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INTRODUCTION 

Cyclophosphamide is one of the most widely used 

alkylating agents, which has wide anticancer spec-

trum against human and experimental animal 

tumors. This agent is known to have little alkyl-

ating activity until it is activated by a hepatic 

microsomal enzyme. 

Many reports are available as to the differences 

in drug uptake between sensitive and resistant 

tumors. Some reported that the difference was not 

as large as the difference in drug sensitivity, and 

others noticed that the extent of alkylation was 

closely correlated with sensitivity. 

Shionogi adenocarcinoma 115 is a transplantable 

mouse tumor very sensitive to cyclophosphamide 

and to Ifosfamide, while it is insensitive to Tro-

fosfamide. Sarcoma 37, on the contrary, is sensi-

tive to Trofosfamide and is not sensitive to cyclo-

phosphamide and to Ifosfamide. Initial concentra-

tions of the agents in various organs and in the

tumors have been compared and followed with the 

tumors up to 24 hours. Intracellular distribution 

of the drugs was then calculated and confirmed by 

means of the autoradiography, in order to deter-

mine whther the difference in sensitivity of these 

tumors can be related to these parameters. 

MATERIALS AND METHODS 

Alkylating agents 

Cyclophosphamide and its analogs Trofosfamide 

and Ifosfamide were used. In some experiments 

tritium labeled Trofosfamide(sp. act. 447μCi/mg)

and Ifosfamide(sp. act. 446μCi/mg)were used.

These agents were obtained by the courtesy of 

Shionogi Pharmaceutical Company. 

Experimental tumors 

Two transplantable mouse tumors, Shionogi ade-

nocarcinoma 115 and sarcoma 37, were used in this 

study. Mice were given various dose of alkylating 

agents on Day 10 of transplantation, when the 

tumors grew exponentially. These tumors had

Fig. 1 Growth curves of Shionogi adenocarcinoma 115 
and sarcoma 37. Mice received single i. v. injec-
tion of the alkylating agents at a dosage of 1/2 
LD50, and the sizes of tumors were measured in 
square mm.
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different sensitivity spectra to these alkylating 

agents used ; namely, Shionogi adenocarcinoma 

115 was highly sensitive to Ifosfamide and to the 

lesser degree to cyclophosphamide and insensitive 

to Trofosfamide, while sarcoma 37 was sensitive 

to Trofosfamide and insensitive to Ifosfamide and 

cyclophosphamide. Growth curves of the tumors 

are detailed in Fig. 1. 

Chemical assay of the alkylating agents 

Tumor bearing mice received single i. v. injec-

tion at a dose of 1/2 LD50 and were killed by 

decapitation after various time intervals. Organs 

or tumors were homogenized with glass homoge-

nizer, and deproteinized with HClO4. Samples were 

assayed by NBP method according to MORITA et 

al"). By this procedure values were expressed as 

those after hydrolysis and before hydrolysis, re-

ferred to total cyclophosphamide-like substance and 

its active metabolite (s), respectively. 

Cell fractionation methods 

Tumor cells and liver cells were fractionated by 

centrifugation according to the method by SCHNEI-

DER and HOGEBOOM19). Nuclear pellet was purified 

by the method of HIGASHI et al9)., and was then 

dehistonized by the method described by SPELSBERG 

et al21). DNA was further purified by the method 
of STEELE22). In this experiment, tritium labeled 

Trofosfamide or Ifosfamide was given i. v. at a 

dose of 1mg/kg and sacrificed after 30 minutes. 

Scintillation counting 

Each sample containing tritium labeled agents was 

treated with Packard model 36 sample oxidizer, 

dissolved in Moncface 40 scintillation media and 
was counted with Packard model 3375 scintillation 

sepctrophotometer. 

Determination of DNA and RNA 

DNA was measured by the method of diphenyl-

amine reaction by BURTON1). RNA was determined 

by the orcinol reaction described by KERR and 

SERAIDARIAN13) with slight modification. 

Autoradiographic technics 

Intracellular localization of 3H-Trofosfamide or 
-Ifosfamide was visualized using water soluble 

autoradiographic technic. The liver or tumor was 
excised 30 minutes after the i. v. injection of radio-

active agents, and tissue samples were cut into 

approximately 5 mm cubes. These samples were 

divided into two groups according to their fixing 

technics. One was prepared to be freeze-dried and 

dehydrated in 10-4 Torr vacuum for 48 hours at

-70℃
, by the method of GERSH6) with slight

modification. The other group was fixed and dehy-

drated in acetone. Dehydrated tissues of both 

groups were embedded in Epon resin in 10-4 Torr 

vacuum by the method of LUFT16). Thin sectioned 

samples were prepared by dipping, and were ex-

posed for 8 weeks at 4•Ž. Details of the technics 

were described elsewhere.

RESULTS 

Figure 2 shows the concentration of cyclophos-

phamide, Trofosfamide and Ifosfamide in various 
organs, excised 30 minutes after the single i. v. 

injection at a dose of 1/2 LD50. Concentrations of 

the agents were determined by NBP method"). A 
relatively high concentration was exhibited in the 

liver, kidneys and lungs. High uptake of Trofos-

famide and Ifosfamide was noticed in the ovaries 

compared with that of cyclophosphamide, about 

twofold of the concentration in blood. Concentra-

tions in the two tumor tissues examined were 

relatively low. Concentrations of active metabolites 

were about one half of total alkylating agents in 

all organs, and were not higher in the tumors 

than in other tissues examined.

Fig. 2 Concentrations of cyclophos-

phamide, Trofosfamide and 
Ifosfamide. Abscissa : drug 
concentrations expressed as 
a percentage of mean concen-
tration (mean concentration= 
injected dose/body weight). 
Shaded values : active meta 
bolite(s).

Concentration 30 min. after i. v. injection
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Figure 3 shows the time course of the uptake of 

drugs in blood, liver and tumors. Tumor bearing 

mice were treated with single i. v. injection at a 
dose of 1/2 LD50, and concentrations were also me-

asured by NBP method"). Half life of the agents 

in blood was about 1 hour in all drugs, and the 

ratio of active metabolites increased to about 2/3 

of total agents in 90 minutes. Initial concentrations 

of drugs in the liver were somewhat higher than 

in blood, but the half life of the agents was almost 

same as in blood, and the ratio of active metabo-

lite(s) showed same increment. The survival cur-

ves of the agents in both tumors were essentially 

same as in blood, though the initial uptake of the 

agents was low. 
Table 1 and figure 4 show the intracellular dis-

tribution of 3H-Trofosfamide and 3H-Ifosfamide in 

the tumor and liver cells. Mice received tritiated 

Trofosfamide or Ifosfamide from the tail veins at 

a dosage of 1 mg/kg. Cell fractionation was carried 

out according to the method described by SCHNEI-

DER and HOGEBOOM19). Samples were treated and 

counted as described in the materials and methods. 

Over 70% of the counts was in the supernatant 

fraction in all tissues. Only 10 to 17% of the 

counts was fixed in the nuclear fractions of the 

liver and the tumor cells. Uptake of Trofosfamide 

and Ifosfamide in the nuclear fractions of the liver 
and of sarcoma 37 was almost the same. In the

nuclear fractions of Shionogi adenocarcinoma 115, 
Trofosfamide was fixed much abundantly than 

Ifosfamide, but not statistically significant. In the 

microsomal fractions, the radioactivities in the 

liver cells showed significantly higher than those 

in the tumor cells. 

Nuclear pellet obtained by the method of SCH-

NEIDER and HOGEBOOM19) was a crude one ; cytopl-

asmic remnants were attached to the nuclei espe-

cially in the case of tumor cells. Nuclei were 

further purified by citric acid procedure described 

by HIGASHI et al9). Pure nuclear pellet was dehis-

tonized and purified stepwise, yielding DNA as 
described in materials and methods. Table 2 shows 

the results of the fixation of 3H-Trofosfamide 

and 3H-Ifosfamide. Values of the agents fixed to 

the nuclei varied moderately, but these values 

became much uniform after lysing to chromatin. 

Dehistonization of the tumor chromatin and the 

removal of the acidic protein yielded no noticeable 

reduction in the radioactivities. The fixation of 

the agents to the tumor cell DNA was about 0.3 

mole per 108 daltons DNA, when the agents were 

injected to mice at a dosage of 1 mg/kg, while to 

the liver DNA fixation of the agents was about O. 5 

mole. The fixation to the nuclear RNA of Shionogi 

adenocarcinoma 115 was almost the same as was 

to DNA when divided by unit weight of RNA or 

DNA. These values were slightly smaller in the

Fig. 3 Time course of drug concentration. Concentrations expressed 
as a percentage of mean concentration. Open symbols with 

interrupted lines : total alkylating agents. Solid symbols with solid 
lines : active metabolite (s).
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case of sarcoma 37. 

Figures 5 and 6 show the autoradiograms of 

Shionogi adenocarcinoma 115, injected i. v. with 1 

mCi/mouse of 3H-Ifosfamide. Freeze-dried sample 

(Fig. 5) exhibited that grains were accumulated 
much abundantly in the cytoplasm than in the 

nucleus. In the acetone-fixed sample (Fig. 6) grains 

in the nucleus were almost same in number as 

those in the freeze-dried sample, but the grains in 

cytoplasm were almost completely disappeared. 

Grains in the nucleus seemed to be located on the

chromosomes and on the nucleolus. Number of 

grains in the liver cells on the freeze-dried sam-

ples (not exhibited in the figures) was about three-
fold of that of tumor cells, but the grains in the 

nuclei of both cells were about the same. There 

was no difference in the number of grains and in 

the mode of their distribution between Shionogi 

adenocarcinoma 115 and sarcoma 37. There was 

also no difference in the grain counts between two 

agents.

Fig. 4 and Table 1 Intracellular distributions of 3H-Trofosfamide and 3H-Ifosfamide, 
30 minutes after the single i. v. injection at a dose of 1 mg/kg. Nucl. Fr. : nuclear 
fraction. Mit. : mitochodrial fraction. Micr. : microsomal fraction. Supern. : supernatant 
solution.

Intracellular distribution of 3H-Trofosfamide

%±S.D.

Intracellular distribution of 3H-Ifosfamide

%±S.D.

Table 2 Fixation of 3H-Trofosfamide and 3H-Ifosfamide, 30 minutes after the i. v. 

injection. Nuclei were purified by the citric acid procedure.
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DISCUSSION 

Cyclophosphamide itself is inactive as an alkyl-

ating agent and is not NBP-reactive. This agent 

is activated by a hepatic microsomal enzyme, 

yielded a single NBP-reactive metabolite, aldopho-
sphamide20). Ifosfamide and Trofosfamide are tho-

ught to be activated in a similar manner10). By 

NBP method established by MORITA et al17)., values 
of total cyclophosphamide-like substance and of its 

active metabolite(s) were separately determined ; 

values before hydrolysis corresponded to active 

metabolites and values after hydrolysis to total 

alkylating agents. Ifosfamide and Trofosfamide 

were reported to be measured with the same 

method10). 

There are some papers in which cyclophospha-

mide levels were measured chemically using the 

NBP method. HIRATA et al11). reported that the 

half life of cyclophosphamide in blood was about 

30 minutes, when administered i. v. to rabbits, 

and that its active metabolites were about one 

third at 30 minutes after the injection and one half

at 90 minutes. On the other hand, MORITA et al17). 

reported that the half life of cyclophosphamide in 

rabbits was about 90 minutes, and that the active 

metabolites were about 50% at 1 hour and over 80 

% after 3 hours. KUSAKABE14) reported, in the 
experiment using dogs, that total cyclophosphami-

de-like substance was measurable until 18 hours 

and active metabolites until 12 hours. In our expe-

riment with mice, half lives of three alkylating 

agents in blood were about 1 hour irrespective of 

agent, and the ratio of active metabolites was 

about 2/3 of total agents in 90 minutes. The sur-

vival of the agents in both tumors examined was 

almost the same as in blood and the liver, though 

the initial levels were somewhat lower than those 

in blood and the liver. There was no report avail 

able describing the uptake of the agents in tumors, 

using chemical assay methods. GRAUL et al8). re-

ported using 3H or 14C labeled cyclophosphamide 

that the half life in Yoshida and Jensen's sarcomas 

was about 30 minutes and was almost same as in 

blood and the liver. In our experiment there was no 

correlation between drug sensitivity and the uptake 

of the agents or survival of the agents in the 
tumors. 

In this paper, following experiments were car-
ried out using isotopically labeled Trofosfamide or 

Ifosfamide. Here it comes into question whether 

or not the values obtained by labeled agents reflect 

the extent of alkylating activities, because these 

masked compounds are known to be activated and 

then degraded yielding inactive metabolites, though 

their radioactivities still remain. KUSAKABE14) and 

MORITA et al17). reported in their short time expe-

riments using 14C-cyclophosphamide that the va-

lues calculated isotopically were in good accord 

with the values after hydrolysis measured chemi-

cally by NBP method. So we performed the sub-
cellular studies using tritiated agents, assuming 

that the values calculated isotopically would be 

equivalent to those measured by NBP method. 

Subcellular distributions of 3H-Trofosfamide and 
-Ifosfamide were investigated using the procedure 

of SCIINEIDER and HODORROOM19). No noticeable 
difference was seen in the subcellular distributions 

between the liver cells and tumor cells, except 
that in the microsomal fraction the 3H was taken 

up about 3-fold greater by the liver cells than by 

tumor cells. This may support the evidence that 

the activation of these masked compounds is car-

Fig. 5 Autoradiogram of Shionogi adeno-

carcinoma 115, injected with 1mCi/ 
mouse of 3H-Ifosfamide. Excised tu-
mor was freeze-dried and embedded 
directly in epoxy resin.

Fig. 6 Autoradiogram of the same tumor, 

fixed in acetone and then embedded 

in epoxy resin.
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ried out by a microsomal enzyme in:the liver but 
not in the tumor. Only 10 to 17% of 3H was dis-
tributed in the nuclear fractions and over 2/3 of 
the radioactivities were in the supernatant solution. 
The resistant tumor contained as much 3H as the 
sensitive tumor, and the distributions of the 3H 
among the subcellular fractions were similar for 
two tumors. Similar results were obtained by 
WHEELER and ALEXANDER25), who determined in 
vivo distributions of 14C-cyclophosphamide among 
the subcellular fractions of the sensitive and resi-
stant plasmacytoma, and reported that the extent 
and distributions of 14C were similar. On the other 
hand, RUTMAN et al"). reported in their experi-
ment using Lettre-Ehrlich ascites tumor cells that 
the sensitive cells took up 3-4X as much HN2 
into whole cells and into nuclei as did resistant 
cells. GOLDENBERG et art), also reported that HN2-
sensitive lymphoblasts incorporated HN2 1.7～3-

fold as much as did resistant cells. These inves-

tigators suggested that the resistant cell lines 

derived their resistance, at least in part, from an 

effective dose reduction, and that the discrepancy 

between uptake and the 30-fold difference in drug 

resistance might be due to superior repair capacity 

of resistant cells. 

Although the sucrose-calcium procedure provided 

satisfactory nuclei from normal rat liver, many 

transplantable tumors retain a substantial amount 

of cytoplasmic remnants when isolated by this 

method9). Nuclear pellet was further purified by 

citric acid procedure. Uptake of the drugs in the 

nucleus purified by this procedure is shown in the 

left hand column in Fig. 5. The liver cells took up

1.5～3.6× as much agents as did the tumor cells.

The resistant tumors took up Trofosfamide or Ifos-

famide into nuclei about 1.5-fold greater than did 

the sensitive tumors, but the significance was 

doubtful. Removal of the acidic protein (s) yielded

20～49% loss of the 3H(2nd column).Dehistoni-

zation from the chromatin showed no noticeable 

reduction in counts. A dose of 1mg/kg of Trofos-

famide or Ifosfamide could be expected to produce 

0.28•`0.39 alkylation per 108 daltons DNA in the 

tumor cells and 0.48•`0.54 alkylation in the liver 

cell DNA (5 th column). WHEELER and ALEXAN-

DER25) reported that a dose of 10 mg/kg of cyclo-

phosphamide injected at 16 and 2 hours before 

sacrifice produced alkylations per 108 daltons

DNA in the resistant plasmacytoma, whereas  0.8～

2 alkylations in the sensitive tumor. In this paper 

alkylations of the nuclear RNA varied moderately 

but the extent of alkylation was almost same as 

of the DNA. 

In our experiment the alkylation of the tumor 

cell DNA was similar irrespective of the agents 

or tumors, and the extent of alkylation of the 

DNA was not related with the drug sensitivity. 

Many reports are available concerning with the 

relationship between drug sensitivity and DNA 

alkylation. CONNORS and BALL3) reported that the 

reaction of Melphalan with the DNA of sensitive 

and resistant Yoshida sarcomas was initially the 

same and that there was no factor in the resistant 

cell which had prevented the agent from reaching 

the DNA. RUTMAN group reported that the alkyla-

tion of DNA by HN2 in the sensitive Lettre-Ehr-

lich cells was 2-fold greater than in the resistant 

cells2)18), but the sensitive and resistant cells did 

not differ significantly in the rate of removal/ of 

the alkylation"). GOLDENBERG et al7). reported 

that binding of HN 2 to DNA of the sensitive 

lymphoblastoma was 8-fold greater than of the 

resistant tumor. But these authors reported that 

the difference in the DNA alkylation of sensitive 

and resistant cells was inadequate to explain suffi-

ciently the far greater difference in drug sensi-

tivity. On the other hand, WHEELER and ALEXAN-

DER25) reported that the resistant plasmacytoma 

fixed about 2•~ as much cyclophosphamide to the 

DNA as did the sensitive tumor. CONNORS and 

DOUBLE4) reported that in the resistant lymphoma 

cells the level of aniline mustard fixed to the 

DNA was more than twice as high as seen in 

the DNA of the sensitive tumor. Similar results 

were obtained by TRAMS et al"). All these inves-

tigators suggested that the extent of alkylation of 

the DNA was insufficient to explain the drug resis-

tance, and that alkylation of the DNA might not 

be the mechanism of action. Possible mechanism 

of resistance was proposed by GOLDENBERG et al7). 

and CONNERS and BALL3), who suggested that the 

resistant cells might have superior ability to repair 

their DNA damage.

Nuclear RNA of the sensitive and resistant tu-
mors:was alkylated to the same extent in our 
experiment. GOLDENBERG et a17). reported that the 
binding of HN 2 to RNA of sensitive lymphoblasto-
ma was significantly higher than that observed in 
the resistant cells. Whether or not the RNA could
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be the primary target of alkylation by which the 

alkylating agents exert their cytotoxic effects is 

another question. WHEELER24) reviewed literatures 

and reported that alkylation of the RNA also could 

affect the synthesis of proteins and enzymes, and 

the alkylation of the proteins could alter enzyme 

activity. However, he concluded that the DNA 

was most sensitive to alkylation and was the pri-

mary site of alkylation. LAWLEY15) reported that 

DNA and RNA were alkylated to the same extent, 

but that it was unlikely that either RNA or pro- 

tein was sufficiently damaged, since their sizes as 

molecular tragets were much smaller than those 

of DNA.

In our autoradiographic study it was shown that 

grains of Trofosfamide or Ifosfamide were fixed 

firmly to the tumor cell nuclei in the acetone-fixed 

samples, whereas grains in the cytoplasm almost 

thoroughly disappeared. This would suggest that 

the agents in the nuclei were bound firmly to the 

nucleic acids, whereas in the cytoplasm binding to 

protein or RNA was loose, and that the loosely 

bound agents were solved out into acetone. These 

data would give support to the opinion that the 

DNA is the prime target of alkylation. There are 

some autoradiographic studies on the distribution 

of cyclophosphamide5)12), but these works were in-

sufficient in resolution, and no comment was pro-

posed on the intracellular distribution. 

The present study was designed to detect para-

meters which could explain the differences in sen-

sitivities of tumors to alkylating agents. However, 

there was no difference in the uptake of the alkyl-

ating agents between the sensitive and resistant 

tumors. There were no differences in their sub-

cellular distributions. There were also no notice-

able differences in the extent of alkylation of the 

DNA and RNA. Parallel experiments investigated 

in our laboratory on the alkylation and interstrand 

cross-linking of the DNA and on the repair of the 

alkylated DNA gave us more detailed suggestions 

on the difference in drug sensitivity. The results 

will be reported in the forthcoming papers.
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