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Abstract. Stability and preclinical pharmacokinetics of 
isophosphoramide mustard (IPM), an active metabolite of 
ifosphamide, were investigated using analytical methods 
developed in this laboratory. For stability evaluation of IPM 
we used a rapid, high-pressure liquid chromatographic 
(HPLC) method by which IPM is analyzed directly from 
aqueous solutions without derivatization on a 10-~tm C-18 
reversed-phase column with theophylline as the internal 
standard. IPM in sodium phosphate buffers was found to 
undergo pH-dependent first-order degradations. At pH 7.4 
and 38~ the IPM solution showed a half-life of 45 rain. 
A gas chromatographic-mass spectrometry (GC/MS) 
method for the analysis of IPM in plasma was also devel- 
oped. This method utilized solid-phase extraction with 
deuterium-labeled IPM as the internal standard. The routine 
detection limit for the assay was 50 ng/ml with within-run 
and between-run coefficients of variation of 6% and 11%, 
respectively. By this method, stability of IPM in plasma and 
in RPMI 1640 tissue culture medium was evaluated, and its 
pharmacokinetics in the Sprague-Dawley rat following i.v. 
administration at 40 mg/kg were investigated. IPM was 
found to be more stable in these media, with half-lives in 
the range of 100 rain. IPM plasma pharmacokinetics were 
found to decline monoexponentially with terminal half- 
lives ranging from 6.8 to 18.7 rain and total clearance be- 
tween 6.0 and 18.3 ml/min. Plasma protein binding of IPM 
was found to be 55%, and the partition ratio between 
plasma and red blood cells of 4.9 to 1, respectively. Cy- 
totoxicity of IPM to L1210 cells was evaluated, and the 
results indicated that the IC50 with 1-h and 4-h exposure 
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was 33 and 15 gM, respectively. Based on these data, IPM 
plasma levels in the rat declined below the ICs0 in about 1 h 
at this dose. More frequent dosing or infusion may be 
necessary to maintain adequate drug levels for antitumor 
activity when IPM is administered directly. 

Introduction 

Ifosfamide (IP) is a structural isomer of cyclophosphamide 
(CP) with one of the chloroethyl side chains residing on the 
ring. IP was synthesized several years after CR and both 
remain clinically the most useful aikylating agents to date. 
There are substantial differences in their spectrum of anti- 
tumor activity and toxicity [1-3],  and these differences 
may be in part due to their difference in metabolism as well 
as the stability of several of their metabolites. Metabolic 
pathways of CP and IP have been largely elucidated. Both 
agents require the activation by microsomal enzymes to 
form the C-4 hydroxylated metabolites [4-10] followed by 
formation of the respective ultimate alkytating, cytotoxic 
metabolites, isophosphoramide mustard (IPM) for IP and 
phosphoramide mustard (PM) for CP [11-14]. While 
pharmacokinetics of CP and metabolites are largely un- 
derstood [15-25], the relationship between the parent drug 
and metabolites has only recently been defined [25]. 
However, the pharmacokinetics of IP metabolites remain 
largely undescribed. Struck et al., following the identifi- 
cation of IPM as the metabolite of IP [26, 27], reported 
synthesis, the in vitro cytotoxicity, and the in vivo cyto- 
toxicity evaluation of IPM in mice [28]. Bryant et al. [29] 
used a gas-chromatographic assay to quantify IPM in 
plasma from patients receiving IP. However, no definitive 
stability data for IPM have been reported. Since IPM is the 
ultimate, active metabolite of 1P, as PM is to CP, its phar- 
macokinetics, stability, and cytotoxic activity are important 
and constitute the focus of this report: 
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Materials and methods 

Chemicals. Isophosphoramide mustard (IPM) and [~-2H4] isophos- 
phoramide mustard-d4 (IPM-d4) were synthesized in this laboratory 
(K. K. Chan and J. H. Wang, unpublished data). PM, as its cyclohexyl 
amine salt, was obtained from Drug Synthesis and Chemistry Branch, 
Division of Cancer Treatment, National Cancer Institute, All organic 
solvents purchased from E. M. Science (Gibbstown, N. J.) were of 
HPLC grade. N,O-bis(Trimethylsilyl)trifluoroacetamide (BSTFA) and 
N-trismethylsilylimidazole (TMSI) were obtained from Pierce 
(Rockford, Ill.). C=18 reversed-phase resin was obtained from Analy- 
tichem International (Harbor city, Calif.). The stainless steel HPLC 
column, 4.6 m m x  250 mm, packed with 10 gin, C-18 reversed-phase 
resin (Econosphere), was purchased from Al!tech (Deerfield, Ill.). 

HPLC analysis of lPM in aqueous buffers. IPM in aqueous buffer was 
analyzed by an HPLC method similar to that for PM [30]. Essentially, 
IPM and the internal standard theophylline were separated on the 
HPLC column described above, fitted to a Shimadzu (model LC-6A) 
HPLC (Cole Scientific, Calif.). The components were eluted by a 
mobile phase consisting of 0.005 M perchloric acid at a flow rate of 
1 ml/min and detected via an ultraviolet detector set at 207 nm. 

Extraction and derivatization. IPM along with the added internal 
standard, IPM-d4, in plasma was extracted by a solid-phase method 
similar to that previously reported for PM [25]. Essentially, the plasma 
sample, spiked with the internal standard, was eluted through a 10-ml 
Poly-prep minicolumn (Bio-Rad, Richmond, Calif.) containing C18 
reversed-phase resin by normal saline followed by methanol. The 
saline fraction was discarded while the methanol fraction collected and 
evaporated by N2 gas. The residue was derivatized by treatment with 
40 gl of a mixture of BSTFA and TMSI (5 : 1, v/v) at 120 ~ C for 60 min. 

Gas chromatographic-mass spectrometry analysis. GC-MS analysis 
of IPM was carried out on a Hewlett-Packard 5985A mass spectro- 
meter coupled to a Hewlett-Packard 5840A gas chromatograph 
(Hewlett-Packard, Palo Alto, Calif.) via an albglass jet separator. The 
mass spectrometer was operated with the following parameters: tem- 
perature for transfer line and jet separator at 200~ ion source at 
250 ~ C. Chemical ionization mode was used, and ammonia as the re- 
agent gas was introduced directly into the source by means of an 
isolation valve situated after the jet separator. A DB-1, 15 m x 0.5 mm 
ID capillary column with 1.5 gm thickness (J&W Scientific, Folsom, 
Calif.) was used. The oven temperature was programmed from 170~ 
to 230 ~ C at 30 ~ C rain, and the injection temperature was set at 210 ~ C. 
Helium was used as the carrier gas at a flow rate of 30 ml/min. 
Quantitation was performed by selected ion monitor mode and ions at 
m/z 329 and 333 corresponding to trimethylsilylated and dehydro- 
chlorinated IPM and IPM-ch, respectively, were selected. 

Protein binding oflPM in ratplasma. IPM in fresh rat plasma at 20 gg/ 
ml was incubated at 37~ for 30 rain. A 0.1-ml aliquot was removed 
for the analysis of total IPM. The remaining plasma was placed into an 
ultrafiltration unit (Amicon Centrifree, W. R. Grace, Danvers, Mass.) 
and centrifuged at 3500 g for 10 rain to obtain the ultrafiltrate. Then 
50 gl of the filtrate was removed for unbound IPM analysis. IPM 
analysis was performed by the GC-MS method as described pre- 
viously. The experiment was performed in triplicate. 

generally within 24 h. IPM concentrations of these solutions were 
measured by the HPLC method previously described for PM [30]. A 
duplicate experiment was performed for each pH value. 

Stability of IPM in human plasma. IPM in human plasma at 20 gg/ml 
was incubated at 37~ in a water bath. According to a predetermined 
time schedule of 0, 5, 15, 30, 45, 60, 75, 90, 105, 120, 150, 180, 210, 
240, 300, 360, 420 min, 100-gl aliquots were removed and an ap- 
propriate amount of IPM-d4 was added to each as the internal standard. 
The samples were immediately frozen at -20~ until analysis, gen- 
erally within 24 h. A duplicate experiment was performed for each 
time point. The analysis of IPM concentrations was performed using 
the previously described GC/MS method. 

Stability of IPM in tissue culture medium. IPM in RPMI 1640 con- 
taining 10% of fetal bovine serum at 20 gg/ml was incubated at 37 ~ C. 
With the time schedule as that for plasma, 100-gl aliquots were re- 
moved and an appropriate amount of IPM-d4 was immediately added 
to each as the internal standard. The  samples were frozen at -20~ 
until analysis, generally within 24 h. IPM concentrations in these 
samples were analyzed by the GC/MS method previously described. 

Pharmacokinetic study. Animal experiments were carried out accord- 
ing to a protocol approved by the institutional animal use review 
committee. Six male Sprague-Dawley rats (Simonsen, Gilroy, Calif.) 
weighing between 250-320 g were used. Rat chow (Purina and 
Wayne, Rialto, Calif). and water were given ad libitum. The jugular 
vein of each rat was cannulated under ether anesthesia [31]. Essen- 
tially, the fur around the ventral right side of the neck was shaved. The 
skin was sterilized with iodine solution. A 2- to 3-cm incision was 
made, and the neck muscle gently separated to expose the fight jugular 
vein. A small nick was made, and a 10-cm-long beveled cut piece of 
PE 50 tubing was inserted and pushed into the right atrium. The muscle 
and skin were then closed with stitches and the cannula was ex- 
teriorized under the skin at the back of the neck. The blood flow was 
reexamined and the tubing filled with heparinized saline solution 
(200 IU/ml). After the rat was completely conscious, 1 ml of IPM in 
normal saline (approximately 100 mg/ml) was injected into the jugular 
vein cannula. The dose used was 40 mg/kg. Blood samples, about 
0.3 ml each, were collected in heparinized tubes according to a pre- 
determined time schedule of 0, 2, 5, 10, 20, 30, 40, 50, 60, 75, 90, 105, 
120 rain. After collection of each sample, 0.3 ml normal saline was 
injected into the rat to replace the fluid lost. Plasma was obtained from 
each sample by centrifugation at 2000 g and at 4~ for 4 rain and kept 
frozen at -20 ~ C until analysis; generally within 24 h. Analysis for each 
sample was performed in duplicates. The pharmacokinetic parameters 
were calculated using PLOT4U [32] and MINSQ (MicroMath, Salt 
Lake City, Utah) computer programs. 

Partition of IPM between plasma and red blood cells. Fresh hepa- 
rinized rat whole blood was removed from a rat and the hematocrit 
measured by a Readacrit centrifuge (Clay Adams, Parsippany, N. J.). 
An appropriate amount of IPM was added to result in the concentration 
of 21.4 gg/ml and the resulting sample incubated at 37~ for 30 rain. 
Then the blood sample was centrifuged at 1500 g for 10 rain and 
plasma separated. A 0.1-ml aliquot of plasma was removed, and an 
appropriate amount of the internal standard was added. The sample 
was then processed for GC/MS analysis for IPM. A parallel plasma 
sample containing the same initial concentration of IPM was incubated 
for the same period of time and the resulting concentration determined 
to account for IPM degradation during the incubation. 

Stability study of IPM in aqueous buffer. IPM solutions in 0.067 M 
sodium phosphate buffer (PBS) at 8 rnM each were adjusted to pH 
values of 1.7, 3.0, 5.5, 6.0, 7.4, 9.0, 10.0 and 11.0 with small volumes 
of 0.1-1.0 N HC1 or 0.1-1.0 N NaOH. Each of these solutions was 
incubated separately at 38~ in a water bath. According to an ap- 
propriate time schedule, typically at 0, 5, 15, 30, 45, 60, 75, 90, 105, 
120, 150, 180, 210, 240 and 270 min, 20 gl of each IPM solution was 
removed and an appropriate amount of theophylline, was immediately 
added. The resultant solutions were frozen at -20~ until analysis, 

Antitumor activity of IPM. L1210 and human CCRF-CEM leukemic 
cells were used in these experiments. To 22.5 ml of RPMI 1640 
containing 10% fetal bovine serum and about 5x104 ceils per ml in the 
tissue culture flask (Costar, Mass.) was added an appropriate volume of 
IPM stock solution in PBS buffer, to give separate final drug con- 
centrations of 5, 10, 25, 50, and 100 gM using aseptic techniques. In the 
control, the drug solution was replaced by the same volume of PBS. 
After 1 and 4 h, for each concentration a triplicate of 3x2 ml was 
transferred to a 15-ml centrifuge cell culture tube and the tubes were 
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Fig. 1. A representative set of ion chromatograms of IPM (m/z 329) 
and the internal standard ([3-2H4]IPM (rrdz 333) in plasma. Vertical axis 
represents ion counts and horizontal axis, retention time in minutes. 
Top panels are blank plasma extracts and bottom panels, spiked plasma 
extracts 
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Fig. 2. A representative HPLC chromatogram of IPM (I) and its 
internal standard (2). Arrow indicates the injection point in time and 
the horizontal marks indicate the retention times in minutes 

centrifuged at 1000 g for 10 min. The drug solution was removed and 
discarded. The incubation time of 1 h is commonly used for alkylating 
agents, but the 4-h period was selected on the basis of the optimal 
schedule for PM [61]. The pellet from each sample was washed once 
with 5 ml of PBS and the cells were resuspended in 2 ml of fresh 
medium. The cell suspension was transferred to each of a 24-well plate 
(Costar, Mass.) and the plate incubated in an incubator (Model 3331-2, 
National, Portland, Ore) maintained at 5% CO2 atmosphere, After 72 h, 
the cell solutions were removed and cells counted by means of a 
Coulter counter (Coulter Electronics, Hialiah, Pa.). The entire ex- 
periment was repeated once. 

Results 

GC/MS assay of  IPM in plasma 

The GC/MS chromatograms of  p lasma blank and plasma 
sample containing IPM and its internal standard, IPM-d4 
are shown in Fig. 1. As shown, no interference in the ion 
regions at m/z 329 and 333 were found in the p lasma blank. 
IPM and the internal standard was eluted at 1.8 min as 
symmetr ical  ion peaks. Sensit ivity l imit  of  the assay was 
50 ng/ml, and a l inear relationship between peak height 
ratios of  IPM-d0 to IPM-d4 and the amounts of  IPM was 
found from 50 to 2000 ng/ml monitored with a correlation 

coefficient (r  2) of  0.9985. The within-run and the between-  
run coefficients of  variat ion (CV) of  the assay were 6% 
(n = 7) and 11% (n = 7), respectively, at 500 ng/ml level. 
The recovery from the solid-phase extraction was essen- 
tially 100% at the concentration of  500 ng/ml. 

Stability of IPM in aqueous buffer 

A typical  HPLC chromatogram as obtained from a freshly 
prepared IPM buffer solution containing the internal stan- 
dard theophyll ine is shown in Fig. 2. As shown, IPM and 
theophyll ine were wel l - resolved as symmetr ical  peaks. IPM 
concentrations in PBS at all pH values were found to de- 
cline monoexponent ia l ly  with time, and the data were 
therefore analyzed by  regression to a logari thmic function 
using a standard computer  program (PLOT4U) [32]. The 
first-order decay rate constants and half-l ives were com- 
puted and are shown in Table 1. As shown, at pH 7.4 and 
38~ IPM solution showed a tl/2 of  45 min, more stable 
than PM which was reported to have a half-life of  15 min 
under the same condit ion [30]. IPM was found to be most 
unstable at about pH 9.0. At  acidic pH values or basic pH 
values higher than 9.0, IPM solution was found to be more 
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Fig. 3. IPM degradation profiles in human plasma (O) and RPMI 1640 
cell culture medium with 10% fetal calf serum ([E) at 37~ The initial 
IPM concentrations in both media was 20 gg/mt, and vertical bars 
represent _+ SD values 

Table 1. First-order decay rate constants and half-lives of isophos- 
phoramide mustard (IPM) in sodium phosphate buffers at different pH 
values 

pH Rate constants (rain -1) TI/2 (rain) 

1.7 0.0054 128 
3.0 0.0093 75 
5.5 0.0134 52 
6.0 0.0117 59 
7.4 0.0150 46 
9.0 0.0169 41 

10.0 0.0135 51 
11.0 0.0048 143 

Stability of IPM in human plasma and tissue culture 
medium 

The degradat ion profile of IPM in fresh human plasma at 
37 ~ C is shown in Fig. 3. The concentration of  the IPM was 
found to decl ine with an apparent  f irst-order process with 
the half-l ife of  118.5 min. Similar  to the degradat ion in 
PBS, IPM appears more stable than PM, which showed a 
degradat ion half-life of  55 rain in human p lasma [29]. The 
stabili ty of  IPM in the tissue culture medium RPMI  1640 
containing 10% FBS was also evaluated,  and the de- 
gradation profi le  was found to follow an apparent  first- 
order process with the half-life of  98.28 min, s imilar  to that 
in p lasma (Fig. 3). 

Pharmacokinetics of  IPM in the rat 

A typical  pharmacokinet ic  profile of  IPM in rat p lasma at 
the dose of  40 mg/kg is shown in Fig. 4. As shown, the 
el iminat ion of  IPM in rat p lasma fol lowing i.v. adminis-  
tration exhibits a monoexponent ia l  decline with an average 
half-l ife of  12.7 min and can therefore be descr ibed by one- 
compar tment  kinetics. The relevant  pharmacokinet ic  para-  
meters est imated from plasma disposit ion are summarized 
in Table 2. As shown, the mean total clearance value was 
11.0_+ 4.4 ml/min (range 6 .0 -18 .3 )  and the mean volume 
of  distribution, 2 2 0 +  156 ml. Protein binding of IPM in 
fresh rat plasma, as est imated by the ultrafil tration method, 
was found to be 55.1 __ 0.1%. The parti t ion of  IPM between 
p lasma and red blood cells was also evaluated in fresh rat 
blood,  and the result indicated that IPM part i t ion into rbc 
less readi ly in the ratio of  4.9 : 1 in favor of  plasma. Thus, 
these data indicated potential  difference between p lasma 
and blood pharmacokinet ics  for this agent. 

Table 2. Relevant pharmacokinetic parameters of IPM in Sprague-Dawley rats following i.v. drug administration at 40 mg/kg. Parameters were 
derived from a one-compartment model; TV2, half-life; AUC, area under the curve; Vd, volume of distribution; MRT, median residence time; 
k, elimination constant; C1 total clearance 

Rat no. Co T1/2 AUC Vd MRT k C1 
(gg/ml) (min) (gg/mirdml) (ml) (min) (min-~) (ml/min) 

1 72.23 17.46 1997 165.1 22.78 0.040 5.97 
2 23.86 18.73 687 528.0 24.77 0.037 18.33 
3 108.11 7.13 1586 136,9 11.35 0.097 9,33 
4 86.96 7.61 1020 136.9 10.51 0.097 9.80 
5 78.95 6.81 822 144.7 8.92 0.102 13.90 
6 50.05 17.87 1344 231.5 26.07 0.039 8.62 

Average 70.03 12.60 1243 220.2 17.40 0.068 10.99 

SD or range 29.50 6.81-18.73 496 155.9 8.92-24.77 0.036 5.97-18.33 
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Fig. 4. A representative plasma concentration-time profile of IPM in 
the Sprague-Dawley rat following an i.v. dose of 40 mg/kg. The line 
presents the fitted values to a monoexponential equation 

Cytotoxicity evaluation of IPM in L1210 and CCRF-CEM 
cells 

IPM cytotoxicity to L1210 and CCRF-CEM cell lines at 1 h 
and 4 h exposures was evaluated, and the results are shown 
in Fig. 5 A and B, respectively. As shown, IPM was only 
slightly active against both L1210 and CCRF-CEM cells at 
concentrations above 25 gM after 1 h of exposure and quite 
active at 100 gM. However, the activity increased sig- 
nificantly at longer exposure time of 4 h. At 4 h, IPM in- 
hibited L1210 cell growth to about 80% at 25 gM compared 
with only 35% at the same concentration at 1 h of exposure. 
Similar results were obtained for CCRF-CEM cells. 

Discussion 

For stability study of IPM, it would be advantageous to 
utilize a rapid and simple method such as the HPLC method 
developed and employed here. However, this method could 
not be applied for IPM in biologic fluids because of the 
presence of interfering substances. In addition, the higher 
sensitivity requirement and the need for simultaneous assay 
of metabolites necessitated the development of an alternate 
method. Several assay methods for cyclophosphamide and 
metabolites have been published, including gas chromato- 
graphy [33], high-pressure liquid chromatography [34, 35], 
thin-layer chromatography with radioactivity detection [35, 
36] or with densitometric determination [37], and gas 
chromatographic-mass spectrometry [38, 39] with stable 
isotope dilution techniques [25, 30, 40]. Similar meth- 
odologies for ifosphamide and metabolites have been re- 
latively scarce. Because of the instability of some of the 
active metabolites of oxazaphosphorines (e. g. 4-OH IE 
4-OH CE PM), analytical procedures without the use of 
isotopically labeled internal standard, especially for those 
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Fig. 5. Cytotoxicity of IPM in A L1210 and B human CCRF-CEM 
leukemic cells following 1-h and 4-h exposures as represented by an 
decrease Of % of control (no drug) as a function of an increase in drug 
concentration; D, L1210 1 h; O, LI210 4 h; [3, CCRF-CEM 1 h; 0, 
CCRF-CEM 4 h 

involving labor-intensive manipulations, could suffer from 
inherent loss and produce less reliable and more scattered 
data. The present analytical method for IPM combines 
stable isotopically labeled IPM as the internal standard, 
which compensates procedural losses, with highly specific 
mass spectrometry, and offers a distinct advantage. The 
mass-spectrometric method has been generally viewed as 
an expensive and overly sophisticated instrument; however, 
the availability of low-cost mass detectors (MSD) with PC- 
based computer interface has rendered this type of analyt- 
ical tool amenable to widespread laboratory use. Thus, the 
present method can be used to support clinical pharmaco- 
kinetics studies of IP. 

Using the GC/MS methodology, pharmacokinetics of 
IPM were assessed in the rat following its direct adminis- 
tration. The results show a rapid disposition with an aver- 
age tl/2 less than 15 min, similar to that previously reported 
for PM [40]. On the other hand, following administration of 
IP, it has been previously reported that IPM plasma levels 
sustained [29] in ht~man, though no data recorded in rats 
were available. In the case of PM, following its direct ad- 
ministration PM plasma levels declined significantly more 
rapidly than those generated from CP. This has been ex- 
plained as partly due the well-known phenomenon of a flip- 
flop model [41] for drug metabolite and the existence of a 
diffusional barrier for polar metabolites [42]. Thus, it is 
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likely that in the case of IP, a similar phenomenon exists, 
though no data are available at present. 

Increasing attention has been focused on the role of the 
active metabolites in contributing to the antitumor activity 
of the parent oxazaphosphorines [43-50]. It is commonly 
accepted that PM and IPM are the ultimate intracellular 
cytotoxic metabolites for their respective parent drugs, CP 
and IR However, there is still disagreement on the relative 
significance of these mustards and their respective im- 
mediate 4-hydroxy precursors in the overall cytotoxic and 
pharmacokinetic roles upon dosing of the parent com- 
pounds [13, 39, 51-53].  Because of the polar nature of PM 
and IPM, it is commonly agreed and demonstrated that 
there is a penetration barrier for their cellular entrance [25, 
48, 54]. The low partition behavior to rbc found for IPM is 
consistent with this contention. On the other hand, the 
precursors, 4-OH CP and 4-OH IP, would readily diffuse 
into cells and are thus believed to be the transport forms for 
PM and IPM [25, 48, 54]. 

When PM was evaluated clinically, prior to its identity 
as a CP metabolite being discovered, the results were 
generally unimpressive [55]. Preclinical pharmacokinetic 
data indicated that the agent has a short plasma tl/2 [40, 56, 
57]. Thus, considerable efforts have been made to develop 
the pre-activated form of oxazaphosphorines for clinical 
use. In t h e  case of cyclophosphamide, 4-hydrope- 
roxycyclophosphamide has been developed as a bone 
marrow purging agent [46, 47] and ASTA Z 7557, 4-(2- 
sulfonatoethylthio)-cyclophosphamide, has already been 
subjected to the clinical phase of evaluation [49]. However, 
these approaches have one serious problem in common, in 
that these pre-activated oxazaphosphorines still carry a 
toxicophore, acrolein. Convincing evidence has been pub- 
lished showing that acrolein is primarily responsible for the 
hemorrhagic cystitis in patients [58, 59]. Furthermore, 
4-OH CP was also found to possess even shorter plasma tV2 
than PM following its direct administration [25, 48, 54] and 
has been shown tO be extremely unstable in vitro [60], 
Similar property probably exists for 4-OH IP, though there 
are no corresponding data available. On the other hand, 
though PM has been shown to be rather unstable in buffer 
(30 !, it is more stable in plasma (30). Similar properties 
were found for IPM in the present study, although IPM 
appeared to be considerably more stable than PM. Thus, 
PM and IPM possess better properties for development for 
clinical use. 

In the present study, IPM was found to be more stable 
than PM at basic pH values. This observation is somewhat 
surprising; however, it is possible that it may be due to a 
methodologic problem. At high pH values, IPM is first 
deprotonated followed by formation of presumably the 
aziridine anion and then the diazirdine anion. The latter two 
species may not be separable from the parent IPM under the 
current HPLC condition. Consequently, the stability was 
artificially increased. It may be that there is no similar 
situation exist for PM. 

Following an i.v. bolus dose of IPM at 40 mg/kg to the 
rat, IPM concentrations achieved ranged from 50 gg/ml 
(227 gM) to 1 gg/ml (4.5 gM) in a time-span of about 90 min 
(Fig. 4). It would be of interest to determine whether sig- 
nificant cytotoxic activity could be achieved at these con- 

centration ranges. Thus, cytotoxicity of IPM on L1210 
murine and CCRF-CEM human leukemic cell lines was 
separately evaluated. We have found that the degree of 
cytotoxicity of IPM was dependent on the exposure time. 
IPM required longer than the standard 1-h exposure time to 
exhibit significant cytotoxic activity similar to that of PM 
[61]. In fact, following a 4-h exposure time, the cytotoxi- 
city of IPM is rather high. This finding is similar to the data 
reported by Struck et al. [28]. Thus, following an i.v. ad- 
ministration of IPM at 40 mg/kg, significant cytotoxic drug 
concentrations can be achieved, albeit with somewhat short 
duration. However, it was found that sustained circulating 
levels of PM [62] and Probably IPM [29] could be pro- 
duced following administrations of the corresponding pro- 
drugs CP and IP, respectively. These prodrugs, however, 
require metabolic activation and Carry a urotoxic acrolein 
moiety. The significant cytotoxicity of IPM coupled to 
these pharmacokinetics data suggests that IPM should be 
developed directly as an important antitnmor agent. The 
short plasma 0/2 could probably be overcome by appro- 
priate formulation, manipulation of dose schedules, or other 
prodrug development. 

In conclusion, a sensitive and specific GC/MS assay for 
IPM in plasma has been developed, which can be used to 
support routine pharmacokinetic studies of IPM directly 
and when it is generated from IR This method was used to 
study pharmacokinetics of IPM in the rat, and results in- 
dicated rapid disposition of IPM. Another HPLC method 
has also been developed for the analysis of IPM in buffers. 
This method is rapid and does not require derivatization, 
but it cannot be used for IPM in complex matrix. With this 
method, IPM has been found to be unstable in buffer, 
though more stable than PM. The stability was influenced 
by the pH values in the medium and more stable at acidic 
and basic pH values. IPM has been found to be apparently 
more stable in plasma land tissue culture medium than in 
buffer. Cytotoxic activity evaluation in L1210 indicates 
significant activity of IPM when an adequate exposure time 
was used, a phenomenon that can be achieved in vivo. 

References 

1. Phelan ET, Vietti TJ, Valeriote FA, Coulter D (1981) Comparison 
of cytotoxic action of iphosphamide and cyclophosphamide. An- 
ticancer Res t: 149-154 

2. Lewis LD, Meanwell CA (1990) Ifosfamide pharmacokinetics and 
neurotoxicity (letter). Lancet 335: 175-176 

3. Sarosy G (1989) Ifosfamide-pharmacologic overview. Semin 
Oncol 161:2-8 

4. Allen LM, Creaven PJ (1972) In vitro activation of isophos- 
phamide (NSC-109724), a new oxazaphosphorine, by rat liver 
microsomes. Cancer Chemother Rep 56:603-610 

5. Norpoth K (1969) Untersuchungen zur oxydativen Urnsetzung yon 
Endoxan in vivo und in vitro. Thesis (Habilitationsschrift), 
Westphalian Wilhelm University, M/inster 

6. Hill DL, Laster ER, Struck RF (1972) Enzymatic metabolism of 
cyclophosphamide and nicotine and production of a toxic cyclo- 
phosphamide metabolite. Cancer Res 32:658-665 

7. Sladek NE (I973) Evidence for art aldehyde possessing alkylating 
activity as the primary metabolite of cyclophosphamide. Cancer 
Res 33:651-658 



397 

8. Sladek NE (1973) Bioassay. and relative cytotoxic potency of 
cyclophosphamide metabolites generate in vitro and in vivo. 
Cancer Res 33:1150-1159 

9. Connors TA, Cox PJ, Farmer PB, Foster AB, Jarman M (1974) 
Some studies of the active intermediates formed in the microsomal 
metabolism of cyclophosphamide and isophosphamide. Biochem 
Pharmacol 23:115-129 

10. Volcker G, Drager U, Peter G, Hohorst HJ (1974) Studien zum 
Spontanzerfall von 4-Hydroxycycolphosphamid und 4-Hydro- 
peroxycyclophosphamid mit Hilfe der Dtinnschichtchromato- 
graphic. Arzneimittelforschung (Drug Res) 24:1172-1176 

11. Takamizawa A, Matsumoto S, Iwata T, Katagiri K, Yamaguchi K, 
Shiratori O (1975) Studies on cyclophosphamide metabolites and 
their related compounds. Preparation of an active species of cy- 
clophosphamide and related compounds. J Med Chem 18: 
376-383 

12. Colvin M, Padgett CA, Fenselau C (1973) A biologically active 
metabolite of cyclophosphamide. Cancer Res 33:915-918 

13. Struck RF, Kirk MC, Witt MH, Laster WR Jr (1975) Isolation and 
mass spectral identification of blood metabolites of cyclophos- 
phamide: evidence for phosphoramide mustard as the biologically 
active metabolite. Biomed Mass Spectrom 2:46-52 

14. Fenselan C, Kan M-N, Billets S, Colvin M (1975) Identification of 
phosphorodiamidec acid mustard as a human metabolite of cy- 
clophosphamide. Cancer Res 35: 1453-1457 

15. DeVita VT, Adamson RH (1970) The metabolism of lgC-cyclo- 
phosphamide: comparative drug metabolism studies on African 
and American patients with lymphosarcoma and Burkitt's tumor. 
Prog Antimicrob Anticancer Chemother 2:218-225 

16. Cohen J, Yao J, Jusko WJ (1971) Pharmacokinetics of 
cyclophosphamide in man. Br J Pharmacol 43:677-680 

17. Juma FD, Rogers JJ, Trounce JR (1980) The pharmacokinetics of 
cyclophosphamide, phosphoramide mustard and nornitrogen 
mustard studied by gas chromatography in patients receiving cy- 
clophosphamide therapy. Br J Clin Pharmacol 10:327-335 

18. Wagner T, Heydrich D, Bartels H, Hohorst HJ (1980) Einfluss von 
Leberparenchymsch~iden, Niereninsuffizienz und Hfimodialyse anf 
die Pharmakokinetik yon Cyclophosphamid und seinen akti- 
viertem Metaboliten. Arzneimittelforschung Drug Res 30: 
1588-1592 

19. Wagner T, Heydrich D, Jork T, Voelcker G, Hohorst HJ (1980) 
Uber Blutspiegel und Urin-Ausscheidung von aktiviertem Cyclo- 
phosphamid und seinen Deaktivierungsprodukten beim Menschen. 
J Cancer Res Clin Oncol 96:79-92 

20. Wagner D, Heydrich D, Jork T, Voelcker G, Hohorst HJ (1981) 
Comparative study on human pharmacokinetics of activated 
ifosfamide and cyclophosphamide by a modified fluorometric test. 
J Cancer Res Clin Oncol 100: 95-104 

21. Juma FD, Ogada T (i983) Pharmacokinetics of cyclophosphamide 
in Kenyan Africans. Br J Clin Pharmacol 16:61-63 

22. Power JF, Sladek NE (1983) Cytotoxic activity relative to 4-Hy- 
droxycyclophosphamide and phosphoramide mustard concentra- 
tions in the plasma of cyclophosphamide-treated rats. Cancer Res 
43:1101-1106 

23. Sladek NE, Doeden D, Power JF, Krivit W (1984) Plasma con- 
centration of 4-Hydroxycyclophosphamide and phosphoramide 
mustard in patients repeatedly given high doses of cyclophos- 
phamide in preparation for bone marrow transplantation. Cancer 
Treat Rep 68:1247-1254 

24. Sladek NE, Power JF, Grage G (1984) Half-life of oxazapho- 
sphorines in biological fluids. Drug Metab Dispos 12:553-559 

25. Hong PS, Srigritsanapol A, Chan KK (1991) Pharmacokinetics of 
4-Hydroxycyclophosphamide and metabolites in the rat. Drug 
Metab Dispos 19:1-7 

26. Hill DL, Laster WR Jr, Kirk MC, E1 Dareer S, Smack RF (1973) 
Metabolism of iphosphamide and production of a toxic ipho- 
sphamide metabolite. Cancer Res 33: 1016-1022 

27. Struck RF, Dykes DJ, Corbett TH, Suling WJ, Trader MW (1980) 
Isophosphamide mustard, a metabolite of ifosfamide with activity 
against murine tumor comparable to cyclophosphamide. Br J 
Cancer 47: 149-154 

28. Struck RF, Dykes DJ, Corbett TH, Suling WJ, Trader MW (1983) 
Isophosphoramide mustard, a metabolite of ifosfamide with ac- 
tivity against murine turnouts comparable to cyclophosphamide. 
Br J Cancer 47:15-26 

29. Bryant BM, Jarman M, Baker MH, Smith IE, Smyth JF (1980) 
Quantification by gas chromatography of N,N'-di(2-chloroethyl)- 
phosphorodiamidic acid in the plasma of patients receiving iso- 
phosphamlde. Cancer Res 40:4634-4738 

30. Watson E, Dea R Chan KK (1985) Kinetics of phosphoramide 
mustard hydrolysis in aqueous solution. J Pharm Sci 74: 
1283-1292 

31. Baker SK, Niazi S (1983) Simple reliable method for chronic 
cannulation of the jugular vern for pharmacokinetic studies in rats. 
J Pharm Sci 72: 1027-1029 

32. Bolger MB, Muir KT (1986) An interactive graphics and non- 
linear regression program for the analys{s of experimental and 
simulated data. Proceedings of the 1986 Summer Computer 
Simulation Conference of the Society for Computer Simulation, 
18-30. 7. 1986, Reno, Nevada. 

33. Nayar MSB, Lin L-Y, Wan SH, Chan KK (1979) Gas chromato- 
graphic analysis of cyclophosphamide in plasma and tissues using 
nitrogen-phosphorus detection. Anal Lett 12 (B8): 905-915 

34. Hardy RW, Moore MJ, Erlichman C, Soldin SJ (1987) Analysis of 
phosphoramide mustard by reversed-phase ion pair high pressure 
liquid chromatography. Ther Drug Monk 9:221-226 

35. Smack RF, Albert DA (1984) Blood levels of alkylating metabo- 
lites of cyclophosphamide in the mouse after intravenous vs. oral 
administration. Cancer Treat Rep 68:765-770 

36. Struck RF, Albert DA, Home K, Phillips JG, Peng YM, Roe DJ 
(1987) Plasma pharmacokinetics of cyclophosphamide and its 
cytotoxic metabolites after intravenous vs. oral administration in a 
randomized crossover trial. Cancer Res 47:2723-2726 

37. Hadidi AH-FA, Idle JR (1988) Combined thin-layer chromato- 
graphy-photography densitometry for the quantitation of cyclo- 
phosphamide and its four principal urinary metabolites. J Chro- 
matogr 427: 121-130 

38. Jardine I, Brundrett R, Colvin M, Fenselau C (1976) Approaches 
to the pharmacokinetics of cyclophosphamide (NSC-26271). 
Quantitation of metabolites. Cancer Treat Rep 60:403-408 

39. Jardin I, Fenselau C, Appler M, Kan M-N, Brundrett RB, Colvin 
M (1978) Quantitation by gas chromatography-chemical ioniza- 
tion mass spectrometry of cyclophosphamide, phosphoramide 
mustard, and nor-nitrogen mustard in the plasma and urine of 
patients receiving cyclophosphamide therapy. Cancer Res 38: 
408-415 

40. Chan KK, Watson E, Hong SC (1985) The application of stable 
isotopes in antineoplastic drug research. In: Breimer DD, Speiser 
P (eds) Topics in pharmaceutical sciences 1985. Elsevier, New 
York 

41. Gibaldi M, Perrier D (1982) Pharmacokinetics, 2nd edn. Marcel 
Dekker, New York, pp 17-19 

42. Pang KS, Cherry WE Terrell JA, Ulm EH (1983) Disposition of 
enalapril and its diacid metabolite, enalaprilat, in a perfused rat 
liver preparation: presence of a diffusional barrier for enalaprilat 
into hepatocytes. Drug Metab Dispos 12:309-313 

43. Sladek NE (1973) Bioassay and relative cytotoxic potency of 
cyclophosphamide metabolites generated in vitro and in vivo. 
Cancer Res 33:1150-1158 

44. Colvin M, Brundrett RB, Kan MN, Jardin I, Fenselau C (1976) 
Alkylating properties of phosphoramide mustard. Cancer Res 36: 
1121-1126 

45. Fenselau C, Kan MN, Rao S, Myles A, Friedman OM, Colvin M 
(1977) Identification of aldophosphamide as a metabolite of cy- 
clophosphamide in vitro and in vivo in human. Cancer Res 35: 
2538-2543 

46. Sharkis SJ, Santos GW, Colvin M (1980) Elimination of acute 
myelogenous leukemic cells from marrow and tumor suspensions 
in the rat with 4-Hydroperoxycyclophosphamide. Blood 55: 
52! -523 

47. Gorin NC, Douay L, Najman C, Bailou C, Duhamel G (1982) 
Study of in vitro sensitivity of human leukemic cells and normal 



398 

hematopoietic progenitors to 4-Hydroperoxycyclophosphamide 
(4HC): the interest for the preparation of antileukemic autologous 
bone marrow transplantation. Exp Hematol [Suppl 11]: 13 

48. Powers JF, Sladek NE (1983) Cytotoxic activity relative to 4- 
Hydroxycyclophosphamide and phosphoramide mustard con- 
centrations in the plasma of cyclophosphamide-treated rats. Can- 
cer Res 43:1101-1106 

49. Alberts DS, Einspahr JG, Struck R, Bignami G, Young L, Surwit 
EA, Salmon SE (1984) Comparative in vitro cytotoxicity of cy- 
clophosphamide, its major active metabolites and the new ox- 
azaphosphorine ASTA Z 7557 (INN mafosfamide). Invest New 
Drugs 2:141 - 148 

50. Zaharko DS, Covey JM, Morpel G (1984) Observations on the 
effects of cyclophosphamide, phosphoramide mustard and some 
activated oxazaphosphorines on murine L1210 leukemia. Invest 
New Drugs 2: 149-154 

51. Hohorst HJ, Draeger U, Peter G, Voelcker G (1976) The problem 
of oncostatic specificity of cyclophosphamide (NSC-26271) stu- 
dies on reactions that control the alkylating and cytotoxic activity. 
Cancer Treat Rep 60:309-315 

52. Friedman OM, Wodinsky I, Myles A (1976) Cyclophosphamide 
(NSC-26 271)-related phosphoramide mustards. Recent advances 
and historical perspectives. Cancer Treat Rep 60:337-346 

53. Domeyer BE, Sladek NE (1980) Kinetics of cyclophosphamide 
transformation in vivo. Cancer Res 40: 174-180 

54. Sladek NE, Powers JF, Grage GM (1984) Half-life of oxazapho- 
sphorines in biological fluids. Drug Metab Dispos 12:553-559 

55. Nathanson L, Hall TC, Rutenberg A, Shadduck RK (1967) Clin- 
ical toxicologic study of cyclohexylamine salt of N,N-bis(2- 
chlorethyl)phosphorodiamidic acid (NSC-69945; OMF-59). Can- 
cer Chemother Rep 51:35-39  

56. Watson E (1987) Stability and disposition studies of cyclophos- 
phamide metabolites. PhD thesis, University of South California at 
Los Angeles 

57. Srigritsanapol A (1990) Kinetics of formation and disposition of 
4-hydroxycyclophosphamide in the rat. Masters thesis. University 
of South California at Los Angeles 

58. Cox PJ (1979) Cyclophosphamide cystitis-identification of acro- 
lein as the causative agent. Biochem Pharmacol 28:2045-2049 

59. Cox PJ, Abel G (1979) Cyclophosphamide cystitis. 28: 
3499-3502 

60. Kwon CH, Maddison K, LoCastro L, Borch RF (1987) Ac- 
celerated decomposition of 4-hydroxycyclophosphamide by 
human serum albumin. Cancer Res 47: 1505-1508 

61. Zheng JW, Chan KK, Ardalan B, Hengst J, Muggia FM (1992) 
One hour exposure is not adequate for cytotoxic evaluation of 
some alkylating agents. Proc Am Assoc Cancer Res 33:403 

62. Chan KK, Hong PS, Tutsch KK, Trump DL (1990) Metabolite 
profiles in patients receiving cyclophosphamid e (CTX) alone and 
with SR2508. Proc Am Assoc Cancer Res 31:183 


