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A B S T R A C T  

Pyrazine diazohydroxide (PZDH) is a novel antineoplastic agent that 
appears to form DNA adducts via the reactive pyrazine diazonium ion and 
produces substantial antitumor activity in preclinical models. We con- 
ducted a phase I trial to determine the maximally tolerated dose of PZDH 
that could be administered as a 5-min i.v. bolus for 5 consecutive days 
repeated every 28 days. Thirty-one patients with advanced cancer refrac- 
tory to standard therapy received a total of 65 cycles of therapy at 7 
sequential PZDH dose levels: 18, 36, 45, 56, 75, 100, and 133 mg/m2/day. 
At the maximally tolerated dose (133 mg/m2/day • 5), all 4 patients expe- 
rienced grade 3-4 thrombocytopenia, and 3 of 4 had grade 3--4 neutrope- 
nia. At the recommended phase II dose (100 mg/m2/day x 5), the median 
WBC nadir following the first cycle was 2.5 • llP//~! (range, 0.6-7.6) 
occurring on day 36, and the median platelet nadir was 87 • llP//tl (range, 
9-155) occurring on day 26. Nausea and vomiting occurred at all dose 
levels, but were well controlled with ondansetron. No evidence of hepatic, 
renal, pulmonary, cardiac, venous, dermatological, or neurological toxicity 
was observed. Pharmacokinetic evaluations were performed on 28 of the 
31 patients using an analytical method including derivatization of the 
parent drug to 2-chloropyrazine. We report the total 2-chloropyrazine, 
which represents PZDH converted per method plus PZDH converted in 
vivo. Although the assay quantitation limit is 10 ng/ml, PZDH could only 
be detected at the first dose level for 30-90 min after the i.v. bolus. 
Compartmental modeling of the first 4 dose levels was most consistent 
with a 2-compartment model. Subsequent dose levels revealed a third 
phase to the plasma decay curve. The area under the plasma drug con- 
centration-time curve increased proportionally with dose; there was no 
evidence for dose-dependent pharmaeokinetics. Pharmacokinetic param- 
eters for 12 patients analyzed by the 3-compartment model revealed an 
a-half-life (t~a) of 2.83 +_ 1.57 (mean + SD), a t ~  of 11.9 _+ 4.42, and a tw~ 
of 161 _+ 47.1 min, with a mean clearance of 1.86 _+ 0.91 liters/min. At the 
100- and 133-mg/m 2 dose levels, the mean areas under the plasma drug 
concentration-time curve were 105 and 169/tg min/mi, respectively. There 
was a moderate correlation between body surface area and clearance (r = 
0.45, P = 0.015) but a better correlation between weight and clearance 
(r - 0.53, P = 0.004). At the recommended phase II dose, there are insuf- 
ficient data available to assess whether variability in bone marrow toxicity 
is due to pharmacokinetic variability or to other factors. We identified a 
correlation (r = -0.68, P = 0.004) between serum chloride concentration 
and platelet nadir in patients treated at the 100- and 133-mg/m z dose 
levels. Phase II studies at a PZDH dose of 100 mg/m2/day • 5 every 42 days 
should be considered, although dose based upon body weight may be more 
appropriate. Additional phase I studies to explore and possibly modulate 
the relationship between PZDH toxicity and serum chloride are also 
warranted. 

I N T R O D U C ~ O N  

Pyrazine diazohydroxide (Fig. 1) is one of more than 75 congeners 
of pyridine-2-diazohydroxide (NSC 159159) synthesized in order to 
overcome the latter compound's limited usefulness due to hydrolytic 
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instability at physiological pH (1, 2). The in vitro activity of PZDH 3 

has been explored against leukemia sublines with acquired resistance 
to standard clinical drugs. P388 leukemias with acquired resistance to 
either doxorubicin, vincristine, cisplatin, cyclophosphamide, carmus- 
tine, or methotrexate retained sensitivity to PZDH, but both the L1210 
and P388 sublines resistant to melphalan demonstrated cross-resis- 

tance (3). 
In  v ivo activity has been identified in P388 leukemia, B16 mela- 

noma, L1210 leukemia, and M5076 sarcoma. Antitumor activity has 

also been demonstrated in the human xenograft models MX-1 (breast 
cancer) and LOX (melanoma) (3--6). Five daily injections appeared to 

be somewhat more effective than single or intermittent injections, 

although no striking schedule dependency was observed (7). 
The mechanism of action of PZDH is not clear, although it appears 

to selectively inhibit DNA synthesis (3, 5, 8). There is evidence to 
suggest that the drug requires acid-catalyzed activation to a reactive 
pyrazine diazonium ion, which in turn may react with a nucleophile to 
form a DNA adduct. Single strand DNA breaks are detected when 

PZDH is incubated with L1210 cells. 
The preclinical toxicology of PZDH was performed in mice, rats, 

and dogs (3, 5, 9, 10). The single dose lethal to 10% of mice was 498 
mg/m 2, while the 5 daily dose LDlo was 180 mg/m2/day. Rats toler- 
ated doses of 498 mg/m 2 and 5 daily doses of 100 mg/m2/day with few 
indications of toxicity. Single doses of 1000 mg/m 2 or more were 

lethal to dogs. In both dogs and rats, leukopenia and thrombocytope- 
nia were dose dependent, although in dogs treated at 1000-mg/m 2 

single doses and greater, severe diffuse bone marrow atrophy was 

present at necropsy. 
Preclinical pharmacokinetics demonstrated monoexponential elimi- 

nation with a half-life of 5-7 min but highly variable total body 

clearance among species (9-11). In  vi tro exposure of human and 
murine marrow cells to PZDH showed progressive inhibition of 
colony growth with increasing PZDH concentrations (12). Based upon 
this preclinical information, we initiated a phase I dose escalation 
study of PZDH administered as a 5-min i.v. bolus daily • 5 every 4 

weeks. 

PATIENTS AND M E T H O D S  

Eligibility. Patients were eligible for this study if they had a microscopi- 
cally confirmed diagnosis of cancer (either solid tumor or lymphoma) not 
curable by any known therapy. The disease had to be refractory to standard 
therapy or one for which no standard therapy was available. Patients were 
required to have a Karnofsky performance status of -----60%, measurable or 
evaluable disease, to be at least 18 years of age, have a predicted life expect- 
ancy of at least 8 weeks, and have signed a consent form approved by the 
University of Chicago Institutional Review Board and by the Cancer Therapy 
Evaluation Program of the National Cancer Institute. 

Patients were excluded from the study for evidence of abnormal bone 
marrow function (total WBC count <3.5 • 103 cells/p3, platelet count <100 • 
103 cells//xl, hemoglobin <9 g/dl), abnormal hepatic function defined as bili- 
rubin >1.5 mg/dl (unless due to Gilbert's syndrome), or alkaline phosphatase 
more than twice normal unless due to bone or liver metastases, or abnormal 

3 The abbreviations used are: PZDH, pyrazine diazohydroxide; AUC, area under the 
plasma drug concentration-time curve; 2-CP, 2-chloropyrazine; MTD, maximally tolerated 
dose; tl/2, half-life; BSA, body surface area; DMP, dimethylpyrazine; LN, natural loga- 
rithm; LDlo, single dose lethal to 10% of mice. 
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PHASE 1 STUDY OF PYRAZINE DIAZOHYDROXIDE 
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Pyrazlne Pyrazlne Pyrazlne 
dlazohydroxide diazonium ion aryl cation* 

(PZDH) 

N N 

N N 

Pyrazlne 2-chloropyrazine 
dlazochloride** (2-CP) 

* Delocalization of the charge into the x structure occurs with first order kinetics and is 
independent of chloride ion concentration. 

** An adduct of the nucleophile (CI') reacts with the pyrazine diazonium ion to form a 
distinct intermediate. This reaction is dependent upon the chlodde ion concentration. 

Fig. 1. Chemical structures of pyrazine diazohydroxide, diazonium ion intermediates, 
and 2-chloropyrazine showing the pH-dependent and chloride ion-dependent nature of the 
decomposition reaction. 

renal function (creatinine >2.0 mg/dl). Additionally, patients could not have 
received radiotherapy, chemotherapy, or immunotherapy within the 4 weeks 
prior to beginning treatment. A 6-week period was required for agents with 
delayed effects (mitomycin C or nitrosoureas). Female patients of child-bear- 
ing age were requested to take appropriate measures to avoid pregnancy during 
participation in the study. 

Within 2 weeks of the start of therapy, patients were required to have a 
complete history and physical examination to include documentation of base- 
line signs and symptoms of disease and to document measurable or evaluable 
lesions. At that time, patients also underwent all tests required to determine 
eligibility, i.e., a complete blood count with differential and platelet count, 
chemistry profile (including bilirubin, creatinine, and alkaline phosphatase), 
chest radiograph, electrocardiogram, urinalysis, pregnancy test for women of 
child-bearing age, and prothrombin/partial thromboplastin time. 

All known sites of disease were also assessed by appropriate radiographic 
studies in the 2 weeks prior to study entry (except for computed tomography 
scans which could be performed within 4 weeks of starting treatment). 

Dosage and Formulation. PZDH was supplied by the Division of Cancer 
Treatment, National Cancer Institute (Bethesda, MD) in 500-mg vials contain- 
ing lyophilized powder with hydrochloric acid for pH adjustment. When re- 
constituted with 9.8 ml of sterile water for injection (United States Pharma- 
copoeia), each ml contained 50 mg of drug at a pH of 9 to 10.5. The solution 
had to be strongly alkaline in order to maintain the in vi tro PZDH half-life of 
27.2 h. If the pH was lowered to 6.0, PZDH rapidly decomposed with a 
half-life of only 5 min (5). Further dilution was with 0.9% sodium chloride 
injection (United States Pharmacopoeia) to the appropriate volume. Doses 
were administered over 5 min via a peripheral vein. No intrapatient dose 
escalations were allowed. 

Dose Escalation Schema and Toxicity Definitions. The starting dose was 
selected to be 18 mg/mZ/day X 5 every 4 weeks. This was one-tenth of the 
murine LDlo and was well tolerated in all 3 species. Sequential cohorts of 3-6 
patients received increasing doses of PZDH. The second dose level was to be 
a 100% dose escalation. Subsequent dose levels were to be escalated at 50% 
increments until a least toxic dose was observed. Toxicity was graded accord- 
ing to the National Cancer Institute Common Toxicity Criteria. The least toxic 
dose was defined as one case of probable grade 2 toxicity, 2 cases of probable 
grade 1 toxicity, or one possible grade 3 or 4 toxicity. Dose escalation was then 
to slow to 25% increments per dose level. A minimum of 3 patients were 
evaluated at each nontoxic dose level, and only one new patient was treated per 
week. When dose-limiting toxicity occurred in a single patient, defined as any 
grade 4 toxicity, any grade 3 nonhematological toxicity except nausea and 
vomiting, or grade 3 myelosuppression lasting longer than 3 days, 3 additional 

patients were entered to determine whether that dose level was the MTD. A 
dose level was considered the MTD if at least 3 of 6 patients treated experi- 
enced dose limiting toxicity. However, if only 2 of 6 patients experienced dose 
limiting toxicity, the Principal Investigator was to consult with the National 
Cancer Institute Study Monitor prior to declaring that level the MTD. The 
recommended phase II dose was defined as one dose level below the MTD. 

Follow-up. Patients were seen weekly while on study for a history, physical 
examination, weight, and performance status estimation. Laboratory studies 
were repeated weekly, although the complete blood count, platelets, and dif- 
ferential count were performed twice weekly. Tumor size was assessed every 
cycle if evaluable by physical examination or chest radiograph, or every other 
cycle by other measures. 

Pharmacology Studies. Blood samples were obtained prior to treatment, 
then at the end of the infusion, and at 5, 10, 15, 20, 25, 30, 45, 60, 90, 180, 240, 
360, and 480 min after the end of the infusion. Powis (5) observed that the 
decomposition half-life of PZDH in human plasma and whole blood was 19 
and 15 min, respectively. In order to potentially minimize that rapid sponta- 
neous decomposition of PZDH in blood, samples were collected on ice in 7-ml 
heparinized tubes, the plasma separated immediately, transferred to tubes con- 
taining adequate sodium hydroxide to adjust the pH to 9-10, and frozen at 
-70~ until analysis. 

PZDH concentrations were quantitated by a modification of the gas chro- 
matography method of Wilke et  al. (11). Pyrazine diazohydroxide was con- 
verted to 2-CP by adding 250 /xl of concentrated HC1 to 1 ml of plasma. 
Sodium hydroxide (400 /xl of 10 M solution) was added after 10 min to 
neutralize the reaction and the internal standard [1.0 ml of 1 txg/ml DMP 
(Aldrich, Milwaukee, WI)] was added. After vigorous mixing for 20 min and 
centrifugation, the upper organic layer was transferred to a clean autosampler 
vial and capped. 

A 10-1xl volume was injected, using a splitless injection/packed column 
mode, onto a Hewlett Packard 0.31-mm inner diameter x 25-m-long fused 
silica capillary column with 5% phenyl methylsilicone, cross-linked, 0.52-/xm 
film thickness. Injector, detector, and column temperatures initially were at 
200, 325, and 50~ respectively. Only the column temperature was adjusted, 
after a 9-min hold time at 50~ It was increased to 200~ at 30~ and 
held there for 10 min. Flow settings included: compressed air at 175 ml/min; 
hydrogen at 4.5 ml/min; ultrapure nitrogen (column carrier gas) at 6-8 ml/min; 
and total flow to the detector (make up plus column carrier gas) at 30-35 
ml/min. Under these conditions, retention times for chloropyrazine and DMP 
were 6.7 and 7.7 min, respectively. The column temperature increase to 200~ 
was a necessary "bake-out" step to remove volatile plasma components from 
the extraction, improving peak resolution of chloropyrazine and DMP. The 
detection limit for PZDH was 2 ng/ml, and the linear range for standards 
explored was 10-10,000 ng/ml. The intraassay coefficient of variation was 
24% for 10-ng/ml PZDH and <12% for all higher standards. The interassay 
coefficient of variation was <9% for 250-, 500-, and 1000-ng/ml PZDH. 
Standard curves were generated using Number Cruncher Statistical System 
(Dr. Jerry Hintze, Kaysville, UT). Samples were quantitated using the daily 
standard curve, and check standards were run for quality control and assurance 
purposes after running the samples. 

Since the analytical method includes derivatization of the parent drug to 
2-CP, nonderivatized samples (i.e., samples only adjusted to pH 9-10 and not 
derivatized with HC1) were analyzed for the latter compound as a control. As 
previously reported by Powis et  al. (5) in the mouse, spontaneous formation of 
2-CP occurred. Thus, the total 2-CP must be considered to possibly represent 
both unconverted PZDH plus PZDH converted to 2-CP in vivo. 

Plasma concentration versus  time curves of PZDH were fit either to a 
biexponential equation (16 patients): 

C t = A e - ~ ,  + B e - ~  t 

or to a triexponential equation (12 patients): 

C t = Ae -~ t  + B e - ~  t + Ce-W 

for each patent for whom pharmacological data were obtained. Pharmacoki- 
netic models were constructed by nonlinear weighted least squares regression 
using the Nelder-Mead algorithm, using the software program PCNONLIN 4.0 
(SCI Software, Lexington KY), operated on a Sirex/486 personal computer. 
The weight for each observation was the reciprocal of the variance of the 
concentrations from replicated assays. Pharmacokinetic parameters A, B, C, o~, 
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PHASE 1 STUDY OF PYRAZINE DIAZOHYDROXIDE 

Table 1 Patient characteristics 

Characteristic No. 

No. entered/eligible 31/31 
No. courses/evaluable 65/62 
Median age (range) 62 (39-81) 
M/F 21/10 
Performance status (Karnofsky) 

100 5 
90 11 
80 7 
70 8 

Prior chemotherapy 28 
Prior radiation 10 
Tumor type 

Colorectal 8 
Lung 7 
Pancreas/stomach 5 
Renal 4 
Breast 2 
Mesothelioma 1 
Thyroid 1 
Liver 1 
Prostate 1 
Bladder 1 

Race 
Caucasian 26 
African-American 4 
Hispanic 1 

/3, 7, the elimination rate (K10), the transfer rates (K12, K21, K13, and K31), 
and peak plasma concentration (Cmax), were estimated from the data, and 
additional parameters were calculated according to standard equations, i.e., 

area under the time-concentration curve: 

total body clearance: 

a 
AUC - - + + -c~ ~ 

D 
CLR = 

AUC' 

where D is the total dose; t~c~, -/3, and- 7 are ln(2)/rate constant (the rate 
constant being a,/3, or 7, respectively); volume of central compartment: 

D 
Vc= 

A + B ( + C ) '  

volume at steady state: 

V S S = D *  - - +  + AUC z; 

and volume by area method: 

D 
VAREA - 

/3*AUC 

D 
VAREA - 

7*AUC " 

Nonhematological Toxicity. Grade 2 nausea and vomiting at dose 
levels 1 and 2 prompted i.v. ondansetron as a premedication at sub- 
sequent dose levels. After routine administration of this medica- 
tion prior to PZDH, nausea and vomiting were rarely observed. No 
evidence for liver, kidney, lung, cardiac, or neurological toxicity 
was observed, nor was there evidence of drug-induced alopecia or 
phlebitis. 

Hematological Toxicity. The first 4 dose levels were associated 
with minimal hematological toxicity, although cumulative marrow 
suppression could not be excluded, since 2 patients at dose level 3 (45 
mg/m2/day x 5) developed mild thrombocytopenia (136,000 and 
110,000//~1, respectively) during the 6th and 9th cycles. At the 5th 
dose level (75 mg/m2/day x 5), 2 of 3 patients experienced leukope- 
nia (2500 and 2000//xl) on week 6 of the second cycle and thrombo- 
cytopenia (110,000 and l l0,000/pJ)  on day 1 of the second cycle. We 
defined those events as a delayed hematological nadir from the first 
cycle, and all subsequent patients were treated on a 42-day cycle�9 At 
the 6th dose level (100 mg/m2/day x 5), grade 2 leukopenia occurred 
in 3 patients and grade 3 thrombocytopenia was observed in 2 of the 
initial 6 patients (Table 3, patients 1--6). 

Since the criteria for maximum tolerated dose had not been reached, 
the dose was escalated to 133 mg/m2/day, the 7th dose level�9 At that 
dose level, 3 of 4 patients experienced grade 4 neutropenia (median 
nadir absolute neutrophil count, 480/p,1; median day of nadir, day 33). 
Two of 4 patients also experienced grade 4 thrombocytopenia. One 
patient developed hemiplegia with the finding of a central nervous 
system brain metastasis and hemorrhage concomitantly with a nadir 
platelet count of 22,000//xl. A second patient required platelet trans- 
fusions when a platelet count of 21,000//.d occurred on day 23. The 
median days of nadir WBC and platelet count were days 31 and 28, 
respectively. We therefore stopped dose escalation and defined the 
MTD as 133 mg/m2/day x 5 every 42 days. 

In order to better estimate the drug's pharmacokinetics and phar- 
macodynamics at the recommended phase II dose, we treated an 
additional six patients at the 6th dose level (100 mg/m2/day X 5 every 
42 days). These patients (Table 3, patients 7-12) experienced throm- 
bocytopenia (median nadir, 90,000//xl; range, 9,000-155,000) and 
leukopenia (median nadir 1900/txl; range, 600-5100). The total ex- 
perience of first cycle toxicity and pharmacokinetics at this dose level 
is shown in Table 3. The median platelet nadir was 87,000//xl, occur- 
ring on day 26, the median WBC nadir was 2,500/!xl occurring on day 
36, and the median absolute neutrophil count was 1280/tzl occurring 
on day 36. On the basis of these hematological data, 100 mg/mZ/day 
X 5 every 6 weeks is the recommended phase II dose of PZDH with 
ondansetron given at the usual doses pre- and posttherapy. 

Chronic  Toxicity. PZDH appeared to have potential to cause cu- 
mulative marrow toxicity. The first patient treated at 100 mg/m 2 
received attenuated doses (75 mg]m 2) on cycles 2 and 3 due to delayed 
platelet count recovery. After the third cycle, the platelet count did not 
recover to 100,000/tzl until day 109. He then received radiotherapy to 
the liver for pain control and the platelet count fell to 29,000/~1 
several weeks before death from disease. At autopsy, the marrow was 
noted to be markedly hypocellular (5-10% cellularity). All 3 hema- 

RESULTS 

Thirty-one patients were entered into this study between January 
1991 and May 1992, and all patients completed follow-up by August 
1992. Patient characteristics are shown in Table 1. 

The 31 patients received a total of 65 courses of PZDH (62 evalu- 
able) for a median of 2/patient (range, 1-9). All patients completed at 
least one full cycle of therapy. The 3 unevaluable cycles (all on 
subsequent cycles) were due to dosing error (1 cycle) or administra- 
tion of less than 5 days of drug (2 cycles). Seven dose levels of PZDH 
were studied (Table 2). 

116 

Table 2 Hematological toxicity of PZDH (cycle 1 only) as a function of dose and 
number of patients treated 

PZDH dose Median nadir (range) 
(mg/m2/ No. of 
day • 5) patients WBC • 103//~1 ANL/p,I Platelets X 103//xl 

18 3 6.6 (4.4-9.1) 3630 (3120-5130) 358 (119-414) 
36 3 7.2 (3.9-8.9) 5300 (1520-6000) 195 (106-320) 
45 3 6.2 (5.4-8.3) 3770 (3640-6860) 254 (140--271) 
56 3 5.1 (4.2-5.4) 3110 (4100-2770) 164 (150-328) 
75 3 4.9 (4.2-11.0) 3280 (2380-9680) 110 (110--325) 

100 12 2.5 (0.6-7.6) 1280 (50-5170) 87 (9-172) 
133 4 2.3 (1.1-5.8) 480 (210--4540) 36 (21-51) 
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PHASE I STUDY OF PYRAZINE DIAZOHYDROXIDE 

Table 3 Toxicity and pharmacokinetics of first cycle of pyrazine diazohydroxide at the recommended phase H dose of 100 mg/m2/day, days 1-5 every 42 days as 5-rain bolus 

Body WBC a ANC Platelet a Peak 
surface nadir nadir nadir plasma Terminal 

Patient no. Age/sex area and day and day and day AUC b Clearance c concentration tl/2 d 

1 67/M 1.86 2.9 (39) 1450 (39) 30 (31) 87.6 2.12 8.5 16.0 
2 66/M 1.82 7.6 (37) 5170 (37) 151 (26) 106.0 1.71 20.2 148.9 e 
3 73/F 1.97 2.2 (45) 1280 (45) 91 (29) 88.1 2.24 6.3 49.4 
4 61/M 1.94 2.7 (32) 2380 (32) 117 (26) 120.0 1.62 28.1 149.0 e 
5 61/M 1.96 3.9 (35) 2760 (30) 40 (30) 134.0 1.46 80.2 92.7 e 
6 56/M 2.02 2.5 (33) 1180 (33) 84 (26) 130.0 1.54 11.7 247.8 e 
7 50/F 1.62 1.8 (33) 1130 (33) 140 (26) 138.5 1.17 16.6 131.8 e 
8 45/M 2.32 2.1 (37) 1280 (37) 125 (23) 97.1 2.39 4.9 647.3 e 
9 67/M 2.07 1.4 (33) 710 (33) 36 (26) 80.9 2.56 7.1 93.5 

10 62/M 1.95 0.6 (37) 50 (37) 9 (30) ND f ND ND ND 
11 57/M 2.07 2.5 (37) 980 (37) 155 (26) 79.6 2.60 4.1 64.1 
12 21/M 2.04 5.1 (26) 3340 (40) 56 (30) ND ND ND ND 

Mean 105.4 1.96 18.8 164.0 
SD 23.8 0.52 22.9 181.7 
CV% 23% 26% 122% 111% 

= 103//zl. 
b/xg min/ml. 
c Liters/min. 
a Min. 
e 3-compartment fit. 
fND, not determined due to technical problems; CV%, coefficient of variation percent. 

topoietic lineages were present but in significantly decreased num- 
bers. Six other patients treated at the 100 mg/m2/day dose level 

received a second cycle at that dose without evidence of  cumulative 
marrow toxicity. 

Response.  No objective responses were observed, although a pa- 

tient with metastatic gastric cancer had brief regression of  a s.c. mass 
noted on the day 15 visit. 

Pharmacokinet ie  and Pharmacokinet ie  Analysis.  A complete  

pharmacokinet ic  analysis was performed on 28 of  the 31 patients. In 

3 patients, samples collected could not be successfully analyzed due 

to technical problems with plasma or its storage. Given that the assay 

quantitation limit is approximately 10 ng/ml, PZDH could only be 

detected for 30-90  min at the first dose level. Compartmental  mod- 

eling (PCNONLIN) of  the first 4 dose levels was most consistent with 

a 2-compartment  model,  but higher dose levels revealed a third phase 

to the elimination curve. At the 3 highest levels, data for 11 of  17 
patients were most  consistent with a 3-compartment  model  (Fig. 2). 

The A U C  increased progressively with dose (Fig. 3), and there was no 
evidence of  dose-dependent  pharmacokinetics (Fig. 4). Pharmacoki-  

netic parameters are tabulated separately for the patients analyzed by 

2 (Table 4) and 3 (Table 5) compartment  models.  We also attempted 

to assess the importance of  BSA in this drug's  pharmacokinetics.  
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Fig. 2. A representative time-concentration graph of PZDH demonstrating a triexpo- 
nential decay curve in a patient treated at the z 100-mg/m dose level. 
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Fig. 3. AUC of PZDH increased with dose of PZDH. 

There was only a moderate correlation between BSA and clearance 

(r = 0.45, P = 0.015) but a better correlation between weight and 

clearance (r = 0.53, P = 0.004). 
The platelet nadirs decreased progressively with dose (Table 2), 

although occasional patients experienced thrombocytopenia at low 

doses. Therefore, we attempted to correlate platelet nadirs at the 

100-mg/m 2 dose (the recommended  phase II dose) using a pharma- 

codynamic  analysis. The natural log-transformed platelet nadir was 

not correlated with either the peak drug concentration or the A U C  
(data not shown). However, as can be seen from Table 3, pharmaco- 
kinetic parameters were not available for 2 of  12 patients at the 

100-mg/m2/day level. 

Because we observed variable amounts of  2-CP in plasma samples, 

we assessed the PZDH (total 2-CP) to 2-CP (2-CP present prior to 
derivatization with HC1) ratios in the 10 patients treated at 100 mg/m 2. 

The percent of  2-CP as a function of  total PZDH was lowest (<10%) 

at the early t imepoints when PZDH concentrations were the highest. 

As total PZDH levels fell, the percent of  2-CP present prior to de- 
rivatization increased with time and exceeded 60% at the latest t ime 
points (Fig. 5). As expected, the absolute 2-CP concentration prior to 
derivatization declined in parallel with total PZDH concentrations. 
This effect was seen at all dose levels (data not shown). There was 

considerable variation in the amount  of  2-CP formed. The interpatient 
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P H A S E  1 S T U D Y  O F  P Y R A Z I N E  D I A Z O H Y D R O X I D E  
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Fig. 4. PZDH dose (mg/m 2) versus clearance for all patients in whom pharmacokinetic 

studies were performed. There was no evidence of dose-dependent pharmacokinetics. 

Table 4 Pharmacokinetic parameters ]'or all 16 patients modeled with 
2-compartment models 

Parameter Units Mean ___ SD (CV %),, 

Vc liters 22 _ 12.2 (56) 
min -1 0.195 _ 0.128 (65) 
min -1 0.0257 +_ 0.0240 (93) 

tl/2O~ min 4.83 +_ 2.41 (51) 
tl/2/3 min 112 _+ 193 (173) 
Clearance liters/min 2.39 _+ 0.78 (32) 
K10 min -1 0.147 _+ 0.097 (67) 
K12 rain -1 0.0388 -+ 0.0317 (82) 
K21 min -1 0.0351 +_ 0.0366 (104) 

aCV%, coefficient of variation percent. 

Table 5 Pharmacokinetic parameters for all 12 patients modeled with 
3 compartment models 

Parameter Units Mean +_ SD (CV%) = 

Ve liters 13.8 --- 11.2 (81) 
,~ min -1 0.350 --+ 0.240 (68) 
/3 min -1 0.0652 __. 0.0223 (34) 
3, min -1 0.00463 ___ 0.00141 (30) 
tl/2(~ min 2.83 + 1.57 (56) 
tl/2/3 min 11.9 --+ 4.42 (37) 
tl/27 min 161 --+ 47.1 (29) 
Clearance liters/min 1.86 -+ 0.91 (49) 
K10 min -1 0.198 +- 0.144 (73) 
K12 min -1 0.0826 -+ 0.0775 (94) 
K21 min -1 0.103 _+ 0.056 (55) 
K13 min -1 0.0307 _+ 0.0227 (74) 
K31 min -1 0.0055 ___ 0.00161 (29) 

=CV%, coefficient of variation percent. 

variat ion in the med ian  2-CP/total  P Z D H  ratio was  55% (range, 1 5 -  

92%) and did not appear  to be dose-related.  We also examined  the 

impact  of  2-CP concentra t ions  on platelet  nadir  in patients treated at 

the 100- and 133-mg/m 2 dose levels. There  was  no apparent  relation- 

ship be tween  2-CP concentra t ions  (prior to derivatizat ion) and platelet  
nadir. 

The  decompos i t ion  of  P Z D H  via the react ive nucleophi le ,  pyrazine 

d iazon ium ion, is h ighly  pH dependent .  This  reactive nuc leophi le  is 
the possible  active arylat ing species  responsible  for cytotoxicity.  The  

format ion  of  2-CP f rom pyrazine  d iazon ium can be dependen t  on the 
chlor ide ion concent ra t ion  fo rming  the in termedia te  pyrazine diazo- 

chlor ide or it can be chlor ide ion independent ,  fo rming  the interme-  

diate pyrazine  aryl cat ion (Fig. 1). Due to the pH and chlor ide con- 
cent ra t ion-dependent  react ion of  P Z D H  to 2-CP, we  also analyzed the 
platelet  nadir  at the 2 highest  dose levels as a funct ion  of  pre t rea tment  

se rum chlor ide  and bicarbonate  concentrat ions .  We did not  col lect  
se rum pH data; therefore,  b icarbonate  was  used as a surrogate for pH. 
There  was  an inverse relat ionship of  the LN of  the platelet  nadir  to 

chlor ide concentra t ion  in the 16 patients treated at the 2 highest  dose  

levels wi th  higher  chloride concent ra t ion  associated wi th  lower  plate- 

let nadirs  ( r  = -0 .68 ,  P = 0.004; Fig. 6). There  was  no relat ionship 

be tween  bicarbonate  concentra t ions  and L N  platelet  nadir  ( r  = 0.33, 

P = 0.20; data not shown) .  In a mult ivar ia te  analysis of  all patients,  

the natural  logar i thm of  the platelet  nadir  (LN PLTN) could  be pre- 

dic ted as a funct ion  of  P Z D H  dose ( P  = 0.03) and chlor ide (CHLOR)  

concentra t ion  ( P  = 0.03). The  predict ive formula  was: 

LN PLTN = 20.9 - .0215 dose - .143 C H L O R  

where  r 2 =  0.49 and P = 0.005. 

D I S C U S S I O N  

Pyrazine d iazohydroxide  is an interest ing new ant ineoplast ic  agent  

wh ich  has dose-rela ted hemato log ica l  toxici ty as its pr imary  toxicity. 

The  de layed t ime to max imal  mar row suppress ion  (days 23-45)  re- 

quires the drug  to be g iven  on a 6 -week  or longer  schedule.  The  dose  

l imit ing toxici ty of  the drug is t h rombocy topen ia  wi th  hemorrhag ic  

toxici ty observed  at 133 mg/m2/day  • 5. Perhaps  in the future cyto- 

kines such as inter leukin-6 (13) or inter leukin- lot  (14) could  be com-  

b ined  wi th  PZDH.  The  single patient  w h o  exper ienced  p ro longed  
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Fig. 5. There was a time-dependent increase in the percent of 2-CP to total PZDH. The 
median 2-CP/total PZDH percent was 55% at all dose levels. 
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Fig. 6. There was an inverse relationship of the logarithm of the platelet nadir to 
pretreatment serum chloride concentration in 12 patients treated at the 100-mg/m 2 PZDH 
dose level (O) and in 4 patients treated at the 133-mg/m 2 dose level (A) (r = -0.68, P = 
0.004). 
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PHASE 1 STUDY OF PYRAZINE D1AZOHYDROXIDE 

thrombocytopenia secondary to PZDH (and subsequent radiotherapy) 

suggests that cumulative bone marrow suppression should be carefully 

evaluated in future studies with PZDH. In this regard, PZDH is 

reminiscent of  the nitrosourea class of  compounds  which also exhibit 

thrombocytopenia and cumulative marrow suppression (15). 

Al though there was definite neutropenia seen with PZDH at the 

recommended  phase II dose, this aspect of  the drug's toxicity was not 

a major clinical problem at the doses studied. No neutropenic fevers 

occurred, and cumulative neutropenia or leukopenia did not occur. We 

did not use granulocyte-colony stimulating factor in any patient, but 

phase II or other phase I studies could be conducted using higher 

doses of  PZDH with granulocyte-colony stimulating factor support, 

provided that methods to ameliorate the thrombocytopenia are also 

used. If such studies are conducted,  pharmacokinetics should be per- 

formed in order to confirm the continued presence of  linear pharma- 
cokinetics at higher doses. 

In spite of  the thrombocytopenia,  PZDH is an attractive new agent. 

It has no significant extramedullary toxicity, with the exception of  

nausea and vomiting. The utilization of  ondansetron after entry of only 

6 patients into this study contributed to patient acceptance of  PZDH 

and rapid accrual. A 42-day cycle length is also convenient  for pa- 
tients. Phase II studies should be considered in patients with hema- 

tological and solid tumors with the caveat that delayed and progres- 
sive thrombocytopenia could be a concern. 

The pharmacokinetics of  PZDH appeared to be best described (at 

the recommended  phase II dose) using a 3-compartment  model.  Fur- 

thermore, at the dose levels tested, there was no evidence of nonlinear 

pharmacokinetic behavior. A relationship between total drug exposure 

and thrombocytopenia could not be defined due to the small numbers 

of  patients treated at the 2 highest dose levels. However, the highly 

reactive pyrazine diazonium intermediates appear to be the active 

moieties in  v i t ro  and in v i v o  (8, 9, 11), and a relationship may exist 

between those compounds  and toxicity at the recommended  phase II 
dose. 

The relationships between serum chloride, bicarbonate, platelet na- 

dirs, and pyrazine diazonium ion intermediates are intriguing. A rea- 

sonable hypothesis for the association is that PZDH, being activated 

via a pH-dependent  reaction, forms more of  the reactive intermediate 

compounds  in a slightly acid environment.  The presence of  a mild 

compensated hyperchloremic acidosis secondary to tumor bulk or 
other factors in conjunction with PZDH doses of  100-133 mg/m2/day 

• 5, may predispose patients to thrombocytopenia.  Full exploration of  

these relationships would require additional phase I studies with pH 

monitoring and perhaps an assay to measure pyrazine diazonium 
intermediates. 

The dosing of  most  antineoplastic agents is modified according to 

body surface area calculations (16). That practice is empiric but com- 

mon. In the use of  this new drug, we had the opportunity to determine 

whether  drug dose modification based upon both height and weight 

(the BSA) was better than modification based on weight only. We 
determined that there were no correlations between the measured or 

derived pharmacokinetic parameters and the BSA, except for a mod- 
erate relation between BSA and PZDH clearance (P  = 0.015). In 
contrast, there were excellent relationships between the clearance and 

weight (P  = 0.004). This drug may be more appropriately dosed as a 
function of  body weight. 

To our knowledge,  this report is the second to describe the human 

toxicology and pharmacokinetics of PZDH. Two other phase I clinical 

trials using a bolus schedule every 3 weeks have been conducted with 

this compound under the sponsorship of the National Cancer Institute 

at Ohio State University (17) and Mayo Clinic. 4 Those reports are 

expected to further enhance our understanding of  the toxicology and 

pharmacokinetics of  PZDH. 
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