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A~t~ct-lnt~~~~toneal injection of mice with sodium diethyldithi~arba~te (1.2 g/kg}, an inhibitor of 
superoxide dismutase. ~tent~~~ the lethal e&cts of ozone and of paraquat. Study of control mice 
injected with sodium diethyldithi~ar~mate demonstrated an 80 per cent decrease in lung and liver 
superoxide dismutase activity in one hour, foltowed by a slow return towards normal. However, liver and 
lung glutathione peroxidase activites were also decreased. although to a lesser extent than superoxide 
dismutasc, and the nadir was not observed until six hours and 30 min following injection. A decrease in liver 
non-protein sulfhydryl groups was also observed. Similarly, incubation of liver homogenate with die- 
thyldithiocarbamate produced a marked loss in superoxide dismutase activity associated with a lesser, 
delayed decrease in gluthione peroxidase. The latter could be prevented by the addition of superoxide 
dismutase or by anaerobic conditions. Accordingly, the potentiation of the lethal effects of exogenous 
agents by diethyldithiocarbamate does not necessarily indicate a role for superoxide anion radical in tbc 
toxicity of these agents. 

Superoxide anion radical (05 ) is believed to be 
produced in a number ofnormal endogenouspro~sses 
including the autoxidation of hemoglobin, micro- 
somal mixed-function oxidase hydroxylations, and in 
association with gramdocyte phagocytosis [l-33. 
This highly reactive radical has also been suggested to 
be responsible for the toxicity of various exogenous 
agents including ionizing radiation [4], hemolytic 
drugs [S], pulmonary irritants such as paraquat [6J 
ozone [7] and hyperbaric oxygen [S], and the neuro- 
toxin 6-hydroxy-dopamine [9]. However, the evidence 
favoring the role of superoxide anion radical in these 
processes tends to be indirect in that this active 
species can not be measured in zko. One approach to 
evaluating the in ciro effects of 0; would be to 
specifically inhibit superoxide dismutase, thereby 
presu~bly intensifying the effect of any agent~which 
acts through 0; formation. Heikkila et al. [IO] have 
su~gestedthatsodiumdiethyldithiocar~mate(D~~, 
which had previously been shown to inhibit purified 
superoxide dismutase [I I. 121 might be a suitable 
probe for this purpose. These authors reported that 
brain. liver, and blood superoxide dismutase is 
inhibited in a dose dependent fashion by diethyl- 
dithiocarbamate following intraperitoneal injection in 
mice. They further demonstrated an almost total loss 
in activity of this enzyme following incubation of 
brain and liver homogenates or blood lysates with 
diethyldithiocarbamate. More recently, DDC has 
been found to potentiate oxygen toxicity and the 
in vitro effects of hemolytic agents producing 0; 
[13, 143. 

In addition to superoxide dismutase, there are 

other enzymes and intermediates which are believed 
to protect against the effects of active oxygen species. 
Among these are catalase and the glutatione peroxi- 
dase system, including reduced glutathione. in the 
case of ozone toxicity, the importance of glutathione 
peroxidase is suggested by studies demonstrating a 
dose dependent elevation in the activity of this enzyme 
following ozone exposure, and evidence indicating 
that increased activity of this enzyme may be re- 
sponsible for tolerance to subsequent ozone exposure 
[15,16]. There is also evidence suggesting that 
sulfhydryl compounds play an important protective 
role against ozone toxicity, as well as the toxicity of 
other oxidizing agents [ 17,18]. 

In the present study we have shown that injection of 
DDC produces inhibition of lung superoxide dis- 
mutate and ~tentiation of the lethal effects of ozone 
and of paraquat. However, interpretation of these 
results in relation to Ol is complicated by the obser- 
vation that injection of DDC also results in a decrease 
in the activity of glutathione peroxidase, and in 
non-protein sulfbydryl levels. 

METHODS 

Female mice (CF-I : Carsworth Laboratories)* 
B-30& were used throughout. Mice were exposed 
in a Plexigias chamber to ozone as previously 
described 1191. Ozone levels were measured by a 
chemilumines~nt monitor. Three experiments were 
performed in which half of the animals were injected 
in~~~ton~~ywith 1.2 g~gof~iumdiethyldithio- 
carbamate (DDC: Sigma Chemical Company) in 
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isotonic phosphate buffered (0.01 MI saline. pH 7.4. 
30 min prior to ozone exposure while the remaining 
half received buffer alone. The time of death was 
recorded for each animal during continuous exposure 
to 3.6-4.2ppm ozone. The data were analyzed by 
multiplying the time of death in hours by the ozone 
concentration to obtain ppm-hr of exposure for each 
mouse. In control experiments this level of DDC did 
not by itself produce death. For study of paraquat 

toxicity, 1.2 g/kgof DDC was injected intramuscularly 
30 min before intraperitoneal injection of paraqual 
(gift of Dr. M. S. Rose, imperial Chemical Industries. 
England). The mice were observed for seven dais and 

the number of deaths recorded. 
Studies of lung and liver superoxide disrnut~i~. 

catalase, and glutathione peroxidase activities. and of 
non-protein suilhydryl levels, were performed in 
control mice injected intraperitoneally with 1.2 g kg 
diethyldithiocarbamate. At specified times following 
injection, the mice were decaptitated and the liver 
and both lungs were removed. After a gentle rinse in 
cold saline. the organs were blotted dry. weighed. and 

homogenized in 10 vol. of 0.05 M potassium phos- 
phate buffer. pH 6.5 with 10e4M EDTA. The 
homogenate was centrifuged at 900.~ for 10 min at -1 

and the supernatant removed and stored in an ice 
bucket prior to assay. Where indicated. the soluble 
su~rnatant fraction of whole liver homogenate was 
obtained by ~ntrifugation at l~.O~~ for I hr. 

Superoxide dismutase activity was measured in 
triplicate using &hydroxy-dopamine-HBr (Aldrich 
Chemical Co.) [IO]. In some studies the results were 
confirmed with the epinephrine autoxidation Assam of 
Misra and Fridovich [ZO]. Standard curves using 
purified superoxide dismutase (Truett Laboratories) 
were obtained during each set of assays. Glutothione 
peroxidase activity was assayed using cumene hqdro- 
peroxide as a substrate by coupling to NADPH via 
addedglutathionereductase[2l].ThernteofNADPH 
oxidation was measured spectrophotometri~~~ll~ at 
340 nm and corrected for blanks containing either no 
tissue or no cumene hydroperoxide. Catalase activity 
was measured by a procedure in which the rate of 
decomposition of added H1O, is determined by 
spectrophotometric assay of residual H,O, through 
reaction with a standard excess of KMnO, [22]. 
Measurement of non-protein sulfhydryl groups was 
performed by reaction with 5,5’-dithiobis (2-nitro- 
benzoic acid) following deproteinization with tri- 

chloroaczztic acid [2.3]. In studies of the i8i rim) 

effects of DDC the homogenates were incubated 
at .V in a heating block. Studies under nitrogen were 
performed in a disposable glove bag inflated with 
prepurified nitrogen bubbled through alkaline p>ro- 
_edilol to remove residual oxygen. 

RESULTS 

The mean -I_ S.E. survival of 20 mice injected with 
DDC was 21.3 2 0.7 ppm-hr ;IS compared to 26.4 2 
1.2 ppm-hr in the 20 buffer-injected control mice 
i ~0.01) simult~ineousiy inhaling the same o/one 
~on~ntr~~tions. Log probit anaiysis of the data 
revealed no statistically sigili~c~lnt difference in the 
slopes for both groups. Injection of DDC also potenti- 
ated the lethal effects of paraquat. Deaths were 
observed in three of twent! mice rccxiving the 
reported IJ.>~~ dose of 25 mg/kg pawquat [24]. and in 
eighteen of twenty mice injected with both this 
level of paraquat and 1.2 mg/kg DDC (P < 0.01). 
There were no deaths in the twent? mice injected with 
diethyldithiocarbamate alone. 

Lung and liver superoxide dismutase activity in 
mice injected with DDC wits decreased by close to 
X0 per cent in I hr with a slow return towards normal 
by the next day (Table 1). This issimilar to the observa- 
tions of Heikkila Y? rrf. in brain. liver, and red cells [IO]. 
DDC also produced a decrease in glutathione peroxi- 
dase activity which occurred more rapidly and to :I 

greater extent in liver than in lung (Table 1). In both 
organs the decrease in glutathione peroxidase activity 
was not as pronounced as the initial loss in superoxide 
dismutase activity. and the nadir did not occur until 
6.5 hr after injection. 

Liver non-protein sulfhydryl levels were 5.87 i_ 
0.37 pmol/g protein in the control animals and 
3.82 k 0.37 and 4.25 _Ir 0.X pmol;g protein at 4 and 
6.5 hr. respectively. following injection of DDC 
(P ~0.05). Lung non-protein sulfhydryl levels were 
also affected but to a lesser extent (control level 
2.27 + 0.16: 4 hr post DDC 1.9X f 0.19: 6.5 hr post 
DDc1.85 i_ 0.2O~mol/g protein). No consistent or 
significzmt effect was noted on lung or liver catalase 
activity which ranged from X2-108 per cent of control 
at different time periods. 

Incubation of liver and lung homogenates (2 mg 
protein/ml) with 0.01 M DDC produced decreases in 
enqme activity similar to that observed following 

Table I. Effect of intraperitoneal injection ofdiethyldithioc;trbam:ltc ( I.2 g~hg)o~~ IIIWSC liwr and lung 
superoxide dismutuse and glutathionc peroxidasc. Each numher represcnrs the mwn I S.F. of h I:! 

mice calculiticd its percent of controi wluc’* 
_-- 

Liver Lung 
Time Superoxide ~~Iut~It~~i~~~~~ Superoxidc ~lu~~ithione 
(hrf dismutase peroxidasc dismut;tsc peroxidase 

0 100 rF_ 4.2 100 :!: 7.0 100 i 6.h IOU 4. 1 I.5 
1 17.6 rl_ 2.7 66.5 j,- 4.6 20 . 4 _!. 1 2.: Y6.Y -.. I?..: 
4 16.5 _i 1.9 iY.6 ri_ 33 72.1 1. 7.7 71.5 1 7..; 
6.5 7x.1 I 1.5 29.6 i 6.0 14.6 i LX 56.Y 1 IO.4 

22 57.7 -); I.9 06.5 f I I.5 b3.S j_ 33 IOh. .: 7.: 

*Control glutathione peroxidase activit\; in liver was 316 -I, ?:! :ind in lung was 7S J 9 nmol 
NADPH oxidi/ed;min!‘mg protein. Control superoxide dismuktse levels were 6.W - 37/~! 2 in liver 
and 168 & 11 p/g in lung.. 
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Table 2. GIut~t~ion~ peroxidase activity in liver fractions incubated at 27’ for 6.5 hr in 
air or in nitrogen with or without sodium djethyldithiocarba~le IDDC: I~rnM~ 
superoxide dismutase (SOD: 2~~~/rn~~ or dibydroxyfurmaric acid {DHF: 11.2 mM) 

incubation conditions 
_ ~- _ 
900 g supernatant 

air 
air: DDC 
air: DDC: SOD4 
nitrogen 
nitrogen: DDC 

1 OO.OW g supernatant 
air 
air: DDC 
air: DDC: DHF 

Enzyme activity* 
nmoles NADPH ‘?$ of 

oxidimd’minimg protein control 
.-._ ..-- ,_- I._. .- 

32x -I_ 26 lcQ~8 
106+ 15 32”i 14 
302 f 38 9’2 13 
31x * 63 97 ir 20 
28X i_ 4x xx-r_ If 

350 f 1x ioof5 
273 1 .37 7x* 14 
1x4 + I3 53 & I 

*Expressed as mean f S.E. 
%OD added 120 min after start of incubation. 

in ci~ administration. Less than 20 per cent of initial 
superoxide dismutase activity was observed in both 
liver and lung after 1.5.4 and 6.5 hr of incubation as 
compared to parallel controls. Lung and liver 
glutathione peroxidase activity was unaffected at 
1.5 hr of incubaiion (98 and 106 per cent of control, 
r~s~~ive~y). Liver ~utathione peroxidase had de- 
creased to 44 per cent of control activity after 4 hr of 
incubation and 32 per cent after 6.5 hr. As the in rim 
studies, there was less of an effect on lung glutathione 
peroxidase which was 92 per cent of control activity 
after 4 hr and 72 per cent after 6.5 hr of incubation. 

Performance of the incubation procedure under 
nitrogen, which produced a similar decrease in 
superoxide dismutase activity, protected against the 
loss in ~utathione peroxidase activity in liver 
homogenates containing DDC. protectjon was also 
afforded by the addition of superoxide disrnu~~ 
two hours after beginning the incubation (Table 2). 
A lesser decrease in glutathiotte peroxidase activity 
was noted when the lOtB,O0O @ s~~rnatant of the liver 
homogenate was incubated with DDC although there 
was again a greater than X0 per cent decrease in 
superoxide dismutase activity (Table 2). Addition of 
dihydroxyfumaric acid, an agent reported to produce 
0; [25]. resulted in a more pronounced loss of 
glutathione peroxidase activity. 

Injection of mice with the superoxide dismutase 
inhibitor DDC potentiates the lethal effects of both 
paraquat and ozone. Superoxide anion radical form- 
ation has been previously demonstrated in lung 
homogenates incubated with paraquat [6]. The 
evidence suggesting a role for 0; in the toxicity of 
ozone is more indirect, being based on the observation 
that rats exposed to 0.8 ppm ozone for 7 days have an 
increase in lung superoxide dismutase activity [7). 
However, this might be a nonspecific response 

reflecting the replacement of type t by more metaboli- 
cally active type iI alveolar cells which occurs at this 
level of ozone exposure [26). Furthermore, while 
ozone has been suggested to be a product of the 
gaseous decomposition of superoxide anion radical, a 
chemical mechanism for the formation of 0; from 
ozone is not apparent. 

The present study demonstrates that the superoxide 
dismutase inhibitor DDC produces a decrease in the 
activity of glutathione peroxidase both in vitro and in 
oico. The mechanism of this effect may be related to the 
formation ofendogenous 0;. This is suggested by the 
finding that the decrease in Iung and liver glutathione 
peroxidase occurs later than that of superoxide 
dismutase activity, by the prevention of loss in gluta- 
thione peroxidase activity provided by both anaerobic 
conditions and added superoxide dismutase, and by 
the ~tent~ation of this effect produced by dihydroxy- 
furmarate. Microsomal production of Oi might 
possibly account for the greater inhibition of gluta- 
thione peroxidase in the 9OOg than in the 100,~~ 
liver supernatant as well as the more pronounced 
effect in liver than in lung. However, alternate 
explanations for the DDC-induced decrease in gluta- 
thione peroxidase have not been precluded. 

The loss in glutathione peroxidase activity, as well 
as the decrease in non-protein suifhydryl groups, 
greatly complicates interpreting the potentiatjon by 
DDC of lethal effects due to ozone and paraquat in 
relation to a possible role for 0; in the toxicity caused 
by these agents. A decrease in ~lutathione peroxidase 
activity or in non-protein sul~ydryl groups would 
presumably exacerbate the effects of oxidizing agents 
independent of the presence of 0; Accordingly, the 
use of DDC as a probe for the in viva role of 0; 
produced by exogenous factors would appear to be 
limited. 
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