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ABSTRACT

The sodium salt of pyrazine-2-diazohydroxide (PZDH; NSC 361456)
was identified as an active congener of the antUumor lead pyridine-2-

diazotate with enhanced chemical stability under physiological conditions.
In a phase I trial of PZDH administered as a single i.v. bolus injection, 19
patients with refractory solid tumors received 44 courses of therapy at
dose levels ranging from 50 to 350 mg/m2. No objective responses to PZDH

were noted. Myelosuppression characterized by prolonged, delayed onset
leukopenia and thrombocytopenia was the dose limiting toxicity. A maxi
mum tolerated dose of 350 mg/m2 was identified for this treatment sched

ule. Nonhematological toxicity was limited to severe nausea and vomiting,
experienced by all patients treated at the lower doses, although reasonably
well controlled when antiemetics were given prior to chemotherapy. The
plasma pharmacokinetics of PZDH was evaluated following a single
course of therapy in 16 patients. Drug levels were monitored using a
specific capillary gas Chromatographie assay with a 1-ng/ml lower limit of
quantitation. In patients treated with doses greater than 50 mg/m2, the

concentration of PZDH in plasma declined in a distinctly triexponential
manner and remained above 1.5 ng/ml for at least 8 h. However, the initial
decay phase, characterized by a harmonic mean half-life of 3.9 Â±3.5 (SD)
min (range, 2.2-6.3 min), was the primary determinant of drug disposi
tion, as indicated by its 85.5-93.1% contribution to the area under the
plasma concentration-time profiles from time zero to infinity. The har
monic mean terminal half-life increased with escalations in dose from 2.7
Â±0.8 h (n = 2) at 100 mg/m2 to 8.5 Â±3.0 h at 350 mg/m2 (n = 6). Total

plasma drug clearance was very similar in patients treated with doses of
50-250 mg/m2, exhibiting a mean value of 42.5 Â±7.8 liters/h/m2 (n = 10);
however, it was significantly lower at the 350 mg/m2 dose level, 27.2 Â±6.6
liters/h/m2 (n = 6; P < 0.002), denoting a departure from linear pharma-

cokinetic behavior. The rather low steady state apparent volume of dis
tribution, which ranged from 6.0 Â±1.5 (50 mg/m2, n = 2) to 12.7 Â±8.0 (350
mg/m2, n = 6) liters in', was indicative of limited distribution of the drug

into body tissue. The absence of objective antitumor effects should not
discourage continued evaluation of PZDH against solid tumors selected
for probable sensitivity as indicated by preclinical testing. A dose of 250
mg/m2 on a single i.v. bolus schedule is recommended for these phase II

trials.

INTRODUCTION

PZDH3 is active against a variety of experimental tumor models in

vivo. Treatment with i.p. PZDH commencing the day after BALB/c X
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DBA/2 F, mice were inoculated i.p. with the P388 and L1210 leuke-

mias, B16 melanoma, and M5076 sarcoma or s.c. with LI210 leuke
mia afforded increases in life span ranging from 58 to 107% relative
to untreated controls (1). The compound also exhibited activity
against xenografts of several human tumor lines implanted in athymic
nude mice, including MAXF 401 breast cancer, GXF 97 gastric can
cer, LXFL529 large-cell lung cancer, and LOX amelanotic melanoma
(1-3). Most notably, the MTD of i.p. PZDH, 100 mg/kg, given three
times at 7-day intervals induced complete regression of s.c. MX-1

mammary tumors in mice when therapy was delayed until the im
plants had grown to a median diameter of 6-7 mm (2). When admin

istered Â¡.p.and i.V., the therapeutic effect of PZDH against the i.p.
LOX melanoma model was not substantially influenced by either the
treatment schedule or route of injection (3). In addition, the drug
appeared to be more active against spontaneous pulmonary mÃ©tastases
of s.c. LOX cells than the primary tumor.

The specific mechanisms underlying the antitumor effects of PZDH
have not been established. Conversion of the compound to an acti
vated form by hepatic metabolism is considered unlikely (4). Based
upon its mechanism of chemical decomposition (1), a hypothesis was
advanced that PZDH promotes cellular death by arylating sensitive
nucleophilic sites (4, 5). As shown in Fig. 1, PZDH exists as a
chemically stable anionic diazotate in alkaline solution. Simple first-

order decomposition proceeds at lower pH upon generation of the
conjugate acid, a neutral diazohydroxide with an acid dissociation
constant of 5.3 at 25.0Â°C.Either the diazohydroxide itself or a very

short-lived intermediate species, presumably the diazonium ion, is

rapidly attacked by water or an alternate nucleophile with liberation of
nitrogen.

Additional indirect findings have been reported that are consistent
with the involvement of arylation as an essential event in the antineo-
plastic effects of PZDH (4). 2-Pyrazinone, its principal in vitro deg

radation product and major metabolite in preclinical animal models
(1, 5, 6), is completely noncytotoxic and lacks antitumor activity
(1, 4). Furthermore, exposing human rhabdomysarcoma cells to
PZDH in acidic culture media or an anaerobic environment, condi
tions designed to diminish intracellular pH, provided a substantial
increase in cytotoxic potency relative to standard conditions (4). It
follows that PZDH may display some degree of selective toxicity
against tumor cells, since many solid tumors have a more acidic
microenvironment than normal tissue (7). Finally, the compound was
cross-resistant to murine leukemia sublines with acquired resistance to

melphalan but not to other alkylators that require metabolic activation,
such as cyclophosphamide and JV,W-bis(2-chloroethyl)-iV-nitro-

sourea, or several standard clinical agents that act by entirely different
mechanisms (3, 8).

On the basis of an encouraging preclinical evaluation, PZDH was
entered into phase I clinical trials by the National Cancer Institute. The
present report describes the phase I evaluation of PZDH administered
as a single i.v. bolus injection to cancer patients with advanced solid
tumors. The primary objectives of the study were to identify the
toxicities, define the MTD, and characterize the plasma pharmaco
kinetics of this drug candidate.
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Fig. 1. pH-dcpcndenl decomposition of pyrazine-2-diazohydroxide. The compound exists as a stable diazotate (1) in weakly alkaline conditions and a reactive neutral diazohydroxidc
(2) at lower pH (pKa 5.3, 25Â°C).The conjugate acid is susceptible to attack by water, generating 2-pyrazinone (4), or alternate nucleophiles either directly or upon formation of a

short-lived diuzonium (3) intermediate.

MATERIALS AND METHODS

Phase I Trial

Patient Eligibility. Patients with a histological diagnosis of advanced solid
tumors refractory to standard therapy were considered for enlistment into this
study. There were no constraints on prior therapy with the exception of recov
ery from treatment related toxicity. Minimum eligibility requirements of the
protocol included the following: Southwestern Oncology Group performance
status Â£2; life expectancy >6 weeks; adequate bone marrow function as

defined by WBC a 4,000/ml; platelet count a 100,000/ml; serum creatinine
Â£1.4 mg/dl; bilirubin s 1.6 mg/dl; serum alkaline phosphatase, serum glu-
tamic-oxaloacetic transaminase, and serum glutamic-pyruvic transaminase ac

tivities not greater than twice normal. Written informed consent was obtained
from each patient according to the guidelines of the Human Subjects Review
Committee of The Ohio State University.

Drug Formulation. PZDH was provided by the Division of Cancer Treat
ment. National Cancer Institute, Bethesda, MD. Each vial of the injectable,
provided as a yellow lyophilized powder, contained 5(K)mg of the sodium salt
of PZDH and hydrochloric acid for pH adjustment. Dosing solutions were
formulated shortly before treatment by reconstituting with 9.8 ml of sterile
water for injection LISP to provide a 50-mg/ml solution of pH 9.0-10.5.

Treatment Protocol. Patients underwent complete staging of their disease,
including a physical examination and radiographie evaluation, prior to treat
ment. PZDH was administered by 1 min injection of the freshly reconstituted
parenteral solution through a free-running i.v. line in an arm of the patient.

Dosages were escalated according to a modified Fibonacci progression from an
initial level of 50 mg/irr (9, 10). A minimum of three patients were entered at
each dose level and treated every 3 weeks as permitted by their condition. Six
patients were investigated at the MTD. defined as that effecting reversible
toxicity SLgrade 3 and/or nonreversible toxicity a grade 1 in a single patient.

Evaluation of Response. Patients were evaluated for therapeutic response
after completing two courses of treatment. A complete response required the
disappearance of all disease for at least one cycle of therapy. A decrease of at
least 50% in the cumulative products of the diameters of measured lesions for
a period of 3 weeks constituted a partial response. Progressive disease was an
increase of 25% or greater in measurable lesions or the appearance of an
unequivocal new lesion. Stable disease was a change in tumor size less than
that required for designation as a response or progression.

Pharmacokinetic Sampling. Blood samples were drawn into chilled plas
tic disposable syringes containing 1 drop of heparin sodium injection USP
(1000 units/ml)/5 ml of blood through an indwelling heparin lock in a vein of
the arm opposing that which received the drug. A blood specimen (40 ml) was
obtained shortly before giving PZDH and pretreatment antiemetics. Another
sample (5 ml) was withdrawn from the patient after antiemetics were given but
prior to dosing with PZDH. An electric minute timer (GCA/Precision Scien
tific, Chicago, IL) was used to accurately monitor beginning and end times of
the infusion and sampling intervals. Blood specimens (5 ml) were collected at
19 time points from 3 min to 12 h postinfusion. Thus, the total volume of blood
withdrawn from a patient was 140 ml.

Immediately upon acquisition, each blood sample was transferred into a
chilled borosilicate glass test tube (16 x 100 mm), briefly placed in an ice water
bath, and then centrifuged at 3200 x g for 4 min in an Accuspin FR centrifuge
(Beckman Instruments, Palo Alto, CA) maintained at 4Â°C.Plasma was rapidly

separated from the pelleted blood cells, transferred to glass test tubes contain
ing 50 /xi of 2.0 Npotassium hydroxide, thoroughly mixed for 30 s on a vortex
action stirrer, flash frozen in a dry ice-propanol bath, and stored at -20Â°C until

assayed.

Determination of PZDH in Plasma

Chemicals. The following chemicals were used directly as obtained from
commercial suppliers without additional purification unless specified: analyti
cal reagent (ACS) monobasic and dibasic potassium phosphate (Mallinckrodt,
Paris, KY); analytical reagent potassium hydroxide pellets (MCB, Cincinnati,
OH); OmniSolv grade methanol (EM Science, Gibbstown, NJ); high purity
benzene (Burdick and Jackson Laboratories, Muskegon, MI); "Baker Ana
lyzed" reagent (ACS) sulfuric acid (95.0-98.0%), nitric acid (69.0-71.0%),

and hydrobromic acid (47-49%) (J. T. Baker, Phillipsburg, NJ). The hydro-

bromic acid was twice distilled from glass and then kept in a recycling still
under an atmosphere of dry argon. Deionized double distilled water was used
after filtering through a 0.2 firn NyIon-66 membrane filter (Rainin Instrument,

Woburn, MA). Argon:methane (95:5, v/v) and helium gases used for gas
chromatography were passed through moisture and oxygen traps (Supelco,
Bellefonte, PA).

Standard Solutions. The analytical reference sample of PZDH
(PharmECo; Lot PC 0598) used in these studies was provided by the Pharma
ceutical Resources Branch, Developmental Therapeutics Program, National
Cancer Institute. Purity of the sample, reported as being greater than 99%, was
confirmed by gas chromatography, high resolution (270 MHz) proton nuclear
magnetic resonance spectroscopy, and mass spectral analyses. Pyridine-2-di-

azohydroxide, sodium salt, was synthesized as described previously for use as
the internal standard (11). Milligram quantities of compounds used to prepare
stock solutions were weighed on a Cahn 25 electrobalance (Cahn Instruments,
Cerritos, CA). Stock solutions (0.10 mg/ml) of the drug and internal standard
were prepared in class A screw top volumetric flasks with Teflon lined septa
using methanolic potassium hydroxide (0.01 M).The PZDH stock solution was
serially diluted in the same solvent to provide eight solutions ranging in
concentration from 0.1 to 5 (xg/ml. Plasma standards (1-50 ng/ml) were made
by thoroughly mixing 10-fj.l aliquots of these solutions with pretreatment

patient plasma (1 ml) alkalinized with aqueous potassium hydroxide (20 fil, 2
N). All solutions were protected from exposure to light and stored at 5Â°C.

Sample Preparation. All glassware used in the preparation of samples for
analysis was soaked in sulfuric acid:nitric acid (4:1, v/v) for 30 min, vigorously
rinsed with double distilled water, and oven dried. To 200 Â¡j.\of plasma in a
conical test tube (Fisher Scientific, Pittsburgh, PA) were added 10 /n,lof the
internal standard solution (2.5 ng/ml; pyridine-2-diazotate in 10 HIMmethan

olic potassium hydroxide) followed by methanol (400 jal) to effect protein
precipitation. The sample was thoroughly mixed on a vortex action stirrer and
centrifuged at 3200 X g for 3 min at 4Â°C.An aliquot of the supernatant (450

/Â¿I)was separated and treated with freshly distilled, ice-cold hydrobromic acid

(200 fj.\) in another conical test tube and immediately vortexed for 15 s. After
the mixture was permitted to stand in an ice bath for approximately 2-3 min.

the sample was neutralized with cold aqueous 10 Mpotassium hydroxide (400
Â¡ni),vortexed for 15 s, and extracted with 500 jxl of benzene for 2 min on a

reciprocating shaker (Eberbach, Ann Arbor, MI). Following centrifugation
(3200 X g, 3 min) the organic phase was separated, back-extracted with 500

fj.1 of 1.0 M potassium phosphate buffer (pH 7.2) for 5 min, and briefly
centrifuged before injecting an aliquot (3.0 jxl) into the Chromatograph.

Gas Chromatography. Gas chromatography was performed using an HP
5880A instrument equipped with a capillary inlet system and a h3Ni electron

capture detector (Hewlett-Packard, Palo Alto, CA). The inlet was maintained at
200Â°Cand operated in the splitless mode using a deactivated borosilicate glass

open tubular liner with a 1.5 Â±0.2 mm internal diameter (140 /xl nominal
volume). The inlet purge was activated 0.5 min after injection. Separations
were performed isothermally at 50Â°Con a 10-m x 0.32-mm HP-5 fused silica
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capillary column (Hewlett-Packard) with a 0.25 /xm cross-linked stationary

phase of 5% diphenyldimethylpolysiloxane. Helium was used as the carrier gas
at a linear velocity of 46.3 cm/s, providing a 40-kPa column head pressure,

with split vent and septum purge flow rates of 60 and 3 ml/min, respectively.
The temperature of the detector was 300Â°Cto which argon:methane (95:5; %

v/v) mixture was provided at a flow rate of 90 ml/min as the makeup gas. The
integrator was configured to report peak areas with a peak width of 0.08 min
and threshold setting of 2. Chromatograms were plotted with a chart speed of

0.5 cm/min and an attenuation of 4.
Quantitation. Pharmacokinetic samples were quantitated by similarly as

saying, on a daily basis, the 8 plasma standards (1â€”50ng/ml) and a drug free

sample. Standard curves were constructed by plotting the peak area ratio of the
Chromatographie bands for the 2-bromo derivatives of the drug and internal

standard against PZDH concentration. Linear regression analysis was per

formed with a weighting factor of l/yâ€žhâ€ž,without inclusion of the origin, to
determine the slope, >'-intercept, and correlation coefficient of the best fit line.

Analyte concentrations in unknown samples were calculated using the results
of the corresponding regression analysis. Specimens with drug levels that
exceeded the upper range of the standard curve were rcassayed upon appro
priate dilution with drug free plasma. All samples were initially assayed in
duplicate; additional analyses were performed if the replicate determinations
deviated from their average by more than 5%.

Pharmacokinetic Data Analysis

Time points were determined as the difference between the blood collection
interval midpoint and starting time of dose administration. Plasma concentra
tion-time profiles of PZDH were pharmacokinetically analyzed according to
model-independent methods (12). The conventions recommended by Rowland

and Tucker for the symbols of pharmacokinetic terms have been adopted (13).
Nonlinear least squares regression was performed using the software package
PCNONLIN (Statistical Consultants, Lexington, KY). Initial parameter esti
mates were provided by preliminary data analysis with the stripping routine
RSTRIP (MicroMath, Salt Lake City, UT).

Since drug administration was not strictly instantaneous, but rather a short
duration continuous rate i.v. infusion, the appropriate equation of the general

form

Table I Palii'ni characteristics

PatientsenteredSex
(male/female)Median

age(yr)Median
wt(kg)Median
body surface area(rn~)Initial

performancestatus012Primary

sitediagnosisCervixColonHead/neckKidneyLungPancreasRectumUnknownPrior

trcalmenlChemotherapyImmunotherapyRadiotherapyChemotherapy

+immunotherapyChemotherapy
+radiotherapyChemotherapy,
radiation + immunotherapy1913/659

(4(1-72)"76(57-118)1.90(1.55-2.40)7Id217121142711173"

Numbers in parentheses, range.

Table 2 Hcmatological toxicity

Dose(mg/m2)50100165250350Patients
evaluated33436Courses

of
therapy797912PiÃ¡lele!

count nadir
(KhVrnrn3)Median12.85.46.63.85.3Range4.3-16.14.0-6.35.7-8.53.2-5.31.6-9.8WBC

nadir(Kr'/mm3)Median597224168164139Range346-802102-267125-327133-20617-347

C=

was fit to observed time courses for the plasma concentration of PZDH by
weighted nonlinear regression. The equation was derived according to the
principles developed by Benet with subsequent simplification to eliminate
compartmental inferences (14). Thus, the value of /' is zero until the infusion

of duration T has terminated and subsequently becomes defined as

where t denotes time from the initiation of treatment. The coefficients CÂ¡are
the intercept values, corresponding to i.v. bolus administration of the dosage,
of each log-linear phase with slope -A/, such that A, > A2 >.. .> A,. Param

eters associated with Ihc terminal decay phase are designated with a subscript
z by convention. Mean values of pharmacokinctic terms are reported as the

arithmeticmean Â±SD, with the followingexceptions:concentrationterms,
geometric mean Â±SD; half-lives and mean residence time, harmonic mean Â±
jackknife SD (15). Pearson's sample correlation coefficient and Spearman's

rank correlation coefficient were calculated to test for dose dependent trends in
the pharmacokinetic parameters. Statistical comparisons for significance were
performedutilizingthe pooledtwo-tailedt test (16).

RESULTS

Patient Characteristics. Demographic characteristics of the pa
tients are summarized in Table 1. A total of 19 patients were entered
into the study and treated with 44 courses of PZDH administered as a
1-min i.v. injection. The group consisted of 13 males and 6 females

ranging in age from 40 to 72 years with a median age of 59 years.

Their body surface areas ranged from 1.55 to 2.40 rrr about a median
of 1.90 m2. Each patient had a refractory solid malignancy, with

colorectal cancer being the predominant disease type, present in 11 of
the 19 cases. All participants in the study were previously treated
according to conventional methods, typically with standard chemo-

therapeutic agents or chemotherapy in combination with radiotherapy
and/or immunotherapy.

Toxicity and Therapeutic Effects. The dosage of PZDH was es
calated from an initial level of 50 mg/m2 to 350 mg/m2. None of the

patients showed evidence of an objective response to therapy. The
dose limiting toxicity was myelosuppression characterized by throm-

bocytopenia and leukopenia with nadir counts occurring 2 to 3 weeks
after drug administration (Table 2). Hemopoietic effects associated
with doses ranging from 5(>â€”250mg/m2 were generally moderate
(grades1or 2) andreversible.Followingtreatmentwith350mg/m2of

PZDH, grade 1 thromhocytopenia was observed in two patients that
received two courses of therapy. Another patient given only a single

dose experienced grade 1 thrombocytopenia concurrent with pro
longed grade 2 leukopenia, which lasted for approximately 5 weeks.
However,50%of the 6 patientstreatedat thisdose levelexperienced
severe (grade 3 or greater) depressions in either their WBC or platelet
counts. There was one case of grade 3 leukopenia, occurring after the
second course of therapy, that required 2 weeks for recovery. Grade 3
thrombocytopenia was observed after giving a single dose of PZDH to
a patient who subsequently died from complications considered to be
disease related before the platelets recovered. Finally, grade 4 throm
bocytopenia occurred in another patient following the fourth treatment
which failed to recover during a 2-month observation period. These
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PHASE I CLINICAL TRIAL OF PYRAZINE DIAZOHYDROXIDE

Table 3 Emetic effects of pyrazine-2-diazohydroxide

Dose(mg/m2)50100165250350na797912022015121010Grade236567300T10400000

" Number of treatment courses evaluated for nausea and vomiting.

four patients also exhibited either grade 1 leukopenia or grade 1
thrombocytopenia. Accordingly, 350 mg/m2 was identified as the

MTD.
The most prevalent toxic effect of PZDH, experienced by patients

at all dose levels, was nausea and emesis incident within l h after
treatment (Table 3). Premedication with antiemetics was initiated at
the 250-mg/m2 dose level because the severity of vomiting increased

with escalations in the dosage. A combination of lorazepam (2 mg),
dexamethasone sodium phosphate (20 mg), and metaclopramide hy-

drochloride (70 mg) given i.v. 30 min prior to PZDH was found to be
most effective in the management of these episodes, completely pre
venting the occurrence of vomiting in 5 of 12 courses of therapy at
350 mg/m2.

Analytical Method. A previously reported assay for PZDH in
plasma (5) was extensively modified to improve sensitivity, specific
ity, and precision. This was achieved by initially treating the samples
with a methanolic solution of pyridine-2-diazotate, which served as

the internal standard, to precipitate plasma proteins. The supernatant
afforded upon centrifugation of the mixture was treated with freshly
distilled hydrobromic acid, converting both the drug and internal
standard to their 2-bromo derivatives, which were extracted into ben

zene and separated by isothermal capillary gas chromatography with
electron capture detection. Typical retention times (mean Â±SD, n =
10) for 2-bromopyrazine and 2-bromopyridine were 4.52 Â±0.08 and

6.25 Â±0.10 min, respectively. The lower limit of quantitation for
PZDH was 1.0 ng/ml with the use of 200 jÂ¿lof plasma and a 3.0-/xl

injection volume. Detector response was linear from 1 to 50 ng/ml;
standard curves consisting of eight plasma standards spanning this
concentration range exhibited correlation coefficients a 0.997. Coef
ficients of variation for the determination of PZDH, calculated from
10 standard curves prepared and assayed on separate days, were
8.92% at 1.0 ng/ml and 2.43% at 11.1 ng/ml. Analysis of plasma

specimens acquired from treated patients without derivatization dem
onstrated that PZDH was not converted to 2-bromopyrazine in vivo.

Plasma Pharmacokinetics. The plasma pharmacokinetics of
PZDH was evaluated during a single course of treatment in the ma
jority of patients enlisted in the study. Accurate quantitation of the
plasma specimens obtained from a single patient at each of the three
lower dose levels was compromised due to technical problems asso
ciated with handling or storage of the samples. With this exception,
mean values of the PZDH pharmacokinetic parameters and derived
terms, as determined by nonlinear regression analysis, observed in
patients at each dose level are summarized in Table 4. Variability in
these values, both within and between dose levels, has been expressed
as the standard deviation of the mean. Correlation coefficients pro
viding a measure of the extent of association between the pharmaco
kinetic parameters and dose are presented in Table 5. Representative
plasma concentration-time profiles showing the experimentally deter
mined plasma levels and best-fit curves of PZDH in patients treated
with 50-, 100-, and 350-mg/m2 doses by 1-min i.v. injection are shown

in Fig. 2.
The starting dose of 50 mg/m2 provided an initial PZDH plasma

concentration near 10 /xg/ml. Thereafter, the compound was elimi
nated very rapidly from plasma, in an apparent biexponential manner,
approaching the 1-ng/ml lower limit of quantitation at approximately

2 h postinjection. However, beginning with the first dosage escalation
to 100 mg/m2, it became apparent that the disposition of PZDH was

actually triexponential. The sampling protocol and sensitivity of the
assay permitted unambiguous characterization of the terminal dispo
sition phase in all patients treated with 100-350-mg/m2 doses of

PZDH. Nevertheless, the rapid phase remained the primary determi
nant of drug disposition, as evidenced by an average contribution of
90.1 Â±9.1% to AUC for the entire group of 16 patients. The initial
phase half-life was quite variable, ranging from 1.3 to 7.5 min in

individual patients about a mean of 3.9 Â±3.5 min. Similarly, the
maximum PZDH plasma concentration, achieved at the end of injec
tion, showed a high degree of interpatient variability, although the
mean values were strongly correlated with the dose (rv = 0.90). In
contrast, CL of PZDH in the 10 subjects treated with doses of 50-250
mg/m2 was very consistent, exhibiting a mean value of 42.5 liters/
h/m2 with an 18.4% coefficient of variation. Within this range, the

AUC increased proportionately with the administered dose (r =

0.9421); however, a distinct positive departure from linearity was
evident at the MTD (350 mg/m2), providing a significant reduction in

Table 4 Pharmacokinetic parameters"

Parameter'' 50

Dose (mg/m )

100 165 25(1 350 Units

nC(T)CiC2cz'1/2,1'1/2.2'1/2.2MRTCLV,Vâ€žV,AUCAUC,AUC2AUC229.19
Â±1.919.03
Â±2.050.12
Â±0.14C4.7

Â±1.022.3
Â±13.7C8.5

Â±1.143.0
Â±15.45.09
Â±0.966.03
Â±1.46C1.24

Â±0.4593.1
Â±5.56.9
Â±5.5C225.9

Â±26.925.1
Â±25.60.78
Â±1.320.013
Â±0.0042.2
Â±3.813.0
Â±8.12.70
Â±0.7810.8
Â±6.739.6
Â±3.84.31
Â±4.128.46

Â±5.19162.1
Â±59.82.55

Â±0.2485.4
Â±8.812.5
Â±9.02.1
Â±0.2347.1

Â±24.146.4
Â±24.30.30
Â±0.640.013
Â±0.0032.3
Â±2.218.1
Â±1.14.98
Â±1.3213.2
Â±12.443.0
Â±6.13.36
Â±1.7112.0
Â±5.5315.5
Â±50.13.87
Â±0.5791.9

Â±5.15.6
Â±4.32.5
Â±0.9332.5

Â±6.230.8
Â±8.60.39
Â±0.670.012
Â±0.0056.3
Â±1.124.55.3721.043.57.2419.7441.95.9187.610.224.94.5110.49.91.2012.8267.61.1813.914.22.2

1.4677.6

Â±29.675.5
Â±26.00.69
Â±0.890.017
Â±0.0105.9
Â±2.328.2
Â±28.18.53
Â±3.0023.1
Â±7.527.2
Â±6.64.49
Â±1.6612.7
Â±8.0381.6
Â±185.613.5
Â±2.990.9
Â±10.87.3
Â±10.81.8
Â±0.8Hg/mlKg/mlfig/mlHg/mlminminhminliter/h/m2liter/m2liter/m2liter/m2u.g-h/ml%%%

"Terms are the arithmetic mean Â±SD with the following exceptions: concentration terms, geometric mean; half-lives and mean residence time (MRT). harmonic mean.
b n, number of patients evaluated at a single treatment course; C(r), plasma concentration of drug at the end of infusion; C,. intercept of the ith disposition phase; f1/2,,, half-life

of the ith disposition phase; V., total body apparent volume of distribution; AUC/, contribution of the f'th disposition phase to AUC.
c Terminal disposition phase was not detected.
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Table 5 Correlatimi between the pharmacokinetic parameters and administered dose

Correlationcoefficient''Pharmacokineticparameter"C(T)'l/2,l'1/2.2'1/2.2MRTCLv,Vmv,AUCn1616Ih1416!<>â€¢â€¢IhIh1410'Pearson'sM0.66360.48230.51680.62560.48930.09760.06270.28320.36110.9421Spearman's(r*)0.90(1.6011.70UHI1.000.320.100.900.801.00

a For definitions, see Table 4.
h Pearson's sample correlation coefficients were determined using the individual pa

tient pharmacokinetic parameters and Spearman's rank correlation coefficients were cal

culated for the mean values at each dose.
r Patients treated at the 350-mg/rrr dose level were excluded.

100

10

0.1

0.01

0.001
8 10 12

TIME (h)

Fig. 2. Representative plasma concentration-time profiles of pyrazine-2-diazohydrox-
ide in patients treated with (â€¢)50-. (A) 100-. and (â€¢)350-mg/m; doses of the drug given
by 1-min i.v. injection. The observed plasma concentrations (pointa) are shown together
with the best fit curves ( ) determined by nonlinear regression analysis.

the mean CL to 27.2 Â±6.6 liters/h/m2 (P < 0.002) for these 6 patients

(Fig. 3). Another indication of apparent nonlinear pharmacokinetic
behavior was manifested as a gradual prolongation of the mean resi
dence time from 8.5 Â±1.1 at 50 mg/m2 to 23.1 Â±7.5 min at 350
mg/m2 (rv = 1.00). Although there was an effect of similar magnitude

on IHJ, which increased more than 3-fold from 2.70 Â±0.78 h (100
mg/m2) in the range of doses studied, the terminal phase represented

a very minor component of AUC (2.1 Â±0.9%, n = 14). There was no
significant dose dependency evident in the half-lives of the two pre

ceding disposition phases or the apparent volumes of distribution, as
indicated by weak Pearson correlation coefficients (r < 0.5). The
mean Vl was only 12.0 Â±5.2% of total body weight and mean values
of Vss for the individual doses ranged from 12 to 40% of total body

water, consistent with limited distribution of the compound into pe
ripheral regions of the body.

DISCUSSION

The sodium salt of pyrazine-2-diazohydroxide was identified as an
active congener of the antitumor lead pyridine-2-diazotate with en

hanced chemical stability under physiological conditions (1). It ex
hibited significant activity against prominently staged xenografts of
several solid human tumors in athymic mice (2, 3). Preclinical inves
tigations also demonstrated that single and multiple dosing regimens
were similarly effective in vivo (3). This suggested that an intermittent
treatment schedule could be utilized to facilitate recovery from the
toxic effects of PZDH without sacrificing its potential therapeutic
benefit. Therefore, we conducted a phase I clinical trial in patients
with refractory solid tumors by giving PZDH as a single i.v. bolus
injection at 3-week intervals as permitted. A starting dose of 50 mg/m2

was selected as one-tenth of that producing 10% mortality in mice

(17). An equivalent dose given to dogs was well tolerated with few
indications of toxicity (17).

During the preclinical evaluation of PZDH, disposition studies in
the mouse and dog were undertaken using an assay based upon con
version of the drug to 2-chloropyrazine by directly treating biological

specimens with concentrated hydrochloric acid (5, 6). The derivative
was isolated by extraction into ethyl acetate containing 2,5-dimethyl-

pyrazine, which served as the internal standard, and quantified by
capillary gas chromatography with nitrogen-phosphorus detection. It

was necessary to analyze samples without acidification to correct for
the presence of 2-chloropyrazine generated from PZDH /'//vivo. Bolus

i.v. administration of 428-mg/m2 doses provided a mean initial plasma

concentration of 400 /u.g/ml in mice and 33 fig/ml in female beagles
(6). Thereafter, the drug was rapidly eliminated from plasma in an
apparent monoexponential manner with half-lives of 5.8 Â±0.3 and 7.3
Â±0.7 min (mean Â±SE, n = 3) in the mice and dogs, respectively. In

both species, plasma levels approached the 0.1 /xg/ml lower limit of
quantitation (coefficient of variation = 17.1%) at approximately 60

min after dosing.
These observations suggested that the existing analytical method

would allow plasma levels of the drug to be monitored for no longer
than 30 to 60 min in patients receiving the 50 mg/m2 starting dose.

Therefore, to more accurately characterize the clinical pharmaco-

kinetics of PZDH, efforts were undertaken to improve the sensitivity

15

10

o

100 200 300 400

DOSE (mg/m2)

Fig. 3. Mean area under the plasma concentration-time profiles of pyridinc-2-diazo-

hydroxide as a function of dose depicting the departure from apparent linear pharmaco
kinetic behavior in patients treated at the maximum tolerated dose of 350 mg/m2. Linear
regression analysis of the mean AUC values for doses ranging from 50 to 25Ãœmg/m-.
slope = 0.0230 m2/h/liter; v-intercept = 0.140 /ig-h/ml; r = 0.9999. Points, mean AUC

values; bars, SD.
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and specificity of the assay before entering patients into the study. A
substantial enhancement in sensitivity was afforded by simply replac
ing the nitrogen-phosphorus detector of the gas Chromatograph with

an electron capture detector. However, detection of endogenously
derived 2-chloropyrazine was similarly enhanced. In contrast, 2-bro-

mopyrazine was not detectable in plasma specimens obtained from
mice treated with PZDH or human plasma incubated with the drug,
which may be attributed to the more than l()()()-fold lower concentra

tion of systemic bromide ion relative to chloride ion (18). Further
more, brominated compounds are more efficiently detected by elec
tron capture than the corresponding chloro derivatives due to the
larger atomic cross-section and more electropositive character of the
bromine atom. Therefore, converting PZDH to 2-bromopyrazine with

hydrobromic acid provided the foundation of a highly sensitive and
specific gas Chromatographie assay. Accuracy and precision of the
method were further improved using pyridine-2-diazotate as an inter

nal standard subject to derivatization, recovery, and detection in the
same manner as the drug. With these modifications, the lower limit of
quantitation for PZDH in 100 /nl of plasma was 1 ng/ml with an 8.9%
coefficient of variation.

Pharmacokinetic studies were conducted in 16 patients. As pre
dicted by preclinical animal models (6), plasma levels of PZDH
declined very rapidly in patients treated by bolus i.v. injection, de
creasing 2 to 3 log decades within 60 min. Unlike the mouse and dog,
distinctly triphasic plasma concentration-time profiles were observed
in all patients evaluated at doses greater than 50 mg/m2. Failure to

detect more than a single elimination phase in the preclinical phar-

macokinetic studies may have been a consequence of assay imposed
limitations on drug level monitoring at nontoxic doses. Except for
those patients treated with the starting dose, the sensitivity of the
analytical method used in this investigation afforded definitive char
acterization of the terminal disposition phase. The manifestation of a
polyphasic plasma profile with a comparatively long terminal phase
may seem somewhat paradoxical, in that the compound is not only
highly polar but also subject to facile hydrolytic decomposition under
physiological conditions. Nevertheless, there are several plausible
mechanisms consistent with other physicochemical properties of
PZDH that could potentially account for this behavior. For example,
the formation of neutral complexes upon chelation of the anionic
diazotate with endogenous metal ions could result in enhanced sta
bility and/or affinity for tissue regions.

The pharmacokinetic behavior of PZDH observed in patients was
rather complex. Mean values of t}/2_:progressively increased from 2.7
h at the 100-mg/m2 dose to 8.5 h at 350 mg/m2. However, CL was

predominantly influenced by the initial disposition phase because the
combined contribution of the two slower phases to AUC was only
10%. As anticipated for a small, highly polar molecule, the V, and V,s
of PZDH were quite low, with respective mean values of 4.8 Â±2.1
and 12.5 Â±8.2 liters/m2 for the entire group. Although subject to a

high degree of variability, mean Cmax values generally increased in
proportion to dose (r = 0.8846) and f]/2,i was independent of dose,

with a mean value of 3.9 Â±3.5 min. In contrast, mean residence time
values were 2-6 times longer than the corresponding i,,.,., and exhib

ited a distinct upward trend with increasing dose. Nevertheless, among
the 10 patients evaluated at the four dose levels ranging from 50 to
250 mg/m2, CL was remarkably consistent as evidenced by a mean
value of 42.5 liters/h/m2 with an 18.4% coefficient of variation. How
ever, in patients treated at the MTD of 350 mg/m2, there was a
significant 37.5% reduction in CL to 27.2 Â±6.6 liters/h/m2 (P <

0.002).
This type of nonlinear pharmacokinetic behavior is indicative of

parallel first-order and capacity limited pathways of drug elimination.
The mean t,,, of PZDH in patients was almost 4-fold shorter than the

half-life for its loss in human plasma at 37Â°Cin vitro,4 consistent with

an alternate, quantitatively important route of elimination in addition
to spontaneous chemical degradation to 2-pyrazinone. Observations

made during preclinical studies suggest that hepatic metabolism or,
possibly, activated urinary secretion could be involved in drug elimi
nation. The rate of PZDH decomposition in vitro was significantly
enhanced by the presence of liver microsomal protein, with 2-pyrazi

none being the exclusive product formed (4). During the continuous
infusion of [2-14C]PZDH to mice, 2-pyrazinone accounted for 80% of

the total radioactivity in plasma and the contribution of unidentified
metabolites was only 12% (6). In another experiment, in which
[2-'4C]PZDH was administered to mice by bolus i.v. injection, 79% of

the dose was eliminated by urinary excretion and only 3% was re
covered in the feces during 24 h. Free and conjugated 2-pyrazinone

accounted for 62% of the urinary radioactivity, unchanged PZDH for
17% and unidentified polar metabolites represented 24% of the dose.
Unfortunately, the amount of unchanged drug eliminated by urinary
excretion cannot be readily determined because of its inherent chemi
cal instability. Due to the more acidic environment of urine, with a
mean pH of 6.5 (19), degradation proceeds even more rapidly than in
blood or plasma. Therefore, although a plausible mechanism, it will be
very difficult to unambiguously determine whether the apparent non
linear pharmacokinetic behavior of PZDH is associated with saturable
urinary excretion.

The only nonhematological toxicity of significance was nausea and
vomiting, observed in each patient evaluated at the starting dose, that
became considerably more severe with escalations in the dosage. In
order to proceed with the study, it was necessary to provide parenteral
antiemetics shortly before the chemotherapeutic agent was adminis
tered. A combination of lorazepam, dexamethasone sodium phosphate
and metaclopramide hydrochloride proved to be most effective, mini
mizing episodes of vomiting to a tolerable degree even at 350 mg/m2,

the highest dose evaluated.
As predicted by in vitro (20) and in vivo (17) preclinical studies,

myelosuppression was found to be the dose limiting toxicity of PZDH.
It was typified by delayed onset thrombocytopenia and leukopenia,
with nadir counts typically occurring several weeks after treatment.
Hematological toxicity was reversible in all patients who received
doses ranging from 50 to 250 mg/m2. In general, platelet and WBC

counts returned to acceptable levels within 3 weeks. However, cases
of severe reversible and apparent nonreversible thrombocytopenia and
leukopenia were observed in one-half of the six patients treated with
doses of 350 mg/m2. Consequently, this was designated the maximum

tolerated dose of PZDH when given as a single i.v. bolus injection.
The absence of objective therapeutic response in this study should

not discourage continued evaluation of PZDH. The probability of
observing activity against solid malignancies in phase I trials of in-

vestigational antitumor agents is quite low (21). Furthermore, all of
the patients enlisted into this study had advanced solid tumors that
were unresponsive to conventional therapy and most did not receive
full therapeutic courses of the drug. Therefore, phase II trials of PZDH
should be conducted in patients with solid tumors that appeared sen
sitive in preclinical testing. A dosage of 250 mg/m2 given on a single

i.v. injection schedule is recommended for these studies, due to the
severity of hematological toxicity evident at 350 mg/m2, together with

the departure from apparent linear pharmacokinetic behavior at this
dose.

4 Decomposition of PZDH in human plasma at 37Â°C,equilibrated with an atmosphere

of 5% CCK-20% O2-75% N2 to maintain constant pH (7.44 Â±0.01), conformed to
first-order kinetics through 2-3 log decades with a half-life of 14.85 Â± 1.40 min
(harmonic mean Â±SD, n = 5).
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