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ABSTRACT: Activ~ties of lactic dehydrogenase (LDH), glutamate oxaloacetate transanunase (GOT) and 
glutamate pyruvate transaminase (GPT) were measured in blood plasma and some tissues of grey 
mullet Mugd auratus Risso. After determination of optimal assay conditions, cardiac sampling for LDH 
estimation was recommended. Tissue distribution of enzymers and their origln in plasma were 
described, in particular the isozyme forms of LDH. Plasma levels of all 3 enzymes showed a significant 
increase following treatment with CC1,. 

INTRODUCTION 

The measurement of plasma enzyme activity is a 
helpful diagnostic tool in mammalian pathological, tox- 
lcological and general clinical testing. Recently there 
have been some attempts to utilize these techniques in 
aquatic toxicology studies (Racicot et al. 1975, D'Apollo- 
nia & Anderson 1980, Mehrle & Mayer 1980, Wieser 
& Hinterleitner 1980, Casillas et al. 1983, Lockhart & 

Metner 1984, Casillas & Ames 1986, KrajnoviC-OzretiC 
& Ozretic 1988). As with mammals, it has been shown 
that after functional damage to tissues and organs of 
fish, some specific cellular enzymes leak into blood 
plasma where they have been detected (Bouck 1966, 
Bouck et  al. 1975). In mammalian toxicology, the iden- 
tification of altered plasma enzyme patterns can be 
used to evaluate the functional status of damaged 
organ(s) or tissue(s). In principle it would be very 
attractive to use the same approach with fish, but there 
are difficulties. Due to the wide - seasonally changing 
- homeostatic regulation in poilulothermic fish and to 
their species-specific differences and interspecific var- 
iability (Wedemeyer & McLeay 1981, Miller et  al. 
1983), in most cases the correlation between the phy- 
siological state and the biochemical response of fish is 
still not sufficiently clear (Mehrle & Mayer 1980). 

Our preliminary measurements have indicated that 
the direct application to grey mullet of routine methods 
derived from mammalian studies and human clinical 
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testing, or from other fish species, can lead to wrong 
interpretation of the actual enzyme activity in the 
plasma. Thus, this study attempted to optimise assay 
conditions for the measurements of lactic dehydrogen- 
ase (LDH), glutamate exaloacetate transaminase 
(GOT) and glutamate pyruvate transaminase (GPT) in 
grey mullet. It was also our intention to examine 
whether the presence of these cellular enzymes in 
plasma of a marine fish could be used as indicators of 
liver intoxication. LDH, GOT and GPT were selected as 
important cellular metabolic enzymes. Carbon tetra- 
chloride (CCl,) was used as a model hepatotoxic agent 
which has been widely applied to induce acute liver 
intoxication in several vertebrate species (Curtis et al. 
1972, Raisfeld 1974) including rainbow trout Salmo 
gairdneri (Pfeifer et al. 1977, D'Apollonia & Anderson 
1980) and English sole Parophrys vetulus (Casillas et  al. 
1983). 

MATERIALS AND METHODS 

Adult grey mullet Mugil auratus Rsso, average 
weight 191 f 25 g ,  were used as test animals. Three 
groups of about 15 to 20 fish were distributed into 250 1 
aereated basins with a continuous flow of seawater 
(salinity 37.2 i 0.4 %o, 20 k 0.5 "C). Mullet were accli- 
mated to aquarium conditions for 2 wk. They were fed 
once daily to satiation and remaining food was 
removed. No selection or identification of sexes was 
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made. Acute liver injury was experimentally induced in 
2 groups of 18 mullet using high CC14 doses. Each fish 
was injected intraperitoneally (i.p.) with a single dose 
of 1 or 2 m1 CC14 kg-' body weight. At selected inter- 
vals blood (0.3 to 0.5 ml) was sampled by cardiac 
puncture from 6 specimens. Blood sampling and i.p. 
CC14 injections were performed without the use of 
anaesthetics. Blood was sampled by caudal or by heart 
puncture. In both cases, after taking 1 to 1.5 m1 of blood 
100g-' wet weight, all fish regularly survived and read- 
ily recovered. Heparinized syringes and vials were 
used to avoid coagulation. Blood was kept on ice and 
plasma was immediately separated with a refrigerated 
centrifuge (10 min at 2000 X g).  Hemolysed samples 
were excluded. 

The activities of LDH (EC 1.1.1.27), GOT (EC 2.6.1.1) 
and GPT (EC 2.6.1.2) were determined spectro- 
photometncally by measuring the oxidation rate of 
NADH (nicotinamide adenine dinucleotide, reduced) 
in a thermostated cuivette at 340 nm after incubation of 
samples with Na-pyruvate, L-aspartate and L-alanin, 
respectively (Bergmeyer & Bernt 1974a, b,  c). The 
activity of the same enzymes was also measured in the 
extracts of liver, heart, white and red muscle, kidney 
and gill filaments. Samples were homogenised with a 
tissue grinder in 10 parts of a cold ( + 4  "C) 0.2 M Na- 
phosphate buffer (pH 7.4) with 20 % glycerol and 5 mM 
mercaptoethanol. The homogenates were centrifuged 
for 30 min at 17 000 X g ,  at 4 to 5 "C, and the superna- 
tant immediately used for enzyme assay. For plasma, 
the enzyme activity was calculated in relation to the 
unit volume (ml) or to the unit weight (g) for the body 

tissues and was expressed as international Units (U). 
For LDH the Michaelis-Menten constants were calcu- 
lated in relation to the substrate concentration. 

Electrophoresis of LDH was carried out on cellulose 
acetate strips using 75 mM barbital buffer at pH 8.6 and 
the separation was achieved in 50 min at 200V. The 
fractions were made visible by incubation with lactate, 
NAD (nicotinamide adenine dinucleotide), MTT (3- 
(4,5-dimethyl thiazolyl-2)-2,5-diphenyl tetrazolium 
bromide) and phenazene-methosulphate (Burlina et al. 
1979). All reagents were of the highest purity (Sigma). 

RESULTS 

Assay conditions 

The optimal Na-pyruvate concentration for the meas- 
urement of LDH activity in plasma was estimated to be  
0.8 mM at pH 6.5 and 25 "C (Fig. 1). No significant 
influence of substrate concentration or pH was shown 
for the activity of plasma GOT and GPT, while liver 
extracts did demonstrate specific maxima (Fig. 2). Two 
peaks were determined in relation to a-ketoglutarate, 
one at lower concentrations of 0.5 and 1 mM for GOT 
and GPT, respectively and a single broader peak at 
15 mM a-ketoglutarate for both enzymes (Fig. 2A). The 
maximum activity for GOT was found between 50 and 
150 mM L-aspartate and for GPT a sharp peak was 
determined a t  50 mM L-alanin (Fig. 2B). The optimal 
pH range appeared to be  between 6.6 and 8.8 (Fig. 2C). 
On the basis of these results and other data (not shown) 

N a - p y r u v a t e  (inn) p H  

Fig. 1 Mugil auratus. LDH activity in cardiac-sampled plasma. ( A )  Optimal substrate concentration; ( B )  pH measured at  25' C 
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Fig. 2. Muyil auratus. (0) GOT and (a) GPT activity in ( - - - )  cardiac-sampled plasma and (-) liver extracts; (A and B) optimal 
substrate concentration; (C) pH measured at 25' C 

the optimal assay conditions for the measurement of 
LDH, GOT and GPT in grey mullet were established 
(Table 1) and adopted for routine measurements. 
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Table 1 Optimal assay conditions adopted for routine meas- 
urement of LDH, GOT and GPT in mullet plasma 
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LDH GOT GPT 

PH 6.5 7.8 7.8 
Phosphate buffer' (mM) 50 100 100 
2-NADH (mM) 0.18 0.15 0.15 
L-aspartate (mlM) - 200 - 
L-alanin (mM) - - 50 
a-ketoglutaratr (mM) 15 15 
MDH' (U m1 ' j  - 7.5 - 
LDH' (U mi-l) - 3.7 3.7 
Na-pyruvate (mM) 0.8 - - 
Temperature ("C) 25 25 25 

Data not shown 

To assess the specific contribution of some organs 
and tissues to the plasma enzyme pattern the activity of 
LDH, GOT and GPT was measured, and the average 
values are compared in Table 2. Highest activity and 
total content of LDH were found in the white muscle 
tissue (926 U g-' and 92 O/O of total activity). Although 
the specific activity of GOT in the white muscle was 
moderate (6.7 U g-l), owing to its largest biomass (48 % 
of body weight) the total content of GOT was the 
highest (52.8 %) in relation to other tissues. The activity 

of GOT was higher in kidney, liver, red muscle and 
heart (16, 17, 25 and 37 U g-l), but their total GOT was 
not more than 23 % of the whole body content. For 
GPT, as in other vertebrates, the liver of mullet was 
characterised by the highest specific activity (19.5 U 
g-l) and by the highest content of the whole body GPT 
(52.7 %). The activity of all 3 enzymes was the lowest in 
plasma, for GPT very near to the detection limit. 

Blood sampling 

It was observed that within various samples the 
activity of LDH was very variable (Table 3). In plasma 
obtained by cardiac puncture the activity was lower 
and statistically more stable (coefficient of variation, 
CV = 23 %). On the other hand, in plasma sampled by 
caudal puncture the mean LDH activity was higher but 
fluctuated over a range of 2 orders of magnitude (CV = 

91 %). The activity of GOT and GPT was not affected 
by the blood origin but, evidently because of the mini- 
mal detectable activity, the variability of GPT in plasma 
was extremely large (CV = 162 and 214 %). 

LDH characterization 

Due to the observed vanability it was pertinent to 
analyse some characteristics of LDH from various 
samples. The electrophoretic separation showed that 
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Table 2. Mugil auratus. Distribution of LDH, GOT and GPT in mullet tissues (U g-' wet wt) and in cardiac-sampled plasma 
(U ml-'). Mean values and standard deviations (2SD) calculated from 10 samples. Values in O/O are the estimation of the relative 

wet weight and enzyme activity distribution in single tissues in relation to the whole body weight and activity 

To LDH GOT G PT 
wet wt U g-' % U g- '  TO U g- '  YO 

White muscle 48 926 
(84) 

Red muscle 4 417 
(76) 

Liver 1.8 8 
(6) 

k d n e y  0.25 69 
(23) 

Heart 0.08 482 
(21) 

Glli filaments 0.45 81 
(12) 

Blood plasma 3 0.07 
(0.02) 

Table 3. Mugd auratus. LDH, GOT and GPT activity (U 1-l) in plasma of grey mullet sampled by cardiac and caudal punction. 
n: number of samples; R: arithmetic mean; SD: standard deviation; CV: coefficient of variability (%) 

Cardiac sampling Caudal sampling 
n R (SD) Range CV n (SD) Range CV 

LDH 46 70 (16) 47-1 11 23 33 2100 (1900) 300-11000 91 
GOT 30 11 (4) 7-20 36 28 12(3)  7-1 8 25 
GPT 36 0.8 (1.3) 0-3.4 162 28 0.7 (1.5) 0-3.5 214 

LDH in grey mullet tissue is present in at least 3 
isozyme forms (Fig. 3). According to the results of 
Markert & Faulhaber (1965) and to the LDHl-J nomen- 
clature proposed by Wieme (1974), it was noticed that 
in mullet heart, red muscle and kidney extracts the 
highest concentration was found for the LDHl isozyme 
fraction while the LDH5 fraction was predominant in 
the liver and particularly in the white muscle extracts. 
In plasma from the cardiac-sampled blood 2 weak 
LDHl and LDH5 bands were detected. In plasma of the 
caudal sampled blood the slow-moving LDH5 band was 
very consistent and a rather faint LDHl band was found 
ahead on the anodic side, resembling the white muscle 
isozyme pattern. 

The substrate saturation test and the heat denatura- 
tion test (Fig. 4A, B), as well as the calculated Michaelis- 
Menten constants (Table 4 ) ,  indicated that the nature of 
LDH in cardiac-sampled blood was different from that 
originating from caudal puncture. The latter was similar 
to the LDH found in the white muscle extracts. 

Fig. 5. When a single dose of l m1 CCl, kg-' was 
applied, the maximal activity for all 3 enzymes in 
plasma was measured 6 h after the injection. Within 
24 h the activity had fallen towards pre-injection levels. 
In the group injected with a single dose of 2 m1 CCl, 
kg-', 12 h after injection the enzyme activity in plasma 
was increased by nearly 2 orders of magnitude and 
even up to 24 h, GOT and GPT were shll increasing. 
LDH started to decrease ca 12 h post-injection. The 
electrophoretic separation indicated that the increased 
plasma LDH activity was generated by the presence 
of a substantial amount of LDH5 isozyme fraction 
(Fig. 3B),  the origin of which could be assigned to the 
very large LDH5 pool from the white muscle. 

DISCUSSION 

It was observed that within various samples of 
plasma the LDH activity was very variable and it was 
realized that the activity levels as well as their variabil- 
ity were primarily related to the origin of the blood. All 

Effect of CCI, 
tests demonstrated a similarity of LDH between the 

The activity changes of LDH, GOT and GPT in samples from caudal plasma and the extracts from the 
plasma of mullet injected with CCl, are presented in white skeletal muscle (Fig. 4A, B and Table 4). In the 
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Fig. 3.  M u d  auratus. ( A )  Electrophoret~c isozyme fractions of 
LDH in plasma and tissue extracts; (B)  LDH fractions in 

cardiac-sampled plasma from mullet treated with CCl, 
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Table 4. Mygil auratus. Michaells-Menten constants for LDH 
from various samples calculated in relation to Na-pyruvate 

concentration 

Plasma caudal 0.237 
Plasma cardiac 0.078 
White muscle 0.174 
Heart muscle 0.089 
Liver 0.045 
k d n e y  0.048 

case of caudal sampling, the average 30 times higher 
activity and the wide variability (Table 3) was probably 
derived from an induced 'leakage' of the enzyme from 
the extremely LDH-rich white muscle as a conse- 
quence of the physical injury produced by the penetra- 
tion of the needle into the tissue structure. This was 
confirmed by the presence of a consistent LDH5 
isozyme band from muscle origin (Fig. 3 ) .  The activity 
of the cardiac-sampled plasma was always low, with 
small variations, and it very likely reflected the actual 
LDH concentration in the circulating blood. Thus it was 
confirmed that for an accurate evaluation of LDH in fish 
plasma, cardiac sampling should be used. This was 
clearly demonstrated in rainbow trout by Gaudet et  al. 
(1975) and  confirmed by Hille (1982), but other recent 
studies have not taken this limitation into account 
(Ikeda & Fujikata 1984, Lockhart & Metner 1984, 
Casillas & Ames 1986). The activity of GOT and GPT in 

N a  - p y r u v a t e  (mM) T e m p e r a t u r e  (oC) 

Fig. 4. Mugil auratus. (A) Substrate saturation curves, and (B) heat denaturation test for LDH measured in (e) cardiac- and (0) 
caudal-sampled plasma and in (A) white muscle and ( A )  heart tissue extracts. (D) Heat sensitivity of LDH in cardiac-sampled 
plasma from mullets treated with CCl, is compared. Enzyme activity is expressed as  (A) % of the values obtained with 0.8 mM Na- 

pyruvate, and (B) as O/O of the values measured at 2 5 O  C 
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T i m e ( h )  

plasma were not affected by the blood sampling proce- 
dure. 

Promptly after injection of CCl, the activity of all 3 
enzymes in plasma of mullet increased (Fig. 5).  Similar 
results were obtained by Racicot et al. (1975), Pfeifer et 
al. (1977) and Statham et al. (1978) for rainbow trout 
and by Casillas & Ames (1986) for English sole. In 
mammals the hepatotoxic effects of CCl, were not 
expressed as promptly as in fish and the resulting LDH 
> GOT > GPT pattern in plasma corresponded to the 
liver pattern (Schmidt & Schmidt 1975). In plasma of 
injected mullet a similar enzyme pattern to that in 
mammals was observed (LDH 9 GOT 3 GPT), but it 
did not correspond to the liver enzyme pattern (GPT 3 
GOT 9 LDH; Table 2). According to Dando (1969) the 
activities of LDH in the llver of various fish species 
were very disparate, in the range of 10 to 10 000 U g-' 
protein. Grey mullet, with a mean activity of 8 U g- '  
wet weight or about 54 U g - '  protein, is evidently a fish 
species with rather low liver LDH, and owing to the 
limited liver biomass (1.4 to 2.0 O/O of the total body 
weight) the increased activity of LDH in plasma cannot 
be derived only from this organ. On the contrary, as 
indicated by Casillas & Ames (1986) for English sole, its 
origin can be  considered to be a leak mainly from the 
LDH-rich white muscle tissue that, because of its large 
biomass and its high specific activity, participates as 

Fig. 5. Mugil auratus. Activity of 
(A) LDH, (B) GOT and (C) GPT 
in cardiac-sampled plasma from 
mullet after a angle  injection of 
(0) 1 m1 and (0) 2 m1 CC1, kg-' 

wet wt 

the largest LDH pool in the body of grey mullet (about 
92 Oh). The muscular origin was also confirmed by the 
heat denaturation test (Fig. 4B) and by the isozyme 
fractionation of plasma from mullet treated with CC14 
(Fig. 3B). In both cases the characteristcs of the 
increased LDH in plasma were similar to those found in 
the white muscle extracts. A suspected origin of LDH in 
plasma as a leakage from the LDH-rich red blood cells 
was not considered because hemolysed samples were 
not analysed. 

The electrophoretic patterns of GOT from different 
mullet tissues, and the organ/tissue distribution of both 
GOT and GPT suggested the liver to be their origin 
(Krajnovlc-OzretiC & OzretiC 1987). As in mammals, 
GPT appeared to be a specific 'liver-guiding enzyme' 
that can be used as a sensitive indicator of hepatotoxic 
effects. However, the increased LDH activity in fish 
plasma cannot be considered as indicator of 
hepatotoxlc disfunction. 

LDH, GOT and GPT are cellular metabolic key en- 
zymes with no evident function in vertebrate plasma. 
They were found in small concentrations in plasma, 
including fish plasma, derived probably from the regu- 
lar physiological shedding of cells (Schmidt & Schmidt 
1974). Therefore any detectable increase of their activ- 
ity in plasma can be used as a reliable indicator of 
changed metabolic functions or structural damage at 
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the tissue level. Detection methods for these enzymes 
are simple, rapid and,  what is important in fish physiol- 
ogy studies, can be carried out with small blood sam- 
ples. The determination of the basic physicochemical 
characteristics and electrophoretic fractionation of the 
isozyme forms provides the opportunity to identify their 
origin and also permits estimation of the seventy of 
injury at the tissue/cellular level, as was illustrated by 
Panteghini et al. (1984). 
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