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Abstract

Procarbazine is a cytotoxic chemotherapeutic agent used in the treatment of lymphomas and brain tumors. Its pharmacokinetic behavior
remains poorly understood even though more than 30 years have elapsed since the drug was approved for clinical use. To characterize the
pharmacokinetics of procarbazine in brain cancer patients during a phase | trial, a method for determining the drug in human plasma by
reversed-phase high-performance liquid chromatography (HPLC) with electrospray ionization mass spectrometry (ESI-MS) was developed
and thoroughly validated. Plasma samples were prepared for analysis by precipitating proteins with trichloroacetic acid and washing the
protein-free supernatant with methgt-butyl ether to remove excess acid. The solution was separated on a Luna C-18 analytical column
using methanol-25 mM ammonium acetate buffer, pH 5.1 (22:78, v/v) as the mobile phase at 1.0 ml/min. A single-quadrupole mass spectrometer
with an electrospray interface was operated in the selected-ion monitoring mode to det@£t-tHd][" ions atm/z 222.2 for procarbazine
and atm/z192.1 for the internal standard (3-dimethylamino-2-methylpropiophenone). Procarbazine and the internal standard eluted as sharp,
symmetrical peaks with retention times (me&arS.D.) of 6.3 + 0.1 and 99 + 0.3 min, respectively. Calibration curves of procarbazine
hydrochloride in human plasma at concentrations ranging from 0.5 to 50 ng/ml exhibited excellent linearity. The mean absolute recovery of
the drug from plasma was 1@+ 1.0%. Using a sample volume of 150 procarbazine was determined at the 0.5 ng/ml (1.9 nM) lower
limit of quantitation with a mean accuracy of 105.2% and an interday precision of 3.60% R.S.D. on 11 different days over 5 weeks. During
this same time interval, the between-day accuracy for determining quality control solutions of the drug in plasma at concentrations of 2.0, 15
and 40 ng/ml ranged from 97.5 to 98.2% (mea®.D., 97.9 + 0.4%) and the precision was 3.8-6.2% (meaB.D., 5.1 + 1.2%). Stability
characteristics of the drug were thoroughly evaluated to establish appropriate conditions to process, store and prepare clinical specimens for
chromatographic analysis without inducing significant chemical degradation. The sensitivity achieved with this assay permitted the plasma
concentration—time profile of the parent drug to be accurately defined following oral administration of standard doses to brain cancer patients.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction difficulties associated with the development of sufficiently
sensitive and specific analytical methods to measure the
Procarbazine,N-isopropyl«-(2-methylhydrazino)p-tol- concentration of procarbazine in biological fluids during
uamide Fig. 1), is a cytotoxic chemotherapeutic agent used the time period that the drug was undergoing preclinical
in the treatment of lymphomas and brain tum@t$. Its and clinical developmenf2—-4]. In common with other

pharmacokinetic behavior remains poorly understood, in alkylating agents, the apparent instability of procarbazine in
both laboratory animals and humans, even though moreaqueous solution was also a significant concern for an assay
than three decades have elapsed since the drug was firssuitable for application to pharmacokinetic studi2s10].
approved for clinical use. This may be a consequence of The antineoplastic activity of procarbazine results from
its conversion to highly reactive alkylating species by cy-
* Corresponding author. Tekt1-617-724-1970; tochrome P-450_ mediate_d hepatic oxidative metgbolism
fax: +1-716-726-6974. [11-13] Supporting medications commonly used in the
E-mail address: supko.jeffrey@mgh.harvard.edu (J.G. Supko). clinical management of patients with brain tumors, such
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Fig. 1. Chemical structures of procarbazine (A) and the internal standard, 3-dimethylamino-2-methylpropiophenone (B).

as some antiseizure drugs and corticosteroids, have beemonium acetate buffer, pH 5.1, was prepared by combing
shown to significantly enhance the systemic clearance of 17.8 ml of 1.0M ammonium acetate and 7.2ml of 1.0 M
many anticancer agenf$4]. In recognition of the potential  acetic acid in a 11 class A volumetric flask and diluting to
for such a pharmacokinetic interaction with procarbazine the mark with deionized distilled water. Frozen, citrated hu-
[8,15], a phase | clinical trial was initiated recently to es- man plasma, obtained from the Blood Transfusion Service,
tablish the maximum tolerated dose of the drug in patients Massachusetts General Hospital (Boston, MA, USA), was
with advanced glioma, stratified according to whether or not thawed at room temperature, mixed on a vortex stirrer, and
they were concurrently receiving enyzyme inducing anti- centrifuged for 5min at 12,00Q g to separate particulate
seizure drugs (EIASDs). Elucidating the influence of various matter and lipids before use.
antiseizure drugs on the pharmacokinetic behavior of procar-
bazine was considered to be an important aspect of this study?2.2. Analytical solutions

This report describes the development and validation of a ) )
highly specific and sensitive assay for determining procar- G'?‘SSWWE was c_Jea_c_tlvat_e(_j by treatment with a 1% (VIv)
bazine in human plasma based upon high-performance ”q_soluuon of SurfaS|I_ siliconizing fluid (Pierce _Chemmgls,
uid chromatography (HPLC) with detection by electrospray Rockford, IL, USA) in HPLC grade hexanes (Fisher Scien-
ionization mass spectrometry (ESI-MS). Stability charac- tfic) and oven drying at 120C. Primary stock solutions of
teristics of the drug were thoroughly evaluated to establish Procarbazine hydrochloride in 1 mM phosphoric acid and the
appropriate conditions to process, store and prepare clinicali"térnal standard, 3-dimethylamino-2-methylpropiophenone
specimens for chromatographic analysis without inducing hydrochloride, in water were made at a concentration of
significant chemical degradation. Application of the analyt- aPProximately 1.0mg/ml. The compounds were accurately
ical method has been demonstrated by defining the plasmaVéighed on a Cahn C-34 analytical microbalance (ATl
concentration—time profile of the parent drug in brain cancer Orion, Beverly, MA, USA) and dissolved within class A

patients following oral administration of a 294 md/mose borosilicate glass volumetric flasks with Teflon-lined sep-
of procarbazine. tum screw-tops (Kontes, Vineland, NJ, USA). Working

solutions were prepared by diluting the primary stock solu-
tions of procarbazine to jog/ml with 1 mM phosphoric acid

2. Experimental and the internal standard to Qu@y/ml with water in volu-
metric flasks. These solutions were stored in a refrigerator
2.1. Reagents and chemicals (5°C) and used for up to 1 month. Precautions were taken

to prevent prolonged exposure of procarbazine solutions to

A reference sample of procarbazine hydrochloride was porma) jaboratory lighting. The same working solution was
generously provided by the Drug Synthesis and Chemistry ,se to prepare the calibration solutions and quality control

Branch, Developmental Therapeutics Program, National gqytions. Calibration solutions were made daily by serially

Cancer Institute (Bethesda, MD, USA). The following gjuting the procarbazine hydrochloride working solution

chemicals were used as supplied: HPI,-C‘ grade ammo-yith human donor plasma to concentrations of 50, 35, 20,
nium acetate, HPLC grade phosphoric acid, ‘Optima’ grade 10, 5, 2.5, 1.0 and 0.5 ng/ml (194—1.94nM) in polypropy-

methanol, HPLC grade methyert-butyl ether (TBME), ., lene tubes. Three quality control solutions containing pro-
ACS plus concentrated hydrochloric acid, HPLC grade 85% ¢4haine hydrochloride at concentrations of approximately

phosphoric acid, and ACS reagent dibasic anhydrous potas- 15 and 2.0 ng/ml in human plasma were prepared along
sium phosphate (Fisher Scientific, Fairlawn, NJ, USA); ACS with calibration solutions in the same fashion.

reagent monobasic potassium phosphate acetate (Acros

Organics/Fisher Scientific); ACS reagent trichloroacetic 2 3 sample preparation

acid (>99%), ACS reagent acetic acid (99.7%) and 97%

3-dimethylamino-2-methylpropiophenone  hydrochloride  Plasma (15@.1) and an equal volume of trichloroacetic
(Aldrich Chemicals, Milwaukee, WI, USA). Distilled water  acid (10%, w/v) were vigorously mixed in a 1.5ml poly-
was deionized and stripped of dissolved organics by passageropylene microcentrifuge tube by vortexing. The mixture
through a Picosystem Ultrapure Water System consistingwas permitted to stand for about 1 min before centrifuging
of mixed-bed resins and activated carbon (Hydro Service for 5min at 10,000« g. Thereafter, 20Q.l of the clear su-
and Supply, Weymouth, MA, USA). The solution used as pernatant was removed from the protein pellet, transferred
the aqueous component of the mobile phase, 25 mM am-into another microcentrifuge tube, and vigorously mixed
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with 1 ml of TBME on a vortex stirrer for 30s. The mix-  processing in this same manner, assuming quantitative re-
ture was centrifuged (10,000 g, 2 min), upon which the  covery of the drug (i.e. 20, 7.5 and, 1.0 ng/ml). Determining
upper organic phase was taken up with a pipet and dis-the magnitude of matrix ion suppression is as a standard
carded, resulting in the removal of approximately 90% of the practice during the development of LC/MS bioanalytical
trichloroacetic acid. Residual TBME was allowed to evapo- methods in our laboratories, especially when achieving
rate by permitting the uncapped tube to stand for up to 30 min maximum sensitivity is an important consideration. Solu-
within a chemical fume hood. In another microcentrifuge tions to assess matrix associated ion suppression of the an-
tube, an aliquot of the aqueous phase (L§Ovas mixed alyte were prepared, as described in the above, using 3mM
with 5l of the internal standard working solution, then trichloroacetic acid as the non-matrix vehicle. This solution
transferred into a silanized borosilicate glass insert, which has a pH of 2.5, which is equivalent to that of a plasma
was sealed in an amber autosampler vial (12 mB2 mm) sample carried through the sample preparation procedure.
using a snap closure with a Teflon/silicone liner. The vial Internal standard working solution was added to these so-
was promptly placed in an autosampler with a temperature lutions, as described in the above, prior to chromatography.
controlled sample compartment set td8G The volume of Five aliquots of each of the three plasma quality control

solution injected into the chromatograph was 00 solutions were prepared and analyzed together with the cor-
responding absolute recovery and ion suppression reference
2.4. LC/MS analysis solutions. Absolute recovery was calculated by comparing

the mean procarbazine:internal standard peak area ratio for
Analyses were performed using an Agilent 1100 Series the quality control samples to that of the corresponding
LC/MSD_SL system (Agilent Technologies, Palo Alto, CA, reference solutions. Percent ion suppression for each added
USA) consisting of an isocratic pump, a thermostatted drug concentration was calculated as 2004, — Ap)/Ar,
autosampler, and a single-quadrupole SL model mass selecwhere Ap and A, are the mean procarbazine peak areas
tive detector (MSD) equipped with an atmospheric pressure for five replicate determinations of the plasma matrix and
ionization—electrospray (API-ES) interface. Chromatogra- non-matrix reference solutions, respectively.
phy was performed at ambient temperature on a 15cm
4.6 mm i.d. Luna C-18 (um particle size) HPLC column  2.6. Within-day and between-day accuracy and precision
preceded by a Luna C-18 guard column (Phenomenex,
Torrance, CA, USA) and a 0;bm inline filter (Upchurch Within-day accuracy and precision of the assay were
Scientific, Oak Harbor, WA, USA). The mobile phase was determined by preparing five aliquots of each of the three
composed of methanol-25mM ammonium acetate buffer, plasma quality control solutions and assaying them together
pH 5.1 (22:78, v/v) and delivered at a flow rate 1.0 ml/min. with a set of plasma calibration standards during a single
The solution was degassed in an ultrasonic bath for 15 minday. Calibration curves were constructed by plotting the
before use. Flow from the analytical column was directed drug:internal standard chromatographic peak area ratio as
into the electrospray ionization chamber of the MSD without a function of the nominal procarbazine hydrochloride con-
splitting. The operating parameters of the API-ES interface centration of the plasma standards. Linear least squares
were as follows: nebulizer pressure, 40 psi; drying-gag (N  regression was performed using a weighting factor gisl/
flow, 121/min; drying-gas temperature, 350; capillary without inclusion of the origin, to determine the slope,
voltage, 1100 V; fragmentor voltage, 120V. The MSD was y-intercept, and correlation coefficient of the best-fit line.
operated in the positive ionization mode with selected-ion The concentration of procarbazine in the quality control
monitoring (SIM) at/z192.1 and 222.2 with adwell time of  plasma samples was calculated using the parameters for
559 ms (mass-resolution, low). The run time for each chro- the best-fit line of the calibration curve. The R.S.D. of the
matogram was 13.0 min and the time between successive in-mean observed concentration of procarbazine hydrochloride
jections was approximately 14.5 min. Chromatograms were for the five replicate determinations of each quality control
integrated to provide peak areas using the data analysis funcsolution provided the measure of precision. Accuracy was
tions of the Agilent ChemStation software (rev. A.08.03). calculated as the percentage of the mean observed concen-
tration relative to the added concentration of procarbazine
2.5. Absolute recovery and matrix ion suppression hydrochloride in each quality control solution.
Between-day accuracy and precision were evaluated by
To assess the absolute recovery of procarbazine fromanalyzing the backcalculated concentrations of the three
plasma, a vehicle was prepared by precipitating drug-free quality control samples and the eight calibration solutions of
human plasma with an equal volume of trichloroacetic procarbazine hydrochloride in human plasma that were in-
acid (10%, w/v) and extracting the resulting supernatant dependently prepared and assayed in single determinations
with TBME, as described in the above. Reference solutions on 11 separate days over a period of 5 weeks. The R.S.D.
were then made by spiking this vehicle with procarbazine of the mean predicted concentration for the independently
hydrochloride working solutions to afford concentrations assayed samples provided the measure of precision. The ac-
equivalent to those of the three quality control samples upon curacy of the assay was expressed as the percentage of the
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mean predicted drug concentration relative to the known equipped with a ROSS semi-micro combination electrode

concentration of the corresponding solutions. (Orion Research, Beverly, MA, USA) was used to measure
the pH of solutions. Kinetic data was analyzed by fitting
2.7. Sability studies the assayed concentration (ESI-MS detection) or chromato-

graphic peak area (UV detection) of procarbazine at each
Stability of the stock solution of procarbazine hydrochlo- observation time to the integrated equation for first-order
ride in 1 mM phosphoric acid during storage in a refrigera- decay by non-linear regression, with a weighing factor of
tor was monitored for a period of 45 days by reversed-phase1/y, using the WinNonlin version 1.1 software package (Sci-
HPLC using a 1050 series photodiode array UV-Vis detector entific Consulting, Inc., Apex, NC, USA). The half-life and
(Hewlett-Packard, Pato Alto, CA). An aliquot of the stock time for 5% decomposition were calculated from the esti-
solution was diluted 10-times with 1 mM phosphoric acid, mated value of the apparent first-order rate constat)(
loaded (injection volume, gl) onto a Phenomenex Luna according to standard equatiofi$]. The apparent absence
C-18 column (150 mmx 4.6 mm i.d. 5um particle size), of a trend toward decreasing concentration was substanti-
and eluted isocratically with a mobile phase composed of ated by examining the Pearson and Spearman correlations
methanol-25 mM ammonium acetate (35:65, v/v) delivered of the observed concentration-time data pairs. In experi-
at 1.0 ml/min. The area of the chromatographic peak for pro- ments for which no significant degradation was evident, the
carbazine monitored at ibsnax 0f 233 nm was determined. mean+ S.D. relative recovery of the drug was calculated
The stability of procarbazine in the final solution resulting as 100x (concentration founttoncentration addedor all
from the preparation of plasma samples for analysis was de-determinations made during the observation period.
termined at room temperature and &t5 Thirty aliquots of
plasma with an added procarbazine hydrochloride concen-2.8. Pharmacokinetic studies
tration of 50 ng/ml were processed for analysis batch-wise.
The final solutions were pooled in a test tube and thoroughly  Plasma specimens were acquired from patients with re-
mixed before pipetting into individual autosampler vials. fractory malignant gliomas during a phase | clinical trial
The vials were placed in the sample compartment of the au-of procarbazine given orally once a day for 5 days every
tosample, that had been pre-equilibrated to a set point of 54 weeks. The primary objectives of the study were to de-
or 25°C, and injected into the chromatograph once every termine the maximum tolerated dose for this administration
30 min for 15 h. schedule of procarbazine in two groups of patients stratified
The stability of procarbazine in human plasma was stud- according to the concurrent use of EIASDs and to character-
ied at —80, 8 and 37C. Kinetic runs were conducted at ize the pharmacokinetic behavior of procarbazine. The pro-
initial procarbazine hydrochloride concentrations of approx- tocol for the study was reviewed and approved by the Na-
imately 50, 500, and 1000 ng/ml. The experiments were car- tional Cancer Institute (Bethesda, MD, USA) and the Insti-
ried out by initially spiking 6 ml of plasma, pre-equilibrated tutional Review Boards of each participating institution. All
to the desired temperature, or chilled in an ice water bath patients were fully counseled by the treating physician and
for studying the stability of frozen samples, in a screw-top signed an institutionally approved informed consent doc-
borosilicate glass test tube, with aDof a procarbazine hy-  ument prior to initiating therapy. Blood specimens (7 ml)
drochloride working solution (5, 50 or 1Q@/ml in 1 mM were acquired from a peripheral arm vein before dosing
phosphoric acid). The tubes were capped and placed in aand at 7-time points, ranging from 20 min to 4 h after tak-
refrigerator or thermostatted water bath for the experimentsing the first dose of the drug. Blood was collected in Vacu-
at 8 and 37C, respectively. An aliquot was removed from tainer Brand plasma tubes with freeze-dried sodium heparin
each solution for analysis shortly after spiking with the drug (Becton-Dickinson, Franklin Lakes, NJ, USA). The sam-
and then approximately once an hour for 8 h, with a final ple tubes were immediately placed on ice and centrifuged
sample obtained after continuous incubation for 24 h. To (1500 x g, 10 min, 5°C) within 15min after collection.
assess stability at-80°C, eight aliquots (15Q.) of each The plasma was separated from the blood and stored in
spiked plasma solution were immediately pipetted into in- polypropylene cryotubes at80°C until assayed.
dividual polypropylene microcentrifuge tubes, flash frozen,  Study samples were thawed at ambient temperature,
and placed in an ultra-low temperature freezer. An aliquot mixed by vortexing, and promptly replaced in the freezer
of each solution was removed for analysis every 3 or 4 days after removing an aliquot for analysis. Each sample was
for a period of 29 days. The samples were permitted to thaw assayed in duplicate on separate days together with a se-
at room temperature. Solutions with initial drug concentra- ries of calibration standards and quality control samples.
tions that exceeded the upper range of the standard curvevalues of the slope angintercept for the best-fit line of
were quantitatively diluted with blank human plasma before the calibration curve were used to calculate the analyte
processing for chromatographic analysis. concentration in the study samples. Specimens exceeding
Under all conditions evaluated, the temperature was the upper range of the standard curve were reassayed upon
measured at every sample time using a Fluke 51K ther- dilution with drug-free human plasma. The average of the
mocouple (Everett, WA, USA). An Orion 920A pH meter two determinations of each study sample was calculated.
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Samples were reassayed in cases where the individual demass spectrometer was being used. The parameters ex-

terminations differed from their average by more than 10%.
Plasma concentration—time profiles of the drug were fit to
the equation for first-order absorption with biexponential

disposition and an absorption lag time by non-linear regres-

sion using WinNonlin with a weighting factor of &/ [17].

amined included the nebulizer pressure, drying gas flow
rate and temperature, capillary voltage, SIM ion, mass res-
olution, and fragmentor voltage. A solution of 26 ng/ml
procarbazine hydrochloride in 1 mM phosphoric acid with
an injection volume of 100l was used for the optimiza-

Values of the parameters corresponding to the equation thation. Using the optimal detection parameters, the limit of
best described the plasma profile were used to calculatedetection of procarbazine was 25 pg on-column, expressed
pharmacokinetic variables according to standard equations.as the hydrochloride salt, which afforded a signal-to-noise

3. Results
3.1. ES-MS detection

A preliminary series of experiments indicated that pro-
carbazine was very responsive to ESI-MS with positive ion
detection. With appropriate selection of the fragmentor volt-
age, the protonated moleculenalz 222.2 (calcd. exact mass

ratio of 5.0 on average. The base peak in the mass spectrum
of the compound selected for use as the internal standard
in the assay, 3-dimethylamino-2-methyl-propiophenone
(C12H17NO, M; 191.3), was also the protonated molecule
atm/z 192.1 (not shown).

3.2. Sample preparation and liquid chromatography

The preparation of plasma samples for liquid chromatog-
raphy simply involved removing protein by precipitation

for C12H20N30, 222.1608) appeared as the base peak in theinduced by adding trichloroacetic acid to a final concentra-

ESI mass spectrum of the druig. 2), without significant

tion of 0.31M and extracting the protein-free supernatant

fragmentation to lower mass ions. Less intense peaks at-With TBME to remove excess acid. After removing the

tributable to adduct ions, including the sodium adductvat

organic phase, the internal standard was added to the aque-

244.1 (calcd. exact mass, 244.1428) and an ion consistenPUs phase and the sample was loaded onto a conventional

with the [2M +H]™ species atvz 443.3 (calcd. exact mass,

bore HPLC column packed with the Luna C-18 stationary

443.3138), were also present in the mass spectrum. AfterPhase. The separation was performed isocratically using

establishing the final conditions for the chromatographic

methanol-25 mM ammonium acetate buffer, pH 5.1 (22:78,

analysis of procarbazine in human plasma, all operational V/v) @s the mobile phase at a flow rate of 1 ml/min. The
parameters of the detector interface and mass spectrometefiétector was programmed to concurrently monitor positive
were systematically optimized to maximize the response for ions atm/z 192.1 and 222.2 originating from the column

the procarbazineMf +H]™ ion with detection in the selected
ion monitoring (SIM) mode, since a single-quadrupole

222.2
100 7
80 1
>
‘O
c
D 60 1
£
(O]
=
£ 40- 4433
(]
x
20 280.1
0 L . l L . L ) . | "
100 200 300 400 500
m/z

effluent. Under these conditions, both procarbazine and the
internal standard eluted as sharp chromatographic peaks
with excellent symmetry. Procarbazine had an average re-
tention time of 63+ 0.1 min and a peak width at half-height

of 0.19+ 0.01 min during the analysis of a reference solu-
tion on 11 days over a period of 5 weeks on a single HPLC
column. Average values of the retention time and peak width
of the internal standard were%®+ 0.3 and 0274+ 0.01 min,
respectively.

Chromatograms of plasma samples obtained from a
cancer patient before and after oral administration of a
200 mg/n? dose of procarbazine are shownfig. 3 The
chromatogram of pretreatment plasnirdg( 3A) showed no
peaks that would interfere with the detection of either pro-
carbazine or the internal standard. Panels B and Eigf3
show chromatograms of plasma obtained from the same
patient after administration of the drug with measured con-
centrations of procarbazine hydrochloride near the upper
and lower range of the calibration curve. The specificity of
the assay was initially examined by analyzing plasma from
four anonymous human donors and five cancer patients

Fig. 2. Positive ion ESI mass spectrum acquired at the apex of the who were not receiving procarbazine. Potentially interfering
chromatographic peak for procarbazine hydrochloride (50 ng on-column) chromatographic peaks were not observed in any of these

by continuous scanning over a mass range of 100-500 amu. Aside from
operating the mass spectrometer in the scanning mode, the interface anc?

amples or in pretreatment plasma samples obtained from

detector were operated at the settings that provided optimal response of33 Patients that were analyzed during the application of this

the procarbazineM + H]* ion atm/z 222.2.

assay to a clinical pharmacokinetic study of procarbazine
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Fig. 3. Time-selected ion profiles depicting the abundance of positive ionéz&t22.2 from 0 to 7.5min andvz 192.1 from 7.5 to 13 min during the
LC/ESI-MS analysis of plasma samples. (A) Chromatogram of pretreatment plasma obtained from a brain cancer patient assayed without addition of
internal standard. Chromatograms of plasma samples obtained 40 min (B) and 4h (C) after oral administration of 2@wghvazine to the same

patient. Procarbazine (1) elutes near 6.3 min and the internal standard (2) is the peak at 9.9 min. The sample in panel B was diluted 10-foldeeith drug-fr
plasma prior to analysis. The area of the chromatographic peak in panel B corresponds to a procarbazine hydrochloride concentration of 39.3 ng/ml ir
plasma and the concentration calculated from the peak in panel C is 3.5 ng/ml.

in patients with brain cancer. These patients were concur-1.0-51.6 ng/ml that defined the standard curve ranged from
rently receiving a host of supporting medications, including 98.0 to 101.6% and the precision ranged from 1.6 to 3.3%.
various antiseizure drugs, glucocoricoids, antiemetics, and Results of studies to assess the within- and between-day
analgesics. In addition, there was no evidence of late elutingaccuracy and precision of the method and absolute recovery
peaks during uninterrupted sequential analysis of numerousof the drug from plasma are summarizedTable 1 The
plasma extracts with a run time of 13 min for each sample. three quality control solutions containing procarbazine hy-
drochloride in human plasma at concentrations of 2.0, 15 and
3.3. Assay performance 40 ng/ml were used for these experiments. The within-day
accuracy of the assay ranged from 102.5 to 104.1% of
The procarbazine:internal standard chromatographic peakthe known drug concentration with a grand meas(D.)
area ratio increased linearly over a concentration range ofof 1034 + 0.8%. The grand mean between-day accuracy
0.5-50 ng/ml procarbazine hydrochloride in human plasma. for the three quality control solutions was .97 0.4%
Mean values £S.D.) of the regression parameters for 11 (range, 97.5-98.3%). The range of values for the within-
standard curves that were independently prepared and anaand between-day precision were 2.5-3.5 and 3.8-6.2%,
lyzed over a period of 5 weeks were: slop€)G22+0.0058; respectively. The mean absolute recovery of procarbazine
y-intercept, —0.0100 4+ 0.0041; correlation coefficient, from plasma was 102 + 1.0% at these concentrations.
0.99974+ 0.0005. The lowest concentration of procarbazine Matrix associated ion suppression of the response of the
hydrochloride included in the standard curve, 0.5 ng/ml, was drug to ESI-MS detection was relatively minor and inde-
determined with a mean accuracy of 105.2% and a R.S.D. ofpendent of the drug concentration, with values that ranged
3.60% during this period. Mean values of the accuracy cal- from 3.0 to 5.6% for the quality control solutions. The
culated for each of the seven other calibration solutions of analytical method is considered to be accurate and repro-
procarbazine hydrochloride in plasma at concentrations of ducible for determining procarbazine in human plasma at

Table 1
Absolute recovery of procarbazine from human plasma and the accuracy and precision for its quantitation in plasma specimens
Actual concentration (ng/ml) Absolute recov@r{b) Within-day (%% Between-day (%6)
Accuracy Precision Accuracy Precision

40.0 101.8+ 5.6 102.5 3.50 98.1 5.12

15.0 103.8+ 4.4 104.1 3.44 98.2 6.21

2.0 103.0+ 5.0 103.5 2.49 97.5 3.75
Grand mean 102.% 1.0 103.4 (0.8 3.14 (0.57) 97.9 (0.4) 5.03 (1.23)

@ Values are meatt S.D. of five replicate determinations.

b Results from five sets of quality control samples assayed on a single day.

¢ Results from 11 sets of quality control samples independently prepared and assayed on separate days.
d Numbers in parentheses, S.D.
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concentrations ranging from 0.5 to 50 ng/ml expressed as Results of the studies to assess the stability of procar-
the hydrochloride salt. In addition, the ability to dilute bazine hydrochloride in human plasma at temperatures of
plasma samples with drug concentrations exceeding the up—80, 8 and 37C are summarized ifable 2 There was
per range of the calibration curve with human donor plasma no evidence of drug degradation when solutions with initial
to a level within the quantifiable range prior to analysis has concentrations of 51, 510 and 1022 ng/ml in plasma were
been examined. Plasma with an added drug concentrationstored at—80+ 1°C over a period of 29 days. Similarly,
of 511 ng/ml was measured with an accuracy of 101.8% and solutions of procarbazine in plasma at these same initial
a precision of 7.45%mn( = 9) upon 20-fold dilution. Simi- concentrations that were maintained at 8 °C in a refrig-
larly, the accuracy and precision for measuring procarbazineerator did not show a trend toward decreasing concentration
hydrochloride at a concentration of 1021 ng/ml in plasma when monitored periodically over 10 h. The drug degraded
with a 40-fold dilution were 99.5 and 5.01%, respectively. slowly in plasma incubated at 37.€, with a mean half-life
of 47.6+ 9.0 h, corresponding to a time for 5% degradation
3.4. Sability of procarbazine of 3.4h. Estimated values of the first-order rate constant
for the loss procarbazine were similar at each of the three
The stock solution of procarbazine hydrochloride in 1 mM initial drug concentrations.
phosphoric acid (pH 3.1) proved to be stable for at least 6
weeks when stored in a refrigerator with an average temper-3.5. Application of the assay to a clinical
ature 75+1.5°C. The solution was sampled every 2-5 days pharmacokinetic study
over a period of 45 days and subject to reversed-phase HPLC
with UV detection at 233 nm. The chromatograms showed The sensitivity and specificity of the assay were found
no evidence of peaks consistent with degradation productsto be sufficient for accurately characterizing the plasma
and the area of the chromatographic peak for procarbazinepharmacokinetics of procarbazine in brain cancer patients.
was extremely consistent, as indicated by an R.S.D. of 1.62%Plasma concentration—time profiles of procarbazine for the
for the 13 determinations made during this time interval.  first daily oral dose of 294 mg/frin a patient who was not
The stability of procarbazine in the final solution result- concurrently receiving an EIASD and another patient who
ing from the preparation of plasma samples for chromato- was being treated with phenytoin are showrFig. 4 The
graphic analysis was examined at® and at room tem-  plasma profiles were very similar for both patients, charac-
perature (27 1°C) to assess the feasibility of overnight terized by an absorption lag time of 19 min, upon which the
analysis using an autosampler. The time for 5% degradationconcentration of procarbazine in plasma increased rapidly to
of the drug in samples maintained at room temperature wasa peak level of 546 ng/ml at 37 min in theEIASD patient
3.9h. In contrast, there was no discernable loss of drug overand 669 ng/ml at 34 min in the EIASD patient. Plasma lev-
a time interval of 15h when the temperature of the sample els of the drug decayed in a biexponential manner, with a ter-
compartment of the autosampler was decreased@ ®n minal phase half-life of 86 min in the EIASD patient and
the basis of this finding, plasma samples were chilled over 54 min in the+EIASD patient. In both cases, plasma levels
wet-ice immediately upon completing their preparation for remained well above the 0.5 ng/ml lower limit of quantita-
analysis and stored in a refrigerator until placed within the tion of the assay at the end of the scheduled 4 h sampling in-
refrigerated sample compartment of the automated injector.terval. The area under the plasma concentration—time curves

Table 2
Stability of procarbazine in human plasma
Temperature°C) Initial concentration Time interval Number of kobs (h™1)? Mean concentration
(ng/ml) sample times found/added (%)
80+ 1 51 29 days B - 95.9 (9.5%
511 9 - 95.8 (13.7)
1021 9 - 98.8 (13.9)
8+1 51 10h 9 - 96.9 (5.0)
511 9 - 101.8 (7.5)
1021 9 - 99.5 (5.0)
375+ 0.1 51 10h 9 0.013
511 9 0.019
1021 9 0.014
Mean 0.015 (0.003

a Apparent first-order rate constant.

b Single determinations at each sample time.
¢ Numbers in parentheses, R.S.D.

d Number in parentheses, S.D.
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Fig. 4. Plasma concentration—time profiles of procarbazine for the first oral dose of 294 gigén to a brain cancer patient who (A) was not receiving
an enzyme inducing antiseizure drug and (B) another patient who was taking phenytoin.

from time zero to infinity were 502 and 491 ng h/ml in the treating toluene extracts of plasma with acetic anhydride
—EIASD and+EIASD patients, respectively. These prelim- [3]. Reported values of the lower limits of detection and
inary findings suggest that the concurrent use of EIASDs quantitation for this assay were 1 and 10 ng/ml, respectively.
did not significantly influence the pharmacokinetics of pro- The identification of procarbazine in plasma by normal-
carbazine. and reversed-phase HPLC with UV detection has been de-
scribed[18,19] Although the compound was found to be
20-times more responsive to oxidative electrochemical de-
4. Discussion tection than UV detection at 254 nm during reversed-phase
HPLC, it appears unlikely that procarbazine could be de-
Procarbazine has been a clinically important anticancer tected in plasma at concentrations lower than approximately
drug since 1969. Nevertheless, notably few analytical meth- 1 png/ml in this mannef19]. The extent of information to
ods for measuring the compound in biological fluids have support the validation of each of these methods is extremely
been described in the literature, with the majority reported limited, at best. None were considered to be particularly
more than two decades ago. The drug has been determineguitable for pharmacokinetic drug-level monitoring.
by UV absorption and chemical ionization MS after extrac-  More recently, thermospray ionization LC/MS was used
tion from plasma into a non-polar organic solvent without successfully for the qualitative identification of procarbazine
a chromatographic separatig®,4]. Aside from concerns  metabolites and degradation products in cultures of human
associated with poor specificity and the extent of drug leukemia cells and cell-free aqueous solutifirs20] How-
degradation during the extraction procedure, which required ever, to the best of our knowledge, the utilization of LC/MS
alkalization of the sample, these methods were not particu-techniques for the determination of procarbazine or quan-
larly sensitive. The lower limit of quantitation was {L@/ml titative analysis of its metabolites has not been previously
for the spectrophotometric assay and the limit of detection reported. Accordingly, we evaluated the use of ESI-MS de-
of the MS assay was reported as g@ml (5uM). In the tection following reversed-phase HPLC as the basis of an
MS assay with direct sample introduction, isobutane was assay for procarbazine in human plasma that would be suit-
used as the reagent gas and quantitation was performedible for clinical pharmacokinetic studies. Preliminary ex-
by measuring the response of th& [+ H]* ion at m/z periments revealed that procarbazine was very responsive to
222.2 relative to the intensity of the corresponding ion for ESI-MS with positive ion detection. The base peak in the
hexadeuteroprocarbazineratz 228.2, which was added to  ESI mass spectrum of the drug was thef H] ™ ion atnvz
plasma samples at a constant amount prior to extraction. A222.2 and the extent of fragmentation to lower mass ions
substantial improvement in selectivity and sensitivity were was relatively minor. The limit of detection for a pure refer-
achieved when isobutane chemical ionization MS detec- ence sample of procarbazine hydrochloride was near 25 pg
tion was preceded by gas chromatographic separation ofusing a single-quadrupole mass spectrometer operated in the
the diaectyl derivative of procarbazine, readily prepared by SIM mode for maximum sensitivity.
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The method by which plasma samples were preparedacetonitrile were evaluated as organic modifiers. The re-
for chromatographic analysis was largely dictated by the tention time of procarbazine increased in proportion to
physicochemical properties of procarbazine. In several pre-the pH of the buffer solution in the mobile phase, within
viously reported analytical methods, plasma samples werethe range pH 3.02-6.63, in eluents with the same buffer
adjusted to a strongly alkaline pH to facilitate extraction of concentration and volume percentage of methanol. The
the neutral form of the drug into a non-polar organic solvent, drug was not resolved from low-wavelength UV absorb-
since procarbazine is a weakly basic molecule withKg p  ing, acid soluble endogenous compounds in plasma and
of 6.8[2,4]. Isolating the drug from plasma in this manner residual trichloroacetic acid when the mobile phase buffer
is undesirable because it degrades rapidly in alkaline aque-was less than pH 4.7. Differences between the chromato-
ous solution2,21]. Perchloric acid and trichloroacetic acid graphic behavior of procarbazine and the internal standard
have been used in the preparation of biological matrices for (3-dimethylamino-2-methylpropiophenone) also factored
the analysis of procarbazine and its metaboli6$8]. Pro- prominently in establishing the composition of the mobile
carbazine is not only soluble in acidic aqueous solutions, asphase. The internal standard was more strongly retained
a consequence of being fully protonated, but also relatively than procarbazine, with the difference between their re-
stable against autoxidatig@i]. Although both acids are very  tention times becoming markedly greater as the pH of
efficient protein precipitating reageni®?2], trichloroacetic the mobile phase buffer increased from pH 5.0 to 6.7. In
acid is compatible with ESI-MS detection due to its volatil- addition, the capacity factor of the internal standard was
ity. In the present application, the supernatant resulting from considerably greater in mobile phases containing acetoni-
the treatment of plasma with trichloracetic acid, at a concen- trile as compared to methanol, when the percentage of the
tration required to completely precipitate proteins, was far organic modifier was adjusted to elute procarbazine at the
too acidic to introduce directly onto an HPLC column with same time. The final composition of the mobile phase se-
a silica-based bonded stationary phase. This problem wadected for use in the assay was methanol-25 mM ammonium
conveniently resolved by washing the supernatant once withacetate buffer, pH 5.1 (22:78, v/v). Under these conditions,
TBME, which removed approximately 90% of the added procarbazine and the internal standard were more strongly
trichloroacetic acid, as indicated by HPLC with UV detec- retained on the HPLC column than polar matrix compo-
tion, thereby increasing the pH of the aqueous phase to pHnents, eluting as sharp, symmetrical peaks in less than
2.5 without significant loss of procarbazine. It was necessary 10 min.
to add the compound selected for use as an internal standard The lower limit of quantitation of this assay, 0.5ng/ml
for the assay, 3-dimethylamino-2-methylpropiophenone (1.95nM) of procarbazine hydrochloride in plasma using a
hydrochloride, to the sample after performing the TBME sample volume of only 15@l, is far superior to any other
wash because it was extracted to a significant extent fromanalytical method for determining the drug in biological flu-
the aqueous phase. Efforts to identify a compound for ids that has been previously reported. The drug was quan-
use as an internal standard that could be added directlytitatively recovered from plasma when spiked samples with
to the plasma sample, which required it to be adequately concentrations of 2—40 ng/ml were processed for chromato-
retained under the chromatographic conditions employed graphic analysis in this manner. The extent of sample clean
without being extracted to a significant extent into TBME, up achieved upon preparing plasma specimens for chromato-
were unsuccessful. Nevertheless, use of an internal stangraphic analysis simply by acid-induced protein precipita-
dard introduced at some point to the sample solution is tion is substantially less than achieved with techniques in
absolutely necessary for quantitative analysis with MS which the analyte is actually isolated from the original ma-
to compensate for the relatively high degree of vari- trix, such as liquid-liquid or solid phase extraction. Never-
ability in response typically associated with this method theless, the response of procarbazine to ESI-MS detection
of detection. following HPLC was not significantly affected by the pres-

The primary considerations for establishing chromato- ence of residual trichloroacetic acid or polar endogenous
graphic conditions were compatibility with ESI-MS detec- substances in the final sample solution.
tion and the ability to adequately separate the drug from It has been reported that procarbazine undergoes rapid,
polar constituents present in the final sample solution that spontaneous degradation in water and cell culture medium
could significantly diminish response to ESI-MS detection containing 10% fetal calf serum, both in the presence and
[23,24] A standard bore HPLC column packed with the absence of human leukemia cells that did not have any
Luna C-18 stationary phase was selected for the separa-demonstrable cytochrome P-450 activiiy0]. Azoprocar-
tion of procarbazine prior to ESI-MS detection because bazine was identified as the initial degradation product and
the interface in the particular instrument used in this study it underwent further decomposition to its hydrazone tau-
was designed to accommodate mobile phase flow rates oftomer and trace amounts of methylazoxyprocarbazine and
0.5-1.5ml/min without flow splitting. The aqueous com- benzylazoxyprocarbazine. Consequently, minimizing the
ponent of the mobile phase was restricted to solutions of loss of drug due to chemical degradation during the collec-
the volatile buffers ammonium acetate and ammonium tion, storage and preparation of plasma specimens for anal-
formate at concentrations of 10 or 25 mM. Methanol and ysis represented an extremely important consideration for
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the quantitative analysis of procarbazine in biological flu- nobarbital[25]. In addition, the growth inhibitory activity
ids. Experiments were, therefore, undertaken to thoroughly of procarbazine against murine L1210 leukemia in vivo
assess the stability of procarbazine in stock solutions, hu-was shown to be significantly enhanced when mice were
man plasma, and the conditions to which it was exposed pretreated with phenobarbital or diphenylhydantoin, but not
during the preparation of plasma specimens for LC/MS methylprednisolond15]. Additional data on the pharma-
analysis. cokinetic behavior of procarbazine is being obtained during
Stock solutions of procarbazine were initially prepared in an ongoing phase | clinical trial. Substantiation of these pre-
1 mM phosphoric acid (pH 3.1) because it was previously liminary findings would imply that the significantly greater
reported that the compound exhibited good stability in acidic incidence of hypersensitivity reactions to procarbazine in
aqueous solutiofi6]. We found that these solutions could brain cancer patients receiving EIAS)26] may result
be stored with refrigeration for more than 1 month without from increased systemic exposure to a toxic metabolite that
any evidence of degradation. Procarbazine was sufficientlyis not the immediate product of procarbazine biotransfor-
stable in the acidic aqueous solution afforded upon precipi- mation. In view of this possibility, the ability to measure
tating plasma proteins with trichloroacetic acid such that the the major oxidative metabolites of procarbazine assumed
potential for degradative loss during sample preparation wasconsiderable interest. Unfortunately, it was found that the
inconsequential. However, because the time for 5% degra-assay for the parent drug could not be used directly for
dation of procarbazine in the final sample solution was 3.9 h determining these compounds due to substantial differences
at room temperature, it was necessary to use a refrigeratedn their chromatographic behavior and chemical stability.
autosampler to permit unattended overnight analysis of fully Methods that are being developed and validated to assay

prepared samples. procarbazine metabolites will be reported in a subsequent
Solutions of procarbazine in human plasma were stable communication.
for at least 1 month when stored frozen -a80°C. Sta- In summary, a procedure involving isocratic reversed-

bility of the drug in plasma when maintained frozen at phase HPLC with ESI-MS detection has been developed
higher temperatures was not evaluated during the coursefor the determination of procarbazine in human plasma.
of this study because biological samples are stored in our ESI-MS with SIM atm/z222.2 proved to be a highly specific
facilities in ultra-low temperature freezers as a matter of and very sensitive method of detection for the quantitative
routine. In addition, the drug did not degrade to a detectable analysis of procarbazine in plasma. The assay has been thor-
extent when frozen specimens were permitted to thaw atoughly validated and shown to be accurate and reproducible
room temperature, even after three or more freeze-thawfor measuring procarbazine hydrochloride at concentrations
cycles. Procarbazine degraded in a first-order manner withranging from 0.5 to 50 ng/ml in plasma, with a sample vol-
a half-life of approximately 48h in human plasma and ume of only 15Qul. The ability to determine procarbazine
4.4h in 0.1 M potassium phosphate buffer, pH 7.4, when with this degree of sensitivity was required to accurately de-
incubated at 37.5C. These observations imply that plasma fine the plasma concentration—time profile of the parent drug
protein may be responsible for stabilizing the drug to in patients receiving clinically relevant doses. Procarbazine
metal ion catalyzed autoxidatidi0]. With a time for 5% exhibits sufficient stability in human plasma to permit spec-
degradation of 3.4h in plasma at 3Z, the extent of drug  imens obtained from clinical trials to be processed for stor-
loss during the collection of blood specimens and their age at—80°C for subsequent analysis without any special
subsequent centrifugation to harvest plasma, as typically precautions. In addition, a relatively large number of study
performed in clinical pharmacokinetic studies, would be samples can be prepared for analysis in a batch-wise manner
negligible if these processes were completed to allow the because the drug is adequately stable under all conditions to
sample to be stored frozen in a reasonably timely manner.which it is exposed during the procedures. Applicability of
The results of these studies have served to unequivocallythe assay for routine pharmacokinetic drug level monitoring
demonstrate that the chemical stability of procarbazine is has been established by its excellent performance during the
not problematic and that no extraordinary measures areanalysis of approximately 500 plasma samples from a phase
required for the collection and subsequent handling of I clinical trial of the drug in brain cancer patients.
plasma specimens to insure the accuracy of pharmacokinetic
data.
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