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The fungicide Dichlone, 2,3-dichloro-l,4-naphthoquinone (CNQ), was 
shown to inhibit respiration, produce 02 - and HgO^ and induce li- 
pid peroxidation in isolsted beef heart mitocho~d~la (Pritsos et 
al. 1982). In addition, CNQ caused swelling of rat liver mlto- 
chondria, a process which was shown to be osmotic in nature, non- 
energy linked, cation non-specific, oxygen dependent (Prltsos et 
al. 1982) and inhibltable by exogenous ~-toeopherol (Pritsos and 
Pardini 1982) and cysteine (Pritsos and Pardlnl 1981, Pritsos et 
al. 1982). CNQ also caused a depletion of DTNB reactable thlol 
groups (Pritsos and Pardini 1984) in isolated mltochondria. Con- 
sistent with these in vitro findings, CNQ feeding caused partial 
uncoupling of liver and heart mitoehondria, elevation of hepatic 
and heart superoxlde dismutase (SOD) and catalase activities and a 
depression of glutathione peroxldase and reductase activities 
(Prltsos et al. 1983). Subsequent in vitro studies showed that 
CNQ was a direct inhibitor of glutathlone reductase in a fashion 
consistent with uncompetltive inhibition (Pritsos et al. 1983). 
These findings indicate that CNQ a~fects cellular energy metabo- 
lism by inducing oxidative stress at the organelle level and by 
interacting with key mltochondrial thlol groups. The glycolytic 
pathway is central to intracellular energy production, and its 
alteration by an exogenous oxidant such as Dichlone, could have 
widespread toxicological implications. In addition, in vivo 
exposure to CNQ could provide useful information on the hepatic 
response to qulnone induced oxidative stress. Therefore, we elec- 
ted to evaluate the effects of CNQ feeding on hepatic glycolysis 
in rats. 
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MATERIALS AND METHODS 

Female Wistar Rats (180-200 gm) were fed the various diets ad 
llbltum. The vitamin E deficient base diet was "Vitamin E Test 
Diet - Rat" obtained in powdered form from the United States Bio- 
chemical Corp., and a-tocopherol stripped corn oll (I0 ml/kg diet) 
was added as the lipid supplement. The diets were supplemented 
with D-a-tocopherol obtained from Sigma at a level of 271 units/kg 
diet. When employed, CNQ was added at a level of 2 gm/kg diet. 
The animals were fed the appropriate diets for 60 days and were 
then sacrificed by decapitation. Within 30 seconds, a lobe from 
the liver was frozen between aluminum plates which were precooled 
in liquid nitrogen, and the clamp and liver submerged in liquid 
nitrogen. The frozen tissue was powdered in a mortar and pestle 
in dry ice and then weighed to the nearest tenth of a mg. The 
protein was precipitated with HCIO 4 as previously described (Wil- 
llamson and Corkey 1969) and the various glycolytlc intermediates 
were measured by established methods (Maltra and Estabrook 1964). 

RESULTS AND DISCUSSION 

The effects of 60 days of dietary exposure to high doses of CNQ 
on liver glycolysls were determined by measuring the concentra- 
tions of the various hepatic glycolytlc intermediates. High doses 
of CNQ were included in this investigation to evaluate acute me- 
tabolic responses. The data shown in Table I demonstrate that CNQ 
feeding caused significant perturbation in the levels of the hepa- 
tlc glycolytlc intermediates. The co~centratlon of glycolytlc In- 
termedlates in the control group was consistent with published 
values (Faupe et al. 1972). In comparison, hepatic levels of glu- 
cose-6-phosphate, fructose-6-phosphate, fructose-l,6-dlphosphate, 
dlhydroxyacetone phosphate, and glyceraldehyde-3-phosphate were 
all significantly increased to 346, 258, 310, 187 and 302% of the 
control, respectively, in the CNQ fed group. Conversely, 2-phos- 
phoglycerate, phosphoenolpyruvate and pyruvate were significantly 
depressed to 45, 9 and 7% of the control values respectively, in 
the CNQ fed group. The level of 3-phosphoglycerate was not af- 
fected by feeding CNQ. These findings demonstrate reversed cross- 
over points at the glyceraldehyde-3-phosphate dehydrogenase (G- 
3PD) and enolase steps in the glycolytle pathway, indicating that 
ingestion of CNQ resulted in the inhibition of these two key gly- 
colytlc enzymes which catalyze the production of high energy in- 
termediates. Glyceraldehyde-3-phosphate dehydrogenase is a well 
known sulfhydryl containing enzyme (Jocelyn 1972, Torchlnsky 1981) 
and rabbit muscle enolase has been reported to contain 12 thlol 
groups, five of which are fast reacting and the seven remaining 
slow reacting thlols are essential for the maintenance of enzyme 
tertiary structure (Malmstrom 1962). In addltlon, both G-3PD 
(Kong and Davlson 1980) and enolase (Jocelyn 1972) have been re- 
ported to be sensitive to radiation which in the presence of oxy- 
gen is known to result in the formation of toxic oxygen species 
including superoxlde, hydrogen peroxide and hydroxyl radical. The 
observed apparent inhibition of thlol containing glycolytlc 
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Table i. Liver tissue glycolytic intermediates 

In termedia te 

Literature 
Values 

nmoles/gm 

liver wet 
Gl~colytic Intermediates weight 

CNQ nmoles/gm + S. D. 
1 

in liver wet Control (Faupel et 
Diet* weight + S.D. # % al. 1972) 

- 0.9+ 1.5 13+ 3 
1 

+ 52.6T 14.5 5844.4** 
1 

- 300.9+ 97.3 275+28 
+ I040.0~275.0 345.6** -- 

- 70.3+ 25.5 74+ 7 
+ 181.0~ 46. 257.5** -- 

Glucose-l-Phospha te 

Glucose-6-Phosphate 

Fructose-6-Phospha te 

Fructose-l,6- - 12.9+ 12.9 27+ 4 
Diphosphate + 40.0~ 18.9 310.1"* -- 

1 

Dihydroxyacetone- - 29.9+ 19.4 56~ 9 
Phosphate + 55.9~ 27.2 187.0"* 

Glyceraldehyde-3- - ii.7~ 9.1 
Phosphate + 35.3+ 10.3 301.7"* 

3-Phosphoglycerate 

2-Phosphoglycera te 

Phosphoenolpyruva te 

- 118.3+ 42.2 273+29 
+ i03.3~ 17.3 87.3 -- 

- 42.5+ 10.8 
+ 19.3~ 8.5 45.4** 

- 102.1+ 35.8 145+12 
+ 9.2~ 2.2 9.0"* -- 

Pyruvate - 118.2+ 45.0 129+18 
+ 8.6~ 3.0 7.3** -- 

* A (+) indicates that CNQ was in the diet at a concentration of 
2 gm/kg diet. A (-) indicates control diet. 

% Each value represents an average + standard deviation of 9 
animals. 

** Indicates that the difference in values between enzyme levels 
in CNQ fed versus control is significant with P < 95% employing 
the students t test. 
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enzymes by dietary CNQ Is conslstent wlth its interaction w~th 
enzyme sulfhydryl groups. 

CNQ is known to interact wlth protein thlol groups (Owens and 
Black 1960, Pritsos and Pardlnl 1981, Prltsos and Pardlnl 1984) 
and produce toxic oxygen radicals In isolated mltochondrla 
(Prltsos et al. 1982, Prltsos and Pardlnl 1981); thus, the ob- 
served Inhibition of glycolysls at G-3PD and enolase by dietary 
CNQ is consistent wlth known In vitro biochemical reactions of 
CNQ. The data in Table I do not address the mechanism of inhl- 
bltlon of G-3PD and enolase. However, extension of the data 
available on the in v~tro effects of CNQ on thiol containlng en- 
zymes suggests that CNQ may act either by direct Interaction with 
essential enzyme thlol groups (Owens and Black 1960, Ware 1975) or 
by the generation of toxic oxygen radicals (Prltsos et al. 1982, 
Prltsos and Pardlnl 1981). These radicals may In turn inactivate 
thlol containing enzymes, by oxidizing key sulfhydryl groups to 
the corresponding disulfide (Prltsos and Pardlnl 1984) or possibly 
by oxygenation of the dlsulflde to the corresponding sulfenlc 
acid, sulfoxlde or dlsulfoxlde (Armstrong and Buchanan 1978, Kong 
and Davldson 1980, Lewis and Wills 1962, Packer 1974, Oae et al. 
1981). As a consequence of either mechanism, formation of mixed 
disulfide links between proteins and glutathlone could occur, 
(Brigellus et al. 1983). These modifications would be expecte d to 
cause enzyme inactivation. 

Hepatic levels of glucose-l-phosphate were also significantly In- 
creased to 5844% of the controls when CNQ was fed (Table I). Since 
glucose-l-phosphate is the first metabolic intermediate on the 
glycogen side of the primary branch point between glycolysls and 
glycogen synthesis, this large accumulation of glucose-l-phosphate 
suggests that CNQ feeding alters glycogen metabolism in a way sim- 
ilar to the type VII Glycogen Storage disease (Tarul et al. 1965) 
which is caused by a def~clency of muscle phosphofructoklnase 
(PFK) activity. Inhibition of PFK in glycogen storage disease or 
inhibition of G-3PD and enolase by dietary CNQ could effect Intra- 
cellular glycogen stores in the same way. In addition, thlol re- 
agents have been reported to cause dissociation of hepatic glyco- 
gen synthetase D into its subunlts (Ernest and Kim 1974). Since 
CNQ Interacts with thlol containing enzymes, we are evaluating the 
effects of prolonged CNQ feeding on hepatic glycogen levels. 
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