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Abstract---Cyclophosphamide metabolites have been generated in vitro by microsomal oxidation of 
cyclophosphamide and their binding to rabbit liver microsomes and to intact human red blood cells has 
been investigated. Reactions with proteins of membrane and cytoplasm were detected by SDS poly- 
acrylamide gel electrophoresis. The protein bands were analysed for incorporation of radioactivity. The 
following results were obtained. (1) Preferential binding of acrolein to microsomes and erythrocytes, 
with only little binding of metabolites containing the chloroethyl moiety. (2) Reduction of acrolein 
binding by the thiol compounds glutathione, 2,3-dimercaptopropane-l-sulfonate and mercaptoethane 
sulfonate. (3) In microsomes: formation of protein polymerisation products and incorporation of 
radioactivity. (4) In red blood cells: cross-linking of membrane proteins and formation of globin 
dimerization products in the cytoplasm. 

The potent anticancer drug cyclophosphamide (Cp)t  
requires activation in oioo by the microsomal cyto- 
chrome P-450 system in order to act as an alkylating 
agent [1-7, for review see 8,9]. The chloroethyl 

* A preliminary report was given at the 22nd Spring 
Meeting of the German Pharmacological Society at Mainz, 
10-13 March 1981 [40]. 

"t Abbreviations used: Cp, cyclophosphamide; 4-OH-Cp, 
4-hydroxy-cyclophosphamide; DMPS, 2,3-dimercapto- 
propane-l-sulfonate; MESNA, mercaptoethane sul- 
fonate; DIMESNA, disulfide of MESNA; SDS, sodium 
dodecyl sulfate; PAGE, polyacrylamide gel electro- 
phoresis. 

groups of the activated compound (Fig. 1) are 
believed to be responsible for the antitumor activity. 
It has been found, however, that in a nonenzymatic 
reaction (Fig. 1) acrolein is generated [10]. Several 
lines of evidence indicate that this metabolite reacts 
with proteins and causes the toxic side effects of Cp, 
e.g. haemorrhagic cystitis [11-13]. This has been 
conclusively demonstrated by Brock et al. [12] who 
identified acrolein as the causative factor of the 
urotoxic side effects of cyclophosphamide and 
related compounds. Sulfhydryl groups containing 
agents like N-acetyl-L-cysteine [14-18], 2,3-dimer- 
captosuccinic acid [19], mercaptoethane sulfonate 
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Fig. 1. Metabolism of cyclophosphamide by hepatic microsomal mixed function oxygenase (MFO) as 
proposed by several authors [31, 37, 38]. A comprehensive summary of the metabolism and its implication 

on cancerotoxic selectivity has been given by Brock and Hohorst [39]. 
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(MESNA, Uromitexan ®, [11, 20]) are able to protect 
against the action of acrolein in vitro, but only 
MESNA is uroprotective when administered i.v. or 
orally. 

Some work exists on the reaction of cyclophos- 
phamide metabolites with microsomes in vitro 
[18, 21,22]. Gurtoo et al. [21] investigated the bind- 
ing of [3H-chloroethyl]Cp and [14C-4]-Cp to micro- 
somal proteins and to native calf thymus DNA. 
These in vitro studies show that metabolites con- 
taining the chloroethyl groups react preferentially 
with DNA.  Reaction with microsomal proteins, how- 
ever, appear to be due to ~:he metabolite acrolein. 
This finding was confirmed in the present investi- 
gation and was studied in more detail by analysing 
the changes in the pattern of microsomal proteins 
as detected by SDS polyacrylamide gel 
electrophoresis. 

Our previous work has been concerned with the 
reaction of alkylating agents with membrane proteins 
employing intact human red blood cells as an in vitro 
model [23, 24]. In the present paper this system was 
used to study the reactivity of cyclophosphamide 
metabolites with intact cells in vitro. Furthermore,  
several thiol groups containing compounds such as 
reduced glutathione, 2,3-dimercaptopropane-l-sul- 
fonate, mercaptoethane sulfonate and its disulfide 
were tested in this in vitro system for their capabilities 
to reduce the binding of acrolein to proteins. 

MATERIALS AND METHODS 

Cyclophosphamide (ring-4-14C) was purchased 
from New England Nuclear, Dreieich, F .R.G.  (3s~ 
act. 52.5 mCi/mmole). Cyclophosphamide ~11 
labeled in the chloroethyl groups, sp. act. 141 mCi/ 
mmole) and non-labeled Cp were a generous gift 
from Prof. N. Brock, Astawerke (Bielefeld, 
F .R.G.) .  2,3-Dimercaptopropane-l-sulfonate was 
obtained from Heyl (Berlin, F .R.G.) .  

Reduced glutathione was bought from Boehringer 
(Mannheim, F .R.G.) .  MESNA and DIMESNA 
were kindly supplied by Astawerke (Bielefeld, 
F .R.G.) .  Material for SDS-polyacrylamide gel elec- 
trophoresis was bought from Bio-Rad (Miinchen, 
F .R.G.) .  All  other reagents were analytical grade 
from E. Merck (Darmstadt,  F .R.G.) .  

Preparation of  rabbit liver microsomes [25]. Liver 
microsomes were prepared from phenobarbital- 
treated rabbits (50mg/kg body wt, injected sub- 
cutaneously for 1 week) by homogenization of the 
liver in 0.15 M KC1 solution, followed by centrifu- 
gation at 9000 gmax for 20 min. The supernatant was 
centrifuged at 100,000 gmax for 60 min. The pellet was 
resuspended in 150 mM phosphate buffer, pH 7.4. 
The protein content was determined using the biuret 
procedure [26]. For determination of the cytochrome 
P-450 content, a sample was reduced with sodium 
dithionite and treated with CO. The difference 
spectra were recorded with a Cary 219 
spectro_photometer. 

Incorporation of  cyclophosphamide metabolites 
into rabbit liver microsomes. Microsomes (1.75 mg 
protein = 7nmole cytochrome P-450) were incu- 
bated at 37 ° in 1 ml of 150 mM potassium phosphate 
buffer pH 7.4 containing 4mM-[14C]-Cp (sp. act. 
0.5 mCi/mmole), 1.5 mM NADP,  12 mM glucose- 

6-phosphate, 3mM magnesium chloride, 0.01mg 
glucose-6-phosphate dehydrogenase. Aliquots 
(100/tl) were taken and the protein precipitated by 
adding 500/~1 0.6 N HC104 solution and centrifuging 
at 12,000 gmax for 2 min. The pellet was washed twice 
with 500 #1 distilled water each by centrifugation and 
then dissolved in solubilization buffer as described 
in the section 'SDS PAGE' .  

Incorporation of  cyclophosphamide metabolites 
into human red blood cells. Human blood from 
healthy donors was centrifuged for 10min at 
2500 gmax at 4 °. Plasma and buffy coat were removed 
by suction and the remaining red blood cells were 
washed three times with phosphate buffered saline, 
containing 150 mM NaCI and 5 mM phosphate pH 
7.4 by centrifugation. 

The incubation mixture consisted of microsomes 
(7 nmole cytochrome P-450/ml), 4 mM 14C-labeled 
cyclophosphamide (0.125 mCi/mmole) or 4 mM 
3H-labeled cyclophosphamide (0.56mCi/mmole), 
1.5 mM NADP,  12 mM glucose-6-phosphate, 3 mM 
magnesium chloride, 0.01mg/ml glucose-6-phos- 
phate dehydrogenase in 106mM potassium phos- 
phate, pH 7.4. Packed red blood cells were added 
to make a haematocrit of 10%. The thiol compounds 
were added in a concentration of 4 mM. The samples 
were incubated at 37 ° in a water bath and rotated 
during incubation time. Aliquots (2.5 ml) were taken 
after different time intervals and the erythrocytes 
sedimented by centrifugation at 2500 gmax for 10 min. 
The cells were then washed with the incubation 
buffer and haemolysed in 5 mM phosphate buffer 
pH 8.0 [27]. The membranes (ghosts) were sedi- 
mented by centrifugation at 22,000gmax for 20 min 
and washed three times with the haemolysis buffer. 
Radioactivity was determined in the lysate before 
centrifugation and in the ghost preparation. For this, 
the samples were decolorized by addition of 0.5 ml 
H202 (30%), and 1.5ml toluene 100, and were 
counted in a Packard Tricarb Model 3385 using 
Instagel as scintillation fluid. A sample of ghosts and 
of haemolysate, after removal of the ghosts, was 
diluted with solubilization buffer for 'SDS PAGE' .  

The supernatant of the incubation mixture was 
centrifuged for 1 hr at 100,000gmax in order to sep- 
arate the microsomes. The pellet was washed twice 
by resuspending it in the incubation buffer and by 
centrifugation. Radioactivity was determined in the 
microsomal pellet as described above for lysate and 
ghosts. A sample was dissolved in solubilization 
buffer for 'SDS PAGE' .  The protein content of 
lysate, ghosts, and microsomes was determined 
according to Lowry et al. [28]. 

Incorporation of  acrolein into human red blood 
cells. Washed human erythrocytes (10% haemato- 
crit) were incubated in 106 mM potassium phosphate 
buffer pH 7.4 with 2.0 mM acrolein at 37 °. Aliquots 
of 2.5 ml were taken after different time intervals, 
the cells centrifuged, washed and the membranes 
isolated as described in the preceding section. A 
sample of this ghost preparation was dissolved in 
solubilization buffer as described under 'SDS 
PAGE' .  

SDS-polyacrylamide gel electrophoresis. The sam- 
ple (ghosts, haemolysate, microsomes) was solubil- 
ized in a solubilization buffer containing 0.0265 M 
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Tris, pH 6.8, 2% SDS, 10% glycerol and 5% 2 -  
mercaptoethanol. The solution was kept at 37 ° for 
2 hr and subjected to SDS P A G E  on a slab gel. The 
gels were prepared according to Laemmli [29] using 
polyacrylamide concentrations of 8.5 and 12%, 
respectively, for the separating gel and 5% for the 
stacking gel. The gels were stained with Coomassie 
blue. For autoradiography the stained gels were 
dried and exposed for several days to a Kodak medi- 
cal X-ray film RP/R54. 

Another  way to determine radioactivity was to 
slice the gel into 3 mm pieces. Ten ml of 3% protosol 
in econofluor was added and the samples shaken 
overnight at 37 ° . Then liquid scintillation counting 
was carried out in a Packard Tricarb Model 3385. 
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RESULTS 

Incorporation of  metabolites into microsomes and 
human red blood cells 

The reaction of cyclophosphamide metabolites 
with proteins was studied using either 3H-labeled 
drug (labeled in the chloroethyl moieties) o r  14C- 

labeled (labeled in the 4-position of the ring). Thus 
incorporation of 3H-radioactivity must be due to 
reaction with metabolites containing the tritiated 
chloroethyl groups. If, however, the amount of 
14C-radioactivity exceeds that of the 3H-radioactivity, 
reaction with metabolites which lack the chloroethyl 
groups must have occurred. 

Only little incorporation or uptake of 3H-activity 
was found in microsomes (Table 1, Fig. 2A) or 
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Fig. 2. Binding of Cp metabolites to rabbit liver microsomes (A), human red blood cells (B) and red 
blood cell membranes (C). The incubation mixture (12.5 ml) contained in i mh 1.75 mg microsomes 
(Tnmole cytochrome P-450, 4raM cyclophosphamide [either 14C- (0.125mCi/mmole) or 3H- 
(0.5t~ mCi/mmole) labeled], 1.5 mM NADP, 12 mM glucose-6-phosphate, 0.01 mg glucose-6-phosphate 
dehydrogenase, 3 mM MgC12, 106 mM potassium phosphate pH 7.4, washed human red blood cells 
(109 cells), and the thiols in a concentration of 4 mM. The mixture was incubated at 370 for 180 min. 
After 15, 60, 120 and 180 min aliquots of 2, 5 ml were taken and the red blood cells sedimented by 
centrifugation. The microsomes were isolated from the supernatant by centrifuging at 100,000 gm~x for 
1 hr. The red blood cells were washed and haemolyzed as described in Materials and Methods. The 
membranes were isolated from the haemolysate by centrifuging at 27,000 gmax for 20 rain and washed 
three times with the haemolysis buffer. Radioactivity was determined in microsomes in the haemolysate 
before centrifugation and in the red blood cell membrane preparation. The protein content was 
determined according to Lowry et al. [28]. (l l  - - - 0)  binding of 14C-labeled Cp metabolites, addition 

of thiol compounds as indicated; (+ +) binding of 3H-labeled Cp metabolites. 
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Table 1. Per cent radioactivity associated with human red blood cells and microsomes 
after 120 min incubation with 4 mM ~4C- or 3H-labeled cyclophosphamide 

[14C]-Cp 
[14C]-Cp + 4 mM MESNA [3H]-Cp 

% Radioactivity in 
red blood cells 80 (33) 39.5 4.4 (1.3) 
% Radioactivity in 
microsomes 7.4 (4.5) 4.2 0.6 (0.3) 

The experimental details are given in the legend to Fig. 2. 
The data are representative for at least 3 experiments. The values in parentheses were 

obtained by substitution of the phosphate buffer by 100 mM Tris, pH 7.4, containing 
55 mM NaC1. 

erythrocytes (Table 1, Fig. 2B, C) suggesting that 
the metabol i tes  which contain the chloroethyl  groups 
at tr ibuted only very little to the reaction of cyclo- 
phosphamide  metabol i tes  in this system. Substitution 
of phosphate  buffer by Tris buffer did not  enhance 
the incorporat ion of 3H-activity (Table 1, values in 
parentheses) .  The  high amount  of incorporated 
14C-radioactivity (Table 1, Fig. 2A) indicated exten- 
sive binding of acrolein which is generated by decom- 
position of 4-OH-cyclophosphamide  (Fig. 1). 

Up take  of ~4C-labeled metaboli tes  was clearly 
reduced by addit ion of  sulfhydryl-group-containing 
agents. DMPS,  reduced glutathione,  and M E S N A  
showed about  equally good inactivation of acrolein 
(Fig. 2 A - C ) .  D I M E S N A ,  which has been found in 
the plasma as the oxidation product  of M E S N A  [30] 
had, as expected,  no effect on the incorporat ion of 
14C-radioactivity into microsomes and red blood cells 
(Fig. 2 A - C ) .  Membranes  seem to bind more 14C- 
labeled metabol i tes  than cytoplasmic components  as 
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Fig. 3. SDS-polyacrylamide gel electrophoresis (8.5%) of rabbit liver microsomes (A) and distribution 
of radioactivity in the gel (B) after incubation with 4 mM cyclophosphamide. Microsomes (1.75 mg 
protein = 7 nmole cytochrome P-450) were incubated for 240 min at 37 ° in 1 ml of 150 mM potassium 
phosphate buffer pH 7.4, containing 4 mM 14C-labeled cyclophosphamide (sp. act. 0.5 mCi/mmole), 
1.5 mM NADP, 12 mM glucose-6-phosphate, 3 mM MgCI2, 0.01 mg glucose-6-phosphate dehydrogen- 
ase. Aliquots of 100/4 were taken after 0, 10, 30, 60, 120 and 240 min. The protein was precipitated 
with potassium perchlorate and solubilized as described in Materials and Methods. Aliquots (protein 
content about 20 #g) were applied to a 8.5% acrylamide containing slab gel (prepared according to 
Laemmli [29]). (A) Gel stained with Coomassie blue. The numbers on the bottom indicate different 
incubation times, m, marker proteins (a = phosphorylase, mol. wt 92,500; b = bovine serum albumin, 
mol. wt 66,200; c = ovalbumin, mol. wt 45,000; d = carbonic anhydrase, mol. wt 31,000). (B) Distri- 
bution of 14C-activity in the gel. The gel was sliced vertically into 10 mm pieces and horizontally into 
3 mm pieces and solubilized as described in Materials and Methods. Filled columns, after 10min 
incubation as described above; open columns, after 240 min incubation. The position of bands staining 

with Coomassie blue is schematically drawn on the upper part of the graph. 
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can  be seen from a comparison of the data for 
microsomes and ghosts with the values for the whole 
red blood cells (Fig. 2A-C) .  

SDS P A G E  

A gel loaded with solubilized microsomes which 
had been pretreated with 4 mM cyclophosphamide 
and incubated for different time intervals, showed 
a decrease of the cytochrome P-450-bands and the 
appearance of polymerisation products on top of the 
gel (Fig. 3A). When 14C-labeled cyclophosphamide 
was used, radioactivity could be detected in the gel 
(Fig. 3B). No radioactivity could be found when 
3H-labeled cyclophosphamide was used in the same 
system (not shown). This suggests that the poly- 
merisation products were generated by the action of 
acrolein. 

Figure 4 shows the result of the reaction of Cp 
with membrane proteins in intact human red blood 
cells. When the membrane proteins were analysed 
by SDS P A G E  and stained with Coomassie blue, 
reaction with the spectrin units 1 and 2 was apparent 
(Fig. 4A). The bands became more diffuse and 
polymerisation products appeared on top of the gel 

as in the case of microsomes. Autoradiography (Fig. 
4B) revealed the incorporation of 14C-radioactivity 
in these regions. No radioactivity was found using 
3H-labeled Cp (not shown). Besides labeling of spec- 
trin, some radioactivity was incorporated into other 
protein bands (Fig. 4B). A higher amount of '4C- 
activity was found in the protein which migrated with 
the front and consisted mainly of globin. There was 
also some radioactivity ahead of the tracking dye 
which could be due to phospholipid labeling (Fig. 
4B). 

A very similar pattern has been found earlier for 
the reaction of red blood cells with the mustard gas 
derivative HN3 [23]. However, since no tritium 
activity could be detected using Cp, labeled in the 
chloroethyl groups, it was concluded that the modi- 
fication by Cp is due to acrolein. When washed 
human red cells were incubated with 2 mM acrolein 
for different time intervals, a similar pattern was 
obtained (Fig. 5). 

Reaction with components of the cytoplasm could 
be detected in the haemolysate using SDS PAGE 
(Fig. 6). A diffuse band appeared in a position above 
the band for carbonic anhydrase (Fig. 6). This pro- 
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Fig. 4. SDS-polyacrylamide gel electrophoresis (7.5%) of red blood cell membranes. A part of the 
membrane preparation described in the legend to Fig. 2 was dissolved in solubilization buffer and 
subjected to SDS PAGE on a Laemmli gel as described in Materials and Methods. (A) Gel stained 
with Coomassie blue; the numbers on the bottom indicate different incubation times. The nomenclature 
of the bands has been adapted from Steck [32]. (B) Autoradiography of a dried gel. The membranes 
were prepared from an incubation mixture as described in Fig. 2, except that [14C]-Cp was used with 

asp. act. of 1.1 mC~/mmole. 
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0 30 60 i20 
Fig. 5 Reaction of 2 mM acrolein with erythrocyte mem- 
brane detected by SDS PAGE. Washed human red blood 
cells were incubated with 2 mM acrolein in 106 mM potas- 
sium phosphate buffer pH 7.4 at 37 °. After 0, 30, 60 and 
120 min 2 ml aliquots were taken, the erythrocytes sedi- 
mented and membranes prepared as described in Materials 
and Methods. The preparation was dissolved in solubiti- 
zation buffer and aliquots containing about 20 l~g protein 
were applied to a slab gel containing 7.5% acrylamide. 
The numbers on the bottom indicate different incubation 

times. 

tein has been identified earlier as a globin dimer, 
generated by intramolecular cross-linking of hemo- 
globin [23]. 

DISCUSSION 

The finding that reaction of the Cp-metabolite 
acrolein with proteins is responsible for the Cp 
caused haemorrhagic cystitis [12] lends importance 
to a study of this reaction at the molecular level. In 
the present report we used human red blood cells 
as a model for interaction with proteins. 

Reaction of 14C-labeled Cp-metabolites with mem- 
brane and cytoplasmic proteins in intact cells was 
demonstrated in vitro. In contrast, when Cp with 
tritiated chloroethyl groups was used, only little 
3H-incorporation could be detected. To avoid reac- 
tions of the nucleophile phosphate with the 
chloroethyl groups, the incubation was carried out 
in Tris buffer (Table 1, values in parentheses). The 

difference in incorporation of 14C- and 3H-activity 
remains similar, although lower values were obtained 
in Tris buffer. From these results we concluded that 
mainly acrolein, which is formed nonenzymatically 
from 4-OH-Cp (Fig. 1), was bound to the proteins. 
This indirect appraoch was taken since quite a num- 
ber of reaction partners can be involved in the 
binding of acrolein and, therefore, chemical analysis 
of the reaction products would have been a difficult 
task. 

The amount of 14C-radioactivity which was found 
associated with the red blood cells (Table 1) after 
2 hr in vitro incubation was surprisingly high, espe- 
cially since the incubation mixture contained Mg 2+ 
which is supposed to prolong the t1.,2 of 4-OH-Cp 
[31]. Binding and uptake of acrolein into intact eryth- 
rocytes seems to be favoured when compared to the 
Cp-metabolites which contain the mustard moiety. 

It is unlikely that effects of Cp on erythrocytes 
play a role in the cytotoxic action or in generation 
of toxic side effects. Nevertheless, red blood cells 
are a suitable model to study chemical-biological 
interactions, because the molecular composition of 
the membrane is well defined and the proteins can 
be analysed by SDS PAGE [32, 33]. Moreover, since 
the Cp-metabolites were transported (after biotrans- 
formation in the liver) by the bloodstream, eryth- 
rocytes as well as serum proteins might serve as 
scavengers for the generated acrolein and prevent 
the transport to more sensitive targets. Since the 

/ 
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Fig. 6. SDS-polyacrylamide gel electrophoresis (12%) of 
the haemolysate. A part of the haemolysate from the 
experiment described in the legend of Fig. 2 was diluted 
with solubilization buffer and subjected to SDS PAGE. 
The numbers on the bottom indicate different incubation 
times, g, globin; ca, carbonic anhydrase; the arrow indicates 

the appearance of a globin dimerization products. 
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urine is virtually protein free,  acrolein, which is 
l iberated after glomerular  filtration of the hydrox- 
ylated metaboli tes,  is not  inactivated and attacks 
exclusively the renal and vesical epithelia [12]. 

The most p ronounced  effect was the reaction with 
spectrin (Fig. 4, bands 1 and 2), a protein of the 
cytoskeleton.  The  cytoskeleton appears to be impor- 
tant for maintenance of the cell shape [24, 33-35] 
and seems to be involved in certain t ransmembrane 
effects like control  of  receptor  binding [35, 36]. 

Changes in the structural organisation of the 
cytoskeleton might affect certain functions or even 
the viability of the cell. Cytoskeleton like structures 
have been found and characterized in many other  
cells. 

Format ion  of polymerisat ion products was also 
detected when the microsomal  proteins were ana- 
lysed by SDS P A G E  (Fig. 3). There  seems to be no 
specificity in the reaction. Moreover ,  since binding 
of 3H-activity was only very small (Fig. 2A),  the first 
metabol i te  of Cp, 4-OH-Cp,  did not seem to bind 
covalently in an appreciable amount  to the metab- 
olizing enzyme.  

Thiols have been used in the therapy with cyclo- 
phosphamide in order  to reduce the urotoxic side 
effects caused by acrolein. The  mode of acrolein 
inactivation by thiols has been studied by Brock et 
al. [12] for M E S N A  and found to occur by formation 
ei ther of  a thiol-acrolein adduct or of a thiol-4-Cp 
condensat ion product  which reduces the speed of 
acrolein formation.  In the in vitro system here 
described, it was possible to demonstra te  a good 
reduction of the reactivity of the Cp metabol i te  
acrolein by the thiol compounds  glutathione,  DMPS 
and M E S N A .  D I M E S N A  which is formed in vivo 
by oxidation of M E S N A  was, as expected,  inactive. 
It has been demonst ra ted  very elegantly by Ormstad 
et al. [30] that D I M E S N A  is t ransported to the 
kidney and specifically taken up by this organ. In 
the kidney, D I M E S N A  is reduced back to M E S N A  
which is the active thiol compound.  Thus, M E S N A  
seems to be the superior agent for the regional 
detoxification of the urogenital  tract without dimin- 
ishing the cytostatic potency of Cp. 
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