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The use of bioreductive agents in enzyme-directed bioreductive therapy has been proposed to take
advantage not only of hypoxia in tumours, but also of the presence of reductases that metabolise such
compounds. In this study, we studied the activities of NADPH cytochrome P450 reductase (I’450R)
and carbonyl reductase (CR) in 17 human lung tumours and 18 human breast tumours, together with
the corresponding normal tissues. For lung cancer but not for breast cancer there was a significant
difference in the CR activity between normal and tumour tissue. CR activity was increased with
respect to the normal tissue between 2-fold and 40-fold indicating heterogeneity in tumour samples.
No relationship was found between CR activity and the histological type, tumoral grade or TNM stage
of the tumours. Although some variation in P450R activity in tumoral versus normal tissues was found
in the majority of the samples studied, no significant differences could be demonstrated. © 1999
Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

SEVERAL ATTEMPTS have been made to take advantage of the
presence of hypoxic cells in solid tumours for therapeutic
purposes. A strategy was proposed, which consisted of devel-
oping compounds that are activated by reductive mechan-
isms, and therefore, are favoured in an environment of low
oxygen concentration; these are the so-called bioreductive
agents [1]. Mitomycin C, considered to be the bioreductive
agent prototype, and a series of analogues of mitomycin C, as
well as the nitroimidazoles, were the first compounds of this
type to be developed. At present, some of these compounds,
such as the indoloquinone E09 and the N-oxide SR 4233 or
tirapazamine, are in advanced phases of clinical evaluation
[2-4].

In the first preclinical and clinical trials, it was clear that
the effectiveness of these compounds depended not only on
the oxygen level but also on the presence of reductases which
metabolise the compounds. Up to now, cytochrome P450
(several isoenzymes), NADPH cytochrome P450 reductase
(P450R), NADH cytochrome b5 reductase, xanthine oxidase/
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dehydrogenase, aldehyde oxidase, carbonyl reductase (CR)
and DT diaphorase have been identified, although other
enzymes may also be implicated. Another variable to be con-
sidered is the enzyme activity in non-target tissues, where the
metabolism of the bioreductive agent could produce unde-
sirable effects. Therefore, some authors proposed the use of
bioreductive agents, taking advantage of the differences that
might exist in the levels of expression of the reductases
involved in their bioactivation in different tissues and human
tumours [5]. In order to develop this strategy termed
‘enzyme-directed bioreductive therapy’, it is necessary to
determine the activities of the enzymes in normal as well as in
tumoral tissue.

CR (EC 1.1.1.184) is a cytosolic monomeric, NADPH-
dependent oxidoreductase with broad specificity for carbonyl
compounds. It differs from aldehyde reductase (EC 1.1.1.2)
and aldose reductase (EC 1.1.1.21) in its ability to reduce
aromatic ketones and in its sensitivity to specific inhibitors [6].
Like DT diaphorase, CR catalyses the 2 electron (e~) reduc-
tion of quinones. It has been isolated from a number of human
tissues: liver, brain, testis and others [6-9]. The enzyme has
been implicated in the metabolism of a variety of endogenous
and xenobiotic carbonyl compounds: prostaglandins [10],

320



Human Tumour Enzyme Profiling

anthracycline antibiotics, such as daunorubicin [11] and qui-
nones derived from polycyclic aromatic hydrocarbons [12]. It
seems to be the predominant reductase for the anticancer
drug daunorubicin in human liver cytosol [13].

P450R (EC 1.6.2.3) is a microsomal enzyme found in a
great number of human tissues, especially in lung and pan-
creas, which shows a coinciding distribution pattern with the
principal sites of tumour formation. Studies using liver
microsomes and tumour cells have shown that both cyto-
chrome P450 and P450R contribute to the reductive activa-
tion of tirapazamine [14,15]. Moreover, tirapazamine is
reduced by purified rat liver cytochrome P450 reductase
[16,17].

Some previous studies have shown abnormally high DT
diaphorase levels (both activity or mRNA) in human tumours
[18-22]. This enzyme has been implicated in the metabolism
of E09 and mitomycin C amongst others. To advance the
knowledge of human tumour enzyme profiling, we studied
differences in expression or activity of CR and P450R in
human tumoral samples versus normal adjacent tissues.

MATERIALS AND METHODS

Tissue specimens

Biopsy specimens of lung solid tumours were obtained
from 11 patients at the Hospital of Navarra and from 6
patients at the University Clinic, both in Pamplona, Spain.
Tissue specimens of breast solid tumours were obtained from
18 patients at the University Clinic. Primary solid tumours
were obtained together with macroscopically normal tissue
from the same subject. Tissues were frozen in liquid nitrogen
immediately after each operation. They were maintained at
—80°C in the pathology laboratory until they could be
transported in liquid nitrogen to the research laboratory,
where they were stored at — 135 °C until processed. Tumour
and normal tissues were frozen and stored separately.

Parient characteristics

The following data were obtained from the medical records
after the tissues had been analysed for reductase levels: age,
sex, ethnic origin, current pathologies and medication,
tobacco use, tumour histology and grade, presence of meta-
stasis and the tumour staging according to the TNM classifi-
cation status [23].

The mean age of the patients with lung tumours was 67
years. All the patients were smokers or ex-smokers except for
the 2 women in the study (patients 7 and 10), who had no
recorded tobacco use. In general, they were receiving con-
comitant medication for non-malignant pathologies such as
cardiac and/or respiratory pathologies. The mean age of the
patients with breast tumours was 51 years. All were females
undergoing radical or conservative surgery. Histological
characteristics are included in Table 1.

Tissue processing

Batches of three or four paired tissues were processed for
enzyme assays at the same time. A piece of liver from a rat,
which had been previously frozen and stored in the same way
as the human tissues, was processed with each batch. The
frozen tissues were cut into small pieces and washed in ice-
cold sucrose (0.25M) so as to eliminate the contaminating
haemoglobin. Then, the samples were dried and pulverised
with liquid nitrogen in a porcelain mortar. The powder was
weighed and resuspended using a hand-held glass homo-
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geniser, in 3 volumes of ice-cold homogenising buffer (KPO,/
KCI1 10mM/0.1 M pH 7.8, ethylene diamine tetraacetic acid
(EDTA) 0.1 mM, phenazine methosulfate (PMSF) 2mM
and trypsin inhibitor 80mg/l). Finally, the samples were
homogenised using an Ultra Turrax-T25 homogeniser (Janke
& Kunkel, Germany, IKA-labortechnik). The temperature
was maintained at 4 °C throughout the whole time by work-
ing on ice. The homogenate was then centrifuged at 4°C, at
15000 g, for 20 min. The supernatants were separated, ali-
quoted and stored at — 80 °C until used for enzyme activity
measurements. Reproducibility was tested with the rat liver
samples. Inter- and intra-assay variation was approximately
10%. The protein concentration of the supernatants was
determined by the bicinchoninic acid assay [24].

Enzyme assays

CR activity was determined spectrophotometrically by fol-
lowing the reduction of cytochrome ¢ at 550 nm, using a

Table 1. Histological characteristics of lung and breast tumours

Patient Histology  Grade Stagef Receptors]
Lung tumours

1 AD G2 I NA

2 EC G2 I NA

3 AD Gl I NA

4 AD! G2 I NA

5 EC G3 I11B NA

6 EC Gl 1 NA

7 AD Gl I NA

8 EC Gl1 II1A NA

9 AD? ? I NA
10 C G2 I NA
11 EC G3 I NA
12 EC G2 II1A NA
13 MC G3 I NA
14 EC G2 II1A NA
15 EC G3 IIT1A NA
16 EC G2 II1A NA
17 EC or LCC G2 II1B NA
Breast tumours
18 DIC* G3 IIA REH)RP(#)
19 DC Gl IIA RE(-)RPH+)
20 LIC G3 IIIB RE(-)RP(-)
21 DIC G3 I RE(—)RP(+)
22 DIC G3 IIB RE(+)RP(+)
23 DIC* G2 IIA RE(—)RP(-)
24 CA Gl I RE(+)RP(+)
25 MC* G2 IIIA RE(-)RP(+)
26 DIC* G3 IIA RE+)RP(>+)
27 DIC* G3 IIB RE(—)RP(-)
28 DIC G3 IIA RE(+)RP(-)
29 DIC G2 v ?

AD, adenocarcinoma; AD!, possible mixed oat cell/epidermoid car-
cinoma; AD?, recurrence; C, carcinoid; EC, epidermoid carcinoma;
MC, mucoepidermoid carcinoma; LLCC, large cell carcinoma; DIC,
ductal infiltrating carcinoma; LIC, lobular infiltrating carcinoma;
DC, i situ ductal carcinoma; CA, colloid adenocarcinoma; MC,
mixed ductal and lobular infiltrating carcinoma; NA, not applicable;
G1, well differentiated; G2, moderately differentiated; G3, poorly
differentiated; ?, not registered. *Although this was the most prevail-
ing histological type in this sample, they presented areas or focus
where other histological types were represented. {Stage according to
AJCC. {Presence (+) or absence (—) of the oestrogen (RE) or pro-
gesterone (RP) receptors in the tumour.
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modification of the method reported elsewhere [12].
Reaction mixtures consisted of 0.1 M KPO, (pH®6), 30 pM
cytochrome c¢ as the electron acceptor, 0.2 mM menadione as
the substrate and 0.2 mM NADPH as the cofactor. Controls
without sample, NADPH or substrate were routinely
included. The reaction was initiated with the addition of 10 pl
of the tissue sample. Reactions were conducted at 37°C in a
total volume of 1ml, in the presence and absence of the
specific inhibitor rutin (20 pM). CR activity was expressed as
the fraction of activity measured which was inhibited by
rutin. P450R activity was determined spectrophotometrically
by following the reduction of cytochrome ¢ at 550 nm, using
a modification of the Ernster method [25], as reported
in detail elsewhere [26]. Both activities were expressed as
nmol cytochrome ¢ (¢ 21.1x10>M/cm) reduced/min/mg
protein.

Statistical analysis

The statistical analyses were performed using the SPSS
program. Normality was assessed by the Shapiro—Wilks test.
When the samples were not normally distributed, the
Mann-Whitney U rank sum test was used for assessing
differences between samples. When the samples showed a
normal distribution, Student’s t-test was used for the same

purpose.

RESULTS
CR actviry

Lung. Final CR activities found in paired lung tumour
and normal tissues are shown in Figure la. The mean activity
in normal tissue was 15.2 * 2.8 nmol/min/mg protein, with
the highest value being 47.9* 0.9 nmol/min/mg protein
(found in patient 1) and the lowest value being
2.1 £ 0.4 nmol/min/mg protein (found in patient 9). There
was more heterogeneity in the tumour samples. The mean
was equal to 50.0% 14.0 nmol/min/mg protein, the range
being between 10.1 0.7 nmol/min/mg protein (patient 13)
and 248.1 * 3.1 nmol/min/mg protein (patient 8). In 15 of the
patients studied (88%), CR activity was elevated in tumour
tissue with respect to normal tissue and the activity had only
decreased in 2 of the patients (patients 5 and 13). The
Mann-Whitney U rank sum test revealed very significant dif-
ferences between tumour and normal tissue (two-tailed
probability = 0.0006).

The lung tumours analysed were non-small cell lung
cancers (NSCLC): most of them epidermoid carcinomas or
adenocarcinomas, grade 1, 2 or 3 (Table 1). No relationship
has been found between CR activity and histological type
(data not shown). With respect to grade, six of the 12
tumours which were well differentiated (G1) or moderately
differentiated (G2) had high CR levels (>50nmol/min/mg
protein). The four poorly differentiated (G3) tumours
(patients 13, 5, 11 and 15) showed no increase in CR activity
compared with normal tissue.

Breast. CR activity was studied in 12 paired tumour and
normal breast tissues (Figure 1b). The patients have been
ordered according to the criteria mentioned previously,
except patient 19, who showed a very high activity level in
normal tissue. Excluding this patient, the mean activity in
normal tissue was 21.3 4.8 nmol/min/mg protein (range
4.6%+0.0 and 59.1 3.9 nmol/min/mg protein). CR activity
was elevated (> 60nmol/min/mg protein) in seven tumour
samples (58%), six of which showed an increase in activity
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with respect to the normal tissue. The Mann—-Whitney U test
applied to the 12 pairs of samples studied revealed no sig-
nificant differences between normal and tumoral tissues
(P=0.15). No relationship could be found between CR
activity and the histological type, grade, TNM stage or even
with the presence of progesterone or oestrogen receptors
(data not shown).

P450R activity

P450R activity was studied in all of the samples. The mean
activity in lung normal tissue was 6.1 % 0.5 nmol/min/mg
protein and in breast normal tissue was 5.7 0.7 nmol/min/
mg protein. Student’s z-test revealed significant differences
between normal lung and breast at the level of 5% (zr=2.14,
P=0.036). The mean activity in tumours was 6.8 * 0.6 nmol/
min/mg protein in lung tumours and 4.6 * 0.6 nmol/min/mg
protein in breast tumours (Table 2). In many cases the ratio
between tumoral and normal tissues was increased (T/N was
between 1.1 and 1.8 in eight lung tumours and between 1.1
and 6.8 in 10 breast tumours) but in other cases this ratio was
below 1. However, the statistical analysis revealed no sig-
nificant differences of activity between both tissues (lung:
U=122, P=0.45; breast: t=0.81, P=0.42).
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Figure 1. Carbonyl reductase activity measured as described
in the text from patient paired (a) lung normal and tumour
tissue; (b) breast normal and tumour tissue. Patients have
been ordered, from left to right, according to the quotient
resulting from the division of the enzyme activity found in
tumour tissue, by the enzyme activity found in normal tissue.
Reduction rates are the mean of three experiments, expressed
in nmol cytochrome c¢ reduced/min/mg protein. Standard
errors of the mean (SEM) were below 5%.
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Table 2. NADPH cytochrome P450 reductase activity

Patient No. Tumour* Normal T/N
Lung
1 5.4%+0.2 13.1£0.5 0.4
2 6.9%1.0 6.3+0.4 1.1
3 5.9%0.0 4.9+%0.2 1.2
4 79%1.3 7.8%10.5 1
5 7.5%0.0 5.3%0.0 1.4
6 4.810.2 6.2+0.3 0.8
7 7.610.2 5.2%0.1 1.4
8 10.7£1.1 5.9% 1.8
9 72104 10.3£0.1 0.7
10 47103 4.1%0.0 1.2
11 5.4%+0.3 5.4%+0.3 1
12 4.4%0.1 5.6%X0.0 0.8
13 3.5+%0.2 10.4£0.5 0.3
14 99104 6.61+0.3 1.5
15 2.710.0 4.1%£0.0 0.6
16 3.710.0 10.5%+0.2 0.3
17 5.2%0.1 4.8%10.2 1.1
Breast
18 7.0x0.4 7.710.5 0.9
19 8.1+0.4 4.2%0.7 1.9
20 4.9%0.2 4.3%0.0 1.1
21 16.0+1.1 7.5%20.5 2.1
22 75105 1.1+0.2 6.8
23 6.0+1.1 6.1+0.4 1
24 2.3%0.0 3.0%0.1 0.7
25 45%0.0 3.7+£0.0 1.2
26 3.9%+0.2 4.0+0.3 1
27 6.2%0.2 2.0%0.1 3.1
28 4.2%0.1 3.5%+0.8 1.2
29 4.1+£0.2 6.410.6 0.6
30 4.610.0 10.0£0.5 0.5
31 7.11 5.5%+0.2 1.3
32 5.4%0.4 3.0£0.2 1.8
33 4.1%0.0 4.1%£1.0 1
34 4.810.3 2.8+0.2 1.7
35 1.910.8 10.0£0.5 0.2

*Reduction rates are mean * standard error of the mean (SEM) of
three experiments, expressed in nmol cytochrome ¢ reduced/min/mg
protein. TOnly one experiment could be carried out.

DISCUSSION

There have been few studies on CR activity in human
tumours. The results obtained in this study show that the
activity of such an enzyme is clearly augmented in some lung
and breast tumours. Nevertheless, the behaviour is totally
heterogeneous: while in some patients the enzyme activity
was comparable to that of normal tissue, in others there was
an increase of two to 40 times the normal value. Other
authors have found a mean value of CR activity in human
tumours which was superior to that of normal tissue; the
increase was approximately double in the case of breast
tumours and six times greater in the case of lung tumours
[19]. When considering the mean value of activity in tumour
and normal tissue, we found an increase of approximately
three times, in both lung and breast tissues.

CR metabolises a variety of antitumour drugs containing
carbonyl groups, such as the anthracycline antibiotics dau-
norubicin and doxorubicin. CR reduces the methyl ketone in
the carbon side-chain of daunorubicin to its corresponding
alcohol, which has been demonstrated to be less toxic than
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daunorubicin [27,28]. The high CR activity level found in
some tumour cells could contribute to tumoral resistance to
some drugs metabolised in such a way.

Some authors have found that, unlike in rodent tissues, the
major quinone reductase in centrifuged homogenates of
human liver and placenta is a CR rather than DT diaphorase
[12]. This enzyme, acting as a quinone reductase, may pro-
tect humans against quinone-mediated carcinogenic, muta-
genic and toxic effects, in a concerted action with superoxide
dismutase, similar to that proposed for DT diaphorase [29].
In relation to that, it has been demonstrated that CR mRNA
is induced in tumoral cell lines by compounds that induce
enzymes involved in xenobiotic detoxification [30], which
implies that CR is also important in cell protection. In the
samples in which a higher level of CR activity was found, a
higher DT diaphorase activity (data not shown) was also
found. This would support the idea suggested by these
authors: a similar induction mechanism in which the locus Ah
would be implicated.

With regard to the P450R, the activity found in both the
tumours and the normal tissues was extremely low. In a study
in which this enzyme and other microsomal enzymes from
normal lung tissue adjacent to tumour tissue were measured,
other authors obtained values of P450R activity of
33.3 7.6 nmol/min/mg microsomal protein [31]. The mean
level of activity for this enzyme which we found in normal
tissue was lower. The differences could be due to the fact that
our measurements were carried out in a subcellular fraction
which was less purified than the microsomal fraction obtained
by McManus and colleagues [31]. In any case, the values
found in the tumours were of the same order of magnitude as
those of normal tissue in most of the samples analysed; in
only three was there an increase of more than 2-fold in
tumour versus normal tissue.

According to these results, CR would be a better target
than P450R for designing bioreductive compounds. How-
ever, it must be borne in mind that the activities were mea-
sured under non-physiological conditions using an artificial
substrate. Although it is true that, in vitro, absolute values
and the T/N ratio are much smaller for P450R than for CR,
n vivo, where many prodrugs may partition into the lipo-
philic environment of the endoplasmic reticulum, P450R
may, in fact, be more active than CR.

The heterogeneity in reductase activity in normal and
tumour tissues indicates that enzyme-directed bioreductive
therapy does not seem applicable in the clinic at present.
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