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SUMMARY

A sensitive and specific method for the quantitative analysis of 4-hydroxycyclophosphamde/
aldophosphamide has been developed using gas chromatography-mass spectrometry and a deu-
tertum-labeled analogue as the internal standard The labile 4-hydroxycyclophosphamide/aldo-
phosphamide and the internal standard in plasma were first converted mto the more stable cy-
anohydrin adducts before extraction The 1solated adducts were silylated and the products analyzed
by gas chromatography-mass spectrometry The assay was found to be linear from 50 to 5000 ng/
ml 1 plasma with a routine detection limit of 50 ng/m! The within- and between-run standard
deviations at 100 ng/ml on eight replicate determinations were found to be 6 2 and 11 9%, respec-
tively The extraction recovery was ca 80% This analytical method was used to evaluate the
stabihty of 4-hydroxycyclophosphamide/aldophosphamide 1n fresh rat and pooled human plasma
and to measure plasma 4-hydroxycyclophosphamide/aldophosphamide concentrations in the rat

INTRODUCTION

Cyclophosphamide (CP), a widely used anticancer alkylating agent, re-
quires microsomal activation for its action The initial metabolite, 4-hydroxy-
cyclophosphamide (4-OHCP), exists in tautomeric equilibrium with the al-
dehyde form, aldophosphamide (AldP) under physiologic conditions [1-3] 4-
OHCP/AIldP undergoes chemical and/or enzymic degradation to release phos-
phoramide mustard (PM) and acrolein [4-6], the former of which has been
considered as the ultimate cytotoxic metabolite of CP However, 4-OHCP/
AldP has been considered to play a major role 1n transport of PM into cells
[7,8] and the cytotoxic selectivity of the parent drug [9-13]
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Although 4-OHCP/AldP has been 1dentified for over a decade, 1ts quanti-
tation has not been accomplished until relatively recently due to the instability
of the tautomers 1n biologic fluids A quantitative thin-layer chromatographic
(TLC) method coupled to the use of radiolabeled CP was developed [14-20]
However, the use of radiolabeled CP and the instamhity of the imitial metabo-
lites and their derivatives have limited 1ts application especially in clinical
studies Anindirect method measuring acrolein fluorometrically following deg-
radation of 4-OHCP/AIdP has been used to assay 4-OHCP/AIdP 1n plasma
from rodents and patients treated with CP or 4-hydroperoxy-CP (4-O0OHCP)
[21-25], and the fluorometric method has been coupled to a high-performance
hqud chromatographic method [26]. A crucial assumption for these methods
15 that acrolein of metabolic origin from CP 1n plasma prior to deproteinization
18 neghgible, since acrolein, once formed, should quickly react with surround-
ing macromolecules Thus, plasma levels of acrolein generated from degrada-
tion of 4-OHCP following deproteinization was supposed to represent the true
levels of 4-OHCP/AIdP [25] This assumption, however, has not been clearly
substantiated as yet [27]

Fenselauet al [28] 1solated 4-OHCP/AldP from plasma as the cyanohydrin
adduct and identified 1t using gas chromatography—mass spectrometry (GC-
MS) after silylation. However, quantitation by GC-MS was not accomphished
probably due to limited stability of the cyanohydrin adduct. This instability
problem could be eircumvented by the use of a stable 1sotope-labeled analogue,
[8-*H,]4-OHCP/AldP, as the internal standard. Thus, in this report, a GC-
MS assay method using a stable 1sotope dilution technique has been developed
for the analysis of 4-OHCP/AIdP 1n plasma The assay method was applied to
monitor plasma 4-OHCP/AldP concentrations in vitro and in vivo

EXPERIMENTAL

Standards and reagents

4-O0HCP and [$-2H,]4-O0OHCP were synthesized by the method of Tak-
amizawa et al [29] CP and PM were supphied by Drug Synthesis and Chem-
istry Branch, Division of Cancer Treatment, National Cancer Institute (Be-
thesda, MD, U S A ) 4-OHCP and [$-2H,]4-OHCP were prepared by reduction
of 4-O0HCP and [$-2H,]4-O0HCP, respectively, with sodium thiosulfate 1m-
mediately before use [30] Semiconductor purity ammonia (99 999%) for
chemical 10nization was obtained from Matheson Gas (Cucamonga, CA,
U.S.A.). For GC column packing (120ecmx02cm 1D ), 3% OV-1on 100-120
mesh Gas Chrom Q was purchased from Alltech Assoc (Deerfield, IL,U.S A )
Megabore fused-silica capillary columns were obtained from J & W Scientific
(Rancho Cordoba, CA, U.S.A.). C,; reversed-phase resin (Bondsil, Prepara-
tive grade, 40 um) was purchased from Analytichem International (Harbor
City, CA, US A ) N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) was



133

obtained from Pierce (Rockford, IL, U.S.A.). HPLC-grade methano! and
methylene chloride were obtained from Curtin Matheson Scientific (Brea, CA,
U S A ) Pooled human plasma was obtained from the Blood Bank of the Los
Angeles County Hospatal.

Cyanohydrin adduct of -OHCP/AIdP in plasma

Plasma (100 ul) with 4-OHCP/AldP was placed 1n a cold (0°C) culture tube
(100 mm X 16 mm) containing 1 ug of [#-*H,]4-OHCP/AIdP, the internal
standard, dissolved 1n 1004l of 0.9% saline solution. To the sample were added
200 1 of 1 M KCN-NaHSO; (pH 8) solution. The tube was vortexed and
placed at room temperature for 30 min followed by freezing at —70°C

Extraction and derwatization

4-OHCP/AIdP and the internal standard as the cyanohydrin adducts n
plasma sample were extracted with 5 ml of methylene chloride. After centnf-
ugation, the organic phase was separated and evaporated. The residue was
derivatized with 40 ul of BSTFA at 120°C for 30 min before the GC-MS
analysis,

Gas chromatography-mass spectrometry

A Hewlett-Packard 5985 A quadrupole mass spectrometer (Hewlett-Pack-
ard, Palo Alto, CA, U.S.A.) coupled with an HP 5840 gas chromatograph via
an all-glass jet separator was used for the analysis. The temperatures of the
transfer line, 10n source, and jet separator were all maintained at 200°C, and
the 1omzation current at 300 nA. For chemical 1onization, the electron energy
was set at 200 eV and ammomnia was used as the reagent gas. A GC glass column
(120 cm x 0.2 cm 1.D.) packed with 3% OV-1 on 100-120 mesh Gas Chrom Q
was used The imjection port was set at 220°C and the flow-rate of hehum was
30 ml/min. The silylated and dehydrochlorinated 4-OHCP/AldP cyanohydrin
adduct was eluted on the OV-1 column at 220°C 1sothermal with a retention
time of 2.5 min. A similar retention time (2.2 min) was obtained under the
same GC condition on a 15-m Megabore fused-silica capillary column (1 5 um)
with improved peak shape. Ions selected for GC-MS analysis were at m/z 412
and 416 for silyl derivatives of the dehydrochlorinated 4-OHCP/AldP cyano-
hydrin adduct [28] and the internal standard, respectively.

Plasma 4-OHCP/AIdP and PM analyzed as total PM

4-OHCP/AIdP in plasma (0.1 ml) was extracted along with PM on a Poly-
Prep column (Bio-Rad, Richmond, CA, U.S A ) packed with 400 mg of Cg4
resin using the published procedure [31] During the methanol elution and
evaporation procedure, 4-OHCP/AldP was converted totally into PM. The
GC-MS analysis of total PM, i.e. plasma PM plus PM derived from 4-OHCP/
AldP, was accomplished by the method of Watson et al. [31] The true plasma
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PM levels (#M) were calculated by subtracting plasma 4-OHCP/AldP levels
from corresponding total PM levels.

Stabuity of 4-OHCP/AIdP in rat plasma

4-Hydroxycyclophosphamide in rat and human plasma (0 4 mM) was n-
cubated at 37°C A 0 2-ml aliquot of each sample was removed at 0, 2, 6, 10,
20, 40, 60, 70, 80, 100, and 120 min and placed 1n a culture tube containing 1
ug of the internal standard 1n 0 2 ml of 1 M KCN-NaHSO; (pH 8) solution
The sample was processed for 4-OHCP/AIdP analysis as described before
within three days Another 0.2-ml aliquot of each sample was removed and
analysed for total PM All experiments were done 1in duplicate

Arnimal protocol

Male Sprague-Dawley rats (Simonsen, Gilroy, CA, U S A ) weighing 280-
380 g were used and Purina Rat Chow (Purina and Wayne, Rialto, CA, U S.A )
and water given ad hibitum The left jugular vein cannulation, drug adminis-
tration, and blood sampling method were as described previously [32] Blood
samples (0 5 ml each) were collected at 0, 2, 20, 30, 45, 60, 90, 120, 150, 180,
240, and 300 min nto culture tubes (100 mm X 16 mm) containing 20 ul of
1000 I.U heparin each and centrifuged at 2000 g and 0°C for 1 min The loss
of blood was replaced by administration of an equal volume of saline to the rat
The separated plasma, 100 ul each, was placed in a culture tube (100 mm X 10
mm) containing 1 ug of the internal standard in 100 gl of 1 M KCN-NaHSO,
and kept frozen until GC-MS analysis Another 100-ul aliquot was analyzed
for total PM.

Data analysis

Regression and statistical analysis was accomplished on the PLOT4U pro-
gram [33] (courtesy of Dr Michael B Bolger, School of Pharmacy, University
of Southern California) using an IBM PC.

RESULTS AND DISCUSSION

Analysis of 4-OHCP/AIdP

Stability of 4-OHCP/AIdP Since 4-OHCP/AIldP 1s rather unstable in plasma
[34], sigmficant degradation may occur during sample manipulation The 1n-
stability problem was circumvented by adding a deuterium-labeled analogue
as the internal standard immediately following the separation of plasma This
internal standard labeled with four deuterium atoms on the side-chain of 4-
OHCP/AIdP was assumed to degrade at the same rate with 4-OHCP/AldP
during sample manipulation.

Selected wons The cyanohydrin adducts of 4-OHCP/AldP and [f-2H,]4-
OHCP/AIdP underwent dehydrochlorination [28] during silylation at 120°C
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Fig 1 Selected-ion chromatograms of trimethylsilylated and dehydrochlormnated cyanohydrn
adducts of 4-OHCP/AIdP (m/z412) and the internal standard [8-°H,14-OHCP/AldP (m/z 416)
derived from the plasma sample from the rat at 5 mun following an mtravenous bolus dose of 4-
OHCP at 20 mg/kg Background counts ranged from 30 to 50 counts, and sample counts were
larger than 300 counts

for 30 min The molecular 1ons for the silylated and dehydrochlorinated sample
and the mternal standard under GC-MS chemical 1onization were at m/z 412
and 416, respectively These ions were thus selected for GC-MS analysis and
the 10n chromatograms are shown 1n Fig 1. No interference 1ons were found
1n the blank human plasma extract, which 18 shown in the same figure.

Linearity and sensitinity The agssay for 4-OHCP/AIdP was linear from 50
to 5000 ng/ml in plasma monitored with a routine detection limit of 50 ng/ml
The within- and between-run standard deviations at 100 ng/ml on eight rep-
licate determinations were found to be 6 2% and 11 9%, respectively. The ex-
traction recovery for 4-OHCP/AIdP was ca 80%.

Stabiulity of 4-OHCP/AIdP in plasma

The degradation profile of 4.-OHCP/AldP 1n rat plasma at 37°C is shown in
Fig 2 4-OHCP/AlAP degraded monoexponentially with a mean half-hfe of
52+02min (n=2) PM was found to be the major degradation product and
its concentrations peaked at 20 min and declined more slowly with a mean
half-life of 52+ 1 6 min In pooled human plasma, 4-OHCP /AldP also under-
went monoexponential degradation with a mean half-live of 70+05 min
(n=2)

Plasma concentration-time profiles of 4-OHCP/AIdP following admunmistration
of synthetic 4-OHCP to the rat

Plasma concentrations of 4-OHCP/AIdP were found to decline monoexpo-
nentially as a function of time with a mean half-life of 6 9+04 min (n=2)
following administration of synthetic 4-OHCP/AldP (20 mg/kg) to the rat
Details of the pharmacokinetic results will be published elsewhere [35]
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Fig 2 Stabihity profile of 4-OHCP/AldP (@ ) 1 fresh rat plasma at 10 2 uM ncubated at 37°C
and concentration-time profile of PM (4}, the major degradation product of 4-OHCP/AldP
The curves are regressed to equations Cjoucpraup=Coexp(—Kt) and Cpy=
Alexp(—Kt)—exp(—kyt)l, where C,oucpragp=molar concentration of 4-OHCP/AldP,
Cpum=molar concentration of PM, Cy=1nitial concentration of 4-OHCP/AldP, A =a hybrid coef-
ficient with A=CoK/ (ky—K), and K and kg are apparent first-order rate constants for degrada-
tion of 4-OHCP/AIdP and PM, respectively

Plasma concentration-time profiles of 4-OHCP/AIdP following administration
of CP to the rat

Following intravenous bolus administration of CP to the rat at a dose of 20
mg/kg, concentrations of 4-OHCP/AldP peaked at 20 min with a mean value
0of 34+10 uM (n=2) and declined essentially in parallel with those of CP
The peak concentration (C,,,) of 4-OHCP/AIdP was found to be less than
25% of that of PM (20+5 uM) as shown in Fig 3 Powers and Sladek [8]
reported a C,,, of 4-OHCP/AldP comparable with or higher than that of PM
(ca 20-25 uM) following intraperitoneal administration of CP at 50 mg/kg to
the rat The significantly higher ratio (> 1) of C,,, of 4-OHCP/AIdP to that
of pM obtained from their report may be due to differences either 1n expern-
mental design (admimstration routes, doses, etc ) or 1n analytical method

In conclusion, a quantitative method for the analysis of 4-OHCP/AldP 1n
plasma was developed using GC-MS stable 1sotope dilution techniques This
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Fig 3 Plasma concentration-time profiles of 4-OHCP/AldP (@ } and PM (4A) following a
smgle intravenous bolus admimstration of CP at 20 mg/kg to a rat The curves are regressed to a
one-compartmental model equation for metabolites, 1e C,,=Ak[exp{—Fk,,) —exp(—Kt)], where
(,,=plasma concentration of 4-OHCP/AIdP or PM, A=a hybnd coefficient with A=X,/
V. (K—ky), and ks, k., and K are apparent first-order rate constants for formation (k;) and ehm-
mnation (k,,,) of a metabolite and the total ehmmation (K) of CP V13 the volume of distribution
of 4-QHCP/AIdP or PM, and X, the administered dose of CP

method was found to be sensitive and specific with a lower detection limit of
50 ng/ml The specificity for the analysis has been demonstrated by several
specific requirements of the assay First, the sample compound possessed the
necessary chemical characteristics to react with the added reagents to form the
silylated cyanohydrin adduct which further underwent dehydrochlorination
Secondly, the resultant product was eluted at the specific retention time and
yielded the expected specific 10n monitored Furthermore, no interference 1on
was experience 1n either blank plasma or plasma spiked with CP and other
metabolites
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