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ABSTRACT

The present study is part of an effort to identify biomarkers for
various stages of preneoplasia. For this purpose, quinone reductase
|NAD(P)H:quinone oxidoreductase, EC 1.6.99.2) (QR) activity in the
forestomach of ICR/Ha mice was investigated at successive time points
during benzo(a)pyrene (BP)-induced carcinogenesis. Six mg of BP in 0.2
ml of cottonseed oil or cottonseed oil alone were given orally twice a week
for 2 weeks to female ICR/Ha mice. Ten mice from each group were
sacrificed sequentially at 2-week intervals, and the QR activity was
determined in the forestomach, a target tissue for BP carcinogenicity,
and also in the glandular stomach, a non-target tissue. QR was signifi
cantly increased in the cytosolic, microsomal, and mitochondria! fractions
of the forestomach of BP-treated animals. There was no significant
increase in this activity in any fraction of the glandular stomach. The
increases in QR activity in the subcellular fractions of the forestomach
from BP-treated animals showed a two-surge pattern. The first was
manifested at 2 weeks. The second, found at week 6, continued throughout
the remaining course of the experiment. To our knowledge, the time
course of changes in QR activity in the three subcellular fractions of
mouse forestomach during BP carcinogenesis has not been demonstrated
previously.

INTRODUCTION

The present study is part of an effort to identify biomarkers
for various stages of preneoplasia. For this purpose, a study of
the effects of BP' on QR activity of mouse stomach was

undertaken to determine whether changes in QR activity might
reflect events during BP carcinogenesis in this tissue. QR is a
flavoenzyme, also known as DT-diaphorase [NAD(P)H:
quinone oxidoreductase, menadione reductase, EC 1.6.99.2]. It
catalyzes the two-electron reduction of quiÃ±onesand quinonoid
compounds to hydroquinones, which facilitates their glucuron-
idation and ultimate excretion (1-9). In contrast, NADPH-
cytochrome-P-450 reductase (NADPH:ferrihemoprotein oxi
doreductase, EC 1.6.2.4) metabolizes quiÃ±onesto labile semi-
quinone radical intermediates via a one-electron pathway. It
has been shown that the cytotoxic effects mediated by the one-
electron reduction of menadione by NADPH-cytochrome P-
450 reductase in isolated hepatocytes can be diminished by the
addition of quinone reductase (9, 10). QR also has been found
to reduce mutagenicity, covalent binding, and oxygen radicals
resulting from quinone metabolites (3). In addition, menadione-
mediated mutagenicity is increased by dicoumarol, a known
inhibitor of QR. Thus, it would appear that QR may protect
cells against the oxidative stress caused by quinone metabolites.

An increase in QR activity can be induced by a variety of
chemical compounds, including both carcinogens and noncar-
cinogens. For example, in liver, cytosolic QR is induced by 3-
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methylcholanthrene, benzo(a)pyrene, 2,3-tert-butyl-4-hydroxy-
anisole, /rani-stilbene, and 2-acetylaminofluorene, as well as
other compounds (11-20). The induction of QR has been
postulated to provide a high degree of protection against cancer
formation caused by the administration of chemical carcinogens
(21-26).

In addition to its protective effects, the increase in QR activity
may have another aspect of interest. Preneoplastic liver nodules,
as well as tumor cells, have been shown to synthesize increased
levels of xenobiotic-metabolizing enzymes, including QR (27-
29), which metabolize a variety of toxic substances. It has been
postulated that QR could be used as an early marker for liver
carcinogenesis (30).

In the present study, we measured the changes in QR activity
with time in forestomach and glandular stomach in the three
subcellular fractions, cytosol, microsomes, and mitochondria,
after multiple carcinogen administration. We have found an
interesting pattern of alterations in QR activity in the three
subcellular fractions, which may shed light on the early changes
in BP-induced forestomach carcinogenesis in the mouse model.
A preliminary report of these studies has been presented pre
viously (31).

MATERIALS AND METHODS

Chemicals. BP was obtained from Aldrich Chemical Co. (Milwaukee,
WI); NADH, NADPH, dicoumarol. Flavin adenine dinucleotide, bo
vine serum albumin, 2,6-dichlorophenolindophenol, Tween 20, and
Tris were purchased from Sigma Chemical Co. (St. Louis, MO).

Animals and Diet. Female ICR/Ha mice (age, 7-8 weeks) were
obtained from Sasco Inc. (Omaha, NE). Animals were allowed to
acclimatize in our laboratory for 2 weeks. At the age of 10 weeks, mice
were randomized by weight and housed five/cage. Animals were given
water and fed Purina rat chow (Ralston Purina, St. Louis, MO) ad
libitum, in a light- (12 h/day) and temperature- (24Â°C)controlled rodent

colony, with daily care.
Experimental Procedures. All procedures involving carcinogen ad

ministration and animal care were reviewed and approved by the
University of Minnesota. The carcinogen BP was dissolved in CSO,
with gentle warming and mixing, to a concentration of 30 mg/ml.
Animals were given 6 mg BP in 0.2 ml CSO orally twice a week for 2
weeks. The control animals received the vehicle only. Carcinogen
preparation and administration were carried out in a chemical fume
hood with adequate air flow and ventilation. Ten animals from each
group, i.e., BP and CSO, were sacrificed by cervical dislocation at 2, 4,
6, 8, 10, 12, 14, and 17 weeks after the last dose of BP. Some animals
were left until week 28, to allow for tumor development. The stomach
was removed, opened with scissors, and examined for gross tumors.
The forestomach and glandular stomach were separated, cleaned, frozen
immediately in a dry ice/acetone bath, and stored at -80Â°Cuntil further

use. Pooled forestomachs and glandular stomachs were suspended in
0.25 Msucrose (3 ml/g tissue) and homogenized in a Virtis homogenizer
(Virtis Co., Gardiner, NY) for 45 s at maximum speed. The homogenate
was then centrifuged at 600 x g for 10 min to remove nuclei and debris.
The supernatant was then centrifuged at 16,000 x g for 20 min to
obtain the mitochondria, which were washed twice with 0.25 M sucrose.
The mitochondria! pellets were gently resuspended in 0.25 M sucrose,
homogenized in a glass homogenizer (15 strokes), and then stored at
-80Â°C. The postmitochondrial fraction was centrifuged at 105,000 x
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BP EFFECTS ON QR

Table 1 Quinarie reducÃaseactivity in cell fractions of forestomach from control and HP-treated mice

GroupControlBPControlBPControlBPControlBPControlBPControlBPControlBPControlBPWeeks
after BP

treatment"246810121417Cytosolic
QR activity

(nmol/min/mg)*769

Â±101463
Â±25"835

Â±101168
Â±11854

Â±262167
Â±40rf766

Â±151
844 Â±24"*825

Â±101828Â±
20"833

Â±81826
Â±6*782

Â±271859
Â±48*802

Â±542603
Â±157'Ratio'1.81.42.52.42.22.22.43.3Microsomal

QR activity
(nmol/min/mg)49

Â±7131
+S"153

Â±166
Â±154

Â±1117
Â±2"50

Â±2194
Â±16'64

Â±3249
Â±13'55

Â±2267
Â±17'61

Â±3338
Â±17'67

Â±1409
Â±29'Ratio2.71.22.23.93.94.95.56.1Mitochondria!

QR activity
(nmol/min/mg)55

Â±4178Â±
23'74

Â±0.175
Â±158

Â±2226
Â±8'67

Â±2250
Â±14'62

Â±2317
Â±21'54

Â±2278
Â±18'52

Â±3308
Â±12'76

Â±2508
Â±23'Ratio3.21.03.93.75.15.25.96.7

"The mice were given 6 mg of benzo(a)pyrene dissolved in 0.2 ml of cottonseed oil, twice a week for 2Jweeks. by oral intubation. The control mice received

cottonseed oil only. Purina rat chow and water were supplied ad libitum throughout the experiment.
4 Quinone reducÃaseactivities are expressed as nmol/min/mg protein at 25'C. Values represent mean Â±SD of three determinations.
' Values are ratios of quinone reducÃaseactivity from the forestomach tissue of treated mice to those from corresponding controls.
" P < 0.05.
' P<0.0\.
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Fig. 1. Changes in mouse forestomach QR activity in three subcellular frac
tions after BP administration. ICR/Ha mice were given 6 mg of BP or CSO
orally twice a week for 2 weeks. Ten mice from each group were sacrificed
sequentially at 2-week intervals, and QR activity was measured in the forestomach
and glandular stomach. Results are expressed as ratio of QR activity in treated/
control animals in the cytosol (A), the microsomes (D). and the mitochondria
(â€¢).Control animals showed no significant changes in QR activity during the
entire time period. QR activity in glandular stomach showed no significant
changes.

g for 60 min to obtain the cytosol (supernatant) and microsomes (pellet).
The cytosol was stored at -80Â°C.The microsomal pellets were washed
twice with 150 mM Tris-HCI, pH 8, to remove the adsorbed components
of the cytoplasm (32). These pellets were suspended in 0.25 M sucrose,
homogenized manually in a glass homogenizer (15 strokes), and then
stored at â€”¿�80Â°Cfor further use.

Tissue Processing for Histology. Forestomach and glandular stomach
samples from each time point were fixed in buffered formalin and
subsequently processed for histological evaluation.

Assay for Quinone ReducÃase.QR activity was determined at 25Â°C

by the method of Ernster (6), as modified by Benson et al. (15), using
2,6-dichlorophenolindophenol. The fraction of the reaction which is
inhibited by dicoumarol was taken as a measure of QR activity. The
reaction mixtures contained, in a final volume of 1 ml, 25 mM Tris-
HCI, pH 7.4, 0.2 mg bovine serum albumin, 0.02% (v/v) Tween 20, 5
UMflavin adenine dinucleotide, 0.2 mM NADH, 0 or 10 fiM dicoumarol,

and 5 /J of the cytosolic enzyme. The electron acceptor, 2,6-dichloro
phenolindophenol (final concentration. 40 UM), in 5 ^1 of water was
added to initiate the reaction. Linearity was achieved for product
formation with time and with enzyme concentration. A similar proce
dure was adapted for measuring the enzyme activity in the microsomal
and mitochondrial fractions, except the Tween 20 concentration was
0.05%, the reaction mixture was preincubated for 5 min before the
addition of the substrate, and 20 u] of the enzyme were used. This
modification was adopted in order to achieve linearity of product
formation with time and with enzyme concentration. Triplicate assays
were performed at 25Â°Cwith and without 10 UM dicoumarol. The

reaction was followed for 2 min and the initial velocity of the reduction
of 2,6-dichlorophenolindophenol was determined spectrophotometri-
cally at 600 nm (eM= 2.1 x IO4 M*1cm~'). All values were corrected

for the nonenzymatic reactions. Protein concentration was measured
by the method of Lowry et al. (33), using bovine serum albumin as a
standard. Statistical analysis was performed using the Student's t test.

RESULTS

Tumor Incidence. The tumor incidence is 100% in mice
sacrificed at week 28 after the last dose of BP. Some mice
showed large fungating tumor masses which had arisen from
the forestomach and occupied most of the stomach cavity. The
tumors were infiltrative, keratinized, well to moderately differ
entiated, squamous cell carcinomas. No tumors arose from the
glandular stomach. No grossly apparent tumors were found in
mice sacrificed prior to week 17 after BP treatment.

Quinone ReducÃaseActivity in Forestomach and Glandular
Stomach. QR activity in the forestomach of BP-treated animals
showed an initial increase at week 2 (Table 1; Fig. 1). Age- and
weight-matched control animals showed no significant changes
in QR activity during the same time period. QR activity then
declined by week 4 in the three subcellular fractions from BP-
treated animals. After that, QR activity gradually increased. At
week 6 it had increased 2.5-, 2.2-, and 3.9-fold over control for
cytosolic, microsomal, and mitochondrial fractions, respec
tively. The enzyme activity steadily increased over the next 11
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BP EFFECTS ON QR

Table 2 Quinone reducÃaseactivity in cell fractions of glandular stomach from control and BP-treatfd mice

GroupControl

BPControl

BPControl

BPControl

BPControl

BPControl

BPControl

BPControl

BPWeeks

after BP
treatment"246810121417Cytosolic

QR activity
(nmol/min/mg)*3266

Â±66
3571Â±454643

Â±54
3299 Â±384508

Â±32
4696 Â±235306

Â±24
4773 Â±224961

Â±87
4937 Â±184525

Â±76
4641Â±813926

Â±56
3812Â±423202

Â±54
3081 Â±35Ratio'1.00.71.00.91.01.01.01.0Microsomal

QR activity
(nmol/min/mg)258

Â±55
314Â±4306

Â±64237
Â±72313Â±

5
314Â±9391

Â±9402
Â±24375

Â±3
379Â±5279

Â±12
308 Â±29341

Â±9322
Â±12324

Â±31
320 Â±20Ratio1.20.81.01.01.01.11.11.0Mitochondrial

QR activity
(nmol/min/mg)164

Â±7172
Â±23323

Â±32
237 Â±45175

Â±26186
Â±4225

Â±13
193Â±22210

Â±2195
Â±7185

Â±8
192Â±8175

Â±5
189 Â±15238

Â±8
358 Â±45Ratio1.00.71.00.90.91.01.01.5

"The mice were given 6 mg of benzo(a)pyrene dissolved in 0.2 ml of cottonseed oil. twice a week for 2 weeks, by oral intubation. The control mice received

cottonseed oil only. Purina rat chow and water were supplied aÃ¼lihitum throughout the experiment.
*Quinone reducÃaseactivities are expressed as nmol/min/mg protein at 25Â°C.Values represent mean Â±SD of three determinations.
c Values are ratios of quinone reducÃaseactivity from the glandular stomach tissue of treated mice to those from corresponding controls.

weeks. At week 17, 3.3-, 6.1-, and 6.7-fold increases were
observed for cytosolic, microsomal, and mitochondrial frac
tions, respectively (Table 1; Fig. 1). Control animals showed no
significant changes in QR activity during the same time period.

Table 2 shows quinone reducÃase activity in the glandular
stomach. There is no significant difference between the BP-
treated and the control animals during the entire experiment.

DISCUSSION

The mouse forestomach is one of the major target organs of
BP carcinogenesis, whereas the glandular stomach is resistant
(34). The data presented show significant increases in QR
activity in the three subcellular fractions of mouse forestomach.
In contrast, no changes in QR activity were observed in glan
dular stomach. An increase in QR activity in the forestomach
occurred in two surges: i.e., at week 2 and then at week 6. The
activity remained elevated throughout the entire 17-week course
of carcinogenesis, long after the last dose of BP. In a prelimi
nary study, j3-naphthofiavone, a noncarcinogenic inducer of QR
activity, was investigated for its effects on QR activity in gastric
tissues. This compound caused induction of QR activity in the
forestomach for a period of 2 weeks. Thereafter, the activity
was within the normal range. This relatively short period of
increased QR activity is in marked contrast to the sustained
induction of QR produced by BP. 0-Naphthoflavone did not
induce an increase in QR activity in the glandular stomach.4 It

is known that the majority of the total cellular QR activity
occurs in the cytosol (35-38). BP caused an increase in the
enzyme activity in this cell fraction. In addition, the microsomal
and mitochondrial fractions also showed a significant increase
in QR activity. Whether QR activity in the three subcellular
fractions represents the same enzyme is unclear. To avoid any
contamination between cytosol and microsomes, a rigorous
method for cell fraction separation was used (see "Materials
and Methods").

Recently, in a different system, Beyer et al. (38) have shown

4A. D. Jassim, unpublished results.

that, when rats were given i.p. injections of Zajdela ascites
hepatoma cells, a substantial increase in the QR activity in the
cytosolic and microsomal fractions of liver occurs. The increase
in QR activity was found when the activity of other xenobiotic-
metabolizing enzymes was depressed. The mechanism of these
increases in cytosolic and microsomal QR activity in the liver
is unknown. As has been mentioned in the "Introduction,"

preneoplastic liver nodules show an increase in QR activity.
Some studies directed towards elucidating the mechanism of
this increased QR activity have been done by Williams et al.
(39) and Pickett et al. (40). These investigators have shown that
the induction of QR by 3-methylcholanthrene and /raws-stilbene
oxide in the liver, as well as in the persistent hepatic nodules,
is due to an increase in the translational activity of QR mRNA.
Furthermore, Southern blot analysis of genomic DNA suggests
that the QR gene is hypomethylated in persistent hepatic nodule
tissue compared to normal liver or liver tissue surrounding the
nodules (41). These investigators suggested that hypomethyla-
tion is an epigenetic change which occurs during the early
stages of chemical carcinogenesis. Although the regulatory ele
ments of the QR gene are unknown, the induction of QR in the
liver by 3-methylcholanthrene has some association with the
Ah locus (42).

Whether QR which is induced in tumor cells (35), in preneo
plastic hepatic nodules (24, 25), by carcinogens (18-21, 43),
and by chemopreventive agents ( 15, 44-46) is the same enzyme
remains to be determined. Our preliminary studies in mouse
forestomach show that, at week 17 after BP administration, a
QR isozyme with a different molecular weight is induced (47).
It has been shown that multiple forms of QR exist in rat liver
(48). Robertson et al. (49) isolated QR from 3-methylcholan-
threne-treated rat liver, and subsequently a complementary
DNA probe was constructed. On Southern blot analysis, a total
of 14-16 kilobases of rat genomic DNA fragments hybridize to
the QR complementary DNA probe, suggesting the presence of
one to four QR genes. The presence of multiple forms of QR
in mouse forestomach has not been demonstrated. The possi
bility of multiple forms of QR which could be encoded by
different genes cannot be ruled out. This would not be unusual.
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BP EFFECTS ON QR

since unique gene families have been reported for cytochrome
P-450 and glutathione 5-transferase multigene families (50,

51).
Our current studies show two distinct surges in QR activity

of the mouse forestomach, in the subcellular fractions, after BP
administration. The implications of these findings are being
investigated further.
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