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ABSTRACT 
The bioreductive activation of mitomycin C (MMC) has been investigated using 10 human 

· cancer cell lines. Except for 2 lines (COL0201 and COL0320DM), the cellular NAD(P)H: 
quinone oxidoreductase (DTD) activities correlated well with MMC-induced DNA damage and 
cytotoxicity. In addition, when the DTD activity was inhibited with 50 mM dicoumarol, the 
MMC activity decreased significantly. On the other hand, no correlation between the NADPH 
cytochrome P450 reductase (P450) activity and MMC efficacy was observed. We postulate that 
two electron reduction by DTD may be more important in MMC activation than one electron 
reduction by P450. The DTD-mediated metabolism was pH-dependent. In a nude mouse exper­
imental model, the pH in the tumor decreased under hyperglycemic conditions due to unique 
glycolysis. The administration of m-iodobenzyl-guanidine (MIBG) enhanced the decrease in 
the pH of the tumor without affecting the pH of normal tissue (liver). It also significantly 
increased the antitumor activity of MMC. However, this biochemical modulation had no effect 
in the COL0201 and COL0320DM cells. Other mechanisms may be involved in the regulation 
of MMC activity in these cells. In conclusion, DTD may be an important target of MMC. 
Biochemical modulation using MIBG and glucose may selectively enhance the activity of MMC 
within cancer cells. 
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Mitomycin C (MMC) remains one of the most 
active agents for gastrointestinal tumors despite 
low response rates of about 20%3,17). The limited 
effectiveness of MMC has stimulated both pre­
clinical and clinical research to enhance its anti­
tumor action9) by biochemical modulation, and 
thus efforts have been directed toward under­
standing the mechanism of action of MMC. 

The cytotoxic activity of MMC is dependent 
upon its intracellular reductive activation to 
a reactive form capable of crosslinking DNA4). 
Recent studies have shown that a two electron 
reductase, NAD(P)H: quinone oxidoreductase 
(DT-diaphorase, DTD), plays a significant role in 
MMC-induced cytotoxicity22,24), and our previous 
studies on DTD using four different types of hu­
man cancer cell lines have supported these find­
ings18,23). Furthermore, we have shown that 
hyperglycemia enhanced the antitumor effect of 
MMC selectively within the tumors by causing a 
decrease in the pH of the tumors. This is based 
on the findings of pH-dependent, DTD-mediated 
activation of MMC and the unique characteristics 
of glycolysis in malignant cells29). 

The role of DTD in MMC-induced cytotoxicity, 
however, is still controversial2,l4). From their 

studies using cells transfected with the DTD 
gene, Powis et al have suggested that DTD may 
not be a clinically useful target for bioreductively 
activated anticancer drugs such as MMC21). At 
least five other, different enzymes have been 
shown to be capable of reductively activating 
MMC: NADH cytochrome C reductase, NADH: b5 
reductase, xanthine dehydrogenase, xanthine oxi­
dase, and most notably, NADPH cytochrome P450 
reductase (P450)1,28). Although the majority of 
studies of the enzymatic activation of MMC fo­
cused on DTD, these controversial results have 
prompted us to determine which enzyme, P450 or 
DTD, correlates with observed sensitivity or re­
sistance to MMC, and to show whether the other 
activation mechanisms of MMC exist or not. If 
DTD is still useful as a target of MMC, the more 
effective modality to enhance its anti-tumor effect 
must be studied for its clinical application. 

Using 10 different human cancer cell lines, we 
investigated the activity of cellular NADPH cy­
tochrome P450 reductase, a one electron reduc­
tase, to identify the enzyme responsible for MMC 
activation. To demonstrate the clinical utility of 
our DTD-targeting biochemical modulation more 
clearly, we also attempted to use an inhibitor of 
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mitochondrial respiration, m-iodobenzyl guani­
dine, as a new modulator of MMC activation8). 

This agent may enhance the anti-tumor activity 
of MMC through its ability to reduce the pH of 
the tumor under hyperglycemic conditions. 

MATERIALS AND METHODS 
Drugs 

All chemicals were of analytical grade. Mitomy­
cin C (MMC) was kindly provided by Kyowa Hak­
ka Kogyo, Tokyo, Japan. Dicoumarol (DIC) and 
dichlorophenol indophenol (DCPIP) were obtained 
from Sigma, St. Louis, MO. MIBG was synthe­
sized from m-iodobenzylamine according to the 
method of Wieland et al30). The product was 
>98% MIBG-sulfate by HPLC analysis. MIBG 
was dissolved in a heated (60°C) solution of NaCl 
(8.67 mg), KCl (0.2 mg), Na2HP04·2H20 (1.15 
mg), and KH2P04 (0.2 mg), per ml of water (pH 
7.2). 

Cells and tumors 
The human myelogenous leukemia cell line 

K562 was kindly provided by Dr. Tsuruo, Tokyo 
University. The human oral epidermoid carcino­
ma KB was kindly provided by Dr. Akiyama, Ka­
goshima University. These were maintained as 
previously described5,l5). The human colon adeno­
carcinoma cell lines COL0201 and COL0320DM 
were obtained from the Japanese Cancer Re­
search Resources Bank. The human gastric ade­
nocarcinoma cell line, SH101, and pancreatic 
adenocarcinoma cell line, PHlOl, were estab­
lished from ascites in our laboratory16). HSC-42, 
HEC-46, HCC-48, and HCC-50 cell lines were es­
tablished by Dr. Yanagihara, Hiroshima U niversi­
ty, from a xenotransplantable human gastric 
cancer cell H-111, esophageal cancer cell EH-6, 
colon cancer line CH-4, and colon cancer line 
CH-5, respectively31). The four parental xeno­
grafts and xenoplantable COL0201 and 
COL0320DM were transplanted serially into 
nude mice under sterile conditions. All cultured 
cells were incubated at 37°C in a humidified at­
mosphere of 5% C02 and maintained in continu­
ous exponential growth by passage every 3 days. 

Animals 
Male mice of the BALB/c/nunu strain, 4 to 5 

weeks old (CLEA, Tokyo, Japan) were kept under 
specific-pathogen-free conditions and used 2 
weeks later for experiments. 

Evaluation of MMC efficacy 
Exponentially growing cell cultures of K562, 

KB, SH101, PH101, HSC-42, HEC-46, HCC-48, 
HCC-50, COL0201, and COL0320DM were con­
centrated to 5x106/ml and exposed to the indi­
cated concentrations of MMC for 30 min with and 
without 50 mM dicoumarol (DIC), an inhibitor of 

DTD activity. For MMC treatment at different 
pHs, the buffer medium was prepared by adding 
25 mM HEPES and adjusting to the appropriate 
pH with 1 N HCl or 1 N Na OH. The buffer media 
were sterilized by filtration, and the pH was mea­
sured immediately prior to use and readjusted as 
necessary. After two washings with drug-free me­
dium, the cells were resuspended at a concentra­
tion of 2.5 x 104/ml in RPMI-1640, DMEM, or 
Eagle's MEM with 10% fetalcalfserum (FCS) and 
seeded in 24-well plates. After 72 hrs of incuba­
tion in fresh media at 37°C, the surviving cells 
were counted using a Coulter counter and by try­
pan blue exclusion. 

The procedure to evaluate the effect of MMC on 
human tumor xenografts transplanted into nude 
mice corresponded to the therapeutic protocol 
with some modifications19). Briefly, tumor speci­
mens were fragmented to approximately 2 mm3 

in RPMI medium. They were implanted s.c. into 
the flanks of nude mice with trocars, and the re­
sulting tumors were measured across two perpen­
dicular diameters with sliding calipers. Each 
mouse was weighed every 4 days. When the cal­
culated tumor volume reached 100 to 300 mm3, 

the treatment was started. A micro-osmotic pump 
(Model 1003D, ALZET, Alza Corp., Palo Alto, CA) 
was transplanted s.c. into the backs of the nude 
mice. The pump was filled with a 50% glucose 
solution or saline. MMC and MIBG were admin­
istered i.v. daily for 5 days. The doses were 2 mg/ 
kg/ injection for MMC and 20 mg/kg/ injection for 
MIBG. The sizes of the implanted tumors were 
measured every 4 days until day 16. The tumor 
volume (TV) was calculated according to the 
equation: TV= L x W2/2, where L is the length 
and W is the width of the implanted tumor. Next, 
the relative tumor volume (RV) was calculated 
according to the equation: RV= ViN o, where Vi is 
the mean tumor volume at any given time after 
treatment, and Vo is the mean initial tumor vol­
ume. Tumor-growth inhibition was evaluated by 
the rate of inhibition in the mean increase of the 
RV (1-T/C, %) in untreated (C) and treated mice. 

Assays of enzyme activity 
A cytosol fraction was prepared at 0 to 4°C. Ex­

ponentially growing culture cells were washed 
twice with ice-cold Hank's balanced salt solution 
(HESS) and resuspended in 0.25 M sucrose (107 

cells/ml). Centrifugation at 100000 g for 1 hr at 
4 °C after sonication for 30 sec yielded clear cyto­
sol fractions. The solid tumors were homogenized 
in 0.25 M sucrose (3.0 ml/g of tissue). After cen­
trifugation at 9000 g for 20 min at 4°C, the su­
pernatant was collected, and 0.2 volumes of 0.1 
M CaCl2 in 0.25 M sucrose were added. Each 
sample then was incubated on ice for 30 min. 
Centrifugation at 27000 g for 20 min yielded 
clear cytosol fractions. 
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The DTD activity was measured according to 
the procedure of Ernster6). The reaction mixture 
contained 0.025 M Tris HCl (pH 7.4), 0.7 mg/ml 
of crystalline BSA, 0.2 mM NAD(P)H, 0.01 % 
Tween 20, 5 mM flavin adenine dinucleotide 
(FAD), and 40 mM DCPIP. Reactions (3 ml) were 
performed at 25°C in the presence or absence of 
20 mM DIC. DT-diaphorase activity was mea­
sured as the DIC-sensitive reduction of DCPIP 
(aM=21,000M-l cm-1). The velocity of the reduc­
tion of DCPIP was measured by spectrophotome­
try at 600 nm. 

The activity of P450 was measured using cy­
tochrome c as the electron acceptor by the proce­
dure of Strobel and Dignam25). The reaction 
mixture contained 150 /lg of cytosol, 100 /tM 
phosphoric acid potassium buffer (pH 7.5), 20 /tM 
cytochrome c, and 100 pM NADPH as an electron 
donor. The reaction was initiated by the addition 
of NADPH at 25°C, and the reduction of cytoch­
rome c was followed spectrophotometically at 550 
nm for 5 min. 

Alkaline elution assay 
DNA damage induced by MMC was analyzed 

using alkaline elution techniques as previously 
describedm. In all experiments, the internal 
standards were (14C)thymidine- labeled cells irra­
diated with 6 Gy of X-rays under refrigeration. 
For all cross-linking assays, the control and drug­
treated cells also were irradiated with 6 Gy. The 
MMC treatments lasted for 30 min at 37°C at a 
concentration of 5 mg/ml/ 1x107 cells with or 
without 50 mM DIC. The total cross-link index 
was calculated according to the equation: total 
cross-link index=(l-Ro)/(1-R) -1, where Ro and R 
are the fractions of DNA retained by the 6 Gy 
with and without treatment with the drug, re­
spectively. 

pH measurements in nude mouse experimen­
tal system 

Tumor-bearing nude mice were anesthetized 
with a single i.p. injection of 0.0025 ml/kg of a 
1:1, 0.9% NaCl solution of sodium pentobarbi­
tal. The tumor surface was exposed without 
damaging any of the overlying blood vessels. A 
microelectrode (18 gauge needle, MI-413, Micro­
electrode, Inc, city, NH) was inserted 5 mm into 
the tissue, and the pH was measured at six sepa­
rate sites for each tumor. A laparotomy then was 
performed, and the pH of the liver, which served 
as a normal control, was measured by the same 
procedure. 

RESULTS 
In cultured human cells, the correlation of the 

DTD activity to MMC-induced DNA damage and 
cytotoxicity was investigated (Table 1). The level 
of the DTD activity (nM/min/mg protein) varied 

from 105 for COL0320DM to 8260 for KB. Ex­
cept for COL0320DM and COL0201, the cellular 
DTD levels correlated well with the MMC-in­
duced cytotoxicity and DNA damage. The higher 
the cellular DTD activity, the lower the MMC 
concentration which caused 50% cell growth in­
hibition (IC50). The total DNA cross-link indices 
also were closely related to the level of cellular 
DTD activities in KB, PHlOl, SH101, K562, 
HCC-48, HEC-46, HCC-50, and _HSC-42 cells. 
However, these did not correlate in the COL0201 
and COL0320DM cells. Although COL0201 and 
COL0320DM cells had extremely low levels of 
DTD activity, they were moderately sensitive to 
MMC. The IC50 values were 2.2 mM for 
COL0201 and 2.5 mM for COL0320DM, which 
were similar to that for HEC-46. On the other 
hand, no correlation was observed between the 
activity of P450 and the MMC-induced DNA 
damage and cytotoxicity. These results suggest 
that P450 is not a target for MMC and that DTD 
plays a more significant role in the bioreductive 
activation of MMC than does P450, at least in 
the cells investigated. 

The inhibition of DTD activity by 50 mM DIC 
caused a significant decrease in the MMC-in­
duced DNA damage and cytotoxicity in KB, 
PH101, SHlOl, K562, HCC-48, HEC-46, HCC-50, 
and HSC-42 cells (Fig. 1), although a single 50 
mM DIC treatment inhibited cell growth less 
than 10%. In contrast, non-toxic doses of DIC did 
not decrease the MMC efficacy at all in the 
COL0201 and COL0320DM cell lines. These re­
sults suggest that a DTD-mediated bioreduction 
may be a critical event in MMC-induced cytotox­
icity in most cells. Since DNA damage was in­
duced by MMC in COL0201 and COL0320DM 
cells but both the DTD and P450 activities were 
extremely low, there may be other mechanisms 
regulating MMC efficacy in these cells. 

As previously suggested, exposure of cells to 
MMC for 30 min at various pH showed that the 
MMC-induced cell growth inhibition varied with 
the microenvironmental pH, which was greatest 
at pH 6, lower at pH 7, and lowest at pH 8 ex-

Table 1. NAD(P)H: Quinone Oxidoreductase (DT-Dia­
phorase) Activity, NADPH Cytochrome P450 (P450) Activ­
ity, and Mitomycin C (MMC) Efficacy 

DT-Diaphorase P450 activity 
MMC efficacy 

activity cytotoxity DNA damage 
(nM/min/mg protein) (nM/min/mg protein) ICSO(µM) 

DNA total 
cross-link index 

Rat liver 26600 
KB 8260 54 0.4 0.26 
PH101 1934 156 1.1 0.23 
SH101 1805 185 1.6 0.20 
K562 1796 273 1.9 0.18 
HCC-48 918 214 2.0 0.19 
HEC-46 837 206 2.2 0.12 
HCC-50 862 199 4.8 0.06 
HSC-42 194 202 8.9 0.03 
COL0201 124 175 2.2 0.14 
COL0320DM 105 71 2.5 0.13 

Each value represents the mean of nine samples, which do not differ by more than 10°0 
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cept for the COL0201 and COL0320DM cells 
(Fig. 2). At pH 6, the IC50 values (mM) were 0.26 
for KB, 0.38 for PH101, 0.42 for SH101, 0.44 for 
K562, 0.51 for HCC-48, 0.58 for HEC-46, 0. 75 for 
HCC-50, and 2.1 for HSC-42 cells. These values 
were less than one-fourth of those at pH 8 and 
correlated well with the cellular DTD levels. A 
reduction in the microenvironmental pH there­
fore increased the efficacy of MMC in most of the 
cancer cells investigated. 

Cytotoxicity 
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1----+---"-Jl~~i;jj K562 
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Fig. 1. Effect of a DTD inhibitor on MMC efficacy 
Exponentially growing cells (5 x 106/ml) were ex­
posed to MMC for 30 min in the absence ( • ) or 
presence ) of a non-toxic DTD inhibitor, 50 mM 
DIC. The cytotoxicity and DNA cross-link index 
were assessed as described in Materials and Meth­
ods. MMC-induced cytotoxicity and DNA damage 
were suppressed in the presence of DIC (*, p<.05) 
except in the COL0201 and COL0320DM cells. 
Each value represents the mean of nine samples, 
which did not differ by more than 10%. 

* 

KB PH101 SH101 K562 HCC· HEC· HCC~ HSC· COLO COLO 
48 46 50 42 201 320DM 

Fig. 2. Microenvironmental pH and MMC efficacy 
Exponentially growing cells (5x106/ml) were ex­
posed to MMC for 30 min in a pH 6 (- ), pH 7 
( ), or pH 8 buffer ( ). Cytotoxicity then was 
assessed by the trypan blue dye exclusion test as 
described in Materials and Methods. MMC-induced 
cytotoxicity significantly increased at pH 6 but de­
creased at pH 8 (*, p<.01; **, p<.05) except for the 
COL0201 and COL0320DM cells. Each value rep­
resents the mean of nine samples, which did not 
differ by more than 10%. 

In solid tumors, a continuous glucose infusion 
combined with the administration of MIBG can 
reduce the pH within the tumors specifically. A 
micro-osmotic pump implanted into the nude mice 
delivered a 50% glucose solution for 90 hrs at a 
pumping rate of 1 ml/hr, and 20 mg/kg of MIBG 
was administered daily for 4 days. This manipula­
tion significantly increased the mean blood glucose 
concentration of tumor-bearing nude mice from 
71.4 mg/dl to 132.4 mg/dl (Fig. 3). Under these 
conditions, the mean tumor pH were reduced from 
7.16 to 6.71 in CH-4, from 7.09 to 6.63 in EH-6, 
from 7.07 to 6.76 in CH-5, from 7.12 to 6.53 in 
H-111, from 7.11 to 6.68 in the COL0201 xeno­
graft, and from 7.06 to 6.61 in the COL0320DM 
xenograft. On the other hand, the pH of liver did 
not vary significantly. As compared to glucose ad­
ministration alone, the combination of glucose and 
MIBG did not increase the blood glucose con­
centration but did reduce the tumor pH more sig­
nificantly and selectively (Fig. 4). 

Glucose and MIBG treatment increased the 
efficacy of MMC significantly except for the 
COL0201and COL0320DM xenografts (Fig. 5), al­
though no positive relationship between the tumor 
DTD level and MMC activity was observed. DTD­
mediated MMC activation may be present in most 
solid tumors, and its metabolism is pH-dependent, 
as it is in cultured cells. Interestingly, MIBG and 
a glucose infusion with MMC did not induce toxic­
ity or pH reduction in the liver tissues. Thus, we 
suggest that this augmentation of MMC anti-tu­
mor activity may be tumor-specific. 
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Fig. 3. Blood glucose levels in nude mice 
The blood glucose levels in nude mice were mea­
sured after the administration of saline (- ), glu­
cose ( ) or MIBG and glucose ( D ). The MIBG 
was administered intravenously for 5 consecutive 
days along with a continuous infusion of a 50% glu­
cose solution using a micro-osmotic pump as de­
scribed in Materials and Methods. The mean blood 
glucose concentration in the tumor-bearing mice in­
creased from 71.4 mg/dl to 128.3 mg/dl with the 
glucose alone and to 132.4 mg/dl with the adminis­
tration of both MIBG and glucose. Each value rep­
resents the mean of nine samples, which did not 
differ by more than 10%. 
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Fig. 4. pH of tumor xenografts and liver tissues 
Using a microelectrode, the pH was measured at a 
5 mm depth at six points in each tumor and the 
liver tissue of untreated mice ( • ), or mice 
treated with glucose alone ( ), or with both 
MIBG and glucose (CJ ). MIBG was administered 
intravenously for 5 consecutive days along with a 
continuous infusion of a 50% glucose solution using 
a micro-osmotic pump as described in Materials 
and Methods. Glucose alone or MIBG plus glucose 
treatment reduced the tumor pH significantly (*, 
p<.01; **, p<.05), but did not change the pH in the 
liver tissues. Each group consisted of six mice. Each 
value represents the mean of the results from the 
six mice, which did not differ by more than 10%. 

CH-4 EH-6 CH-5 H-111 COLO COLO 
(HCC-48) (HEC-46) (HCC-50) (HSC-42) 201 320DM 

Fig. 5. Tumor growth inhibition induced by mito­
mycin C (MMC) and biochemical modulation 
When the implanted tumor reached a volume of 
100 to 300 mm3, the nude mice were treated with 
MMC for 5 consecutive days. Each group of six 
mice either received no further treatment c • ), 
intravenous glucose ( ), or MIBG plus glucose 
administration (CJ). MIBG was administered in­
travenously for 5 consecutive days along with a 
continuous infusion of a 50% glucose solution using 
a micro-osmotic pump as described in Materials 
and Methods. Tumor growth inhibition was en­
hanced by the administration of glucose, and even 
more significantly, by the combined administration 
of MIBG and glucose, except for the COL0201 and 
COL0320DM xenografts (*, p<.01; **, p<.05). Each 
value represents the (1-T/C)%, the inhibition rate of 
the mean increase in the relative tumor volume. 

DISCUSSION 
The enzyme responsible for MMC activation is 

still not well understood. Despite intensive study, 
the details of DTD action are also controversial. 
The NQOl gene has been characterized as a diox­
in-inducible form of DTD, although gene expres­
sion and transfection studies have been unable to 
clarify the role of the two electron reductase on 
MMC metabolism. Traver et al have shown that 
DTD may play a significant role in the activation 
of MMC and that NQOlgene expression is corre­
lated with the enzymatic activity24,26). Using 
NIH3T3 cells transfected with the human NQOl 
cDNA, Powis et al. have shown that an elevated 
DTD activity does not enhance the anti-tumor ac­
tivity of quinones, including MMC21). In an at­
tempt to explain these contradictory results, the 
characterization of the human DTD isozymes is 
in progress. Therefore, an understanding of the 
biologic behavior of DTD in various types of can­
cers is extremely important. 

We have shown here that DTD is a clinically 
useful target of MMC, and its pH-dependent bio­
reductive activation' can be utilized for tumor-spe­
cific biochemical modulation of MMC. Our 
previous study showed that there were differ­
ences in the role of DTD activity on MMC activa­
tion between in vitro and in vivo experimental 
systems18). Since the contradictory results may 
be attributed to its pH-dependent metabolism 
and heterogeneity of the pH in tumors, we have 
attempted to modify the pH in the tumors in or­
der to clarify the significance of the activity of 
DTD. In 8 of 10 cell lines, the cellular DTD acti­
vities correlated well with their sensitivities to 
MMC, and the anti-tumor activity was enhanced 
at reduced pH. MMC may be activated by DTD 
in a pH-dependent manner29). Since we included 
4 lines established from xenoplantable tumors, it 
is apparent that the heterogeneity of tumor pH 
influences DTD-mediated MMC activation in 
vivo. 

Nevertheless, in the COL0201 and COL0320DM 
cells, the role of DTD in MMC activation was not 
clear. Contrary to the findings in the other cell 
lines, the cytotoxicity of MMC was independent of 
their cellular DTD and P450 activities. Tumor pH 
reduction by MIBG and glucose administration 
also did not affect the MMC activity. These find­
ings suggest that DTD-mediated metabolism is 
not always the main pathway of MMC activation. 
As some investigators have suggested, only when 
cells have high DTD activity, DTD works on 
MMC activation20). In some cells, there may be 
other mechanisms which can regulate MMC effi­
cacy. A novel analogue of MMC, 7-N-{{2-{[2-
(-L-glutamylamino)ethyl]dithio}ethyl} mitomycin 
C (KW-2149), has been reported to be activated 
in the presence of thiol molecules 13). Since this 
analogue can circumvent MMC resistance27), eel-



72 N. Sakamoto et al 

lular glutathione or one of its activation enzymes 
may be involved in MMC activation or its detoxi­
fication. Thus, we have focused on the function of 
thiol molecules. 

In addition to clarifying the probable mecha­
nisms of cytotoxic activity, the present study 
demonstrates the possibility of DTD as a clinical­
ly useful target for the biochemical modulation of 
MMC. Tumor selectivity has been the key to all 
chemotherapies. Tumor selectivity may be 
achieved by targeting DTD-mediated MMC ac­
tivation. DTD-mediated MMC metabolism and its 
pH-dependency was first reported by Kennedy et 
al10). A variety of studies, however, have failed to 
develop a modality able to reduce tumor pH with­
out inducing toxicity. We have shown that MIBG 
and gJucose administration can reduce pH selec­
tively in tumors. The glucose-mediated pH reduc­
tion in malignant tissue is unlikely to be limited 
to tumors of a specific origin or histologic 
type7,12>. We suggest, therefore, that synergistic 
combination therapy using MMC may be clinical­
ly applicable as an effective treatment with low 
toxicity for various types of cancers. However, one 
would expect that this approach would be effica­
cious only for tumors having DTD-mediated 
MMC activation. For enhancing its efficacy in all 
tumor cells, the other mechanisms of MMC ac­
tivation or detoxification must be clarified. We 
currently are analyzing the glutathione levels, 
GST n expression, and the effect of y-glutamyl 
synthetase cDNA transfection on MMC activity. 

In summary, we have shown that DTD is a key 
bioreductive enzyme for MMC activation and that 
its combination with MIBG and glucose infusion 
can enhance the anti-tumor activity of MMC for 
most malignant tumors. This form of biochemical 
modulation may enhance the limited effectiveness 
of MMC, although it may be ineffective against 
some tumors. To enhance the effectiveness of 
MMC in these tumors, the other mechanisms of 
MMC activation and deactivation must be inves­
tigated. 

ACKNOWLEDGEMENTS 
This work was presented in part at the 95th 

and 96th Annual Meetings of the Japan Society 
for Surgery, Nagoya, 1994, and Makuhari, 1996. 
We wish to thank Dr. Ry11gsa Kim for his many 
helpful comments during the course of this work. 

(Received December 5, 1996) 
(Accepted April 17, 1997) 

REFERENCES 
1. Arnold, R.G., Ed, J.G., Heleen, S., Jan, N.M.C. 

and Nico, P.E.V. 1994. Cytotoxicity of mitomycin 
C and adriamycin in freshly isolated rat 
hepatocytes: The role of cytochrome P450. Cancer 
Res. 54: 2411-2418. 

2. Benson, A.M., Hunkeler, M.J. and Talalay, P. 
1980. Increase of NAD(P)H: quinone reductase by 
dietary antioxidants: Possible role in protection 
against carcinogenesis and toxicity. Proc. Nat. 
Acad. Sci. (Wash.) 77: 5216-5220. 

3. Crooke, S.T. and Bradner, W.T. 1976. Mitomycin 
C: A review. Cancer Treat. Rev. 3: 121-139. 

4. Durse, L., Covey, J.M., Collins, C. and Sinha, 
B.K. 1989. DNA damage, cytotoxicity and free 
radical formation by mitomycin C in human cells. 
Chem. Biol.- Interact. 71: 63-78. 

5. Eagle, H. 1955. Propagation in a medium of a 
human epidermoid carcinoma, strain KB. Proc. Soc. 
Exp. Biol. (NY) 89: 362-364. 

6. Ernster, L. 1967. DT-diaphorase. Meth. Enzymol. 
10: 309-317. 

7. Jahde, E. and Rajewsky, M.F. 1982. Sensitiza­
tion of clonogenic malignant cells to hyperthermia 
by glucose-mediated, tumor-selective pH reduction. 
J. Cancer Res. Oncol. 104: 23-30. 

8. Jahde, E., Volk, T., Atema, A., Smets, L.A., Glu­
senlamp, K.H. and Rajewsky, M.F. 1992. pH in 
human tumor xenografts and transplanted rat tu­
mors: Effect of insulin, inorganic phosphate, and 
m-iodobenzylguanidine. Cancer Res. 52: 6209-6215. 

9. Kennedy, K.A., Rockwell, S. and Sartorelli, 
A.C. 1980. Preferential activation of mitomycin C 
to cytotoxic metabolites by hypoxic tumor cells. 
Cancer Res. 40: 2356-2360. 

10. Kennedy, K.A., McGurl, J.D., Leondaridis, L. 
and Alabester, 0. 1985. pH-dependence of 
mitomycin C-induced cross-linking activity in 
EMT6 tumor cells. Cancer Res. 45: 3541-3547. 

11. Kohn, K.W., Ewing, R.A.G. and Reickson, L.C. 
1981. Measurements of strand breaks and crosslinks 
by alkaline elution, p. 379-401, In E.C. Freidberg 
and P.C. Hanawalt (eds.), DNA repair: A laboratory 
manual of research procedures, Dekker, NY 

12. Kuin, A., Smets, L., Volk, T., Paans, G., Adams, 
G., Atema, A., Jahde, E., Marrs, A., Rajewsky, 
M.F. and Visser, G. 1994. Reduction of 
intratumoral pH by the mitochondrial inhibitor 
m-iodobenzylguanidine and moderate hyperglyce­
mia. Cancer Res. 54: 3785-3792. 

13. Lee, J.H., Naito, M. and Tsuruo, T. 1994. 
Nonenzymatic reductive activation of 7-N-{{2-{[2-
(-L-glutamylamino )ethyl]dithio }ethyl}mitomycin C 
by thiol molecules: A novel mitomycin C derivative 
effective on mitomycin C-resistant tumor cells. 
Cancer Res. 54: 2398-2403. 

14. Lind, C., Hochstein, P. and Ernster, L. 1982. 
DT-diaphorase: Properties, reaction mechanism, 
metabolic function. A progress report, p. 338-34 7, 
In T.E. King, H.S. Mason and M. Morrison (eds.), 
Oxidases and related redox systems, Pergamon, 
Oxford. 

15. Lozzio, C.B. and Lozzio, B.B. 1975. Human 
chronic myelogenous leukemia cell-line with positive 
Philadelphia chromosome. Blood 45: 321-334. 

16. Nishiyama, M., Aogi, K., Saeki, S., Hirabayashi, 
N. and Toge, T. 1991. Combination of a 
biscoclaurine alkaloid, cepharanthine, and anti­
cancer agents: Effects and mechanism in human 
gastric and pancreatic carcinoma cell lines, Jpn. J. 
Cancer. Chemother. 18: 2429-2433 (in Japanese). 



Biochemical Modulation of MMC 73 

17. Nishiyama, M., Takagami, S., Kirihara, Y., 
Saeki, T., Niimi, K., Nosoh, Y., Hirabayashi, N., 
Niimoto, M. and Hattori, T. 1988. The 
indications of chemosensitivity tests against 
various anticancer agents. Jpn. J. Surg. 18: 
647-652. 

18. Nishiyama, M., Saeki, S., Aogi, K., 
Hirabayashi, N. and Toge, T. 1993. Relevance of 
DT-diaphorase activity to mitomycin C (MMC) 
efficacy on human cancer cells: Differences in vitro 
and in vivo systems. Int. J. Cancer. 53: 1013-1016. 

19. Ovejera, A.A., Houchens, D.P. and Baker, A.D. 
1978. Chemotherapy of human tumor xenografts in 
genetically athymic mice. Ann. Clin. Lab. Sci. 8: 
50-56. 

20. Pius, J., Yeuhang, X. and Anil, K.J. 1996. 
Non-enzymatic and enzymatic activation of 
mitomycin C: Identification of a unique cytosolic 
activity. Int. J. Cancer. 65: 263-271. 

21. Powis, G., Gasdaska, P.Y., Gallegos, A., Sherril, 
K. and Goodman, D. 1995. Over-expression of 
DT-diaphorase in transfected NIH3T3 c,ells does 
not lead to increased anticancer quinone drug 
sensitivity: A questionable role for the enzyme as a 
target for bioreductively activated anticancer 
drugs. Anticancer Res. 15: 1141-1146. 

22. Riley, R.J. and Workman, P. 1992. DT-diapho­
rase and cancer chemotherapy. Biochem. Pharma­
col. 43: 1657-1669. 

23. Saeki, S., Nishiyama, M. and Toge, T. 1995. 
DT-diaphorase as a target enzyme for biochemical 
modulation of mitomycin C. Hiroshima J. Med. Sci. 
44: 55-63. 

24. Siegel, D., Gibson, N.W., Preusch, P.C. and 
Ross, D. 1990. Metabolism of mitomycin C by 
DT-diaphorase: Role in mitomycin C-induced DNA 
damage and cytotoxicity in human colon carcinoma 
cells. Cancer Res. 50: 7483-7489. 

25. Strobel, H.W. and Dignam, J.D. 1978. 
Purification and propeties of NADPH-cytochrome 
P-450 reductase. Methods Enzymol. 52: 89-96. 

26. Traver, R. T., Horiloshi, T., Danenberg, K.D., 
Stadlbauer, T.H.W., Danenberg, P.V., Ross, D. 
and Gibson, N.W. 1992. NAD(P)H: quinone 
oxidoreductase gene expression in human colon 
carcinoma cells: Characterization of a mutation 
which modulates DT-diaphorase activity and 
mitomycin sensitivity. Cancer Res. 52: 797-802. 

27. Tsuruo, T., Sudo, Y., Asami, N., Inaba, M. and 
Morimoto, M. 1990. Antitumor activity of a 
derivative of mitomycin, 7-N-{ {2-{[2-(-L-glutamy­
lamino)ethyl]dithio}ethyl} mitomycin C (KW-2149), 
against murine and human tumors and a 
mitomycin C-resistant tumor in vitro and in vivo. 
Cancer Chemother. Pharmacol. 27: 89-93. 

28. Vromans, R.M., van de Straat, R., Groeneveld, 
M. and Vermeulen, N.P.E. 1990. One-electron 
reduction of mitomycin C by rat liver: Role of 
cytochrome P450 and NADPH-cytochrome P450 
reductase. Xenobiotica. 20: 967-978. 

29. Walton, M.I., Suggett, N. and Workman, P. 
1992. The role of human and rodent DT-diaphorase 
in the reductive metabolism of hypoxic cell 
cytotoxins. Int. J. Radiat. Oncol. Biol. Phys. 22: 
643-648. 

30. Wieland, D.M., Wu, J.I., Brown, L.W., Manger, 
T.J., Swanson, D.P. and Beierwalts, W.H. 1980. 
Radiolabeled adrenergic neuroblocking agents: 
Adrenomedullary imaging with 1311-iodobenzyl­
guanidine. J. Nucl. Med. 21: 349-353. 

31. Yanagihara, K., Ito, A., Toge, T. and Numoto, 
M. 1993. Antiproliferative effects of isoflavones on 
human cancer cell lines established from the 
gastrointestinal tract. Cancer Res. 53: 5815-5821. 




