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Abstract-The effect of dimercaptosuccinic acid (DMSA) on the tissue distribution, renal and hepatic 
subcellular localization of Cd2+, Zn2+ and Cu2+ in Cd’+-pretreated male rats and on the tissue 
distribution of Zn2+ and Cu2+ in the normal rat was studied. Cd2+-pretreated rats which received 3 x 1 
mg Cd2+/kg body wt S.C. at 48 hr intervals followed after 7 days by DMSA (50 mg/kg body wt i.p.) daily 
for 17 days had total hepatic Cd2+ concentrations 25 per cent lower than Cd2+-pretreated controls 
(P < 0.01). DMSA did not influence the concentration or distribution of Cd2+ in the liver cytosol whereas 
in the mitochondrial-lysosomal and nuclei + cell debris fractions the Cd2+ concentration was reduced 
by 54 and 48 per cent respectively. Total renal and hepatic Cu2+ concentrations were increased by Cd’+ 
treatment and reduced by treatment of the Cd’+-exposed animal with DMSA. In the liver cytosol Cu2+, 
Zn2+ and Cd2* accumulated in the metallothionein fraction and none was mobilized from the cytosol 
by DMSA. In the kidney cytosol Cu2+ accumulated in fractions in addition to metallothionein and was 
eliminated from each of these fractions following treatment with DMSA. It is concluded that the high 
affinity of metallothionein for these cations prevented their elimination from the cytosol and that the 
interaction of Cd2+ and Cu2+ with DMSA occurred in the particulate fraction and therefore delayed 
the response to DMSA treatment. It is suggested that long term treatment with DMSA, although 
ineffective in mobilizing Cd” from the kidney may provide a useful therapeutic measure to reduce the 
liver burden of Cd2+ and the high renal Cu2+ concentrations in the Cd2’-exposed animal. 

Meso-2,3-dimercaptosuccinic acid (DMSA), a water 
soluble chelating derivative of 2,3-dimercaptopro- 
panol (BAL) is nontoxic and effective in decreasing 
the toxicity and body burden of Hg in mice, guinea 
pigs [l], rabbits [2] and rats [3]. In the rat the decrease 
in body burden following DMSA administration is 
paralleled by a decrease in the Hg content of the 
kidney [3] which is the critical organ in Hg*+ and 
also in Cd’+ poisoning. 

The long biological half-life of the toxic Cd*+ ion 
is a function of its high affinity for metallothionein 
[4] a low mol. wt, cysteine-rich protein the synthesis 
of which is induced in the liver, kidney and intestinal 
mucosa of the Cd*+-treated animal. In male rats 
Hg*+ displaces Cd*+ from renal metallothionein as 
well as inducing its synthesis in both male and female 
rats [5] and in rats treated regularly with Hg*+, 
metallothionein-bound Hg’+ accounts for a sig- 
nificant proportion of the total renal Hg*+ concen- 
tration [6]. These data suggest that the mobilization 
of metallothionein-bound Hg*+ by DMSA may not 
be necessary for the elimination of Hg*+ from the 
kidney and that similarly the binding of Cd*+ by 
metallothionein may not preclude the possibility that 
DMSA might chelate and eliminate the Cd*+ ion 
from other renal and/or hepatic binding sites. 

Although DMSA per se is relatively non toxic [l] 
its interaction with essential trace elements in the 
Cd*+-exposed animal may modify its toxicity par- 
ticularly if the chelant is administered for several 
weeks. In long-term dietary treatment of experi- 
mental animals with Cd*+ for example, Zn*+ con- 

centration in the liver and Cu*+ concentration in the 
kidney is increased and the altered distribution of 
these trace elements is correlated with increased liver 
and kidney content of metallothionein-bound Zn*+ 
and Cu*+ respectively [7]. Administration of a che- 
lating agent may in turn further influence the dis- 
tribution and toxicity of these cations by altering the 
composition and turnover of metallothionein [8,9]. 
Metal ions function as cofactors or inhibitory regu- 
lators in many enzymes. It is possible that compe- 
tition between chelant and Zn*+ and/or Cu*+-depen- 
dent enzymes for these (and other) functional cations 
could also mediate toxic effects of the chelating 
agent. DMSA, like serum amino acids, might also 
compete with serum albumin for Zn*+ and Cu*+ 
possibly resulting in enhanced transport of these 
cations from the serum and increased cellular uptake 
[lo]. In the present work DMSA was administered 
to normal and Cd*+-pretreated rats. Its effects on 
the tissue distribution, renal and hepatic subcellular 
localization of Cd2+, Zn*+ and Cu*+ in the Cd**- 
pretreated rat and on the tissue distribution of Zn*+ 
and Cu*+ in the normal animal are summarized in 
this report. 

MATERIALS AND METHODS 

Animal experiments. Random bred male Wistar 
rats (140-160 g body wt) were fed ICI pelleted diet 
(Dunedin, New Zealand) and tap water ad lib. 
throughout the experiments. Rats were treated with 
three (and in some experiments, five) doses of CdZ+ 
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(1 mg/kg body wt s.c.) as CdClr at 48 hr intervals. 
Seven days after the last injection of CdZ+ daily 
treatment (excluding Saturday and Sunday) with 
DMSA (50 mg/kg body wt i.p.) was commenced and 
continued for 17 days. Each animal received 13 doses 
of DMSA. Control animals which had also been 
treated with Cd*+ received saline instead of DMSA. 

In other experiments normal (untreated) animals 
were given daily injections of saline or DMSA (50 
mg/kg body wt i.p.) using the same dosage schedule 
as described above. 

Rats were killed by decapitation 24 hr after the 
final injection of saline or DMSA. Liver, kidneys, 
muscle, spleen, heart and intestinal tissue was 
removed, liver and kidneys weighed and samples of 
each tissue analysed for Zn2+, Cu2+ and Cd’+. 

The effect of DMSA treatment on the distribution 
of Cd’+ following a single i.v. injection of the cation 
was determined. Male rats were injected with Cd*+ 
(OS mg/kg body wt i.v.) as CdC12 followed after 30 
min by saline (controls) or DMSA (100 mg/kg body 
wt i.p.). Both groups were killed 60 min after the 
Cd’+ injection, whole liver removed, weighed and 
sampled for metal analysis. 

Subcellular fractionation procedure. Portions of 
fresh liver or whole kidneys from each animal in a 
group were pooled, minced and homogenized in 3 
vol. 0.25 M sucrose in 5 mM Tris-HCl buffer pH 8.0 
using a Sorvall Omnimixer. The homogenate was 
fractionated by differential centrifugation to yield a 
‘nuclear + cell debris’ fraction (480 g, 10 min), a 
mitochondrial-lysosomal fraction (12,000 g, 7 min), 
a microsomal pellet (100,000 g, 60 min) and the post 
microsomal supernatant (cytosol). Portions of the 
cytosol and resuspended mitochondrial-lysosomal 
and microsomal fractions were analysed for Zn2+, 
Cu2+ and Cd’+. The cytosol (equivalent to 0.75- 
1.00 g wet wt tissue) was fractionated by gel filtration 
on a Sephadex G-75 column (80 x 1.5 cm) with 
10mM Tris-HCl buffer pH 8.0 at a flow rate of 
15-18 ml/hr as eluant. * 

Analytical methods. DMSA (Purum grade) was 
obtained from Fluka AG, Buchs, Switzerland. All 
other reagents were obtained from BDH Chemicals 
Ltd, Poole, England and were of Aristar grade. 
Solutions were prepared using distilled-deionized 
Hz0 which was also used for all normal laboratory 
procedures. Samples of whole tissue, subcellular 
fractions and cytosol were digested to dryness with 
0.5 ml cont. HNOr and then with 0.25ml H202. 
Samples were analysed in 5 ml 5 per cent HCI by 
atomic absorption spectrometry. Column eluate 
fractions were analysed without digestion. 

RESULTS 

Cadmium accumulated mainly in the liver and 
kidney of rats treated parenterally with Cd’+. Several 
other tissues also accumulated Cd’+ although in 
much lower concentrations (Table 1). As in long 
term feeding experiments, accumulation of Cd’+ was 
accompanied by increased concentration of Cuzf in 
the kidney [7] and liver. Cu2+ concentrations in mus- 
cle, spleen, heart and intestinal mucosa and Zn2+ 
concentrations in these tissues and in the liver and 
kidney were unaffected by Cd’+ treatment (Table 
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Table 2. Effect of dimercaptosuccinate on the tissue distribution of zinc and copper in the 
normal rat 

Zn2+ 

Controls DMSA-treated 

cu2+ Zn2+ cu2+ 

Tissue 
pg/g wet wt tissue 2 S.E.M. 

Liver 33.27 f 2.30 4.81 +- 0.14 31.55 2 0.82 4.76 f 0.30 
Kidney 30.58 f 2.11 8.98 f 1.57 27.65 2 0.06 6.15 + 0.34 
Muscle 15.18 f 0.43 1.12 ? 0.15 15.51 2 0.25 1.24? 0.16 
Spleen 23.81 + 0.13 2.40 5 0.54 22.61 2 0.93 2.24 + 0.48 
Heart 19.81 -+ 0.24 5.23 & 0.16 19.62 f 0.38 5.25 r 0.38 
Intestine 24.96 t 0.79 2.14 f. 0.29 23.12 2 0.47 3.33 ? 1.62 

Normal male rats (3 in each group) were treated i.p. with saline or DMSA (50 mg/kg 
body wt) daily for 17 days and killed 24 hr after the last injection. 

1). In rats which received five doses of Cd” however 
hepatic Zn*+ concentration in the Cd*+-pretreated 
animals (50.04 ? 3.67 pg Zn*+/g wet wt liver) was 
significantly greater than in normal animals 
(31.63 + 2.00 pg Zn’+/g wet wt liver) (P < 0.001). 

Cd*+-pretreated rats which received daily treat- 
ment with DMSA had total hepatic Cd*+ concentra- 
tions significantly lower than that in the Cd*+-pre- 
treated controls (P < 0.01). The terminal body 
weight of the Cd*+-pretreated control group was not 
significantly different from that of the 
Cd*+ + DMSA-treated group (Table 1). Thus the 
lower total hepatic Cd*+ concentration in the 
DMSA-treated group was not a function of altered 
body weight gain. Total renal Cd’+ concentration as 
well as Cd*” concentrations in muscle, spleen, heart 
and intestinal mucosa were not affected by DMSA 
treatment (Table 1). In Cd*+-pretreated animals 
DMSA had no effect on the Zn*+ concentration in 
kidney, muscle, spleen, heart and intestinal mucosa 
and did not reduce the Zn*+ concentration which 
was possibly elevated in the liver following Cd*+ 
pretreatment. Total renal and hepatic Cu*+ concen- 
trations which were significantly increased by Cd*+ 
pretreatment (P < 0.01) were reduced in DMSA 

treated animals (P < 0.05 and P < 0.01 respectively) 
though not in the kidney to normal levels. DMSA 
was ineffective in mobilizing Cu*+ from muscle, 
spleen, heart and intestinal mucosa (Table 1). 
DMSA was also ineffective in altering the total con- 
centration of Zn*+ and Cu*+ in the liver, kidney, 
muscle, spleen, heart and intestinal mucosa of the 
normal animal (Table 2). 

Table 3 shows that in the liver of the Cd**-pre- 
treated controls the mitochondrial-lysosomal and 
microsomal fractions contained only a small pro- 
portion (3 per cent) of the total Cd*+ concentration. 
It is inferred that most of the hepatic Cd*+ was 
associated with the nuclei + cell debris fraction and 
with cytosolic metallothionein [Fig. l(B)]. 

In the liver of the normal animal Zn2* was present 
in the mitochondrial-lysosomal, microsomal, cyto- 
solic and nuclei + cell debris fractions which con- 
tained 4,8,45 and, by difference, 43 per cent respec- 
tively of the total hepatic Zn2+ concentration (Table 
3). Figure l(A) shows that most of the cytosolic Zn*+ 
was associated with a high mol. wt fraction 
(VeIV, = 1.0) and a fraction of intermediate mol. wt 
(VelVo = 1.45) with a small proportion bound to 
metallothionein (VelV, = 2.0) or present as a low 

Fig. 1. Distribution of Cd’+, Zn2+ and Cu2+ rn the soluble fraction of the liver in normal (A), CdZ+- 
treated (B), and Cd’+ + DMSA-treated (C) male rats. For experimental details see Methods. Soluble 
fractions were prepared by centrifugation of tissue homogenates obtained by pooling tissue from 
three animals in each group and fractionating on a column (85 x 1.5 cm) of Sephadex G-75 
using 1OmM Tris-HCI buffer, pH 8.0 as eluant. 

U cu2+. A 
o---o, ) Zn2+. 

, 1 -A, Cd2+. 
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mol. wt species. The cytosolic Zn2+ concentration 
was increased in the Cd’+-pretreated rat with all of 
the additional Zn’+ being bound to metallothionein 
[Fig. l(B), Table 31. 

In the liver of the normal animal Cu2+ was also 
present in the mitochondrial-lysosomal, microsomal, 
cytosolic and nuclei + cell debris fractions which 
contained 16, 14, 37 and 33 per cent respectively of 
the total hepatic Cu2+ concentration (Table 3). In 
contrast with Zn2+ most of the CL?+ in the cytosol 
was associated with the fraction of intermediate mol. 
wt with smaller proportions bound to metallothi- 
onein or to a high mol. wt fraction [Fig. l(A), Table 
31. In the Cd’+-pretreated controls the total hepatic 
Cu2+ concentration was increased with most of the 
additional Cu*+ present as metallothionein [Fig, 
l(B), Table 31. 

Treatment of Cd’+-pretreated rats with daily doses 
of DMSA had no effect on the concentration or 
distribution of Zn’+, Cu2+ and Cd” in the hepatic 
cytosol [Table 3, Fig. l(C)]. Thus the fall in t&al 
hepatic concentration of Cd’+ and Cuzf can be 
associated with elimination of these cations from the 
particulate fraction, particularly from the 
nuclei + cell debris fraction and from the 
mitochondrial-lysosomal (Cd’+) and microsomal 
(Cu”) fractions (Table 3). 

In the kidney of Cd’+-pretreated animals Cd’+ was 
located in the mitochondrial-lysosomal, microsomal, 
cytosolic and nuclei + cell debris fractions which 
contained 1, 1, 34 and 64 per cent respectively of 
the total renal Cd2+ concentration (Table 4). In con- 
trast with the distribution of Cd’+ in the hepatic 
cytosol, a significant proportion (25 per cent) was 
associated with a high mol. wt fraction, the remain- 
der being bound to metallothionein [Fig. 2(B)]. 

In the kidney of the normal animal Zn2+ was 
distributed similarly to that in the liver (Table 4). 
In the renal cytosol more Zn2+ was bound to metal- 
lothionein and less associated with the high molecu- 
lar weight fraction [Fig. 2(A) and see Tables 3 and 
41. Cd2+ pretreatment did not cause any significant 
change in the renal distribution of Zn2* [Table 4, 
Fig. 2(B)]. 

Significant proportions of the total renal Cu*+ con- 
centration in normal animals were associated with 
the mitochondrial-lysosomal (8 per cent) and micro- 
somal(13 per cent) fractions with most of the cation 
distributed between the nuclei + cell debris and 
cytosolic fractions (Table 4). In the renal cytosol of 
the normal animal in which the Cu2+ concentration 
was higher than in the hepatic cytosol the major 
binding site was metallothionein [Table 4, Fig. 2(A)]. 
In the Cd2+-pretreated animal the Cu*+ concentra- 
tion in both particulate and cytosolic fractions was 
increased (Table 4). Most of the additional Cu2+ in 
the cytosol was associated with metallothionein 
[Table 4, Fig. 2(B)]. In the particulate fraction Cu’+ 
appeared to be redistributed from the 
mitochondrial-lysosomal and microsomal fractions 
to the nuclei + cell debris and/or cytosolic fractions 
(Table 4). 

Treatment of Cd2+-pretreated rats with daily injec- 
tions of DMSA had no effect on either the concen- 
tration or distribution of Cd’+ in the renal cytosol 
[Fig. 2(C), Table 41. Although the total kidney con- 
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centration of Zn2+, like Cd2+, was unaffected by 
DMSA treatment, the Zn2+ concentration in the 
cytosol was increased. All of the additional Zn*+ was 
bound to metallothionein [Fig. 2(C)] and 
accompanied by a concomitant fall in particulate 
Zn2’ concentration (Table 4). The fall in total renal 
Cu*’ concentration (35 per cent) produced by DMSA 
treatment was associated with a similar propo~ional 
decrease in Cu” concentration in the particulate (30 
per cent) and cytosolic (42 per cent) fractions (Table 
4). DMSA treatment however did not influence the 
distribution of Cu*+ in the cytosol which was there- 
fore significantly different from that observed in the 
normal animal [Fig. 2 (A-C)]. 

Table 5 shows that 60 min after a single i.v. injec- 
tion of Cd*+ a large proportion (68 per cent) of the 
dose was accumulated by the liver and distributed 
equally between particulate components and the 
cytosol. Most of the cytosolic Cd*+ (61 per cent) as 
anticipated was associated with the high mol. wt 
fraction the remainder being bound to metallothi- 
onein (30 per cent), presumabiy by displacement of 
Zn’+ and/or Cu*’ (unpublished data), and a low mol. 
wt species (9 per cent). Treatment with DMSA (100 
mgikg i.p.) 30 min after Cd2+ and 30 min before 
sacrifice did not appear to significantly influence the 
concentration, content or distribution of Cd’+ in the 
liver (Table 5). 

DISCUSSION 

The ability of a chelating agent to mobilize Cd*+ 
and the toxicity of the chelant depends on the com- 
peting side reactions between the chelant and 
endogenous hydrogen and metal ions and other 
Cd’+-bring ligands and on the ph~aco~neti~ 
of the chelating agent. Thus if the stability of com- 
plexes formed between Cd2+ and endogenous bind- 
ing molecules is greater than the affinity of DMSA 
for Cd*+ ions no mobilization would be expected. 
The present results show that DMSA does not 
mobilize Cd*+ from binding sites in the cytosol of 
the liver and kidney of the rat. In the liver and 
kidney of the Cd*+-pretreated animal the greater 
proportion of cytosolic Cd’+ was bound to metal- 
lothionein which has a very high affinity for the 
cation [4]. Following an acute i.v. injection of Cd*’ 
much of the Cdzt in the hepatic cytosol was associ- 
ated with the high mol. wt fraction from which it 
would have been subsequently transferred to metal- 
lothionein [ll]. When DMSA was administered 30 
min after Cd2’ however the chelating agent had no 
effect on the Cd’+ concentration in the high mol. wt 
fraction of the liver cytosol. These results suggest 
that, in addition to its strong binding to metallothi- 
onein, Cd’+ also forms a co-ordination complex with 
an endogenous high molecular weight species to 
which it is also strongly bound and exchanged only 
slowly. 

DMSA may have a physiological distribution dif- 
ferent from that of Cd +, Zn2+ and Cuz+ and mobil- 
ization would only occur when the chelating agent 
and metal(s) share the same dist~bution space. In 
long term treatment with DMSA, Cdz+ and Cuz+ 
were lost from the particulate fraction of the hepa- 
tocyte. Neither acute administration of DMSA nor 
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Fig. 2. Distribution of Cd*+, Zn*+ and Cu*+ in the soluble fraction of the kidney in normal (A), 
Cd*+-treated (B), and Cd*+ + DMSA-treated (C) male rats. For experimental details see Methods. 
Soluble fractions were prepared and separated as described in Fig. 1. 0--- 0, Zt?; 

U. cl?+; A- A, Cd*+. 

repeated dosing with DMSA over 24 hr to Cd*+- 
pretreated rats (unpublished data) had any effect on 
the concentration of Cd’+ or Cu*+ in the particulate 
fraction of the liver. Thus the time course of response 
to DMSA treatment is consistent with delayed com- 
partmentalization of the chelating agent to nuclear, 
mitochondrial, lysosomal and/or microsomal sites. 

In the Cdz+-pretreated rat renal Cu” distribution 
was particularly modified with increased Cu2’ con- 
centration in both particulate and cytosolic fractions. 
Predictably Cu’+ was subsequently chelated and 
eliminated from these sites. In the kidney cytosol of 
the Cd*+-treated animal Cu*+ was accumulated not 
only by metallothionein but also by the high and 
intermediate mol. wt fractions from which it was 
eliminated following DMSA treatment. In the liver 
on the other hand Cu2” which in the cytosol accu- 
mulated only in metallothionein was eliminated only 
from the particulate fraction. Cd*+ treatment 
increased total Zn*’ concentration in the liver with 
essentially all of the additional Zn2+ being associated 
with metallothionein. DMSA treatment had no 
effect either upon Zn2+ concentration or distribution 
in the liver of the Cd2+-pretreated rat. These results 
support the view that the sites of chelation of Cd*+ 
and Cu*+ by dimercaptosuccinate are located in par- 

ticulate components of the cell and the high affinity 
of metallothionein for these cations prevents their 
elimination from the cytosol particularly when all 
excess metal in the cytosol is bound to this protein. 

The degree of loss of Cd*+ from the liver is depen- 
dent upon the concentration of Cd2+ in the distri- 
bution volume of DMSA. The present results show 
that whilst the total hepatic Cd”’ concentration is 
reduced by 25 per cent the fall in Cdz+ con~ntration 
in the particulate, mitochond~al-Iysosomal and 
nuclei -I- cell debris fractions were 47,54 and 48 per 
cent respectively and represents a significant mobil- 
ization of the cation from sites of potential cellular 
toxicity. The mobilized Cd*+ is presumably elimin- 
ated from the body, possibly in the bile [12], since 
there is no concomitant increase in Cd2+ concentra- 
tion in other tissues and Cd’+ is not accumulated by 
redist~bution to the kidney. 

The present data suggest that the subcellular tox- 
icity of DMSA is unlikely to result from chelant 
induced alterations in trace element distribution. 
Treatment of normal rats with DMSA for example 
had no effect on the tissue distribution of Zn*+ and 
Cu*+ and whereas treatment with Cd2+ significantly 
increased the concentration of Cu*+ in the functional 
components (i.e. the particulate fraction and high 

Table 5. Effect of dimercaptosuccinate on the hepatic distribution of cadmium 1 hr after i.v. admin- 
istration of Cd** to male rats 

Whole liver 
Particulate 

fraction 

Cytosol 

HMW fraction MT-bound LMW 

Treatment 
&g wet wt tissue t S.E.M. @g/liver) 

Cd*+ + saline 

CdZ+ + DMSA 

7.47 c 0.99 3.75 2.27 1.12 0.33 
(49.82 + 7.35) 

7.34 ? 1.46 3.26 2.12 1.55 0.41 
(45.23 + 8.95) 

Male rats received Cd*+ (0.5 mg/kg i.v.) followed after 0.5 hr by saline or DMSA (100 mg/kg i.p.). 
Animals were kiied 1 hr after Cdz’ injection, liver from each animal sampled for Cdz+ analysis and 
portions of tissue from each animal in the group pooled, homogenized and fractionated into particulate 
and cytosolic fractions as described in Methods. Three animals were used in each group. 
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and inte~edi~te molecular weight fractions of the 
cytosol) of the kidney subsequent treatment with 
DMSA adv~tageously decreased the Cu*+ conccn- 
tration in a similar proportion to the fall in total 
renal Cuz+ concentration 

Since the liver burden o’f Cd2+ may be an important 
factor in the renotoxicity of Cd*+ [ 131, DMSA should 
provide a useful therapeutic measure to reduce the 
hepatic concentration of Cd2+ as well as to reduce 
the renal Cu2+ concentration which is elevated in the 
Cd2+-exposed animal. 
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