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ABSTRACT

Intravesical mitomycin C (MMC) therapy is used to treat superficial
bladder cancer. This study was to establish the intra- and intersubject
variabilities in the systemic (plasma) and target site (bladder) exposure
to the drug and to identify the factors which contribute to these variabil
ities. The pharmacokinetics of MMC were studied in 10 patients. Treat
ment consisted of transurethral tumor resection followed by six weekly
intravesical treatments with MMC (20 mg in 40 ml of water). The dosing
solution was maintained in the bladder for 2 h. Pharmacokinetic studies
were performed at the time of the first, fourth, and sixth or first, second,
and fourth treatments with MMC for a total of 28 treatments. Concen
tration-time profiles of the plasma and bladder contents (i.e., urine), urine
volumes, and urine pH were determined during and for up to 4 h after
intravesical administration. Maximal plasma MMC concentrations av
eraged 43 ng/ml (range, 2.1-180.5 ng/ml) in treatment 1. In comparison,
the MMC plasma concentration for myelosuppression reported in the
literature is 400 ng/ml. Maximal plasma concentrations in treatments 2,
4, and 6 were at least 4-fold lower than those in treatment 1 and in most
cases were below the detection limit of 0.5 ng/ml. This indicates that the
absorption of MMC during the later treatments was less than in the first
treatment given shortly after surgery. Urinary MMC concentrations
during instillation declined from 519.4 Â±34.8 /ig/ml (mean Â±SD) in the
dosing solution to 64.6 Â±39.4 Mg/ml 2 h after instillation. Thus, the
superficial bladder tissue was exposed to drug concentrations 300- to
>34,000-fold higher than the plasma-perfused systemic tissues. Intraves
ical exposure to MMC, as determined by the area under the urine
concentration-time curve, showed large intra- and intersubject variabili
ties (range, 2,185-40,411 jig-min/ml). Pharmacokinetic analysis showed
that the bladder exposure to MMC inversely correlated with the residual
urine volume at the time of drug administration (/' < 0.001), the urine
production rate (/' = 0.05), and the rate of drug removal by degradation
and absorption during therapy (P < 0.01 ). At the end of the 2-h treatment,
recovery of MMC from the bladder instillate ranged from 1 to 100% and
correlated with the urine pH at the time of removal (P < 0.001). At pH
between 5 and 5.5, <30% of the dose was recovered. In vitro incubation
of MMC in urine demonstrated a 44% decrease in MMC concentrations
after 2 h at pH 5, as compared to <4% loss at pH 7. Therefore,
degradation accounted for more than one half of the drug loss at low pH.
In conclusion, these data indicate the large target site specificity of
intravesical MMC, the variable but insignificant systemic exposure to
MMC, and the large variability in target site exposure to MMC. The
data further demonstrate the effect of residual urine volume, urine
production, and drug removal by degradation and absorption during
bladder exposure to MMC.

INTRODUCTION

Transurethral tumor resection and intravesical chemotherapy
are the most commonly used treatment modality for superficial
bladder cancer (1-3). Approximately 50-80% of patients
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treated with transurethral resection alone will have recurrent
tumors (1, 4). The goal of intravesical chemotherapy is to
prevent the recurrence and stage progression of superficial
bladder tumors following initial treatment. MMC3 is one of the
most widely used chemotherapeutic agents for this purpose (1-
3). Intravesical MMC therapy following resection has been
shown to reduce the recurrence rate to approximately 10-50%
(1, 4-6). The reasons for the 5-fold variability in patient re
sponse are unclear. Huland et al. (2) recently compared the
duration and intensity of intravesical MMC and doxorubicin
therapy with regard to tumor recurrence (2). Tumor recurrence
rates after long-term (>3 years) and short-term (<5 months)
intravesical therapy were not significantly different. These data
indicate that factors other than the duration of treatment may
affect therapeutic efficacy. Differences in chemosensitivity of
the tumor to the selected chemotherapy, initial tumor burden,
tumor stage, patient selection, evaluation criteria, or drug ex
posure at the tumor site may contribute to the variable response
to intravesical chemotherapy.

The tumor cell populations presumed to cause tumor recur
rence are nonresected tumor cells remaining in the bladder wall,
tumor cells dislodged from the site of resection and implanted
elsewhere in the urothelium, and initiated tumor cells existing
in other portions of the bladder wall. The exposure of these
target tumor cells to the chemotherapeutic agent and, hence,
the therapeutic efficacy are determined by the concentration-
time profile of the drug in the bladder contents (i.e., urine). On
the other hand, the host tissue toxicity is determined by the
concentration-time profile of the drug in the systemic circula
tion. Pharmacokinetics in plasma and urine are needed to define
the therapeutic efficacy of intravesical therapy.

There are limited pharmacokinetic data concerning MMC
during intravesical therapy (7-10). Previous studies have ex
amined the plasma pharmacokinetics in patients and showed
that intravesical MMC therapy gave low systemic concentra
tions (7, 8). Other studies (9, 10) have measured the recovery
of MMC in the urine voided at the completion of intravesical
therapy. These studies showed that the urinary concentrations
and recovery of MMC after therapy were highly variable, that
plasma concentrations of MMC were independent of urinary
pH and urinary MMC concentrations, and that MMC absorp
tion into the systemic circulation was not affected by prolonged
or previous intravesical administrations or by transurethral
resection. However, these studies (9, 10) examined only MMC
concentrations in the urine voided after therapy and did not
study the pharmacokinetics in the urine. Furthermore, the first
MMC treatment in these studies was at 2 weeks after surgery
(10). To gain greater insight into the factors that determine the

3The abbreviations used are: MMC, mitomycin C; HPLC, high pressure liquid
chromatography; AUC, area under the drug concentration-time profile; Vâ€ž,
volume of urine remaining in the bladder at the time of instillation; Al '( 'hi,d,!rf.

AUC in the urine; AUCpiâ€žmm,AUC in the plasma; F,, volume of the bladder
contents at any time during instillation; A,,,rate constant describing absorption
during instillation; A,,,rate constant describing the disappearance of drug from
the bladder contents due to degradation, metabolism, and tissue binding; AM,rate
constant describing urine production during instillation: PFM, porfiromycin; f,.,,.
end of sampling.
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target site exposure and, therefore, affect the treatment out
come, it is necessary to establish the pharmacokinetic profiles
in urine. Furthermore, the effect of surgery on MMC absorption
is of interest. To our knowledge, there have been no studies
conducted to examine the concentration-time profile of MMC
in urine and the factors which control target site and systemic
exposure during therapy. The present study was designed to (a)
determine the MMC pharmacokinetics in the plasma and urine
of patients during intravesical therapy, (b) determine the intra-
and interindividual variability in pharmacokinetics in the
plasma and urine, (c) determine the effect of transurethral
resection and repeated treatment on the pharmacokinetics, (d)
identify the physiological and physicochemical source(s) of the
variability, and (e) identify the treatment conditions which
determine bladder exposure to MMC. These treatment condi
tions may be optimized to enhance the therapeutic efficacy of
intravesical MMC therapy.

MATERIALS AND METHODS

Chemicals and Equipment. MMC (20-mg vials) was purchased from
Bristol-Myers Co. (Wallingford, CT). The internal standard, PFM, was
a gift from American Cyanamid Co. (Pearl River, NY). All other
chemicals and solvents were of analytical grade and were obtained from
Fisher Scientific (Cincinnati, OH). HPLC analysis showed that MMC
and PFM were >99% pure. Both compounds were used as obtained.

HPLC analysis was performed using an Applied Biosystems model
400 pump (Applied Biosystems, Foster City, Ã‡A),a Waters 71OB
automated sampler, a Waters 440 UV detector with 365- and 313-nm
filters or a Waters 490 UV detector operating at 365 and 216 nm
(Waters Assoc., Milford, MA), and two Hewlett-Packard model 3390
integrators (Hewlett-Packard, Palo Alto, CA). In vitro drug stability
studies were performed in a well-stirred water bath maintained at 37"C

on a Whatman Dataplate model 440 (Whatman Ltd., Springfield Mill,
England).

Patient Protocol. Patients were undergoing treatment for superficial
bladder tumors. Therapy consisted of complete transurethral resection
of all visible tumor and random cold cup biopsies followed by six weekly
treatments with intravesical MMC. Table 1 shows the pertinent patient
information. Patients were divided into two groups based on the phar
macokinetic study protocol. In group 1 (patients 1-4), pharmacokinetic
studies were performed at the time of the first, fourth, and sixth
treatments with MMC. The first intravesical treatment was adminis
tered between 1 and 58 days following surgery. Information gathered
from group 1 patients was utilized to design the pharmacokinetic
protocol for group 2 (patients 5-10). Pharmacokinetic studies on group
2 patients were performed at the time of the first, second, and fourth
treatments with MMC. Group 2 patients received the first intravesical
treatment 1-3 days following surgery, when postoperative hematuria
had resolved.

Prior to the administration of MMC, patients were placed in a supine
position and the bladder was emptied via a Foley catheter. MMC (about
20 mg in 40 ml of water) was instilled in the bladder via the catheter.
The void volume of the catheter (size, 22-24 French) was 5 ml. Five to
10 ml of air was then flushed through the catheter to deliver the MMC
solution remaining in the catheter. The catheter was clamped shut and
the MMC-dosing solution was maintained in the bladder for 2 h.
Patients in group 2 were instructed to roll over 90 degrees every 30
min. This procedure was to assure distribution and complete mixing of
the dosing solution throughout the bladder. Serial blood and urine
samples were obtained during therapy and for up to 6 h. Blood samples
(10 ml each) were obtained through a "heparin lock" placed in an arm

or jugular vein. Samples of the bladder content were obtained by
connecting a 60-ml syringe to the outlet of the Foley catheter and
slowly withdrawing the air and 5-10 ml of the bladder content to fill
the catheter and syringe. The latex catheter was then pierced with a 1-
ml syringe (30-gauge needle) and samples (0.1 ml each) were withdrawn.

The catheter was flushed with air to deliver the contents of the catheter
back into the bladder. By this method, the collection of the urine was
completed within 2 min, thus minimizing the time of the MMC-dosing
solution outside the bladder. Furthermore, by keeping the bladder
content within the closed system, the possibility for bacterial contami
nation was minimized. The total volume of the samples was <1% of
the content in the bladder. At the end of the 2-h instillation period, the
contents of the bladder were withdrawn through the Foley catheter,
and their volume and pH were immediately determined. After removal
of the dosing solution, the bladder was emptied via the urethra! catheter
at Ih intervals for up to 6 h. Blood samples were centrifuged at 1100
x g for 10 min at 4Â°C,and the plasma layer was transferred into glass

tubes. The biological samples and aliquots of the dosing solution were
stored at -20Â°Cuntil analysis.

MMC Stability in Vitro. The stability of MMC in urine and buffers
and the effect of pH were assessed in vitro. Urine was obtained from
healthy male volunteers. MMC (final concentration, 125 Â¿ig/ml)was
diluted in pH-adjusted urine, 0.25 M sodium acetate or 0.25 M potas
sium phosphate buffer at pH 5, 6, and 7. Triplicate samples were
incubated for up to 8 h in a shaking water bath maintained at 37'C.

Aliquots (100 ill) were withdrawn from each sample periodically, di
luted 9-fold in water, and immediately analyzed by HPLC.

Sample Extraction and HPLC Analysis. Extraction and HPLC analy
sis of plasma samples were performed as previously described (11).
Briefly, MMC and the internal standard, PFM, were extracted from 1
ml of buffered plasma with ethyl acetate. The organic extracts were
evaporated under a stream of nitrogen, dissolved in aqueous mobile
phase, and analyzed by HPLC. The lower detection limit of this assay
was 0.5 ng/ml in plasma. Urine samples were diluted 9-fold in water
and PFM was added. The diluted urine samples were directly injected
into the HPLC. MMC and PFM were separated by isocratic reversed
phase HPLC and UV detection at 365 and 313 or 216 nm. The
stationary phase was a reversed phase C|8 column (Pecosphere, 83 x
4.6 mm, 3-iim particle size; Perkin-Elmer, Norwalk, CT). The aqueous
mobile phase contained 12.5% acetonitrile and 2.5 mM potassium
phosphate buffer, adjusted to pH 6.9 with 2% phosphoric acid. The
solvent flow rate was maintained at 1.5 ml/min. All analyses were
performed at ambient temperature.

Data Analysis. The plasma concentration-time profiles were analyzed
utilizing model-independent pharmacokinetic methods. The terminal
slope of the In (concentration) versus time plot following removal of
the dose solution at 2 h was calculated using linear least squares
regression. The AUC in plasma during the sampling period was calcu
lated by the linear trapezoidal rule. The AUC from f,â€ž,to time infinity
was calculated as the concentration at (/â€žâ€ždividedby the absolute value
of the terminal slope. The total AUC from time zero to infinity was
the sum of these AUC values (12).

The concentration-time profiles of MMC in urine during instillation
were analyzed according to the following model. The urine concentra
tion of MMC, C., at any time, /, during intravesical administration was
described by the following equations.

and

Dose
IT'

= V. + kâ€žt+ V,,

(A)

(B)

where V, is the volume of the urine at time, t; K0is the volume of the
MMC-dosing solution (40 ml); ka is the zero-order rate constant
describing urine production; I 'â€ž.,is the theoretical volume of residual

urine present in the bladder at the time of instillation; ka is the first-
order rate constant describing absorption into the systemic circulation;
and kd is a hybridized first-order rate constant describing degradation,
metabolism, and tissue binding. The derivation of Equation A is shown
in the Appendix. Previous studies with MMC have shown that <10%
of an i.v. dose is excreted into the urine (13). In this study, systemic
blood concentrations of MMC were at least 300-fold less than the urine
concentration. Hence, the transfer of MMC from the systemic circula-
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tion to the bladder (i.e., urinary excretion) was considered negligible
and was not included in the model. Estimates for V,â€ž,(ka + kd), and ko
were calculated by computer-fitting the urine concentration-time pro
files, using a subroutine written for the NONLIN84 pharmacokinetic
data analysis program (Metzler and Weiner, Statistical Consultants
Inc., Lexington, KY). The AUC in the urine (AUCw.dder)was calculated
using the linear trapezoid rule. The percentage recovery of the MMC
dose following intravesical administration was calculated as the amount
of MMC recovered at 2 h divided by the amount instilled.

Regional therapy to the tumor-bearing organs offers the therapeutic
advantage of enhanced drug exposure of tumor cells while minimizing
systemic drug concentrations and exposure of the systemic host tissues.
The target site specificity of intravesical treatment was calculated as
the ratio of bladder exposure (AUC(,iadder)to systemic exposure (AUC-
pi.Â»ma).The extent of systemic absorption of MMC was calculated as
the product of AUCpi,,m. and the plasma clearance of MMC, obtained
from the literature, divided by the intravesical dose (12). When plasma
MMC concentrations of MMC were below the assay detection limit
(i.e., <0.5 ng/ml), the systemic absorption of MMC was calculated as
the plasma concentration at steady state (0.5 ng/ml) multiplied by the
literature value for plasma MMC clearance and instillation time, di
vided by the intravesical dose (12).

Statistical analyses were performed using parametric and nonpara-
metric methods. Pearson's sample correlation is a parametric test which
identifies linear relationships between variables (14). Spearman's rank

correlation is a nonparametric test which identifies both linear and
nonlinear relationships (14). Correlations between variables were ex
amined at a 5% level of significance. P values are reported for Spear
man's rank correlation coefficient. Differences between group 1 and 2

patients were determined using a single-factor analysis of variance.

RESULTS

Pharmacokinetics in Plasma. In 21 of the 28 studies, plasma
concentrations were below the assay detection limit (0.5 ng/ml)

for most or all of the time points sampled. Complete plasma
MMC concentration-time profiles were obtained in the 7 re
maining intravesical treatments. Initial pharmacokinetic stud
ies in group 1 patients were performed at the time of the first,
fourth, and sixth intravesical MMC treatments. Data from
these studies suggested a relationship between the maximal
plasma MMC concentration and the duration between surgery
and treatment, with plasma concentrations below the limit of
detection in 7 of 8 treatments administered >2 days after
surgery (Table 1). To further determine the time dependence of
systemic MMC absorption, pharmacokinetic studies in group
2 patients were performed at the time of the first, second, and
fourth intravesical MMC treatments. In addition, the first
intravesical treatment in all group 2 patients was administered
1-3 days following surgery, as soon as postoperative hematuria
had resolved. Maximal plasma MMC concentrations and the
AUCpiasmaagain correlated with the length of time between
surgery and intravesical treatment. In group 2 patients, MMC
was detectable in plasma of all patients during the first intraves
ical treatment, with mean maximal plasma MMC concentra
tions of 50.0 ng/ml (Table 1). A week later, MMC was detect
able in only 2 of 6 patients with a mean maximal concentration
of 3.7 ng/ml. At the time of treatment 4, MMC was detected
in only one of 6 patients. The peak MMC concentration during
treatments given 1-3 days after surgery averaged 43 ng/ml,
which was significantly higher (P< 0.005) than the mean peak
plasma concentration during treatments administered 1 week
or more after surgery. In contrast, van Helsdingen et al. (IO)
reported plasma concentrations of about 6 ng/ml up to 8 weeks
after tumor resection. Lower plasma concentrations in our
study may be attributed to a smaller intravesical dose (20 mg
of MMC in 40 ml) compared to that used by van Helsdingen
et al. (IO) (40 mg of MMC in 40 ml).

Table 1 Patient information and plasma pharmacokinetic data
Patients were given an intravesical dose of MMC (20 mg in 40 ml of water) weekly for 6 consecutive weeks following transurcthral tumor resection. The size of

the bladder tumor and the number of random cold cup biopsies were recorded during surgery. Pharmacokinetic studies were performed at the time of the first, fourth,
and sixth intravesical treatments in group I patients and the first, second, and fourth treatments in group 2 patients. Peak plasma MMC levels Â«,,"'">and the

AUCpiâ€žm.were determined. Tumor grade and stage were based on the pathology of biopsy specimens. NA. not applicable.

PatientTreatmentGroup

11
162

1463

144

146Group

25
1246

1247

1248

1249

12410

124Time

since
surgery(days)137221365879183952182431327110231721211242822No.

of
tumors2230222822Tumor

size (no.)
andbiopsies0.5

cm(2)5
biopsies0.5

and1.5cm4
biopsies0.5

cm(3)No
biopsiesNo
resection5
biopsies2-3

mm(2)3
biopsies2

cm(2)5
biopsies5-6

mm(2)5
biopsies1-8

mm(8)No
biopsies1

and 4cm4
biopsies5

mm (2)andurethral
stricture2

biopsiesTumor

grade/stageIl/Ti.H/T.I/T.No

tumorl/T.I/T.III/T.II/T.H/T.I/T.Ã‡,â€”(ng/ml)20.6<0.522.5<0.5<0.5<0.5<0.5<0.5<0.51.82.1<0.5<0.517.73.3<0.52.8<0.5<0.568.0<0.5<0.528.84.11.8180.5<0.5<0.5AUCp^m.(ng

-min/ml)2,748NA3,251NANANANANANANANANANA1,845NANANANANA10,046NANA3,537645NA23,163NANA
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Plasma concentrations increased rapidly following intravesi-
cal administration and were detectable within 10-30 min. After
removal of the urine at 2 h, plasma MMC concentrations
declined log linearly with time and had a half-life of 63 Â±11.5
min (mean Â±SD, n = 5). This half-life was comparable to that
reported in previous investigations of MMC disposition after
i.v. administration (15, 16). The AUCpiasmavalues in the 10
patients showed a 12-fold intersubject variability during the
first treatment.

Pharmacokinetics in Urine. Complete MMC concentration-

time profiles in urine were obtained for 27 of the 28 treatments.
Fig. 1 shows the average urine concentration-time profiles for
patients given an intravesical dose of MMC on the first, second,
fourth, and sixth weeks following surgery. The concentration
at the zero time point was the mean concentration of the dosing
solution prior to instillation. All other data points were the
mean drug concentrations in urine. The solid line represents a
computer-simulated urine concentration-time profile, using
mean values for the pharmacokinetic parameters, (ka + kd), k0,
and Vres,for each weekly treatment.

In group 1 patients, MMC concentrations in urine declined
from 405 Â±63.2 ng/m\ (range, 347-517 ng/m\) in the dosing
solution to 215 Â±78.5 //g/ml (range, 106-326 /jg/ml) after 5
min in the bladder and to 42.3 Â±32.4 /Â¿g/ml(range, 1-94 ng/
ml) after the 2-h instillation period. MMC concentrations in
urine declined because of several factors, i.e., dilution by resid
ual urine present in the bladder at the time of instillation,
production of additional urine during the 2-h treatment, and
removal by absorption, degradation, metabolism, and tissue
binding. The pharmacokinetic parameters describing these
processes, i.e., residual volume (Vres),rate of urine production
(ko), and rate constants of absorption and degradation (ku + kj),
were calculated from the urine concentration-time profiles for
each of the 27 treatments. Data are shown in Table 2. In group
1, Vresranged from 0 to 76 ml. This volume is relatively large
compared to the 40-ml volume of the dosing solution. The Vres
term accounted for the 47% decrease of MMC concentrations
within 5 min. The sum of the first-order absorption and deg
radation rate constants, (ka + kj), was 0.0146 Â±0.0068/min in
group 1. This was primarily due to degradation and/or metab
olism. There was no significant drug loss due to absorption
based on the low plasma MMC concentrations. The urine
production rate, k0, was 1.48 Â±1.25 ml/min.

In order to minimize the effects of residual urine on the
intravesical exposure to MMC in group 2 patients, the positions
of the patient and Foley catheter were adjusted several times in
an attempt to more completely drain the bladder prior to
instillation of the dosing solution. In addition, patients were
instructed to roll over 90 degrees during therapy. This proce
dure was to assure distribution of the dosing solution through
out the bladder and complete mixing with urine present within
the bladder. In group 2 patients, MMC concentrations in urine
declined from 519 Â±34.8 ng/m\ (range, 457-570 ng/m\) in the
dosing solution to 315 Â±127 /ug/ml (range, 107-536 Mg/ml)
after 5 min and to 64.6 Â±39.4 ng/m\ (range, 11-152 pg/m\)
after the 2-h instillation period. Table 2 shows the computer-
fitted pharmacokinetic parameters for group 2. V,â€žrangedfrom
0 to 131 ml and again showed large intra- and intersubject
variability. (ka+ kd) was 0.0144 Â±0.0211/min and k0 was 1.48
Â±1.07 ml/min. Values for Vrfs,(ka + kj), and k0 in group 2
patients were not significantly different from those of group 1
(P > 0.9).

The target site specificity of intravesical therapy was calcu-

600 -

400 -

200 -

0 -

600 -

400 -

200 -

0 -

30 60 90 120 0 30 60 90 120

min

Fig. 1. Urine concentration-time profiles of MMC. Patients were given an
intravesical dose of MMC (20 mg in 40 ml of water) weekly for 6 consecutive
weeks following transurethral resection. Urine concentration-time profiles were
assayed during treatments 1(A), 2 (Hi. 4 (C), and 6 ( /'). Dots, mean concentration-
time data for group 2 patients; error bars, SD. Lines, computer-simulated concen
tration-time profile in the bladder contents using Equations A and B. Pharma
cokinetic parameters (ka + kj, ko, and Vâ€ž,)were obtained from the computer-
fitted urine profiles. The concentration at zero time was the mean concentration
of the dosing solution. The instantaneous decline in concentration was due to
dilution of the dosing solution by residual urine present in the bladder at the timeof instillation il',,,), as described in the pharmacokinetic model.

lated as the ratio of AUCWad<jcrto AUCpiasma.The AUCbiadder
averaged 9,677 Â±3,594 ^g-min/ml in group 1 and 17,046 Â±
10,832 ng-mm/m\ in group 2. In 7 of 28 treatments, the plasma
MMC concentration-time profile permitted the estimation of
the terminal slope and, hence, the calculation of the AUCpiasnia.
The AUCpiasmaaveraged 2,999 ng-min/ml in group 1 (n = 2)
and 7,847 ng-min/ml in group 2 (n = 5). In these treatments,
the target site specificity of intravesical therapy ranged from
300 to >34,000 (n = 7). In the remaining 21 treatments, the
plasma concentrations were not detectable (<0.5 ng/ml) and,
hence, the ratio of AUCWadderto AUCpiaSmaapproached infinity.
These data demonstrate the large target site specificity of in
travesical MMC therapy.

Bladder exposure would be expected to vary as a function of
absorption, degradation, metabolism, and/or binding (ka + ka),
residual urine volume (Frâ€ž),and urine production (k0) during
therapy, in accordance with Equations A and B. Intra- and
intersubject variability was 18-fold in the AUCwadder,with values
ranging from 2,185 to 40,411 ^g-min/ml (Table 3). AUCbiadder
correlated with (ka + kd), Vres.anlik0(P < 0.01, P < 0.001, and P
= 0.05, respectively) (Fig. 2). These data indicate that variable
first-order disposition, residual urine present in the bladder at

the time of instillation, and urine production during instillation
were primarily responsible for the intra- and intersubject differ
ences in bladder exposure.

Recovery of MMC from the Bladder. At the end of the 2-h
treatment, the bladder was emptied via the Foley catheter. The
volume of urine removed at 2 h ranged from 48 to 570 ml. The
amount of MMC recovered ranged from 1 to 100% of the dose
(Table 2). The average recoveries were 37.2 Â±29.9% in group
1 patients and 57.9 Â±29.0% in group 2 patients. The interin
dividual variation was between 0.5- and 4-fold. Intraindividual
variation, in 8 of 10 cases, was <2-fold and Â¡nthe two remaining
cases was 3- to 4-fold. The variability appeared to be random
and was not patient specific. The recovery of MMC in urine
voids from 2-6 h (up to 4 h after removal of the dose) was
insignificant (<7%) in 27 of 28 cases, and in the remaining case
the recovery was 34%.
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Table 2 Pharmacokinetics ofMMC in urine
The concentration-lime profiles of MMC in the bladder content during intravesical therapy were computed fitted to Equations A and B. The Vnr, *o, and the (k.

+ AjÃwere determined. M (,â€ž.,,,,,,was calculated by the linear trapezoidal rule. The fraction of the dose recovered was calculated as the amount recovered via the
Foley catheter divided by amount administered. NA, not applicable.

PatientTreatmentGroup

11
162

1463

144

146Group

25
1246

1247

1248

1249

12410

124*.

+ *,,
(/min)NA1.04X

IO'21.64X
IO"2I.97X
IO'22.02

x1<T27.90
XIO"35.81
xIO'37.37
xIO'32.38
xIO"22.02
xIO-22.00

xIO"33.71
x10"'3.33
xIO'68.19
xIO-33.53
xIO'36.44
xIO'22.16
xIO-22.93
xIO'32.34
xIO'33.30
xIO'31.01
xIO'21.14X

IO'26.17
xIO-25.25
x19-33.58
x10-'4.83
xIO"21.45
xIO-'1.36
x IO-2*o

(mi/min)NA0.600.921.061.751.644.610.631.330.691.793.832.502.930.232.950.660.840.392.631.180.571.440.731.301.311.330.08K.(mi)NA67.462.876.347.7037.78.803.29.70098.1090.00107.10130.754.353.609.66.30012.1AUCbuÂ«Â«,(Â»jg-min/mi)NA10,8265,5846,2995,96215,07211,08414,7447,8579.66717,90315,31920,2027,00740,3792,18515,64210,62140,4117,54811,08412,5255,86522,17723,6887,68526,31920,271pH7.25.36.05.97.07.36.85.25.06.06.76.76.55.75.25.55.56.05.76.25.55.77.76.08.07.27.05.5%dose
recovered

at 2h323515155100701518311008883215420266060502535535693469917%

dose re
covered

from 2-6h00100001000000200607003411401

Table 3 Intra- and intersubject variability in target site exposure
The concentration-time profiles of MMC in the bladder content during in

travesical therapy were computed fitted to Equations A and B. M '< wÂ«.ijâ€žwas

calculated by the linear trapezoid rule. NA, not applicable.

Number ofAUCw,ddÂ«ttreatments
(>ig-min/ml)Coefficient

ofvariation
(%)Inter-subject

variabilityTreatment1246969310,783

Â±4,924Â°20,983

Â±11,34516,058
Â±11,6108,81

8 Â±2,54145.754.172.328.8Intra-subject
variabilityPatientI2345678910232333333310,826*5,948

Â±3581
3,078 Â±1,<)W10,756

Â±3,57017,808
Â±2,44316,524

Â±20,80022,225
Â±15,94910,386

Â±2,56117,243
+9,88318,092
Â±9,506NAC6.0NA33.213.712671.829.757.352.5

" Mean Â±SD.
* Single determination.
' NA, not applicable.
d Average Â±range.

The recovery of MMC at 2 h increased with increasing urine
pH at the time of removal (Fig. 3; n = 28, r = 0.658, P <
0.001). At a pH between 5 and 5.5, <30% of the dose was
recovered. At pH 6.5-8, >80% of the dose was recovered.
Several factors may have accounted for this correlation and the
incomplete recovery of the dose: (a) pH-dependent absorption
process, (h) pH-dependent binding to bladder wall tissue, (c)
incomplete withdrawal of urine at 2 h, (d) enzymatic metabo
lism/degradation of MMC by the bladder wall, (e) degradation

of MMC in urine, and/or (J) pH-dependent binding to the
Foley catheter. Plasma MMC levels in this patient group indi
cated that systemic absorption of MMC was minimal. There
fore, a pH-dependent absorption process was unlikely to con
tribute significantly to the disappearance of MMC during in
stillation. The binding of MMC to bladder wall tissue was
unlikely to have contributed significantly. In an independent
study, we found that the average bladder wall concentration
ranged from 0.5 to 58 ^g/g of wet tissue weight in dogs receiving
the same dose of MMC (20 mg in 40 ml of water instilled for
2 h) (17). These concentrations were equivalent to <500 ^g or
3% of the intravesical dose/8 g of bladder tissue. Incomplete
withdrawal of the bladder contents would be expected to occur
randomly, independently of pH. Furthermore, urine voids taken
at 1,2, and 4 h following removal of the instillate contained an
insufficient amount of MMC to account for the low recovery
in 27 of 28 cases (Table 2). Incomplete withdrawal of urine
may be a function of the inability to completely void the bladder
because of physiological conditions or positioning of the ure-
thral catheter. In this case, the recovery may be related to Vrl,
in individual treatments. However, there was no apparent cor
relation between Vrtsand the presence of MMC in the later
urine voids, suggesting that other factors are primarily respon
sible for the pH-dependent drug loss. Enzymatic metabolism/
degradation of MMC by the bladder wall may have a significant
effect. Previous investigations have shown that the urinary
bladder in mice contain high activity of endogenous quinone
reducÃase,an enzyme which metabolizes MMC (18). The sig
nificance of this process in patients is unknown.

In Vitro Experiments. As shown above, rate constants for
first-order disposition (ka + kd) correlated with AUCbi,dder.The
significance of nonenzymatic degradation and binding to the
Foley catheter to bladder exposure and the recovery of MMC
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Fig. 2. Physiological and physicochemical determinants of target site exposure.
We determined the relationship between AUCblridcr and (A) Vâ€ž,(P< 0.001), (B)
ko (P = 0.05), and (C) (Aâ€ž+ kâ€ž)(P < 0.01 ).

were studied under in vitro conditions. Nonenzymatic degra
dation of M MC in pH-adjusted urine and buffers at pH 5, 6,
and 7 was pH dependent and occurred as a first-order process.
Nonenzymatic degradation at pH 5 (half-life, 2.8 h) proceeded
>3-fold faster than degradation at pH 6 (half-life, 12.2 h) and
> 12-fold faster than degradation at pH 7 (half-life, 38 h). A
calculation based on these rate constants showed that 44% of
the MMC dose would have been lost because nonenzymatic
degradation in 2 h at pH 5. In patients, the average recovery at
pH 5-5.5 was 26.3 Â±12.9%, equivalent to a loss of 72.7 Â±
12.9% (n = 4). Hence, a loss of 30% of the dose was not
accounted for. These data show that nonenzymatic degradation
contributed significantly to decreased bladder exposure and the
pH-dependent loss of MMC but that it was not the sole deter
minant of these parameters.

Binding of MMC to the Foley catheter as a function of pH
was also studied in vitro. The binding of MMC to the latex
catheter was <1% at pH 5 and 7 in urine and buffers. This
process, therefore, did not contribute to the low recovery of
MMC at acidic pH.

DISCUSSION

The rationale for intravesical therapy is to expose tumor cells
located in the bladder wall to concentrations much higher than
those achieved systemically during treatment. Target site drug
exposure is an important determinant of treatment efficacy,
while systemic exposure is an important determinant of host
toxicity. Previous studies have focused on the concentration-
time profiles of intravesical agents in the systemic circulation
during therapy and have ignored the pharmacokinetics at the

target site. The exposure of tumor cells located in the bladder
wall is highly dependent on the AUCbiadderand the kinetics of
drug penetration through the bladder wall. Tumor response to
chemotherapy will depend on the intravesical exposure and the
inherent chemosensitivity of the tumor to the drug. Intravesical
MMC therapy has been shown to reduce the tumor recurrence
rate to approximately 10-50% (1-6). Questions concerning the
relative contributions of pharmacokinetics, tissue penetration,
and chemosensitivity to the highly variable patient response
remain unanswered. Our pharmacokinetic data demonstrate
large intra- and intersubject variability in the target site expo
sure to MMC during intravesical therapy. The present study is
the first to describe urinary MMC concentration-time profiles
during intravesical therapy, to identify the inter- and intrasub-
ject variability in the target site exposure, and to evaluate the
factors which influence the target site exposure. Concurrent
studies in our laboratories address the variability of drug pen
etration into the bladder tissue and tumor chemosensitivity (17,
19,20).

Target site exposure is of great concern in achieving optimal
intravesical therapy, because tumor cells located in the bladder
wall must receive effective concentrations. The target site
specificity of intravesical therapy was substantial. Ratios of
AUCbiadderto AUCpiaSmaaveraged >6,000 in treatments admin
istered 1-3 days following surgery and approached infinity in
subsequent treatments. Our data show that tumor cells located
in the bladder urothelium and directly accessible by MMC Â¡n
urine received concentrations several orders of magnitude
higher than the systemic tissues. However, these tumor cells
received variable drug exposure from treatment to treatment
and from patient to patient. Because the drug concentration in
the bladder contents is the driving force for drug absorption
across the urothelium and penetration into deeper bladder wall
tissue, the same variability would apply to tumor cells located
in the lamina propria or muscle layers. The penetration of
MMC in bladder wall was studied in dogs and cystectomy
patients (17, 20). Urine pharmacokinetic data, combined with
tissue penetration and chemosensitivity data (17, 19, 20),
showed that the therapeutic outcome of intravesical therapy is
largely dependent on the MMC concentration in urine. The
variable AUCWaddermay partially account for the variability in
patient response to intravesical MMC. A detailed discussion is
given in a separate publication (17).

The AUCbiaddershowed an 18-fold intra- and intersubject
variability during therapy. Residual urine present in the bladder
at the time of instillation and nonenzymatic degradation at

100

so

60

40

20

6 B

pH of Bladder Contents

Fig. 3. Relationship between pH of bladder contents at time of removal and
recovery of MMC. The pH and volume of the bladder contents were determined
at the end of each intravesical treatment with MMC. The percentage recovery of
MMC was calculated as the amount recovered at 2 h divided by the amount
instilled. The correlation was significant (P < 0.001).

5149

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/19/5144/2444855/cr0510195144.pdf by guest on 19 M

ay 2023



PHARMACOKINETICS OF INTRAVES1CAL MITOMYCIN C

acidic pH were the primary causes of the different AUCb|adder.
Intra- and interindividual differences in metabolism and/or
absorption may have also contributed to the large variability.
Incomplete bladder emptying via urethral catheters and residual
urine volumes averaging 130-200 ml have been previously
reported in patients (21). Our data showed Vresvalues from 0 to
130 ml. The cause of the intra- and interindividual variation in
bladder emptying is unknown. Systemic absorption of MMC
could not account for the substantial variability in AUCbiadder,
because plasma concentrations did not correlate with urine
concentrations. Furthermore, the low plasma concentrations
indicate that insignificant amounts of MMC reached the sys
temic circulation. Using a literature value of 10 ml/min/kg for
the plasma clearance of MMC (16), we estimated that on
average <6% of the intravesical dose was absorbed into the
systemic circulation. In comparison, the fraction of the MMC
dose lost after 2 h averaged 52%. Hence, systemic absorption
accounted for only a small component of the loss of MMC.
Concurrent studies in our laboratories demonstrated that the
amount of MMC absorbed in the bladder wall of dogs and
patients during intravesical therapy is also insufficient to ac
count for the low recovery (17, 20). Hence, there are other
processes, in addition to absorption, which removed MMC
from urine, as discussed below.

It should be noted that, in spite of the considerable variability
in bladder pharmacokinetics, systemic exposure to MMC was
minimal and below the threshold for toxicity. MMC plasma
levels in excess of 400 ng/ml have been associated with mye-
losuppression (22). In our studies, the highest plasma concen
tration achieved in 28 treatments with MMC was 180 ng/ml,
while plasma concentrations in 16 of 28 treatments were <0.5
ng/ml. These data demonstrate that intravesical MMC yields
high concentrations in the bladder while avoiding systemic
toxicity and confirm the advantage of intravesical therapy.

A previous study examined the relationship between the
maximal plasma MMC concentrations and the MMC concen
trations in urine recovered at the end of intravesical therapy
and found no correlation (10). Single point determination of
urine concentration at the end of therapy serves only as a
measurement of recovery. A higher urine concentration implies
greater recovery, based on the assumptions that the MMC
concentration in urine is the driving force for systemic absorp
tion and that systemic absorption is the major mechanism of
drug removal from the urine. However, this study (10) did not
obtain paired urine and plasma concentrations, which are
needed to estimate the transfer function between the bladder
and systemic compartment and the physiological and physico-
chemical factors which determine target site and systemic ex
posure. Hence, it is not surprising that the MMC concentration
in urine recovered at the end of therapy did not correlate with
the peak plasma concentration. Furthermore, other drug re
moval processes in addition to absorption, i.e., degradation and
dilution by urine, complicate the assessment of this relation
ship. In comparison, our study established the complete urine
concentration-time profile during therapy. Pharmacokinetic
analysis of these profiles, using Equations A and B, provided
the values of Vres,ko, and (ka + ka). Our analysis showed that
(ka + kd) did not correlate with the plasma MMC concentra
tions. However, target site exposure, i.e., AUCbiadder,correlated
with (ka + kd), Vâ€žâ€žand k0.

The systemic MMC concentrations achieved from absorption
of the intravesical dose were significantly higher in treatments
administered shortly after surgery than in treatments given 1

or more weeks after surgery. These data indicate that the
bladder urothelium was able to rapidly repair itself and its
absorptive barrier function within 1-2 weeks following surgical
resection. These data demonstrate that the timing of the first
intravesical dose may be an important determinant of systemic
toxicity during intravesical therapy. Previous studies showed
that systemic toxicity and cystitis of thiotepa was lower in
groups receiving intravesical treatment several weeks after sur
gery (6). The intravesical administration of bacillus Calmette-
Guerin occasionally leads to systemic infection and sepsis (6).
It may be more appropriate to administer bacillus Calmette-
Guerin in 1-2 weeks after surgery, when the bladder urothelium
has had time to heal. Data in Table 1 demonsrate that maximal
plasma MMC levels did not correlate with the area of resection.
For example, patient 7 had an area of resection twice as large
as patient 5, but the maximal plasma concentrations in both
patients were comparable. Conversely, patients 5 and 6 had a
similar area of resection, but the maximal plasma concentration
in patient 6 was >7-fold higher than that of patient 5. All
resections extended to the deeper muscle layers. Therefore,
while the surgical resection wound contributed to the intra- and
intersubject variability in plasma pharmacokinetics, it was not
the sole determinant. Other factors, such as variability in the
concentration-time profile in urine and/or the systemic clear
ance of MMC, might have also affected the systemic
pharmacokinetics.

A previous study suggested degradation of MMC in urine,
substantial loss of MMC in the catheter, and/or absorption
into the urothelial wall and subsequent metabolic degradation
as explanations for the low recovery of MMC after intravesical
therapy (10). Our in vitro studies ruled out loss of MMC in the
catheter and showed that the rate of nonenzymatic degradation
of MMC was 12-fold slower at pH 7 relative to pH 5. It would
be logical to buffer the bladder instillate to pH 7 during therapy
in order to decrease the rate of nonenzymatic degradation and
thereby increase bladder exposure. This approach must be
carefully considered in light of the pH-dependent activity of
MMC. Kennedy et al. (23, 24) demonstrated enhanced in vitro
activity of MMC in EMT6 cells under acidic pH and hypoxic
conditions. Recent studies suggest that the pH-dependent activ
ity of MMC is related to its enzymatic activation (24-26).
NADPH:cytochrome P-450 reducÃase, NAD(P)H: (quinone-
acceptor) oxidoreductase, and xanthine oxidase have been im
plicated in the activation and/or detoxification of MMC under
various in vitro conditions (27-30). Therefore, the selection of
the optimal pH for intravesical MMC therapy is a balance
between nonenzymatic degradation and enzymatic activation.
Further studies describing the distribution and roles of enzymes
involved in MMC activation and detoxification within the
bladder wall and superficial bladder tumors, as well as the
relationship between pH and alkylating activity, are needed.

In summary, intravesical MMC therapy produced significant
target site specificity for the treatment of superficial bladder
cancer. Systemic exposure to MMC was well below the thresh
old for toxicity, while concentrations in the bladder were main
tained several orders of magnitude higher. The bladder expo
sure to MMC demonstrated large intra- and intersubject vari
ability. Residual urine present in the bladder at the time of
instillation, the production of urine during therapy, and drug
removal by absorption and degradation during therapy were the
major determinants of the target site exposure to MMC, i.e.,
AUCbiadder-Concurrent studies demonstrated the AUCbiadderas
an important determinant of drug concentration (and, hence,
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the therapeutic efficacy) in the urothelium (Ta tumors), lamina
propria (Ti tumors), and muscle layers (T2 tumors) (17, 19, 20).
Further enhancement of target site exposure requires changes
in the treatment protocol, including more complete bladder
emptying, control of the urine pH for optimal drug activity and
stability, decreased fluid intake prior to and during therapy,
increased instillation periods, and more complete distribution
and mixing of the dosing solution within the bladder during
therapy.
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APPENDIX

The derivation of Equation A is as follows. The following
model describes the concentration-time profiles of MMC in the
bladder contents.

ka + kd

By integration,

where Au, Cu, and Vu are the amount and concentration of
MMC, and volume of the bladder contents at time, f, respec
tively; ko is the urine production rate; Vresis the volume of urine
present in the bladder at the time of instillation; and I,, is the
volume of the MMC dose (40 ml). The following differential
equation describes the change of drug amount in the bladder
over time.

s*U â€”¿�

By substitution.

d(Vu-Cu)

dt

By partial differentiation,

=-(ka

dt dt

where Vu= V0+ k0t + VreÂ¡.
Substituting the expression for Vuand rearranging,

dt

Rearranging,

dCu
dt

= -Cu

i-fa - (kg+

- (ka yâ€ž+ kâ€žt

k0t+ yrfs)\
(V0 + k0t + V,es)

In C
CÂ°â€ž

= In y0+ yÂ«,
y0+ lut+ yâ€ž

- (ka + kd)t

y0+fa +vâ€ž,

Dose

REFERENCES

1. Soloway, M. S. The management of superficial bladder cancer, with emphasis
on intravcsical chemotherapy. In: D. Raghavan (ed.). The Management of
Bladder Cancer, pp. 118-139. Baltimore: Edward Arnold, 1988.

2. Huland. H.. KlÃ¶ppel.G.. Feddersen, I., Otto, U.. Brachmann. W., Hubmann.
H., Kaufmann. .1. Knipper. W., Lantzius-Beninga, F.. and Huland. E.
Comparison of different schedules of cytostatic intravesical instillations in
patients with superficial bladder carcinoma: linai evaluation of a prospective
multicenter study with 419 patients. J. Urol., 144: 68-72, 1990.

3. Herr. H. W., Laudone. V. P., and Whitmore, W. F., Jr. An overview of
intravesical therapy for superficial bladder tumors. J. Urol., 138:1363-1368,
1987.

4. Huland. H.. and Otto, U. Mitomycin C instillation to prevent recurrence of
superficial bladder carcinoma. Results of a controlled, prospective study in
58 patients. Eur. Urol., 9: 84-86. 1983.

5. Zincke, H., Sen, S. E., and Benson, R. C. Intravesical thiotepa and mitomycin
C treatment as prophylaxis: long-term follow-up to recurrence, progression,

and survival. /Â«:D. E. Johnson, C. J. Logothetis. and A. C. von Eschenbach
(eds.). Systemic Therapy for Genitourinary Cancers, pp. 32-42. Chicago:

Year Book Medical Publishers. 1989.
6. Lum. B. L.. and Torti. F. M. Adjuvant intravesicular pharmacotherapy for

superficial bladder cancer. J. Nail. Cancer Inst.. Â«J:682-694, 1991.
7. Kurth. K. H., de Wall, J. G., van Oosterom, A. T., de Jong, E. A. J. M., and

Tjaden, U. R. Plasma levels during intravesical instillation of mitomycin C.
In: EORTC Genitourinary Group Monograph 2, Part B: Superficial Bladder
Tumors, pp. 81-93. New York. Alan R. Liss, 1985.

8. Fluchter. S. H.. Hlobil. Hâ€žHarzmann, R.. Rothe, K. F., and Bichler, K. H.
Serum-und-Gewebe Mitomycin-C-Spiegel nach intravesika Instillation. Urol.
Int., JÂ«:321-328, 1983.

9. Hopkins. S. C., Buice, R. G., Matheny, R., and Soloway, M. S. The stability
and antitumor activity of recycled (intravesical) mitomycin C. Cancer (Phila.).
53: 2063-2068, 1984.

10. Van Helsdingen, P. J. R. O., DeBruijn. E. A., Sleeborn, H. P., Rikken, C.
H. M., and Tjaden, U. R. Behavior and rÃ©sorptionof mitomycin C following
multiple intravesical administrations. J. Pharm. Sci., 77: 843-846, 1988.

11. Dalton, J. T.. Geuns, E. R.. and Au, J. L-S. High-performance liquid
Chromatographie determination of mitomycin C in rat and human plasma
and urine. J. Chromatogr. Biomed. Appi., 495: 330-337, 1989.

12. Rowland. M., and Tozer, T. N. Clinical Pharmacokinetics: Concepts and
Applications. Philadelphia: Lea and Febiger, 1980.

13. van Hazel, G. A., and Kovach, J. S. Pharmacokinetics of mitomycin C in
rabbit and human. Cancer Chemother. Pharmacol., 8: 189-192, 1982.

14. Zar, J. H. Biostatistical Analysis. Englewood Cliffs, NJ: Prentice-Hall, Inc..
1974.

15. Hu. E.. and Howell. S. B. Pharmacokinetics of intraarterial mitomycin C in
humans. Cancer Res., Â«.-4474-4477, 1983.

16. den Hartigh, J., McVie, J. G., van Oort, W. J., and Pinedo, H. M. Pharma
cokinetics of mitomycin C in humans. Cancer Res., 43: 5017-5021. 1983.

17. Wientjes, M. G.. Dalton, J. T.. Badalament. R. A., Drago, J. R., and Au, J.
L-S. Bladder wall penetration of intravesical mitomycin C in dogs. Cancer
Res., SI: 4347-4354, 1991.

18. Benson. A. M., Hunkeler, M. J., and Talalay, P. Increase of
NAD(P)H:quinone reducÃaseby dietary antioxidants: possible role in protec
tion against carcinogenesis and toxicity. Proc. Nati. Acad. Sci. USA, 77:
5216-5220. 1980.

19. Schmittgen. T. D., Wientjes, M. G., Badalament. R. A., and Au, J. L-S.
Pharmacodynamics of mitomycin C in cultured human bladder tumors.
Cancer Res., 51: 3849-3856. 1991.

20. Wienljes, M. G., Au, J. L-S.. Badalament, R. A., and Drago. J. R. Bladder
tissue penetration of mitomycin C in patients receiving intravesical therapy.

5151

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/19/5144/2444855/cr0510195144.pdf by guest on 19 M

ay 2023



PHARMACOKINETICS OF INTRA VESICAL MITOMYCIN C

Proc. Am. Assoc. Cancer Res., 32: 178, 1991. C cytotoxicity to hypoxic tumor cells by dicoumarol in vivo and in vitro.
21. Stoller, M. L., and Millard, R. J. The accuracy of a catheterized residual Cancer Res- 45: 213-216, 1985.

urine J Urol Â¡41-15-16 1989 ^7Â°Scn'a8er< J- J- and Pow's- G. Mitomycin C is not metabolized by but is an"., '. , , , n . ,,,,,, , . inhibitor of human kidney NAD(P)H:(quinone-acceptor) oxidoreductase.
22. Crooke, S. T., Henderson, M., Samson, M., and Baker, L. H. Phase I study Cancer chemo(her Pharmacol., 22: 126_130. 1988.

of oral mitomycin C. Cancer Treat. Rep., 60: 1633-1636, 1976. 2g Hoban p R Walton_ M , _ Robson, C. N., Godden, J., Stratford, I. J.,

23. Kennedy, K. A., Rockwell, S., and Sartorelli. A. C. Preferential activation of Workman, P., Harris, A. L., and Hickson, I. D. Decreased NADPH: cyto-
mitomycin C to cytotoxic metabolites by hypoxic tumor cells. Cancer Res., chrome P-450 reducÃaseactivity and impaired drug activation in a mamma-
411:2356-2360, 1980. lian cell line resistant to mitomycin C under aerobic but not hypoxic emuli

24. Kennedy, K. A., McGurl, J. D., Leondaridis, L., and Alabaster, O. pH tions. Cancer Res., SO:4692-4697, 1990.
dependence of mitomycin C-induced cross-linking activity in EMT6 tumor 29- Siegel, D., Gibson, N. W., Preusch, P. C., and Ross, D. Metabolism of
cells. Cancer Res., 45: 3541 -3547, 1985. mitomycin C by DT-diaphorase: role in mitomycin C-induced DNA.damage

and cytotoxicity in human colon carcinoma cells. Cancer Res., 50: 7483-
25. Groos, E., Walker, L., and Masters, J. R. Intravesical chemotherapy: studies 7489 1990

on the relationship between pH and cytotoxicity. Cancer (Phila.), 58: 1199- 30 B|igh H F j ÃŸartoszek.A., Robson, C. N., Kickson, I. D., Kasper, C. B.,

1203, 1986. Beggs, J. D., and Wolf, C. R. Activation of mitomycin C by NADPH:
26. Keyes, S. R., Rockwell, S., and Sartorelli, A. C. Enhancement of mitomycin cytochrome P-450 reducÃase.Cancer Res., 50: 7789-7792, 1990.

5152

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/19/5144/2444855/cr0510195144.pdf by guest on 19 M

ay 2023


