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Observations on the metabolism of cyclophosphamide 

(Received 10 September 1971; accepted 16 November 1971) 

CYCLOPHOSPHAMIDE (Cytoxan, Endoxan, N, N-di-2-chloroethyl-N’ 0-trimethylenephosphordiamide’), 
is one of the safest and most widely used agents in the treatment of many cancers. Although originally 
designed to be activated by tumour cells possessing high levels of a phosphoramidase enzyme2 it is 
now well established that cyclophosphamide is activated almost exclusively by the liver. Since this 
fact was recognised, widespread efforts have been made to isolate and identify the active metabolite. 
Although metabolites have been isolated from serum3 and urine4 and following treatment with liver 
preparations’ which activate cyclophosphamide in vitro, there is no unequivocal evidence that any one 
of these compounds is the active cytotoxic metabolite. 

We have developed a bioassay method whereby the formation of cytotoxic derivatives of cyclo- 
phosphamide in the presence of liver microsomal preparations and an NADPH-generating system 
can be assayed by incubation with tumour cells.6 Thereafter aliquots of the incubates, containing 
known amounts of tumour cells, are injected intraperitoneally into recipient rats. Comparison of the 
survival times of these animals with those of control animals, receiving an inoculum of tumour cells 
incubated with cyclophosphamide in the absence of a microsomal activation system, gives a reasonably 
precise measure of the cytotoxicity of the metabolite formed. 

When radioactively labelled [32P]cyclophosphamide was used and the incubation mixture extracted 
with chloroform (efficiency 80 per cent) the radioactive compounds present in the extract were detected 



1374 Short communications 

by a combination of thin-layer chromatography (TLC) and scanning for radioactivity. The rate of 
formation of the metabolites could be correlated with the levei of cytotoxicity towards tumour cells. 

Using this assay system the following points have been established, 
(a) Incubation of ~clophosphamide with rat liver microsomes and an NADPH-generating system 

produces a metabolite which is as toxic in vitro to Walker 256 tumour cells as cyclophosphamide is 
to these cells in ciao. Microsomes alone are incapable of producing this activation and NADH 
cannot replace NADPH. 

(b) The active metabolite is relatively unstable, decomposing in the incubation mixture apparently 
with the formation of an ionic phosphorus-containing substance. Although the metabolite is highly 
toxic to tumour cells the breakdown products are non-toxic. 

Figure I shows that when tumour cells were incubated with microsomes, NADPH, and cyclophos- 
phamide (60 &ml), cytotoxicity towards the tumour cells increased up to about 1 hr, after which 
time there was no further increase in toxicity. In previous reports, where calorimetric methods were 
used to estimate metabolism, it was shown that microsomat preparations activated cyclophosphamide 
linearly up to 20-45 min.‘** Therefore, incubations of cells, drug and activating systems were usualiy 
carried out for 45 min. 

When 3*P-labelied cyctophosphamide (60 pg/ml) was incubated with tumour cells alone or with 
washed microsomes or with microsomes and NADH, the only major radioactive product in the 
chloroform extract of the incubate had an R, value in TLC identical with that of authentic cyclophos- 
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FIG. 1. Tumour cells (106/ml) were incubated in nutrient fluid buffered at pH 7.4 in the presence of 
microsomes, NADPH-generating system (glucose-6-phosphate, NADP, MgCI*, nicotinamide and 
glucose-6-phosphate dehydrogenase), and cyclophosphamide (60 pg/ml). At intervals, aliquots of the 
cells were removed and injected into recipient rats (lo6 cells/rat). The increase in survival time com- 

pared with controls is a measure of the number of cells killed in the incubate. 
%IST = Percentage increase in survival time as compared with controls. 

phamide (Fig. 2a) and the incubate was relatively non-toxic to tumour cells. However, when NADPH 
and microsomes were present, two radioactive compounds could be extracted with chloroform of 
which the major one (Fig. 2b, metabolite 1) was clearly distinguishable from cyclophosphamide. 

Although, in vim, cyclophosphamide at an intracellular concentration of -40 pg/ml caused 
complete regression of the Walker tumour, under in vitro conditions toxicity only appeared at a con- 
centration of N 1600 pglml. The addition of washed microsomes to the incubation system caused no 
increase in toxicity nor did the addition of microsomes and NADH. However, in the presence of 
microsomes and NADPH, there was extensive activation of the agent with significant toxicity towards 
tumour cells occurring at a concentration of 20 &ml. 

Figure 3 shows a direct correlation between the concentration of the metabolite and tumour cell 
toxicity. Cyclophosphamide (60 &ml) was incubated with microsomes and NADPH for 45 mm, 
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allowing full activation. At various times after activation, tumour ceIIs at a known concentration 
were added to aliquots of the incubate, kept at 37“ for 1 hr, and bioassayed as before. Concomit~t~y, 
aliquots of the microsomal incubate were extracted with chloroform and analysed by TLC. 

When tumour cells were added to the incubate immediately after the activation of cyclophosphamide 
(i.e. at time 0) a large toxic effect (percentage increase in life span) was observed, and a large amount 
of the metabolite was present (Fig. 3a). However, if the addition of tumour cells was delayed for 
2.5 hr, when the amount of metabolite extractable by chloroform had decreased by -50 per cent 
(Fig. 3b), the toxicity of the incubation mixture to the tumour cells had correspondingly decreased. 
Addition of the tumour cells 4 hr after activation, when little metabolite remained (Fig. 3c), resulted 
in only a small toxicity. After 24 hr the metabolite could not be detected in the incubate (Fig. 3d) which 
had only a low residual toxicity. 
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FIG. 2. Cyclophosphamide (60 &ml) was incubated in 0.1 M pH 7.4 tris-WC1 buffer for 45 min. 
Microsomes, NADH and an NADPH-generating system were added as required. The incubates were 
extracted twice with chloroform, and the organic phase was dried (MgSO,) and concentrated to 
-0.2 ml. Aliquots (20 ~1) were applied to thin-layer plates (silicic acid; Merck: Kieselgel GF&) and 
developed with butan-l-o&-water (86 : 14). The plates were scanned for radioactivity using a Panax 

Radiochromatogram Scanner. 
I = Metabolite. 

II = Cyciophosphamide. 

As the amount of metabolite extractable with chloroform decreased, there was a corresponding 
increase in the concentration of a phosphorus containing ionic substance in the incubation medium, 
Its electrophoretic mobility (6 X 1Om3 cm/V/hr) in buffer of pH 1.85, was consistent with decomposi- 
tion of the extractable metabofite (mobility 2 x IO-’ cm/V~r) with the liberation of an ionizable 
phosphate group. 

Preliminary studies involving the isolation of the metabolite and its ionic breakdown product by 
TLC have indicated that, whereas the former was extremely toxic when incubated with tumour cells, 
the latter was not. 

It is suggated that these findings offer an explanation of the diffculties previously encountered in 
the isolation of the active metabolite of ~ciophosphamide. It has been shown that cyclophosphamide 
can be activated in o&o by microsomal preparations of rat liver provided NADPH is present.s*7 The 
results in this paper co&m these findings. However, monitoring of cyclophosphamide metabolism 
by means of the bioassay system, has now made possible the isolation of an unstable metabolite which 
is extremely toxic to tumour cells. It therefore has the properties expected of the metabolite respon- 
sible for the a&-tumour effects of ~clophosphamide in vim 

Since the metaboiite decomposed in a few hours, even in some organic solvents, it is unlikely that it 
would be insoluble from urine or by any method where a considerable period elapses between activa- 
tion of cyclophosphamide and isolation of the metabolite. 

The structure of the metaboiite is under active investigation. 
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FIG. 3. Cyclophosphamide (60 pg/ml) was incubated with microsomes and an NADPH-generating 
system in 0.1 M tris-HCl buffer pH 7.4 for 45 min at 37”. At intervals after this time, 5-ml aliquots 
of the incubation medium were extracted twice with chloroform. The extract was dried (MgS04) and 
concentrated to -0.2 ml. Aliquots (20 ~1) were applied to thin-layer plates, chromatographed and 

scanned as described in Fig. 2. 
I = Metabolite. 

II = Cyclophosphamide. 
%IST = Percentage increase in survival time as compared with controls. 
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