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Diethyldithiocarbamate (DDC), a potent copper chelat- 
ing agent, has long been used for the treatment of oxy- 
gen toxicity to the central nervous system, as an 
immunomodulator to treat cancer, and in HIV-infected 
patients. We evaluated the antioxidant properties of 
DDC, including its scavenging of reactive oxygen spe- 
cies, its reducing properties, its iron-chelating proper- 
ties, and its protective effects on oxidant-induced 
damage to brain tissue, protein, human LDL, and DNA. 
It is found that DDC is a powerful reductant and anti- 
oxidant since it scavenges hypochlorous acid, hydroxyl 
radical and peroxynitrite; it chelates, then oxidizes fer- 
rous ions; it blocks the generation of hydroxyl radicals 
and inhibits oxidative damage to deoxyribose, protein, 
DNA, and human LDL. These findings may provide an 
explanation for the apparent beneficial effects of DDC 
against oxidative stress-related diseases that have been 
observed in experimental and clinical studies. 

Key words: Diethyldithiocarbamate (DDC), hypochlorous 
acid, hydroxyl radicals, DNA damage, NO toxicity 

INTRODUCTION 

Diethyldithiocarbamate (DDC) is the reduced form 
of disulfiram (tetraethylthiuram disulfide) and a 
potent copper chelating agent. DDC inhibits super- 

oxide dismutase (SOD),’,’ and in rodents has long 
been used in vivo for the treatment of oxygen 
toxicity to the central nervous system (CNS).3-5 
More recently it has been shown that DDC is an 
inhibitor of cytochrome P450 activityG9 and of 
endothelium-derived relaxing factor (EDRF).’* 
DDC has been used to boost the immune system in 
the treatment of ~ancer,”-’~ and in human immuno- 
deficiency virus (HN)- infected patients.”‘6. 

Explanations for the protective effects of DDC 
have focused on its inhibition of SOD and cyto- 
chrome oxidase a~tivities.”~’~ DDC also appears to 
be an antioxidant in vitro as it has been shown to 
be radiopr~tective’~, to inhibit lipid peroxida- 
t i ~ n , ’ ~ ’ ’ ~  and to inactivate hydrogen peroxide and 
superoxide.” 

Because of DDC’s therapeutic use in the treat- 
ment of human disease, we examined the anti- 
oxidant activity of DDC with hypochlorous acid, 
hydroxyl radical and 3-morpholinosydnonimine 
N-ethylcarbamide (SIN-1)-generated oxygen spe- 
cies. We have also characterized its reducing and 
iron-chelating properties, and effects on oxidative 
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462 J. LIU ET AL. 

damage to brain tissue, protein, DNA and low- 
density lipoprotein (LDL). DDC is an antioxidant 
with powerful scavenging activity towards oxi- 
dants, chelates ferrous ions to block hydroxyl rad- 
ical generation, and protects tissues and other 
macromolecules such as proteins and DNA from 
oxidative damage. 

MATERIALS AND METHODS 

Materials 

DDC, double-strand calf thymus DNA, cyto- 
chrome c, bathophenanthroline sulphonate, and 
nitro blue tetrazolium (NTB) were from Sigma 
Chemical Co. (St. Louis, MO). Alkaline phospha- 
tase was from Boehringer Mannheim (Mannheim, 
Germany). 5,5-Dimethyl-l-pyrroline-N-oxide 
(DMPO) was from Daiichi Pure Chemical Co., 
Ltd. (Tokyo, Japan). 3-Morpholinosydnonimine 
N-ethylcarbamide (SIN-1) was a gift from Cassella 
AG, Germany. Rat brain homogenate was ob- 
tained from Fischer 344 rats (Harlan-Sprague- 
Dawley, Indianapolis, IN) and used immediately 
after homogenization. 

Reaction with hypochlorous acid 

Reaction of DDC with HOCl was studied as de- 
scribed by Wasil et al.” Hypochlorous acid dam- 
ages alpha 1-antitrypsin so that it can no longer 
inhibit elastase; scavenging of HOCl by DDC was 
evaluated by its protection of the elastase- 
inhibitory capacity of alpha 1-antitrypsin. 

Effect on hydroxyl radicals generated with 
Fenton reagents 

Hydroxyl radicals were generated with Fenton 
reagents and examined with an electron spin 
resonance (ESR) ~pectrometer.’~ The reaction mix- 
ture contained 325 pM each of ferrous sulfate and 
hydrogen peroxide, 90 mM DMPO. Concentra- 
tions of DDC used in these experiments are shown 
in the results. ESR spectra were recorded at room 

temperature 40 sec. after the addition of DMPO. 
The ESR instrumental settings were as follows: 
magnetic field intensity, 335 f. 5 mT; microwave 
frequency, 9.42 GHz; modulation width, 0.1 mT at 
100 kHz modulation frequency; sweep time, 
30 sec/l0 mT, and microwave power, 8 mW. 

Measurement of hydroxyl radical scavenging 
and iron binding 

The inhibitory effect of DDC on Fenton reagent- 
generated hydroxyl radicals may be due either to 
its capacity to scavenge hydroxyl radicals or che- 
late iron ions. We attempt to distinguish between 
these two possibilities by examining the effects of 
DDC on inhibition of deoxyribose decomposi- 
t i ~ n . ~ , ’ ~  The reaction mixture contained the fol- 
lowing reagents at the final concentration stated 
in 0.5 ml solution: 7.0 mM sodium phosphate- 
saline buffer (pH 7.4), 1.0 mM hydrogen peroxide, 
2.5 mM deoxyribose, with or without 0.55 mM 
EDTA, and varying concentrations of DDC or 
other inhibitors. The reaction was initiated on ad- 
dition of 0.1 mM FeS04. The samples were 
incubated at 37°C for 1 h. TBA-reactivity was mea- 
sured spectrometrically at 532 run. 

Reaction with SIN-1-generated oxidants 

SIN-1 generates superoxide and NO, which react 
to form peroxynitrite, a nitrating and oxidizing 
agent with the reactivity of hydroxyl radi~al.’~ The 
reaction mixture contained the following reagents 
at the final concentration stated: 9.0 mM 
phosphate-saline buffer (pH 7.4), 1.0 mM SIN-1, 
0.1 mM diethylenetriaminepentaacetic acid 
(DTPA), 2.0 mM deoxyribose, and varying con- 
centrations of DDC or other inhibitors. The reac- 
tion mixture was incubated at 37°C for 2 h. The 
TBA-reactivity was measured as described above. 

Reducing properties 

a). The reduction of ferric to ferrous ion was mea- 
sured by chelation with bathophenanthroline 
sulfonate (BPS).25 The reaction mixture (1.0 ml) 
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DDC AS ANTIOXIDANT 463 

contained BPS (100 pg/ml), ferric chloride (50 pM) 
in phosphate-saline buffer (pH 7.4), and varying 
concentrations of DDC. The reaction mixture was 
incubated at room temperature for 10 rnin prior to 
the addition of 0.1 ml6% (v/v) orthophosphoric 
acid and 0.5 ml distilled water. The absorbance 
maximum for the BPS-Fe" complex was mea- 
sured. at 532 nm. b). Reduction of nitroblue 
tetrazolium (NBT) wasexamined byadding0.1 ml 
EDTA (0.1 mM), 0.1 ml Triton X-100 (l6%, v/v), 
and 0.1 ml NBT (1.0 mM) into 0.6 ml phosphate- 
saline buffer (pH 7.4). After mixing, 0.1 ml DDC 
solution of varying concentrations were added. 
The reaction mixture was incubated at 37°C for 
15 min followed by addition of 2.0 ml phosphate- 
saline buffer (pH 7.4). The absorbance was mea- 
sured at 540 c). Reduction of cytochrome c 
was examined by adding the DDC sample to a 
solution containing 100 pM cytochrome c in 
phosphate-saline buffer (pH 7.4) and the OD5s0 
was read in a spectrophotometer.26 

Measurement of oxidative damage in rat brain 
tissue 

Rat brain tissue was treated with 325 pM of H202 
and ferrous sulfatez7 and various concentrations of 
DDC were added. Incubation proceeded at 37°C 
for 30 min. Peroxidation was determined by the 
thiobarbituric acid assay,2* and protein damage in 
the brain tissue was assessed by measurement of 
protein ~ a r b o n y l . ~ ~  

DNA damage measurements 

DNA damage induced by oxidants was examined 
by me a s ur ing 8 -hydro x y -2'-deoxyguanosine 
( o x ~ * d C ) ~ ~ ~ ~ ,  and by the bleomycin assay.32 
Double-strand calf thymus DNA was treated with 
Chelex-100 resin, neutralized with HC1, precipi- 
tated by the addition of acetate and ethanol, and 
dried on a vacuum pump before use. For the 
measurement of oxo8dG, an HPLC assay was em- 
ployed in which solutions of DNA (0.5 mg/ml) in 
phosphate buffered solution (25 mM, pH 7) were 
subjected to the same conditions as above for the 

brain tissues. The samples were subjected to a 
incubation at 37°C for 1 hour. After the reaction, 
DNA was purified twice by ethanol precipitation, 
and then subjected to enzymatic hydrolysis and 
measured by HPLC-EC. In the bleomycin assay, 
the reaction mixture contained, 0.5 ml DNA 
(1 mg/ml), 0.05 ml bleomycin sulfate (1.5 
units/ml), 0.1 ml MgC12 (50 pM), 0.05 ml 
phosphate-saline buffer (pH 7.4), 0.1 ml ferric 
chloride (0.5 mM), with or without 0.1 ml ascorbic 
acid (5 mM) and appropriate concentrations of 
DDC or other inhibitors. The reaction mixtures 
were incubated at 37" C for 1 h, followed by the 
addition of 1 ml25% (v/v) HC1 and 1 ml TBA (1% 
w/v in 50 mM NaOH). After heating at 100°C for 
10 min, the MDA-TBA chromogen was read at 
532 run. 

Oxidation of human low-density lipoproteins 
(LDL) 

LDL was isolated from human plasma and oxi- 
dation was induced with CuSO4. The effects of 
DDC on the oxidation of the polyunsaturated 
fatty acid side-chains of the LDL were followed 

TABLE 1 Effect of DDC as scavenger of hypochlorous acid 

Reaction 
Elastase activity Inhibition 

(Ario/min) ("/4 

a. elastase 0.14 - 
b. elastase + antitrypsin <o.o 100 
c. b + HOCl 0.13 9 
d. c + 50 pM DDC 0.11 19 
e. c + 100 pM DDC 0.09 35 
f. c + 250 pM DDC 0.07 48 
g. c + 1.0 mM DDC 0.02 88 

Alpha 1-antitrypsin (0.2 mg/ml), HOCI (100 pM) and DDC 
were incubated in a final volume of 1.0 ml in phosphate- 
buffered saline, pH 7.4 at room temperature for 1 h. Then 1 ml 
of phosphated-buffered saline and 0.05 ml of elastase were 
added, followed by further incubation at room temperature for 
30 min. The remaining elastase activity was then measured by 
adding elastase substrate. Concentrations of DDC added were 
those present in the first (1.0 ml) reaction mixture; DDC and 
alpha 1-antitrypsin were mixed together before adding HOC1. 
Control experiments showed that 1 mM DDC did not inhibit 
elastase activity or interfere with the ability of alpha 1-  
antitrypsin to inhibit it. 
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464 J. LIU ET AL. 

by continuous monitoring of conjugated-diene 
formation spectrophotometrically, assessing the 
increase in the absorbance between 200 nm and 
270 nm with time.33 

RESULTS 

Table 1 shows the results of the reaction of DDC 
with HOC1. Alpha 1-antitrypsin inhibited the ac- 
tivity of pig pancreatic elastase in vitro and incu- 
bation of alpha 1-antitrypsin with HOCl led to loss 
of its elastase-inhibitory capacity. At 1 mM con- 
centration, DDC was able to protect alpha 1- 
antitrypsin nearly completely against the effect of 
100 pM-HOC1, an effect comparable to that of 

A 

n 

d 

e 
/----- 

_ -  

oxyphenbutazone (a powerful scavenger of 
hypochlorous acid).26 Control experiments 
showed that DDC did not inhibit elastase directly 
or interfere with the ability of alpha 1-antitrypsin 
to inhibit elastase. 

As shown in Figure 1, DDC showed a dose- 
dependent effect on inhibiting the generation of 
DMPO-hydroxyl radical adducts. At a concentra- 
tion of 1 mM, DDC nearly completely inhibited 
hydroxyl radicals formation generated by 325 pM 
of ferrous sulfate and hydrogen peroxide (about 
8.0 x 10l6 spins/ml or 140 pM radical concentra- 
tion). We have also compared the concentrations 
of DDC and other known radical scavengers re- 
quired to inhibit by 50% the formation of the 
DMPO-OH adduct: DDC at a ICSO of 0.14 mh4 was 

1 mT i\, 

FIGURE 1 ESR spectra recorded from a hydroxyl radical-generating system (Fenton reagents) with various concentrations of DDC. a, 
Control containing 325 pM of each FeSOi and H?01, and YO mM of DMPO; b, c, d,  c, j and g are the same as n plus 0.025, 0.05, 0.10, 
0.25, 0.5 and 1.0 mM DDC. 
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DDC AS ANTIOXIDANT 465 

shown to be 10 to 100-fold more potent as a hy- 
droxyl radical scavenger than ascorbic acid 
(0.98 mM), dimethyl sulfoxide (54.7 mM) or man- 
nitol(87.5 mM). 

Deoxyribose oxidation provides a simple assay 
for screening hydroxyl radical scavengers, and 
determining the iron-binding capacity of a radical 
scavenger. Table 2 shows that DDC exhibited 
dose-dependent inhibition of deoxyribose degra- 
dation both in the presence and absence of EDTA. 
This is comparable to the effect of deferoxamine, 
an efficient iron-chelator and hydroxyl radical 
scavenger. The rate constant for DDC reacting 
with hydroxyl radicals was calculated with this 
assay to be 1.1 x 10" M-' s-'. The HzOz-induced 
enhancement of deoxyribose degradation was in- 
hibited by 70% on adding catalase in the absence 
of EDTA and over 100% in the presence of EDTA. 
The extra inhibition of catalase with the EDTA 
iron chelate is not understood but a complex of 
catalase and the chelate is possible. 

The incubation of SIN-1 and deoxyribose in the 
presence of diethylenetriaminepentaacetic acid 

produced considerable deoxyribose degradation 
(Table 3). DDC showed an effective, dose- 
dependent inhibition of deoxyribose damage 
which was induced by oxidants from SIN-1, 
which includes NO, superoxide and the reaction 
product peroxynitrite. The inhibitory effect of 
DDC was shown to be much greater than that of 
deferoxamine. 

The antioxidant activity of DDC was also ex- 
amined by its ability to protect against in vitro 
oxidative DNA damage. Oxidative DNA damage 
was induced with a ferric-HZ02 system and exam- 
ined by measuring 8-hydroxy-2'-deoxyguanosine 
by HPLC with tandem electrochemical and UV 
detection (Table 4). DDC dose-dependently inhib- 
ited the formation of Oxo'dG, more effectively 
than deferoxamine and mannitol. Catalase signif- 
icantly inhibited the oxidative DNA damage. 

Bleomycin-Fe(II1) induces DNA degradation 
in the presence of a suitable reductant such as 
ascorbic acid. Although DDC is a reductant (but 
not as good as ascorbic acid as shown in the 
reducing property assay), it did not enhance 

TABLE 2 Effect of DDC on deoxyribose degradation by ferrous iodhydrogen peroxide 

TBA reactive substance formed from deoxyribose/h 

EDTA absence EDTA presence 

A532 % inhibition A532 '6 inhibition 

Blank 
+ HzOz 
+ FeS04 

+ 0.125 mM DDC 
+ 0.25 mM DDC 
+ 0.50 mM DDC 
+ 1.00 mM DDC 
+ 2.0 mM DDC 
+ 4.0 mM DDC 
+ 1.0 mM Deferoxamine 
+ 250 rnM Mannitol 
+ 1000 U/ml Catalase 

Control 

0.02 
0.02 
0.35 
0.75 
0.50 
0.48 
0.43 
0.38 
0.24 
0.16 
0.16 
0.23 
0.47 

41 
43 
51 
59 
81 
93 
93 
82 
44 

0.02 
0.02 
0.31 
0.71 
0.40 
0.36 
0.31 
0.29 
0.17 
0.08 
0.22 
0.14 
0.15 

45 
53 
59 
61 
79 
92 
71 
80 
78 

The blank contained only deoxyribose, and the control contained deoxyribose, hydrogen peroxide and ferrous salt. All concentra- 
tions shown are final reaction concentrations. The results are mean values obtained from a representative triplicate test of 
experiments, the SEM (omitted) was generally less than 10%. The YO inhibition was calculated after subtraction of appropriate 
blanks and the inhibitions greater than 20% are considered significantly different (p<O.Ol). The final concentrations of ferrous ions, 
hydrogen peroxide and deoxyribose were 0.1,l.O and 2.5 mM, respectively. 
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466 J. LIU ET AL. 

TABLE 3 Effect of DDC on deoxyribose degradation by generation of nitric oxide, superoxide and peroxynitrite from SIN-1 

Rate of formation of TBA reactivity from deoxyribose/% 

A532 % inhibition 

Blank (Deoxyribose and DTPA) 
Control (Deoxyribose + DTPA + SIN - 1) 

+ 0.25 mM DDC 
+ 0.50 mM DDC 

, + 1.00 mM DDC 
+ 2.00 mM DDC 
+ 1.00 mM Deferoxamine 
+ 20 mM Mannitol 
+ 100 U/ml Catalase 
+ 100 U/ml SOD 

0.01 
0.07 
0.06 
0.05 
0.04 
0.03 
0.05 
0.04 
0.07 
0.06 

- 
- 
23 
30 
48 
60 
37 
48 
3 

15 

Concentrations are fiial reaction concentrations. The results are mean values obtained from a representative triplicate test of two 
experiments. The final concentrations of SIN-1, DTPA, deoxyribose were 1 mM, 0.1 mM and 2 mM, respectively. 

bleomycin-Fe(II1)-induced DNA damage (data 
not shown). On the other hand, DDC dose- 
dependently inhibited ascorbic acid-accelerated 
DNA damage in the bleomycin-Fe(1II) system 
(Table 4). Deferoxamine, as expected, was more 
effective than DDC in inhibiting the DNA dam- 
age because bleomycin-induced DNA degrada- 
tion is thought to involve a ferrous ion. 

Ferric-ascorbate-induced oxidation of brain 
cellular molecules was detected by measuring 
TBA-reactive substances (damage to lipids and 
also some other cellular components) and protein 

TABLE 4 Effect of DDC on DNA damage 

carbonyl (damage to protein). As shown in Table 
5, DDC dose-dependently inhibited formation of 
TBA-reactive substances and protein carbonyls 
and was as effective as deferoxamine. The effects 
of mannitol, catalase, and SOD on the formation of 
TBA-reactive substances were modest (less than 
10%); and showed no inhibition on protein car- 
bony1 formation. Protection to protein (BSA) oxi- 
dation by Fe(III)-H202 was examined and DDC 
showed a similar protective effect (Table 6). 

To study mechanisms, the reducing properties 
of DDC were studied with three systems. As is 

HPLC assay Bleomycin assay 
~ 

pmol oxoSdG/mg DNA % inhibition A532 % inhibition 

- 0.06 - 
- 1.36 - 

+ 0.50 mM DDC 50.5 51 1.13 18 
+ 1.00 mM DDC 18.7 82 0.76 46 
+ 2.00 mM DDC 10.3 90 0.30 82 
+ 1.0 rnM deferoxamine 37.3 64 0.18 91 
+ 125 mM Mannitol 86.0 16 1.32 3 
+ 1000 U/ml Catalase 50.5 51 1.25 8 

DNA only 14.4 
Control 103 

Concentrations are fiial reaction concentrations. The HPLC assays are mean values obtained from duplicate experiments. The 
control contained DNA + H202 + Fe(II1) and the oxo8dG for the DNA + H202 and DNA + lron(II1) blanks are47.1 and 89.9 pmol/mg 
DNA respectively. The bleomycin assays are mean values obtained from a triplicate test of two separate assays. The control 
contained DNA + bleomycin + MgClz + Fe(II1) + ascorbic acid and the A532 for the DNA + bleomycin and DNA + MgCL + FeC13 
blanks were 0.061 and 0.064. 
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DDC AS ANTIOXIDANT 467 

TABLE 5 Effect of DDC on oxidative damage to brain induced by ferric ions in the presence of ascorbic acid 
~ 

MDA Carbonyl 

(nmole/mg) % inhibition (nmole/mg) YO inhibition 

Blank 0.36 - 2.01 - 
Control 2.49 - 4.03 - 

+ 0.008 mM DDC 2.07 20 3.91 6 
+ 0.015 mM DDC 1.17 62 3.50 26 
+ 0.031 mM DDC 0.69 85 3.41 31 
+ 0.062 mM DDC 0.61 88 3.18 41 
+ 0.125 mM DDC 0.56 91 2.73 64 
+ 0.25 mM DDC 0.56 91 2.68 66 
+ 0.50 mM DDC 0.56 91 2.66 68 
+ 1.0 mM DDC 0.35 100 2.60 71 
+ 1.0 mM deferoxamine 0.39 99 2.68 67 
+ 250 mM mannitol 2.30 9 4.50 - 
+ 200 Ulml catalase 2.32 7 4.18 - 
+ 100 Ulml SOD 2.28 10 4.32 - 

The blank contained only brain homogenate or protein, and the control contained brain homogenate or protein, ferric ions and 
ascorbic acid. Concentrations are final reaction concentrations. The results are mean values obtained from a representative triplicate 
test of two experiments. The final concentration of ferric ions and ascorbic acid were 200 pM each. 

expected for other reduced thiols, DDC effectively 
reduced both NBT and cytochrome c (Figure 2). 
As shown in Table 7, DDC also showed a strong 
reducing effect on ferric ions though much weaker 

conjugated-diene formation of LDL [0.25 mg/ml 
LDL + Cu(1I)J was protected completely by 10 pM 
of DDC. 

than ascorbic acid, a powerful antioxidant with 
strong prooxidant activity in vitro due to this re- 

DISCUSSION 

ducing effect. The antioxidant activities of DDC in different 
chemical and biological systems have been Figure 3 shows that copper-ion-dependent 

TABLE 6 Effect of DDC on protein damage by an iron(I1I) salt in the presence of hydrogen peroxide 

Carbonyl concentration 
(nmole/mg protein) % inhibition 

BSA only 3.96 - 
Blank (BSA + H202) 4.66 - 
Control (BSA + H202 + Fe(II1)) 6.12 - 

+ 0.25 mM DDC 5.42 32 
+ 0.50 mM DDC 5.03 50 
+ 1.00 mM DDC 4.40 79 
+ 2.00 mM DDC 4.23 87 
+ 1.0 mM deferoxamine 4.49 75 
+ 250 mM mannitol 4.60 71 
+ 200 U/ml catalase 5.05 49 
+ 100 U/ml SOD 5.38 12 

Concentrations are final reaction concentrations. The results are mean values obtained from a representative triplicate test of two 
experiments. The final concentrations of BSA, hydrogen peroxide and ferric ions in the reaction mixture were 2 mg/ml, 1 mM and 
0.1 mM, respectively. 
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0 1 2 3 4 5 

Concentration (mM) 

FIGURE 2 The reduction of cytochrome c (0.D.550 Ulmin) and NBT (A540) by DDC. For details, see Materials and Methods. 

examined and compared with those of some other 
known antioxidants. 

Hypochlorous acid is produced by oxidation of 
chlorine ions at sites of inflammation by the 
neutrophil enzyme myeloperoxidase. One of the 

0.078 
0.12 major extracellular targets of HOCl is alpha 1- + 0.015 mM DDC 

+ 0.031 mM DDC 0.16 antiproteinase which is the major circulating in- 
+ 0.062 mM DDC 0.24 hibitor of serine proteinases such as elastase.”Our 

results show that DDC effectively protects alpha + 0.125 mM DDC 0.31 
+ 0.250 mM DDC 0.34 
+ 0.500 mM DDC 0.37 1-antitrypsin against HOCl inactivation, suggest- 

TABLE 7 Iron-reducing properties of DDC, compared with 
those of deferoxamine and ascorbic acid 

A532 

Control (BPS + ferric chloride) 

+ 1.000 mM DDC 
+ 1.000 mM DFX 
+ 0.012 mM AA 

0.39 
0.12 
0.28 

ing that DDC is a good scavenger of HOC1, an 
effect that may be related to its anti-inflammatory 

+ 0.100 mM AA 0.37 activity. 
The ESR results show that DDC has a powerful 

BE, DFX and AA represent bathophenanthroline sulfonate, inhibiting effect on the generation of DMPO-OH 
adducts by Fenton reagents. These results suggest 
that DDC is either a hydroxyl radical scavenger or 

deferoxamine and ascorbic acid, respectively. The concentra- 
tions of B E  and ferric chloride were 100 pg/ml and 50 pM in 
a phosphate-saline buffer. 
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FIGURE 3 Time-course of CuSO4-induced conjugated diene 
formation in human LDL. The reaction mixture contains, in final 
concentration, 0.25 mg/ml of LDL, 10 pM of CuSO4 and 10 pM 
of DDC. Conjugated dienes were measured spectrophotometri- 
cally as described in Materials and Methods and is expressed as 
absorbance at 234 nm in the control (filled circle) or in the 
presence of 10 pM DDC (open circle). 

an iron-chelator that inhibits hydroxyl radical 
generation by binding iron ions or both. 

The deoxyribose assay not only provides a sim- 
ple assay for screening hydroxyl radical scaven- 
gers, but can also be used to determine the 
iron-binding capacity of a scavenger. The ability 
of a substance to inhibit deoxyribose degradation 
induced by iron-EDTA is a measure of its scaveng- 
ing ability for hydroxyl radicals formed in free 
solution while the ability to inhibit deoxyribose 
degradation induced by iron alone is a measure of 
its iron-binding affinit ie~.~~ The results obtained in 
the ferrous-hydrogen peroxide-induced deoxyri- 
bose assay both in the presence and absence of 
EDTA indicate that DDC is not only a hydroxyl 
radical scavenger, but also an efficient chelator of 
ferrous ions. 

Dithiocarbamate has several resonance struc- 
t u r e ~ ~ ~ ;  therefore, it can form complexes with 
metal ions in different ways.36 In addition, 
dithiocarbamate may stabilize high oxidation 
states of metals as in [Fe'" (dithi~carbamate)~]'. 
The tris-chelates are supposed to have intramolec- 
ular, metal-centered dynamic processes proceed- 
ing via a trigonal twist me~hanism.~' More 

importantly, Fe(R2dithiocarbamate)z is oxidized 
rapidly in air to Fe(R2dithio~arbamate)3.~~ This 
metal chelation and oxidation property is proba- 
bly the most important aspect of the antioxidant 
effect of DDC in the iron-containing system. This 
is further supported by our results from the CuC12- 
induced human LDL peroxidation. Metal chela- 
tion is not always protective, some metal 
complexes may be more pro-oxidant and toxic, e. 
g., ferric nitrilotriacetate is a pro-oxidant and car- 
cinogen.% The antioxidant effect of DDC in the 
LDL peroxidation suggest that DDC can keep the 
metal ions at higher oxidation states. Iron-oxidiz- 
ing has been considered as an important antioxi- 
dant activity in biological systems3' and 
Hal l i~el l*~ has suggested that the most promising 
agents for brain damage therapy are iron chela- 
tors. This is further confirmed by our examination 
of the iron-dependent peroxidation of rat brain 
and DNA. 

The studies with DNA damage, rat brain per- 
oxidation and protein damage further demon- 
strate that DDC plays its antioxidant role by 
hydroxyl radical scavenging and iron-binding 
and has no prooxidant effect even in the presence 
of oxidized transition metal ions. The in vitro DNA 
damage study indicates that the protection of 
DNA damage by DDC may be dependent on both 
its iron-binding and hydroxyl radical scavenging 
properties as neither a hydroxyl radical scavenger 
nor an iron-chelator could effectively compete 
with DDC in inhibiting the iron-dependent oxida- 
tive damage to DNA. The effective inhibition of 
the ferric-ascorbate-induced brain tissue per- 
oxidation and protein damage suggest that the 
observed inhibitory effects are mainly produced 
by iron-chelation rather than radical scavenging 
as this effect is quite similar to that of deferox- 
amine. This idea is further supported by the 
bleomycin assay. 

The bleomycin-Fe(II1)-ascorbic acid-induced 
DNA damage is thought to occur by the iron- 
catalyzed Haber-Weiss reaction. Free radicals 
generated in close proximity to the DNA are in- 
volved in specific site damage leading to release 
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of pyrimidine bases, strand scission and oxidation 
of the deoxyribose moiety. Attempts to inhibit this 
reaction with specific and non-specific radical 
scavengers have been unsuccessful, with only 
metal chelators preventing the DNA damagez5 
and with phenolics accelerating the DNA dam- 

Our results suggest the inhibition of DNA 
damage by DDC in this system may be only from 
its ferrous ion binding and oxidizing effect be- 
cause the damage occurs at a site-specific manner 
as mannitol did not inhibit and deferoxamine had 
the greatest inhibition. Therefore, this finding 
clearly shows that DDC can, as the iron-chelator 
deferoxamine, effectively chelate ferrous ions to 
block the site-specific damage to DNA by chelat- 
ing the ferrous ions and the oxidizing ferrous to 
ferric ions which will not catalyze the radical gen- 
eration reaction. Thus, DDC can be contrasted to 
antioxidants such as flavonoids, which inhibit 
lipid peroxidation but aggravate iron-dependent 
radical damage in non-lipid peroxidation by re- 
ducing ferric to ferrous thereby enhancing Fenton 
chemistry.* 

NO is attracting great attention in neuro- 
biology as it is a novel neurotransmitter and plays 
an important role in modulating oxygen toxicity. 
SIN-1 simultaneously generates NO and super- 
oxide, which react to form peroxynitrite. Peroxy- 
nitrite is then converted to peroxynitrous acid 
which spontaneously decomposes to intermedi- 
ates with the reactivity of hydroxyl radical and 
nitrogen dioxide. NO traps, SOD or hydroxyl rad- 
ical scavengers all inhibit SIN-1 -caused deoxyri- 
bose degradat i~n.~~ It is likely that the inhibition 
of damage by DDC may be attributed to its NO 
scavenging and hydroxyl radical scavenging 
though the possibility that DDC reacts with 
peroxynitrite can not be excluded. DDC is a spe- 
cific lipophilic trap of NO and can form a rather 
stable adduct in v i v ~ ? ' , ~ ~  Therefore, DDC, as its 
iron-complex, has been used in the ESR study to 
monitor the in vivo NO formati0n.4~'~~ This sug- 
gests that DDC could modulate NO toxicity by 
scavenging NO and hydroxyl radicals. 

One of the most important properties of an 

antioxidant molecule is the ability to act as a re- 
ducing agent to donate electrons to other oxi- 
dants. This may result in pro-oxidant activity 
under some conditions, especially in the presence 
of transition metals. It is well-known that ascorbic 
acid and thiols can induce peroxidation by reduc- 
ing iron. DDC does not show any pro-oxidant 
activity. The reason appears to be that DDC can 
effectively chelate both ferrous and ferric ions, 
forming a stable complex with ferrous which will 
not participate in radical generation. Ascorbic 
acid also reduces ferric to ferrous but does not 
bind it tightly. Deferoxamine also may have some 
reducing effect. This may explain some pro- 
oxidant or detrimental effects of deferoxamine. 
Gutteridge et ~ 2 1 . ~ ~  recently found that aged or 
heated deferoxamine transfers an electron to the 
ferric ions it binds to form a ferrous-deferoxamine 
complex, a potential prooxidant. 

The mechanism of the antioxidant effect of 
DDC has been examined both in a system em- 
ploying superoxide generation2' and in a system 
in which lipid peroxides are formed." In all of 
the experiments described in our systems, solu- 
tions at physiological pH have been employed. 
Since DDC has a pKa of 3.4,19 this compound is 
present as a monothiolate anion species in the 
solutions. Thus, the effects observed in the radi- 
cal systems appears not to involve hydrogen 
abstraction such as those of many thiols, and may 
possibly involve an electron transfer mechanism, 
similar to that proposed for the reaction of 
dibutyldithiocarbamate-nickel complexes with 
alkyl peroxyl radical4 or in the lipid peroxida- 
tion system": 

Re + EtzN(CS)S- + H' + RH + Et2N(CS)S* [l] 

followed by 

PI ZEtzN(CS)S* + 
EtzN(CS)S - S(CS)NEt2 (disulfiram) 

The disulfiram may then be reduced to DDC. This 
idea is supported by the metabolic study that 
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DDC is the major metabolite of disulfiram in 
z l i ~ o . ~ ~  The higher protection of DDC against per- 
oxidation in isolated rat liver mit~chondria~~ may 
be attributable to the regeneration of DDC 
through this mechanism. 

DDC shows a stronger protective effect than 
deferoxamine in a ferric system (Table 6) while it 
shows a weaker effect than deferoxamine in a 
ferrous system (Table 2). The results from the 
DNA damage in two different systems further 
confirmed this conclusion. In the Fe(III)-H202- 
induced DNA damage, DDC exhibits stronger 
inhibition than deferoxamine; and in the 
bleomycin-Fe(II1)-ascorbate-induced DNA deg- 
radation, DDC shows weaker inhibition than 
deferoxamine because ferric ions are reduced to 
ferrous ions immediately in the presence of as- 
corbate and it is the ferrous ions that play a major 
role in the bleomycin-induced DNA degrada- 
t i ~ n . ~ *  

Our results demonstrate that DDC can scav- 
enge hypochlorous acid and hydroxyl radicals, 
protect against the damage inflected by reactive 
by-products of nitrogen oxide intermediates, bind 
ferrous iron ions to block hydroxyl radical genera- 
tion, and effectively protect against in vitro oxida- 
tive damage to tissues, proteins and DNA. 
Together with other reports,'a20 we consider that 
DDC is a powerful antioxidant but poor pro- 
oxidant even in the presence of transition metal 
ions. The understanding of the antioxidant activ- 
ities of DDC may explain the experimental and 
clinical observations of DDC on oxidative stress- 
related diseases. 

We are indebted to S. Christen and S. Doniger 
for critically reading the manuscript. This work 
was supported by National Cancer Institute Out- 
standing Investigator Grant CA39910 and 
National Institute of Environmental Health Sci- 
ences Center Grant ES01896 to B. N. A. 
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