, 507-519.

BMB reports

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Halliwell, B. and Gutteridge, J. M. C. (1999) Free Radicals

in Biology and Medicine, Oxford University Press, Oxford,
USA.

. Almar, M., Otero, L., Santos, C. and Gallegho, J. G.

(1998) Liver glutathione content and glutathione-depend-
ent enzymes of two species of freshwater fishes as bio-
indicators of chemical pollution. J. Environ. Sci. Health
33, 769-783.

. Chu, F. F., Doroshow, J. H. and Esworhty, R. S. (1993)

Expression, characterization and tissue distribution of a
new cellular selenium-dependent glutathione peroxidase,
GSHPx-GL. /. Biol. Chem. 268, 2571-2576.

. Flohé, L., Gunzler, W. A. and Schock, H. H. (1973)

Glutathione peroxidase: a selenoenzyme. FEBS Lett. 32,
132-134.

Kryukov, G. V., Castellano, S., Novoselov, S. V., Lobanov,
A. V., Zehtab, O., Guigo, R. and Gladyshev1, V. N. (2003)
Characterization of mammalian selenoproteomes. Science
300, 1439-1443.

Takahashi, K., Avissar, N., Whitin, J. and Cohen, H.
(1987) Purification and characterization of human plasma
glutathione peroxidase: a selenoglycoprotein distinct from
the known cellular enzyme. Arch. Biochem. Biophys.
256, 677-686.

Ursini, F., Maiorino, M., Valente, M., Ferri, L. and
Gregolin, C. (1982) Purification from pig liver of a protein
which protects liposomes and biomembranes from perox-
idative degradation and exhibits glutathione peroxidase
activity on phosphatidylcholine hydroperoxides. Biochim.
Biophys. Acta. 710, 197-211.

Ghyselinck, N. B. and Dufaure, J. P. (1990) A mouse
cDNA sequence for epididymal androgen-regulated pro-
teins related to glutathione peroxidase. Nucleic Acids Res.
18, 7144.

Xie, P. and Liu, J. K. (2001) Practical success of bio-
manipulation using filter-feeding fish to control cyanobac-
teria blooms: a synthesis of decades of research and appli-
cation in a subtropical hypereutrophic lake. The Scientific
World 1, 337-356.

Xie, L. Q., Xie, P., Ozawa, K., Honma, T., Yokoyama, A.
and Park, H. D. (2004) Dynamics of microcystins-LR and
-RR in the phytoplanktivorous silver carp in a sub-chronic
toxicity experiment. Environ. Pollut. 127, 431-439.
Cazenave, J., Bistoni, M. A., Pesce, S. F. and Wunderlin,
D. A. (2006) Differential detoxification and antioxidant re-
sponse in diverse organs of Corydoras paleatus ex-
perimentally exposed to microcystin-RR. Aquat. Toxicol.
76, 1-12.

Jos, A., Pichardo, S., Prieto, A. 1., Repetto, G., Vazquez, C.
M., Moreno, I., Camean, A. M. (2005). Toxic cyanobacte-
rial cells containing microcystins induce oxidative stress
in exposed tilapia fish (Oreochromis sp.) under laboratory
conditions. Aquat. Toxicol. 72, 261-271.

Li, X., Liu, Y., Song, L. and Liu /. (2003) Responses of anti-
oxidant systems in the hepatocytes of common carp
(Cyprinus carpio L.) to the toxicity of microcystin-LR.
Toxicon. 42, 85-89.

Wang, L., Liang, X. F., Liao, W. Q., Lei,L. M. and Han, B. P.
(2006) Structural and functional characterization of micro-
cystin detoxification-related liver genes in a phytoplanktiv-

http://ombreports.org



20.

21.

22.

23.

24.

25.

26.

orous fish, Nile tilapia (Oreochromis niloticus). Comp.
Biochem. and Physiol. Part C: Toxicol. & Pharmacol. 144,
216-227.

He, . W., He, Z. R. and Guo, Q. L. (1997) The toxicity of
microcystis aeruginosa to fish and daphnia. Journal of Lake
Sciences 9, 49-56.

Prabhakar, R., Vreven, T., Morokuma, K. and Musaev, D.
G. (2005) Elucidation of the mechanism of selenoprotein
glutathione peroxidase (GPx)-catalyzed hydrogen per-
oxide reduction by two glutathione molecules: a density
functional study. Biochemistry 44, 11864-11871.
Aumann, K. D., Bedorf, N., Brigelius-Flohé, R., Schomburg,
D. and Flohé, L. (1997) Glutathione peroxidase revisited-
simulation of the catalytic cycle by computer-assisted mo-
lecular modelling. Biomed. Environ. Sci. 10, 136-155.
Ursini, F., Maiorino, M., Brigelius-Flohé, R., Aumann, K. D.,
Roveri, A., Schomburg, D. and Flohé, L. (1995) Diversity of
glutathione peroxidases. Methods Enzymol. 252, 38-53.
de Haan, J. B., Bladier, C., Griffiths, P., Kelner, M.,
O’Shea, R. D., Cheung, N. S., Bronson, R. T., Silvestro, M.
J., Wild, S., Zheng, S. S., P. M., Hertzog, P. J. and Kola, I.
(1998) Mice with a homozygous null mutation for the
most abundant glutathione peroxidase, Gpx1, show in-
creased susceptibility to the oxidative stress-inducing
agents paraquat and hydrogen peroxide. J. Biol. Chem.
273, 22528-22536.

Kelner, M. J., Bagnell, R. D., Montoya, M. A. and Lanham,
K. A. (2000) Structural organization of the human gastro-
intestinal glutathione peroxidase (GPx2) promoter and
3’-nontranscribed region: transcriptional response to exog-
enous redox agents. Gene 248, 109-116.

Chu, F. F., Esworthy, R. S., Akman, S. and Doroshow, J.
H. (1990) Modulation of glutathione peroxidase ex-
pression by selenium: effect on human MCF-7 breast can-
cer cell transfectants expressing a cellular glutathione per-
oxidase c¢cDNA and doxorubicin-resistant MCF-7 cells.

http://bmbreports.org

27.

28.

29.

30.

31.

32.

33.

34.

35.

Freshwater fish glutathione peroxidase gene
Guang-Zhao Li, et al.

Nucl. Acids Res. 18, 1531-1539.

Moscow, ). A., Morrow, C. S., He, R., Mullenbach, G. T.
and Cowan, K. H. (1992) Structure and function of the
5'-flanking sequence of the human cytosolic selenium-de-
pendent glutathione peroxidase gene (hgpx1). J. Biol.
Chem. 267, 5949-5958.

Chu, F. F. and Esworthy, R. S. (1995) The expression of an
intestinal form of glutathione peroxidase (GSHPx-GI) in rat
intestinal epithelium. Arch. Biochem. Biophys. 323, 288-
294.

Brigelius-Flohé, R. (2006) Glutathione peroxidases and re-
dox-regulated transcription factors. Biol. Chem. 387, 1329-
1335.

Gehringer, M. M., Downs, K. S., Downing, T. G., Naudé, R.
J. and Shephard, E. G. (2003) An investigation into the effect
of selenium supplementation on microcystin hepatotoxicity.
Toxicon. 41, 451-458.

Yin, L., Huang, J., Huang, W., Li, D., Wang, G. and Liu,
Y. (2005) Microcystin-RR-induced accumulation of re-
active oxygen species and alteration of antioxidant sys-
tems in tobacco BY-2 cells. Toxicon. 46, 507-512.

Li, X. Y., Chung, I. K., Kim, J. I. and Lee, J. A. (2005) Oral
exposure to Microcystis increases activity-augmented anti-
oxidant enzymes in the liver of loach (Misgurnus miz-
olepis) and has no effect on lipid peroxidation. Comp.
Biochem. and Physiol. Part C: Toxicol. & Pharmacol. 141,
292-296.

Liu, J. (1990) Lake Donghu Ecological Research, Science
Press, Beijing, 1-407.

Liao, W. Q., Liang, X. F., Wang, L., Fang, L., Lin, X., Bai, J.,
Jian, Q. (2006) Structural conservation and food habit-re-
lated liver expression of uncoupling protein 2 gene in five
major Chinese carps. J. Biochem. Mol. Biol. 39, 346-354.
Tsunoda, T. and Takagi,T. (1999) Estimating transcription
factor bindability on DNA. Bioinformatics 115, 622-630.

BMB reports 209



