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ABSTRACT

Carzelesin is a novel cyclopropylpyrroloindole prodrug analogue that
has recently been tested in Phase I clinical trials. To increase our under
standing in the pharmacology of this new class of cytotoxic drugs, we have
compared the pharmacology of this drug in mice, rats, and humans. The
mouse was the most tolerant [10% lethal dose (I.I),,,). 500 jug/kg], the rat
was intermediate (LDIO, 40 jug/kg), and humans were the least tolerant
species in this series (maximum tolerated dose, 300 fig/m2 corresponding

to 7.5 fig/kg). In both mice and humans, bone marrow toxicity was the
primary toxic side effect. Pharmacokinetic studies, using a validated
high-performance liquid Chromatographie procedure, revealed that dif
ferences in drug clearance and conversion to the active drug (U-76,074)

could not explain the substantial interspecies differences. The area under
the plasma concentration time curve (AUCs) of carzelesin in mice and rats
at their l.l),,,s were about 80- and 20-fold higher, respectively, than in

humans receiving the maximum tolerated dose, whereas the respective
AUCs of U-76,074 in mice and rats were 50- and 10-fold higher. By using
a colony-forming assay with bone marrow stem cells from mice and
humans, we observed only a 3-fold higher toxicity in the latter. Although

some of this discrepancy may be explained by the fact that the in vitro and
the in vivo assays probably reflect the toxicity on different populations of
colony-forming units, the tolerance of the mouse bone marrow in vivo

against the very high drug levels in plasma suggest the presence of a
protective mechanism, which is less active in humans. An important
consequence of the much higher susceptibility of the human bone marrow
for carzelesin is that the target plasma levels in humans are much below
active concentrations achieved in mice, and it is clear that this may
compromise the successful use of this agent in the clinic. Ultimately,
however, the efficacy of this drug will be established in Phase II clinical
trials.

INTRODUCTION

Carzelesin is a synthetic prodrug analogue of the naturally occur
ring CPI3 compound, CC-1065 (Fig. \A), which is an extremely

potent cytotoxic agent produced by the soil organism Streptomyces
zelensis. The powerful antitumor properties of CC-1065 were already
recognized in the mid-1970s; however, the delayed fatal toxicity

(hepatotoxicity) that was observed in mice and rabbits treated at
subtherapeutic dose levels precluded further clinical development (1).
Investigations to unravel the mechanism of action by which this CPI
drug exerted its cytotoxicity revealed that the agent enters into the
minor groove of AT-rich regions in double-stranded DNA and sub-
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sequently binds covalently to the N3 position of adenine (2, 3), thus

forming DNA adducts in a sequence-selective fashion. This unique
DNA interactive property made CC-1065 a model compound for the

design and synthesis of a series of CPI analogues, and thus far, these
efforts have lead to the generation of three potentially useful com
pounds, i.e., adozelesin, bizelesin, and carzelesin (Fig. 1/4). All three
compounds share the extreme potency of CC-1065, as demonstrated

by in vitro cytotoxicity studies with tumor cell lines, and have dis
played a broad spectrum of activity against transplanted tumors in
mice without exerting the ominous toxic side effects (4-7). Adozele

sin, which still possesses the active CPI moiety, is the most closely
related analogue of CC-1065 and was the first to be tested in Phase I

clinical trials (8, 9). Bizelesin is a CPI dimer, thus providing the
potential to form DNA interstrand cross-links, a characteristic that

distinguishes this compound from the classical CPI drugs (6, 10).
Clinical studies with this drug have started recently.

Carzelesin is a prodrug CPI analogue that requires activation
through hydrolysis of the phenylurethane substituent yielding
U-76,073, followed by ring closure to form the CPI-containing DNA-

reactive product U-76,074 (Fig. IÃŸ).Although carzelesin appeared to

be less potent against tumor cells grown in vitro than adozelesin (4),
it compared favorably in its activity against experimental tumors
grown in mice (7). It has been hypothesized that differences in the
pharmacokinetic behavior and DNA alkylation of this prodrug relative
to adozelesin might be responsible for this enhanced in vivo antitumor
activity (11). Based on these promising preclinical results, the drug
was selected for Phase I clinical evaluation, using a daily times 5
schedule (12) and as single bolus administration.4

The CPI drugs are a relatively new class of compounds being tested
in clinical trials and, consequently, the overall knowledge about the
pharmacology of these drugs is still very limited. Due to the absence
of an analytical method that was sufficiently sensitive, the clinical
trials with adozelesin have been completed without the establishment
of a full understanding of the pharmacokinetic characteristics of this

agent (8, 9). To support the Phase I clinical trials with carzelesin, we
have developed a method for the simultaneous determination of
carzelesin and the metabolites U-76,073 and U-76,074 in human

plasma that was sufficiently sensitive to enable drug monitoring from
the first dose step (13). Mice and rats are the primary species used in
the European Organization for Research and Treatment of Cancer
preclinical toxicology studies. We here report about the validation of
our analytical method for plasma from mice and rats and the com
prehensive pharmacokinetic analysis in these animals. The results
have been used to compare the pharmacokinetics-toxicity relation

ships in mice, rats, and humans and to increase our general knowledge
about the pharmacology of the CPI drug carzelesin.

4 A. Awada. C. J. A. Punt, M. J. Piccart. O. van Tellingen. L. van Manen, J. Kerger,

Y. Grout. J. Wanders. J. Verwey, and D. J. T. Wagener. Phase I study of carzelesin (U-80,
244). a DNA sequence-specific alkylating agent administered on a 4-weekly intravenous
bolus schedule: an EORTC-ECSG study, manuscript in preparation.
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Fig. I. A. molecular structures of the CPI compounds CC-1065, adozelesin. bizelesin. and Carzelesin. B. molecular structures of Carzelesin. the intermediate conversion product
U-76.073. and the active CPI compound U-76.074.

MATERIALS AND METHODS

Drugs and Chemicals. Carzelesin, U-76,073, and U-76.074 were obtained
as pure powders from Pharmacia-Upjohn Company. The in vivo pharmacoki-

netics studies were carried out with 250 fig/ml Carzelesin formulated in a
solution consisting of polyethylene glycol 400:absolute ethanol:Tween 80

(6:3:1, v/v/v; Ref. 14). Sterile glucose solution 5% (w/w) and CPDA solution
(3.27 g/L citric acid monohydrate, 26.3 g/L sodium citrate dihydrate, 31.9 g/L
glucose monohydrate, 2.51 g/L sodium dihydrogcn phosphate dihydrate, 0.275
g/L adcnine in water for injection) were from NPBI (Emmer Compascuum.
The Netherlands). All other reagents were purchased from E. Merck (Darm
stadt, Germany) and were of analytical grade, except for acetonitrile, which
was of HPLC gradient quality. Blank human plasma was obtained from the
Central Laboratory of the Blood Transfusion Service (Amsterdam, The Neth
erlands). Water, purified by the Milli-Q Plus system, was used throughout.
Bakerbond solid phase extraction C1Kcolumns were from J. T. Baker (Phill-

ipsburg, NJ).
Animal Studies. Animal studies were carried out in male FVB mice, 6-12

weeks of age. and male WAG/Rij rats of 16-20 weeks. All animals were

housed according to institutional guidelines in a protected environment in
conventional plastic cages and maintained on an automatic 12-h day/night

cycle at an ambient temperature of 22-24Â°C. The animals were given chow

(Hope Farms BV, Woerden, The Netherlands) and acidified water ad lihilum.

The drug formulation was diluted with 5% (w/w) sterile glucose solution to
achieve final drug concentrations in the range of 20-100 /ig/ml. These
solutions were kept at 4Â°Cand used on the day of their preparation. The drug

solution was administered as an i.v. bolus injection in the tail vein. Each animal

was weighed individually and was lightly anestheti?.ed prior to drug adminis
tration to facilitate the injection.

The acute toxicity of the drug in mice was determined using 60 animals,
divided in six groups of 10 mice each. The tested dose levels were 350, 400,
450. 500. 550, and 600 /ig/kg. The acute toxicity in rats was tested at dose
levels of 10, 30, 40, 50. 60. and 200 fig/kg, with three to five animals per

group. The animals were monitored each day for 3 weeks.
In a separate experiment, three groups of three mice each received 400. 5(X).

and 600 /J.g/kg of Carzelesin. Four days later, the animals were sacrificed, and

femur, sternum, spleen, liver, kidney, stomach, small gut. cecum, and colon
were dissected and placed in Harrison's fixative (15) for histolÃ³gica! exami

nation after H&E staining.
Pharmacokinetic studies in mice were performed at dose levels of 100. 250,

and 500 ng/kg. Animals were sacrificed at approximately I, 2, 5, 15, 30, and
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45 min and 1, 2, 3, 4, 6, and 8 h after drug administration. About three to four
animals were used per time point. Blood was collected by cardiac puncture
under diethyl ether anesthesia. The samples were immediately transferred into
heparin containing Eppcndorf vials and cooled in ice water. Next, the samples
were centrifuged (5 min. 2500 X g, 4Â°C),and the plasma fraction was stored
at -20Â°C until analysis.

The pharmucokinetics of carzelesin in rats was studied using six animals
receiving 40 fig/kg of drug. Serial blood samples were obtained by a canulae.
which was placed into the carotid artery. The surgical procedure for placement
of the canulae was performed 3-4 h before drug administration. Blood was
collected in Eppendorf heparin-containing vials and centrifuged immediately

(I min. 11.000 x g) at ambient temperature. Aliquots of 50 or 300 /il of
plasma sample (depending on the anticipated concentration) were frozen at
â€”¿�70Â°Cusing ethanol-solid carbon dioxide. The samples were then kept at
â€”¿�2()Â°Cand analyzed the same day.

Human Pharmacokinetic Studies. A detailed report about the clinical
pharmacokinetics of carzelesin has been published recently (16). In brief,
carzelesin was administered as a brief K) min i.v. infusion during the first
course of chemotherapy. Blood samples were collected in heparin or EDTA-

containing tubes and immediately cooled in ice water. Next, plasma was
separated by centrifugation (5 min, 2500 x g, 4Â°C)within 40 min and stored
at â€”¿�20Â°Cuntil analyses.

Analytical Procedures. The plasma levels of carzelesin and the metabo
lites U-76.073 and U-76.074 were determined by using a semiautomated

method based on HPLC. as described in detail previously (13). In brief. 1000
/il of human plasma was mixed with 3000 /il of 20% (v/v) acetic acid in water
and subjected to solid-phase extraction on SPE C1Kcolumns. The column was

consecutively washed with 2000 /tl of water and 2000 fil of acetonitrile, and
the compounds were eluted with 600 /il of dimethylacetamide. An aliquot of
5(X) /il was subjected to HPLC. The three compounds were first separated from
endogenous interferences on a Spherisorb CN column using a linear gradient
from 24 to 60% (v/v) of acetonitrile in 20 mM phosphate buffer (pH 6.5 ). Next,
final separation was achieved on a Spherisorb ODS2 column, and UV detec
tion at 360 nm resulted in a lower limit of quantitation of I ng/ml of each
compound.

Plasma samples from mice (5-300 /Â¿I)and rats (50-300 /il) were supple

mented to 1000 /il with blank human plasma and processed further as de
scribed above. The concentrations of carzelesin. U-76.073. and U-76.074 were

determined from a calibration curve constructed in human plasma. Thawing of
plasma samples from all species was always performed at 0-4Â°C in ice water.
The samples were vortex-mixed, centrifuged (3000 X g, 5 min, 4Â°C)to remove
precipitates that could block the SPE columns, and maintained at 4Â°Cuntil

further analysis within 4 h.
Validation. The suitability of the analytical procedure for the determina

tion of carzelesin, U-76.073. and U-76,074 in plasma from mice and rats has

been checked by adding blank plasma of these species with various amounts of
each test compound.

Mouse. A set of four control samples was prepared in ice-cold, drug-free
plasma, and aliquols were stored at -20Â°C until analysis. Control 1 contained

5000 ng/ml of carzelesin, control 2 contained 1000 ng/ml of U-76,073. and

controls 3 and 4 contained 200 and 10 ng/ml, respectively, of all three
compounds. Aliquots of 10. 50. 1(X).and 300 /il supplemented lo 10(X)/il with
blank human plasma were used for the analysis of controls 1. 2. 3, and 4,
respectively. Drug determinations in these control samples were performed in
duplicate at the day of preparation (day 0) and with repeated freezing and
thawing of the specimen on days I and 2. Furthermore, an aliquot of each
control was assayed after 54 days to judge long-term stability.

Rat. Controls 1 and 2 contained 1000 ng/ml of carzelesin and U-76.073.
respectively, whereas controls 3 and 4 contained 200 and 40 ng/ml. respec
tively, of all three compounds. Aliquots of 50, 50. 100, and 300 til of controls
1-4, respectively, supplemented to 1000 /Â¿Iwith blank human plasma were

used for the analysis.
Recovery of U-76,073 and U-76,074 in Rat Plasma. The recovery of

U-76.073 was tested by mixing 5 ju.1of 10 /xg/ml of U-76,073 in dimethyla
cetamide with 50 or 300 /il of ice-cold blank rat plasma. Next, 950 or 7(X) /il
of ice-cold blank human plasma were added, and the sample was subjected to

analysis without delay. The same procedure was used for U-76.074.
Stability in Plasma. The in vitro stability of carzelesin and U-76.073 in

plasma of mice. rats, and humans was tested at 37Â°C.To 50 /il of prewarmed

(37Â°C)blank plasma, 5 /il of 10 /ig/ml of carzelesin or U-76.073 in dimethy

lacetamide were added, and the samples were incubated for 5 and 15 min.
Next, the samples were cooled in ice-water, and 950 /il of ice-cold blank
human plasma were added. The samples were analyzed within 30 min. Ice-cold

plasma supplemented with the same amount of drug was used as reference
(/ = 0) sample.

Pharmacokinetic Data Analysis. In mice and rats, the plasma concentra
tion-time curves of carzelesin were fitted using a two-compartment open

model with a weighing of \IY (where Y represents the concentration). The
computations were performed with the MW Pharm software package version
3 (MEDIWARE BV. Groningen, The Netherlands; Ref. 17).

Because of the absence of a suitable model for the description of the
concentration-time profiles of the metabolites U-76.073 and U-76.074. the

plasma AUC of these compounds was calculated by using the linear trapezoi
dal rule up to the last time point where the concentration was above the lower
limit of quantitation of the assay. The terminal half-lives [tl/2(ÃŸ)\of both

compounds were calculated by linear regression analysis of the log concen
trations (abscissa) versus time (ordinate) data, using the time points in the final
log-linear (elimination) part of the concentration-time curve.

The pharmacokinetics data in humans at the MTD (300 /ig/nr) has been
derived from our previous report (16).

Bone Marrow Stem Cell Assay. The toxicity of carzelesin and U-76.074

against murine and human hematopoietic stem cells was tested by HIvitro CPU
assays.

Under sterile conditions. 2.5 ml of human bone marrow were added to 10ml
of ice-cold ammonium chloride solution (StemCell Technology. Inc., Vancou

ver, British Columbia, Canada) and incubated in ice for IO min. After centri
fugation (10 min, 300 X g. ambient temperature), the supernatant was dis
carded, and the cell pellet was resuspendcd in 10ml of 1c/<(v/v) PCS in IMDM

(StemCell Technology). After centrifugation ( IO min. 300 X g), the superna
tant was discarded, and the cell pellet was resuspended in 2 ml of 2% PCS in
IMDM. The yield was 16.4 X 10h cells/ml. This cell suspension was diluted

8-fold in 2<7rPCS in IMDM. and aliquots of 250 /il were incubated with 250

/il of carzelesin or U-76.074 diluted in 29c PCS in IMDM. The final drug

concentrations used during the incubation was 0 (control). 0.1, 0.3, 1,3, 10,
and 100 ng/ml. The tubes were incubated at 37Â°C for 90 min and then

centrifuged (5 min. 300 X g. ambient temperature). The cell pellet was washed
once with 500 /tl of 2% PCS in IMDM and then resuspended in 250 /il of 2%

PCS in IMDM. Next, 2.5 ml of Methocult GF H4534 (StemCell Technology)
were added, and the tubes were mixed vigorously. Aliquots of 1 ml were plated
in duplicate in six-well culture plates (Greiner. Alphen a/d Rijn. The Nether
lands) and incubated for 8 days at 37Â°Cin 5% CO, in humidified air. CPUs

were scored by phase-contrast light microscopy.

Mouse bone marrow stem cells were obtained from the femurs of FVB mice
flushed with -250 /il of a CPDA solution. After centrifugation (5 min,

300 X g), the supernatant was discarded, and the cell pellet was washed once
with 500 /il of 2% PCS in IMDM and, next, resuspended in 2% PCS in IMDM
to obtain a cell suspension of 3.2 X 10''cells/ml. The incubation with the drugs
at 37Â°Cfor 90 min was done essentially in a way similar to the procedure

described for the human stem cells. Methocult GF M3534 was used. CPUs
were scored after 7 days.

RESULTS

Validation. The assay appeared to be suited for the determination
of carzelesin, U-76,073, and U-76,074 in plasma of mice. The ob
served concentrations of these compounds in controls 1-4 measured

on the day of their preparation were within the acceptable Â±15%
deviation of the nominal values (Table 1). The lower limit of quan
titation for each of the three compounds is 1 ng/ml when 1000 /il of
human plasma is used (13). However, because the maximum volume
of mouse plasma sample used for the determination was limited to 300
/Â¿I(supplemented to 1000 ju.1with blank human plasma), the lower
limit of quantitation was 3.3 ng/ml. The observed concentration of
U-76,074 in control 4 was biased from its nominal value, but this was

due to the presence of a minor Chromatographie impurity in the blank
plasma specimen that was used to prepare this control sample. The
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Table I Validation results of carzelesin and metabolites in plasma of mice and rats

Concentration(ng/ml)"MouseControl

1CarzelesinU-76.073U-76,074Control

2CarzelesinU-76,073U-76,074Control

3CarzelesinU-76,073U-76,074Control

4CarzelesinU-76,073U-76,074RatControl

1CarzelesinU-76,073U-76,074Control

2CarzelesinU-76,073U-76.074Control

3CarzelesinU-76.073U-76,074Control

4CarzelesinU-76.073U-76.074Nominal5000100020020020010101010001000200200200404040Day

05000190<50<10970130202''197*225*9.810.713.097016<IO<108606820515423037.915.750.8Day1 Day24830

4670400
730<50
72<IO

<IO940
860130
130204

168163
192220

21810.98.415.0Day

544800310<50<1082010818417416711.06.413.2

" Concentrations obtained by duplicate analyses oÃthe specimens. Day 0. analyzed

immediately after preparation; Day 1. analyzed 1 day after preparation and included one
freeze/thaw cycle: Day 2, analyzed 2 days after preparation and included two freeze/thaw
cycles; Day 54. analyzed 54 days after preparation and included one freeze/thaw cycle.

* Analyzed in singular.

peak area of this impurity corresponded to a concentration of ~2.7

ng/ml. This impurity was not found in blank samples of several other
mice. Although repeated thawing and freezing resulted in some con
version of carzelesin to U-76.073 and U-76.074, this effect was small

and did not notably diminish the accuracy of the assay (Table 1). The
concentration of U-76,073 observed after storage of the sample at
-20Â°C for 54 days was â€”¿�80%of the nominal value. Because the

difference was not recovered as U-76,074, this deviation was probably

due to variation in the assay and not caused by conversion.
Acceptable results for the determination of carzelesin were also

obtained in the rat plasma specimens. However, the accurate deter
mination of the metabolites in these samples was troubled by a major
analytical problem. The concentrations of U-76,073 observed in con

trols 2, 3, and 4 were about 87, 75, and 40% of their nominal value,
respectively. Additional experiments using rat plasma samples sup
plemented with U-76,073 alone revealed that the recovery depended

on the amount of rat plasma that was used. The recovery decreased
from 89% when 50 /xl of rat plasma sample was analyzed to 54% with
300 fj.\ of sample. At the same time, the amount of U-76,074 observed

in these samples increased from 11.2 to 20.4% of the concentration of
U-76,073 added to these samples. The recovery of U-76,074 added to

rat plasma was 83% when using 300 /j.1of sample.
Stability in Plasma. The in vitro stability of carzelesin and

U-76,073 in plasma incubated at 37Â°Cwas tested in plasma of mice,

rats, and humans (Table 2). To minimize the problems related to
differences in recovery in rat plasma, these experiments were carried
out with 50-p.l samples only. The results in plasma derived from mice

and humans were quite comparable, whereas in rat plasma the con
version of U-76,073 into U-76,074 occurred at a much faster rate. The

stability of U-76,074 was tested in human plasma incubated at 37Â°C.

Although this compound was stable for 1 h. a 30% loss was noted
after 5 h. However, no additional Chromatographie peaks demonstrat
ing degradation of U-76.074 were observed.

Animal Toxicology. The lethal toxicity was established to enable
approximate equitoxic dosing in the different species used (Table 3).
Both mice and rats displayed a very steep survival curve. The approx
imate LD,0 of carzelesin given as a single bolus injection was 500 and
40 Â¿Â¿g/kgin FVB mice and WAG/Rij rats, respectively. The macro
scopic signs of toxicity included immobilization, rutile of fur, and loss
of appetite.

To examine the nature of the toxicity in more detail, we performed
histology of some of the most relevant tissues. At all three dose levels
tested (400, 500. and 6(X) /Â¿g/kg),there was a serious depletion of
bone marrow and the red pulp of the spleen. Only minor changes were
found in the other tissues. Kidney showed more or less dose-depen
dent protein loss ("casts") and increasing cell density of glomeruli

(glomerulitis). The intestinal crypts revealed high numbers of apop-

totic cells, atypical mitoses, and dysplasia; however, there was no
necrosis or appreciable inflammatory reactions detected at 4 days after
administration. The rapid death of the animals might relate to insuf
ficient water uptake due to general distress, renal protein loss, or
nondetected physiological changes or pathology of other organs.

Table 2 Stability of carzelesin und U-76.073 in nlasma incubated at 37Â°Cof mice.

rats, ami humans
Fifty ng of carzelesin or U-76,073 (dissolved in 5 Â¿tlof DMA) were added to 50 jil of

prewarmed blank plasma of each of the different species. After 5 or 15 min. 950 /il oÃ
ice-cold human plasma were added, and the sample was analy/cd immediately.

Concentration(ng/ml)CompoundM

Â¡ceCar/elesinU-76.073U-76.074Car/elesinU-76,073U-76.074RatsCarzelesinU-76.073U-76,074CarzelesinU-76.073U-76.074HumanCarzelesinU-76.073U-76.074CarzelesinU-76.073U-76.074Nominal

0 min51000

1010IO<IO<IO1000

890721000

97036<IO<101000

8101601000

1090IK<IO<101000

94056min5403502010820156480350108CIO1229806802103010810172Table

3 Data of lethal toxicity of carzelesin in FVB miceandDose

level(Â¿xg/kg)Mice350400450500550600Rats1030405060200Dayofdeath65.5,5.6.6,6.6.6.6.65.5.6,6,6,6.6.6,6,68,8,8.97.7.9.9,93,4.515

min110700ISO<IO68028060380630<10861110340450150<10680370WAG/Rij

ratsSurvivors/group10/10111/1010/109/100/100/103/35/55/51/50/5(1/3
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concentration (ng/ml)
4 h after drug administration. The metabolites U-76,073 and U-76,074

were found in considerable amounts, and in contrast to the parent
drug, these metabolites remained detectable for more than 7 h after

administration of 500 jag/kg.
Within the range of dose levels tested in mice, carzelesin displayed

linear pharmacokinetics because the clearance was independent on the

dose.
A similar biphasic decline of carzelesin plasma levels with com

parable a and ÃŸhalf-lives was observed in rats (Fig. 3 and Table 4).

However, at their respective LDIO, the plasma levels of carzelesin in
rats were only about one-twentieth of those achieved in mice. The
plasma level of U-76,073 in rats was also much lower than in mice,
whereas the plasma level of U-76,074 was relatively high.

A detailed report about the clinical pharmacokinetics of carzelesin
has been presented elsewhere (16). In humans, carzelesin was admin
istered by a 10-min i.v. infusion. The MTD of carzelesin was estab
lished at 300 /J.g/m2, corresponding to â€”¿�7.5ju.g/kg. The plasma

concentration decayed with a and ÃŸhalf-lives comparable with those

in mice and rats. At this MTD, the plasma AUC of the parent
compound was almost 80-fold lower than observed in mice at the
LD10 (Fig. 4 and Table 4). The plasma levels of both U-76,073 and
U-76,074 in humans were about 50-fold lower. Interestingly, the

clearance calculated on the dose level normalized to body weight was
fairly similar in all three species (Table 4).

Bone Marrow Stem Cell Toxicity Assay. Because the clinical
studies with the CPI drugs have revealed that bone marrow toxicity is
the dose-limiting toxicity, we have compared the relative toxicities of
carzelesin and the active compound U-76,074 on human and murine

hematopoietic stem cells. Based on our pharmacokinetic data, a drug
incubation time of 90 min was chosen because this was a close
approximation of the actual in vivo situation. From these in vitro tests,
it appeared that the human CPUs were about 3-fold more sensitive to

both compounds than murine CPUs (Table 5).

time (h)
Fig. 2. Plasma concentration versus time curves of carzelesin (â€¢).U-76.073 (A), and

U-76.074 (â€¢)in mice after administration of 500 (A). 250 (B). and 100 (C) /Â¿g/kgof

carzelesin by i.v. bolus injection. Burs, SE.

Pharmacokinetics. The pharmacokinetics in mice was established
at three dose levels, i.e., 500, 250, and 100 /xg/kg, which corresponds
to the LD|0, 0.5 X LDIO, and 0.2 X LD,,,, respectively. The plasma
concentration versus time curves of the parent drug followed biphasic
decay kinetics with tlr,(a) and t,/2(ÃŸ)of approximately 6 and 27 min,
respectively (Fig. 2 and Table 4). Even at the highest dose level, the
concentration of the parent drug had declined to undetectable levels

DISCUSSION

This pharmacological study shows that the substantial differences
in tolerance to carzelesin that are found among mice, rats, and humans
are not related to proportional higher weight-normalized clearance of

this drug in the more tolerant species. The mouse is the most tolerant
species, allowing the administration of up to 500 /u-g/kg(body weight)
of carzelesin, resulting in a plasma AUC of 2440 ng/ml-h, whereas the

plasma AUCs achieved in rats and humans at their respective LD,,/
MTD are 20- and 80-fold lower.

The mouse is the primary species used for testing the safety of new
anticancer drugs and selecting an appropriate starting dose for Phase
I clinical trials. Dose transformations from mice to humans are per
formed by using body surface, as Freireich et al. (18) demonstrated
that toxicity of anticancer drugs across species correlates relatively
well with dose levels expressed on a mg/nr basis. Usually, one-tenth

of the LD1() is taken as a safe starting point, and dose escalation is
performed according to a modified Fibonacci scheme. The preclinical
toxicology and safety studies for carzelesin have been conducted in
MF1 mice and showed an LD,0 of 280 fig/kg. This is substantially
lower than the LDHI in FVB mice observed in this study, indicating an
intraspecies, interstrain difference in tolerance. Based on the LD1() in
MPI mice (280 /Mg/kg= 840 /xg/m2), the safe starting dose of a Phase

I clinical trial with carzelesin given as a single dose schedule repeated
every 4 weeks (European Organization for Research and Treatment of
Cancer protocol ND-05912) would have been 84 /xg/m2. However,

because preclinical toxicology and safety studies of carzelesin in rats
demonstrated a species difference in toxicity, with the rat being three
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Table 4 Pharmaciikinclic parameters of carzelesin Â¡milmetabolites in mice. nils, ami humans

Dose"MiceRatsMan1Mg/kg10025050040â€¢=7.5/xg/nr~300-750~I500^240300Cmaxng/ml300052001050067063'1/2

<<*>mm4.45.97.64.37'1/2<ÃŸ)mm2l22363126CarzelesinAUCng/ml
â€¢¿�h480990244012033CIUh/m20.630.760.622.009.4ClITh/kg0.210.250.210.330.23Vcml/kg2641402758Vjml/kg108135179171135C,â€žuxng/ml4905609906218U-76.073'1/2

'ÃŸ'mm200991063146AUCng/ml
â€¢¿�h2072746711516Cmaxng/ml777389343U-76,074'i/2

<ÃŸ>mm9316046bAUCng/ml
â€¢¿�4785146373h

" Dose transformaciÃ³n from /ig/kg to the approximate (=*>)Â¿ig/m2dose (and viÂ« versa for humans) are based on the formula: dose (mg/kg) = km X dose (mg/m2! with fan being

3. 6, and 40 for mice. rats, and humans, respectively (18).
* r,,2 (ÃŸ)could not be calculated due to scatter in the data.
' Mean values from (hree patients (data compiled from van Tellingen et al. ( 16)|.

100-

10-

time (h)

Fig. 3. Plasma concentration versus time curves of carzelesin (â€¢).U-76.073 (Al. and
U-76,074 (â€¢)in rats after administration of 40 Mg/^g of carzelesin by i.v. bolus injection.

Bars. SE.

100-1

10-

time (h)
Fig. 4. Typical plasma concentration versus time curve for car/clcsin in humans ( I6).

The dose level of carzelesin was 300 fig/m2 given as a brief I0-min i.v. infusion. â€¢¿�.

carzelesin; A. U-76.073; â€¢¿�U-76,074.

times more sensitive, a more conservative starting dose of 24 /j,g/m2

(i.e., approximately one-thirtieth of the mouse LD1()) was selected.

Although dose transformations from mice to humans based on body
surface have been useful, Collins et al. (19) proposed, based on a
retrospective analysis of preclinical pharmacological data, that differ
ences between species in their sensitivity toward anticancer drugs may
be better correlated with their respective drug plasma concentra
tion X time (AUC) value. It was hypothesized that using pharmaco-

kinetic-guided dose escalation may permit accelerated dose escala
tions during clinical trials. Since then, pharmacokinetic-guided dose

escalations have been successfully implemented in a number of cases
(20). However, exceptions like carzelesin, where the target AUC
established in mice is so much higher than the AUC achieved in
humans receiving the MTD, make this strategy risky.

The reason why the plasma AUC of carzelesin in mice, rats, and
humans at approximate equitoxic dosages are so different is not clear.
Carzelesin is a prodrug CPI analogue that requires conversion, via the
intermediate metabolite U-76,073, to the active CPI product
U-76,074. It was thought that interspecies differences in the formation

rate of the active metabolite might attribute to the differences in
tolerance noted between the several species. Although the relative
faster conversion rate of U-76,073 into the active compound U-76,074

in rat plasma relative to mice plasma does correspond to the differ
ences in tolerance between these two species, it cannot account for the
even much larger difference in tolerance observed between mice and
humans. Under in vitro conditions, the conversion rates in mouse and
human plasma were comparable, whereas in vivo the ratios between
the plasma AUCs of carzelesin and U-76.073 or U-76,074 were very

similar for mice and humans.
An alternative explanation might be an interspecies difference in

tissue penetration, which may result from differences in the plasma
protein binding between species. A lower protein binding in human
plasma could result in a higher tissue penetration and thus higher
toxicity. The issue of the plasma protein binding of carzelesin. how
ever, is difficult to assess because classical methods to determine
protein binding at physiological conditions (e.g.. equilibrium analyses
and ultrafiltration) are hindered by the rapid conversion rate of car
zelesin in plasma. An alternative mathematical approach to estimate
the relative tissue penetration by calculation of the apparent volumes
of distribution (Vd) using the classical equation: Vc,= C'1/ÃŸ[where CL

is clearance and ÃŸis the 0.693/tl/2(ÃŸ)| is not appropriate. Usually a
high Vd is associated with extensive tissue penetration. However,
carzelesin is also eliminated from the peripheral compartment (i.e.,
carzelesin molecules that have penetrated into the tissue will be
converted to U-76.074 and may then bind to intracellular constitu

ents), and the contribution of this peripheral elimination in the various

Table 5 Toxicitv of carzelesin and U-7fi.074 nn bone marrow stem ceils

Colony formation is expressed as a percentage of the colonies scored in the control
wells (cells incubated with diluent only representative data set of two separate experi
ments).

Carzelesin(ng/ml)0.100.301.03.01030Human100*HX)<;;42';15%(l'i0%Mouse100%ion95%60%20%0%U-76.074Human100%8%0%ii'/;o-/;0%Mouse90%tot25%1%0%0%
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species cannot be established from our data. Consequently, the value
obtained for Vdunderestimates the extent of tissue penetration, and the
use of this parameter may not result in an accurate reflection of the
relative differences in tissue distribution between species. However,
although Vj cannot be used, the findings that in all species the Vc
(volume of the central compartment) approximates the plasma volume
(blood volume/hematocrit) and that the distribution (a) half-life is

similar suggest that substantial differences in tissue distribution are
not very likely.

In both mice and humans, the most obvious toxic events occur in
the bone marrow. The higher susceptibility of the human bone marrow
may result from: (a) a more efficient uptake and DNA binding of
carzelesin and or metabolites by the human hematopoietic stem cells;
(b) a higher susceptibility of the human stem cells to the effects
caused by DNA binding in the AT-rich sequences (2, 3); or (c) both.

The high susceptibility of the bone marrow to carzelesin is not unique
for this CPI drug because the Phase I clinical trials with adozelesin
given either as brief i.v. infusion (8) or as a 24-h continuous infusion

(9) have also demonstrated that myelosuppression (thrombocytopenia
and leucopenia) was dose limiting in humans. The MTD of adozelesin
was 188 /ig/m2 (8), whereas the mouse LDK) was 100 ju-g/kg (=300
/Ag/m2; Ref. 5). Furthermore, the pronounced toxicity of bizelesin on

hematopoietic progenitor cells has also been demonstrated (21). Al
though there was a 3-fold higher toxicity of carzelesin against human

CPUs compared with murine CPUs, quantitatively this difference was
much smaller than the 80-fold difference in plasma AUC. Previous

results from in vitro studies indicated that CPI drugs are extremely
potent against cultured tumor cells in vitro, with IC50s of 0.17 and 3.0
ng/ml for adozelesin and carzelesin, respectively, using a 90-min

exposure time (4). These results correlate well with our results in
the bone marrow stem cell assay. The discrepancy between the in
vitro and in vivo data may in part be related to the relative
complexity of the toxic events that occur in vivo. The myelosup
pression observed in patients is characterized by the occurrence of
double nadirs in leukocyte counts,4 suggesting that different pop

ulations of stem cells (more differentiated and more premature
CPUs) are affected. The in vitro culture assay, however, may only
measure the effects against the more differentiated CPUs. How
ever, the large difference in the IC5us observed in the in vitro
assays and the actual plasma levels achieved in vivo does indicate
that there may be some form of additional protection of the mouse
bone marrow in vivo that is lacking in humans.

Although the consequences of the much lower plasma levels on the
antitumor activity in humans need to be established in Phase II clinical
trials, it is obvious that this result is not very promising. It is reason
able to assume that the antitumor effect is related to the drug exposure
(AUC) of the tumor, which is by far much lower in humans than in
mice. Furthermore, Houghton et al. (22) recently showed that the
antitumor activity of carzelesin against xenografts of adult or pediatrie
solid tumors in mice was markedly reduced when the dose was
decreased by only 50%, suggesting that the dose versus antitumor
response relationship for carzelesin is very steep and that the plasma
levels achieved in humans may be too low to elicit a useful cytotoxic
effect.

In conclusion, CPI drugs like carzelesin have shown to be very
potent antitumor agents against experimental tumors. Their clinical
use, however, may be compromised by the relative high susceptibility
of the human bone marrow to these agents, which may not allow the
achievement of potentially therapeutic drug levels. Further research to
identify the nature of this toxic side effect may be helpful to design
more effective CPI analogues.
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