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Introduction 
Alkylphenol polyethoxylates (APEOs) account for 

the major class of non-ionic surfactants and have a 
variety of industrial and commercial applications. 
Octylphenol ethoxylates are one of two most abun-
dant APEOs in the marketplace (Talmage, 1994). These 

APEOs when discharged into the aquatic environment 
are bio-degraded to produce octylphenols (OPs). One 
of the OPs products is 4-tert-octylphenol (CAS No. 
140-66-9) depending on their parent compound struc-
tures. 

The metabolite OPs are more toxic than the parent 
compound (Naylor et al., 1992) and has been demon-
strated to exist in seawater, river water and sewage 
wastewater (Ferguson et al., 2000; Meesters and 
Schroder, 2002; Petrovic et al., 2002; Staniszewska 
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et al., 2014). 4-tert-OP is a potent estrogen in vitro 
and in vivo (Beresford et al., 2000; Yoshida et al., 
2001). The compound is known to cause reproductive 
perturbation (Gray et al., 1999), apoptotic cell death 
(Toomey et al., 1999), endocrinal malfunction (White 
et al., 1994) and vitellogenin-like pathologic anoma-
lies (Folmar et al., 2001; Masden et al., 2003). In 
particular, 4-tert-OP is stronger as an estrogen-mim-
etic than nonylphenol, another most common APEO 
metabolite, in rainbow trout (Jobling et al., 1996). 

Antioxidant status in organisms has frequently 
been employed in assessing toxic potential of various 
environmental toxicants (Halliwell and Gutteridge, 
1999). Glutathione (GSH) is an important endogenous 
antioxidant molecule of low molecular weight in an 
organism (Forman et al., 2008). GSH levels can vary 
in response not only to the existence of pro-oxidant 
chemicals but also by enzyme activities that synthe-
size or utilize the molecule. While glutathinoe reduc-
tase (GR) produces reduced form GSH by regenerat-
ing from the oxidized one (GSSG, glutathione disul-
fide), glutathione peroxidase (GPx) and glutathione- 
S-transferase (GST) consume GSH by utilizing it as 
a substrate. Thus, both intracellular GSH level and 
these GSH-modulating enzymes reflect antioxidant 
potential of a cell.

There is only limited number of studies in which 
effects of 4-tert-OP were examined for antioxidant 
status in animals (Kim et al., 2003; Aydoğan et al., 
2008). The aim of the present study was to investigate 
whether GSH-dependent antioxidant parameters will 
be affected in olive founder Paralichthys olivaceus 
when chronically exposed to 4-tert-OP. Olive flound-
er is a very common and widespread teleost species 
living in coastal zones and estuaries of Korea, Japan 
and China’s seawaters. In the wild habitat the fish 
hides in sediment and feeds on benthic invertebrates. 
The species is also one of the most widely cultured 
fishes in the same area. Because of such abundance, 
they are very likely to be exposed to APEO metabo-
lites from water and prey as well.

Materials and Methods 

Experimental fish 

Cultured olive flounder, Paralichthys olivaceus 
were obtained from a local fish farm in Pohang, 
Kyongbook Province, Korea. Prior to exposure, fish 
were held for three weeks for acclimatization and 
evaluation of fish health under laboratory conditions 
maintaining at 20 ± 2℃ under 12:12 h light/dark 
cycle. During acclimatization fish were fed a basal 
diet (Table 1) twice daily (2% body weight for each 
meal at approximately 10:30 and 16:30 h). After ac-
climatization, fish of similar sizes (mean body weight, 
49.7 ± 3.9 g, mean ± S.D.) were selected for exposure 
experiments. 

Diet preparation 

The basal diet (Table 1) was supplemented with 
4-tert-OP at levels of 0, 1, 5 and 10 mg/kg diets. 

Table 1. Composition of the basal diet

Ingredients g/Kg diet
Casein, vitamin free
Gelatin
Corn starch
Dextrin
Squid liver oil
Soy bean oil
Carboxymethyl cellulose
Protease
Cellulose
Vitamin premix1

Mineral premix2

335
75

280
140
50
30
30
5

15
10
30

1Vitamin mix supplemented diets (in mg/Kg diet): vita-
min A (500,000 IU/g), 8; vitamin D3 (1,000,000 IU/g), 
2; vitamin K, 10; vitamin E, 100; thiamine, 10; ribo-
flavin, 20; pyridoxine, 20;vitamin C, 50; nicotinic acid, 
150; folic acid, 10; vitamin B12, 0.02; biotin, 2; inositol, 
400; choline chloride, 2,000; panthothenate, 200. 

2Mineral premix contains (in g/Kg premix): NaCl, 43.3; 
MgSO4·H2O, 136.6; NaH2PO4·2H2O, 86.9; KH2PO4, 
239.0; Ca(H2PO4)2·H2O, 135.3; ZnSO4·7H2O, 21.9; Fe- 
citrate, 29.6; Ca-lactate, 303.89; AlCl3·6H2O, 0.15; KiO3, 
0.15; Na2SeO3, 0.01; CuCl2, 0.2; MnSO4·H2O, 2.0; 
CoCl2·6H2O, 1.0. 
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For this, 4-tert-OP was first dissolved in ethyl alcohol 
(Sigma-Aldrich, St. Louis, MO, purity >97.0%) be-
fore mixing with a Hobart mixer. The moist mixture 
was extruded through a 3-mm diameter extrusion 
module. The resulting moist pellets were freeze-dried 
to moisture content of about 10%. Pellets were crum-
bled to particles, sieved to obtain appropriate sizes 
and stored at -20℃ until fed. 

Experimental design and exposure regime 

After acclimatization, ten olive flounder were 
placed in triplicate 150 L-aquaria (20 ± 2℃) for each 
dose in seawater supplied with air to maintain dis-
solved oxygen levels greater than 75% saturation 
throughout the exposure period. The test aquaria were 
supplied with continuous flow-through water (flow = 
8 L/min). Seven fish from each exposure concen-
tration were sampled for analysis at 2, 4 and 6 weeks  
after exposure commencement and anesthetized with 
buffered MS-222 (Sigma-Aldrich, St. Louis, MO) for 
sacrifice. 

Glutathione (GSH) content and GSH-related 

enzyme activities

Liver, gill and kidney were isolated from the fish 
and homogenized in four to five volumes of ice-cold 
TRIS buffer (50 mM, 1 mM EDTA, 1 mM dithio-
threitol, 150 mM NaCl, pH 7.5) with several passes 
in a homogenizer (099C K4424, Glas-Col, Terre 
Haute, IN, USA). The homogenate was centrifuged 
(12,000 × g for 15 min, MIKRO 22R, Hettich, Ger-
many) at 4℃, and the supernatant was used for anti-
oxidant parameter assays. Reduced glutathione (GSH) 
concentration was measured by the spectrophoto-
metric method of Vandeputte et al. (1994). Glutathi-
one reductase (EC 1.6.4.2) activity was measured at 
340 nm with a slight modification of Goldberg and 
Sparner (1987). The reaction mixture containined 50 
mM imidazole, 0.3 mM EDTA-2Na, 0.1 mM NADPH, 
and 2 mM oxidized glutathione GSSG (pH 7.1). 
Glutathione-S-transferase (EC 2.5.1.18) activity was 

measured using 1-chloro-2,4-dinitrobenzene (CDNB) 
as substrate (Habig et al., 1974). Briefly, the reaction 
mixture contained 100 mM potassium phosphate buf-
fer (pH 6.5), 1 mM glutathione, 1 mM 1-chloro-2,4- 
dinitrobenzene (CDNB), and tissue homogenate equiv-
alent to 20 μg tissue protein. After 5 min reactions 
at room temperature, absorbance was determined at 
25℃ with a spectrophotometer (Shimadzu PC-1601, 
Kyoto, Japan) at 340 nm. The activity of glutathione 
peroxidase (EC 1.11.1.9) was kinetically measured at 
37℃ from absorbance  changes at 340 nm based on 
the oxidation of NADPH (Beutler, 1984). Total pro-
tein concentration was determined using the method 
of Bradford (1976) with bovine serum albumin as a 
standard. All chemicals were purchased from Sigma- 
Aldrich (St. Louis, MO, USA) and working solutions 
were prepared on the day of use. 

Statistical analysis 

Statistical analysis was performed using the SPSS/ 
PC+ statistical package (SPSS Inc, Chicago, USA). 
Data are expressed in mean ± S.E. Significant differ-
ences among groups were determined using one-way 
ANOVA and Duncan's test for multiple comparisons 
(Duncan, 1955). Comparison was made among groups 
of the same exposure periods of the different 4-tert- 
OP exposure concentration. The level of statistical 
significance was set at P < 0.05. 

Results 

Contents of reduced form glutathione (GSH) in 
three organs are shown in Fig. 1. Levels in the liver 
stayed unchanged at week 2, but they tended to ele-
vate after 4 weeks. However, in the kidney and gill, 
GSH elevation was noted at week 2. When elevated, 
the increments were similar regardless of 4-tert-OP 
concentrations exposed.

Analytical results for glutathione reductase (GR) 
activity are presented in Fig. 2. The general pattern 
of GR changes was similar in all three organs: fish 
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exposed to 1 and 5 mg/kg showed higher enzyme ac-
tivities but there was no increase at 10 mg/kg. All 
such GR increments were apparent only after 4 weeks 
in the liver and gill. However, GR activity increased 
earlier to 4-tert-OP exposure in the kidney where the 

response appeared after 2 weeks.   
Fig. 3 shows the change in glutathione S-transferase 

(GST) activity of the control and treated groups. In 
the liver, elevation of GST was marked from after 
2 weeks and there was no further elevation by pro-
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Fig. 1. Glutathione content (µmoles/g wet weight) in liv-
er, kidney and gill of olive flounder exposed to different 
levels of 4-tert-octylphenol for 2, 4 and 6 weeks. Data 
are represented as mean ± S.E. (n =7). Columns with 
the same letter are not significantly different (P > 0.05). 
Statistical comparison was made only within the groups 
of the same exposure period.
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Fig. 2. Glutathione reductase enzyme activity (nmoles/ 
min/mg protein) in liver, kidney and gill of olive flound-
er exposed to different levels of 4-tert-octylphenol for 
2, 4 and 6 weeks. Data are represented as mean ± S.E. 
(n = 7). Columns with the same letter are not signifi-
cantly different (P > 0.05). Statistical comparison was 
made only within the groups of the same exposure period. 
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longing exposure period up to 6 weeks. In addition 
the elevation level was not different among the three 
exposure concentrations. The responsiveness in GST 
elevation was less pronounced in the kidney and gill, 

in which organs the elevation was noticed only after 
6 weeks. 

Glutathione peroxidase (GPx) activities after 4-tert- 
OP exposure are shown in Fig. 4. In the liver, GPx 
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Fig. 3. Glutathione S-transferase enzyme activity (µmo-
les/min/mg protein) in liver, kidney and gill of olive 
flounder exposed to different levels of 4-tert-octylphe-
nol for 2, 4 and 6 weeks. Data are represented as mean 
± S.E. (n = 7). Columns with the same letter are not 
significantly different (P > 0.05). Statistical comparison 
was made only within the groups of the same exposure 
period.
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Fig. 4. Glutathione peroxidase enzyme activity (nmoles/ 
min/mg protein) in liver, kidney and gill of olive flound-
er exposed to different levels of 4-tert-octylphenol for 
2, 4 and 6 weeks. Data are represented as mean ± S.E. 
(n = 7). Columns with the same letter are not signifi-
cantly different (P > 0.05). Statistical comparison was 
made only within the groups of the same exposure 
period.
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levels approximately doubled over the control level 
during the 2 - 6 weeks of exposure. This increase, 
however, seemed to disappear in 1 and 5 mg/kg ex-
posure at week 6. Kidney GPx elevated earlier at 
week 2, but the elevation was not recognizable there-
after. On the other hand, gill GPx enzyme activity 
was higher during week 4 through 6 in fish exposed 
to 4-tert-OP at all tested concentrations. 

Discussion 

Organisms have developed antioxidant defense 
mechanisms to minimize oxidative cellular damages 
imposed by chemical toxicants (Filho, 1996; Winston 
and Di Giulio, 1991; Gadagbui and Goksøyr, 1996). 
The failure of an organism to operate such defense 
mechanisms enough to scavenge excess free radicals 
can result in significant cellular damage and the con-
dition so-called oxidative stress occurs (Halliwell and 
Gutteridge, 1999). Numerous environmental chem-
icals have been dealt in studies for their impact on 
antioxidant parameters in various organisms including 
fishes. In particular, glutathione (GSH) and GSH-re-
generating/utilizing enzyme systems work in a close 
cooperation in order to handle most of the oxidative 
stresses derived from chemical exposure (Winston, 
1991). However, almost nothing is known about the 
effects of 4-tert-OP as an oxidative stressor and roles 
of GSH-related systems in fish.

Cellular glutathione (GSH) participates in the me-
tabolism and detoxification of xenobiotics and thus 
has been the theme of many investigations (Ross et 
al., 1986; Stein et al., 1992; Doroshow, 1995). Tissue 
levels of reduced GSH can be increased or decreased 
depending the balance between its synthesis and con-
sumption: an adaptive mechanism to oxidative stress 
will increase its synthesis, but a severe oxidative 
stress may decrease GSH levels due to overwhelming 
oxidation to oxidized form, GSSG (Forman et al., 
2009). In this study, we observed that GSH levels 
in all three tissues increased after 4-tert-OP exposure. 

The temporal pattern in GSH increase was not identi-
cal among tissues, however. Relative slow rise in the 
liver compared with kidney and gill may indicate that 
there could be an operation of reduced GSH elevation 
mechanisms, either net GSH synthesis or accelerated 
reduction of already present molecules, but not to the 
extent to exceed GSH consumption. The de novo syn-
thesis of GSH is mediated by two consecutive enzyme 
systems, γ-glutamylcysteine synthetase and gluta-
thione synthetase, incorporating precursor amino acids 
(Halliwell and Gutteridge, 1999). As we did not di-
rectly assess those synthetic enzyme activities, it’s not 
clear yet whether 4-tert-OP mediated induction of the 
synthesis enzymes.  

Quite often, pro-oxidant stressors reduce or deplete 
GSH contents by excess utilization, thus the decrease 
in the contents is considered as an indicator for oxida-
tive stress. However, the present result shows that 4- 
tert-OP caused a significant increase of GSH content 
in liver, kidney and gill of treated fish. The increase 
may be interpreted as the evidence that 4-tert-OP acti-
vated GSH synthesis system but its utilization rate 
was far less than its production resulting in net ele-
vation. Although 4-tert-OP is a pro-oxidant (Aydoğan 
et al., 2008), GSH depletion seem to be well compen-
sated by an accelerated production. Similarly to our 
finding, a fungicide chlorothalonil stimulated increase 
in GSH contents in the liver, gill and kidney of chan-
nel catfish, Ictalurus punctatus (Gallagher et al., 1992). 
Elevation in GSH was also observed in fishes exposed 
to contaminated field samples (Di Giulio et al., 1993; 
Chen et al., 1998). 

 Glutathione reductase (GR) catalyzes reduction of 
oxidized glutathione (GSSG) to the reduced form GSH 
in an NADPH-dependent coupling reaction (Ou et al., 
1996), maintaining homeostasis in GSH/GSSG levels 
(Winston and Di Giulio, 1991). After chronic expos-
ure in flounder, glutathione reductase (GR) enzyme 
activity increased in response typically to low concen-
trations of 4-tert-OP in the three tissues. An increased 
GR activity was observed in laboratory experiments 
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with fish exposed to PCBs (Rudneva-Titova and 
Zherko, 1994; Otto and Moon, 1995), PAHs (Tjärn-
lund et al., 1996) and hexaclorobenzene-contaminated 
food (Roy et al., 1995). It was also demonstrated in 
a field study that halogenated xenobiotics induced 
hepatic GR activity in the liver of Baltic salmon 
(Pesonen et al., 1999). This increase was also shown 
in shorthorn sculpin caught from PAHs polluted har-
bors (Stephensen, 2000). The increase in reduced 
GSH content, discussed above, however, may not be 
explained simply by an increase in GR enzyme, which 
changed in opposite direction to GSH elevation at 
high concentrations of 4-tert-OP. High levels of 4- 
tert-OP may cause GR inhibition rather than stim-
ulation or induction. Thus, it seems that 4-tert-OP 
should have certain mechanisms to enhance GSH syn-
thesis itself yet to be expolored. 

GST enzyme conjugates electrophilic metabolites 
to facilitate their excretion from aquatic animals 
(Dierickx, 1984; Stenersen et al., 1987). When the 
liver, kidney and gill of flounder were examined, we 
observed that GST enzyme activities were markedly 
elevated in the liver from week 2 to all concentrations 
of 4-tert-OP exposure. Similar elevation of the same 
enzyme activity was reported for fish exposed to 
chlorothalonil (Davies, 1985) and to benzo(a)pyrene 
(Fair, 1986). The alteration in GST activity to 4-tert- 
OP reflects stressed status in olive flounder, and the 
immediate response suggests expression of the GST 
enzyme mRNA as reported in a fish after 4-tert-OP 
treatment (Yu et al., 2008). Hepatic GST activity as-
sessment may be suggested as a sensitive tool for bio-
monitoring oxidative stress to this chemical. 

Glutathione peroxidase (GPx) metabolizes per-
oxides such as hydroperoxides and hydrogen per-
oxide, and protects cell components from lipid perox-
idation via a glutathione-dependent mechanism (Behne 
and Wolters, 1983). GPx activity can be induced 
strongly by a variety of environmental pollutants 
(Lackner, 1998). We observed that GPx activity in 
the liver and kidney increased from week 2, while 

its activity was slowly elevated in the gill. Further-
more, the maintenance of heightened activity was not 
consistent in different tissues indicating that compli-
cated induction dynamics are involved for GPx 
enzymes. The liver is a major site of detoxification 
and the first target of ingested pro-oxidants. It is con-
sidered to be the most important tissue in the cellular 
protective role against lipid peroxidation induced by 
xenobiotic materials. In such processes, GPx and GR 
both being abundant in fish tissue play important roles 
(Di Giulio et al., 1993). 

The current study was aimed at assessing oxidative 
stress by 4--tert-OP examining its effects on gluta-
thione-dependent enzyme activities and glutathione 
content in the liver, kidney and gill. Overall results 
indicate that 4--tert-OP elevates a battery of gluta-
thione-related antioxidant parameters possibly through 
induction of involved enzymes. However, the re-
sponses were tissue specific in both sensitivity and 
temporal variations. The results of the study should 
also be considered as a contribution to the establish-
ment of biomarkers for 4--tert-OP -induced oxidative 
stress in fish.  

Acknowledgements 

The authors wish to acknowledge the financial sup-
port from the Institute of Fisheries Science, Kunsan 
National University provided in the Program Year of 
2019.

References 

Aydoğan, M., Korkmaz, A., Barlas, N. and Kolankaya, 
D.: The effect of vitamin C on bisphenol A, non-
ylphenol and octylphenol induced brain damages of 
male rats. Toxicology 249: 35-39, 2008.

Behne, D. and Wolters, W.: Distribution of selenium and 
glutathione peroxidase in the rat. J. Nutr. 113: 456–
461, 1983. 

Beresford, N., Routledge, E. J., Harris, C. A. and Sump-
ter, J. P.: Issues arising when interpreting results 
from an in vitro assay for estrogenic activity. Toxi-



120 Jung-Hoon Jee, Yoo-Hwa Keum, Jun Sung Bae, Chae Won Lee, Chan Yeong Yang, Sang-Hoon Choi, Ju-Chan Kang and Kwan Ha Park

col. Appl. Pharmacol. 162:22–33, 2000. 
Beutler, E.:  Red cell metabolism. In: A Manual of Bio-

chemical Methods, 3rd eds. Grune and Stratton, 
Orlando, FL, USA. p. 133, 1984.

Bradford, M. M.: A rapid sensitive method for the quan-
titation of microgram quantities of protein utilizing 
the principle of protein-dye binding. Anal. Biochem. 
72:248–254, 1976. 

Chen, G., Xu, Y., Xu, L., Zheng, Y., Schramm, K. W. 
and Kettrup, A.: Influence of dioxin and metal-con-
taminated sediment on phase I and II biotransfor-
mation enzymes in silver crucian carp. Ecotoxicol. 
Environ. Saf. 40:234-238, 1998.

Davies, P. E.: The toxicology and metabolism of chlor-
othalonil in fish III: metabolism, enzymatics and de-
toxication in Salmo spp. and Galaxias spp. Aquat. 
Toxicol. 7: 277-299, 1985. 

Di Giulio, R. T., Habig, C. and Gallagher, E. P.: Effects 
of Black Rock Harbor sediments on indices of bio-
transformation, oxidative stress, and DNA integrity 
in channel catfish. Aquat. Toxicol. 26:1-22, 1993. 

Dierickx, P. J.: Glutathione S-transferase in aquatic mac-
ro-invertebrates and its interaction with different or-
ganic micropollutants. Sci. Total Environ. 40:93- 
102, 1984.

Duncan, D. B.: Multiple-range and multiple F tests. Bio-
metrics 11:1-42, 1955. 

Fair, P. H.: Interaction of benzo(a)pyrene and cadmium 
on glutathione S-transferase and benzo(a)pyrene hy-
droxylase in the black sea bass Centropristis striata. 
Arch. Environ. Contam. Toxicol. 12:195-201, 1986. 

Ferguson, P. L., Iden, C. R. and Brownawell, B. J.: Anal-
ysis of alkylphenol ethoxylate metabolites in the 
aquatic environment using liquid chromatography- 
electrospray mass spectrometry. Anal. Chem. 72:4322- 
4330, 2000.  

Filho, D. W.: Fish antioxidant defenses and comparative 
approach. Braz. J. Med. Biol. Res. 29:1735-1742, 
1996. 

Folmar, L. C., Gardner, G. R., Schreibman, M. P., Mag-
liulo-Cepriano, L., Mills, L. J., Zaroogian, G., Gutijahr- 
Gobell, R., Haebler, R., Horowitz, D.B. and Den-
slow, N. D.: Vitellogenin-induced pathology in male 
summer flounder (Paralichthys dentatus). Aquat. 
Toxicol. 51:431-441, 2001. 

Forman, H.J., Zhang, H. and Rinna, A.: Glutathione: over-
view of its protective roles, measurements, and 
biosynthesis. Mol. Aspects Med. 30:1-12, 2009.

Gadagbui, B. K. M. and Goksøyr, A.: CYP1A and other 
biomarker responses to effluents from a textile mill 

in the Volta River (Ghana) using caged tilapia 
(Oreochromis niloticus) and sediment-exposed mud-
fish (Clarias anguillaris). Biomarkers 1:252-261, 
1996. 

Gallagher, E. P., Canada, A. T. and Di Giulio, R. T.: 
The protective role of glutathione in chlorothalonil- 
induced toxicity to channel catfish. Aquat. Toxicol. 
23:155-168, 1992. 

Goldberg, D. M. and Sparner, R. J.: Glutathione reduc-
tase. In: Bergmeyer, H.U. (eds.), Methods of Enzy-
matic Analysis, vol. 3. Verlag-Chemie, Weinheim, 
Germany, pp. 258–265, 1987.

Gray, M. A., Teather, K. L. and Metcalfe, C. D.: Repro-
ductive success and behavior of Japanese medaka 
(Oryzias latipes) exposed to 4-tert-octylphenol. En-
viron. Toxicol.  Chem. 18:2587-2594, 1999. 

Habig, W. H., Pabst, M. J. and Jakoby, W. B.: Glutathi-
one S-transferases: the first enzymatic step in mer-
capturic acid formation. J. Biol. Chem. 249:7130–
7139, 1974.

Halliwell, B. and Gutteridge, J. M. C. Free Radicals in 
Biology and Medicine. 3rd ed. Oxford University 
Press, New York, USA, 1999.

Jobling, S., Sheahan, D., Osborne, J. A., Matthiessen, 
P. and Sumpter, J.: Inhibition of testicular growth 
in rainbow trout (Oncorhynchus mykiss) exposed to 
estrogenic alkylphenolic chemicals. Environ. Toxi-
col. Chem. 15:194-202, 1996. 

Kim, K. B., Seo, K. W., Kim, Y. J., Park, M., Park and 
C. W., Kim, P. Y.: Estrogenic effects of phenolic 
compounds on glucose-6-phosphate dehydrogenase 
in MCF-7 cells and uterine glutathione peroxidase 
in rats. Chemosphere 50:1167-1173, 2003 

Lackner, R.: "Oxidative Stress" in fish by environmental 
pollutants. In: T. Braunbeck, D.E. Hinton,, B. Streit 
(eds.), Fish Ecotoxicology, Birkhäuser Verlag, Basel, 
Switzerland, pp. 203-224, 1998.

Livingstone, D. R.: Contaminant-stimulated reactive oxy-
gen species production and oxidative damage in 
aquatic organisms. Mar. Poll. Bull. 42:656-666, 2001. 

Masden L., Korsgaard B. and Bjerregaard P.: Estrogenic 
effects in flounder Platichthys flesus orally exposed 
to 4-tert-octylphenol. Aquat. Toxicol. 64:393-405, 
2003.

Meesters, R. J. and Schroder, H. F.: Simultaneous deter-
mination of 4-nonylphenol and bisphenol A in sew-
age sludge. Anal. Chem. 74:3566-3574, 2002.  

Naylor, C. G., Mieure, J. P., Adams, W. J., Weeks, J. 
A., Castaldi, F. J., Ogle, L. D. and Romano, R. R.: 
Alkylphenol ethoxylates in the environment. J. Am. 



121Effects of 4-tert-octylphenol on glutathione-related antioxidant status in olive flounder Paralichthys olivaceus 

Oil Chem. Soc. 69:695–705, 1992. 
Otto, D. M. and Moon, T. W.: 3,3′,4,4′-tetrachlorobiphe-

nyl effects on antioxidant enzymes and glutathione 
status in different tissues of rainbow trout. Pharmacol. 
Toxicol. 77:281–287, 1995. 

Ou, P., Nourooz-Zadeh, J., Tritschler, H. J. and Wolff, 
S.: Activation of aldose reductase in rat lens and 
metal-ion chelation by aldose reductase inhibitors 
and lipoic acid. Free Rad. Res. 25: 337-346, 1996. 

Pesonen, M., Andersson, T. B., Sorri, V. and Korkalai-
nen, M.: Biochemical and ultrastructural changes in 
the liver of Baltic salmon sac fry suffering from high 
mortality (M74). Environ. Toxicol. Chem. 18: 1007- 
1013, 1999. 

Petrovic, M., Lacorte, S., Viana, P. and Barcelo, D. : 
Pressurized liquid extraction followed by liquid 
chromatography-mass spectrometry for the determi-
nation of alkylphenolic compounds in river sediment. 
J. Chromatogr. A 959:15-23, 2002. 

Ross, D., Thor, H., Threadgill, M., Sandy, M., Smith, 
M., Moldeus P. and Orrenius, S.: The role of oxida-
tive processes in the cytotoxicity of substituted 1,4- 
naphthoquinones in isolated hepatocytes. Arch. Bio-
chem. Biophys. 248:460–466, 1986. 

Roy, S., Lindström-Seppä, P., Huuskonen, S. and Hänni-
nen, O.: Responses on biotransformation and anti-
oxidant enzymes in Lemna minor and Oncorhynchus 
mykiss simultaneously to hexaclorobenzene. Chemo-
sphere 30:1489-1498. 

Rudneva-Titova, I. I. and Zherko, N. V.: Effects of poly-
chlorinated biphenyls on the activity of anti-oxidant 
enzymes and lipid peroxidation in muscle and liver 
of two Black Sea fish species. Biochemistry 59:25- 
31, 1994. 

Staniszewska, M., Falkowska, L., Grabowski, P., Kwa-
śniak, J, Mudrak-Cegiolka, S., Reindl, A.R., Soko-
lowski, A., Szumilo, E. and Zgrundo, A.: Bisphenol 
A, 4-tert-octylphenol, and 4-nonylphenol in the Gulf 
of Gdańsk (Southern Baltic). Arch. Environ. Con-
tam. Toxicol. 67:335-347, 2014. 

Stein, J, E., Collier, T. K., Reichert, W. L., Casillas, E., 
Hom, T. and Varanasi, U.: Bioindicators of con-
taminant exposure and sublethal effects: studies with 
benthic fish in Puget Sound, Washington. Environ. 
Toxicol. Chem. 11:701-714, 1992.

Stenersen, J., Kobro, S., Bjerke, M. and Arend, U.: 
Glutathione transferases in aquatic and terrestrial an-
imals from nine phyla. Comp. Biochem. Physiol. C 
86: 73-82, 1987.

Stephensen, E., Svavarsson, J., Sturve, J., Ericson, G., 
Adolfsson-Erici, M. and Förlin, L.:  Biochemical in-
dicators of pollution exposure in shorthorn sculpin 
(Myoxocephalus scorpius), caught in four harbours 
on the southwest coast of Iceland. Aquat. Toxicol. 
48:431-442, 2000. 

Talmage, S.: Environmental and human safety of major 
surfactants: alcohol ethoxylates and alkylphenol eth-
oxylates. Lewis Publishers, Boca Raton, FL, USA, 
1994. 

Tjärnlund, U., Ericson, G., Lindesjöö, E., Petterson, I., 
Åkerman, G. and Balk, L.: Further studies of the 
effects of exhaust from two-stroke outboard motors 
on fish. Mar. Environ. Res. 42:267-271, 1996. 

Toomey, B. H., Monteverdi, G. H. and Di Giulio, R. 
T.: Octylphenol induces vitellogenin production and 
cell death in fish hepatocytes. Environ. Toxicol. 
Chem. 18:734-739, 1999. 

Yu, I. T., Rhee, J. S., Raisuddin, S. and Lee, J. S.: 
Characterization of the glutathione S-transferase-Mu 
(GSTM) gene sequence and its expression in the he-
maphroditic fish, Krytolebias marmoratus as a func-
tion of development, gender type and chemical ex-
posure. Chem. Biol. Interact. 174:118-125, 2008. 

Vandeputte, C., Guizon, I., Genestie-Denis, I., Vannier, 
B. and Lorenzon, G.: A microtiter plate assay for 
total glutathione and glutathione disulfide contents 
in cultured/isolated cells: performance study of a 
new miniaturized protocol. Cell Biol. Toxicol. 10: 
415-421, 1994. 

White, R., Jobling, S., Hoare, S. A., Sumpter, J. P. and 
Parker, M. G.: Environmentally persistent alkylphe-
nolic compounds are estrogenic. Endocrinology 135: 
175-182, 1994. 

Winston, G.W.: Oxidants and antioxidants in aquatic 
animals. Comp. Biochem. Physiol. C 100:173-176, 
1991.

Winston, G. W. and Di Giulio, R. T.: Prooxidant and 
antioxidant mechanisms in aquatic organisms. Aquat. 
Toxicol. 19:137-161, 1991. 

Yoshida, M., Katsuda, S., Takenaka, A., Watanabe, G., 
Taya, K. and Maekawa, A.: Effects of neonatal ex-
posure to a high-dose p-tert-octylphenol on the male 
reproductive tract in rats. Toxicol. Lett. 121:21-33, 
2001. 

Manuscript Received : Nov 19, 2019
Accepted : Dec 3, 2019


