Urinary excretion of

meso-2,3-dimercaptosuccinic acid in

human subjects

The urinary excretion of meso-2,3-dimercaptosuccinic acid (DMSA), which is an effective chelating agent
for lead, was determined after the oral administration of 10 mg DMSA/kg to six normal young men.
The DMSA that was absorbed was extensively biotransformed. After 14 hours only 2.53% of the
administered DMSA was excreted in the urine as unaltered DMSA and 18.1% as altered forms. The
unaltered DMSA was 12% of the total DMSA found in the urine. The altered form(s) of DMSA was
88% of the total urinary DMSA. The altered DMSA can be converted to unaltered DMSA by electrolytic
reduction, which indicates that the altered forms of DMSA are disulfides. The excretion of altered DMSA
reached a peak between 2 and 4 hours after DMSA administration. There were small but statistically
significant increases in the excretion of zinc, copper, and lead after DMSA administration. DMSA did
not influence the urinary excretion of 27 other metals and elements. (CLIN PHARMACOL THER 1989;45:

520-6.)
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There is continuing concern about the cumulative
effect of lead in human beings, especially in children
between the ages of 6 months and 5 years.'* Along
with this concern, there has been a continued search
for therapeutically more potent and less toxic metal-
binding or chelating agents to mobilize and to increase
the excretion of body lead in human subjects.** Com-
pounds that have been used to accomplish this in the
past have included CaNa,EDTA,® dimercaprol (BAL),’
a combination of these two agents,'® D-penicillamine, '
2,3-dimercapto-1-propanesulfonic acid (Unithiol, Di-
maval, DMPS)*"" and, most recently, the water-soluble
and less toxic analogue of dimercaprol, meso-2,3-
dimercaptosuccinic acid (DMSA).*”’

Comprehensive reviews of DMSA (which is classi-
fied by the FDA as an orphan drug) and chemically
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analogous dimercapto metal-binding agents have been
done previously.'>* Of these compounds, the most
promising for the treatment of chronic or acute lead
intoxication in human subjects appears to be DMSA
because of its effectiveness in mobilizing lead in men’
and children'* and because of its relatively low toxic-
ity.'>!516 Neither adverse effects nor kidney disease
have been shown to result from its use. Eighteen men
and fifteen children with elevated blood lead levels were
treated with DMSA for 5 days by Graziano et al.,”'*
who concluded that DMSA appears to be very prom-
ising and, because it can be given by mouth, it may
greatly simplify the treatment of lead intoxication. In
addition, Cory-Slechta'” has shown that, in rats, DMSA
mobilizes Pb only from soft tissue without redistribu-
tion. This is in contrast to CaNa,EDTA, which mobi-
lizes and redistributes Pb to target organs, such as the
brain." It is becoming disturbingly apparent that many
of the older chelating agents, such as CaNa,EDTA and
British antilewisite, increase the level of toxic metals
in the brain.

Data on the excretion kinetics of DMSA and its me-
tabolites and on the identity of its metabolites in the
urine have been scant and, in the case of human sub-
jects, completely absent. Animal studies have used ra-
dioactive DMSA'? because of the lack of other sen-
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sitive methods of analysis. A highly sensitive and ac-
curate fluorescent method for the determination of
dimercapto compounds in the urine has been developed
by Maiorino et al.*"** The method has made metabolic
studies of DMSA in human subjects feasible, without
the use of radioactive DMSA. This article presents the
findings of experiments in which six healthy young men
were given 10 mg DMSA /kg orally, and the urinary
excretion of DMSA, its metabolites, and metals such
as lead, copper, and zinc was determined. Although
the study of lead, copper, and excretion was not the
original purpose of these experiments, it was possible
to include them in the study because the urine samples
were collected and stored in metal-free containers.

MATERIAL AND METHODS

Chemicals. Meso-DMSA, 110 mg per hard gelatin
capsule, was a gift of Johnson & Johnson Baby
Products (Skillman, N.J.). The capsules were opened
and analyzed for DMSA by means of the bromobimane
assay for dithiols before and after electrolytic re-
duction. They were found to contain at least 96%
unaltered DMSA. The amount of oxidized DMSA
was less than 4%. D-penicillamine and the Na salt
of 2,3-dimercaptopropane-1-sulfonic acid (DMPS, Di-
maval) were gifts of Heyl (West Berlin). N-(2,3-
dimercaptopropyl)phthalamidic acid (DMPA) was ob-
tained from the Medicinal Chemistry Department
of the Walter Reed Army Institute of Research.
Monobromobimane (mBB, Thiolyte) was purchased
from Behring Diagnostics (LaJolla, Calif.). All other
chemicals and their sources have been described
previously.”*

Human protocol. Six normal, healthy young men
between 22 and 31 years of age were fasted for 11
hours. A zero time urine sample was collected; im-
mediately afterward DMSA was given orally with dis-
tilled water. The dose of DMSA was 10 mg/kg,
rounded off to the nearest 110 mg because each capsule
contained 110 mg DMSA. This dose was selected be-
cause it was the lowest dose used in a published clinical
study,” and it was not expected to be toxic. Urine was
collected for an 8-hour period before DMSA admin-
istration in order to get a baseline lead-excretion value.
Urine was also collected at 1, 2, 4, 6, 9, and 14 hours
for the measurement of DMSA, its metabolites, and
the metals Pb, Cu, and Zn. After the 4-hour urine col-
lection, each subject consumed a turkey sandwich. Af-
ter the 9-hour collection, each subject ate two turkey
sandwiches. A blood sample was withdrawn before
DMSA administration and after the 14-hour urine col-
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lection. Vital signs were determined and recorded at
zero time and at 14 hours. This study was approved by
the Human Subjects Committee of the University of
Arizona.

HPLC analysis. The principle on which the deter-
mination of DMSA is based consists of the conversion
of DMSA in the urine to a highly fluorescent and stable
derivative, which is separated by ion-interaction HPLC
and is detected by fluorescence. This is accomplished
by the reaction between the sulfhydryl groups of DMSA
and the methylene bromide moiety of mBB in aqueous
solution at pH 8.3.2"% Unaltered DMSA in the urine is
determined by the direct analysis of a urine sample by
this method. Total DMSA (unaltered + altered) is de-
termined by the same method except that a sample of
the urine first undergoes electrolytic reduction,” after
which it is immediately derivatized with mBB and is
then continued through the analytical procedure. Al-
tered DMSA is obtained by subtracting unaitered DMSA
from total DMSA. Altered DMSA represents DMSA
disulfides and mixed disulfides of DMSA with cysteine,
reduced glutathione (GSH), and other thiols. Quanti-
fication is accomplished by adding DMSA standards to
urine samples that were collected before drug admin-
istration (blanks) and treating them in the same manner
as the urine samples collected after DMSA administra-
tion. The urine samples of each subject were assayed
with DMSA standards that encompassed the range of
DMSA concentrations in the urine samples collected
after DMSA administration.

Determination of metal concentrations. Concentra-
tions of the following metals were determined by use
of an Instrumentation Laboratory Video 12 atomic ab-
sorption spectrophotometer (Allied Analytical Systems,
Menlo Park, Calif.). The concentration of copper in
urine was determined by graphite furnace atomic ab-
sorption spectrometry (GFAAS) and that of zinc was
determined by flame atomic absorption spectrometry
(FAAS).” Lead concentration was determined by
GFAAS. For the lead determinations, urine aliquots
were diluted 10-fold with a 1% solution of ammonium
dihydrogen phosphate in 0.2N HNO;, then aspirated
into a graphite cuvette for 6 seconds (temperature,
100° C). The temperature was ramped to 550° C over
15 seconds and then to 800° C over 20 seconds to
complete the ashing process. Peak height integration
of the signal was initiated just before atomization at
2100° C. Background correction was performed by op-
eration of the lead hollow cathode lamp in the Smith-
Hieftje mode with detection at 283.3 nm. Findings were
recorded directly in ng/ml Pb after instrument calibra-
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Fig. 1. Urinary excretion of total, altered, and unaltered
DMSA (expressed as a percentage of administered DMSA)
by six normal men. A single dose of DMSA (10 mg/kg) was
given orally after 11 hours of fasting. Error bars indicate
SEM.

tion, with lead standards between 25 and 200 ng/ml
Pb. The precision of the copper and zinc analyses was
determined by comparison with a sample of the Na-
tional Bureau of Standards (NBS) SRM-1549 nonfat
dry milk prepared in a manner identical to that used for
the urine samples. The NBS values are 700 = 100
ppb Cu and 46.1 = 2.2 ppm Zn. Our values were
609 * 55 ppb Cu and 45.0 = 3.2 ppm Zn. The ac-
curacy of the lead method was tested by analysis of
freshly voided urine to which known amounts of lead
chloride (J.T. Baker, Phillipsburg, N.J., 99.9% purity)
were added for final concentrations of 28.5, 68.4, and
142.5 ppb lead (not accounting for endogenous Pb).
The percentage deviations from the nominal concentra-
tions were —7.0, —5.3, and — 1.1, respectively (after
subtraction of the blank urine lead value). Inductively
coupled plasma emission (ICPE) spectrometric analysis
of other metals in the 1-hour and 4-hour urine samples
was performed by Doctors Data Laboratories Inc.
(West Chicago, I11.).

Collection, processing, and storage of urine. Urine
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Fig. 2. Cumulative urinary excretion of total, altered, and
unaltered DMSA by six normal men given a single oral dose
of 10 mg DMSA /kg after 11 hours of fasting. Error bars
indicate SEM.

was collected in Pyrex ground-glass stoppered gradu-
ated cylinders that had been rinsed with 25% HNO;
and with double-distilled water to remove residual met-
als. After collection, the urine was mixed immediately
by gentle inversion of the cylinder five times. Aliquots
were removed, treated with mBB, and stored at
—20° C until thawed for the determination of unaltered
DMSA. Another sample of the urine was stored in a
50 ml polypropylene tube at —20° C until analyzed for
total DMSA, copper, lead, zinc, and other metals.
Other procedures. Blood samples were analyzed
for lead by the SmithKline Bio-Science Laboratory
(Los Angeles, Calif.). Other clinical chemistry deter-
minations on blood samples were performed by the
University Hospital Department of Pathology.
Cupruretic activity in rats. Male rats (Hansen
Sprague-Dawley Inc., Indianapolis, Ind.), after a 7-day
quarantine, were placed in plastic metabolism cages for
2 days to adapt. After this time they weighed about 200
g, and they were divided into groups of four and given
distilled water by gastric lavage twice a day for 2 days.
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The chelating agent was given at a level of 1 mmol/kg
each time twice a day for 4 days by gastric lavage. All
animals on whom gastric lavage was performed were
fasted for 16 hours (overnight). The next morning at 9
AM the chelating agent was given by gastric lavage.
Food was made available from 10 AM to noon. The
animals were then fasted until 1 PM, when gastric lavage
was again performed. Food was made available at 2 pm
and again removed at 5 PM. Urine was collected each
day, and appropriate areas of the metabolism cages
were rinsed with distilled water. The urine and rinsings
were quantitatively transferred to a volumetric flask
and diluted to 25.0 ml with distilled water. Rats were
given water and LabBlox food (Teklad, Madison,
Wis.), ad libitum.

RESULTS

Clinical. During the testing period, no clinically sig-
nificant drug-related changes from baseline values were
found in the blood of any subject, according to the
clinical laboratory results. All the lead levels of blood
taken both before and after the 14-hour testing period
were within the normal limits. The range was from 3
to 11 pg Pb/dl. All subjects remained asymptomatic,
although one subject did complain of a low backache.
He was the only subject to report any complaints. He
noted low backaches and bilateral flank aches during
the day the drug was ingested. There were no associated
symptoms, such as dysuria, frequent urination, diar-
rhea, constipation, abdominal pain, nausea, or vomit-
ing. Repeated physical examinations performed during
the episodes showed no abnormalities, such as fever or
tenderness.

Urinary excretion of DMSA, Zn, Cu, and Pb. The
urinary excretion of unaltered DMSA reached a peak
before that of altered DMSA (Fig. 1). A plot of the
cumuiative excretion (Fig. 2) showed that by 14 hours
after administration of DMSA, the total (856 = 131
wmol), altered (751 = 116 pmol), and unaltered
(105 = 20 pmol) DMSA excreted in the urine repre-
sented 20.6% * 2.4% SEM, 18.1% = 2.1% SEM,
and 2.53% = 0.40% SEM of the administered DMSA,
respectively. By 14 hours after administration most of
the total DMSA in the urine was in an altered form
(88%). The altered DMSA appeared to be in the form
of disulfide(s) because it was converted to unaltered
DMSA by electrolytic reduction. About 12% of the total
DMSA in the urine was found in its unaltered form.

The excretion of Zn, Pb, and Cu in the urine reached
a peak at 4 hours after DMSA administration (Fig. 3)
and coincided with the peak of altered DMSA excretion
(Fig. 1). The second rise in the Zn curve (Fig. 3) 6
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Fig. 3. Urinary excretion of Zn, Pb, and Cu by six normal
men who were given a single oral dose of 10 mg DMSA/kg
after 11 hours of fasting. Error bars indicate SEM.

hours after DMSA ingestion is presumed to be caused
by the intake of food after the 4-hour and 9-hour urine
collections. The urinary Cu, Pb, and Zn excretions
(Fig. 3) were compared by linear regression analysis
to the urinary excretion of total DMSA (Fig. 1). The
significant correlation coefficients for total DMSA ver-
sus Cu, Pb, and Zn were 0.942, 0.603, and 0.594,
respectively. The 9-hour and 14-hour time points were
excluded for Zn. The cumulative urinary excretion of
Pb by 6 hours after DMSA administration exceeded the
urinary excretion of Pb collected for an 8-hour period
before DMSA administration by a factor of 4. The
values were 147 pmol = 10.1 pmol SEM and 39
pmol * 9.5 pmol SEM, respectively.

Urinary excretion of other minerals. The excretion
of 28 minerals after DMSA administration was exam-
ined by comparing the wmol/hour found in the urine
samples collected at 1 hour and 4 hours (Table I). Sta-
tistically significant differences were not found for the
excretion of the minerals listed in Table I between
the two time collections as determined by one-way
ANOVA, except that when the 1-hour urine samples
were compared with the 4-hour samples, the Na ex-
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Table I. Excretion of minerals in the urine
after administration of DMSA to six

normal men
Urines were collected between
0-1 hr 2-4 hr
Elements (umol/hr = SEM)

Boron 16.3 = 3.2 129 = 2.5
Calcium 120 = 21 128 = 24
Iron 0.078 + 0.011 0.085 + 0.028
Lithium 0.24 = 0.04 0.15 = 0.03
Magnesium 105 = 25 95.5 = 12.1
Phosphorus 663 = 157 816 = 145
Potassium 3462 + 197 4642 = 803
Silicon 21.4 £ 6.5 16.6 + 4.8
Sodium 5577 = 1034 7310 = 1434
Strontium 0.078 = 0.011 0.088 = 0.017
Tin 0.22 = 0.05 0.16 = 0.02

The levels of arsenic (0.07), selenium (0.004), mercury (0.080), cadmium
(0.020), aluminum (0.040), nickel (0.300), beryllium (0.005), manganese
(0.005), chromium (0.030), cobalt (0.020), molybdenum (0.100), vanadium
(0.030), barium (0.005), gold (0.020), silver (0.020) and zirconium (0.040)
in 1-hour and 4-hour urine samples were examined and found to be either
below or at the limit of detection of the inductively coupled plasma emission.
The levels of detection (ppm) are given in parentheses after each element in
the preceding sentence.

cretion per hour was found to be different at a signif-
icance level of p < 0.005.

Relative cupruretic activity of chelating agents in
rats. In the present studies there was an increased ex-
cretion of Cu after DMSA administration (Fig. 3).
DMSA and the chemically analogous DMPS have been
used by different investigators in carefully controlled
human studies that deal with the treatment of lead in-
toxication,”® as well as for the treatment of Wilson’s
disease.? Therefore, four of the most important che-
lating agents have been compared in normal rats (Table
II) with respect to their relative activity in mobilizing
Cu. D-penicillamine has been the drug of choice for
treating Wilson’s disease since the original studies
by Walshe.” The findings (Table II) clearly show
that, of the dimercapto chelating agents, DMPS is
the most effective in mobilizing Cu, but it is still only
71% as effective as the monomercapto compound,
D-penicillamine.

DISCUSSION

Studies of the biotransformation and metabolic fate
of DMSA have been limited in the past to tracking
radioactivity after the administration of “C-DMSA.
McGown et al.* showed that 96 hours after oral ad-
ministration of ““C-DMSA (0.16 mmol/kg) to four male
juvenile monkeys (Macaca mulatta), approximately
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Table II. Urinary excretion of copper after
administration of chelating agents to rats
Compound No. of Urinary Cu
tested* determinations  (ug/24 hr = SEM)
Saline 64 3.74 = 0.33
D-Penicillamine 16 45.36 = 1.58
DMPS 16 32.82 + 2.89
DMSA 16 17.92 = 0.58
DMPA 16 17.74 = 1.15

*1 mmol/kg given orally twice a day to male rats.
p < 0.001 when each treated group is compared with the untreated group.

18% of the administered radioactivity was recovered in
the urine, 65% in the feces, and 2% in the expired air.
The urine value was similar to that found in human
subjects in the present study. When radioactive DMSA
(1.0 mmol/kg) was given orally to hamsters, however,
81% of the radioactivity was recovered in the urine
within 96 hours.? This suggested a species difference
between the monkey and the hamster. (Whether the
monkeys and hamsters were fasted is unclear.) It was
concluded that most, if not all, of the carbon chain of
DMSA was excreted intact by the hamster and that the
sulfhydryls were oxidized. The extent of the oxidation
in vivo and the identity of the oxidized products could
not be determined.

The first conclusion that can be drawn from the re-
sults of the present experiments is that when DMSA is
given orally to normal human subjects, only 20.5% of
the administered DMSA could be accounted for in the
urine. Of the DMSA administered, only 2.5% was ex-
creted in the urine as unaltered DMSA, and 18% was
excreted as altered form(s). Thus the DMSA that was
absorbed was extensively biotransformed.*

This left about 80% of the DMSA dose unaccounted
for. Two possibilities are apparent. The first possibility
is that only about 20% of the DMSA is absorbed from
the gastrointestinal tract and 80% is excreted via the
feces, which suggests that the male human being and
the male juvenile monkey may be similar in their limited
ability to absorb DMSA from the gastrointestinal tract.
The second possibility is that part or all of the unac-
counted for 80% was excreted in the urine in a form
that was not subject to electrolytic reduction.

As indicated by the present experiments, afier inges-

*The altered DMSA appears to consist of one or more oxidized
species, with the major constituent being a mixed disulfide that
consists of two cysteine molecules per DMSA molecule.” It ap-
pears that each S atom of DMSA formed a disulfide linkage with
the S atom of one cysteine molecule.



VOLUME 45
NUMBER 5

tion of DMSA (Figs. 1 and 2) almost all of the DMSA
that is excreted in the urine is in its biotransformed or
altered form. Approximately 90% of DMSA found in
the urine is altered. Only a very small percentage is
found in the unaltered form. Yet numerous investigators
have written that one of the important properties of an
effective chelating agent is that it should not be me-
tabolized. DMSA is a very effective chelator and is
metabolized. It would be of interest, however, to de-
termine whether DMSA, per se, is the metal-mobilizing
agent in vivo or whether it is a pro-drug that is bio-
transformed into a more active metal-mobilizing agent.
Dimercaprol, when given to rabbits, is biotransformed
to a dithiol found in the urine.”” The dithiol is different
from dimercaprol and, when tested in vitro, was found
to be effective against the arsenical, lewisite.

The in vivo site(s) for the biotransformation of
DMSA is, at present, unknown. The biotransformation
certainly begins by at least 1 hour after DMSA admin-
istration (Fig. 1,2). Because of the extensive biotrans-
formation of DMSA, therefore, it might be of value
to reevaluate the results of the whole-body autora-
diographic distribution studies of *C-DMSA in mice.*®

The urinary excretions of Zn, Cu, and Pb were def-
initely increased after DMSA administration (Fig. 3).
This has also been shown by Graziano et al.” in men
with elevated blood lead concentrations. The correlation
of urinary DMSA excretion with urinary Zn, Cu, and
Pb excretion, however, has never been demonstrated.
Most attempts at correlating DMSA to urinary metal
excretion have involved comparison of the dose-
response of the administered DMSA with the amount
of metal excreted in the urine. We have demonstrated
that the increase in Zn, Pb, and Cu excretions (Fig. 3)
are highly correlated to the excretion of total DMSA
(Fig. 1). This gives greater credence to the direct in-
fluence of DMSA on chelation of these metals. By 14
hours after administration, the amounts of Zn, Cu, and
Pb excreted in the urine were 7.21 = 0.75 pmol,
1.27 + 0.25 pmol, and 0.20 * 0.016 pmol * SEM,
respectively. The magnitudes of these increases are so
small that they do not appear to be of clinical signifi-
cance, especially since they are the result of the ad-
ministration of a single dose of DMSA. Five-day reg-
imens of DMSA, however, did not cause a significant
increase in the urinary excretion of Zn, Cu, Fe, or Ca
in children with elevated blood levels of Pb."

By 14 hours after administration the amounts of total,
altered, and unaltered DMSA found in the urine were
856 = 131 umol, 751 = 116 wmol, and 105 *+ 20
wmol + SEM, respectively. This indicates that the Zn,
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Cu, and Pb chelates of DMSA represented a very small
fraction of the total or altered DMSA excreted in the
urine. The urinary excretion of other metals and ele-
ments (Table I) did not appear to be influenced by
DMSA.

As yet, methods for the determination of DMSA
concentration in blood have not been developed because
of the problems associated with adsorption on and bond-
ing with constituents of blood. Until such methods are
available, the findings of this study, which dealt with
the kinetics of the appearance of DMSA and its me-
tabolites in the urine, will give an indication of how
long it takes for DMSA, its metabolites, or both to be
removed from the human body.

The authors are grateful to Professor Dean E. Carter of the
Department of Pharmacology and Toxicology, University of
Arizona, for reviewing the manuscript. The interest and sup-
port of Dr. Bruce Semple, Vice President for Scientific Af-
fairs, Johnson & Johnson Baby Products, is gratefully ac-
knowledged.

References

1. Needleman HL, Gunnoe C, Leviton A, et al. Deficits in
psychologic and classroom performance of children with
elevated dentine lead levels. N Engl J Med 1979;300:689-
95.

2. Mahaffey KR, Annest JL, Roberts J, Murphy RS. Na-
tional estimates of blood lead levels: United States, 1976-
1980: association with selected demographic and socio-
economic factors. N Engl J Med 1982;307:573-9.

3. Chisolm JJ Jr. Pediatric exposures to lead, arsenic,
cadmium, and methyl mercury. In: Chandra RK, ed.
Trace elements in nutrition of children. New York:
Vevey/Raven Press, 1985:229-61.

4. Bellinger D, Leviton A, Waternaux C, Needleman H,
Rabinowitz M. Longitudinal analyses of prenatal and
postnatal lead exposure and early cognitive development.
N Engl J Med 1987;316:1037-43.

5. Friedheim E, Graziano JH, Popovac D, Dragovic D,
Kaul B. Treatment of lead poisoning by 2,3-
dimercaptosuccinic acid. Lancet 1978;2:1234-6.

6. Piometti S, Rosen JF, Chisolm JJ Jr, Graef JW. Man-
agement of childhood lead poisoning. J Pediatr 1984;
105:523-32.

7. Graziano JH, Siris ES, Lolacono N, Silverberg SJ, Tur-
geon L. 2,3-Dimercaptosuccinic acid as an antidote for
lead intoxication. CLIN PHARMAcCOL THER 1985;37:
431-8.

8. Chisolm JJ Jr, Thomas DJ. Use of 2,3-
dimercaptopropane 1-sulfonate in treatment of lead poi-
soning in children. J Pharmacol Exp Ther 1985;235:
665-9.

9. Foreman H. Use of chelating agents in treatment of metal



526 Aposhian et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

poisoning (with special emphasis on lead). Fed Proc
1961;20:191-6.

Chisolm JJ Jr. The use of chelating agents in the treatment
of acute and chronic lead intoxication in childhood.
J Pediatr 1968;73:1-38.

Anatovskaya VS. Primenenie unitiola dlya lecheniga
bol’nikh skhronicheskoi intoksikatsiei svintsom (The use
of unithiol in the treatment of chronic lead intoxication).
Gig Tr Prof Zabol 1962;29:50-56.

Aposhian HV. DMSA and DMPS—water soluble anti-
dotes for heavy metal poisoning. Annu Rev Pharmacol
Toxicol 1983;23:193-215.

Aaseth J. Recent advance in the therapy of metal poi-
sonings with chelating agents. Hum Toxicol 1983;2:257-
72.

Graziano JH, Lolacono NJ, Meyer P. A dose-response
study of oral 2-,3-dimercaptosuccinic acid (DMSA) in
children with elevated blood lead concentrations. J Pe-
diatr 1988 (in press).

Aposhian HV, Carter DE, Hoover TD, Hsu C, Maiorino
RM, Stine E. DMSA, DMPS, and DMPA-—as arsenic
antidotes. Fundam Appl Toxicol 1984;4:S58-S70.
Aposhian HV, Hsu C, Hoover TD. DL- and meso-
Dimercaptosuccinic acid: in vitro and in vivo studies with
sodium arsenite. Toxicol Appl Pharmacol 1983;69:206-
13.

Cory-Slechta DA. Mobilization of lead over the course
of DMSA chelation therapy and long-term efficacy.
J Pharmacol Exp Ther (in press).

Cory-Slechta DA, Weiss B, Cox C. Mobilization and
redistribution of lead over the course of calcium disodium
ethylenediamine tetraacette chelation therapy. J Phar-
macol Exp Ther 1987;243:804-13.

Okonishnikova IY, Nirenburg VL. Absorption, distri-
bution and excretion of **S-meso-dimercaptosuccinic acid

20.

21.

22.

23.

24,

25.

26.

27.

28.

CLIN PHARMACOL THER
MAY 1989

(succimer). In: Velichkovskii BT, ed. Voprosy Eksp Klin
Ter Profil Prom Intoksikatsii, Sverdkovsk. 1974:11-4.
McGown EL, Tillotson JA, Knudsen JJ, Dumlao CR.
Biological behavior and metabolic fate of the BAL an-
alogues DMSA and DMPS. Proc West Pharmacol Soc
1984;27:169-76.

Maiorino RM, Weber GL, Aposhian HV. Fluorometric
determination of 2,3-dimercaptopropane-1-sulfonic acid
and other dithiols by precolumn derivatization with bro-
mobimane and column liquid chromatography. J Chro-
matogr 1986;374:297-310.

Maiorino RM, Weber GL, Aposhian HV. Determination
and metabolism of dithiol chelating agents. III. Forma-
tion of oxidized metabolites of 2,3-dimercaptopropane-
1-sulfonic acid in rabbit. Drug Metab Disp 1988;16:1-9.
Maiorino RM, Barry TJ, Aposhian HV. Determination
and metabolism of dithiol-chelating agents: electrolytic
and chemical reduction of oxidized dithiols in urine. Anal
Biochem 1987;160:217-26.

Walshe JM. Unithiol in Wilson’s disease. Br Med J
1985;290:673-4.

Walshe JM. Penicillamine, a new oral therapy for Wil-
son’s disease. Am J Med 1956;21:487-95.

Maiorino RM, Bruce DC, Aposhian HV. Determination
and metabolism of dithiol-chelating agents. VI. Isolation
and identification of the mixed disulfides of meso-2,3-
dimercaptosuccinic acid with L-cysteine in human urine.
Toxicol Appl Pharmacol (in press).

Spray GH, Stocken LA, Thompson RHS. Further
investigations on the metabolism of 2,3-
dimercaptopropanol. Biochem J 1947;41:362-6.

Liang Y, Marlowe C, Wadell WJ. Whole-body autora-
diographic distribution of [“C]-dimercaptosuccinic acid
in mice. Pharmacologist 1982;24:217-20.



