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ABSTRACT

Pyrazoloacridine is a rationally synthesized acridine derivative with in
vitro activity against solid tumor cell lines, noncycling and hypoxic cells,
and tumor cell lines that exhibit the multidrug resistance phenotype. The
pharmacokinetic behavior of Pyrazoloacridine after a 1- or 24-h i.v.
infusion was studied in 5 rhesus monkeys that received a total of 10
courses of Pyrazoloacridine at 300 or 600 mg/m2. Pyrazoloacridine levels
in plasma and cerebrospinal fluid were measured by high-pressure liquid
chromatography. For 1-h infusions, the plasma disappearance was biex-
ponential with a t\na of 31 min and f, ;/f of 11 h. The mean volume of
distribution at steady state was 1380 liters/m2. The clearance was 1660
ml/min/nr. For the 300 mg/m2 dose, the mean area under the concentra
tion-time curve was 759 Â«iM-min,and the mean peak concentration was
1.3 /JM. For the 600 mg/m2 dose, the area under the concentration-time
curve was 1330 UM-min, and the peak concentration was 2.5 MM-The
steady-state plasma concentrations during the 24-h continuous infusions
were 0.27 *iMfor the 300 mg/m2 dose and 0.45 Â¿IMfor the 600 mg/m2
dose. The mean clearance calculated from these steady-state concentra
tions was 2420 ml/min/m2. Cerebrospinal fluid levels were <0.1 n\\ for

all doses and schedules. There was no evidence of toxicity at any dose or
schedule. These results contrast strikingly with those obtained in mice
and dogs in which, despite a more rapid clearance of Pyrazoloacridine,
significant toxicities were observed at doses that were nontoxic in the
monkey. These interspecies differences in the pharmacokinetic and phar-
macodynamic behavior of Pyrazoloacridine have important implications
for the design of Phase I trials in humans.

INTRODUCTION

Pyrazoloacridine (NSC366140; Fig. 1) is a rationally synthe
sized acridine derivative which intercalates into DNA and se
lectively inhibits RNA synthesis (1). Interest in pyrazoloacri-
dine as a potential anticancer drug is based on several important
characteristics of this agent, including solid tumor selectivity
(1-3), activity against hypoxic and noncycling cells (1, 4), and
activity against cells having the multidrug resistance phenotype
(5). Pyrazoloacridine is scheduled to undergo Phase I testing in
the near future.

Preclinical toxicology studies performed in the rodent and
dog (6, 7) demonstrated that rapid bolus administration of
Pyrazoloacridine in mice resulted in severe neurotoxicity, with
seizures and death occurring within minutes. This toxicity could
be reduced by administering the drug over several minutes.
When the drug was administered to dogs as a 1-h infusion, the
dose-limiting toxicity was myelosuppression. Pharmacokinetic
studies demonstrated biphasic elimination of Pyrazoloacridine
from plasma with a rapid clearance and large volume of distri
bution (7).

In the present study the pharmacokinetic behavior of pyra-
zoloacridine was evaluated in the nonhuman primate. Major
differences were observed in both the pharmacokinetics and
toxicity between the nonhuman primate and previously studied
small animals. These interspecies differences may have impor
tant implications for the design of clinical trials in humans.
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MATERIALS AND METHODS

Drugs. Pyrazoloacridine was obtained from the Developmental Ther
apeutics Branch, National Cancer Institute. The 100-mg vials were
reconstituted with 5 ml D5W. The dose was then further diluted with
D5W prior to administration to provide a final infusion rate of 2-3 ml/
min for 1-h infusions and 1 ml/h for 24-h infusions. Â¿V-(/j-Butyryl)-
amonafide for use as internal standard was kindly provided by Dr.
Louis Malspies (Ohio State University).

Animals. Five adult male rhesus monkeys (Macaca mulatta) ranging
in weight from 5.1 to 14.5 kg were used for these experiments. The
animals were fed NIH Open Formula Extruded Non-Human Primate
Diet twice daily and were individually housed in accordance with the
Guide for the Care and Use of Laboratory Animals (8). Blood samples
were drawn through a catheter placed in either the femoral or the
saphenous vein opposite the site of drug infusion. CSF2 samples were
drawn through an indwelling Pudenz catheter attached to a s.c. Om-
maya reservoir (9) or through a temporary lumbar catheter.

Experiments. A total of 10 courses of drug were given to five animals.
Four animals received 300 mg/m2 i.v. over 1 h; two animals received
600 mg/m2 i.v. over 1 h; three animals received 300 mg/m2 as a
continuous i.v. infusion over 24 h; and one animal received 600 mg/m2

as a continuous i.v. infusion over 24 h. The interval between experi
ments in an individual animal was 4-10 weeks. Animals were observed
for a minimum of 3 weeks for clinical signs of toxicity. Blood counts
and chemistries were obtained the day of the experiment and 3, 7, 10,
and 14 days following the infusion.

Blood samples were obtained prior to the 1-h infusion, at 30 and 60
min during the infusion, and at 5, 15, 30, 45, and 60 min and 2, 4, 6,
8, 10, and 24 h after the end of the infusion. Blood samples were
obtained prior to the 24-h infusion and at 2, 4, 6, 22, 23, and 24 h after
the start of infusion. Plasma was immediately separated by centrifuga-
tion. CSF was obtained prior to the dose and at 30, 60, and 90 min
and 2, 4, 6, and 8 h after the start of the 1-h infusions. A single lumbar
CSF sample was obtained at the end of the 24-h infusions. All samples
were frozen at -20Â°Cuntil assayed.

Sample Analysis. Pyrazoloacridine concentration was measured by
the method of Malspies.3 Plasma samples were first extracted as fol

lows. Forty i<l internal standard (0.011 mg/ml) and 2 ml saturated
sodium borate solution were added to 500 /il of plasma, and samples
were mixed by vortexing briefly. Six ml of diethyl ether were then
added to each sample. Samples were shaken for 10 min. The organic
layer was transferred to a clean borosilicate glass test tube and evapo
rated to dryness under a gentle nitrogen stream. Samples were either
reconstituted immediately for injection or were stored at â€”¿�70'C.A

plasma standard curve was prepared with each set of samples in an
identical fashion. Samples were reconstituted in 200-500 n\ of mobile
phase. CSF samples were injected directly without extraction and
without internal standard. A separate CSF standard curve was prepared
with each set of CSF samples.

One hundred fifty M'of reconstituted plasma or 200 n\ of CSF were
injected via a Waters Intelligent Sample Processor (model 712; Waters
Associates, Milford, MA) onto a Beckman 4.6 x 150 mm 5 n Ultra-
sphere-cyano column (model 244070; Beckman Instruments, Inc., San
Ramon, CA) with a precolumn (model 244072; Beckman Instruments,
Inc.) and eluted with 80% 0.1 M potassium phosphate, pH adjusted to
4.0 with phosphoric acid, and 20% acetonitrile. The flow rate was 1.8
ml/min (isocratic). Elution times were 5 min for internal standard and
9 min for Pyrazoloacridine.

2The abbreviations used are: CSF, cerebrospinal fluid; AUC, area under the
concentration-time curve; CNS, central nervous system.

3L. Malspies. Analysis of Pyrazoloacridine in plasma by high-performance

liquid chromatography. submitted for publication.
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Fig. 1.Structure of pyrazoloacridine(NSC 366140).

Internal standard peaks were monitored at 340 nm and pyrazoloac
ridine at 465 nm on a programmable multiwavelength detector (model
490; Waters Associates). For plasma samples, the pyrazoloacri-
dine:internal standard peak height ratio was used to define the standard
curves and to determine the pyrazoloacridine concentration of samples.
The limit of quantification for plasma samples was 0.05 MM. The
coefficient of variability for both pyrazoloacridine and internal standard
was <10%. Extraction efficiency was >95% for both pyrazoloacridine
and internal standard. The standard curve was linear over the range of
0.05 to 5.0 MM.

For CSF samples pyrazoloacridine was quantitated by external stand
ard; the limit of quantification was 0. l UM.

Plasma Protein Binding. The degree of plasma protein binding was
determined by equilibrium dialysis using dialysis cells (Bel-Art Prod

ucts, Pequannock, NJ) separated by a regenerated cellulose membrane
(Bel-Art Products) prepared by boiling for 60 min in 1 mM EDTA.
Fresh human plasma spiked with 5 Â¿AI,10 MM.and 20 /IM pyrazoloac
ridine was studied, as well as fresh monkey and dog plasma with 10 MM
pyrazoloacridine. The spiked plasma samples were placed on one side
of the membrane, and phosphate-buffered saline with 0.01% sodium
azide was placed in the other cell. The dialysis systems were then
incubated in a 37'C shaking water bath for 18 h. After incubation, the

pyrazoloacridine concentration on each side of the membrane was
analyzed by high-pressure liquid chromatography. Samples from the
buffer side were directly injected onto the high-pressure liquid chro
matography system. Samples from the plasma side were extracted prior
to injection as described above. An appropriate standard curve was
prepared with each set of samples (buffer or human, monkey, or dog
plasma). The degree of protein binding was then determined by

Fraction bound =
[Plasma] - [buffer]

[Plasma]

All studies at the 10 MMconcentration were performed in quintuplicate.
The studies at 20 MMwere performed in duplicate and at 5 MMonce
only.

Pharmacokinetic Analysis. Postinfusion concentration-time data
from the 1-h infusion experiments were fitted to both biexponential (n
= 2) and triexponential (n = 3) equations with MLAB (10), using the
formula

C(t) = Â¿ A,*-Â»"

RESULTS

Plasma Pharmacokinetics. Six 1-h infusion experiments were
performed. Pharmacokinetic parameters for the two dose levels
studied are summarized in Tables 1 and 2. Fig. 2 shows a
concentration-time plot for the 300 mg/m2 dose. Moderate

variability was observed among different experiments. In 5 of
the 6 experiments plasma drug disappearance was best de
scribed by the biexponential equation. The mean a half-life was
31 min, and the mean terminal half-life was 11 h. For the sixth
animal plasma drug disappearance was best described by the
monoexponential equation with a half-life of 7 h. The mean
total body clearance was 1480 ml/min/m2, and the mean vol
ume of distribution at steady state was 1380 liters/m2. The
mean AUC was 759 Â¿Â¿M-minafter the 300 mg/m2 dose and
1330 MMÂ«minafter the 600 mg/m2 dose.

Four 24-h infusion experiments were performed (Table 3).
Near-steady-state levels were achieved by the end of the infu
sions. The steady-state concentration was 0.27 Â±0.13 MMfor
the animals receiving 300 mg/m2 and 0.45 MMfor the animal
receiving 600 mg/m2. The mean clearance was 2420 ml/min/
m2.

The mean clearance for all doses and schedules was 1860 Â±
1090 ml/min/m2.

CSF Pharmacokinetics. After a 1-h i.v. infusion, pyrazoloac
ridine was detectable but below the limit of quantification in
the CSF of all animals. Since the limit of quantification of
pyrazoloacridine in the CSF was 0.1 MM,the CSF:plasma peak
concentration ratio was <10%. The earliest that drug was
detectable in any animal was at the end of the infusion; the
latest it was detectable was 7 h after the end of the infusion.

At the end of a 24-h i.v. infusion, CSF samples were obtained
in 2 of 3 animals receiving 300 mg/m2 and in the single animal
receiving 600 mg/m2. Pyrazoloacridine was undetectable in
CSF at the 300-mg/m2 dose level. At the 600-mg/m2 dose,

pyrazoloacridine was detectable but not quantifiable in the CSF.
Protein Binding. Pyrazoloacridine was 65 Â±4% (SD) protein

bound in dog plasma, 76 Â±6% protein bound in monkey
plasma, and 72 Â±2% protein bound in human plasma. There
was no evidence of concentration-dependent protein binding in
human plasma in the narrow range (5-20 MM)studied.

DISCUSSION

The present study demonstrates that the pharmacokinetic
profile of pyrazoloacridine after a 1-h infusion in the nonhuman
primate model is characterized by biphasic elimination with a
rapid initial distribution phase and a prolonged terminal phase
with a i,/: of 11.3 h. This long terminal r,/2 and the large steady-
state volume of distribution, 1380 liters/m2, suggest extensive

tissue binding of the drug. The clearance, nearly 2000 ml/min/
m2, markedly exceeds creatinine clearance in the monkey, sug
gesting that metabolism plays the major role in drug elimina-

where C is the drug concentration at time t, AÂ¡is the intercept, and X,
is the rate constant. Aikake's information criterion was used to deter

mine the best fit equation (11). The half-life for each phase of elimi

nation was calculated by dividing 0.693 by the rate constant (A,) for
that phase. Other pharmacokinetic parameters were calculated using
model independent methods. The steady-state volume of distribution

( Vdâ€ž)was calculated from the area under the moment curve (12).
For continuous infusions, clearance was calculated by dividing the

infusion rate by the average of the 22-, 23-, and 24-h pyrazoloacridine

plasma concentration.

Table 1 Pharmacokineticparameters ofpyrazoloacridineafter a 1-h,300-mg/m2
infusion

Animal1234MeanSDAUC(MM-min)1199216979639759429Clearance(ml/min/m2)6863808812127616461464tv,a(min)S319352131.815.8M(min)1530338532588748534Peak(MM)1.12.781.791.391.34.47Ht(liters/m2)1640228070012601480620
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Table 2 Pharmacokine lie pararne ten of pyrazoloacridine afte r a I-h, 600-mg/m2

infusion

Animal3

5Mean

SDAUC(MM

-min)1593

10721333

368Clearance

fÂ»a
(ml/min/m2)(min)932

29
13761154

314(min)669

401535

190Peak3.08

1.912.50

.83K*.(liters/m2)980

0.01
0 240 480 720 960 1200 1440

Time (min)
Fig. 2. Pyrazoloacridine concentration after a 300-mg/mJ. 1-h infusion.

tion. No statistically significant dose dependence in pharma-
cokinetic parameters was observed over the narrow range stud
ied. With a 24-h infusion, near-steady-state pyrazoloacridine
concentrations were achieved by 21 h.

The pharmacokinetic behavior of pyrazoloacridine in mon
keys differs considerably from that seen in dogs (Table 4) (6,
7). Although peak drug levels and volumes of distribution after
a 1-h infusion are similar in dogs and monkeys, dogs exhibit a
clearance of 2-8 Iiters/min/nr (6) compared with the clearance
of <2 liters/min/m2 in monkeys. The AUC in dogs is <410
MMâ€¢¿�min after a 300-mg/m2 dose and <820 MM'min after a 600-
mg/m2 dose (6). In contrast, the AUC in monkeys is >750
MM-min after a 300-mg/m2 dose and >1300 MM*min after a
600-mg/m2 dose. Thus, for an equivalent dose of pyrazoloac

ridine, the systemic exposure in monkeys is nearly double that
in dogs.

In addition to these apparent differences in pharmacoki-
netics, there are substantial interspecies differences in the tox
icology of pyrazoloacridine. In contrast to dogs, in which mye-
losuppression occurred after a 1-h infusion of 300 mg/m2 (6),
the monkeys exhibited no myelosuppression after a 1-h infusion
of twice that dose (600 mg/m2), despite the fact that systemic
drug exposure after these doses was 3-fold greater in monkeys
(>1300 MM-min) than in dogs (<410 MM-min). It is interesting

to note that myelosuppression in dogs appeared to be schedule
dependent; when pyrazoloacridine was administered as a 24-h
infusion, myelosuppression did not occur even at doses of 1200
mg/m2 (steady-state plasma concentration, 0.54-0.78 MM)(6).

In contrast, the monkeys showed no myelosuppression after
either a 1- or a 24-h infusion in the present study. Therefore,
no definite conclusions about the schedule dependence of tox-
icity in primates can be drawn.

CNS toxicity of pyrazoloacridine also appears to be schedule

dependent. After rapid infusion of drug, mice and rats exhibited
neurological toxicity in the form of lethargy or seizures; dogs
showed only mild signs of neurotoxicity after a 1-h infusion (6,

7). No neurotoxicity was observed in the monkey following a
1-h infusion. Since, in general, only free drug is available to
penetrate into the CNS in the absence of an active transport
mechanism (13), the pattern of CNS toxicity associated with
pyrazoloacridine may be related to its protein binding. The high
peak plasma drug concentration that is achieved with rapid
bolus administration of the drug may saturate the plasma
pyrazoloacridine binding capacity, resulting in high free drug
concentrations and increased CNS penetration. In dogs and
primates, pyrazoloacridine is more than 50% protein bound,
with 65 Â±4% bound in dog plasma, 76 Â±6% bound in monkey
plasma, and 72 Â±2% bound in human plasma. Peak pyrazo
loacridine plasma concentrations in the monkey after a 1-h
infusion ranged from 1.34 to 2.5 MM.The CSF concentrations
of pyrazoloacridine were low in the monkey, with concentra
tions never exceeding 0.1 MMon any dose or schedule studied.
Protein binding as well as other factors, such as the relatively
low peak plasma levels observed after a 1-h infusion, probably
contribute to this apparently low degree of CSF penetration. If
CNS penetration does influence the development of neurolog
ical toxicity, then the low penetration of pyrazoloacridine into
monkey CSF may predict a low risk of neurological toxicity.

An important aspect of this study is the observation that
monkeys did not experience toxicity from a systemic drug
exposure that was 3-4-fold higher than that which produced
myelosuppression in dogs. It is unlikely that the relatively small
interspecies differences in protein binding could account for
this difference in myelosuppression. Although the free drug
concentration in dog plasma was approximately 45% greater
than that in monkey plasma (35% unbound drug in dog plasma
versus 24% in monkey plasma), the total drug exposure in
monkey plasma was 300% greater (>1300 MM-min) than in dog
plasma (<410 MM-min). Therefore, even when considering free
drug alone, the exposure in monkeys remains greater than in
dogs.

Another possible reason for the interspecies difference in

Table 3 Pharmacokinetic parameters of pyraioloacridine after a 24-h infusion

Animal2545MeanSDDose(mg/m2)300300300600cv(pM)0.20.190.420.45Clearance(ml/min/m2)28402980134025202420740

" Câ€ž.concentration (steady state).

Table 4 Pharmacokinetic parameters of pyrazoloacridine in the monkey
and the dog

Dose(mg/m2)Dog*Monkey3006006001200300600300600Schedule(h)112424112424AUCÂ°GiMmin)100-410200-8207591

330Peak(MM)0.46-1.10.74-2.00.19-0.440.54-0.781.342.50.270.45Clearance(ml/min/

m2)2000-80002000-80001300-30001460-21101830131023802520

' Dog AUC calculated as Dose/clearance.
' Dog data from Refs. 6 and 7.
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myelosuppression could relate to interspecies differences in the
metabolism of pyrazoloacridine. When comparing toxicity data
across species it is usually assumed that the toxicities of anti-

cancer agents should be proportional to parent drug exposure
(14). For drugs that have active or toxic metabolites, however,
the total exposure to drug and metabolite must be considered
(15). In a pharmacokinetically guided phase I trial of 4'-iodo-
4'-deoxydoxorubicin, for example, a major difference was noted

in the metabolism of the parent drug between mice and humans,
resulting in significant exposure to an active metabolite in
humans that was present only in small quantities in mice (16).
For this drug, toxicity correlated with total exposure to both
the parent drug and its metabolite. Similarly, it is possible that
pyrazoloacridine is converted to a toxic metabolite that is
present in different concentrations in dogs and monkeys. If this
were the case, measurement of parent pyrazoloacridine AUC
alone would not accurately describe total exposure to toxic
compounds. Such a situation could explain the apparent lack
of interspecies correlation between AUC and myelosuppression.
To date, little is known about the metabolism of pyrazoloacri
dine; no putative metabolites were seen on the high-pressure

liquid chromatography chromatograms in the present experi
ments. Further studies of pyrazoloacridine metabolism are
planned in conjunction with a proposed Phase I trial.

The results of our study raise important issues for the rational
use of pyrazoloacridine in humans. Recently considerable em
phasis has been placed on the use of pharmacokinetic parame
ters, in particular the AUC, to guide dose escalation in Phase I
trials, with escalations proceeding rapidly until a target AUC
(40% of the mouse AUC at the mouse 10% lethal dose) is
reached (17). Our data document significant differences in the
pharmacology of pyrazoloacridine in primates compared with
mice and dogs. The extent to which the nonhuman primate
data will accurately predict the behavior of pyrazoloacridine in
humans will be closely examined in planned Phase I trials of
this drug.
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