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Summary. It has been suggested that quinone reduc- 
tase [NAD(P)H:(quinone-acceptor)oxidoreductase], also 
known as DT-diaphorase, protects hypoxic cells against 
mitomycin C cytotoxicity by metabolizing mitomycin C to 
less toxic metabolites. This hypothesis is based on an in- 
crease in mitomycin C's cytotoxicity in the presence of the 
potent quinone reductase inhibitor dicumarol. It has been 
suggested that under aerobic conditions the metabolism of 
mitomycin C by quinone reductase leads to the formation 
of cytotoxic metabolites. In the present study, mitomycin 
C was found not to be a substrate for partially purified 
quinone reductase from human kidney. Mitomycin C did 
not cause the oxidation of NADPH by quinone reductase 
and there was no utilization of mitomycin C and no ap- 
pearance of its metabolites. Quinone reductase did not cat- 
alyze the formation of alkylating metabolites from mito- 
mycin C, determined by the lack of formation of 4-(p-nitro- 
benzyl)pyridine conjugates. However, mitomycin C was a 
weak competitive inhibitor of quinone reductase with 
dichloroindophenol as the substrate, with K i  = 0.32 raM. 
Therefore, the alteration of mitomycin C's cytotoxicity by 
dicumarol in tumor cell lines appears to involve a mecha- 
nism other than the direct inhibition of mitomycin C re- 
duction by quinone reductase. 

Introduction 

Mitomycin C is a quinone-containing antibiotic with anti- 
tumor activity in a number of experimental animal tumors 
[9]. It is used clinically in the treatment of breast,and head, 
and neck tumors [12]. More recently, it has been used by 
intravesicular administration for bladder cancer and infused 
in the hepatic artery for metastatic colon cancer [30]. 

The critical cytotoxic event produced by mitomycin C 
is thought to be the cross-linking of complementary 
strands of DNA [16], although the monofunctional alkyl- 
ation of DNA or other nucleophilic sites [41] and formation 
of toxic oxygen radicals may also be important for its anti- 
tumor activity [3, 39]. The biological activity of mitomycin 
C requires its reduction. Mitomycin C is known to under- 
go one-electron reduction by flavoenzymes, including 
NADPH cytochrome P-450 reductase and xanthine oxi- 
dase, to the short-lived mitomycin C semiquinone radical 
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[18, 31]. One-electron reduction has been proposed by 
some workers to be responsible for the biological activity 
of mitomycin C [28, 31, 36]. Other workers have suggested 
that the two-electron reduction of mitomycin C to the hy- 
droquinone is responsible for biological activity [17, 26, 
32]. A major enzyme catalyzing the two-electron reduction 
of quinones is quinone reductase [NAD(P)H:(quinone-ac- 
ceptor)oxidoreductase, E.C. 1.6.99.2], formerly known as 
DT-diaphorase [13, 15]. The potent inhibitor of quinone 
reductase, dicumarol, has been reported to increase the 
formation of alkylating species from mitomycin C incu- 
bated with NADPH and sonicates of EMT6 mouse mam- 
mary carcinoma or of V79 Chinese hamster lung fibro- 
blasts [20]. Dicumarol also increases the cytotoxicity of mi- 
tomycin C to hypoxic EMT6 carcinoma cells, although it 
decreases mitomycin C's cytotoxicity to euoxic cells [20, 
22]. These findings have led to the suggestion that quinone 
reductase may protect cells from mitomycin C's cytotox- 
icity under hypoxic conditions by reducing the intracellu- 
lar concentration of the drug [20]. This is similar to the 
protection proposed for quinone reductase against the tox- 
icity of simple quinones [25, 27]. It has been suggested that 
under aerobic conditions the metabolism of mitomycin C 
by quinone reductase leads to the formation of cytotoxic 
products [23]. 

Despite these suggestions, there have been no studies 
to determine whether mitomycin C is indeed a substrate 
for quinone reductase. We now report evidence showing 
that mitomycin C is not a substrate for metabolism by 
human kidney quinone reductase but an inhibitor of the 
enzyme. 

Materials and methods 

Mitomycin C, dicumarol, flavin adenine dinucleotide 
(FAD), and bovine serum albumin (Fraction V) were pur- 
chased from Sigma Chemical Co. (St. Louis, Mo). 
2,6-Dichloroindophenol and 4-(p-nitrobenzyl)pyridine 
were purchased from Aldrich Chemical Company (Mil- 
waukee, Wis). NADPH was purchased from Boehringer 
Mannheirn Biochemicals (Indianapolis, Ind). 

Quinone reductase was prepared from the cytosol of 
normal human kidneys obtained as surgical waste materi- 
al. The kidneys were placed in chilled Roswell Park Me- 
morial Institute media 1640 within 16 min of their arrival 
in the pathology laboratory, transported to the laboratory, 
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and homogenized in 2 volumes of 0.25 M sucrose. The 
method for preparation of quinone reductase is a modifi- 
cation of that previously described [35]. Briefly, the cytosol 
from approximately 25 g human kidney was applied to a 
1 x 15 cm column of Blue Sepharose CL-6B (Pharmacia 
Inc., Piscataway, N J) and the column washed, first with 
200 ml 10 mMsodium phosphate buffer (pH 7.4), and then 
with 100 ml 2 M NaC1 in 10 m M  sodium phosphate buffer 
(pH 7.4). Quinone reductase still bound to the column was 
eluted with 100 ml 2 M NaC1 containing 4 Murea,  the elu- 
ate containing activity concentrated to 8 ml by ultrafiltra- 
tion using an Amicon PM10 membrane (Millipore, Bed- 
ford, Mass) and applied to a 2.5 x 45 cm column of Se- 
phadex G-25. The fractions containing activity were then 
applied to a 0.5 × 10 cm column of hydroxylapatite (Bio- 
Rad Laboratories, Richmond, Calif) and eluted with a 
100 ml linear gradient of 10-300 m M  sodium phosphate 
buffer (pH 6.8). A small amount of quinone reductase was 
eluted at this step. The major portion of quinone reductase 
activity was eluted from the column with 30 ml 300 m M  
sodium phosphate buffer (pH 6.8). FAD (1 I.tM) was added 
to each fraction to stabilize the enzyme. All steps were car- 
ried out at 4°C and the purified enzyme was stored at 
- 8 0  ° C. The recovery of the major quinone reductase frac- 
tion was 10% of the total activity in the cytosol, and it had 
a specific activity measured by NADPH oxidation, with 
dichloroindophenol as the substrate, at 21°C of 576 nmol /  
min mg -1, which represented a 448-fold purification from 
cytosol. The activity was completely inhibited by 30 ~tM 
dicumarol. Human kidney microsomes were prepared 
from fresh kidney homogenate by centrifuging at 10,000 g 
for 15rain, then at l l0 ,000g for 60rain, and finally 
washed by resuspending twice in 0.25 M sucrose. Rat liver 
microsomes were prepared in the same way and stored at 
- 8 0 ° C  until use. Protein was measured by the dye-bind- 
ing method of Bradford [6], using a commercial test kit 
(Bio-Rad Laboratories, Richmond, Calif) with crystalline 
bovine serum albumin as a standard. 

Quinone reductase activity was measured by the oxida- 
tion of NADPH at 340 nm, or by the reduction of dichlo- 
roindophenol at 600 m, at 21°C with an incubation mix- 
ture containing 50raM TRIS-HC1 buffer (pH 7.8), 
0.7 mg/ml bovine serum albumin, and 0.11 ~tg/ml quinone 
reductase at an incubation volume of 1 ml. Dichloroin- 
dophenol or mitomycin C dissolved in 10-100 ~tl water 
was added immediately before 0.1 ~tmol NADPH dis- 
solved in 10 ~tl TRIS-HC1 buffer. There was no oxidation 
of NADPH by dichloroindophenol or mitomycin C in the 
absence of enzyme. All measurements were made in tripli- 
cate. For kinetic studies, the concentration of dichloroin- 
dophenol was varied between 15 and 75 I-tM and the con- 
centration of NADPH, between 10 and 40 ~M. Kinetic 
analysis of the data was carried out with the Enzfitter com- 
puter program (Elsevier-Biosoft, Cambridge, UK). 

Studies of product formation from mitomycin C by 
quinone reductase were made using a similar incubation 
system but with 3 m M  NADPH, 1 m M  mitomycin C, and 
0.7 mg/ml  rat liver microsomes or 1 lxg/ml quinone reduc- 
tase at a volume of 2 ml and a temperature of 37°C under 
both aerobic and anaerobic conditions. Samples of the in- 
cubation medium were taken at 20 min intervals and pro- 
tein was precipitated with half volumes each of acetonitrile 
and 10% zinc sulfate. The mixture was centrifuged at 
10,000 g for 5 min, and mitomycin C and metabolites in 50 

~tl supernatant fluid were assayed by high-performance 
liquid chromatography (HPLC) [31]. 

The formation of alkylating metabolites from mitomy- 
cin C by quinone reductase or human kidney microsomes 
was measured by reaction with 4-(p-nitrobenzyl)pyridine 
using a modification of the method of Kennedy et al. [19]. 
The incubation mixture contained, at a volume of 2 ml, 
50 mMTRIS-HC1 (pH 7.8), 0.7 mg/ml  bovine serum albu- 
min, 1 ~tg/ml quinone reductase or 0.27 mg/ml  human 
kidney microsomal protein, 1 m M  mitomycin C, and 
9 m M  4-(p-nitrobenzyl)pyridine. The reaction was started 
by the addition of NADPH to a concentration of 3 raM. 
Incubations were conducted under anaerobic or aerobic 
conditions for 20 min at 37°C. The reaction was terminat- 
ed by adding 2 ml acetone and 1 ml 1 M NaOH. The mix- 
ture was extracted immediately with 4ml  ethyl acetate, 
centrifuged at 2,000 g for 5 min, and the absorbance of the 
organic layer measured at 540 nm. 

Results 

Human kidney quinone reductase 

Human kidney is a rich source of quinone reductase in 
comparison to other human tissues [33]. The majority of 
human kidney quinone reductase activity is in the cell su- 
pernatant, with the microsomal fraction containing less 
than 1% and the mitochondrial fraction containing 7% of 
the total quinone reductase activity. The partially purified 
enzyme used was the major quinone reductase in human 
kidney and represented 75% of the activity that could be 
eluted from the hydroxylapatate column. Some studies 
were conducted with a minor form of quinone reductase 
that eluted from the hydroxylapatate column prior to 
the major form and was approximately 17% of the total 
activity. 

Mitomycin C as a substrate for quinone reductase 

The effect of mitomycin C on the oxidation of NADPH by 
quinone reductase measured spectrophotometrically is 
shown in Fig. 1. Mitomycin C itself had a significant ab- 
sorbance at 340 nm, although this did not interfere with 
the measurement of NADPH oxidation. There was no evi- 
dence for stimulation of NADPH oxidation by mitomycin 
C even in the presence of a 20-fold excess of quinone re- 
ductase necessary to produce measurable NADPH oxida- 
tion with dichloroindophenol as a substrate. Mitomycin C 
also caused no oxidation of NADPH using the minor form 
of quinone reductase from human kidney cytosol (results 
not shown). Attempts to study NADPH oxidation by a flu- 
orometric technique were unsuccessful because of the ex- 
tensive quenching of NADPH fluorescence by both di- 
chloroindophenol and mitomycin C. 

Mitomycin C as an inhibitor of quinone reductase 

Mitomycin C was an inhibitor of dichloroindophenol re- 
duction by quinone reductase, measured by the change in 
absorbance at 600 nm (Fig. 2). Inhibition by mitomycin C 
was competitive with dichloroindophenol with a K i of 319 
~tM. Interaction with NADPH showed partially uncompet- 
itive inhibition [11] at low concentrations of NADPH and 
activation at high concentrations of NADPH. Separate 
studies showed that mitomycin C did not cause the reoxi- 
dation of reduced dichloroindophenol. 
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Fig. 1. The effect of dichloroindophenol and mitomycin C on the 
oxidation of NADPH by quinone reductase. Incubations were 
conducted at 21°C and contained in 50 mM TRIS-HCI (pH 7.8), 
0.7 mg/ml bovine serum albumin, 0.3 mM NADPH and A, 
0.11 Ixg/ml quinone reductase and 25 p.M dichloroindophenol; B, 
0.11 ~xg/ml quinone reductase and 25 txM mitomycin C; and C, 
2.2 txg/ml quinone reductase and 25 txM mitomycin C. Record- 
ings are absorbance at 340 nm. Dichloroindophenol and mitomy- 
cin C were added at the arrows 
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Fig. 2. Lineweaver-Burk plots showing inhibition of quinone re- 
ductase by mitomycin C, measured by reduction of dichloroin- 
dophenol at 600 nm. Assay conditions are described in the text. 
( 0 )  No mitomycin C; (O) 50 btM mitomycin C; (A) 100 btMmi- 
tomycin C; (11) 200 IxM mitomycin C. A, varying concentrations 
of dichloroindophenol (DCIP); B, varying concentrations of 
NADPH 

HPLC analysis of mitomycin C metabolites 

There was no uti l izat ion of  mitomycin C or  format ion of  
metaboli tes from mitomycin  C incubated with quinone re- 
ductase and N A D P H  under  anaerobic  condit ions,  com- 
pared  with incubat ions in which N A D P H  was omit ted 
(Fig. 3). There was also no format ion  of  metaboli tes  from 
mitomycin  C incubated with the minor  form of  human 
kidney quinone reductase (results not  shown). When  mi- 
tomycin  C was incubated with rat  liver microsomes and 
N A D P H  under  anaerobic  condi t ions as a posit ive control,  
several metabol i te  peaks were formed,  as previously re- 
por ted  [31]. 

Formation of alkylating metabolites 

No format ion of  alkylat ing metaboli tes  from mitomycin  C 
was measured by conjugat ion with 4-(p-nitrobenzyl)pyri-  
dine in the presence of  quinone reductase and N A D P H  

A B C 

Time (rnin) 

Fig. 3. HPLC chromatograms of mitomycin C and metabolites. 
Absorbance was measured at 313 rim. Assay conditions are de- 
scribed in the text and were at 37°C under N 2. A, Mitomycin C in- 
cubated with quinone reductase for 20 min. The major peak is mi- 
tomycin C, the minor peaks are its spontaneous degradation 
products. B, Mitomycin C incubated with quinone reductase and 
NADPH for 20 min. The peak at 1 min is derived from NADPH. 
C, Mitomycin C incubated with rat liver microsomes and 
NADPH for 20 min 

Table 1. Formation of alkylating metabolite(s) from mitomycin C 

Quinone Kidney 
reductase microsomes 
OD 540 nm OD 540 nm 

Air, NADPH 0.029 0.037 
N2, NADPH 0.038 0.100 
N2, NADPH, dicumarol 0.034 0.103 
N2, no NADPH 0.031 0.011 
N2, NADPH, no enzyme 0.024 0.014 

Alkylating metabolites generated from mitomycin C were measur- 
ed at 540 nm as the colored product formed by reaction with 
4-(p-nitrobenzyl)pyridine. Mitomycin C (1 mM) was incubated 
with 1.1 btg/ml quinone reductase or 270 I-tg/ml human kidney 
microsomes, 3 mM NADPH, with and without 9 l.tM dicumarol, 
under N2 or in air, in a dark environment at 37°C for 20 min. 
Values are means of three separate determinations 

(Table 1). Mi tomycin  C incubated with human kidney 
microsomes and N A D P H  under  anaerobic  condi t ions 
formed alkylat ing metabolites.  Format ion  of  the alkylat ing 
metaboli tes  by kidney microsomes was par t ia l ly  inhibi ted 
in air and unaffected by the addi t ion  of  dicumarol .  

Discussion 

Quinone reductase has been repor ted  to catalyze the re- 
duct ion of  a number  of  s imple quinones to hydroquinones  
[13, 15], and  will also catalyze the reduct ion of  quinoneim- 
ines [34], azo compounds  [14], and  a t ransi t ion metal  [10]. 
Al though some hydroquinones  can repor tedly  autooxidize  
to form reactive oxygen species [7, 29], the format ion  of  
hydroquinones  by quinone reductase has been thought to 
provide  a cellular protect ion mechanism against  quinone 
toxici ty [2, 4, 8, 24, 25, 27, 38]. The hydroquinones  of  most  
simple quinones are conjugated with glucuronide and 
excreted from the cell [24]. Some halogenated  dimethyl-  
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naphthoquinones,  however, are activated by quinone re- 
ductase [5, 37]. The most compelling evidence for a role of  
quinone reductase in modulating cellular quinone toxicity 
are reports of  changes in the toxicity of  quinones produc- 
ed by dicumarol, a potent inhibitor of  quinone reductase 
[5, 27, 35, 38]. 

The suggested role for quinone reductase in the cellular 
metabolism of  mitomycin C is based upon the findings 
that dicumarol increases both the formation of  alkylating 
species from mitomycin C by cell sonicates and N A D P H  
[19, 20] and the cytotoxicity of  mitomycin C to hypoxic 
EMT6 cells that contain quinone reductase [21-23]. Under 
aerobic conditions there is a decrease in the cytotoxicity of  
mitomycin C to EMT6 cells in the presence of  dicumarol. 
Studies with L1210 cells that lack measurable quinone re- 
ductase activity have shown an increase in mitomycin C 
cytotoxicity by dicumarol under  hypoxic conditions but 
no protective effect under aerobic conditions [23]. The 
findings have been interpreted to suggest that quinone re- 
ductase metabolizes mitomycin C to toxic species in air, 
but under hypoxic conditions the metabolism of  mitomy- 
cin C by quinone reductase in cells containing the enzyme 
is a protective mechanism [20, 23]. 

In the present study we could not demonstrate that mi- 
tomycin C is a substrate for metabolism by a partially puri- 
fied preparation of  human kidney cytosolic quinone re- 
ductase. There was no measurable increase in N A D P H  ox- 
idation by the enzyme in the presence o f  mitomycin C and 
no loss of  mitomycin C or formation of  reduced products 
of  mitomycin C detected by HPLC. Chemical studies have 
suggested that when mitomycin C is reduced to mitomycin 
C hydroquinone,  the most likely product  of  metabolism by 
quinone reductase, it rapidly breaks down to form alkylat- 
ing species [17, 32]. No  formation of  alkylating metabolites 
was detected by conjugation with 4-(p-nitrobenzyl)pyri- 
dine when mitomycin C was incubated with quinone re- 
ductase and NADPH.  This is further evidence against the 
metabolism of  mitomycin C by quinone reductase. In the 
same system, human kidney microsomes, which contain 
little quinone reductase activity but have NADPH-cyto-  
chrome P-450 reductase activity, formed alkylating metab- 
olites from mitomycin C. Although mitomycin C was not 
a substrate for quinone reductase, it was a competitive in- 
hibitor of  the enzyme, using dichloroindophenol  as the 
substrate with a K i of  319 lxM. 

The lack of  metabolism of  mitomycin C by quinone re- 
ductase observed in this study may apply to other complex 
anti tumor quinones since doxorubicin has also been re- 
ported not to be a substrate for metabolism by rat liver 
quinone reductase [401. 

I f  mitomycin C is not a substrate for metabolism by qui- 
none reductase, the alteration in mitomycin C's cytotox- 
icity by dicumarol must involve a mechanism(s) other than 
inhibition of  quinone reductase. Keyes et al. [23] came to a 
similar conclusion for the action of  dicumarol in increas- 
ing mitomycin C's toxicity in hypoxic cells lacking qui- 
none reductase activity. Akman et al. [1] have reported the 
potentiation of  the cytotoxicity of  the simple quinone me- 
nadione to L1210 cells by dicumarol and proposed a 
mechanism that did not involve quinone reductase. 

In summary, we could not demonstrate that mitomycin 
C is a substrate for metabolism by quinone reductase puri- 
fied from human kidney cytosol. Mitomycin C is, howev- 
er, a weak inhibitor of  the quinone reductase. 
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