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The activities of superoxide dismutase, catalase, glutathione reductase, glutathione peroxidase, gluta- 
thione transferase and glyoxalase I have been studied during the embryologic development of rainbow 
trout (Salmo iridaeus) and in several other trout tissues to investigate the protective development 
metabolism. 

A gradual increase of superoxide dismutase, catalase, glutathione reductase, glyoxalase I and 
glutathione transferase activities was noted throughout embryo development. 

In all trout tissues investigated glutathione peroxidase was found to be extremely low compared to 
catalase activity. The highest activity of superoxide dismutase, glyoxalase I and glutathione reductase 
was found in liver followed by kidney. 

No change in the number of GST subunits was noted with the transition from the embryonic to the 
adult stages of life according to the SDWPAGE and HPLC analyses performed on the GSH-affinity 
purified fractions. 

KEY WORDS: Superoxide dismutase, catalase, glutathione reductase, glyoxalase I, glutathione trans- 
ferase, development. 

INTRODUCTION 

The utilisation of oxygen by a variety of biochemical reactions produce partially 
reduced oxygen species, such as superoxide anion (Oz-), hydrogen peroxide 
(H,O,) and hydroxyl radical (OH ‘). These metabolites are cytotoxic, being able to 
produce deleterious effect on vital cellular macromolecules.’ The removal of 
damaging oxygen products is catalyzed by antioxidant enzymes including superoxide 
dismutase (SOD; EC 1.15.1. l), catalase (CAT; EC 1.11.1.6) and glutathione per- 
oxidase (GSH-Px; 1.1 1.1.9). SOD removes the superoxide anion in a dismutation 
reaction producing hydrogen peroxide and oxygen. The removal of hydrogen 
peroxide thus formed can be catalyzed by either CAT or GSH-Px.’ At least two 
different GSH-Px activities are identified in animal  tissue^.^ The former, in addi- 
tion to hydrogen peroxide, is able to reduce any other organic hydroperoxides 
(selenium-dependent GSH-Px); the latter one which can reduce only the organic 
hydroperoxides (selenium independent GSH-Px), has been demonstrated to arise 
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from particular isoenzymes of glutathione transferase4 (GST; EC. 2.5.1.18). In the 
peroxidase reaction GSH is oxidized to GSSG. The regeneration of GSH is con- 
sequently of fundamental importance for the ability of cells to withstand exposure 
to oxidizing metabolites. In the cell, GSSG is enzymatically reduced by the action 
of glutathione reductase (GSSG-Rx; 1.6.4.27) in the presence of NADPH. GST are 
a family of multifunctional enzymes that, in addition to the reduction of organic 
hydroperoxides, catalyse the conjugation to GSH of a large variety of electrophilic 
alkylating compounds, including hydroxyalkenals , thereby protecting cells against 
their potential toxicity.' On the other hand, certain reactions involving endobiotics 
as well as xenobiotics may lead to the formation of 2-oxoaldehydes that may be 
eliminated through the action of a glyoxalase 

A great number of experimental studies have been published on the alteration 
occurring in these detoxifying enzymes in hepatic and extrahepatic tissues of 
different animals, including man, during foetal and postnatal de~elopment.~-'~ On 
the contrary, little is known about the level of these enzymes during embryo 
development and their possible changes occurring in the transition from embryonic 
to adult life.l4-I8 In Amphibian, (Bufo bufo), an increase of GSH-PX, CAT and 
GST activity was observed after fertilization, and, while GST activity decreases 
during development CAT rises in a fashion coherent with respiration. 15-17 GSSG- 
Rx activity, after a slight fall from stage 4 to stage 7, constantly increases up to 
the end of development". In addition, in Amphibia, with the passage from the 
embryonic to the adult life a change in the GST isoenzyme expression also 
occurs.'8-20 In particular, a GST isoenzyme which is able to reduce organic hydro- 
peroxides not expressed during embryonic life, is present in toad liver and 
kidney.'*-'' 

In the present investigation the developmental pattern of CAT, SOD, CSH-Px, 
GLX I, GSSG-Rx and GST was studied in fishes (Salmo Iridaeus), animal species 
which do not change their aquatic environment during the transition from 
embryonic to adult life. 

(GLXI 4.4.1 S). 

MATERIALS AND METHODS 

Sample 
Salmo iridaeus embryos as well as young and adult rainbow trout (Salmo iridaeus) 
were supplied from dr. Maurizio Crispan (SIM, Popoli, Italy). The embryos were 
staged by reference to Oppenheimer.*' 

Cytosol Preparation 

After three washings with 0.01M potassium phosphate buffer pH 7.0 the embryos 
(8-16 embryo/ml) and the trout tissues were suspended (1: 5 w/v) in the same buffer 
made 1% with respect triton XlOO (for CAT and SOD activity) or made 1 mM 
dithiothreitol (for GST, GSSG-Rx, GLXI and GSH-Px activities) and homogenized 
with a Potter homogenizer by hand with ten pestle strokes. The homogenate was 
centrifuged for 60 min at 105,OOOxg with a Spinco L-50 centrifuge. The supernatant 
was recovered by a syringe and used for the enzymatic activity measurements and 
for GST purification. 
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GST Purification 

The 105,OOo xg supernatant was applied to a GSH-Sepharose affinity column” 
that had been pre-equilibrated with 10 mM potassium phosphate buffer pH 7.0. The 
column was first washed with the equilibrating buffer, supplemented with 200 mM 
KCl and then eluted with 50 mM Tris/HCl buffer, pH 9.6, containing 20 mM GSH. 
The fractions containing GST activity were pooled, concentrated by ultrafiltration, 
dialysed against 10 mM potassium phosphate buffer pH 7.0, supplemented with 
1 mM dithiothreitol and used for further characterization. 

SDS/PA GE 

SDS/PAGE was performed as described by LaemmLz3 SDS concentration was 
0.1%, the spacer gel and the separating gel were 3% and 12.5% acrylamide, respec- 
tively. Phosphorylase b (94 kDa), bovine serum albumin (67 kDa), ovoalbumin 
(43 kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa) and 
a-lactalbumin (14.4 kDa) were used as standards proteins. Western blots are made 
essentially according to the protocol described by Towbin et aLZ4 

Separation Of GST Subunits By H.P.L.C. 
H.p.1.c. analysis was performed by using the method described by Ostlund-Farrants 
et aLz5 A Waters pBondapak C,, (0.39 x 30.0cm) column attached to a Kontron 
h.p.1.c. system was used. The column was developed at lml/min by a 45min 
gradient from 35% to 55% acetonitrile in 0.1% (v/v) triflouroacetic acid; this was 
followed by a 55-70% acetonitrile gradient in 0.1’70 trifluoracetic acid formed over 
2min. The eluate was monitored at 220nm. 

Enzymatic Assay 

Catalase 
CAT activity was measured by using a YSI oxygraph according to Del Rio et at.26 
The reaction mixture consisted of 3 ml of 67 mM sodium-potassium phosphate 
buffer pH7.0 and 80mM H20z. The reaction mixture was deoxygenated by 
bubbling pure nitrogen, and the reaction was started by adding pure cytosol. The 
temperature was 25 “C. The readings monitored on a recorder were corrected for 
the spontaneous H,Oz decomposition. CAT units were defined as pg of O2 
produced/min. 

Superoxide dismutase 
SOD activity was determined by the epinephrine method as described by Sun and 
Zigman.” The inhibitory effect of SOD on the autoxidation of epinephrine 
(0.1 mM) in 50 mM sodium carbonate buffer, pH 10.0, was assayed spectro- 
photometrically at 320 nm and 25 “C. Percent inhibition values were converted into 
activities by using a purified Cu/Zn bovine SOD standard. One unit of SOD was 
defined as the amount of the enzyme required to halve the rate of substrate 
autoxidation. 
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Glutathione peroxidase 
Quantification of GSH-Px activity was done by the method of Paglia and 
Valentine" as modified by Di Ilio et al." The activity of the Se- independent GSH- 
Px was determined by measuring total glutathione peroxidase activity with cumene 
hydroperoxide (1.2 mM) as substrate, and then subtracting from this activity the 
Se-dependent GSH-Px activity measured with HzO, (0.25 mM) as substrate. The 
oxidation of NADPH was followed at 25 "C with a Kontron spectrophotometer. 
One unit was defined as 1 pmol of GSH oxidized/min. 

Glutathione reductase 
GSSG-Rx activity was measured as described previously.30 The assay mixture con- 
tained 0.1 mM potassium phosphate buffer pH 7.4, 1 mM EDTA, 1 mM GSSG and 
0.16 mM NADPH. The blank did not contained GSSG. The oxidation of NADPH 
was followed at 25 "C with a Kontron spectrophotometer. One unit was defined 
as 1 pmol of NADPH oxidized/rnin. 

Glutathione trans ferase 
GST activity was recorded at 340 nm and at 25 "C by the method described by Habig 
and J a k ~ b y . ~ '  The standard assay mixture contained 0.1 M potassium phosphate 
buffer pH 6.5, 1 mM EDTA, 2 mM GSH and 1 mM l-chloro-2,4-dinitrobenzene. 
The conjugation reaction was monitored at 25 "C with a Kontron spectrophoto- 
meter following the increase of absorbance at 340 nm. One unit of enzyme activity 
was defined as 1 pmol of GSH conjugated/min. 

Glyoxalase I 

GLX I activity was monitored as described by Mannervik et al.32 The assay solu- 
tion contained 0.1 M sodium potassium buffer pH 7.2, 2 mM methylglyoxal and 
1 mM GSH. The reaction was monitored at 25 "C, with a Kontron spectrophoto- 
meter, following the increase of absorbance at 240 nm. One unit of enzyme activity 
was defined as lpmol of S-lactoylglutathione produced/min. 

Protein 
Protein concentration was determined with the method of Bradford33 using 
y-globulin as standard. 

RESULTS AND DISCUSSION 

The activity profiles of SOD, CAT, GSH-Px, GSSG-RX, GLX I and GST during 
fish (Salmo iridaeus) embryo development are presented in Figure 1. GSH-Px 
activity as measured with both H202 or cumene hydroperoxide was found to be 
undetectable in our experimental condition up to the end of embryo development 
when, a very low level of activity was measured. On the ather hand CAT activity 
exists abundantly in Salmo iridaeus embryo. Thus, among the H,O,-removing 
systems CAT seems to be the only enzyme present, at significant level, in Salmo 
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FIGURE 1 Glutathione transferase, glyoxalase I, glutathione reductase, catalase, superoxide dismutase 
and glutathione peroxidases activities during fish (Salmo iridaeus) development. Values plotted are means 
of quadruplicate assay of the same cytosol. SE never exceeded 5 %  of the mean. 
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iridaeus embryo. On the basis of this result, it is reasonable to assign a more 
important role to CAT relative to GSH-Px in preventing H20, damage in fish 
embryo. With the progress of development a constant increase of SOD, CAT, 
GSSG-Rx, GLX I and GST activity was observed. For all enzymes maximum 
specific activity was measured at stage 33 when the formation of the swim bladder 
as well as the pigmentation has occurred. At the end of development GSSG-Rx, GST 
and GLXI activity values were found to be about 85-1 11- and 312-fold higher than 
those measured at the early stages. The variations of SOD and CAT from the early 
to the late stages of development were lower but substantially identical. At the fry 
stage, a further increase of activities occurs. 

In a previous work CAT, GSH-Px, GSSG-Rx and GST were studied during 
Amphibian (Bufo bufo) embryo development.’5”8 Between the developmental 
enzymatic profiles of both amphibian and fish embryo a remarkable difference can 
be noted. For example, unlike fish, in amphibian embryo CAT activity was found 
to increase markedly throughout development, whereas a slight decrease of GST 
activity occurs at the end of development. In each case, the most noticeable differ- 
ence observed between fish and amphibian embryo is that in the latter a significantly 
higher content of CAT, GSH-Px, GSSG-Rx and GST is present. The reason for 
these differences are at present unknown. However, it is possible that the high 
content of detoxifying enzymes present in the Bufo bufo embryo may be preparative 
to the transition from aquatic to terrestrial life; moreover in the Bufo bufo embryo 
very active melanogenesis occurs that may result in a higher oxygen and other 
cytotoxic species release.34 

GSH-Px, GSSG-Rx, GLX I, GST, CAT and SOD activities were also measured 
in different trout tissues (Table 1). The highest activity of SOD, GLX I and GSSG- 
Rx was found in kidney, whereas the highest activity of both CAT and GST was 
found in liver followed by kidney and heart. It has to be noted that the GST, GLX 
I and GSSG-Rx activity values of both adult heart and muscle tissues were found 
to be lower than that present at the fry stage. The results obtained also indicate 
that the concentration of GSH-Px in trout tissues is extremely low compared with 
CAT. This confirms the primacy of CAT over GSH-Px also in the salmon tissues. 
Similarly, in guinea-pig tissues,35 CAT, is by far the most important enzyme in 
removing H20,. In other mammals, including man, both CAT and GSH-Px 
operate for the reduction of H,02. Thus, species-variations in the strategies for 

TABLE 1 
Glutathione transferase, glyoxalase I, glutathione reductase, glutathione peroxidase, superoxide dis- 

mutase and catalase activities in trout tissues 

Tissue Activity (mU/mg) 

GST 

Young 2 9 0 ~  17 

Adult 320 f 19 

Kidney 170 f 15 
Heart 28 f 2.2 
Muscle 20 f 1.6 

liver 

liver 

GLX GSSG-Rx GSH-PX SOD 

(H20,) (CHP) 
24* 2.0 18 f 1.4 11 f 0.91 13 f 0.98 - 

16 f 0.9 18 f 1.3 12 f 0.98 14 f 1.1 3300 f 215 

110 f 9.1 70 f 6.2 n.d. n.d. 6300 f 590 
56 f 4.8 10 f 0.88 14 f 1.1 17 f 1.4 600 f 58 
45 f 4.2 3.7 f 0.29 1.3 f 0.11 1.7 f 0.12 1400 f 120 

~ 

CAT 

225000 f 9500 

21000 f 1950 
3000 f 250 
1030 f 95 

n.d., not detectable in our experimental condition. 
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DETOXIFICATION IN FISH 29 1 

removing toxic products of oxygen metabolism exist. On the other hand, our results 
are consistent with those reported by Aksnes and Njaa,36 who found GSH-Px 
activity to be less than one thousandth that of CAT in several tissues of a number 
of fish species. Furthermore, in trout tissues GSH-Px activity value for cumene 
hydroperoxide is essentially identical to that obtained with H202. This means that 
despite the presence of substantial GST activity, only the Se-dependent GSH-Px 
enzyme is present in trout tissues. On the contrary, in the black bullhead liver, 
both the selenium-dependent and the selenium-independent GSH-Px forms are 
presents. 37 

Multiple forms of GST have been evidenced in all species so far investigated, 
including f i ~ h . ~ ~ - ~ '  To investigate whether, in Salmo iridaeus the expression of GST 
subunits is modified with the passage from the embryonic to the adult life, the liver, 
heart, muscle and embryonic (stage 30-33) GST activity was first isolated through 
the GSH-affinity matrix and then analyzed by SDS-PAGE and HPLC techniques. 
The GSH-affinity purified materials from both embryos and adult fish tissues 
produced essentially an identical electrophoretic pattern showing two bands with an 
apparent molecular mass of about 23 and 25 kDa. When subjected to immuno- 
blotting experiments with antisera raised against a number of human, rat and mouse 
enzymes belonging to alpha, mu and pi class GST, a positive cross-reaction between 
the major fish GST band (23 kDa) and the pi class GST antisera was noted (not 
shown). The present results are in accordance to those of George et and 
Dominey et ~ 1 . ~ '  who have demonstrated that the major GST form present in a 
number of fish species belongs to Pi class. No cross-reaction was seen between the 
minor fish GST band (25 kDa) and the alpha, mu and pi class GST. The electro- 
phoretic result seems to indicate that no dramatic changes in the GST subunits 
expression occurs in fish with the passage from the embryonic to the adult life. The 
HPLC analysis of GST fractions purified from embryos and adult fish tissues 
strongly support this conclusion. In fact, in embryos, as well as in liver, muscle and 
heart, even thought in different amounts (Table 2) at least five peaks eluting 
respectively at min 32.29 (peak I), 34.37 (peak 2), 36.26 (peak 3), 40.15 (peak 4) 
and 43.33 (peak 5) were found (Figure 2). The GST fraction eluting at 36.26 min 
(peak 3) cross-reacted with antisera raised against the Pi class GST. These results 
are different from those found in Amphibia.'8,20 In this latter, the HPLC GST 
subunit pattern of embryo was found to be remarkably different from that in toad 
tissues.18,20 In particular, in the toad liver and kidney is present a GST isoenzyme 
(GST-7.64) not expressed during embryo development, which is highly active against 

TABLE 2 
Relative contribution of each GST subunit isolated by HPLC to the total GST content of Salmo iridaeus 

embryo and adult trout tissues 

GST subunit content (To) 
~~ 

h.p.1.c. peak Class Embryo Heart Liver Muscle 
retention time 

32.39 
34.37 
36.26 
40.15 
43.33 

-a 18.9 i 3 0.5 f 0.2 0.6 f 0.2 0.7 f 0.3 
-a 18.9 f 4 4.4 1 1.9 f 0.7 2.5 f 1 
Pi 15.5 f 4 61.8 f 8 72.8 f 8 75.0 f 8 
-a 21.9 f 2 31.4 * 4 9.6 f 2 13.0 f 2 
-a 24.8 f 3 0.9 f 0.3 15.0 * 3 2.8 f 0.9 

a = no cross reaction was seen whith antisera raised against alpha, mu and pi class GST. 
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FIGURE 2 H.p.1.c. elution profile of Salmo iridaeus embryos, trout heart, liver and muscle‘glutathione 
transferase resolved by GSH-affinity chromatography. 

organic hydroperoxide.l8S2’ Furthermore, toad liver is unable to express the major 
embryonic GST isoenzyme (GST-8. 1).’8,20 In view of the Amphibian results the 
question arises whether, in the transition from the embryonic to the adult life, it 
is the different type of feeding or the change from the aquatic to the terrestrial 
environment that cause the switch from a GST pattern to another. The results 
obtained in fish strongly support the idea that the switch in the GST pattern that 
occurs in Amphibians, with the passage from the embryonic to the adult life, has 
to be attributed to the transition from an aquatic environment to a terrestrial one, 
rather than to a change in feeding physiology. 
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