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ABSTRACT: Interactions of mercury, selenium and glutathione (GSH) with the lysosomal enzymes 
arylsulphatase and acidphosphatase in the digestive cells of the tropical blood clam Anadara granosa 
(L.) were studied. After 96 h exposure in vivo, mercury and selenium individually activated arylsul- 
phatase to varying degrees. The latency of the enzyme also increased significantly. On exposure to a 
combination of mercury and selenium, total and free arylsulphatase activity was inhibited but the 
increase in lysosomal bound activity was significantly greater Exposure to GSH alone and in the 
presence of Hg resulted in considerable decreases in arylsulphatase activity. Hg, Se and GSH, either 
alone or in combination, had no significant effect on acidphosphatase activity. In vitro inhibition of 
both arylsulphatase and acidphosphatase depended on concentration of mercury. Selenium inhibited 
acidphosphatase activity, but not that of arylsulphatase. Both arylsulphatase and acidphosphatase 
previously inhibited by Hg were completely reactivated and latency restored by GSH Inhibition and 
reactivation were dependent upon concentration of Hg and GSH. Bioaccumulation of Hg in soft tissues 
was increased by about 50 % in clams exposed to combination of Hg and Se compared to clams 
exposed to Hg alone. However, uptake of Hg was completely (95 %) blocked by GSH. Thus, clams 
exposed to Hg, Se and GSH individually and in combination showed different effects on lysosomal 
enzyme activity in vitro and in vivo. Unlike among vertebrate species, Se failed to provide protection 
against deleterious effects of Hg in the marine clam. Glutathione, on the other hand, unequivocally 
provided effective protection. 

INTRODUCTION 

Since the 'Minamata' incident in the late 50's, 
studies on the impact of heavy metals, including mer- 
cury, cadmium and chromium, on the health of aquatic 
ecosystems have received wide attention (Kurland et 
al. 1960, Johnels et al. 1967, Goldberg 1980, Ray 1984, 
Patel et al. 1985a, b). The increased load on natural 
mechanisms of detoxification and disposal has allowed 
these elements to accumulate in the near-shore envi- 
ronment around industrial and sewage disposal areas. 
Benthic invertebrates, especially molluscs, are found 
to concentrate a variety of heavy metals, including Hg, 
from their environment by several orders of magnitude 
above ambient levels (Leonzio et al. 1981, Roesijadi et 
al. 1981). The kinetics of uptake and bioaccumulation 
of metallic elements are essentially controlled by their 
chemical forms and abundance in the environmental 
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matrices - water, sediment and food. Many of these 
elements are not biologically essential and are toxic at 
elevated concentrations. Marine invertebrates seem to 
possess some biochemical mechanisms to sequester 
and accumulate these metals in non-toxic forms. De 
novo synthesis of sulphydryl-rich low molecular 
weight proteins on induction by a variety of metals 
such as Hg, Cu, Cd & Zn has implied a detoxification 
function for these metallothioneins (Webb 1975, 
Bremner & Young 1976, Olafson et al. 1979, Magos & 
Webb 1980, Ray & White 1981, Roesijadi & Hall 1981, 
Eaton & Toal 1983). At the cellular level, cytosomes 
and lysosomes are important in the uptake, sequestra- 
tion and bioaccumulation of various metals (Fowler et 
al. 1975, Lowe & Moore 1979, Chassard-Bouchaud 
1983, George 1983). 

The lysosomal system has been shown to be very 
sensitive to changes in the intra- and extracellular 
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environment, and subsequently to be involved, 'ideal indicator' to detect the presence of many pol- 
directly or indirectly, in controlling many physiologi- lutants (Patel & Patel 1982, Patel et al. 1985a). The pos- 
cal and pathological processes. Interactions of many sible protective and/or detoxifying effect provided by 
heavy metals, including Hg, with lysosomal systems Se and GSH against that of Hg on both lysosomal 
have been reported among vertebrate species (Stern- enzymes in this species is also discussed. 
lieb & Goldfischer 1976). Mercury has been demon- 
strated as a lysosomal inclusion in rat liver following 
its injection (Norseth 1968). The incorporated Hg has EXPERIMENTAL PROTOCOL 
been shown to have an inhibitory effect on lysosomal 
acidphosphatase and P-glucuronidase (Chavapil et al. About 100 arcid clams Anadara granosa (L.), 3 to 4 
1972, Hinton & Koenig 1975). The integrity of cm in shell length, were collected from the intertidal 
lysosomal membranes has also been reported to be zone off Trombay (Bombay) during spring low tide 
adversely affected by Hg, resulting in subsequent ,periods. Extraneous matter was removed by gentle 
release of acid hydrolytic contents into the cytoplasm scrubbing. Clams were then acclimated to the labora- 
(Verity & Reith 1967, Lauwerys & Buchet 1972). tory environment for a period of 24 h,  at a salinity of 
Increase or decrease in the  lysosomal enzyme activity about 33 pp:, at 25 k 2"C, and dissolved oxygen 
depending upon the concentrations of Hg adminis- around 6.0 mg 1-l. 
tered has been shown i n  vivo (Taylor 1965, Hinton & A static bioassay technique was followed. A group of 
Koenig 1975). A similar association between lysosomal 10 clams in a glass aquarium (5 1 capacity) was 
systems and heavy metals has also been reported in exposed to mercury (as HgCl,) at 0.1 mg 1-l, selenium 
marine lamellibranchs, especially in the mussel (as SeO,) at 1.0 mg 1-I and reduced glutathione (GSH) 
Myt~lus edulis (Moore 1977, Lowe & Moore 1979, at 1.0 mg 1-' concentration for a period of 96 h. A 
George et al. 1982). control group was maintained without any addition of 

The coaccumulation of Hg and Se in tissues of fishes chemicals. Bleeding and moribund animals, if any, 
and mammals is well established (Renzoni 1982). The were removed, and the aquarium water was replaced 
bioaccumulation of these 2 metal ions in a molar ratio by freshly collected filtered (Whatman No. 42) sea 
near 1 in marine fishes and mammals, including man, water in the morning and evening, with appropriate 
has been found to show antagonistic effects. Further- addition of fresh chemicals to maintain static concen- 
more, Se has been found to offer protection against the trations. 
adverse effects of Hg (Bernhard & Renzoni 1977). In the Separate sets of experiments were performed to 
field of interactions of trace elements, the example of study the combined effects of Se with Hg and GSH 
mutual antagonism of Hg and Se has been cited as a with Hg. In this series of experiments, a group of 10 
rule rather than an exception. Glutathione peroxidase, clams each was exposed to a combination of 1.0 mg 1-l 

a selenoprotein enzyme, is also reported to decrease Se and 0.1 mg 1-I Hg and another group to 1.0 mg 1-' 
the toxic effects of methylmercury by securing the GSH and 0.1 mg 1-I Hg, for 96 h. A control group was 
integrity of cell components by antioxidation (Chang & maintained without any addition. No attempt was 
Suber 1982). Se has also been shown to reduce the made to feed the clams during the exposures. On 
incidence of tumour formation by different carcinogens completion of 96 h exposure, clams from all groups 
(Shamberger 1981). Similarly sulphydryl-rich com- were sacrificed and soft tissue dissected out. 
pounds such as reduced glutathione (GSH) and cys- Determination of acidphosphatase (E.C.3.1.3.2) and 
te'ine can reverse the inhibitory effects of Hg on arylsulphatase (E. C.3.1.6.1) activity. Digestive glands 
lysosomal enzymes (Doyle et  al. 1955, Verity & Reith (hepatopancreas/midgut gland) from half the popula- 
1967). However, evidence of such a protective role of tion of Anadara granosa from the exposed and unex- 
selenium or its detoxifying effects for Hg in marine posed (=control) groups were separated from the vis- 
invertebrates is rather fragmentary. The studies pre- ceral mass in a crushed-ice bath. Details of tissue 
sented here were, therefore, designed to understand preparation and optimisation of the enzyme assays 
and evaluate the possible effects of Hg on 2 lysosomal followed during the present studies are the same as 
marker enzymes, acidphosphatase and arylsulphatase, those described by Patel & Patel (1985). The digestive 
in the digestive cells of the tropical burrowing blood gland was homogenized in 10 v01 (w/v) 0.25M sucrose, 
clam Anadara granosa. These studies continue those pH 7.2, with 5 up and down strokes at 500 rpm using a 
by Patel & Patel (1985), which discuss the effect of teflon pestle. Appropriate dilutions were made and the 
environmental parameters on the lysosomal marker acidphosphatase and arylsulphatase activity in the 
enzymes and suggest the monitoring of lysosomal homogenate estimated. Percent latent (lysosomal- 
latency as a pollution index. The species was selected bound) enzyme activity was calculated from the differ- 
since it is extensively harvested and found to be an ences between the levels of activity observed in assays 
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conducted with ('total activity') and without ('free 
activity') the addition of the non-ionic detergent Triton 
X 100 during the enzyme preparation (Patel & Patel 
1985). 

In order to study the effects of different chemicals in 
vitro, 1 mg of the digestive gland homogenate of 
freshly collected clams was incubated with the desired 
concentration of Hg, Se and GSH or with mixtures of 
Se and Hg or GSH and Hg, for 5 min at room tempera- 
ture, before estimating the enzyme activity. To eval1.1- 
ate the effect of Hg and incubation time on enzyme 
activity, the homogenates were incubated with 
appropriate concentrations of Hg for 5 to 120 min. 
Furthermore, the homogenates were treated with Se or 
GSH both before and after Hg addition to ascertain 
whether pre- or post-treatment made any difference to 
the inhibition or reactivation of these enzymes. 

The enzyme assays were conducted at 25 f 2 "C. The 
levels of enzyme activity are expressed in 'interna- Arylsulphatase. The effect of Hg, Se and GSH on 
tional enzyme units' (I.U.) defined as the amount of arylsulphatase activity in the digestive gland of Ana- 
enzyme required to liberate 1 pm01 of product per dara granosa after 96 h exposure is shown in Table l .  
minute per gram tissue. Levels of protein in the tissue Table 2 shows the statistical significance (Student's t 
homogenates were estimated by a standard Biuret test) in the changes in enzyme activity between treat- 
method (Gornall et al. 1949). ments. Mean arylsulphatase activity was 22.8 f 6.9 IU 

Estimation of tissue mercury. The soft tissues of the 
remaining population of clams after 96 h exposure to 
various concentrations were removed, pooled, then 
homogenized and lyophilized. About 1 to 2 g 
lyophilized tissue was digested (HNO, : H2S04; 5 : 1) in 
a Bethge apparatus. Blanks were also run along with 
the samples. Total Hg in the digest was estimated by 
flameless atomic absorption spectrometry. The instru- 
ment was calibrated using HgC12. All samples were 
analysed in duplicate. 

RESULTS 

Effects on lysosomal enzymes 

In vivo 

Table 1. Anadara granosa. Effect of mercury (0.1 mg I-'), selenium (1.0 mg I-') and reduced glutathione (GSH) (1.0 mg 1-l) on 
arylsulphatase activity in the digestive gland of the blood clam after 96 h exposure under laboratory conditions. Figures in 

parenthesis denote percent increase ( + )  or decrease ( - )  in enzyme activity in exposed animals compared to controls 

Treatment No, of Mean arylsulphatase activity (IU + SD) 
experiments Total Free % Latency 

(n) (particle-bound) 

Control 12 22.8 + 6.9 16.9 f 6.2 25.9 + 7.1 
Mercury 12 33.7 + 8.3 (+49) 24.5 + 4.8 (+45) 34.3 ? 9.9 (+33) 
Selenium 6 42.0 f 11.0 (+84) 26.2 + 4.3 (+55) 45.3 -t 4.8 (+75)  
Glutathione 6 14.0 f 2.3 (-39) 12.2 f 2.2 (-28) 15.0 + 2.8 (-42) 
Mercury & selenium 6 16.4 + 2.1 (-28) 10.8 f 3.7 (-36) 35.3 + 5.6 (+36) 
Mercury & glutathione 6 14.0 + 1.8 (-39) 12.2 ? 1.6 (-28) 12.9 + 2.1 (-50) 

Table 2. Statistical analysis of the data presented in Table 1 in terms of significance (Student's t test) between treatments. NS: not 
significant at 0.05 level. (+) denotes increase and ( - )  decrease in enzyme activity (Table 1) 

Between treatments: 'P' value (arylsulphatase activity) 
Total Free % Latency 

Control - mercury (0.1 mg 1-l) 0.001 (+) 0.01 (+ )  0.02 (+ )  
Control - selenium (1.0 mg I-') 0.001 (+) 0.02 0.001 
Control - mercury & selenium NS NS 0.02 
Mercury - selenium NS 0.01 NS 
Mercury - mercury & selenium 0.001 ( - )  0.001 NS 
Selenium - mercury & selenium 0.01 (-) 0.001 NS 
Control - glutathione (1.0 mg 1-l) 0.02 (-) NS 0.01 
Mercury - glutathione 0.001 ( - )  0.001 0.01 
Mercury - mercury & glutathione 0.001 ( - )  0.001 0.01 
Glutathione - mercury & glutathione NS NS NS 
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the group exposed to the combination of both ele- 
ments. On exposure to Hg in the presence of GSH, the 
increase in the enzyme activity in groups exposed to 
Hg alone completely reversed. Enzyme activity in 
these clams remained practically the same as that in 
clams exposed to GSH alone (Table 1). This clearly 
demonstrates that the presence of GSH, unlike that of 
Se, either completely blocked the entry of Hg into the 
system or prevented the adverse effects of Hg through 
forming some biochemical complex(es) and thereby 
providing protection. 

Acidphosphatase. Table 3 records the impact of all 3 
chemicals, individually or in combination, on acid- 
phosphatase activity in the digestive cells of the arcid 

(total activity) and 16.9 rfr 6.2 IU (free activity) (n= 12) clam. No significant differences were evident com- 
in the digestive cells of freshly collected clams and of pared to unexposed control animals. 
clams acclimated under laboratory conditions for 96 h. 
On exposure to Hg (0.1 mg 1-l) both total and free 
enzyme activity increased significantly by at least In vitro 
45 % (P > 0.01). The percent latency of the lysosomal 
fraction of the enzyme also increased significantly Arylsulphatase. Both total and free arylsulphatase 
(+ 33 %, Table 1). Following 96 h exposure to Se (1.0 activity in vitro was inhibited by Hg, in contrast to 
mg I-') the total activity (+ 84 %), free activity results observed in vivo. The percent inhibition was 
(+ 55 %), and lysosomal latency (+  75 %) also dependent upon the Hg concentration as depicted in 
increased. This then indicates that the presence of Se Fig. 1. The EC,, (effective concentration to yield 50 % 
not only increased the free enzyme activity but also activity) was found to be around 8pg Hg mg-I tissue 
stimulated the lysosomal-bound activity significantly (Fig. 1): about 52 % inhibition occurred within 5 min of 
(Tables 1 & 2). On exposure to GSH (1.0 mg l-l), on the - 
other hand, total enzyme activity decreased consider- f , oo 

Fig. 1. Anadara granosa. Effect of mercury (HgC12) on total, 
free and latent arylsulphatase activity in digestive cells in 
vitro expressed as percent of the control. (0) Total; (A)  free; 

(0 )  latent 

incubation in the presence of 8 kg Hg mg-l. Further 
increase in the incubation period upto 2 h, however, 
did not show any further increase in the enzyme inhi- 
bition. Latent enzyme activity decreased by 40% on 
addition of 8 pg Hg to the reaction mixture (Fig. 1). 
Almost all this particle-bound activity was released on 
addition of 15 pg Hg mg-I tissue, suggesting complete 
labilization of the lysosomes. 

Fig. 2 records the effect of Se on arylsulphatase 

Table 3. Anadara granosa. Acidphosphatase activity in the digestive cells of the blood clam after 96 h exposure to mercury 
(0.1 mg I-'), selenium (1.0 mg 1-l), and glutathione (1.0 mg I-') under laboratory conditions. The increases in activity were too 

small to be statistically significant 
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Treatment Number of Acidphosphatase % Increase 
experiments activity (IU f SD) over control 

Control 12 1.50 + 0.21 
Mercury 12 1.71 + 0.20 + 14.0 
Selenium 6 1.54 + 0.20 + 2.8 
Glutathione 6 1.68 + 0.13 + 12.0 
Mercury & selenium 6 1.51 + 0.21 + 0.6 
Mercury & glutathione 6 1.66 + 0.09 + 10.7 

individually if considered purely on additive basis S 5 1 0  15 20 25 30 
(107 %) was found to be significantly smaller (36 %) in M E R C U R Y  ( p g  mg-' 1 

2). The differences between total and free enzyme > 

activity in clams exposed to combinations of Hg and Se g 6o and clams exposed to these elements individually are 
found to be highly significant (Table 2). The latency of 
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activity in vitro. Incubation of the homogenate with Se 
in the range 2 to 200 pg mg-' tissue did not show any 
significant changes in arylsulphatase activity, unlike 
those observed on addition of Hg alone. Similarly, 
addition of Se within the range 2 to 50 pg mg-' tissue 
in the presence of 8 pg Hg did not show any appreci- 
able change in the inhibitory effect of Hg (Fig. 2 ) .  This 

M E R C U R Y /  S E L E N I U M  (ug mg-'1 

Fig. 2. Anadara granosa. Effect of selenium (SeOz) and mer- 
cury on arylsulphatase activity in digestive cells in vitro 
expressed as percent of the control. (0) Selenium; (0) mercury; 

(0)  mercury + selenium 

confirms in vivo observations that Se neither blocked 
the entry of Hg nor prevented its effect when added 
simultaneously to the homogenate. 

The effect of Hg in the presence of GSH on the 
arylsulphatase activity in the hepatic cells of Anadara 
granosa in vitro is shown in Table 4.  It will be seen that 
on addition of Hg, both total and free activity 
decreased, by 24 and 40 % (5.0 pg Hg) and 75 and 71 % 
(25 pg Hg) respectively. The addition of GSH in the 
range 0.1 to 10 mM, however, reactivated both free and 
total enzyme activity considerably. Thus total enzyme 
activity in the homogenate treated with 5 pg Hg 
increased from 76 to 100 % on addition of GSH (0.5 
mM). In the presence of 25 pg Hg, reactivation of the 

Table 4. Anadara granosa. Reactivation of mercury-inhibited 
arylsulphatase activity in the digestive gland as a function of 
addition of glutathione (reduced) in vitro. Values are % of 
arylsulphatase activity in controls. Average of 5 experiments. 

SD in each enzyme assay did not exceed 10 % 

Mercury Arylsulphatase Glutathione (mM) 
(kg mg-') activity 0.0 0.1 0.5 1.0 10.0 

5.0 Total 76 89 100 100 100 
Free 60 88 100 100 100 

25.0 Total 25 39 72 90 100 
Free 29 38 67 85 100 

enzyme activity from 25 to 100 % was achieved gradu- 
ally on step-by-step addition of higher quantities of 
GSH (0.5 to 10 mM) (Table 4) .  Thus, the inhibition and 
reactivation of arylsulphatase activity was found to be 
dependent upon the concentration of Hg and GSH 
respectively. The sequence of addition of GSH, either 
before or after the Hg treatment, however, did not 
influence the biochemical processes involved in the 
reactivation of the enzymes and/or stabilization of the 
lysosomal structure. This then clearly demonstrates 
that unlike Se, GSH not only offered protection against 
the Hg effect, but also almost prevented its impact and 
stabilized the lysosomes. 

Acidphosphatase. The acidphosphatase activity in 
the digestive-gland homogenate of Anadara granosa 
was inhibited appreciably on addition of Hg. The per- 
cent inhibition was also dependent upon the Hg con- 
centration added (Fig. 3). The ECso for acidphosphat- 

Fig. 3. Anadara granosa. Effects of selenium and mercury on 
acidphosphatase activity in digestive cells in vitro expressed 
as percent of the control. (0) Selenium; (0) mercury; 

(0) mercury + selenium 

ase was about 1 ~g Hg mg-l tissue which is around 
88 % lower than that observed in the case of arylsul- 
phatase (8 pg). Furthermore, the inhibitory effect of Hg 
on the acidphosphatase was complete within the initial 
5 min of incubation. Further exposure upto 2 h,  how- 
ever, did not change the initial impact observed. 

Se also inhibited acidphosphatase activity, the 
inhibition being concentration-dependent (Fig. 3). The 
EC,, for Se was about 4 pg mg-I tissue (Fig. 3).  Results 
on reactivation of Hg-inhibited acidphosphatase by 
GSH are recorded in Table 5. Enzyme activity (total) 
was inhibited by 50 and 80 % respectively on addition 
of 1 and 3 pg Hg (Table 5). On addition of 0.1 to 0.5 mM 
GSH the reduction caused by the addition of 1 pg Hg 
was restored to near control levels. Enzyme activity 
which had decreased to 20 % on addition of 3 pg Hg 
increased to 100 % gradually on addition of GSH (0.1 
to 10.0 mM). 
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Table 5 .  Anadara granosa. Reactivation of mercury-inhibited acidphosphatase activity (total) in the digestive cells as a function 
of glutathione in vitro. Values are % of acidphosphatase activity in controls. Average of 5 experiments. SD in each assay did not 

exceed 10 % 

Mercury (pg mg-' tissue) Glutathione (mM) 
0.0 0.1 0.5 1.0 10.0 

1.0 added before GSH treatment 52.0 76.0 100 100 100 
1.0 added after GSH treatment 51 0 78.0 100 100 100 
3.0 added before GSH treatment 20.0 21.0 29.0 51.0 100 
3.0 added after GSH treatment 20.0 24 .O 34.0 52.0 100 

Protein content 

Protein content in the digestive gland of clams var- 
ied in the range 70 to 94 mg g-I [mean 82.4 + 11.4, 
n =  18). In the experimental groups the protein content 
remained unaltered within experimental error (79.4 + 
3.0 mg g-l). This suggests that the changes brought 
about in arylsulphatase and acidphosphatase activity 
by Hg, Se and GSH or their combination were not due 
to proteolysis, but may well be due to some other 
intrinsic biochemical changes. 

Bioaccumulation of mercury 

Mercury concentration in soft tissues of Anadara 
granosa from the natural environment at ambient sea- 
water levels (0.13 to 0.25 pg l-') ranged from 0.54 to 
1.46 pg g-' dry tissue (average: 0.94 k 0.4). In the 
groups exposed to Se and GSH, Hg levels also fit 
within this range (Table 6). At the end of 96 h exposure 

Table 6. Anadara granosa. Bioaccumulation of mercury in the 
soft parts, after 96 h exposure to mercury (0.1 mg 1-l) selenium 
(1.0 mg It') or glutathione (1.0 mg I-'). Figures in parenthesis 
denote number of estimations. NS: not significant at 0.05 

level 

Treatment Bioaccumulation 
Mercury 'P' value 
(l.(g g') between 
f SD treatments 

A. Control 0.94 f 0.4 - 
(20) 

B. Mercury 25.1 + 3.9 (A & B) 0.001 
(9) 

C. Selenium 0.92 f 0.1 (A & C) NS 
(5) 

D. Glutathione 0.74 f 0.3 (A & D) NS 
(5) 

E. Mercury & selenium 37.9 + 4.0 (B & E) 0.001 
(5) 

F. Mercury & glutathione 1.8 f 0.2 (A & F) NS 
(5) 

to Hg (0.1 mg I-'), the tissue Hg concentration 
increased to 25.1 t 3.9 pg g-l. Uptake was enhanced 
appreciably (- 50 %) in the group exposed to a mix- 
ture of I-Ig and Se. n c  tissue Hg c o ~ t e n t  in this group 
rose to 37.9 f 4.0 pg g-'. On the other hand, after 96 h 
exposure to Hg in the presence of GSH, clams accumu- 
lated only about 1.8 + 0.2 pg Hg g-l, i.e. not signifi- 
cantly more than that observed in the natural (control) 
population (Table 7). This further supports the sugges- 
tion given above that GSH almost completely blocks 
the entry of Hg (- 95 %) in this species. 

DISCUSSION 

One of the basic biochemical properties of lysosomes 
is the structure-linked latency of their hydrolytic enzy- 
mes. This appears to be the direct consequence of 
impermeability of the lysosomal membrane to many 
substrates, as well as the internal membrane-bound 
nature of many enzymes, which render them inactive. 
A wide variety of xenobiotics including aromatic car- 
cinogens, heavy metal ions and radionuclides are 
sequestered and accumulated by lysosomes (Koenig 
1963, Allison 1969, Lowe & Moore 1979, Chassard- 
Bouchaud 1983, George 1983, Patel & Patel 1985). In 
many instances these agents are capable of destabiliz- 
ing the lysosomal membranes with subsequent activa- 
tion and release of hydrolytic enzymes if the storage 
capacity is overloaded (Moore et al. 1978). However, 
an increase in the size and number of lysosomes was 
reported in rat liver following Hg administration (Tay- 
lor 1965). In mussels Mytilus edulis, concentration- 
dependent labilization of lysosomes was observed on 
exposure to copper at 25 to 75 pg 1-' (Hanison & 
Berger 1982). No significant reduction in lysosomal 
integrity was evident in the group exposed to the 
lowest Cu concentration. However, significant reduc- 
tion in lysosomal latency was observed in the group 
exposed to the highest concentration of Cu. 

In the present studies the activities of both enzymes 
showed a tendency to increase on exposure of Anadara 
granosa to Hg and Se. The increase in activity was 
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more dramatic in arylsulphatase than in acidphosphat- 
ase. This may well be explained in terms of transfor- 
mation of both elements on entering the digestive cells 
into biologically inactive forms by being engulfed into 
the lysosomes, thereby preventing them from complex- 
ing with metabolically important molecules like en- 
zymes. Indeed Hg has been demonstrated as a 
lysosomal inclusion in rat liver, which subsequently 
led to an increase in the quantity of lysosomes (Koenig 
1963, Norseth 1968). This, in turn, increased the availa- 
bility of hydrolytic enzymes thus enabling the system 
to metabolize and sequester the metal in some non- 
toxic form and eventually to excrete it. Nevertheless, 
when the load of foreign material exceeds the effi- 
ciency of the detoxifying system, the integrity of 
lysosomal membrane is found to be affected adversely. 
This may induce the activation and release of previ- 
ously latent degradative enzymes, which in turn may 
initiate catabolism of cell components and in severe 
instances even the autolysis of the cell (Moore 1980). In 
the case of Anadara granosa exposed to Hg and Se, it is 
presumed that metal ions that entered the digestive 
cells were engulfed into the lysosomal system and 
subsequently transformed into biologically inactive 
forms, suggesting that levels of Hg and Se were not 
sufficient to surpass the accumulative capacity of lyso- 
somes as seen from the increased latent activity of the 
lysosomal enzymes in the clams. This assumption is 
corroborated by the dose-dependent labilization of 
lysosomes in  vitro in this species. 

Although total and free arylsulphatase activity in 
Anadara granosa exposed to a combination of Hg and 
Se decreased (-28 and -36 % respectively), interest- 
ingly the lysosomal latency increased significantly (+ 
36 %). This indicates that bioaccumulation of Hg in the 
tissues was sufficient to inhibit free arylsulphatase 
activity, possibly through complexing with enzyme/ 
substrate molecules, subsequently reducing the cataly- 
tic efficiency. About 50 % greater bioaccumulation of 
Hg in clams exposed to a combination of Hg and Se 
than in those exposed to Hg alone suggests that an 
increased amount of Hg was available for interaction 
with biologically important molecules in the cell. 
Moreover, particle-bound activity in the controls as 
well as in those exposed to Hg in presence of Se (- 6.0 
I.U.) suggests that the latent enzyme was not available 
for interaction with Hg. In fact, the present in  vitro 
studies on Anadara granosa have established the rela- 
tion between the amount of Hg present in the system 
and its inhibitory effect on the hydrolytic enzymes. No 
attempt seems to have been made to understand the 
possible detoxification of Hg and Se in physiological or 
biochemical systems of marine invertebrats i n  vivo and 
in  vitro. 

A very few reports are available on the combined 

effect of Hg and Se on certain physiological behaviour 
in marine invertebrates. In the mussel Mytilus gallo- 
provincialis, Se uptake was reduced in the presence of 
Hg. This reduction however, was not statistically sig- 
nificant (Fowler & Benayoun 1976). A slight decrease 
(not statistically verifiable) in the Hg toxicity on oyster 
embryos was observed in the presence of Se (Glick- 
stein 1978). Similarly, experiments with the brown 
mussel Perna perna have shown that a combination of 
Se and Hg resulted in a slight but consistent decrease 
in Hg toxicity in terms of rate of filtration (Watling & 

Watling 1982). On the other hand, studies on the clam 
Scrobiculana plana provided no evidence of protection 
by Se against Hg toxicity (Langston 1981). In the pre- 
sent study, we found no evidence to conclude un- 
equivocally that the 'coaccumulation of Se and Hg' had 
antagonistic effects on the lysosomal system. In fact, 
coadministration of these 2 metals resulted in an 
increase of about 50 % in the net bioaccumulation of 
Hg. This observation is contrary to those made on 
many species of fishes and mammals. Among vertre- 
brates in which the coaccumulation of Se and Hg has 
been found, it has been suggested that the former 
affords natural protection against Hg toxicity (Renzoni 
1982, Leonzio et al. 1982). 

We are at a loss to explain the decrease observed in 
arylsulphatase activity in clams exposed to GSH alone 
and also in the presence of Hg, since these animals did 
not show any symptoms of physiological stress such as 
increased secretion of mucus during exposure. It seems 
that in the group exposed to a combination of GSH and 
Hg, the former neutralised the stimulatory effect of Hg 
on the enzyme and exerted its own influence reflected 
by a reduction in arylsulphatase activity (Table 1). 
Furthermore, the bioaccumulation of Hg in this group 
was almost completely inhibited (- 95 %). This is not 
surprising since GSH has also been found to prevent 
uptake of Hg in the crustaceans Arternia salina and 
Elminius modestus (Corner & Rigler 1958). 

Mercury is reported to inhibit a number of enzymes 
in  vitro including lysosomal enzymes (Webb 1966, 
Chavapil et al. 1972). Metal ions are known to inacti- 
vate protein molecules through non-specific binding or 
cross-linking of essential side chains and by promoting 
irreversible denaturation (Ulmer 1970). Mercury 
dimerizes a number of single chain proteins through 
sulphydryl linkage. Similarly the affinity of Hg to sul- 
phydryl groups exceeds that of other commonly occur- 
ing ligands to such an extent that even a large excess 
of these ligands does not divert sizable amounts of Hg 
from SH groups. This strong affinity is often regarded 
as the principal cause for the inactivation of different 
enzymes by Hg. Further Hg is found to induce irrevers- 
ible loss of structure-linked latency of the lysosomal 
enzymes in rat liver (Verity & Reith 1967). During the 
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present studies, we found that Hg and Se caused a 
concentration-dependent inhibition of acidphosphat- 
ase and arylsulphatase activities in vitro. The 
lysosomal latency of arylsulphatase decreased on incu- 
bation with elevated concentrations of Hg. The pre- 
sence of glutathione in the incubation medium almost 
completely prevented labilization and inhibition of the 
enzyme activity. Similar effective protection against 
Hg toxicity in terms of labilization of lysosomes in rat 
liver has also been reported (Verity & Reith 1967). 
Reactivation of Hg-inhibited P-glucuronidase, by cys- 
tei'ne and to a lesser extent by versene, has also been 
demonstrated in Escherichia coli (Doyle et al. 1955), 
and confirms the importance of thiol groups in main- 
taining the integrity of lysosomal membranes and the 
latent proportion of the lysosnmal enzymes. 

Although Se did not affect the activity of arylsulphat- 
ase in vitro it did inhibit that of acidphosphatase (Fig. 2 
& 3). The effects of Se and Hg observed in vitro during 
the present studies could perhaps be explained in 
terms of the complexation of these metal ions with 
enzyme and/or substrate molecules. Furthermore, 
unlike in vivo, wherein other protective mechanisms 
were found operative against metal toxicity, in vitro 
metal ions were freely available to interact with 
enzyme/substrate molecules, subsequently leading to 
inactivation of the enzyme. Glutathione (reduced) 
appeared to offer protection against Hg toxicity pos- 
sibly by complexing with it and thereby transforming 
Hg ions into some non-toxic forms or by providing the 
system with additional thiol groups. Glutathione is 
reported to offer protection against heavy metals, 
which are known to destroy thiol groups, either by 
restoring the SH groups by withdrawing metal ions, or 
by reducing oxidised SH groups (Knox 1960). 

The studies on the effects of incubation time on 
inhibition by Hg in vitro showed that the activities of 
both acidphosphatase and arylsulphatase were com- 
pletely inhibited within 5 min of incubation. This 
agrees well with earlier observations using both 
organic and inorganic mercurials. Such rapid reaction 
is presumed to be the result of strong affinity of Hg for 
SH groups (Passow 1970). 

It could be concluded from the present studies that 
the effects of Hg and Se in vitro and in vivo are quite 
different. Similarly, GSH, which was found to offer 
effective protection against Hg (when added in suffi- 
cient quantity) in vitro, also blocked the entry of Hg in 
vivo but the effect was not comparable. Exposure to 
individual metal ions (Hg and Se) has been found to 
have marked effects on enzymes. Similarly, the activity 
of both these enzymes and their lysosomal latency in 
the arcid clam was found to be dependent upon the 
physico-chemical nature of its habitat, which was 
influenced by the nature of pollutants present (Patel & 

Patel 1985). Clearly therefore, there is a need to under- 
stand the mechanisms involved in producing such 
deleterious or toxic effects by various heavy metal ions 
(pollutants) in combination and subsequently evolve 
techniques to detoxify these effects. Such information 
is of prime importance in maintaining the health and 
equilibrium of marine ecosystems exposed to different 
xenobiotics simultaneously. 
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