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Summary: A new type of toxicity biphasically dependent on concentration was
observed with diethyldithiocarbagate, a metal chelator utilized in medicine.
As judged by cell survival and [“H]Urd incorporation, diethyldithiocaggamate
was maximally toxic to T lymphocytes and,polymorphonuclears at 2.5x10 ~ M
(first phase) and at higher than 2,5x100° M gzecond phase), but was not toxic
at intermediate concentrations around 2.5x10 ° M. The response of chelator
treated T lymphocytes to phytohemagglutinin ggs also biphasic. The first
toxic phase was partially reyﬁrsed by 2.5x10 © M ZnCl,, while the second phase
was partially reversed by 10 ™ M CuCl,. This suggests that inhibition of
In-metalloenzymes in the first phase and of Cu-metalloenzymes in the second
may play a crucial role in the mechanism of toxicity., The second toxic phase
may be in part due to the observed inhibition of superoxide dismutase render-
ing the cells susceptible to oxygen toxicity, like obligate anaercbes.

INTRODUCTION. Sodium diethyldithiocarbamate (DDC) is a sulfhydryl metal
chelator with high affinity for Cu (II), Ni and Zn. It is used in the deter-
mination of these metals (1-3), and in nickel carbonyl poisoning (4,5).
Antabusecg used in aversion therapy of alcoholism (6,7), is the oxidized
disulfide form of DDC, and is interconvertible with it in vive (8). DLDC
inhibits the cytosolic Cu-Zn-superoxide dismutase (SOD) in vitro (9-12)

and in vivo (11,12), as well as the Fé— and Mn-SOD in vitro (13). While

studying the effects of DDC on the SOD and radiosensitivity of lymphocytes

ABBREVIATIONS: DDC, diethyldithioc§rbamate;3SOD, superoxide dismutase;

PPHA, protein phytohemagglutinin; ["H]Urd, ["H]uridine; PMN, ploymorphonuclear
granulocyte; PPO, 2,5-diphenyloxazole; POPOP, 1,4-bis-2-(5-phenyloxazolyl)-
benzene.
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(14), we observed a new type of toxicity with biphasic dependence on the DLC

++
concentration. This biphasic toxicity and its reversal by Zn++ and Cu = 1is

the subject of this report.

MATERIALS AND METHODS. Aliquots of normal human defibrinated, platelet

depleted, blood (15) were preincubated for 2 hours at 37° C with 10"9 M to

2.5x10_3 M freshly dissolved DDC (Sigma Chemical Co., St. Louis, Mo.) in
medium RPMI 1640 (Grand Island Biological Co., New York, N.Y.). To reverse
the DDC toxicity, preincubation was continued for one more hour following
addition of ZnCl, and/or CuCl, .
Cultures were set up in 12x75 mm polystyrene culture tubes (16). To each tube
50 yl of preincubated blood and 100 ul of RPMI 1640 (containing 10 units
penicillin, 10 pg streptomycin and 25 ng fungizone) were added. They were
gassed with 5% CO2 in air, capped tightly and incubated at 37°C completely
submerged in a shaking water bath for 24 hours. Viable cells were identified
by their ability to exclude trypan blue (17). Differential counts of mono-
nuc lears (lymphocytes and monocytes) and polymorphonuclears (PMN) were done
with a hemocytometer., RNA synthesis was determined from the incorporation of
[5—3H]uridine ([3H]Urd) (New England Nuclear, Boston, Mass.), 1 uCi of which
with or without 2.5 ug of phytohemagglutinin, PPHA, (18) in 100 ul RPMI 1640
was added after 20 hours of incubation., Four hours later the cells were
transferred to glass tubes and washed by centrifugation 3 times with 0.15 M
NaCl, once with acid-acetone (1 vol. 1 N HCl to 100 vol. acetone), once with
5% trichloroacetic acid, and twice with amhydrous methanol. They were solu-
bilized with NCSCD(Amersham Corp., Arlington Heights, I11l.) and counted by
liquid scintillation in 0.5% PP0-0.03% POPOP-toluene after decay of chemi-
luminescence. Counting times necessary to give 99% confidence that the error
is not over 5% were obtained from our previously described nomogram (19).
RESULTS., Figure lA shows the survival of mononuclears and PMN after 24 hours
9

of culture without phytohemagglutinin. Low DDC concentrations (i0°° M to

2.5x1()_6 M) appeared to improve cell survival, probably through chelation of

374



Vol. 88, No. 2, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

-
& S F
. 30& PMN A 3 60F PPHA of 20 hours
P [Fara |/ % E J_ .4
% i ~¢ ~§\ % 50 3 r§—’ { ' \{
2 L H N s ‘
& | Mononuclears ] 40: \§
@ T 30F i %
S w5 “°F No PPHA ] {
3 S Jof : =
N S 205/ !
8 [ st i
[ 3 I0F
- A s B
OBy v venie s 8 Ol 1 0 a¥a,
0 1010107 100007 107 0 1010107 107 10° 107 107

DDC Molarity

Figure 1. Effect of DDC on cell survival and incorporation of [3H]Urd.

Points represent the mean from 3 experiments, Five reglicate cultures in each
per point (1l for counting the surviving cells, 4 for ["H]Urd incorporation).
Vertical bars indicate the standard error of the mean. A. Cell survival after
24 hours culture withqut PPHA:e————e , mononuclear leukocytes;o-- -~-o, PMN.

B. Incorporation of [“HIUrd during the last 4 of 24 hours in culture:g
without PPHAj;o- - — -0, PPHA added at 20 hours of culture.

e,

toxic trace metals, Higher concentrations became abruptly toxic, the cell

5

survival reaching a minimum at 2.5x10 - M (first phase of toxicity). However,

as the concentration increased further, toxicity decreased and the cell
survival reached a maximum around 2.5x10—4 M. At even higher concentrations,
DDC became toxic again and the cell survival decreased rapidly. The incorpor-
ation of [3H]Urd during the last 4 hours followed a similar course (Fig. 1B).
In the abscence of PPHA, the incorporation followed closely the cell survival
curve, indicating that it can be used as a measure of cell survival. The
ability of the surviving cells to respond to PPHA, as measured by the [3H]Urd
incorporation, varied with the molarity of DDC, being highly positive
(increased incorporation) at non-toxic concentrations and decreasing, becoming
even negative (decreased incorporation), at toxic concentrations, The reported
reversal of the DDC inhibition of SOD by Cu++ (10), and of the o-phenanthroline
inhibition of DNA replication by Zn++ (20), prompted us to investigate the
possible reversal of toxicity of 2.5x107° M (first phase) and 2.5%1073 M
(second phase) DDC by 2.5:)(10‘5 M or 10.2 M ZnCl2 and/or CuClz. The results

(Table 1) indicate that while preincubation with 2.5x10"5 M DDC reduced the
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TABLE 1. Reversal of Toxicity of DDC by ZnCl, and CuCl,

Preincubation of Blood with:
Incorporation of [3H]Ur1dine

ppc* ch12** Cuc12**
Molarity Net CPM/culture
0 0 0 2,600:54%
2.5x107° 0 0 224214
2.5x107°  2.5x107° 0 1,241433
2.5x10™° 0 2.5x107° 11848
2.5x107° 0 102 6847
2.5x107°  2.5x107°  2,5x107° 814423
2.5x1073 0 0 270319
2.5x10°3  2.5x1073 0 26521
2,5x1073 1072 0 7548
2.5x1073 0 10~2 1,112+29
2.5x1073 1072 1072 1,763£11
0 2,5x107° 0 2,556£76
0 0 2.5x107° 2,261+33
0 2.5x107°  2.5x107° 2,420+30
0 1072 0 365215
0 0 1072 56143

* Added at the beginning of the three hour preincubation.

** Added after two hours preincubation,

t Mean * Standard Error of the Mean, obtained from 4 replicate
cultures,

incorporation of [3H]Urd to about 107 of the controls, further preincubation

5

with 2.5x107° M ZnCl2 partially reversed it, raising it to around 50% of the

3 M or 10-2 M CuCl2 did not reverse the

inhibition, but appeared to increase it and to impair the ability of ZnCl2 to

controls. On the other hand, 2.5x10

reverse it. Neither 2.5x10™° M ZnCl, and/or 2.5x10™ M CuCl, had any effect

2
on the [3H]Urd incorporation in the absence of DDC. In contrast, the

inhibition by 2.5%x1073 M DDC was not reversed by 2.5x10™° M or 1072 M ZnCl,,
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but was partially reversed by 10_2 M CuClz. However, 10-2 M ZnCl2 augmented
the reversal by 10—.2 M CuClz. Either metal alone at 10-2 M without DDC was
toxic. Thus, partial reversal of the first phase of toxicity was accomplished
by ZnCl2 and of the second phase by CuClZ.

DISCUSSION. No previous report of a biphasically toxic substance was found,
but a biphasic effect of y-rays on uracil incorporation by Z. coli (21),

and of HgCl2 on formamidase (22) has been observed. The biphasic toxicity of
DDC does not appear to be cell specific, as the differential counts of the
surviving cells and the response to T lymphocyte mitogen PPHA demonstrate that
it is exerted towards at least two types of cells, PMN and T lymphocytes.
Large doses of DDC (1.5 g per kg) have been given to mice without ill effects
(11,26), while lower doses (0.5 to 0.6 g per kg) were found by others to be
toxic (27). These observations suggest that DDC may be biphasically toxic
also in vivo. 1In view of the use of DDC and Antabusé:>in medicine (4,6,7),
its biphasic toxicity assumes high significance, as a good understanding is
essential to avoid potential hazards in its clinical use. It is possible

that other metal chelators are also biphasically toxic. Others have studied
the inhibition of [3H]thymidine incorporation in phytohemagglutinin lympho-
cytes caused by the chelators o-phenanthroline (20) and EDTA (23), which is
also reversible by Zn++, but did not study them over a wide enough concentra-
tion range to ascertain if they are biphasically toxic or not.

The mechanism of biphasic toxicity of DDC is not known, but the reversal of
its toxicity by Zn++ and Cu++ suggests chelation of these metals. The

ability of Zn++ to reverse the first phase of toxicity and of Cu++ the second
suggests Zn++ chelation at a lower DDC concentration than Cu++. This is in
reverse order of the stability of metal chelates (24). A plausible explanation
is that the chelated Zn++ and Cu++ are not free, but bound to metalloenzymes,
where through interactions with neighboring groups Cu++ may be rendered less

accessible to DDC than Zn++. Thus it appears that inhibition of 7Zn-metallo-

enzymes by DDC plays a crucial role in the first toxic phase, and of Cu-
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metalloenzymes in the second. Our observation of inhibition of SOD by DDC in
the second phase of toxicity (14) offers a plausible explanation of its
mechanism, It is likely that inhibition of SOD renders the cells as susceptible
to oxygen toxicity as obligate anaerobes (25).

Many cellular substances bind metals reversibly (28), their specificity
ranging from relatively low as in metallothionein, which binds many metals

and particularly Zn++ (29), to very high as in copper-chelatin which is highly
specific for ca™ (30). Our observations support the view that such metal
binding substances play an important role in metabolic control and viability
of cells. Metal chelators are being used in medicine (4,31) and may be
important in cancer chemotherapy (32), while metal ions appear to be involved
in carcinogenesis (33). These considerations argue in favor of further

studies in this area.
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