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SUMMARY 

A sensltlve and specific method for the quantltatlve analysis of 4-hydroxycyclophosphamlde/ 
aldophosphamlde has been developed usmg gas chromatography-mass spectrometry and a deu- 
tenum-labeled analogue as the internal standard The lablle 4-hydroxycyclophosphamlde/aldo- 
phosphamlde and the internal standard m plasma were first converted mto the more stable cy- 
anohydrm adducts before extraction The isolated adducts were sllylated and the products analyzed 
by gas chromatography-mass spectrometry The assay was found to be linear from 50 to 5000 ng/ 
ml m plasma with a routme detection limit of 50 ng/ml The within- and between-run standard 
devlatlons at 100 ng/ml on eight rephcate determmatlons were found to be 6 2 and 119%, respec- 
tlvely The extractlon recovery was ca 80% This analytlcal method was used tn evaluate the 
stablhty of 4-hydroxycyclophosphamlde/aldophosphamlde m fresh rat and pooled human plasma 
and to measure plasma 4-hydroxycyclophosphamlde/aldophosphamlde concentrations m the rat 

INTRODUCTION 

Cyclophosphamlde (CP), a widely used anticancer alkylatmg agent, re- 
quires mlcrosomal activation for its action The untial metabolite, 4-hydroxy- 
cyclophosphamide (4-OHCP) , exists m tautomeric equilibrium with the al- 
dehyde form, aldophosphamlde ( AldP ) under physiologic conditions [l-3] 4- 
OHCP/AldP undergoes chemical and/or enzymic degradation to release phos- 
phoramlde mustard (PM) and acrolem [4-61, the former of which has been 
considered as the ultimate cytotoxlc metabohte of CP However, 4-OHCP/ 
AldP has been considered to play a major role m transport of PM mto cells 
[ 7,8] and the cytotoxlc selectivity of the parent drug [9-131 

0378-4347/89/$03 50 0 1989 Elsevler Science Publishers B V 



132 

Although 4-OHCP/AldP has been identified for over a decade, its quantl- 
tatlon has not been accomplished until relatively recently due to the mstabihty 
of the tautomers in biologic flmds A quantitative thm-layer chromatographlc 
(TLC) method coupled to the use of radiolabeled CP was developed [ 14-201 
However, the use of radiolabeled CP and the mstabihty of the nutlal metabo- 
htes and their derlvatlves have limited its application especially in chmcal 
studies An mdlrect method measurmg acrolem fluorometrlcally followmg deg- 
radation of 4-OHCP/AldP has been used to assay 4-OHCP/AldP m plasma 
from rodents and patients treated with CP or 4-hydroperoxy-CP (4-OOHCP) 
[ 21-251, and the fluorometric method has been coupled to a high-performance 
hquid chromatographic method [ 261. A crucial assumption for these methods 
is that acrolem of metabohc ongm from CP m plasma prior to deprotemlzation 
is negligible, since acrolem, once formed, should qmckly react with surround- 
mg macromolecules Thus, plasma levels of acrolem generated from degrada- 
tion of 4-OHCP following deproteunzation was supposed to represent the true 
levels of 4-OHCP/AldP [ 251 This assumption, however, has not been clearly 
substantiated as yet [ 271 

Fenselau et al [ 281 isolated 4-OHCP/AldP from plasma as the cyanohydrm 
adduct and identified it using gas chromatography-mass spectrometry (GC- 
MS) after sllylation. However, quantitation by GC-MS was not accomphshed 
probably due to limited stability of the cyanohydrm adduct. This mstablhty 
problem could be circumvented by the use of a stable isotope-labeled analogue, 
[p-2H,]4-OHCP/AldP, as the mternal standard. Thus, in this report, a GC- 
MS assay method using a stable isotope dilution technique has been developed 
for the analysis of &OHCP/AldP m plasma The assay method was apphed to 
momtor plasma 4-OHCP/AldP concentrations m vitro and m vlvo 

EXPERIMENTAL 

Standards and reagents 
4-OOHCP and [/3-‘H4]4-OOHCP were synthesized by the method of Tak- 

amizawa et al [ 291 CP and PM were supplied by Drug Synthesis and Chem- 
istry Branch, Division of Cancer Treatment, National Cancer Institute (Be- 
thesda, MD, U S A ) 4-OHCP and [fi-‘H4]4-OHCP were prepared by reduction 
of 4-OOHCP and [p-‘H,]4-OOHCP, respectively, with sodium thiosulfate im- 
mediately before use [ 301 Semiconductor purity ammoma (99 999% ) for 
chemical iomzation was obtained from Matheson Gas (Cucamonga, CA, 
U.S.A.). For GC column packing (120 cmx0 2 cm I D ), 3% OV-1 on loo-120 
mesh Gas Chrom Q was purchased from Alltech Assoc (Deerfield, IL, US A ) 
Megabore fused-silica capillary columns were obtained from J & W Scientific 
(Ranch0 Cordoba, CA, U.S.A.). C,, reversed-phase resin (Bondsil, Prepara- 
tive grade, 40 pm) was purchased from Analytichem International (Harbor 
City, CA, U S A ) N,O-Bis (trimethylsilyl) trlfluoroacetamlde (BSTFA) was 
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obtained from Pierce (Rockford, IL, U.S.A.). HPLC-grade methanol and 
methylene chloride were obtained from Curtm Matheson Scientific (Brea, CA, 
U S A ) Pooled human plasma was obtamed from the Blood Bank of the Los 
Angeles County Hospital. 

Cyanohydrrn adduct of 4-OHCP/AldP tnplusma 
Plasma (100~1) with 4-OHCP/AldP was placed m a cold (0 D C ) culture tube 

(100 mm x 16 mm) containing 1 ,ug of [fl-2H,]4-OHCP/AldP, the internal 
standard, dissolved m 100~1 of 0.9% saline solution. To the sample were added 
200 ~1 of 1 A4 KCN-NaHSO, (pH 8) solutron. The tube was vortexed and 
placed at room temperature for 30 mm followed by freezmg at - 70°C 

Extractzon and derrvattzatton 
4-OHCP/AldP and the internal standard as the cyanohydrm adducts m 

plasma sample were extracted with 5 ml of methylene chloride. After centnf- 
ugation, the organic phase was separated and evaporated. The residue was 
derivatlzed with 40 ~1 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, ion source, and Jet separator were all maintained at 200°C and 
the ionization current at 300 @. For chemical ionization, the electron energy 
was set at 200 eV and ammonia was used as the reagent gas. A GC glass column 
(120 cm x0.2 cm I.D.) packed with 3% OV-1 on loo-120 mesh Gas Chrom Q 
was used The mJection port was set at 220°C and the flow-rate of helmm was 
30 ml/mm. The silylated and dehydrochlorinated 4-OHCP/AldP cyanohydrm 
adduct was eluted on the OV-1 column at 220’ C isothermal with a retention 
time of 2.5 mm. A similar retention time (2.2 min) was obtained under the 
same GC condition on a 15-m Megabore fused-sihca capillary column ( 15 pm) 
with improved peak shape. Ions selected for GC-MS analysis were at m/z 412 
and 416 for silyl derivatives of the dehydrochlormated 4-OHCP/AldP cyano- 
hydrin adduct [ 281 and the mternal standard, respectively. 

Plasma 4-OHCP/AldP and PM analyzed as total PM 
4-OHCP/AldP 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 C,, 
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 accomphshed by the method of Watson et al. [ 311 The true plasma 
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PM levels (@4) were calculated by subtracting plasma 4-OHCP/AldP levels 
from correspondmg total PM levels. 

Stabzlrty of 4-OHCP/ALdP In rat plasma 
4-Hydroxycyclophosphamide m rat and human plasma (0 4 n&f) was m- 

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 mm and placed m a culture tube contammg 1 
,ug of the internal standard m 0 2 ml of 1 M KCN-NaHSO, (pH 8) solution 
The sample was processed for 4-OHCP/AldP analysis as described before 
within three days Another 0,2-ml ahquot of each sample was removed and 
analysed for total PM All experiments were done m duplicate 

Antmal protocol 
Male Sprague-Dawley rats (Simonsen, Gilroy, CA, U S A ) weighing 280- 

380 g were used and Purina Rat Chow (Purma and Wayne, Rlalto, CA, U S.A ) 
and water given ad hbitum The left Jugular vein cannulation, drug admuns- 
tratlon, and blood sampling method were as described previously [ 321 Blood 
samples (0 5 ml each) were collected at 0, 2, 20, 30, 45, 60, 90, 120, 150, 180, 
240, and 300 mm into culture tubes (100 mm x 16 mm) contammg 20 ~1 of 
1000 1.U heparm each and centrifuged at 2000 g and 0°C for 1 mm The loss 
of blood was replaced by admunstration of an equal volume of saline to the rat 
The separated plasma, 100 ~1 each, was placed m a culture tube (100 mm X 10 
mm) contammg 1 +ug of the internal standard in 100 ~1 of 1 M KCN-NaHSO% 
and kept frozen until GC-MS analysis Another lOO-~1 ahquot was analyzed 
for total PM. 

Data analyw 
Regression and statistical analysis was accomplished on the PLOT4U pro- 

gram [ 331 (courtesy of Dr Michael B Bolger, School of Pharmacy, Umverslty 
of Southern California) using an IBM PC. 

RESULTS AND DISCUSSION 

Analysts of 4-OHCPfAldP 
Stab&y of 4-OHCP/AldP Since 4-OHCP/AldP is rather unstable m plasma 

[ 341, sign&ant degradation may occur during sample mampulation The m- 
stability problem was circumvented by addmg a deuterium-labeled analogue 
as the internal standard immediately followmg the separation of plasma This 
internal standard labeled with four deutermm atoms on the side-chain of 4- 
OHCP/AldP was assumed to degrade at the same rate with 4-OHCP/AldP 
during sample manipulation. 

Selected tons The cyanohydrm adducts of 4-OHCP/AldP and [/?-‘Hq]4- 
OHCP/AldP underwent dehydrochlorinatlon [28] durmg silylation at 120°C 
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Fig 1 Selected-ion chromatograms of trlmethylsllylated and dehydrochlonnated cyanohydrm 
adducts of 4-OHCP/AldP (m/z 412) and the internal standard [fi-*H4]4-OHCP/AldP (m/z 416) 
derived from the plasma sample from the rat at 5 mm followmg an intravenous 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 mm The molecular ions for the sllylated and dehydrochlorlnated sample 
and the internal standard under GC-MS chemical ionization were at m/z 412 
and 416, respectively These ions were thus selected for GC-MS analysis and 
the ion chromatograms are shown m Fig 1. No interference ions were found 
in the blank human plasma extract, which is shown m the same figure. 

Lzneartty and sensrttutty The assay for 4-OHCP/AldP 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 119%, respectively. The ex- 
traction recovery for 4-OHCP/AldP was ca 80%. 

Stab&y of 4-OHCP/AldP tn plasma 
The degradation profile of 4-OHCP/AldP in rat plasma at 37°C is shown in 

Fig 2 4-OHCP/AldP degraded monoexponentially with a mean half-life of 
5 2 + 0 2 min (n= 2) PM was found to be the maJor degradation product and 
its concentrations peaked at 20 mm and declined more slowly with a mean 
half-life of 52 ? 1 6 mm In pooled human plasma, 4-OHCP/AldP also under- 
went monoexponentlal degradation with a mean half-live of 7 02 0 5 mm 
(n=2) 

Plasma concentration-tune profzles of 4-OHCP/AldP followutg admunstratton 
of synthettc 4-OHCP to the rat 

Plasma concentrations of 4-OHCP/AldP were found to decline monoexpo- 
nentlally as a function of time with a mean half-life of 6 9 ? 0 4 mm (n = 2 ) 
followmg admnustratlon of synthetic 4-OHCP/AldP (20 mg/kg) to the rat 
Details of the pharmacokmetic results will be pubhshed elsewhere [ 351 
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Fig 2 Stablhty profile of 4-OHCP/AldP (0 ) m fresh rat plasma at 10 2 ,&I Incubated at 37 cC 
and concentration-time profile of PM (A ), the major degradation product of 4-OHCP/AldP 
The curves are regressed to equations C, oHCP,ALdP= C,exp( -Kt) and CPM = 
A[exp(--Kt)-exp(--kdt)I, where C40HCPjAldP= molar concentration of 4-OHCP/AldP, 
C,, = molar concentration of PM, Co = nntlal concentration of 4-OHCP/AldP, A = a hybrid coef- 
flclent with A = C&/ (k, - K), and K and kd are apparent first-order rate constants for degrada- 
tion of 4-OHCP/AldP and PM, respectively 

Plasma concentration-time profiles of 4OHCPjAldP foElowLng admuustratlon 
of CP to the rat 

Followmg intravenous bolus admlnlstratlon of CP to the rat at a dose of 20 
mg/kg, concentrations of 4-OHCP/AldP peaked at 20 mm with a mean value 
of 3 4+ 1 0 PM (n=2) and declined essentially m parallel with those of CP 
The peak concentration (C,,,) of 4-OHCP/AldP was found to be less than 
25% of that of PM (20 2 5 PM) as shown m Fig 3 Powers and Sladek [8] 
reported a C,,, of 4-OHCP/AldP comparable with or higher than that of PM 
(ca 20-25 PM) followmg mtraperltoneal admnustratlon of CP at 50 mg/kg to 
the rat The slgmficantly higher ratio (> 1) of C,,, of 4-OHCP/AldP to that 
of pM obtained from their report may be due to differences either m experl- 
mental design (admmlstratlon routes, doses, etc ) or m analytlcal method 

In conclusion, a quantitative method for the analysis of 4-OHCP/AldP m 
plasma was developed using GC-MS stable isotope dilution techniques This 
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3 Plasma concentration-time profiles of 4-OHCP/AldP (@I ) and PM CA 1 followmg a 
smgle Intravenous bolus admmlstratlon of CP at 20 mg/kg to a rat The curves are regressed to a 
one-compartmental model equation for metabohtes, I e C, =Akt [exp ( - k,) - exp ( - Kt ) 1, where 
C,=plasma roncentratlon of 4-OHCP/AldP or PM, A =a hybrid coefflclent w&h A=X,/ 

V,, (K- k,), and kf, k, and K are apparent first-order rate constants for formation (k,) and ehm- 
InatIon (k,) of a metabohte and the total ehmmatlon (K) of CP V,,, IS the volume of dlstnbutlon 
of 4-OHCP/AldP or PM, and X0 the admmlstered 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 
specrfic requrrements of the assay First, the sample compound possessed the 
necessary chemrcal characteristics to react wrth the added reagents to form the 
srlylated cyanohydrm adduct which further underwent dehydrochlormatlon 
Secondly, the resultant product was eluted at the specific retention time and 
yielded the expected specific ion monitored Furthermore, no mterference ion 
was experience rn either blank plasma or plasma spiked with CP and other 
metabohtes 
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