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It has been suggested that the enzymes DT-diaphor- 
ase and superoxide dismutase act in concert to 
prevent redox cycling of naphthoquinones and thus 
protect against the toxic effects of such substances. 
Little is known, however, about the scope of this 
process or the conditions necessary for its operation. 
In the presence of low levels of DT-diaphorase, 
2-methyl-l,4-naphthoquinone was found to undergo 
redox cycling. This was very effectively inhibited by 
SOD, and in the presence of both enzymes the hydro- 
quinone was maintained in the reduced form. The 
inhibitory effect of the enzyme combination was over- 
come, however, at high concentrations of the quinone, 
or by small increases in pH. Furthermore, redox cyc- 
ling was re-established by addition of haemoproteins 
such as cytochrome c and methaemoglobin. DT-dia- 
phorase and SOD strongly inhibited redox cycling of 
2,3-dimethyl- and 2,3-dimethoxy-l,4-naphthoquinone, 
but not that of 2-hydroxy-, 5-hydroxy- or 2-amino- 
1,4-naphthoquinone. Inhibition of redox cycling by 
a combination of DT-diaphorase and SOD is therefore 
not applicable to all naphthoquinone derivatives, and 
when it does occur, it may be overwhelmed at high 
quinone concentrations, and it may not operate 
under slightly alkaline conditions or in the presence 
of tissue components capable of initiating hydroqui- 
none autoxidation. 

Keywords: Naphthoquinones, redox cycling, DT-diaphorase, 
superoxide dismutase, protection against toxicity 

I N T R O D U C T I O N  

Naphthoquinone  derivatives are wide ly  distrib- 

u ted  in nature,  and ma n y  substances of this type 
are found as secondary metabolites of plants and 
fungi. Ill Folk medicines containing naphtho-  
quinones have been used for m a n y  years [2"31 

and the effectiveness of certain naphthoquinone 
derivatives as parasiticides and as anti-cancer 
agents has recently been demonstrated.  [4-61 

Naphthoquinones are also toxic. In vitro, harmful  
effects have been demonstrated in a variety of 
cell types,[7'8lwhile haemolytic  anaemia a n d / o r  

renal tubular  necrosis has been observed after 
administrat ion of such substances to animals 
or humans.  [6'9-13] There is evidence that the ther- 

apeutic effects of naphthoquinones ,  as well as 
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146 R. MUNDAY 

their in vitro and in vivo toxicity, may be due, 
at least in part, to their ability to undergo redox 
cycling in the presence of biological reducing 
agents with concomitant generation of "active 
oxygen" species. [14-16] 

The reduction of naphthoquinones may pro- 
ceed either by a one-electron or a two-electron 
process. One-electron reduction of a naphtho- 
quinone yields the corresponding semiquinone. 
Semiquinones are very unstable substances that 
rapidly autoxidise, regenerating the quinone and 
forming "active oxygen" species. One-electron 
reduction of naphthoquinones is generally 
regarded as an activation reaction, leading 
inevitably to toxic change. [14-161 Two-electron 
reduction of naphthoquinones leads to the forma- 
tion of hydroquinones. Hydroquinones are also 
very labile substances, which readily autoxidise 
with formation of "active oxygen" species. [15"17-19] 
Two-electron reduction may therefore also lead 
to activation. However, an alternative reaction 
of hydroquinones involves conjugation with 
sulphate or glucuronic acid, forming products 
which cannot undergo redox cycling and which 
are readily excreted in the urine, thus leading to 
detoxification. I2°] Whether or not the two-electron 
reduction of a particular naphthoquinone leads 
to activation or detoxification therefore depends 
upon the relative rates of autoxidation and con- 
jugation of the hydroquinone that is formed. It 
would be anticipated that detoxification would 
be promoted by factors that stabilise the naphtho- 
hydroquinone and prevent its autoxidation. 

The primary mediator of the two-electron 
reduction of quinones in animals is the enzyme 
DT-diaphorase (NAD(P)H:[quinone acceptor] 
oxidoreductase, EC 1.6.99.2). At relatively low 
levels of activity, DT-diaphorase promotes the 
redox cycling of naphthoquinones in vitro. At 
higher levels, however, the enzyme inhibits the 
autoxidation of some, but not all, naphthohydro- 
quinones, so that the rate of redox cycling is 
decreased. I21] It is also known [19'22-25] that the 
autoxidation of some naphthohydroquinones is 
inhibited by superoxide dismutase (SOD), and 

it has been suggested [15'23"26'27] that the comple- 
mentary action of DT-diaphorase and SOD, by 
preventing redox cycling and maintaining the 
hydroquinone in the reduced form, could be 
important in quinone detoxification. Although this 
is a very plausible suggestion, the factors that 
control inhibition of hydroquinone autoxidation 
by these enzymes have not been determined, 
and its applicability to naphthoquinones of dif- 
ferent structural types has not been explored. 

The experiments described in the present 
report, the stabilisation of 2-methyl-l,4-naphtho- 
hydroquinone (menadiol, 2-MeNHQ) and the 
inhibition of redox cycling of 2-methyl-l,4- 
naphthoquinone (menadione, 2-MeNQ) by 
a combination of DT-diaphorase and SOD has 
been explored, and factors that may negate the 
effectiveness of these processes have been 
identified. Furthermore, the effect of the two 
enzymes on the rates of redox cycling of five 
other naphthoquinone derivatives, of differing 
structural types, has been investigated. 

MATERIALS AND METHODS 

2-MeNQ was purchased from Sigma and 
2-hydroxy- and 5-hydroxy-l,4-naphthoquinone 
from Aldrich. These substances were recrystal- 
lised from ethanol before use. 2-MeNHQ was 
synthesised by the method of Fieser, [2sl 2,3- 
dimethyl-l,4-naphthoquinone by the method of 
Jacobsen and Torssell [291 and 2,3-dimethoxy-l,4- 
naphthoquinone by the method of Fieser and 
Brown. I3°1 

Rat haemoglobin was purified as described 
previously. I311 DT-diaphorase was obtained 
from rat liver by the method of Lind et al. I321 
and its activity determined using dichloro- 
phenol indophenol as the electron donor. [33| 

SOD, from bovine erythrocytes, was 
purchased from Sigma. Its specific activity, as 
determined by the method of McCord and 
Fridovich, [341 was 2,500 U/mg.  NADH and CAT 
(from bovine liver) were Boehringer products. 
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NAPHTHOQUINONE REDOX CYCLING 147 

All other reagents were purchased from Sigma. 
Oxygen uptake was measured on a Yellow 
Springs Instruments Biological Oxygen Monitor, 
Model 5300, at 25°C. Except where stated, 
reactions were conducted in 0.05 M phosphate 
buffer, pH 7.4, containing 50 ~tM DTPA, 0.25 M 
sucrose and 1raM NADH. The reaction was 
initiated by addition of 2-MeNHQ or quinone. 
2-MeNHQ was added as a solution in a mixture 
of ethanol and 0.1 N hydrochloric acid (1:1, v/v) ,  
the solution being maintained in an atmosphere 
of nitrogen before use in order to prevent spon- 
taneous oxidation. All quinones were added as 
solutions in ethanol. 

RESULTS 

Inhibition of 2-MeNHQ Autoxidation by 
DT-Diaphorase and SOD 

Pure 2-MeNHQ autoxidised rapidly at pH 7.4. 
During the autoxidation of a solution containing 
150 ~tmoles/1 of the hydroquinone, 147 q- 
5 ~moles/1 of oxygen (mean i S.E.M, n = 5), 
were consumed, with 71 + 4 ~tmoles/1 of oxygen 
being returned to solution after addition of 
catalase. In the presence of DT-diaphorase, the 
rate of autoxidation of the hydroquinone was 
decreased. The degree of inhibition of the 
autoxidation reaction increased with increasing 
concentration of the enzyme, with a maximum 
effect of 68% being recorded (Figure 1). In the 
presence of SOD, a lag phase in oxygen uptake 
was recorded, which was followed by a linear 
phase of oxygen consumption. The relation 
between the concentration of SOD and the rate 
of the linear phase of oxygen uptake is shown in 
Figure 1. With SOD, the maximum inhibition of 
autoxidation, at high levels of enzyme, was 76%. 
In the presence of both DT-diaphorase and SOD, 
autoxidation of the hydroquinone was very 
strongly inhibited, and even at relatively low 
levels of the enzymes the rate of autoxidation 
was decreased by more than 99% (Figure 1). 
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Effect of DT-diaphorase, alone and in combina- FIGURE 1 
tion, on the rate of autoxidation of 2-MeNHQ. Rates of auto- 
xidation were measured as rates of oxygen uptake. Reactions 
were conducted at 25 °C in 0.05 M phosphate buffer contain- 
ing I mM NADH, 50 ~tM DTPA and 0.25M sucrose. The 
concentration of 2-MeNHQ was 150 ~M. Results shown are 
the means of three separate determinations. A-A, DT-dia- 
phorase alone; q~-o, SOD alone; o--% DT-diaphorase and SOD 
together. 

Redox Cycling by 2-MeNQ in the Presence 
of DT-Diaphorase 

In the presence of NADH and a low concentra- 
tion of DT-diaphorase (0.05U/ml), 2-MeNQ 
underwent redox cycling, eventually consuming 
all the oxygen in the solution (Figure 2). With more 
enzyme (0.3U/ml), the rate of oxygen uptake 
was higher, and all the oxygen in solution was 
again consumed. At 1 U / m l  of DT-diaphorase, 
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FIGURE 2 Redox cycling by 2-MeNQ in the presence of 
DT-diaphorase, Oxygen uptake was measured at 25°C in 
0.05M phosphate buffer containing I mM NADH, 50~M 
DTPA, 0.25 M sucrose and DT-diaphorase at the concentra- 
tions indicated. After equilibration, the reaction was initiated 
by addition of 2-MeNQ to a concentration of 150 ~,I. 

however, the initial rate of oxygen uptake was 
lower than that at 0.3U/ml, and after approx- 
imately 25% of the oxygen had been taken up, the 
rate abruptly declined, giving a slow, linear phase 
of oxygen uptake. At 3 U/ml, the inhibition of 
oxygen uptake was even more pronounced, 
with only a very brief period of rapid uptake, fol- 
lowed by a very slow phase of oxygen utilisation 
(Figure 2). This low rate continued unchanged for 
more than 25 minutes (data not shown). 

Inhibition by S O D  of  Redox Cycling of 
2 - M e N Q  in  the Presence of DT-Diaphorase 

The initial rate of oxygen uptake recorded with 
2-MeNQ in the presence of NADH and 0.3 U/ml  
DT-diaphorase was decreased in the presence of 
SOD at a concentration of 0.01 pg/ml. Further- 
more, after approximately 70% of the oxygen 
in solution had been consumed, the rate of 
oxygen consumption abruptly slowed (Figure 3). 
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FIGURE 3 Inhibition by SOD of redox cycling of 2-MeNQ in 
the presence of DT-diaphorase. Oxygen uptake was meas- 
ured at 25°C in 0.05M phosphate buffer containing 1raM 
NADH, 50 pM DTPA, 0.25 M sucrose, 0.3 U/ml  DT-diaphor- 
ase and SOD at the concentrations indicated. After equilibra- 
tion, the reaction was initiated by addition of 2-MeNQ to a 
concentration of 150 IxM. 
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NAPHTHOQUINONE REDOX CYCLING 149 

The initial rate was even lower in the presence 
of 0.1 ~tg/ml of SOD, and only 20% of the oxygen 
in solution was consumed before the slow phase 
of oxygen consumption set in. At 1 ~g/ml of 
the enzyme, redox cycling of 2-MeNQ was 
almost completely inhibited; little further effect 
was seen at a SOD concentration of 10 ~g/ml 
(Figure 3). 
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Effect of Dicoumarol on the Inhibited Reaction 

In the presence of NADH, 0.3 U / m l  DT-diaphor- 
ase and 10pg/ml SOD, little redox cycling of 
2-MeNQ was recorded. As in the previous 
experiment, a very brief rapid phase of oxygen 
uptake was recorded, followed by a slow phase. 
Addition of dicoumarol, however, led to rapid 
oxygen uptake after a brief lag phase. The 
amount of oxygen consumed showed a 1:1 
stoichiometry with the amount of 2-MeNQ 
employed, and approximately 50% of the 
oxygen consumed was returned to solution after 
addition of catalase (Figure 4). 

Effect of Further Aliquots of 2-MeNQ on the 
Inhibited Reaction 

As before, addition of 2-MeNQ (150 ,M) to a 
solution containing NADH, DT-diaphorase 
(0.3U/ml) and SOD (10~g/ml) induced little 
oxygen uptake. Addition of a further aliquot of 
2-MeNQ, however, provoked substantial oxygen 
uptake, the extent of which was proportional to 
the amount of quinone added (Figure 5). 

Effect of pH on Inhibition of Redox Cycling of 
2-MeNQ by DT-Diaphorase and SOD 

No decrease in the activities of SOD and 
DT-diaphorase was recorded when the pH of 
the assay system was changed from pH 7.4 to 
pH 8.0 (data not shown). However, the degree 
of inhibition of redox cycling of 2-MeNQ in the 
presence of these enzymes was much less at pH 
7.7 than at pH 7.4, and at pH 8, very rapid 
cycling occurred, with total utilisation of the 
oxygen in solution (Figure 6). 

FIGURE 4 Effect of addition of dicoumarol on oxygen 
uptake in a solution containing 2-MeNQ, NADH, DT-dia- 
phorase and SOD. Oxygen uptake was measured at 25 °C in 
0.05M phosphate buffer containing 1 mM NADH, 50 ~M 
DTPA, 0.25 M sucrose, 0.3 U/ml  DT-diaphorase and 
10 ~g/ml SOD. After equilibration, the reaction was initiated 
by addition of 2-MeNQ to a concentration of 150~tM. At 
point A, dicoumarol (30 ~g) was added. At point B, catalase 
(10 ~g) was added. 

Effect of Quinone Concentration on Inhibition 
of Redox Cycling of 2-MeNQ by 
DT-Diaphorase and SOD 

As before, with DT-diaphorase at 0.3U/ml 
and SOD at 10 ~g/ml, redox cycling of 150 ~tM 
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FIGURE 5 Effect of addition of further aliquots of 2-MeNQ 
on oxygen uptake in a solution containing 2-MeNQ, NADH, 
DT-diaphorase and SOD. Oxygen uptake was measured 
under the same conditions as those shown in the legend to 
Figure 4. At the point indicated, further aliquots of 2-MeNQ 
were added to give the concentrations indicated. 
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FIGURE 6 Effect of pH on inhibition of redox cycling of 
2-MeNQ by DT-diaphorase and SOD. Oxygen uptake was 
measured under the same conditions as those shown in the 
legend to Figure 4 except that the buffer pH was varied as 
indicated. 

2-MeNQ was strongly inhibited (Figure 7A). 
The effectiveness of inhibition decreased with 
increasing quinone concentration, however, 
and at 300 pM 2-MeNQ, rapid cycling occurred 
(Figure 7A). By increasing the diaphorase con- 
centration to 3 U/ml, good inhibition of the redox 
cycling of 2-MeNQ at 400 ~tM could be achieved 
(Figure 7B). However, even small increments in 
quinone concentration decreased the effectiveness 
of inhibition, and very rapid oxygen uptake was 

recorded at a 2-MeNQ concentration of 550 pM. 
Increasing the SOD concentration to 50~tg/ml 
did not improve the degree of inhibition at high 
2-MeNQ concentrations (data not shown). 

Effect of Cytochrome c and Cytochrome 
Oxidase on the Inhibited Reaction 

Addition of cytochrome c to the inhibited reac- 
tion during the slow phase of oxygen uptake 
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FIGURE 7 Effect of quinone concentration on inhibition 
of redox cycling of 2-MeNQ by DT-diaphorase and SOD. 
Oxygen uptake was measured at 25°C in 0.05M phosphate 
buffer containing l mM NADH, 50pdVl DTPA, 0.25M 
sucrose, 10 ~g/ml SOD and DT-diaphorase. In A, the dia- 
phorase concentration was 0.3U/ml. In B, it was 3U/ml. 
The reaction was initiated by addition of 2-MeNQ to the 
concentrations shown. 

induced  a brief per iod of rapid  oxygen  

utilisation, which soon subsided. At this point, all 

the cy tochrome c was  in the reduced  form, as 

indicated b y  change in optical  densi ty  at 550 n m  
(data not  shown).  Addi t ion  of cy tochrome 

oxidase at  this poin t  p rovoked  rap id  oxygen  

uptake,  wi th  total utilisation of oxygen  in 

solution (Figure 8). 

Effect of Methaemoglobin and Haemoglobin 
on the Inhibited Reaction 

Addi t ion  of me thaemog lob in  to the inhibited 
reaction led to very  rapid  and  comple te  oxygen 

utilisation. The rate of oxygen  up take  was  

B 
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NAPHTHOQUINONE REDOX CYCLING 

"13me (min) 

FIGURE 8 Effect of cytochrome c and cytochrome oxidase 
on oxygen uptake in a solution containing 2-MeNQ, NADH, 
DT-diaphorase and SOD. Oxygen uptake was measured 
under the same conditions as those shown in the legend to 
Figure 4. At point A, cytochrome c (final concentration 
501dVl) was added. At point B, cytochrome oxidase (final 
concentration 5 I.U./ml) was added. 

decreased b y  approx imate ly  50% in the presence 

of catalase (Figure 9). Similar results were  
obtained in the presence  of pur i f ied rat  oxyhae-  

moglobin  (data not  shown).  

Effect of DT-Diaphorase and SOD on Redox 
Cycling by Various Naphthoquinones 

In the absence of SOD, oxygen up take  was  

recorded w h e n  var ious  naph thoqu inones  were  
incubated wi th  N A D H  and  DT-diaphorase .  The 

rate of oxygen  up take  was  highly dependen t  
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FIGURE 9 Effect of methaemoglobin on oxygen uptake 
in a solution containing 2-MeNQ, NADH, DT-diaphorase 
and SOD. Oxygen uptake was measured under the same 
conditions as those shown in the legend to Figure 4. At 
the point shown, methaemoglobin (final concentration 
25gM) was added. The broken line indicates uptake in 
the presence of catalase (10 gg/ml,  added with the methae- 
moglobin). 

upon the concentration of DT-diaphorase. In 
many instances, an initial rapid rate of oxygen 
uptake was recorded, followed by a prolonged 
linear phase of oxygen uptake. The rates of the 
latter phase of the reaction are plotted against 
DT-diaphorase concentration in Figure 10. With 
2-MeNQ, rapid oxygen uptake was recorded 
at low levels of enzyme, but the rate diminished 
at high levels of DT-diaphorase. A similar 
pattern of oxygen uptake was recorded 
with 2,3-dimethyl-l,4-naphthoquinone, while 
a plateau was reached at high levels of 

R. MUNDAY 

enzyme with 2,3-dimethoxy-l,4-naphthoquinone. 
With 2-hydroxy-, 2-amino- and 5-hydroxy-l,4- 
naphthoquinone, however, the rate of oxygen up- 
take increased almost linearly with increasing 
DT-diaphorase concentration. SOD strongly 
inhibited the redox cycling of 2-MeNQ and the 
2,3-dimethyl and 2,3-dimethoxy derivatives. In- 
complete inhibition was recorded with 2-amino- 
and 2-hydroxy-l,4-naphthoquinone, while SOD 
had no effect on the rate of redox cycling of 
5-hydroxy-l,4-naphthoquinone. 

Relative Rates of Reduction of 
Naphthoquinones  by DT-Diaphorase 

The rates of reduction of 2-MeNQ, 2,3-dimethyl-, 
2,3-dimethoxy, 2-hydroxy-, 2-amino- and 5-hy- 
droxy-l,4-naphthoquinone are shown in Table I. 
2-MeNQ was reduced the fastest, followed by 
2,3-dimethyl and 5-hydroxy-l,4-naphthoquinone. 
The reduction of the 2,3-dimethoxy derivative 
was lower, but considerably faster than that 
of 2-amino-l,4-naphthoquinone. The rate of 
reduction of 2-hydroxy-l,4-naphthoquinone by 
DT-diaphorase was very low. 

DISCUSSION 

The mechanism of hydroquinone autoxidation 
is complex. I22~35~6! Ionisation of the hydroquinone 
(QH2) (Reaction I) is a necessary prerequisite 
for the reaction, and oxidation is initiated 
by reaction of the anion with molecular oxygen 
(Reaction II), forming superoxide and the semi- 
quinone (Q-°). Autoxidation of the latter via 
Reaction III yields the quinone (Q). More semi- 
quinone may be generated in the compro- 
portionation reaction between the quinone and 
hydroquinone anion (Reaction IV), while 
superoxide generated in Reactions II and III 
initiates a radical chain reaction by oxidising 
the hydroquinone anion, with formation of 
the semiquinone and hydrogen peroxide 
(Reaction V). 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NAPHTHOQUINONE REDOX CYCLING 153 

200" 

160 

120' 

80' 

40' 

400 

~ 32o 

240 

160 

"-" 0 
n- 

480 

400 

2-Methyl 

| 
| 

200" 

160" 

120" 

2-Hydroxy 

7 

A~ 
f 

Y 
J 

f 

/ 
~:~ 8 0  

\ / " ;° /  _ 

,o 

0 ' ' ' 

o. 

w 

480 ] 2,3-Dimethoxy / ,o-  -- -(~-- 2-Amino 
/ 

,,,0 400 t / / / ~ /  
/ ,,01 320 

, , , " ~  2 ~ o ~  1~o 6o 

2,3-Dimethyl 

320 

240 ~(~ / ,  
I ,oo.; , 

80" 0 . ~  O.  

0 w l ~ . . _ =  _ 
0 0.5 1.0 

""  '-.O o.,.- .O m - , .  O 

1.5 

0 

960 

800 

64O 

480 

320 

160 

2.0 2.5 3.0 0 0.5 1.0 
Concentration of DT-diaphorase (U / ml) 

5-Hydroxy 

J 

1.5 2.0 2.5 3.0 

FIGURE 10 Effect of DT-diaphorase and SOD on redox cycling by various naphthoquinones. Oxygen uptake was measured 
under  the same conditions as those shown in the legend to Figure 4, using various concentrations of DT-diaphorase as 
indicated. The concentration of quinone in all cases was 150paM. The broken line indicates control rates, the unbroken line 
rates in the presence of 10 ~g/rnl SOD. Data shown are the means of four separate determinations. 
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TABLE I Rates of reduction of naphthoquinone derivatives by DT-diaphorase 

Naphthoquinone derivative Rate of reduction by DT-diaphorase 
(pmoles/1/min) 

2-Methyl 10.17 ± 0.14 
2,3-Dimethyl 6.76 ± 0.09 
2,3-Dimethoxy 3.24 ~- 0.08 
2-Amino 1.20 J- 0.08 
2-Hydroxy 0.12 ± 0.01 
5-Hydroxy 6.77 ± 0.28 

Rates of reduction of the naphthoquinones were measured as initial rates of 
reduction of cytochrome c (~moles/1/min) in the presence of 0.003U/ml DT- 
diaphorase. Results shown are the means and SEM of five separate determinations. 

QH2 ~-~ Q H - + H  + (I) 

QH-  + 0 2  ----+ Q-" + O~- + H + (II) 

Q - ° + O 2  ~ Q + O ~ -  (III) 

Q + Q H -  ~ 2 Q - ' + H  + (IV) 

QH-  + O~- + H + ----+ Q-" + H202 (V) 

The overall reaction is described by Reaction VI: 

QH2 + 02 ~ Q + H202 (VI) 

In the present experiments, the stoichiometry 
of oxygen uptake by 2-MeNHQ was in accord 
with Reaction VI. As expected from this stoichio- 
metry, approximately 50% of the oxygen con- 
sumed was returned to solution after addition 
of catalase, consistent with destruction of hydro- 
gen peroxide via Reaction VII. 

2H202 ---* 2H20 + 02 (VII) 

The rate of oxidation of 2-MeNHQ was de- 
creased in the presence of SOD, reflecting elim- 
ination of Reaction V through destruction of 
superoxide via Reaction VIII. 

20~- + 2H + --~ H202 + 02 (VIII) 

As in other superoxide-driven autoxidation 
reactions, t37-391 autoxidation of 2-MeNHQ in the 
presence of SOD showed an initial lag phase, 
with a subsequent increase in rate. Initially, no 
quinone will be present in solution, and in the 
presence of SOD the rate of autoxidation will 
be limited by the rate of the initiation reaction 

(Reaction I). With time, however, the amount of 
quinone available to participate in Reaction IV 
will increase, and an alternative pathway for 
oxidation will be established, thus leading to an 
increase in rate. 

The rate of autoxidation of 2-MeNHQ was also 
decreased by DT-diaphorase, reflecting reduction 
of quinone formed in Reaction III back to the 
hydroquinone. Such reduction, by competing with 
comproportionation (Reaction IV) will lower the 
concentration of semiquinone in solution and 
thus decrease the overall rate of oxidation. 

The inhibitory effect of both DT-diaphorase 
and SOD in isolation increased with increasing 
enzyme concentration, and under the conditions 
of the present experiments, a plateau was 
reached, with maximum inhibitions of 68% and 
76% respectively. Since DT-diaphorase and SOD 
act on different reactions of the autoxidation 
pathway, it would be expected that their effects 
would reinforce one another. This was shown to 
be the case, and even at low levels of both en- 
zymes, the rate of autoxidation of 2-MeNHQ 
was decreased by more than 99%. 

With 2-MeNQ and DT-diaphorase, the situ- 
ation is rather different, since, initially at least, 
both the quinone and hydroquinone will simul- 
taneously be present in solution, permitting 
semiquinone formation via Reaction IV. At low 
concentrations of the enzyme, redox cycling was 
observed, which continued until all the oxygen 
in solution had been consumed. At higher levels 
of DT-diaphorase, however, redox cycling of 
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2-MeNQ was inhibited, with an abrupt decrease 
in the rate of oxygen uptake being recorded. 
The concentration of quinone in solution will 
progressively decrease with increasing levels of 
DT-diaphorase, and the abrupt change in the 
rate of oxygen uptake presumably reflects the 
point at which the quinone concentration 
becomes insufficient for a significant contribu- 
tion of Reaction IV to the oxidation process. 

With a combination of DT-diaphorase and 
SOD, inhibition of redox cycling became much 
more effective. In the presence of both enzymes, 
the quinone was maintained in the reduced 
form, as shown by the oxygen uptake recorded 
after addition of dicoumarol, a specific inhibitor 
of DT-diaphorase. [331 The quantity of oxygen 
consumed was consistent with the presence of 
2-MeNHQ, at a concentration equal to that of 
the 2-MeNQ added, in the solution. 

The rate of autoxidation of naphthohydroquin- 
ones increases with increasing pH, [251 reflecting 
higher concentrations of the anion available 
for participation in Reaction II. The degree of 
inhibition of redox cycling of 2-MeNQ by DT- 
diaphorase and SOD was similarly found to be 
strongly dependent on pH. While almost com- 
plete inhibition was recorded at pH 7.4, a much 
smaller effect was seen at pH 7.7, and rapid redox 
cycling occurred at pH 8.0. 

Addition of further aliquots of 2-MeNQ to 
the inhibited reaction also stimulated oxygen 
uptake, presumably by facilitating semiquinone 
formation via Reaction IV. The effectiveness of 
inhibition was also strongly dependent upon 
naphthoquinone concentration. At a DT-dia- 
phorase concentration of 0.3 U/ml  with 2-MeNQ 
at 150~M, strong inhibition was recorded. 
Rapid redox cycling occurred, however, when the 
quinone concentration was doubled. A 10-fold 
increase in DT-diaphorase concentration 
permitted inhibition of redox cycling of 2-MeNQ 
at a concentration of 400 ~tM, but under these 
conditions, only a relatively small increase in 
quinone concentration was sufficient to provoke 
very rapid cycling. 

Oxygen uptake was stimulated by addition 
of cytochrome c, which readily oxidises hydro- 
quinones to semiquinones. I331 Oxygen uptake 
was close to stoichiometric, and ceased when 
all the added cytochrome c had been reduced. 
Addition of cytochrome oxidase, however, by 
initiating re-oxidation of reduced cytochrome c 
by molecular oxygen, permitted rapid and com- 
plete oxygen uptake. Addition of methaemo- 
globin also stimulated oxygen uptake, but with this 
substance the oxidation was non-stoichiometric, 
and proceeded to complete oxygen utilisation. 
In this case, the haemoprotein must be acting 
catalytically, with initial one-electron reduction 
of the methaemoglobin (Reaction IX) being fol- 
lowed by further oxidation of the hydroquinone 
by oxyhaemoglobin (Reaction X). This mechan- 
ism is supported by the observed decrease in the 
rate of oxygen uptake in the presence of catalase 
and by the fact that oxyhaemoglobin also cata- 
lytically stimulated oxygen uptake. 

QH- + I--Ib m + 02 

QH- + HbnO2 + H + 

Q°- + HbnO2 + H + (IX) 

Q'-  + Hb In + H202 (X) 

In order to provide information on the general 
applicability of a combination of DT-diaphorase 
and SOD in preventing redox cycling of 
naphthoquinones, the behaviour of several other 
compounds of this type was compared with that 
of 2-MeNQ, determining the effect of increas- 
ing concentrations of DT-diaphorase alone on 
the rate of redox cycling of the quinone and 
the effect of DT-diaphorase in combination with 
SOD. The compounds selected were 2-hydroxy-, 
2-amino-, 2,3-dimethoxy-, 2,3-dimethyl- and 
5-hydroxy- 1,4-naphthoquinone. These compounds 
were all reduced by DT-diaphorase, albeit at 
greatly dissimilar rates. With the exception 
of the 5-hydroxy derivative, the autoxidation of 
the hydroquinones derived from these sub- 
stances is inhibited by SOD, |251 and, again with 
the exception of 5-hydroxy-l,4-naphthoquinone, 
comproportionation between quinone and hydro- 
quinone is important in their autoxidation.[25] 
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The behaviour of 2,3-dimethyl-l,4-naphtho- 
quinone was very similar to that of 2-MeNQ, 
consistent with the similar rates of reduction 
of these substances, their similar rates of aut- 
oxidation E251 and the powerful effect of SOD on 
the autoxidation of the corresponding hydro- 
quinones. I19'241 Little inhibition of redox cycling 
of 2,3-dimethoxy-l,4-naphthoquinone was seen 
with DT-diaphorase alone, which may reflect the 
comparatively low rate of reduction of the qui- 
none by DT-diaphorase and the high rate of 
autoxidation of the hydroquinone, [251 which 
would compromise maintenance of the hydro- 
quinone in the reduced form. Redox cycling was, 
however, reduced to low levels in the presence 
of SOD, but much higher levels of DT-diaphor- 
ase were required for inhibition with this sub- 
stance than with 2-MeNQ or the 2,3-dimethyl 
derivative. The behaviour of 2-hydroxy- and 
2-amino-l,4-naphthoquinone was quite differ- 
ent. The rate of redox cycling increased with 
increasing activity of DT-diaphorase over the 
whole concentration range employed, and 
although some effect of SOD was recorded, the 
low level of redox cycling observed with the 
methyl, dimethyl and dimethoxy compounds 
was not achieved. Both these compounds are 
slowly reduced by DT-diaphorase while their 
hydroquinones undergo very rapid oxidation. I2s] 
It would appear that even with high levels of 
diaphorase and in the presence of SOD, main- 
tenance of the hydroquinone in the reduced 
form is not possible. Very rapid redox cycling 
was recorded with 5-hydroxy-l,4-naphtho- 
quinone. The autoxidation of the hydroquinone 
derived from this substance is very rapid, 
reflecting extensive ionisation at neutral pH. [4°1 
Since neither the comproportionation reaction nor 
oxidation of the hydroquinone by superoxide 
is important in the autoxidation reaction, |251 
inhibition of redox cycling by DT-diaphorase 
and SOD is not to be expected. The exceptionally 
high rate of redox cycling seen with this com- 
pound may be explained in terms of its rapid 
reduction by DT-diaphorase and the extremely 

high rate of autoxidation of the hydroquinone 
that is formed. [2sl 

From these results, it is clear that a combina- 
tion of DT-diaphorase and SOD inhibits the 
redox cycling of only certain naphthoquinone 
derivatives, and the combination of these 
enzymes does not provide a general protective 
mechanism against naphthoquinone toxicity. 
Whether or not redox cycling is inhibited is 
influenced by the chemical properties of the 
quinone and hydroquinone. The degree of 
ionisation of the hydroquinone and its oxidation 
potential are very important, since these deter- 
mine the rate of autoxidation. [251 A high pKa and 
high oxidation potential, leading to a low autox- 
idation rate, would favour inhibition of redox 
cycling by the enzymes. The positions of the 
equilibria of the reaction between the semiquin- 
one and oxygen and the reaction between the 
quinone and hydroquinone are also important, 
since they govern the importance of compropor- 
tionation and superoxide-driven radical chain 
reactions in the autoxidation mechanism, t251 
If semiquinone formation and oxidation are 
favoured, inhibition is to be expected. Similarly, 
rapid reduction of the quinone by DT-diaphor- 
ase, leading to low steady-state concentrations 
of quinone, would promote inhibition. 

Apart from the intrinsic properties of the 
quinone and hydroquinone, extemal factors can 
influence the degree of inhibition of redox cycling 
by SOD and DT-diaphorase. An increase in 
the rate of the initiation reaction by increasing 
pH or by addition of haemoproteins can by-pass 
inhibition by the enzymes, as can a second 
aliquot of the quinone. Furthermore, the degree of 
inhibition is very sensitive to quinone concentra- 
tion, so if the concentration of quinone is high 
enough, redox cycling will inevitably ensue. The 
tolerable level of quinone can be increased by 
increasing the concentration of DT-diaphorase, 
an observation which is in accord with the 
protection given against the in vivo toxicity 
of 2-MeNQ by substances that increase tissue 
levels of DT-diaphorase. [41"421 
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An understanding of the factors that control 
redox cycling of naphthoquinones is important 
in understanding structure-activity relation- 
ships in their toxic and therapeutic actions. From 
the results of the present study, it would be 
expected that the redox cycling of 2,3-dimethyl- 
and 2,3-dimethoxy-l,4-naphthoquinone would 
be inhibited by high levels of DT-diaphorase, 
and it would be anticipated that increased tissue 
activity of this enzyme would decrease the toxi- 
city of these substances, as it does that of 
MeNQ. [41'421 Similarly, it would be expected that 
the toxicity of the 2-amino and 5-hydroxy derivat- 
ives would be increased by increasing tissue 
levels of DT-diaphorase in a similar manner 
to that described for 2-hydroxy-l,4-naphtho- 
quinone. [42'43] Experiments on these possibilities 
are in progress. 
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