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THE EFFECTIVENESS
OF CADMIUM DETOXIFICATIOI

The purpose of this study was to determine if measuring the
effectiveness of trace metal binding by metallothionein is a useful
indicator of the toxic effects of meta! bioaccumulation. The protein
metallothionein, found in the soluble portion of cell extracts (cytosol],
has a strong binding affinity for both essential (zinc, copper) and
nonessential (cadmium, mercury) trace metals (K&gi and Nordberg
1979). In laboratory exposures of animais to cadmium or mercury, toxic
effects are usually not found so long as the accumulated metal is bound
to metallothionein (Winge et al. 1973; Brown and Parsons 1978; Pruell
and Englehardt 1980; Roesijadi et al. 1982). This finding, which
indicates that metallothionein has a protective effect, has led to the
formation of the "spillover" theory (Winge et al. 1973; Brown et al.
1977) that intracellular toxic effects of cadmium and mercury will not
occur until the binding capacity of metailothionein is exceeded. At this
point, metals spill over and bind to a site of toxic action, the cytosolic
enzyme-containing (ENZ} pool. The ENZ poo! can be easily separated
from the metallothionein-containing (MT) pool of cytosol by gel filtration
(Brown et al. 1982a), and the amount of spillover can be determined.

Although measurements of metal concentrations in the ENZ and MT pools
of cytosol provide a better understanding of the significance of
bicaccumulation to sea animals, much is still unknown about the
specifics of metallothionein production and the relationship between the
ENZ pool and toxic effects. This paper presents the trace metal
chemistry results from an experiment in which scorpionfish were
chronically exposed to sublethal levels of ionic cadmium. The work was
intended to 1) confirm the protection against cadmium toxicity provided
by metallothionein production, 2} determine the effects of cadmium
accumulation on zinc and copper metabolism, and 3) better define the
relationship between changes in ENZ-pool cadmium and toxic effects.

The cytosolic partitioning of cadmium was measured in four organs of
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scorpionfish after 4 and 8 weeks of exposure to 0.1 or 1.0 mg Cd/L.
As expected, we found that most of the accumulated cadmium was
present in the MT pool of liver, kidney, intestine, and gill tissue.
Increases were also observed in the amount of ENZ-pool cadmium in
every tissue after 8 weeks, indicating that metallothionein does not
“provide 100 percent protection for the ENZ pool, even at the low"
bioaccumulation levels reached in this experiment. The cadmium binding
effectiveness of metallothionein was lowest in the gilis and intestine,
where the highest concentrations of ENZ-Cd were found. Cadmium
exposure was also shown to increase the cadmium content of the
subcellular fraction containing cell organelles. These data indicate that
other sites of toxic action may need to be measured to fully assess the
impact of cadmium bicaccumulation.

MATERIALS AND METHODS

Scorpicnfish (Scorpaena guttata} ranging in weight from 0.25 to 0.75 kg
were captured from near Anacapa Island in June 1983, These fish were
acclimated to laboratory conditions and fed pieces of anchovy for 4
weeks prior to the start of the cadmium experiment. The fish were
randomly distributed to six 312- or #400-L aquaria (15 fish per
aquarium). Two aquaria were used for each exposure level of 0
{control), 0.1, and 1.0 mg Cd/L. Cadmium was added to the seawater
from a stock solution of CdCl,. The water in each aquarium was
changed weekly and received continuous aeration and biological and
charcoal filtration. Weekly measurements of aguaria water quality
indicated similar values for each exposure level. Mean water quality
values for the experiment were as follows: dissolved oxygen, 6.1 mg/L;
total ammonia, 0.23 mg/L; salinity, 34 ppt; pH, 7.42; and temperature,
14°C.

The concentration of cadmium in the exposure water was measured
weekly and found to vary, probably because of loss to the biological
filters. The weekly water changes and occasional additions of Cd stock
to the water kept concentrations quite close to the nominal values.
Mean Cd concentrations in the 0.1- and 1.0~mg Cd/L exposures were
0.09 and 1.1 mg Cd/L, respectively.

Subsamples of scorpionfish were dissected after 0 (preexposure}, &,

8, and 16 weeks of exposure. Seven fish from the entire population
were sampled at 0 weeks. Seven or six fish were sampled from each
exposure level at 4, 8, and 16 weeks. Fish were first anesthetized with
carbonic acid; a blood sample was then taken from a severed gill arch
with a heparinized syringe. The body cavity of each fish was then
opened and the internal organs removed. Samples of liver, kidney,
intestine, gill, and muscle tissues were preserved in 10% buffered

254



formalin for histological examination. Additional portions of these
tissues were placed in plastic vials and stored at -80°C for analysis of
cytosolic metal distribution and enzyme activity and for other
biochemical measurements.

Scorpionfish liver, kidney, intestine, and gill samples were homogenized
in cold Tris buffer (0.05 M; pH 8.0) and ultracentrifuged at 100,000

X g to produce cytosol extracts. These cytosols were then separated
into fractions according to molecular size using Sephadex G-75 gel
filtration. Fractions corresponding to a high molecular weight (>20,000
daltons) ENZ-pool, a medium molecular weight {3,000-20,000 daltons)
MT-pool, and a low molecular weight (<3,000 daltons)
glutathione-containing {GSH) poo! were composited and analyzed for
their cadmium, copper, and zinc content. The pellet resulting from
ultracentrifugation was resuspended in homogenization buffer and stored
at -80°C for analysis of metal content. Protein content of the cytosol
samples was determined using the Coomassie Blue assay (Bradford
1976).

Statistical analyses of the data were performed using the SAS package
of computer programs {(SAS [nstitute, Inc., 1982). The significance of
changes in ENZ- or MT-pool cadmium was tested using one- and
two-way analyses of variance (ANOVA) on log-transformed data. Simple
linear regressions and analyses of covariance were used to examine the
relationship between MT- and ENZ-Cd concentrations. Spearman's
nonparamentric correlation coefficients were calculated to examine the
nature of the relationship between changes in cytosolic peol Cd and
changes in pool Cu or Zn.

RESULTS

Cytosolic Distribution of Cadmium

Trace metal analyses of the tissue cytosolic pools of scorpionfish
exposed to cadmium for 4 and 8 weeks were completed. Tissues from
the preexposure and 16-week groups have not yet been analyzed. The
concentrations of Cd, Cu, and Zn in the ENZ and MT pools of liver,
Kidney, intestine, and gills are shown in Figures 1 and 2. Metal levels
in the GSH pools of these fish have not been reported because these
concentrations cid not represent an additional site of metal binding, but
instead reflected a small fraction of MT-pool meta! that was not
completely resolved by the chromatography procedure.

Increases of Cd in the MT pools of exposed scorpionfish in relation to
controls were cbserved in all tissues at both 4 and 8 weecks (Figures 1
and 2). MT-pool Cd concentrations were highest in fish exposed to 1.0

255



{mg/kg)
COPPER

CADMIUM

ZINC

e
o

g
o

o
[=
o

1.0

30

20

LIVER INTESTINE

ENZ

MT ENZ

MT

0.6 ~

0.4 -

20 - 0.3

0.2 =

100 =

50 =

C 0110 C 0110 C G110 C 0.145.0
4-WEEK B-WEEK 4-WEEK B-WEEK

CADMIUM EXPOSURE

Figure 1. Cd, Cu, and Zn concentrations {(mean * 1 standard error (n

= 7}) in liver and intestine ENZ and MT pools of scorpionfish exposed

to cadmium.

for & and 8 weeks.

Fish were exposed to 0 (control), 0.1, or 1.0 mg Cd/L

with exposure than did liver. MT-Zn usually increased at higher

MT-Cd levels.

Note the sczles are different.

The intestine showed greater increases in ENZ-Cd

256



"lusJayylp aJe s9)eDS Byl 910N  "S[0J4IU0D 0] UONB[dJ Ul ‘PD-IW Pue pD-ZNI
ul aseaJtdul 1sateadb ayy pamoys s|iib oy "S)9am g pue g 4oy /pD

Bw g°p 40 ‘|°p ‘(jo41u0D) @ 01 pasodxd dsom ysi4 “adnsodxa wniuped

J9yje ysyuoldiods jo sjood Jw pue zNg 1B pue Asupmry u ((z =

U) JOJJ3 PJBPUEIS | T UBdW) SUOJIRAIUIDUOD uz pue ‘nj ‘ppy "z aunbig

FHNSOdX3I WNIWAYD

AIIm-g *33IAM-¥ HIIm-8 AIAM-+ MHIIM-8 AITM-F MIIM-% HIam-+

L0 O " 010D oL s

1w ZN3 L ZN3
S711D AINCTIA

H434d09D ONIZ

(Bx/Bw)

WNINAavo

257



mg Cd/L. Little change in MT~Cd concentration between 4 and 8 weeks
was evident in kidney and intestine samples. An increase of
approximately 50% in livers of fish exposed to 1.0 mg Cd/L was
observed at 8 weeks. The greatest increases in MT-Cd were found in
the gills, where concentrations at 8 weeks were increased by 200 and
100% in the 0.1- and 1.0 mg-Cd/L exposures, respectively (Figure 2).

Although most of the cytosolic cadmium in the tissues of exposed
scorpionfish was bound to metallothionein, some of this cadmium escaped
detoxification by MT and was associated with the ENZ pool (Figures 1
and 2). ANOVA tests on these data indicated that ENZ-Cd
concentrations were significantly increased by cadmium exposure in all
four scorpionfish tissues after 8 weeks of exposure to 1.0 mg Cd/L
(Table 7). At 4 weeks, only the intestine and kidney ENZ-Cd
concentrations of fish exposed to 1.0 mg Cd/L were significantly higher
than the controls. Exposure to 0.1 mg Cd/L produced elevated ENZ-Cd
concentrations only in the gills of fish exposed for 8 weeks.

The two-way ANOVA results (Table 1) indicate a significant effect of
exposure time on the ENZ-Cd concentrations in each tissue: ENZ-Cd
tended to decrease between the 4- and 8-week sampling times. This
trend was present at each exposure level, but can be most easily seen
in the control ENZ-Cd concentrations at each timepoint. There was a
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significant interaction between exposure level and time for intestine
cytosol ENZ-Cd concentration {Table 1), indicating that the nature of
the response of ENZ-Cd to exposure level in this tissue was different
for each time period.

A significant correlation between ENZ-Cd and MT-Cd concentration was
found for all tissues at 4 weeks and for all tissues except intestine at 8
weeks. These results indicate that, even with low levels of MT-Cd
accumulation, there are increased ENZ-Cd levels. The relationship
between ENZ- and MT-Cd levels was further explored by fitting a linear
regression model to the data (Table 2}. Significant regressions were
obtained for all tissues except for 8-week intestines. Examination of
the coefficients of determination (r?) for these regressions indicated
that between 18 and 76% of the changes in ENZ-Cd could be accounted
for by changes in MT-Cd concentration. The magnitude of the change
in ENZ-Cd concentration with change in MT-Cd is indicated by the
regression slopes. Analysis of covariance on these data showed that
there were no differences in the slopes between 4 and 8 weeks in liver,
kidney, or gill tissue (Table 2). Comparisons of the slopes between
different tissues can be made by examining the standardized slopes
(beta coefficients). These values were similar between tissues, ranging
from 0.423 (4-week gills) to 0.874 (8-week liver).

Changes in Copper and Zinc

The relationship of changes in cytosolic cadmium to Cu and Zn changes
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was examined by calculating Spearman nonparametric correlation
coefficients. A significant positive relationship between changes in
MT-Cd and MT-Zn was found in most cases (Table 3). Significant
positive correlations between MT-Cd and MT-Cu were found only in two
cases (U4-week kidney and 8-week gills). No significant correlations
between changes in ENZ-Cd and ENZ-Cu or -Zn were found.

Metal Concentrations in Cell Organelles

The relative significance of other sites of metal accumulation within the
cell was investigated by analyzing the metal content of the 100,000 x g
pellet {containing cell organelles) from the 8-week liver samples (Table
4). The Cd concentration of these pellet samples increased with greater
cadmium exposure, as did cytosol Cd concentrations. As a result, the
percentage of cadmium in the pellet remained similar between exposure
levels (18-15%). The percentage of copper found in the pellet material
was also similar between exposure levels (19-143), The percentage of
zinc in the pellet showed a decreasing itrend with exposure level,
ranging from 17% in the controls to 11% in fish exposed to 1.0 mg Cd/L.

Blood Concentrations

The cytosol from scorpionfish liver, gill, and kidney contained blood
which was trapped within the tissues at the time of dissection. The
influence of this blood on the cytosolic pool metal values was examined
by analyzing a whole blood sample from each cadmium exposure level at
16 weeks. These blood samples were treated the same as any other
tissue for homogenization, centrifugation, and G-75 chromatography.
The Cd, Cu, and Zn concentrations of the ENZ and MT pools from
these blood samples are shown in Table 5. The concentrations of Cu
and Zn in the MT pools of blood were less than those in the ENZ pool,
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a reversal of the general pattern seen in the other tissues. The
cadmium content of the ENZ and MT pools was negligibie when compared
to concentrations in liver, kidney, intestine, or gill tissue (Figures 1
and 2). The copper concentrations in blood ENZ and MT pools were
relatively low, being similar only to kidney concentrations. The
ENZ-Zn level of blood was relatively high, with concentrations similar to
or greater than those for the other four scorpionfish tissues. Blood
MT-Zn concentrations were much lower than the MT concentration of ali
other tissues except the gills.

DISCUSSION

Influence of Exposure Type on Cytosolic Cadmium Distribution

The exposure of scorpionfish to 1.0 mg Cd/L for up to 8 weeks
resuited in increased cadmium concentrations in both the MT and ENZ
pools of all tissues examined. Comparison of these data to the results
of an acute (96-hour) exposure of scorpionfish to 25 and 50 mg Cd/L
{Brown et al. 1984} reveals important differences in cytosolic cadmium
distribution patterns. In the acute experiment, MT-Cd concentration
was greatest in the liver (60 mg/kg) and the highest ENZ-Cd
concentration was found in the kidney (8 mg/kg). These data indicate
large concentration changes in these organs due to cadmium uptake from
the blood. In the chronic experiment reported here, much lower MT-
and ENZ-Cd concentrations were found, especially in the internal
organs. The highest MT-Cd concentration in these fish was found in
the intestine (13 mg/kg), with the highest ENZ~Cd levels occurring in
the intestine (0.5 mg/kg) and gills {0.2 mg/kg). As both of these
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tissues were in direct contact with the cadmium-spiked seawater, metal
uptake from the water, rather than the blood, seems to have had the
greatest influence on cytosolic cadmium distribution in the present
experiment.

Although the acute and chronic experiments resulted in different
ENZ-Cd concentrations, both of these experiments showed that the Jeast
amount of spillover occurred in the liver. This finding indicates that,
in studies in fish from the sea, the examination of tissues other than
the liver may provide the most sensitive measure of cadmium spiflover.

Efficiency of Metallothionein Binding

The changes in cytosolic cadmium distribution reported here indicate
that metallothionein will not provide complete protection from cadmium
toxicity even though its total cadmium binding .capacity has not been
exceeded. The regression analysis results indicate that ENZ-Cd usually
increased whenever MT-Cd levels increased (Table 2), suggesting the
presence of a binding equilibrium between these two cytosolic pools.
Additional evidence that the absolute binding capacity of metallothionein
was not exceeded in this experiment is provided from the MT-Zn
measurements. Increases in MT-Cd were often accompanied by
increases in MT-Zn (Table 3). This relationship is a common response
to chronic cadmium exposure and indicates an increased rate of
metallothionein synthesis (Cousins 1983). The MT-Zn data also point
out an abundance of potential cadmium binding sites through
displacement of this bound zinc {Leber and Miya 1976). These results
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indicate that, while increased metallothionein synthesis may reduce the
toxicity of Cd, even low levels of bioaccumulation will result in metal
binding to the ENZ pool and possibly to other sensitive sites within the
cell.

Although the amount of spillover of cadmium into the ENZ pool was
much smaller in this experiment than was observed in the acute
experiment, the increases of ENZ-Cd seen in the present study are
significant because 1)} the pool contains many enzymes that can be
adversely affected by cadmium binding and 2} the spillover theory
predicts that altered enzyme function and other molecular effects will
occur in affected tissues. Changes in blood chemistry and enzyme
activity were found in some cases (Bay et al., this volume), but these
molecular and physiological changes could not always be correlated with
degree of spillover. Moreover, histological examination of the
scorpionfish tissues discussed here did not reveal harmful effects due
to cadmium exposures (Perkins and Rosenthal, this volume).

Effects of Time

A complete understanding of the mechanism for the ENZ-Cd changes
found in this study is complicated by the presence of temporal effects.

Presently, we have no explanation for the reductions in ENZ~-Cd
concentration between the 4~ and 8-week sampling times in both control
and exposed fish (Figures 1 and 2). No correlations of ENZ-Cd
change with changes in ENZ~-Cu or ENZ-Zn were found, ruling out a
general reduction of ENZ-metal concentration, the displacement of Cd by
Cu or Zn, or calculation errors. These temporal changes complicate the
interpretation of the ENZ-Cd increases observed in the liver at
8-weeks. Even though the 1.0-mg Cd/L exposure resulted in elevated
ENZ-pool concentrations (suggesting toxicity), these levels were below
those found in the 4-week controls (suggesting no effect). These data
indicate the dynamic nature of cytosclic metal distributions and the need
for a more thorough examination of time-related effects.

Cell Organelle Concentrations

Measurements of the amount of cadmium associated with the 100,000 x g
pelliet fraction of liver tissue indicate that this portion of the cell may
be an important site of metal detoxification or toxic action. Pellet
cadmium concentrations increased in cadmium-exposed fish, suggesting
the binding of metal to the mitochondria and endoplasmic reticulum.
These cellular organelles contain many enzymes and have been shown to
be affected by cadmium exposure {Yoshida et al, 1976; Sato et al.
1978). Although up to 18% of the total cell cadmium was present in
these pellet samples, this metal may not all be bound to sensitive sites,
but may represent a detoxified form. Investigators have reported the
occurrence of cadmium in membrane vesicles (Marshall and Talbot 1979),
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preventing cadmium interactions with sensitive macromolecules,

The measurements of pellet metal content in this study may be
overestimates of the actual values because of contamination from cytosol
trapped within the pellet. This contamination was estimated to account
for up to 30% of the measured values for cadmium. Additional
centrifugation steps need to be incorporated into the tissue preparation
process to reduce this contamination before more accurate measurements
can be made.

Blocod Concentrations

The blood tissue was also shown to be a potentially important site of
cytosolic metal binding. The patterns of Cd, Cu, and Zn concentration
in the ENZ-and MT-pools of blood were very different from those in
other tissues. Thus, the use of biood samples as an indicator of the
metal detoxification status of other tissues is inappropriate. Knowledge
of the metal content of the blood is important, however, in assessing
the true metal concentrations of other tissues containing substantial
amounts of blood. Houston and McCarty (1978) estimated that a majority
of the protein content of gill and kidney homogenates came from blood
trapped within the tissue. For scorpionfish, blood- contamination had an
insignificant effect on the cadmium content of tissue cytosols but
probably substantially increased ENZ-Zn, ENZ-Cu, MT-Zn, and MT-Cu
concentrations of gill and kidney samples. We are currently attempting
to measure the amount of blood contamination in scorpionfish tissue
cytosol so that changes in the concentrations of these metals can be
accurately estimated.

CONCLUSIONS

The results from this experiment indicate that the criteria for
determining the occurrence of cadmium spillover into the ENZ pool must
be carefully defined. It is apparent that some amount of ENZ-pooil Cd
will be present in a tissue due to certain equilibrium processes with
metallothionein and should therefore not be interpreted as a failure of
that tissue's detoxification system. The amount of spillover resulting
from this experiment appeared to be near or below a threshold level for
toxicity. Additional experiments utilizing other exposure levels and
more sensitive measures of toxicity are needed to determine this
threshold level and to better define the range of natural variation in
ENZ-Cd concentration.

ACKNOWLEDGEMENTS

We would like to thank Dr. Jeffrey Cohlberg and the chemistry

264



department at California State University, Long Beach, for the use of
their facilities during this project.

REFERENCES

Bradford, M.M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle
of protein-dye binding. Analytical Biochem. 72:248-254,

Bay, S.M., D.J. Greenstein, P, Szalay, and D.A. Brown. 1984,
Biological effects of cadmium detoxification [N: This Volume.

Brown, D.A., and T.R. Parsons. 1978. Relationship between
cytoplasmic distribution of mercury and toxic effects to zooplankton
and chum salmon (Oncorhynchus keta) exposed to mercury in a
controtled ecosystem. J. Fish. Res. Board Can. 35:880-884.

Brown, D.A., C.A. Bawden, K.W, Chatel, and T.R. Parsons. 1977.
The wildlife community of lona Island jetty, Vancouver, B.C., and
heavy-metal pollution effects. Environ. Conserv. #4:213-216.

Brown, D.A., K.D. Jenkins, E.M, Perkins, R.W, Gossett, and G.P.
Hershelman. 1982a. Detoxification of metals and organic compounds
in white croakers. pp. 157-172 IN: SCCWRP Biennial Report,
19811982, W. Bascom (ed.). Long Beach, Calif.

Brown, D.A., J.F. Alfafara, S.M. Bay, G.P. Hershelman, K.D.
Jenkins, P.S. Oshida, and K.D. Rosenthal, 1982b. Metal
detoxification and spillover in scorpionfish. pp. 193-199 IN:
SCCWRP Biennial Report, 1981-1982, W. Bascom (ed.). Long
Beach, Calif,

Brown, D.A., S.M. Bay, J.F. Alfafara, G.P. Hershelman, and K.D.
Rosenthal. 1984, Detoxification/toxification of cadmium in
scorpionfish (Scorpaena gutteta) : acute exposure. Agquatic Toxicol.
5:93-107.

Cousins, R.J. 1983, Metallothionein-aspects related to copper and zinc
metabolism. J. Inher. Metab. Dis. Suppl. 1:15-21,

Houston, A.H., and L. S, McCarty. 1978. Carbonic anhydrase
(acetazolamide-sensitive esterase) activity in the blood, gill, and
kidney of the thermally acclimated rainbow trout, Salmo gairdneri,
J. Exp. Biol. 73:15-27.

265



Kédgi, J.H.R., and M. Nordberg. 1979. Metallothionein: Proceedings
of the first international meeting on metallothionein and other low
molecular weight binding proteins. Birkhiuser Verlag, Boston.
378 pp.

Leber, A.P., and T.S. Miya. 1976. A mechanism for cadmium- and
zinc-induced tolerance to cadmium toxicity: Involvement of
metallothionein. Toxicol. Appl. Pharmacel. 37:403-414,

Marshall, A.T., and V. Talbot. 1979. Accumulation of cadmium and
lead in the gills of Mytilus edulis: X-ray microanalysis and chemical
analysis.. Chem. -Biol. Interactions 27:111-123,

Perkins, E.M., and K.D. Rosenthal. 1984, Histopathology of
cadmium-exposed scorpionfish, IN: This Volume.

Pruell, R.J., and F.R. Engelhardt. 1980. Liver cadmium uptake,
catalase inhibition and cadmium thionein production in the killifish
(Fundulus heteroclitus} induced by experimental cadmium exposure.
Mar. Environ. Res. 3:101-111,

Roesijadi, G., A.S. Drum, }).M. Thomas, and G.W, Fellingham. 1982,
Enhanced mercury tolerance in marine mussels and relationship to
low molecular weight, mercury-binding proteins., Mar. Pollut. Bull.
13:250-253,

SAS Institute, Inc. 1982. SAS User's Guide: Statistics. Cary, N.C.
584 pp.

Sato, N., T. Kamada, T. Suematsu, M. Shichiri, N. Hayashi, T.
Matsumura, Y. Kishida, H. Abe, F. Furuyama, F. Ishibashi, and
B. Hagihara. 1978, Cadmium toxicity and liver mitochondria: I.
Different effects of cadmium administered in vivo to adult, young,
and ethionine-fed rats. J. Biochem. 84:117-125,

Winge, D., J. Krasno, and A.V. Colucci. 1973. Cadmium accumulation
in rat liver: Correlation between bound metal and pathology. pp.
500-501 IN: Trace Element Metabolism in Animals, Vol. 2, W.G.
Hoekstra, J.W. Suttie, H.E. Ganther, and W. Mertz (eds.).
University Park Press, Baltimore.

Yoshida, T., Y. lto, Y. Suzuki, and M. Uchiyama, 1976. Inhibition

of hepatic drug metabolizing enzyme by cadmium in mice. Bull.
Environ. Contam. Toxicol. 15:402-405,

266



