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C onditions o f oxidative stress may lead to cataract form ation. Reaction o f certain flavopro- 
teins, the N A D H  :oxidoreductases, w ith different quinones is well know n to form hydrogen- 
peroxide. This reaction was investigated to get m ore inform ation on cataract induction by 
naphthalene and its quinone m etabolites. Protein extracts from bovine lens cortex exhibit 
“diaphorase” activity, indicated as dye reduction in the presence o f N A D H  and dichloro- 
phenol-indophenol (D C PIP) or ferricyanide. D ifferent redox cycling com pounds are shown to 
be active in this “diaphorase" reaction by lens protein extract (LCE): Oxygen consum ption 
can be detected in the presence o f pyrroloquinoline quinone and juglone whereas 1,4-naphtho­
quinone, m enadione and paraquat are no redox cyclists in this flavoprotein catalyzed reaction.

Introduction

Cataract induction by naphthalene and its meta­
bolite 1,2-naphthoquinone (1,2-NQ) is one of the 
most common models for the investigation of 
different forms of the so-called “senile” cataracts. 
Naphthoquinones can react with thiol groups in a 
nucleophilic Michael-type reaction and thus form 
protein-SH adducts [1, 2], As a redox cycling qui­
none, 1,2-naphthoquinone can lead to a decreased 
glutathione level as well as to protein damage by 
forming higher protein aggregates and protein- 
glutathione adducts.

Naphthoquinone can be reduced chemically by 
glutathione, ascorbic acid or NADH, and also en­
zymatically by reduced flavoproteins [3], Thus, we 
investigated “diaphorase”-reactions with NADH 
and 1,2-naphthoquinone, eventually responsible 
for oxygen radical formation and thus oxidative 
damage in lens epithelial cells. Flavoprotein-driv- 
en two electron transport from reduced nicotin­
amide to quinoid species and to oxygen results in 
the formation of hydrogenperoxide, which has 
been shown to be elevated in the aqueous humour 
of cataract patients and is thought to play an im­
portant role in cataract formation. Hydrogen­
peroxide has been shown to cause oxidative dam-

Ahbreviations: LCE, lens cortex extract; D C PIP, dichlo- 
rophenol-indophenol; D TN B, d ithionitrobenzoic acid; 
PQQ, pyrroloquinoline quinone.
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age to both, lipids and proteins [4-7] and also 
leads to DNA modification [8],

Testing for diaphorase reactions in homo- 
genates of isolated bovine lenses, we used well 
known electron acceptors of flavoprotein activity 
such as dichlorophenol-indophenol (DCPIP) and 
ferricyanide as well as different quinones which 
might act in electron cycling between NADH and 
oxygen; these quinones included 1,2-naphthoqui­
none and 1,4-naphthoquinone as metabolites of 
naphthalene in human metabolism known to in­
duce cataracts [9, 10]. 1,2-Naphthoquinone has 
approximately the same redox potential as ubiqui­
none [11], and was therefore thought to be active 
in flavoprotein redox reactions.

Menadione (vitamin K) is a redox cycling 
/7-quinone [12] known to be reduced by a diaphor­
ase reaction in human liver [13]. It was found to 
decrease cellular glutathione and protein- 
SH-levels [14].

Juglone, another 1,4-naphthoquinone, couples 
to flavoproteins and can be used for enzyme cata­
lyzed production of reactive oxygen species [15- 
17] and may also induce cataract in vitro [18].

Pyrroloquinoline-quinone, cofactor of the 
so-called “quinoproteins”, as an o-quinone also 
can undergo redox cycling [19], detectable as for- 
mazan formation from nitrobluetetrazolium [20, 
21]. The PQQ redox state depends on oxygen 
availability. PQQ is reduced by aminoacids as well 
as by amines and ascorbic acid.

The non-quinoid, but potently redox cycling 
compound paraquat, a bipyridylium salt, was also
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used in our investigation. It has also been shown to 
induce cataract in vitro, leading to decreased levels 
in antioxidants such as ascorbic acid and gluta­
thione [22].

In the following report, we investigated general 
quinone redox cycling properties of bovine lens 
homogenates in order to get more information on 
possible mechanisms of cataract formation by 
naphthalene.

Materials and Methods

Oxygen uptake has been determined potentio- 
metrically in 2 ml vessels with an oxygen electrode 
(Rank Brothers, England) in combination with a 
two-channel recorder. The temperatures of the 
reaction mixtures were 22, 25 and 37 C, corre­
sponding to different oxygen saturations with 532, 
506 and 414 nmoles 0 2/2 ml, respectively.

Bleaching of dichlorophenol-indophenol 
(DCPIP) has been measured photometrically at 
room temperature. DCPIP can be detected at 
601 nm, the molar extinction coefficient is 18,200. 
The extinction of DCPIP was set as 1,050 at the 
beginning.

Reduction of ferricyanide is detected at 420 nm. 
The extinction at the reaction start was 1,0.

All reactions contained 100 mM phosphate buf­
fer, pH =7.8.

Chemicals were from Sigma, Merck or Boehrin- 
ger.

Lens proteins were prepared from bovine lenses 
by ammoniumsulphate fractionation (35-75%  
saturation) followed by 16 h dialysis against 
50 mM phosphate buffer, pH = 7.8. The post-mor- 
tem age of the bulbi between slaughtering and lens 
protein precipitation was approximately 4 h. Pre­
cipitated and dialyzed protein extracts were stored 
in small portions at -1 6  °C. The protein content 
was determined with the Biorad-protein assay ac­
cording to Bradford [23] yielding 2.54 mg/ml pro­
tein. Determination of SH-groups was done ac­
cording to Ellman [24, 25] with 5,5'dithiobis-nitro- 
benzoic acid (DTNB) and spectrophotometric 
quantification at 412 nm. The protein extract with 
2.54 mg/ml protein was 3.6 mM in SH-content, ac­
cording to a SH-density of 1.42 fimol SH/mg pro­
tein.

Experiments were done at least twice or as often 
as indicated.

Not-autoxidizable electron acceptors o f  the 
diaphorase reaction

Ferricyanide is reduced by certain flavoproteins 
at the expense of NAD(P)H. The stable reduced 
form, ferrocyanide, cannot undergo redox reac­
tions with oxygen. The amount of chemically 
bleached ferricyanide by NADH or NADH/dia- 
phorase can be monitored at 420 nm. The extinc­
tion of yellow ferricyanide at the reaction start was 
1.0 .

Fig. 1 shows a significant stimulation of ferri­
cyanide reduction by lens protein and NADH, in­
dicating the presence of factors catalyzing the elec­
tron transfer from NADH to ferricyanide.

Dichlorophenol-indophenol (DCPIP) is a blue 
dye in the oxidized and is colourless in the reduced 
state. DCPIP reduction can be detected photo­
metrically at 601 nm.

DCPIP is well known as an artificial electron ac­
ceptor in isolated chloroplasts and in several flavo- 
protein/NADH reactions.

Both, NADH and SH-groups in the protein 
homogenate can reduce DCPIP, where concentra­
tion-dependent bleaching is observed (data not 
shown).

In combination, NADH and LCD show a dia- 
phorase-type activity (Table I).

Results and Discussion

NADH (mM)

Fig. 1. Ferricyanide reducing activity o f lens cortex ex­
tract in the presence o f N A D H .
Controls: Activities in the absence o f either LCE or 
N A D H  are substracted from the corresponding values 
at different N A D H  concentrations. LCE activity 
(100 (il): 7.0 m E/m in.



Table I. D CPIP bleaching by N A D H  and LCE.
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N A D H : 500, 200, 100 (iM
LCE: 50. 100 1̂
D CPIP: Em  = 1 .1  (bleaching in nm ol/m in).

Reaction conditions:

N A D H  0 100 200 500 hm

0.72 (/? = 2) 1.43 (n = 2) 3.85 (n = 3) 
+ LCE 50 |il 8.55 (n = 4) -  -  18.6 (n = 2)
+ LCE 100 fil 10.4 (« = 2) 15.3 (n = 2) 15.8 (n = 2) 17.5 (n = 2)

Comparison of redox cycling o f different quinones

First, wie analyzed the oxygen uptake of various 
quinones as electron acceptors with NADH as re- 
ductant and tried to evaluate the reducing power 
of lens cortex extract (LCE) in order to get some 
information on a possible involvement of diaphor- 
ases in this redox process.

Menadione (2-methyl-naphthoquinone), with 
the physiological properties of vitamin K, was 
used in its water-soluble form (sulfonic acid). Nei­
ther as chemical electron acceptor with NADH 
alone nor in the presence of flavoproteins, oxygen- 
uptake was observed.

Paraquat (methylviologen), a low-potential 
(-4 4 0  mV) bipyridylium salt, is a commercially 
used contact herbicide producing reactive oxygen 
species such as superoxide [26], Like with mena­
dione there was no measurable oxygen uptake 
either with NADH or with LCE or both.

1,4-Naphthoquinone dissolved in hot water at a 
maximal concentration of 1 mM, catalyzes oxygen 
uptake in the presence of LCE (Table II).

Protein addition shows a significant increase of 
O? uptake by the /?-quinone but there is no further 
stimulation after the addition of NADH. Further-

Table II. Oxygen consum ption by 1.4-naphthoquinone 
[nmol 0 2/min],

1,4-NQ + N A D H + LCE + L C E /N A D H

0 0 6.7 6.7

Reaction conditions:
N A D H :
1 .4 -N Q :

500 |jm 
50 hm

LCE: 100 |il 
T = 25 °C

more, 1,4-naphthoquinone showed no effect as an 
electron acceptor with the commercially available 
diaphorase from Cl. kluyveri and NADH as elec­
tron donor.

1,2-Naphthoquinone-sulfonic acid as water solu­
ble form of o-naphthoquinone like the /?-quinone 
is not a cofactor of the lens cortex flavoproteins. 
Table III shows the oxygen uptake in the presence 
of 1,2-NQ and NADH, or in the presence of 1,2- 
NQ and LCE. A combination of protein and 
NADH leads to additive effects and does not yield 
an enhanced rate of oxygen reduction.

Methoxatin (pyrroloquinolinequinone, PQQ) is 
a tricarboxylated pyrrolo-quinoline-quinone with 
unique redox properties allowing efficient and re­
versible electron transfer. PQQ has been described 
as coenzyme in oxygenases, aminoxydases, dehy­
drogenases, hydratases and decarboxylases [27].

Since PQQ can operate as electron cycler be­
tween NADH and oxygen in the reaction with 
Clostridium-diaiphorase, we tested this activity in 
lens homogenates (Table IV).

Tab. III. Oxygen uptake by 1,2-naphthoquinone-sulfon- 
ic acid and N A D H  or lens proteins (nmol/min).

1,2-N Q  
100 (iM

+ N A D H  
100 |J.M

+ LCE + N A D H  + LCE

0 25.5 100^1 6.7 100 jal 33.4
25.5 200 (il 11.8 200 (al 38.0

Reaction conditions:

N A D H : 100 | iM
LCE: 100. 200 (jl
1,2-NQ: 100 (IM
T =  25 °C.
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Table IV. Influence o f LCE on the oxygen consum ption 
[nmol/min].

PQQ + N A D H  500 hm 
+ LCE

+ N A D H 1 m M
+ LCE

1 | iM 0 3.5 0 4.5
10 2.7 4.2 1.88 6.35
50 23.8 26.1

Reaction conditions:
PQQ: 1, 10, 50 (im
N A D H : 0.5, 1 m M
LCE: 100 nl

U0*T)(NII

PQQ can not be reduced by SH-groups of the 
protein extract, since no oxygen consumption by 
protein and PQQ can be detected (data not 
shown).

Table IV shows that no clear enzymatic effect of 
the protein can be seen at a “higher” concentration 
of PQQ (50 |im ) while 10 and 1 (im  PQQ show a 
small but significant stimulation of oxygen reduc­
tion by LCE.

Juglone, 5-hydroxy-1,4-naphthoquinone isolat­
ed from Juglans regia represents the aglycon of a 
secondary plant ingredient with germination-in- 
hibiting and antibiotic effects coupling to certain 
diaphorases [17]. It is also active with LCE in the 
presence of NADH.

LCE causes a significant increase in oxygen con­
sumption in the presence of juglone. The clear ef­
fect of the protein is again stimulated by NADH 
which in the absence of LCE is inactive (Table V).

Table V. Oxygen consum ption by juglon and N A D H / 
LCE [nmol/min].

Juglone 25 (im  50 |aM

+ N A D H 0 0
+ LCE 8.7 9.0
+ N A D H  + LCE 12.4 21.8

Reaction conditions:

Juglone: 25, 50 |iM
N A D H : 500 jam
LCE: 100 |xl T  = 25 °C

Conclusions

1) Diaphorase activity in the lens cortex extract 
is detectable by ferricyanide and DCPIP reduction 
at the expense of NADH.

2) The diaphorase is also active with juglone and 
PQQ, whereas menadione, 1,4-naphthoquinone 
and paraquat cannot couple to this type of en­
zyme.

3) 1,2-Naphthoquinone reacts chemically with 
SH-groups, but there is no detectable diaphorase- 
catalysis. Thus, the cataractogenetic potential of
1,2-naphthoquinone can be explained merely by a 
chemical, and not an enzyme-catalyzed reaction.
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