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Tisíc vynálezců udělalo krach 

hvězdy nevy�inuly se z věčných drah 

pohleďte jak tisíc lidí klidně �ije 

ne to není práce ani energie 

to je dobrodru�ství jako na moři 

uzamykati se v laboratoři 

pohleďte jak tisíc lidí klidně �ije 

ne to není práce to je poezie 

 

Vítězslav Nezval, 1927 

 

 

 

Many inventors have amazed the world, 

Still constant in their course the stars were hurled. 

A thousand people live thus calmly, see! 

No, this is not work, this is not energy, 

This is a venture like the Golden Hind, 

In a laboratory to seal your mind. 

A thousand people live thus calmly, see! 

No, this is not labour, this is poesy. 

 

Translation Edith Pargeter  

 

 

 

 

 

To my family 
 



 

 

 

ABSTRACT 

Busulphan is an alkylating agent currently used in conditioning regimen prior to stem cell transplantation 
(SCT). High dose therapy with busulphan has been shown to contribute to transplantation-related 
toxicities, such as veno-occlusive disease (VOD) and interstitial pneumonia. Previous 
pharmacodynamic studies have attempted to define a target systemic exposure to busulphan, and 
thresholds for different side effects. Pharmacokinetic studies have shown a wide inter-patient variation 
in the systemic exposure to busulphan after a fixed dose. The wide variation may be due to 
bioavailability, age, underlying disease, drug-drug interaction and circadian rhythm.  
 
The aim of the first part of this thesis was to develop and evaluate an intravenous formulation of 
busulphan encapsulated in liposomes. Small, uncharged liposomes containing cholesterol suspended in 
5% glucose were selected for the preparation of liposomal busulphan (LBu). The distribution of LBu was 
assessed with 14C labeled busulphan in a rat model, and compared with a solution of free drug. The 
distribution of LBu was higher to bone marrow and spleen, and lower to brain, lung and heart, compared 
with free drug, while the distribution to liver was similar. The myelosuppressive effect of LBu was stable 
and reproducible in a mouse model. Pharmacokinetics of liposomal busulphan was studied in man after 
either low dose or high dose of LBu. A linear relation between the systemic exposure and the dose was 
found. The pharmacokinetic parameters were in agreement with those previously reported for orally 
administered drug. It was feasible to use liposomal busulphan for high dose therapy. The advantageous 
distribution and good myelosuppressive effect in animals, and the more predictable pharmacokinetics in 
man have motivated the launching of a phase I/II clinical trial. 
 
The aim of the second part of the thesis was to investigate mechanisms of busulphan-induced 
cytotoxicity, and the role of glutathione (GSH) in this process. The myeloid P39 cell line was used in 
vitro as a model for induction of differentiation and/or apoptosis with the differentiating agent all-trans 
retinoic acid and the cytostatic agent etoposide. Both agents induced apoptosis that was mediated 
through caspase activation, but different pathways were involved. These pathways diverged in kinetics, 
preceding maturation, cleavage of Bcl-2 and actin, and rescue from apoptosis by granulocyte colony-
stimulating factor (G-CSF). Busulphan- and etoposide-induced apoptosis shared common features, but 
differed in kinetics. The P39 cells were arrested in G2 phase of the cell cycle before apoptotic 
morphology developed. Proliferation and clonogenic capacity of the P39 cells showed an inverse linear 
relation to the exposure to busulphan expressed as AUC. Also in busulphan-treated human CD34+ 
hematopoietic progenitors, clonogenic capacity was inversely and linearly related to the exposure to 
busulphan expressed as AUC. Myeloid progenitors were more sensitive than erythroid progenitors 
(AUCs completely inhibiting colony formation were 69 ± 7.5 µg.hr/ml and 140 ± 36 µg.hr/ml for CFU- 
GM and erythroid colonies, respectively). Neither an increase (induced by N-acetylcysteine), nor a 
decrease (induced by buthionine sulfoximine) of the cellular content of GSH affected busulphan-induced 
cytotoxicity in human CD34+ hematopoietic progenitors in vitro, or in murine bone marrow cells in vivo.  
 
In conclusion, liposomal busulphan is a suitable formulation for high dose treatment in conditioning 
regimen prior to stem cell transplantation. N-acetylcysteine does not decrease busulphan-induced 
cytotoxicity in hematopoietic progenitor cells, and may thus serve as a potential prophylactic agent 
against transplantation-related hepatotoxicity.  
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ABBREVIATIONS 

 
ALL acute lymphoblastic leukemia 
AML acute myeloid leukemia 
ARC area under the radioactivity-time curve 
ATRA all-trans retinoic acid 
AUC area under the concentration-time curve 
Bcl-2 B cell lymphoma/leukemia 2 
BFU-E burst forming-unit erythroid 
BM bone marrow 
BSO L-buthionine [S,R]-sulfoximine 
Bu/Ac busulphan dissolved in aceton 
Bu/CY conditioning regimen containing busulphan and cyclophosphamide 
Bu/DMSO busulphan dissolved in DMSO 
Bu/susp busulphan suspended in water 
Caspase cysteinyl aspartate-specific proteinase 
CFU-E colony forming-unit erythroid 
CFU-GM colony forming-unit granucolyte-macrophage 
CFU-S colony forming-unit spleen 
Cl clearance 
Cmax maximum concentration 
CML chronic myeloid leukemia 
CSF cerebro-spinal fluid 
Css steady state concentration 
CY/TBI conditioning regimen containing TBI and cyclophosphamide 
DMSO dimethyl sulfoxide 
F bioavailability 
Fas FS-7 associated surface antigen 
FBS fetal bovine serum 
G-CSF granulocyte colony-stimulating factor 
GSH glutathione  
GST glutathione transferase 
LBu liposomal busulphan 
LC liposomal control, i.e. liposomal preparation without busulphan 
LCx lethal concentration, i.e. concentration killing cells by x% 
NAC N-acetyl-L-cysteine 
PB peripheral blood 
SCT stem cell transplantation 
t½ half-life 
TBI total body irradiation 
Tmax time to maximum concentration 
Vdss distribution volume at steady state 
VOD veno-occlusive disease of the liver 
zVAD-fmk a general caspase inhibitor 
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INTRODUCTION 

Cytotoxic agents constitute an important part of cancer therapy and are 
essential in the treatment of hematological malignancies. Treatment schedules have 
often been developed empirically, based on �trial and error� experience, and dosages 
have been adjusted to the highest tolerable level with reasonable toxicity. 
Myelosuppression is the dose-limiting toxicity for the majority of cytostatic drugs, but 
high doses causing severe myelosuppression are sometimes needed for cure of 
more resistant cancer diseases (van der Wall et al. 1995). The lethal 
myelosuppressive effect of high dose chemotherapy may be overcome by rescue 
with autologous or allogeneic hematopoietic stem cells (Copelan et al. 1992, Ghalie 
et al. 1994). Stem cell transplantation (SCT) may also be used as a curative 
treatment for other primary or secondary defects in the hematopoietic system, such 
as aplastic anemia, thalassemia, osteopetrosis, lysosomal storage diseases, and 
immunodeficiencies (Vassal et al. 1993, Lucarelli et al. 1998, Poonkuzhali et al. 
1999, Bolinger et al. 2000). 

 

HISTORICAL BACKGROUND AND INDICATIONS FOR TREATMENT WITH BUSULPHAN 

Busulphan is a cytotoxic agent that was synthesized in the early 1950�s 
by G. M. Timmis. It was shown to be cytotoxic to myeloid cells in rat and in man 
(Haddow et al. 1953). In 1953, Galton reported a clinical trail on busulphan in chronic 
myeloid leukemia, in which therapeutic doses of busulphan inhibited the leukemic 
proliferation and induced regression of splenomegaly (Galton 1953). Based on these 
results, busulphan became the drug of choice for treatment of chronic phase CML for 
almost three decades. Only recently, it has been substituted with less toxic agents, 
such as interferon-alfa, hydroxyurea or the tyrosine kinase inhibitor STI571. 
Busulphan in low or �standard� dose was also used in the treatment of polycythemia 
rubra vera, essential thrombocythemia, and chronic granulomatous disease 
(Thompson 1974, Brodsky 1982, Van de Pette et al. 1986). 

The remarkable myelosuppressive properties of busulphan led to 
investigations on the use of busulphan as a preparative agent before bone marrow 
transplantation (Santos 1993, Santos 1995). In rat, busulphan was highly 
myeloablative, while having only a modest effect on lymphatic tissues (Santos et al. 
1974). Thus, the combination of busulphan with an immunosuppressive agent was a 
prerequisite for a successful allogeneic transplantation (Tutschka et al. 1975). Based 
on these animal experiments, Santos et al conducted a phase I/II trial of the 
combination of busulphan and cyclophosphamide (BuCY) as conditioning regimen 
before bone marrow transplantation in acute non-lymphocytic leukemia (Santos et al. 
1983). The BuCY regimen provided an effective alternative to cyclophosphamide and 
total body irradiation (CY/TBI) giving an equivalent rate of engraftment.  

The ideal preparative regimen for SCT should meet the following criteria: 
1.have marked antileukemic and myeloablative activity, 2.induce sufficient 
immunosuppression, and 3.not cause irreversible toxicity in non-target organs. None 
of the currently available conditioning regimens completely fulfills these criteria; 
however, the combination of BuCY shows several of these features (Santos 1993). 
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Currently, busulphan is mainly used as a part of the conditioning regimen 
prior to SCT for malignant and non-malignant diseases. Classical conditioning 
regimen contains busulphan in a dose of 16 mg/kg (divided in 4 × 1 mg/kg/day for 
four consecutive days) in combination with cyclophosphamide (60 mg/kg/day for 2 or 
50 mg/kg/day for 4 days) (Santos et al. 1983). Due to higher systemic clearance of 
busulphan in young children, a dose of 600 mg/m² (Vassal et al. 1992, Shaw et al. 
1994) or 640mg/m² (Yeager et al. 1992) is recommended as an equivalent to 16 
mg/kg in adults. The time schedule has been modified to one single daily dose, two 
or three doses per day in several centers (Filipovich et al. 1992, Shaw et al. 1994, 
Hassan et al. 1996, Pawlowska et al. 1997). Intensified conditioning regimens 
consisting of various combinations containing thiotepa, etoposide, melphalan or TBI 
in addition to BuCY are suggested for more chemotherapy-resistant diseases, such 
as multiple myeloma, advanced myeloid leukemia and metastatic breast cancer 
(Crilley et al. 1995, Demirer et al. 1996, Demirer et al. 1996, Schiffman et al. 1996, 
Meloni et al. 2000). 

 

ADVERSE EFFECTS OF BUSULPHAN 

Treatment with low dose busulphan is associated with a low incidence of 
acute side effects. Adverse effects, such as Addison-like pigmentation of the skin and 
mucosa, cataract and pulmonary fibrosis, �busulphan lung�, have been observed only 
after long-standing therapy (Bishop et al. 1986). Busulphan has also been found to 
be teratogenic, mutagenic and cancerogenic, which is the reason for why its use in 
treatment of chronic myeloproliferative disorders has decreased (Bishop et al. 1986). 

Regimen-related toxicity is a dose-limiting factor for the preparative 
regimen prior to SCT. Reports on the incidence of side effects differ considerably 
among studies (Shaw et al. 1986, Clift et al. 1994, Klingemann et al. 1994, Ljungman 
et al. 1997: Ringden, 1999 #155). This may reflect differences in preparative 
regimens, doses, or schedules of chemotherapy and/or TBI, age of the patients, 
underlying diagnosis, type of HLA-match, and source of stem cells (Table 1). 

Several treatment components or their interactions may be responsible 
for the various transplantation-related toxicities. However, side effects such as 
neurotoxicity and VOD are likely to be related to treatment with high dose busulphan. 
A higher incidence of seizures has been observed after increased doses of 
busulphan in young children (Vassal et al. 1990). Prophylactic use of anticonvulsive 
drugs has minimized this complication. Veno-occlusive disease (VOD) of the liver is a 
life-threatening complication and reported incidences vary from 5% to 40% (Shulman 
et al. 1992, Bearman 1995). VOD may improve spontaneously, but the mortality of 
severe VOD is about 20-50%. Mechanisms underlying VOD are not fully understood, 
but low constitutive levels of glutathione (the most important intracellular antioxidant) 
in centrilobular hepatocytes, together with further glutathione exhaustion by cytotoxic 
drugs or radiation may contribute to the development of VOD (Bearman 2000, 
Carreras 2000). The relation of VOD to the exposure of busulphan is discussed 
under pharmacodynamics. 
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Table 1: Adverse effects of busulphan 

Acute adverse effects of busulphan: 
• gastro-intestinal: mucositis, nausea, vomiting, diarrhea 
• hepatic: elevated bilirubin, veno-occlusive disease  
• neurological: general or localized seizures 
• pulmonary: interstitial pneumonitis 
• urogenital: hemorrhagic cystitis 

 
Late adverse effects of busulphan: 

• endocrinous impairment 
• gonadal impairment and infertility 
• growth impairment 
• cataract 
• alopecia, hyperpigmentation of skin and mucosa 

 
 

PHYSICOCHEMISTRY 

Busulphan [1,4-bis-(methanesulfonoxy)butane] is a bifunctional alkylating 
agent. It is lipophilic and poorly soluble in water. The chemical structure is 
represented in Fig 1.  

C H 3S OC H2C H2C H2C H2OSC H3

O

O

O

O  

Fig 1: Busulphan [1,4-bis-(methanesulfonoxy)butane] (Myleran ®) 

 

PHARMACOKINETICS 

Pharmacokinetics of busulphan in animals and man was studied already 
in the 1950�s, but until 1980�s, there was no assay for measuring of drug 
concentrations available. Pharmacokinetic parameters were investigated using 
busulphan labeled with radioactive compounds (35S, 14C or 3H) (Peng 1957, Nadkarni 
et al. 1959, Vodopick et al. 1963, Vodopick et al. 1969). These studies, however, 
could not differ between the parent compound and metabolites. When the analytic 
methods for plasma concentration of busulphan became available, pharmacokinetics 
of busulphan has been extensively studied. Busulphan pharmacokinetics is mostly 
described using a one-compartment model. A summary on reported pharmacokinetic 
parameters of busulphan is presented in Table 2. 
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 Absorption. Absorption kinetics was described to be of zero- or first-
order, but was irregular in some patients (Ehrsson et al. 1983, Grochow et al. 1989, 
Vassal et al. 1989, Grochow et al. 1990, Hassan et al. 1994, Pawlowska et al. 1997). 
Zero-order dissolution of busulphan in the gastrointestinal tract was suggested as an 
explanation for zero-order absorption (Ehrsson et al. 1983).  

Distribution. An administered drug (except drugs used for local 
application) has first to be distributed in the body and reach target organs before an 
effect may be attained. Drugs are usually distributed unselectively via blood and 
plasma to target and non-target organs. This may be a cause of unwanted side 
effects in non-target organs, as well as of treatment failure if the distribution to target 
organs is low. Thus, distribution is an important part of the characteristic of a drug. 

The distribution of radiolabeled busulphan was studied in rat and a high 
distribution to liver, lungs, brain and kidney was observed within 15 minutes after the 
administration (Trams et al. 1957). Distribution of 11C labeled busulphan was studied 
using a positron camera in cynomolgus monkey and in man (Hassan et al. 1992). 
The largest regional accumulation of radioactivity in the body was observed in liver, 
lungs, and brain. In man, 11C busulphan rapidly entered the brain and reached 
maximum within 5 minutes. Grey matter to white matter ratio was 1.6, which indicated 
a flow-dependent delivery of the drug. Twenty percent of the total administered dose 
penetrated into the brain. Distribution of busulphan into brain was studied with 14C 
labeled busulphan in rat. The ratio of concentration in plasma to concentration in 
brain was 0.74 at 24 hours. At the same time, the ratio of radioactivity in plasma and 
brain was 0.95. Elimination half-lives of busulphan and of the total radioactivity from 
brain did not differ from that of plasma (2.9 vs. 3.1 hours, and 9 vs. 8 hours, 
respectively) (Hassan et al. 1988).  

Busulphan was detected in cerebrospinal fluid (CSF) in man and the 
CSF/plasma ratio was 1.3 in adults  and 0.95 in children treated with doses of 16 
mg/kg (Hassan et al. 1989, Vassal et al. 1989). When the dose administered to 
children was increased to 600 mg/m², the CSF/plasma ratio increased to 1.39 
(Vassal et al. 1992). In an adult patient with Omaya shunt the concentrations of 
busulphan in CSF were comparable with those in plasma during conditioning 
regimen, and no accumulation was observed (Hassan et al. 1989). During high dose 
treatment, busulphan was detected in the saliva showing saliva to plasma ratio of 1.1 
± 0.1 (Hassan et al. 1989). Reversible protein binding was about 7.4% (range 2.7 � 
14.7%) in high-dose treated patients (Ehrsson et al. 1984, Hassan et al. 1989). 

Elimination. Elimination of busulphan is monoexponential (Ehrsson et al. 
1983, Grochow et al. 1989, Vassal et al. 1989, Grochow et al. 1990, Vassal et al. 
1992). The excretion of unchanged drug into urine was less than 2% within 24 hours 
and renal clearance was 1.1-7.1 ml/min in adults (Hassan et al. 1989). In children, 
about 5% of unchanged drug was found in urine over the four days treatment (Vassal 
et al. 1993).  

Metabolism. Metabolism is an irreversible chemical change of drug to 
compounds that are usually easier to eliminate from the body. Metabolism of 
busulphan has been studied with 14C labelled busulphan and metabolite γ-glutamyl-ß-
(S-tetrahydrothiophenium)alanyl-glycine (sulfonium ion of GSH) has been detected in 



 

 12

bile from perfused rat liver and in vivo after intravenous administration (Roberts et al. 
1959, Roberts et al. 1961, Hassan et al. 1987, Marchand et al. 1988). Several 
metabolites of busulphan have been detected in rat urine: 3-hydroxysulfolane, 
tetrahydrothiophene 1-oxide and sulfolane (Hassan et al. 1987). These metabolites 
have also been detected in the urine of patients treated with high-dose busulphan 
(Hassan et al. 1989). Tetrahydrothiophenium ion has been detected in plasma of 
patients treated with high dose busulphan (Gibbs et al. 1997). Glutathione 
transferases (GST) have been identified as the enzymes responsible for conjugation 
of busulphan with GSH. Ethacrynic acid (inhibitor of GST activity) was shown to 
inhibit the formation of sulfonium ion by in a perfused liver system (Hassan et al. 
1987). GSTA1-1 is the major isoform of GST catalyzing busulphan-GSH conjugation 
in human liver, while other isoforms, GSTM1-1 and GSTP1-1 are less active in this 
process (Czerwinski et al. 1996, Gibbs et al. 1996).  

 

Variability in pharmacokinetics of busulphan.  

A linear relation between the dose and area under the plasma 
concentration-time curve (AUC) has been reported by several investigators (Vassal 
et al. 1993, Shaw et al. 1994, Hassan et al. 1996, Schuler et al. 1998). However, a 
wide inter- and intra-patient variability in pharmacokinetics of busulphan has been 
observed. This variation has been found to be due to age, bioavailability, underlying 
diseases, drug-drug interaction and circadian rhythm, as discussed bellow. 

Absorption phase. Lag time (time from administration to start of 
absorption) varied between 0.05 and 2 hours  and absorption half-life varied between 
0.08 and 2 hours (Vassal et al. 1993, Hassan et al. 1996). The method of 
administration of busulphan (whole tablets vs. crushed tablets) was shown to affect 
the lag time in children, while pulverization of busulphan did not affect absorption 
time compared to tablets in another study (Shaw et al. 1994, Hassan et al. 1996). 
Simultaneous food intake decreased the systemic exposure to busulphan and 
increased Tmax (Schuler et al. 1994). Late Tmax was also found in some patients 
without any obvious cause (Schuler et al. 1994). 

Bioavailability. As long as busulphan was available only in oral 
formulation, bioavailability was an important factor affecting the systemic exposure to 
busulphan. Bioavailability mirrors the first-pass effect of the drug. The bioavailability 
of low dose of busulphan was 68 ± 31% in children and 80 ± 19% in adults (Hassan 
et al. 1994). The development of intravenous formulations of busulphan have 
facilitated studies of bioavailability of high dose busulphan, which has been shown to 
be about 69 ± 28% in adult patients (Schuler et al. 1998, Andersson et al. 2000). 

Busulphan disposition and age. The apparent clearance of busulphan 
and volume of distribution were higher in young children than in adults (Hassan et al. 
1991, Regazzi et al. 1993, Tran et al. 2000), but busulphan clearance declined over 
the first decade of the life (Slattery et al. 1995). High apparent oral clearance in 
young children was explained by up-regulation of GST activity in enterocytes of 
young children (Gibbs et al. 1999). However, a wide inter-patient variation in 
elimination half-life has been reported within the same age groups (Grochow et al. 
1989, Vassal et al. 1992, Regazzi et al. 1993, Hassan et al. 1996).  
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Underlying disease. Children with lysosomal storage disease showed 
longer elimination half-life (4.9 vs. 2.4 hours), a larger volume of distribution (3.4 vs. 
1.2 l/kg) and higher clearance (8.7 vs. 6.3 ml/min/kg) compared to children with other 
non-malignant and malignant diseases (Vassal et al. 1993). In another study, 
systemic exposure to busulphan expressed as AUC corrected for dose (mg/kg) was 
higher in children transplanted for leukemia compared to children transplanted for 
inherited disorders (5527 and 2768 ng.hr/ml) and the elimination half-life was longer 
(Hassan et al. 1996). 

Drug-drug interaction. Phenytoin decreased, and itraconazole, 
metoclopramide, and ketobemidone increased the systemic exposure to busulphan in 
patients undergoing SCT (Hassan et al. 1993, Schuler et al. 1994, Buggia et al. 
1996, Hassan et al. 2000). 

Chronopharmacokinetics. A circadian rhythm of AUC and trough levels 
was reported in adults  and in children (Hassan et al. 1991, Grochow 1993, Vassal et 
al. 1993). Urinary excretion of unchanged busulphan varied according to 
physiological urine output (Vassal et al. 1993). Intra-patient variation throughout the 
conditioning regimen was also observed, but these changes are not consistent. The 
decrease of steady state levels and AUCs of busulphan were observed between 
doses 3 vs. 16 and doses 1 vs. 13, respectively (Yeager et al. 1992, Hassan et al. 
1996). However, both studies used phenytoin as a prophylaxis of neurotoxicity, which 
may have influenced the results. In other studies, an increase of AUC between dose 
1 and 13 was observed (Schuler et al. 1994, Li et al. 1999).  

 

Thus, pharmacokinetic data show a wide inter-patient variability in 
exposure to a fixed dose of busulphan. There are two ways to attain an optimized 
exposure to busulphan. Firstly, drug concentrations may be assessed and the dose 
of busulphan adjusted according to the actual levels. Secondly, an intravenous 
administration of busulphan may decrease the variation in bioavailability and 
overcome the first-pass effect. However, before these strategies may be used, the 
target exposure and the thresholds for different adverse effects have to be defined. 

 

 

PHARMACODYNAMICS  

Pharmacodynamics of busulphan has been intensively studied with the 
aim to define the therapeutic window for myeloablative and antileukemic effects, and 
thresholds for major complications, such as VOD. Since SCT is a treatment 
comprising many components and several factors may interact, it is difficult to 
estimate the contribution of one single factor to the development of a particular 
complication.  

Exposure to busulphan has been shown to affect graft failure. In one 
study in adults, the authors investigated the relation between the Css and 
engraftment failure. Four of four patients with Css <200 ng/ml, 4/11 patients with Css 
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200-600 ng/ml and only 1/23 with Css >600 ng/ml rejected their grafts (Slattery et al. 
1995). Similar results in children were reported by the same authors (Bolinger et al. 
2000). These results are highly significant and in agreement with data published by 
other groups, when Css is estimated from Cl/F and related to patients� outcome, as 
reviewed by Slattery (Slattery et al. 1995). A similar effect was also observed in rat 
experiments by Tutchka. Maintaining the same dose of cyclophosphamide, an 
increase in the dose of busulphan was shown to improve the engraftment of 
incompatible allogeneic donor cells (Tutschka et al. 1977).  

A relation between the exposure and the antileukemic effect of 
busulphan was found in CML patients undergoing SCT. The cumulative incidence of 
relapse was significantly higher in patients with Css <917 ng/ml compared to patients 
with Css >917 ng/ml (Slattery et al. 1997).  

The high cerebral uptake of busulphan is an important factor in 
busulphan-induced neurotoxicity and a relation to increased systemic exposure has 
been reported as discussed above. VOD has been related to increased systemic 
exposure to busulphan. The estimated threshold for VOD expressed as AUC was 
above 1500µM/min (6150 ng.hr/ml) (Grochow 1993, Dix et al. 1996). Another study 
found a threshold for VOD at much lower systemic exposure (Css > 900 ng/ml 
corresponding to AUC of 5400 ng.hr/ml) (Slattery et al. 1995). 

 

THERAPEUTIC DRUG MONITORING AND DOSE ADJUSTMENT  

Therapeutic drug monitoring with dose adjustment is an approach to 
optimize and individualize chemotherapy. There are five major criteria for a drug to 
be suitable for pharmacokinetic optimization, and busulphan fulfils all of them 
(Masson et al. 1997, McCune et al. 2000). 1. An assay for assessment of plasma 
concentrations of busulphan in a precise and reproducible manner is available. 2. 
Busulphan has a narrow therapeutic window, and over- or under-dosing may have 
fatal outcomes. 3. Busulphan pharmacokinetics shows a great degree of inter- and 
intra-patient variability. 4. Adverse effects are delayed thus adjusting the dose 
according to observed toxicity is not relevant. Moreover, as conditioning regimen is 
given as a single course, dose adjustment on �course to course� basis is irrelevant. 5. 
The relationship between the systemic exposure and VOD has been shown in 
several studies and has been discussed in the section about pharmacodynamics. 
The target AUC has been suggested to be about 1300 µM/min (5300 ng.hr/ml) with 
limits of 900 � 1400 µM/min (3700 � 5700 ng.hr/ml) (Grochow 1993, Chattergoon et 
al. 1997).  

To make therapeutic drug monitoring more feasible, limited sampling 
models have been developed (Vassal et al. 1992, Schuler et al. 1994, Hassan et al. 
1996, Chattergoon et al. 1997). Classical sampling for pharmacokinetic estimations 
uses between 10 to 12 samples after each dose, while limited sampling models 
decrease the number of samples to three or four. Nevertheless, the estimated AUCs 
obtained by limited sampling are of reasonable accuracy. The need for major dose 
adjustments (-33 % to +45 %) in a large proportion of patients has been reported 
both for children and for adults (Grochow 1993, Chattergoon et al. 1997). 



 

 15

INTRAVENOUS FORMULATIONS OF BUSULPHAN 

An intravenous formulation of busulphan may circumvent an 
unpredictable intestinal absorption of busulphan and the hepatic first-pass effect. 
Several forms for intravenous administration have been reported recently. Two of 
them are based on dissolution of busulphan in organic solvents. In Busulfex®, 
busulphan is solved in a mixture of dimethylacetamide and polyethylene glycol 400 
(Bhagwatwar et al. 1996, Andersson et al. 2000, Andersson et al. 2000). In the other 
one, busulphan is first dissolved in DMSO and than in water (Ehninger et al. 1995, 
Schuler et al. 1998, Deeg et al. 1999). Another type of intravenous formulation of 
busulphan is using Spartaject technology of microparticles (Olavarria et al. 2000). 
These are formed by encapsulation of a drug in a mixture of phospholipids.  

 

Table 3: Pharmacokinetic parameters of intravenous formulation of busulphan 

Reference No of 
pts 

Age 
(years) 

Bu dose 
(mg/kg) 

t½  
(hours) 

Clearance 
(ml/min/kg 

AUC  
(ng.hr/ml) 

Schuler et 
al. 1998 11 23-54 0.5-0.6  1.8 ± 0.7 4913 ± 1414 

Andersson 
et al. 2000 10 19-58 0.08-0.8 4.1 ± 1.7 2.5 ± 0.78 4881 ± 928* 

Olavarria et 
al. 2000 12 21-55 1 2.63 ± 0.75  6045 ± 1950a 

Intravenous busulphan was administered as an infusion (0.5 � 2 hours). Data are expressed as a mean 
±SD. * AUC obtained after dose 0.8 mg/kg.  
 

LIPOSOMES 

Liposomes are microscopic vesicles formed by phospholipids and other 
amphipathic lipids. In an aqueous environment, these lipids arrange themselves to 
concentric bilayers around an aqueous compartment with a structure similar to that 
found in cell membranes. Liposomes may carry hydrophilic substances in the 
aqueous compartment, and lipophilic substances within the lipid bilayers. The 
encapsulated drug does not exert pharmacological activity until it is released into an 
extracellular or intracellular space. Size, composition, and charge of the liposomes 
affect their distribution and make the targeting of specific sites of the body possible. 
Small uncharged liposomes containing cholesterol have been shown to be stable, 
circulate for a longer time in blood, and have a higher distribution to bone marrow 
than other types of liposomes (Gregoriadis 1989, Ostro et al. 1989, Fielding 1991). 
Several drugs in liposomal formulation, such as amphotericin B, cis-platinum, 
methotrexate and doxorubicin have already been introduced in clinical use 
(Steerenberg et al. 1988, Hay 1994, Mayer et al. 1995). 

Liposomes are distinctively different from the microparticles of Spartaject 
system in their biological and pharmacokinetic behavior (Olavarria et al. 2000). 
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BUSULPHAN-INDUCED CYTOTOXICITY 

Busulphan is toxic to primary cells and cell lines of different origin as may 
be readily seen from the spectrum of adverse effects and studies on toxicity in vivo 
and in vitro. The most frequently investigated systems are hematopoietic cells and 
gonadal cells of testis. 

 

Studies on busulphan-induced cytotoxicity in vivo 

Animal studies 
Mouse and rat models have been extensively used for studies of the 

myelotoxicity of busulphan. Major reasons are that the CFU-S assay allows detection 
of early hematopoietic progenitors, and that transplantation is feasible. 

Early reports on the effect of busulphan on blood cells showed 
preferential sensitivity of granulocytic cells and almost no effect on erythrocytes or 
lymphocytes (Elson 1958). Studies on hematopoietic progenitors using the CFU-S 
and CFU-C assays showed a higher sensitivity of early progenitors compared to 
lineage committed cells. The effect was attributed to the G0/G1 phase of cell cycle of 
the sensitive cells  (Dunn 1974). The probably most conclusive investigation is that of 
Down et al. In this study, the potential of busulphan to ablate different subsets of 
hematopoietic progenitor cells was assessed with cobblestone area-forming cell 
(CAFC) assay (Down et al. 1993, Down et al. 1994). This assay provides estimates 
of survival of hematopoietic progenitors according to their maturation status. CAFC 
analyzed on day 5 corresponded to CFU-GM, CAFC from day 10 to CFU-S and 
CAFC between day 30 to 40 to primitive stem cells with long repopulating ability 
(equivalent of pre-CFU-S in mice). Busulphan depleted both early and late CAFCs. 
Authors corroborated their data with transplantation studies of busulphan treated 
animals. Early CAFCs were necessary for early engraftment of transiently 
repopulating cells from the transplant, while late CAFCs were essential for achieving 
sufficient and lasting donor engraftment. The levels of chimerism were 70-80 % in 
blood, bone marrow, spleen, and thymus at 36 weeks after transplantation (Down et 
al. 1993, Down et al. 1994). Reports on differences in sensitivity of myeloid and 
erythroid colony-forming unit cells, respectively, vary between studies (Josvasen et 
al. 1973, Standen et al. 1980, Reynolds et al. 1986). However, in some studies these 
differences seem to reflect differences in maturation stage of the studied cells rather 
than a true difference between lineages (CFU-E or BFU-E vs. CFU-GM). 

Morley and Blake developed a mice model of hypoplastic marrow failure 
based on repeated administration of non-myeloablative doses of busulphan with one 
or two week-intervals. Animals treated according to their protocols survived with 
normal or decreased cell count in peripheral blood. Persisting marrow impairment 
was always present months after the treatment and comprised either normocellular or 
hypocellular bone marrow with residual damage in clonogenic capacity. The severity 
depended on the total dose administered (Morley et al. 1974, Morley et al. 1974). 
Thus, as has been confirmed by several other authors, busulphan treatment induces 
residual damage of clonogenic potential of stem cells (Fitchen et al. 1980, McManus 
et al. 1984).  
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The ability of busulphan to cause damage of bone marrow 
microenvironment remains controversial. Impairment of stromal cells was found in 
long-term bone marrow cultures from busulphan treated mice (Hays et al. 1982), 
while other studies failed to confirm these results (Halka et al. 1987, Down et al. 
1993). Involvement of other structures of the bone microenvironment was found in 
histological sections of bones after treatment with busulphan. In this investigation, a 
transient decrease in short-term adherent cell colonies (STACC) was observed. After 
40 weeks, the STACC recovered up to 76%, while CFU-C remained less than 10% of 
control, over the study period. Morphological changes involving endosteum, bone, 
adipocytes and mast cells were observed (McManus et al. 1984).  

Even more obscure is the residual decrease in clonogenic capacity of 
cells of donor origin in syngeneic transplantation in mice, despite a successful donor 
marrow engraftment and maintenance of blood and marrow cellularity. However, it 
cannot be explained by a defect of stromal cells, since stromal cells from treated 
animals support normal growth of CAFC from controls in vitro (Down et al. 1993). 

 

Studies in CML patients after the treatment with busulphan  
There are few studies on the effect of busulphan on clonogenic capacity 

of stem cells in human. Two investigations assessed the effect of busulphan on 
circulating CFU-GM. One study showed decreased CFU-GM growth within days after 
a single high dose of busulphan (100 mg), while another found an increase in 
circulating CFU-GM after low dose treatment of CML, compared with untreated 
patients or age-matched controls (Morstyn et al. 1981, Lopez-Karpovitch et al. 1995). 
Long-term cultures of bone marrow cells from CML patients treated with low dose 
busulphan showed, compared to untreated CML and normal control cultures, a 
decrease in clonogenic capacity after 15 days (Santucci et al. 1991). No difference 
between cluster and colony formation in PB and BM was found comparing treated 
and untreated CML patients (Preisler et al. 1983). 

 

In vitro studies on busulphan-induced cytotoxicity 

In vitro studies in primary hematopoietic cells 
Human hematopoietic progenitors from bone marrow or peripheral blood 

from normal volunteers or patients with leukemia have been studied in vitro with 
regard to busulphan-induced toxicity (Table 4). These studies show that the decrease 
in colony formation is concentration- and time-dependent. A comparison of the data 
is difficult since incubation times differ between studies. One way to compare the 
results is to relate the cytotoxic effect to the exposure to busulphan. In an early study, 
Spiro et al calculated the exposure to busulphan as concentration × time of 
incubation. However, this study did not consider the degradation of busulphan (Spiro 
et al. 1981) thus overestimating the exposure.  

Similar to what was observed in vivo, it was shown also in vitro that early 
progenitors were more sensitive than more mature progenitors. Clusters showed a 
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higher resistance to busulphan than colonies (Preisler et al. 1983). The sensitivity of 
BFU-E was found to be higher compared to CFU-GM in cells from healthy volunteers 
and CML patients (Kubota et al. 1983). Growth factors were shown to sensitize 
normal bone marrow cells to the effects of busulphan (IL-3 > GM-CSF > G-CSF) 
(Tohda et al. 1990). In a study on childhood acute leukemia, blasts from patients with 
AML were more resistant than blasts from the ALL cases. Moreover, different 
subgroups of AML showed different sensitivities to busulphan (order of resistance: 
M4 > M1/M2 > M5) (Zwaan et al. 2000). 

 

Table 4: Summary of studies of busulphan-induced cytotoxicity in primary human 
hematopoietic cells in vitro  

Reference Cell 
source 

Concentration
(µg/ml) 

Time Results 

Spiro et al. 
1981  

NPB 
CML-PB 

 continuous* In CFU-C assay estimated 
LC90 for NPB (2.5 µg/ml) and 
CML (1.7 µg/ml) 

Preisler et 
al. 1983 

CML-BM 5, 10, 20 4 hours Concentration-dependent 
decrease in CFU-C, wide 
inter-patient difference in 
sensitivity 

Kubota et al. 
1983  

NBM 
NPB 
CML-BM 
CML-PB 

5, 10, 20 4 hours CFU-C more resistant than 
BFU-E; decrease in colonies 
concentration-dependent 

Hincks et al. 
1990 

NBM 
NPB 
CML-BM 
CML-PB 

1.2 to 246.3 2 to 18 
hours 

Inhibition of CFU-GM in 
concentration- and time-
dependent manner 

Tohda et al. 
1990  

NBM 
AML-PB 

0.02 to 0.04 continuous* Concentration-dependent 
decrease in blast-colony 
formation and CFU-GM 

Berger et al. 
1992  

NBM 0.01 to 100 continuous* Concentration-dependent 
inhibition of CFU-GM 

Sanyal et al. 
2000  

NPB  7 days LC50 (13.4 µg/ml) determined 
in MTT assay 

Zwaan et al. 
2000 

BM or PB 
from ALL 
and AML 

1.23 to 300 4 days LC50 determined for AML 
(37.8 µg/ml) and for ALL 
(28.2 µg/ml) in MTT assay 

 
BM = bone marrow; PB = peripheral blood; NBM = bone marrow from healthy volunteers; NPB 
peripheral blood from healthy volunteers; CML = chronic myeloid leukemia; ALL = acute lymphoblastic 
leukemia; AML = acute myeloid leukemia; LCx = lethal concentration (concentration killing x % of the 
cells); *Continuous exposure to busulphan means the presence of busulphan in semi-solid medium in 
CFU assay 
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Clonogenic capacity was assessed with CAFC assay in murine bone 
marrow cells exposed to busulphan in vitro. The pattern of different sensitivities of 
early and late CAFC and the level of suppression were similar to what was obtained 
after treatment with busulphan in vivo (Westerhof et al. 2000). The sensitivity of  
CFU-E was higher compared with CFU-GM, when expressed as LC50 (0.25 vs. 5.59 
µg/ml) (Sanyal et al. 2000) 

 

In vitro studies of cell lines 
As for primary cells, busulphan induces cytotoxicity in cell lines of 

hematopoietic and non-hematopoietic origin in a concentration- and time-dependent 
manner. Non-hematopoietic cell lines are in general more resistant than 
hematopoietic cell lines (Pacheco et al. 1990, Sanyal et al. 2000). However, it is 
difficult to compare those studies concerning busulphan-induced cytotoxicity since 
different methods, and different concentrations and times of incubation have been 
used for assessment of toxicity (Table 5).  

In one study, differentiation of HL-60 cells was induced with busulphan 
(Michaeli et al. 1993), but this study does not indicate the solvent in which busulphan 
was dissolved. DMSO is frequently used as a solvent and it may act as a 
differentiating agent by itself.  

 

Underlying mechanism of busulphan cytotoxicity 

Despite the fact that busulphan has been in clinical use for 50 years, 
relatively little is known about its actual target molecules in cells. Busulphan is 
considered an alkylating agent, i.e. it acts by insertion of alkyl groups into nucleic 
acids and proteins. However, it possesses several unique properties, which 
distinguishes it from other alkylating agents, such as nitrogen mustard. Reactivity of 
busulphan was found to be low, compared to other alkylating agents, and the fraction 
of radiolabeled drug bound to DNA or RNA was less than 2% (Brookes et al. 1961). 
When busulphan reacted with DNA in vitro, formation of adducts on position N7 of 
guanine was observed.(Tong et al. 1980). Several investigations of crosslinking were 
published with no conclusive results. Interstrand crosslinking was found in two 
studies (Bedford et al. 1982, Hartley et al. 1991), while other studies failed to confirm 
this observation (Epstein et al. 1986, Pacheco et al. 1989, Pacheco et al. 1990, Knox 
et al. 1991). Busulphan was found to form DNA-protein crosslinks (Pacheco et al. 
1989, Pacheco et al. 1990) or monoalkylates at guanine N-7 position (Ponti et al. 
1991). In a study on DNA-crosslinking between histones and DNA, busulphan did not 
produce DNA-histone or histone-histone crosslinks, but monoadducts on histones 
were detected (Hartley et al. 1986). In contrast with the low reactivity of busulphan 
was the observation of a high mutagenic efficiency of busulphan, indicating that 
busulphan causes DNA damage (Sanderson et al. 1991, Sanderson et al. 1996). 
Thus, the mechanism underlying the cytotoxic effect of busulphan is not conclusively 
clarified. 
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Busulphan affects cycling cells through arresting them in G2 phase of the 
cell cycle. Busulphan-induced G2 phase arrest was detected in a mouse mammary 
and two human bladder tumor cell lines (Pauwels et al. 1995). Transient arrest in G2 
phase was also detected in the chinese hamster V-79 cells, but normal cell cycling 
was restored within 3 days after the end of incubation (Millar et al. 1986). 

 

Table 5: Summary of in vitro experiments in cell lines 
Reference Time (hrs) LC50 

(µg/ml) 
Assay Results 

continuous 53.7 MTT MT-4 T-lymphocytic 
continuous 41 MTT H-9 T-cell lymphoma 
continuous 25.6 MTT U-937 histiocytic 
continuous 47.3 MTT PM-1 leukemic 
continuous 300.6 MTT MCF-7 breast 

adenocarcinoma 

Sanyal et al. 
2000  

continuous 75.6 MTT Hep-3B hepatocellular 
carcinoma 

2 hrs 130* CFU K562 leukemic 
2 hrs 25* CFU HL-60 leukemic 
2 hrs 74* CFU BE human colon 

carcinoma 

Pacheco et al. 
1990 

2 hrs 86* CFU HT-29 human colon 
carcinoma 

Epstein et al. 
1986 

1 hr 100 growth HL-60 leukemic 

Pacheco et al. 
1989 

2 hrs 74* CFU L1210 mouse leukemia  

Knox et al. 
1991 

2 hrs 13.1 
(LC90) 

CFU Walker 256 carcinoma 

Hartley et al. 
1986 

NA 7.5  Yoshida wild-type solid 
rodent sarcoma 

Sanderson et 
al. 1991 

1 hr 113.3 Cloning 
efficiency 

WIL2-NS B-cell 
lymphoblastoid 

Millar et al. 
1986 

1 hr 49.3 CFU V-79-753B Chinese 
hamster 

Bedford et al. 
1983 

1 hr 7.6 growth Yoshida lymphosarcoma  

0.5 hr 6.6 CFU Raji human Burkitt 
lymphoma 

Teicher et al. 
1986 

0.5 hr 15.5 colonies SCC-25 human squamous 
cell carcinoma (tongue) 

 
LCx = lethal concentration (concentration killing x % of the cells) 
* = LC50 estimated from published graph; NA = not available 
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CELL DEATH 
There are two types of cell death, apoptosis and necrosis, which differ 

from each other by morphological and biochemical hallmarks (Majno et al. 1995). 
Apoptosis is encoded in cell genome and the mechanism is conserved through 
species from worms to mammals (Vaux et al. 1999). The process shows, irrespective 
of the organism, several common steps. Apoptotic morphology is characterized by 
cell shrinkage, membrane blebbing, condensation of cytoplasm and DNA and 
formation of apoptotic bodies. Biochemical changes comprise activation of caspases, 
cleavage of substrates participating in cellular homeostasis or metabolism, and finally 
activation of endonucleases responsible for fragmentation of DNA (Johnson 2000). 

Apoptosis is a prerequisite for the homeostasis of a multicellular 
organism, and thus has to be in balance with cell proliferation and survival. 
Dysbalance in this regulation causes disease by deficient or excessive apoptosis 
(Kam et al. 2000). In multicellular organisms, apoptotic cells are dismissed through 
phagocytosis by neighboring cells without induction of an inflammatory reaction in the 
surrounding tissues.  

Necrosis is characterized by cellular swelling, early loss of membrane 
integrity, release of lysosomal content and disintegration of nuclear chromatin without 
the formation of DNA ladder (Majno et al. 1995). Necrosis is caused by overwhelming 
noxious stimuli to the cells, and, in case of a multicellular organism, is always 
accompanied by an inflammatory reaction of the surrounding tissues.  

The border between apoptosis and necrosis is not sharp. Type and 
strength of the stimulus together with the biological background (cell type, genotype 
and mutations in oncogenes regulating proliferation and cell death) and the actual 
status (phase of the cell cycle and differentiation stage) seem to regulate the type of 
cell death in many systems studied (Borner et al. 1999, Kitanaka et al. 1999, Kolenko 
et al. 1999, Blagosklonny 2000).  

Apoptosis in both primary cells and cell lines may be triggered by a wide 
variety of causes (Table 6).  

 

Table 6: Induction of apoptosis:  

• activation of death receptors: Fas receptor, TNF receptor 
• withdrawal of growth factors or hormones 
• stimulation of downstream components of apoptotic pathways: 

phosphatases, kinase inhibitors 
• differentiation agents: ATRA, DMSO 
• DNA damage: ionizing radiation, anti-cancer drugs 
• direct physical damage: radiation, alkylating agents 

 

Every eukaryotic cell contains many proteins that participate in the 
balance between anti-apoptotic and pro-apoptotic signals (Jarpe et al. 1998, Utz et 
al. 2000). These proteins are divided in families and subfamilies based on their 
structural similarities. Members of the same protein family, however, may have 
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opposite effects on the apoptotic process. This has been well studied in the Bcl-2 
family of proteins, which comprises anti-apoptotic proteins, such as Bcl-2, Bcl-XL and 
Mcl-1, and pro-apoptotic proteins, such as Bax, Bak, Bcl-XS, Bim, Bid and Bad 
(Tsujimoto et al. 2000). Moreover, an anti-apoptotic protein may be converted to pro-
apoptotic by cleavage or phosphorylation, e.g. Bcl-2 (Cheng et al. 1997, Fujita et al. 
1998, Grandgirard et al. 1998, Fadeel et al. 1999). Another possibility to switch form 
anti-apoptotic to pro-apoptotic settings in a cell is by up- or down-regulation of the 
pro- or anti-apoptotic proteins, respectively (Delia et al. 1992).  

The caspase family of proteins plays a central role in apoptosis 
(Nicholson 1999). A recent definition encompasses the activation of the caspase 
cascade as a hallmark of apoptotic cell death (Samali et al. 1999). Caspases are 
cysteine proteases that require aspartic acid in the cleavage site to exhibit their 
proteolytic activity. Caspases cleave a substantial number of structural and signaling 
proteins, thus activating or deactivating their function (Earnshaw et al. 1999). The 
anti-apoptotic effect of Bcl-2 is converted to pro-apoptotic through cleavage by 
caspases, as mentioned above. Actin, a microfilamental cytoskeleton protein, is an 
example of the structural protein that may be cleaved during apoptosis (Mashima et 
al. 1995, Chen et al. 1996, Kayalar et al. 1996). Endogenous or exogenous inhibitors 
of caspases may block progress of biochemical changes underlying apoptosis 
(Earnshaw et al. 1999). However, blocking of the apoptotic cascade may not restore 
the vital functions of the cell.  

A supra-threshold stimulus may activate one or several pathways that 
constitute a network of molecular events (Solary et al. 2000). Some of these events 
are unique for a single agent, while others are common for several different agents. 
Initiation of multiple pathways seems to be common in treatment with anticancer 
drugs and differentiating agents, as they often have several targets within the cell 
(Calabresse et al. 1995).  

Etoposide is a toposisomerase II inhibitor, which is used in the treatment 
of hematological malignancies. It is also well known inducer of apoptosis in several 
cell types (Fujita et al. 1998). All-trans retinoic acid (ATRA) is a potent differentiating 
agent that is used as the first choice in the treatment of acute promyelocytic 
leukemia. It also induces differentiation of cells of myeloid origin in vitro (Nagy et al. 
1998). 

There are plenty of models for investigation of apoptosis in vitro and 
many methods to assess different changes throughout the course of apoptosis. 
However, not all methods are suitable for all cell types and a selection of methods 
has to be done for each investigation. P39 is a myeloid cell line established from a 
patient suffering from acute leukemia following a myelodysplastic syndrome of the 
chronic myelomonocytic leukemia subtype (Nagai et al. 1984). P39 cells are easily 
induced to differentiation and/or apoptosis with different agents (Anzai et al. 1994). 
Apoptotic cells show typical morphological changes and form DNA ladder, which 
makes this cell line a suitable model for our purpose.  
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Busulphan-induced apoptosis 

Busulphan-induced cell death has been studied in several cell types in 
vivo and in vitro. Cells in crypts of small intestine of mice were shown to undergo 
apoptosis as a response to busulphan treatment in vivo (Ijiri et al. 1983). However, 
these cells were not stem cells, but cells that were already partly differentiated. On 
the other hand, no increase in apoptosis was detected in bone marrow smears or 
trephine biopsies from patients treated with busulphan for CML (Thiele et al. 1996, 
Thiele et al. 1997). A recent study showed that busulphan induced apoptosis in 
malignant pre-B cell or B cell lines in vitro. Apoptosis was decreased when B-cells 
were co-cultured with follicular dendritic cells. The mechanism by which follicular 
dendritic cells inhibited apoptosis remains unknown (Schwarz et al. 1999). 

 

The role of glutathione in busulphan-induced cytotoxicity 

Glutathione is a thiol-containing tripeptide and is found in all animal and 
plant cells. It acts as a scavenger in the antioxidant defense system. Another 
important function of GSH is detoxicification of xenobiotics and thus protection of 
cells against exogenous toxins (Tew 1994, Tew et al. 1996). Under physiological 
circumstances, the cellular level of GSH is stable and synthesis is in balance with 
degradation. GSH plays an important role in the metabolism of alkylating agents and 
alteration of the cellular level of GSH may affect the toxicity of these drugs. The 
cellular content of GSH may be modulated in vitro and in vivo by different treatments 
(Meister 1988). Some of these agents may be used clinically with the aim to improve 
the effect or decrease the side effects of alkylating agents. Precursors of GSH, such 
as methionine or N-acetylcysteine, increase the cellular content of GSH and may 
decrease the toxicity of alkylating agents. On the other hand, depletion of GSH 
increases the toxicity of alkylating agents in most cell systems studied. GSH may be 
depleted in vivo by treatment with buthionine sulfoximine, and in vitro by incubation in 
medium without sulphur amino acids, or by treatment with buthionine sulfoximine or 
ethacrynic acid.  

Busulphan is metabolized in the liver by conjugation with glutathione 
catalyzed by GST, as discussed in the paragraph about metabolism. The final 
products of this metabolic pathway are water soluble, harmless and easily excreted 
from the body via urine. Intermediate products have reactive potential, but there is no 
direct evidence that they participate in busulphan-induced toxicity. However, an 
increased toxicity of busulphan in animals pretreated with cysteine was observed in 
one study (Addison et al. 1971).  

There are only a few published reports on the role of GSH in busulphan 
cytotoxicity and the results are not conclusive. In xenografts of human glioblastoma 
multiforme, no differences in GSH and GST levels were found between sensitive and 
procarbazine-resistant (cross-resistant to busulphan) cell lines (Friedman et al. 
1997). However, another xenograft treated with busulphan resulted in busulphan-
resistant cells and these cells contained about 50% less of intracytoplasmic GSH 
than the parent cells (Hare et al. 1997). Depletion of GSH in sensitive cells did no 
decrease their sensitivity to busulphan. GSH and enzymes involved in the GSH 
metabolism were assessed in a pre-cataract lens model in rat (Cherian et al. 1991). 
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All enzymes, glutathione reductase, γ-glutamyl cysteine synthetase, γ-glutamyl 
transpeptidase, GST, and adenosine triphosphatase were increased in the pre-
cataract lens, but GSH was increased with only 8% compared to the control. 
Cataractous lenses, on the other hand, showed a decrease in all these parameters. 
Busulphan may thus increase the GSH turnover and potentate its own metabolism in 
rat lens. 

Murine hepatocytes were depleted by 50 % in GSH after treatment with 
busulphan in vivo and in vitro (DeLeve et al. 2000). Modulation of the cellular level of 
GSH altered busulphan cytotoxicity to hepatocytes, in that cells depleted of GSH 
were more sensitive and cells with increased GSH less sensitive to the effect. 
Moreover, GST inhibitors protected hepatocytes from busulphan toxicity in vitro. 

The effect of GSH modulation on busulphan-induced cytotoxicity has not 
been studied in hematopoietic cells. Hematopoietic stem cells do not express 
GSTA1, which might explain their sensitivity to busulphan. However, hematopoietic 
cells express other GST isoforms. GSTP1 predominates in most hematopoietic cells, 
while GSTT1 and low levels of GSTA1 are expressed in erythroid cells and GSTM1 
in lymphoid cells (Wang et al. 2000). GSTM and GSTP isoforms both show lower 
activity in the conjugation of busulphan with GSH compared to GSTA (Czerwinski et 
al. 1996). The relative activity compared to GSTA1 is 46% for GSTM1 and 18% for 
GSTP1. The activity of these GST isoforms has anyhow to be considered, since 
busulphan might induce GST expression in hematopoietic cells in similarity with what 
was found in the lens model. 

 

RESISTANCE TO BUSULPHAN 

Despite high dose chemotherapy and graft-versus-leukemia effect, 
malignant diseases may recur after SCT. Thus, increased antileukemic and antitumor 
effect of busulphan may further improve the outcome of transplanted patients. There 
are several mechanisms of resistance to alkylating agents (Table 7).  

 

Table 7: Mechanisms of resistance to alkylating agents 

• Low primary sensitivity of cells: type of the cell, expression of anti-apoptotic 
proteins 

• Decreased drug uptake 
• Drug efflux: MDR 
• Drug detoxification: GSH 
• Enhanced DNA repair 
• Biochemical changes in target molecules 

 

Some of these mechanisms are relevant for busulphan, but very few 
thorough investigations have been done (Hall et al. 1992). The wide difference in the 
exposure to busulphan needed for induction of a cytotoxic effect reflects different 
sensitivities of the cells. A decreased uptake of busulphan by resistant cells and a 
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different expression of mismatch repair proteins were found in resistant cells of 
xenografts of human glioblastoma multiforme (Friedman et al. 1997, Hare et al. 
1997). 

It is clear from the present level of knowledge that studies on basic 
mechanisms underlying busulphan-induced cytotoxicity are important. Such 
knowledge may help to find effective strategies to increase the effect and decrease 
adverse effects of busulphan in the conditioning regimen prior to stem cell 
transplantation.  
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AIMS OF THE THESIS 

The objectives of my thesis were to improve busulphan-based 
conditioning regimens before stem cell transplantation by developing a new 
formulation of busulphan for an intravenous administration, and to increase the 
understanding of the mechanisms underlying busulphan-induced cytotoxicity in 
hematopoietic cells.  

 

SPECIFIC AIMS OF THE STUDY 

Development and evaluation of an intravenous formulation of busulphan 
 
I + II  To develop an intravenous formulation of busulphan encapsulated in 

liposomes and to investigate its distribution and pharmacokinetics, as well as 
its myelosuppressive effect in animal models. 

III To investigate the pharmacokinetic parameters of liposomal busulphan in 
man, and the feasibility of using it in high dose in conditioning regimen before 
stem cell transplantation. 

 

Investigation of mechanisms underlying busulphan-induced cytotoxicity 
 
IV  To develop and evaluate a functional in vitro model of maturation and/or 

apoptosis in myeloid cells, and to select suitable methods for the following 
studies. 

V  To study in vitro pharmacodynamics of busulphan in the myeloid P39 cell 
line, and mechanisms behind busulphan-induced cell death.  

VI  To assess in vitro pharmacodynamics of busulphan in hematopoietic 
progenitor cells. To investigate the effects of modulation of glutathione on 
busulphan-induced cytotoxicity in hematopoietic progenitor cells in vitro, or in 
vivo in an animal model. 
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�OF MICE AND MAN� AND METHODS 

MAN 

Patients (Study III) 
The study followed the guidelines of the Research Board of Sweden and the Ethics 
Committee of Karolinska Institutet, and the Swedish Drug Agency approved the LBu 
for intravenous administration. Seventeen consecutive patients undergoing 
busulphan-based conditioning regimen for stem cell transplantation at Huddinge 
University Hospital were enrolled. Six adults and six children were given a low dose 
of LBu and five patients (four adults and one child) were given two high doses. 
Informed consent was obtained from the adult patients and from the parents of the 
children, and assent from the children 8 years or older. The patients� characteristics 
are described in paper III (Table 1 and Table 2). 

Volunteers (Study VI) 

The study design was approved by Local Ethics Committee of Huddinge 
Hospital at Karolinska Institutet. Ten healthy volunteers were found among the 
medical staff and students without age or sex selection. The health condition was 
examined by questioning and bone marrow was harvested from spina illiaca anterior 
superior in local anesthesia. 

 

ANIMALS  

Rat (Study I) 

Male Sprague-Dawley rats (200-230g) were purchased from B&K 
Universal Limited, Sollentuna, Sweden. Local animal ethical committee approved 
animals housing conditions and experiment design. Animals were fed with standard 
pelleted food and water ad libitum.  

Mice (Study II and VI) 

BALB/C mice were purchased from B&K Universal Limited, Sollentuna, 
Sweden. Male and female mice were 6 to 14 weeks old with a weight ranging from 16 
to 30g. Local animal ethical committee approved animals housing conditions and 
experiment design. Each experiment was performed using animals within the same 
age and weight group. Animals were fed with standard pelleted food and water ad 
libitum.  

 

PREPARATION OF LIPOSOMAL BUSULPHAN (STUDY I-III AND VI) 

Lipids (L-α-phosphatidylcholine, 1,2-dioleolyl-sn-glycero-3-phosphate 
and cholesterol) were dissolved in chloroform, and busulphan or 14C-busulphan 
(study I only) was added. The mixture of lipids and busulphan was dried by 
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evaporation to a thin film in a round vessel and traces of solvent were removed under 
a gentle stream of nitrogen. After hydration with glucose (50mg/ml, pH 4.0), 
multilamellar vesicles were formed by vortexing. The suspension was extruded five 
times under nitrogen pressure through two stacked polycarbonate filters with a pore 
size of 100 nm. Volumes within 50 ml of LBu were prepared using the extruder 
LiposoFast 50 (Avestin, Ottawa, Canada) and volumes larger than 50 ml were 
prepared using a holder with a 2 liter capacity barrel (Aka Filter, Göttingen, 
Germany). The LBu was prepared for each experiment and each patient under 
aseptic conditions, sterile filtered and then stored at +4 °C for no more than 24 hours 
pending use. 
 

BUSULPHAN DETERMINATION (STUDY I-III AND V) 

Busulphan concentrations in plasma and in medium were assessed 
using gas chromatography with electron capture detection. Busulphan and the 
internal standard (1,5-bis(methanesulfonoxypentane)) were converted to 1,4-
diiodobutane and 1,5-diiodopentane, respectively, and assayed (Hassan et al. 1983).  

 

PHARMACOKINETICS AND STATISTICS  

Pharmacokinetics in vivo. The concentration-time curves were adjusted 
to data sets via non-linear iterative least square regression analysis. The 
pharmacokinetic parameters were calculated using WINNONLIN (Pharsight 
Corporation, Mountain View, CA, USA).  

Pharmacokinetics in vitro. The half-life of busulphan in RPMI at 37 °C 
was determined to 16 hours and thus k=0.043. The concentration of busulphan at the 
end of incubation was calculated as C=C0.e-kt and AUC was calculated according to 
the trapezoidal rule. 

Statistics. GraphPad Instat (GraphPad Software Inc., San Diego, CA, 
USA) was used in statistical analysis. Differences between two groups were 
assessed using the Mann-Whitney U test, Kruskal-Wallis test or Wilcoxon paired t-
test, whenever appropriate. In in vitro studies, differences between two or more time 
points were assessed using the Student�s t-test and one-way Anova, whenever 
appropriate. 

 

METHODS USED IN EVALUATION OF LIPOSOMAL BUSULPHAN (STUDY I-III) 

Characteristics of LB 
The characteristics of the final liposomal preparation (after the fifth 

filtration) stored at 4 °C was studied over a period of 20 days. The distribution of size 
of liposomal vesicles was assessed using dynamic light scattering (Malvern 
Autosizer) and laser difraction (Malvern Mastersizer). Formation of free crystals of 
busulphan in LBu was assessed using electron microscopy. 
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Preparation of busulphan formulation other than LBu 
Busulphan for oral administration was either suspended in water 

(Bu/susp) or diluted in acetone as a stock solution and then was mixed with water 
before administration (Bu/Ac). Busulphan or 14C-busulphan (study I only) for 
intravenous administration was dissolved in DMSO: ethanol: propyleneglycol mixed 
in ratio 0.35:0.25: 0.40 (Bu/DMSO). The control group for study II consists of 
untreated animals and animals treated with preparations containing solvent without 
busulphan: i.e. liposomal solution (LC) or organic solvent solution (DMSO). 

 

Treatment schedules 

Treatment of rats. LBu and Bu/DMSO were administered in a single dose 
through the tail vein, under anesthesia with ether.  

Treatment of mice. LBu and Bu/DMSO were administered through the 
tail vein, and the oral forms were administered through a gastric tube. Two treatment 
schedules were used: single high dose, and a conditioning regimen-like schedule 
with busulphan administered twice a day for four consecutive days.  

Treatment of patients. Two dosing schedules were used in the trial. Low 
dose of LBu was 2, 4, 6 or 8 mg in a single dose, and the dose of each patient was 
selected randomly (except the youngest child). LBu was administered as a short 
intravenous infusion (20 minutes) one day before starting the conditioning regimen. 
High dose of LBu was included in the conditioning regimen consisting of sixteen 
doses of busulphan (1 mg/kg every 6 hours), followed by cyclophosphamide. LBu 
replaced the first and the last doses (1 and 16) of the regimen, while doses 2 to 15 
were given orally. LBu was increased from 0.4 mg/kg to 0.9 mg/kg and administered 
as an intravenous infusion for 1.5 hours. Drugs known to interact with Bu were not 
used during the Bu treatment. 

 

Sampling schedules 

Blood sampling of rats. Blood samples were collected at the time 
intervals of 10 and 30 minutes, and at 1, 2, 3, 4, 6, 8, 10, 12, 18 and 24 hours after 
the administration of busulphan. The blood was sampled by heart puncture under 
general anesthesia with pentobarbital. The blood was immediately centrifuged at 
2000g and plasma was frozen at - 20 oC until assay.  

Blood sampling of mice. Blood samples were collected at time intervals 
5, 10, 15 and 30 minutes and at 1, 2, 3, 4, 6, 8 and 10 hours after the administration 
of busulphan. The blood was sampled by heart puncture under general anesthesia 
with ether. The blood was immediately centrifuged at 2000g and plasma was frozen 
at - 20 oC until assay.  

Blood sampling of patients. Samples were collected from permanently 
placed central venous catheters. Two sampling schedules were used. In the low dose 
group, blood samples were collected before infusion, 5 and 15 minutes after starting 
the infusion, at the end of the infusion, and at 2.5, 5, 15 and 30 minutes and 1, 2, 3, 
4, 6, 8 and 12 hours after the infusion. In the high dose group, blood samples were 
collected before infusion, 15, 30 and 45 minutes after starting the infusion, at 2.5, 5, 
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15 and 30 minutes and 1, 2, 3, 4 and 6 hours after stopping the infusion. The blood 
was centrifuged at 2000g, the plasma was separated and frozen at -20 oC until 
analysis. 

Clonogeneic assay  
Mice were sacrificed under general anesthesia with ether and both 

femurs were removed. Bone marrow was flushed out under sterile conditions. After 
lysing red cells with ammonium chloride solution, nucleated cells were washed twice 
in PBS and cell number and viability were determined by trypan blue exclusion. 
Nucleated cells (1x105 ) were plated in MethoCult M3530 in 35 mm Petri dishes in 
triplicates and incubated at 37 oC in a humidified 5% CO2 atmosphere. Colonies 
more than 50 cells were counted on the day seven using an inverted microscope. 

Distribution of 14C busulphan in rat organs  
Rats were sacrificed under general anesthesia with pentobarbital. Lungs, 

heart, liver, spleen, kidney, testis and brain were removed and washed of blood. 
Bone marrow was flushed from femurs and its weight was estimated as a difference 
in weight of femurs before and after flushing. About 400 mg of each organ was 
homogenized and solubilized (Soluene-350/isopropanol 1:1). Samples were 
decolorized with hydrogen peroxide and scintilation was determined in Hionic Fluor 
with beta-counter (WALLAC, EG&G Comp, Turku, Finland).  

 

METHODS USED IN STUDIES OF MECHANISM OF BUSULPHAN (STUDY IV-VI) 

CD34+ cells separation 
Mononuclear cells were separated by density gradient centrifugation on 

sodium diatrizoate (Lymphoprep). CD34+ cells were separated by positive selection 
using CD34+ Separation Kit (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). 
After separation, CD34+ cells were incubated in medium RPMI 1640 supplemented 
with 10% heat inactivated fetal bovine serum at 37°C in a humidified 5% CO2 
atmosphere. 

Cell line cultures 
The P39 cell line was kindly provided by Prof. Y. Yoshida, Center for 

South East Asian Studies, Kyoto University, Kyoto, Japan. Cells were grown in RPMI 
1640 medium supplemented with 10% heat inactivated fetal bovine serum (FBS), 
penicillin (25 IU/mL ) and streptomycin (25 µg/mL ) at 37°C in a humidified 5% CO2 
atmosphere. All experiments were run with exponentially growing cells in medium 
supplemented with 10% FBS without antibiotics.  

All-trans retinoic acid and etoposide cultures in vitro 
Cells were incubated with ATRA (0.1, 1 or 10 µM) for 96 or 120 hours 

and with etoposide (1 or 6 µg/ml) for 48 hours. G-CSF concentrations of 50 or 100 
ng/ml were added to the cultures simultaneously with ATRA and etoposide. 
Concentrations of CD95 antibodies were 1 µg/ml of CH-11 and 1 µg/ml of ZB4 and 
concentration of the general caspase-inhibitor zVAD-fmk was 10 µM. 
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Busulphan cultures in vitro 
Busulphan for in vitro experiments was diluted in sterile DMSO and 

before the addition to cell suspension it was further diluted in medium. CD34+ cells 
were incubated in busulphan at final concentrations of 1 to 60 µg/ml for 2, 4 or 8 
hours for pharmacodynamic experiments and 4.5 or 10 µg/ml for 4 hours for GSH-
modulation experiments. P39 cells were incubated with busulphan at final 
concentrations of 10 to 100 µg/ml for 2, 4 or 8 hours. After incubation, P39 cells were 
washed and re-cultured in busulphan-free medium until 72 hours. 

Modulation of apoptosis and GSH cellular content 
Modulators of apoptosis or GSH cellular content were used as follows: 

G-CSF 100 ng/ml, ZVAD-fmk 50 µM, N-acetyl-L-cysteine 1 mM or L-butionine-[S,R]-
sulfoximine 50 µM. The final concentration of DMSO was 0.05% for CD34+ cells and 
equal or less than 0.5% for P39 cells. 

Treatment of mice 
Animals were treated once daily for four consecutive days with single 

drug or in combinations. Treatment combinations sustained from N-acetyl-L-cysteine 
orally or L-butionine-[S,R]-sulfoximine intraperitoneally followed by liposomal 
busulphan intraperitoneally.  

Clonogeneic assay 
CD34+ cells. Two thousands CD34+ cells were washed in medium and 

plated in MethoCult� GF H4434 in 35 mm Petri dishes in triplicates. Colonies (CFU-
GM ≥ 20 cells; erythroid colony ≥ 2 clusters, each containing minimum of 8 cells) 
were scored on day 14 using an inverted microscope. 

Mice. Mice were sacrificed under general anesthesia and both femurs 
were removed. Bone marrow was flushed out under sterile conditions. Nucleated 
cells (0.5x105 ) were plated in MethoCult� GF M3534 in 35 mm Petri dishes in 
triplicates. Colonies containing 50 or more cells were counted on the day 7 using an 
inverted microscope. 

P39 cell line. Five hundred cells were plated in 0.9% methylcellulose in 
35 mm Petri dishes in triplicates. Colonies ≥ 50 cells were counted on day 7 using an 
inverted microscope. 

Cell number and viability 
Cell numbers were determined in Turk solution (3% glacial acetic acid 

and 0.01% aqueous gentian violet) and viability was determined with trypan blue 
exclusion.  

Proliferation  
Aliquots of 0.2 ml of P39 cell suspension were incubated in triplicates on 

96-well microplates with 1 µCi (20 µl of 50 µCi/ml) 3H-labelled thymidine for 4 hours 
at 37 °C. Incubation was initiated before incubation with busulphan, after incubation 
with busulphan and after 24, 48 and 72 hours in busulphan-free cultures. The cells 
were harvested on filter with a Cell Harvester (Skatron Instruments Ltd, Suffolk, UK). 
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The activity was measured in scintillation fluid (OptiScint Hisafe) using a liquid 
scintillation counter (WALLAC, EG&G Comp, Turku, Finland).  

Differentiation 
Myeloid differentiation was determined using nitroblue-tetrazolium test. 

Cytospins preparations were air dried, fixed in methanol and counter-stained with 
May-Grünwald-Giemsa. The percentage of cells containing dark blue formazan 
deposits was counted in a total of 400 cells. 

Assays for apoptosis 
Apoptotic cells were assessed in May-Grünwald-Giemsa staining on 

cytospined slides. Cells with morphological features such as fragmented nuclei and 
condensed chromatin were defined as apoptotic and apoptosis was expressed as a 
percentage of a minimum of 400 counted cells per slide. DNA fragmentation assay 
was used to confirm the apoptotic origin of these morphological changes. 

Analysis of surface markers and cell cycle with flow cytometry (FACS) 
Fresh P39 cells were stained for CD95 (Fas) surface antigen. Cell cycle 

analysis of P39 cells fixed in ethanol was performed using hypotonic PI solution 
containing DNase-free RNase. Cell cycle was analysed using the �halving-peak� 
method. The acquirement and the analysis were preformed on a FACScan flow 
cytometer using CELL Quest software (Becton-Dickinson, San Jose, CA, USA).  

Protein quantification 
Total cellular protein was quantified with a colorimetric assay (Bio-Rad 

protein assay) based on Bradford dye-binding or with colorimetric method according 
Lowry (Lowry et al. 1951).  

SDS-PAGE and Western blotting 
Cell lysate in Laemmli buffer was electrophoresed by SDS-PAGE and 

then transferred to a PVDF membrane. The membrane was blocked in 5% non-fatty 
dry milk and than incubated with antibodies against Bcl-2 (1:100, DAKO, Glostrup, 
Denmark), actin (1:1000 Sigma, St. Louis, MO, USA), PARP (1:100, Oncogene 
Research Products, Boston, MA, USA) or caspase-3 (1:1000, PharMingen 
International, San Diego, CA, USA). After washing, the membrane was incubated 
with a peroxidase-conjugated secondary antibody (1:2500 Amersham Pharmacia 
Biotech AB, Uppsala Sweden). The enhanced chemiluminiscence (ECL+Plus, 
Amersham Pharmacia Biotech AB, Uppsala Sweden) was used for visualization. 

GSH quantification 
Intracellular concentrations of glutathione was determined using the 

enzymatic assay according to Tietze (Tietze 1969). 
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RESULTS 

DEVELOPMENT AND EVALUATION OF A LIPOSOMAL BUSULPHAN 

Development and evaluation of liposomal busulphan in animal models (Study I 
and II)  

An intravenous formulation of busulphan was developed using a 
technique of encapsulation of busulphan into liposomes. The optimal composition of 
mixture of lipids, busulphan and solvent, and several factors influencing its stability 
were studied. The incorporation of busulphan into liposomes was dependent on the 
solvent used and was more efficient in 0.9% NaCl solution compared with 5% 
glucose. The start concentrations of Bu inversely affected incorporation of Bu into 
liposomes in both solvents (Fig 2). The major lose of busulphan concentration was 
observed after the first filtration, however, no further decrease in concentration was 
observed from filtration two to five. 
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Fig 2: The effect of solvent, starting concentration of busulphan and number of 
filtrations on busulphan concentration in liposomal busulphan formulation. 

 

Stability of LBu was assessed in terms of half-life of Bu, aggregation of 
liposomes and formation of free crystals of busulphan. Size of liposomal vesicles was 
assessed after the fifth filtration and expressed as the diameter of vesicles. The 
results are presented in Table 8. 
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Table 8: Characteristics of liposomal busulphan  

 0.9% NaCl 5% Glucose 
Incorporation of Bu into liposomes with 
starting concentration of Bu 1 mg/ml (mg/ml) 0.83 ± 0.08 0.31 ± 0.03 

Half-life of Bu in liposomal formulation 
at 4 °C (days) 8.7 ± 2.7 

Stability of liposomes  
at 4 °C (days)  5 20 

Formation of free crystals of Bu (days) x 20 
Diameter of liposomes (nm)  220 ± 14 
Results are presented as a mean ± SD of 10 separately prepared LBu 

 

The following parameters for preparation of LBu were selected: 5% 
glucose as a solvent, the starting concentration of Bu 0.5 mg/ml and five filtrations. 
The study progressed to an investigation of LBu for intravenous administration using 
animal models.  

Pharmacokinetics and distribution of liposomal busulphan were studied 
in rat using 14C labeled busulphan and compared with Bu/DMSO. Plasma 
concentrations of busulphan were fitted to the classical one- or two-compartment 
models. LBu was eliminated from plasma according to biexponential decay, while 
Bu/DMSO was eliminated according to a monoexponential model. Bu 
pharmacokinetics were linear within the range of dose studied (0.5 � 3.5 mg/kg) for 
both LBu and Bu/DMSO. Pharmacokinetic parameters obtained after the Bu dose of 
3.5 mg/kg are presented in Table 9. 

 

Table 9: Pharmacokinetic parameters in rat  

Parameter Cmax 
(µg/ml) 

t½ 
(hr) 

Vdss 
(l/kg) 

Cl 
(ml/min) 

Auc 
(µg.hr/ml) 

Bu/DMSO      
       Blood 2151 ± 729 1.75 ± 0.37 0.68 ± 0.06 0.072 ± 0.004 11.82 ± 2.22
       BM  1.53 ±0.01  0.066 ± 0.01 9.85 ± 0.67 
LBu      
       Blood 1817 ± 557 2.52 ± 0.09 1.39 ± 0.22 0.099 ± 0.02 9.93 ± 0.15 
       BM  3.08 ± 1.06  0.055 ± 0.03 15.82 ± 2.25
Data are presented as a mean ± SD from three separate experiments 

 

The bioavailability of LBu was 0.85 compared to Bu/DMSO. However, 
the exposure of bone marrow to LBu was 1.6 fold higher (p<0.05) compared to 
Bu/DMSO, when exposure was expressed as AUC in bone marrow. Higher exposure 
of bone marrow to LBu compared to Bu/DMSO was also achieved when exposure 
was expressed as a ratio between AUCBM / AUCblood (1.59 and 0.83, respectively). 
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The distribution volume of LBu was higher (p<0.01) and the elimination half-life of 
LBu in blood was longer (p<0.05) compared to Bu/DMSO. No difference in clearance 
was found when LBu was compared to Bu/DMSO. 

Distribution of Bu/DMSO and liposomal busulphan to organs was 
assessed as the area under the radioactivity-time curve (ARC) from 0 to 18 hours 
after the treatment adjusted for 1 g of wet tissue (Fig 3).  
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Fig 3: Distribution of the total radioactivity in rat organs. Data are presented as a 
mean ± SD of three separate experiments. 

 

A significant accumulation (p<0.01) of radioactivity in bone marrow and 
spleen was observed compared to Bu/DMSO. A significant decrease (p<0.05) in the 
distribution of LBu and/or its metabolites to heart, lungs, brain, and blood compared 
to Bu/DMSO was found. The distribution of the radioactivity after the administration of 
LBu to brain was 58% of that of Bu/DMSO (p<0.01). No significant differences in the 
distribution of radioactivity into liver, kidney, and testis were observed. 

Pharmacokinetics and myelosuppressive effect were investigated in 
mice. Pharmacokinetics was fitted to the one compartment open model with first 
order absorption. Pharmacokinetic parameters are listed in Table 10.  

The bioavailability of LBu was 0.86 (range 0.84 to 0.88) and biovailability 
of oral preparations was 0.74 (range 0.67 to 0.86) for Bu/Ac and 0.40 (range 0.38 to 
0.47) for Bu/susp compared to Bu/DMSO. 
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Table 10: Pharmacokinetic parameters in mice 

Parameter Cmax 
(µg/ml) 

t½ 
(hr) 

Vss 
(l/kg) 

Cl 
(ml/min) 

AUC 
(µg.hr/ml) 

Bu/DMSO 26.6 ± 3.4 1.60 ± 0.30 0.012 ± 0.001 0.0054 ± 0.0009 55.94 ± 1.72 
LBu 13.0 ± 2.7 1.30 ± 0.21 0.021 ± 0.006 0.0117 ± 0.004 48.01 ± 1.47 
Bu/Ac 15.6 ± 3.4 2.36± 0.74 0.0226 ± 0.006  42.27 ± 5.20 
Bu/susp 10.2 ± 0.9 1.35 ± 0.18 0.0262 ± 0.001  23.24 ± 2.63 
Data are presented as a mean ± SD from three experiments; AUC is corrected for dose of 16 mg/kg 

 

Myelosuppressive effect after the conditioning-like regimen with LBu, or 
with two oral formulations of Bu was studied over a period of 9 days after the last 
dose of Bu (Fig 4).  
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Fig 4: Kinetics of myelosuppressive effect of LBu and orally administered busulphan 
after conditioning regimen. Data are presented as a mean ± SD of three experiments. 

 

LBu and Bu/Ac showed similar effect. The clonogenic capacity of bone 
marrow was decreased significantly (p<0.05) at day 1 to 40-50 % compared with 
untreated animals. This decrease was stable and continued trough day nine. 
Myelosuppression induced with Bu/susp was about 65 % of clonogenic capacity of 
untreated animals. A significant difference (p<0.001) was found when all treatment 
groups were compared from day 1 to day 9. LBu and Bu/Ac had a significantly higher 
effect on bone marrow compared to Bu/susp, while no difference was observed 
comparing LBu with Bu/Ac. Neither a decrease in colony-formation capacity of bone 
marrow, nor any adverse effects were observed after the administration of blank 
liposomes to the mice. 
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Pharmacokinetics of LBu in man (Study III) 

Twelve patients undergoing SCT were given low dose of liposomal 
busulphan one day before they start their conditioning regimen. Another five patients 
received two high doses of liposomal busulphan replacing the first and the last dose 
of the conditioning regimen. The data fitted a two-compartment model. 
Pharmacokinetic parameters are presented in Table 11.  

 

Table 11: Pharmacokinetic parameters in man 

Patient group  t½ 
(hr) 

Cl 
(ml/min/kg) 

Vss 
(l/kg) 

AUCcorr 
(ng.hr/ml) 

Mean 2.53 3.12 0.61 5491 Low dose 
Children SD 0.72 0.59 0.13 912 

Mean 2.73 2.86 0.58 5955 Low dose 
Adults SD 0.66 0.30 0.21 627 

Mean 2.90 2.81 0.58 6167 High dose 
Dose 1 SD 0.54 0.61 0.14 1385 

Mean 2.84 2.45 0.52 6933 High dose 
Dose 16 SD 0.79 0.24 0.17 656 

 

A linear relation was found between the dose and area under the 
plasma-concentration-time curve. No correlation was found between patients� age 
and the apparent volume of distribution. A single episode of mild reaction (flushing of 
the face, ears, neck and upper chest) was observed during the first high dose of LBu 
in patient Nr 3. Symptoms did not occur when the second high-dose of LBu was 
administered and no other sign of toxicity related to liposomal formulation by itself 
was observed.  

 

 

STUDIES ON THE MECHANISM OF BUSULPHAN INDUCED CYTOTOXICITY 

Differentiation and apoptosis in a myeloid cell line (Study IV) 

Maturation and apoptosis were induced by ATRA and etoposide in the 
myeloid P39 cell line. ATRA induced maturation and apoptosis over a period of days 
(Fig 5), while etoposide induced apoptosis over a period of hours without preceding 
maturation.  

Apoptosis induced with both agents was mediated through caspase 
activation, but showed different pattern of intracellular events. Actin was cleaved in 
ATRA-induced apoptosis while Bcl-2 remained intact. The opposite pattern was 
found in etoposide-induced apoptosis, in which Bcl-2 was cleaved and actin 
remained intact. Both, a general caspase inhibitor zVAD-fmk and G-CSF partially 
blocked ATRA-induced apoptotic morphology in P39 cells and a mild additive effect 
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of both agents was observed in simultaneous cultures. However, neither zVAD-fmk 
nor G-CSF blocked cleavage of actin induced with ATRA. The agonistic or 
antagonistic Fas antibodies did not affect either ATRA- or etoposide-induced 
apoptosis. Suitable methods for in vitro investigations of differentiation and/or 
apoptosis were selected for the following study. 
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Fig 5: Differentiation and/or apoptosis induced with ATRA and etoposide in P39 cell 
line. Data are presented as a mean ± SD of three to seven separate experiments. 

 

Pharmacodynamics of busulphan in vitro (Study V and VI) 

The P39 myeloid cell line 
The effect of busulphan on proliferation, clonogenic capacity and 

apoptosis was studied in the myeloid P39 cell line (Fig 6). Proliferation was AUC-
dependent and decreased with increasing AUC. The effect was more expressed 
when the cells were re-cultured in busulphan-free medium for 72 hours. Colony-
forming capacity of P39 cells was also AUC-dependent and the most pronounced 
effect was observed immediately after incubation with busulphan. Cells incubated in 
busulphan of AUC less than 150 µg.hr/ml and re-cultured in busulphan-free medium 
fully or partially recovered.  

Apoptosis induced with busulphan was concentration- and time-
dependent, but apoptotic morphology developed within days in busulphan-free 
cultures. A linear relation between AUC and fraction of apoptotic cells was observed 
at 48 and 72 hours after the incubation with busulphan. Cells were arrested in G2 
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phase of cell cycle before appearance of apoptotic morphology. In lower 
concentrations and shorter time of incubation, cells were able to recover their normal 
distribution of cell cycle. Apoptosis was mediated through caspase activation as 
detected by the active subunit p17 of caspase 3. Bcl-2 and PARP were cleaved while 
no actin cleavage was observed. 

The general caspase inhibitor zVAD-fmk decreased apoptotic 
morphology by about 50 %, however, no corresponding improve in thymidine 
incorporation was observed. G-CSF could not rescue the cells from toxicity as 
detected either with proliferation assay or apoptotic morphology. 
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Fig 6: Surviving fraction of P39 cells treated with busulphan and incubated in 
busulphan-free cultures for 48 hours. Data are presented as a mean ± SD of three 
separate experiments. 

 

Normal bone marrow 
Busulphan inhibition of colony-formation of CD34+ cells from healthy 

volunteers was AUC-dependent and linear for both CFU-GM and erythroid colonies 
(Fig 7). 

The sensitivity of CFU-GM was twice as high as the sensitivity of 
erythroid colonies, when results are expressed as AUC inhibiting colony formation by 
50% (10.61 ± 2.89 and 26.29 ± 5.29 µg.hr/ml, respectively) or AUC inhibiting colony 
formation by 100% (68.66 ± 7.48 and 140.26 ± 35.65 µg.hr/ml, respectively). 
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Fig 7: Clonogenic capacity of CD34+ progenitors from 5 healthy volunteers related to 
AUC. Compact line represents linear regression on all CFU-GM and dot line 
represent linear regression on erythroid colonies. 

 

The role of GSH in busulphan-induced cytotoxicity in hematopoietic cells 
(Study VI) 

The effect of modulation of the intracellular level of GSH on busulphan-
induced cytotoxicity was studied in three parallel systems, normal human bone 
marrow and a human leukemic cell line in vitro, and in a mice model in vivo.  

Preincubation of CD34+ hematopoietic progenitors with NAC did not 
affect busulphan-induced inhibition of colony formation of CFU-GM or erythroid 
colonies. Neither did preincubation of CD34+ cells with BSO change busulphan-
induced inhibition of clonogenic growth (Fig 8a and 8b). NAC or BSO alone did not 
influence the colony formation of CFU-GM or erythroid colonies in CD34+ cells. 

Similarly, NAC did not influence the effect of busulphan on clonogeneic 
capacity in the myeloid P39 cells line. BSO increased the toxicity of busulphan when 
cells were studied immediately after the incubation with drugs, while no increased 
toxicity was observed after 48 hours in drug-free cultures. Moreover, BSO alone 
decreased the clonogenic capacity of P39 cells by 50% immediately at the end of 
incubation, but the cells fully recovered after 24 hours in BSO-free media. Modulation 
of GSH did not influence the proliferation of busulphan treated cells, assessed with 
3H-thymidine incorporation. Pretreatment of P39 cells with NAC or BSO did not 
change levels of apoptosis induced by busulphan. 
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Fig 8a: The effect of NAC and BSO on busulphan-induced cytotoxicity in CD34+ 
hematopoietic progenitors. Concentration of busulphan is in µg/ml. Bars represent 
mean ± SD of 5 healthy volunteers.  
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Fig 8b: The effect of NAC and BSO on busulfanbusulphan-induced cytotoxicity in 
CD34+ hematopoietic progenitors. Concentration of busulfanbusulphan is in µg/ml. 
Bars represent mean ± SD of 5 healthy volunteers.  
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Busulphan induced stable myelosuppression on days 3 through day 9 in 
the mice model in vivo assessed with CFU-GM colony-formation assay. Combination 
of NAC with busulphan did not significantly influence the myelosuppressive effect of 
busulphan. Treatment of mice with BSO and busulphan did not change the level of 
myelosuppression compared to animals treated with busulphan only. However, BSO 
alone caused significant myelosuppression on day 9 compared to the control group, 
while NAC alone did not influence the CFU-GM formation compared to control 
animals (Fig 9).  
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Fig 9: Effect of pretreatment with NAC or BSO on busulphan-induced 
myelosuppression in mice. Data are presented as a mean ± SD of three separate 
experiment sets. 
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DISCUSSION 

The studies on the novel intravenous formulation of busulphan were 
stimulated by our previous investigation on the bioavailability of busulphan (Hassan 
et al. 1994). The considerable inter-patient variation, particularly in young children, 
constitutes a distinct clinical problem. A formulation of busulphan for intravenous 
administration might decrease the variation in systemic exposure, thus making 
treatment more safe and predictable. It would also overcome the first-pass effect, 
which would decrease the toxic load to the liver.  

Busulphan is poorly soluble in water. An intravenous formulation may be 
based on either organic solvents or on lipid-transporter systems, such as liposomes 
or lipid microparticles. Organic solvents have their own toxicities and may increase 
the risk for adverse effects of the conditioning regimen (Yellowlees et al. 1980, 
Kennedy et al. 1986, Kinney et al. 1993). Lipid-transporter systems are prepared 
from lipids closely related to those naturally occurring in the body (Ostro et al. 1989). 
Moreover, a liposomal vehicle offers the possibility of selective targeting based on 
size, composition, and surface charge of the liposomes (Gregoriadis 1989). This 
theoretical background motivated the design of liposomal busulphan based on small, 
uncharged liposomes containing cholesterol. 

In a rat model, the distribution of LBu was assessed with 14C labeled 
busulphan. A higher distribution of LBu to bone marrow and spleen, and a lower 
distribution of LBu to brain, lungs, heart and blood compared to Bu/DMSO was 
observed. No differences in the distribution to liver, kidney and testis were found 
between LBu and Bu/DMSO. Since acute neurotoxicity has been related to the 
exposure to busulphan, the decreased distribution of LBu to brain is of great 
importance. Free busulphan easily crosses over the blood brain barrier and the 
concentrations in cerebrospinal liquor are comparable with those in plasma. Although 
seizures may be prevented with anticonvulsant therapy, a reduced exposure, 
especially in children, of the brain to any toxic agent is always preferable with regard 
to eventual late adverse effects. Higher exposure of bone marrow to LBu compared 
with Bu/DMSO was detected with two independent methods, assessment of free drug 
concentrations, and assessment of radioactivity. Exposure to free drug expressed as 
AUC was 1.6 fold higher for LBu than for Bu/DMSO. Accumulation of busulphan and 
its metabolites, expressed as ARC, was 3.2 fold higher for LBu than for Bu/DMSO. 
The latter observation shows that busulphan has been released from liposomal 
vesicles, taken up by bone marrow cells and metabolized/reacted. It is an important 
observation, since the assay for free drug cannot differ between encapsulated and 
already released drug. However, from a pharmacological point of view, the 
encapsulated drug is �outside the body� in the sense that it cannot act until it is 
released from the liposomes (Fielding 1991).  

We then studied the effect of liposomal busulphan in mice. In a 
conditioning-like regimen, the myelosuppressive effect of LBu was similar to that 
obtained after administration of Bus/Ac, and significantly higher than after Bus/susp. 
This is most likely due to differences in bioavailability, which was 0.86 for LBu, 0.74 
for Bu/Ac and 0.40 for Bu/susp. The difference in bioavailability between the two 
orally administered forms is probably due to enhancement of the absorption of 
busulphan by acetone. Acetone in small amount does not have toxic effect on the 
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mice or the bone marrow, as described previously (Trainor et al. 1980, Dietz et al. 
1991). Administration of liposomes without busulphan did not show any effect on 
CFU-GM. The effect of a single high-dose busulphan on bone marrow cells was 
similar to that obtained after conditioning-like regimen. These results are in 
agreement with clinical experience that different schedules of busulphan treatment in 
the conditioning regimen (4 mg/kg divided in 4 doses daily for four days versus 4 
mg/kg once daily for four days) give similar engraftment rates (Santos et al. 1983, 
Shaw et al. 1994, Hassan et al. 1996). The myelosuppressive effect of LBu was 
stable and reproducible over the studied period. However, based on the results from 
previous study of distribution of LBu in rat, a more pronounced myelosuppresion with 
LBu in mice than we actually observed could be expected. This may be due to 
differences in physiology and metabolism between mice and rats.  

The two animal studies were followed by an investigation of the 
pharmacokinetics of liposomal busulphan in man. LBu was administered in low dose 
prior to treatment, or in two high doses replacing the first and the last dose in a 
conventional BuCY regimen. The data fitted to a two-compartment model. Two other 
intravenous formulations of busulphan dissolved in a mixture of organic solvents 
were also described with a two-compartment model (Hassan et al. 1994, Andersson 
et al. 2000). However, it differs from studies on orally administered busulphan, in 
which data are usually described using a one-compartment model (Ehrsson et al. 
1983, Grochow et al. 1989, Hassan et al. 1989, Vassal et al. 1989).  

In our studies, we observed a linear relation between the dose of LBu 
and the systemic exposure to busulphan. A linear relation between doses within the 
0.02 � 4 mg/kg range, and AUCs has also been reported by others (Vassal et al. 
1993, Shaw et al. 1994, Hassan et al. 1996, Schuler et al. 1998). Pharmacokinetic 
parameters after low doses of LBu were similar to those obtained after low doses of 
other intravenous formulation used for assessment of bioavailability (Hassan et al. 
1994). Corrected AUCs did not differ between LBu and busulphan dissolved in 
organic solvents, regardless if correction was done for a dose of 1 mg/kg or a total 
dose of 2 mg. Thus, the bioavailability of LBu compared to busulphan dissolved in 
organic solvent is almost 100%. Clearance of LBu did not differ from data in 
previously published studies. No significant differences in clearance between children 
and adults and no correlation between the age and clearance were observed. These 
results differ from the bioavailability study, and from reports of other teams (Hassan 
et al. 1991, Regazzi et al. 1993, Hassan et al. 1994, Slattery et al. 1995, Tran et al. 
2000). It may be due to the higher age of the children in the present study, which was 
not designed to investigate age-dependent variations in pharmacokinetics. Reported 
clearance values for busulphan are based on orally administered drug and most of 
these studies do not consider busulphan bioavailability. None of the recent 
investigations on intravenous formulations of busulphan have studied very young 
children. It will be of great interest if the intravenous formulations show decrease in 
clearance in young children, since higher clearance in young children is ascribed to 
the first pass effect in gut and/or in liver (Hassan et al. 1994). Similar concerns as for 
clearance are valid for volume of distribution, which was similar in children and 
adults. The values we found in children differed from those in other studies, which 
may be due to the above-mentioned difference in age, differences in underlying 
diseases and/or a difference in distribution of different formulations (Table 2). 
Elimination half-lives were similar in children and adults and did not differ from those 
in previously published studies (Table 2).  
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Pharmacokinetic parameters were assessed also after high doses of 
LBu. Since we did not want to change the conditioning schedule for patients 
participating in the study, the follow-up time was 6 hours. This is a relatively short 
time interval for a pharmacokinetic investigation. However, we have considered it to 
be long enough to estimate the parameters with appropriate accuracy, since the 
infusion time was about 1.5 hour and the half-life of Bu is 2.5 hours. Clearance, the 
apparent volume of distribution, and half-life did not differ from those obtained with a 
low dose of LBu. The clearance of LBu was similar to clearance reported for 
Busulfex®, but higher than the clearance reported for Bu/DMSO in man (Schuler et 
al. 1998, Andersson et al. 2000). 

A clinically relevant question is whether the volumes and amounts of 
lipids in liposomal busulphan are feasible for use in the preparative regimen before 
SCT in man. The mean concentration of Bu in the liposomal preparation was about 
0.2 mg/ml and the lipid content was 16 mg/ml. For an adult patient of 70 kg treated 
with 4 mg/kg/day it means a volume of 1400 ml, and 22.4 g of lipids (320 mg/kg/day), 
which is acceptable. The amount of lipids administered in liposomal formulations of 
other drugs range from 1.5 to 104 mg/kg/day and the upper limit for the amount of 
lipids administered during parenteral nutrition is 1500 mg/kg/day (Janoff 1999). The 
volume of lipid-based microsuspension of busulphan was 500 ml in one-hour infusion 
four times daily during a phase I/II clinical trial, in which no acute complications 
related to either a volume or a lipid formulation were observed (Olavarria et al. 2000). 
Alternatively, incorporation of busulphan into liposomes may be increased by the use 
of 0.9% NaCl as a solvent. However, the stability of the liposomes in 0.9% NaCl is 
shorter than the stability of the liposomes in 5% glucose, which is currently used in 
liposomal busulphan. Lyophilisation may resolve stability problems and prolong the 
expiration time. 

In summary, busulphan is an important component of the conditioning 
regimen prior to stem cell transplantation and affects the overall outcome of the 
patients. The efficacy and adverse effects of busulphan are related to the systemic 
exposure to busulphan, which shows a high inter-patient variation after a fixed oral 
dose. Our novel intravenous formulation offers an alternative to overcome the first-
pass effect and decrease the variation in systemic exposure. The liposomal 
formulation is in itself non-toxic and may, due to its physico-chemical properties, 
more selectively target the bone marrow than solutions of free busulphan. In the 
animal experiments, we showed a beneficial distribution of liposomal busulphan and 
a good and stable myelosuppressive effect. The pharmacokinetic study in man 
showed a linear relation between dose and exposure, along with pharmacokinetic 
parameters consistent with the data reported for other formulations of busulphan. We 
believe that this approach, busulphan encapsulated in liposomes, may increase the 
efficacy and decrease the toxicity of busulphan-based conditioning regimens for stem 
cell transplantation and have therefore recently launched a phase I/II clinical trial.  

 

In the second part of this thesis we investigated the mechanisms 
underlying busulphan-induced cytotoxicity on hematopoietic cells, and the role of 
glutathione in this process. Cell lines are easily available models for in vitro studies, 
but as these cells are transformed, they may have specific properties that are not 
found in primary cells derived from the same tissue. The advantage of cell lines is 
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that they provide good possibilities for method development before experiments on 
primary cells are performed. In vitro studies in primary cells are important in the 
investigation of molecular mechanisms, while animal models are needed for a more 
complex investigations of interacting factors in the multicellular organism. 

We selected the P39 cell line for our in vitro studies for two reasons. 
Firstly, it is a myeloid cell line, and secondly, apoptotic P39 cells show typical 
morphological changes easily detected in Giemsa staining (Anzai et al. 1994). A 
model of differentiation and/or apoptosis was developed, and two different pathways 
of apoptosis induced with ATRA and etoposide were found. Both were mediated 
through caspase activation, but differed from each other in terms of kinetics of 
apoptotic changes, presence or absence of maturation, the effect of granulocyte 
colony-stimulating factor rescue, and cleavage of Bcl-2 and actin.  

In recent studies of several cell types, Bcl-2 was found to be cleaved by 
caspases after Fas ligation, interleukin-3 withdrawal, alpha-virus infection or 
etoposide-treatment (Cheng et al. 1997, Fujita et al. 1998, Grandgirard et al. 1998). 
In a previous study, we found that Bcl-2 cleavage in P39 cells occurred early in the 
course of apoptosis and selectively involved cleavage of Bcl-2 in the mitochondrial 
compartment (Fadeel et al. 1999). This cleavage was blocked by the general 
caspase inhibitor zVAD-fmk.  

In ATRA-induced apoptosis, which was preceded by differentiation, Bcl-2 
was not cleaved, but downregulated as shown also in other reports (Calabresse et al. 
1995). Downregulation of Bcl-2 was recently reported in HL-60 cells induced to 
maturation with ATRA or DMSO (Watson et al. 1997).In our study, the cleavage of 
actin was observed in ATRA-induced apoptosis, but not in the etoposide-treated 
cells. Actin cleavage has been detected in several cell types in vitro and in vivo 
(Mashima et al. 1995, Chen et al. 1996, Kayalar et al. 1996), while other authors 
have failed to confirm this observation (Song et al. 1997). Nevertheless, our data 
indicate that actin cleavage may serve as a useful marker of differentiation-
associated apoptosis. 

G-CSF decreased ATRA-induced apoptosis by 50%, but it did not affect 
spontaneous or etoposide-induced apoptosis. G-CSF itself did not induce maturation 
in P39 cells. These findings support G-CSF as a potent survival factor in myeloid 
cells, but indicates that it mainly acts on the more mature precursors (Begley et al. 
1988, Moore 1990). ATRA-induced apoptosis was blocked with zVAD-fmk, and the 
combination of zVAD-fmk and G-CSF additively blocked the appearance of apoptotic 
morphology. However, neither zVAD-fmk nor G-CSF blocked actin cleavage. This 
may imply that caspases are not responsible for actin cleavage in these cells and that 
other proteases, such as calpain, have to be considered.  

P39 cells were weakly positive for the Fas (CD95) antigen, and ATRA or 
G-CSF did not influence this expression. Agonistic Fas antibody induced limited 
apoptosis, which corresponds to the usually low Fas sensitivity of cells of myeloid 
origin (Dirks et al. 1997). The Fas system did not seem to be involved in either 
pathway and neither agonistic nor antagonistic CD95 antibodies affected etoposide- 
or ATRA-induced apoptosis. Notwithstanding, it was proposed in recent reports that 
various anticancer drugs cause both upregulation of FasL and its interaction with Fas 
at the cell surface (Friesen et al. 1996, Fulda et al. 1997). In another study, HL-60 
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cells induced to differentiation with ATRA were more sensitive to agonistic anti-Fas 
antibody than undifferentiated cells, while Fas expression remained at the same level 
(Watson et al. 1997).  

Busulphan-induced cell death shared several features with apoptosis 
induced by etoposide, but had different kinetics. Busulphan induced apoptosis with a 
typical morphology and DNA ladder formation in the P39 cell line, but in contrast to 
etoposide, apoptotic morphology developed slowly over a period of days. 
Blagosklonny recently defined slow cell death as an alternative to apoptosis 
(Blagosklonny 2000). The main difference between slow death and apoptosis is that 
the latter is associated with activation of the caspase cascade. Slow death shows 
condensation and cleavage of DNA, since endonucleases may be activated via 
another pathway. In P39 cells we detected the active subunit of caspase-3, thus 
assuming that cells died through apoptosis, in spite of the slow kinetics of apoptotic 
changes. Proteolytic events in busulphan-induced apoptosis showed a similar pattern 
to etoposide-induced apoptosis: Bcl-2 and PARP were cleaved, while actin remained 
intact. A general caspase inhibitor, zVAD-fmk, blocked the development of apoptotic 
morphology, inhibited Bcl-2 cleavage, but failed to block the formation of the p17 
subunit of caspase-3 or restore proliferation. G-CSF did not rescue P39 cells from 
busulphan-induced apoptosis and no signs of preceding maturation were found either 
in morphology or NBT test. This opposes previous findings in HL-60 cells, where the 
exposure to busulphan was accompanied by NBT positivity (Michaeli et al. 1993). 

As frequently observed with cytotoxic drugs, busulphan-treated cells 
were arrested in the G2 phase of cell cycle. However, some cells escaped 
busulphan-induced toxicity at low AUCs, and cell cycle was restored in busulphan-
free cultures. Cell cycle arrest in G2 phase was also observed in several human 
cancer cell lines cultured with busulphan for 72 hours (Pauwels et al. 1995). In the 
Chinese hamster cells incubated with busulphan, cell cycle was transiently arrested 
in G2 phase but the cells subsequently returned to normal cell cycle distribution 
(Millar et al. 1986). A comparison of kinetics of the changes showed that G2 arrest 
preceded development of apoptotic morphology. It is possible that busulphan does 
not induce apoptosis by a direct trigger, and apoptosis may be a secondary event 
following the block of important metabolic functions. This phenomenon has been 
observed also in other forms of chemotherapy-induced apoptosis (Vaux et al. 1999).  

To enable a comparison of in vitro pharmacodynamics of busulphan with 
in vivo studies, the exposure to busulphan was expressed as AUC. A linear relation 
between the AUC and the effect of busulphan was observed in most of the assays 
studied. Proliferation showed an inverse linear relation to AUC within the studied 
range, and the effect was more pronounced with time in busulphan-free medium. 
Busulphan has been shown to decrease proliferation in several cell lines, but as 
these systems differ from each other they are difficult to compare (Table 5). Even 
results obtained in the same cell line may be contradictory. The concentration of 
busulphan inhibiting growth by 50% was about 100 µg/ml in HL-60 cells treated for 1 
hour (Epstein et al. 1986). On the contrary, no effect of busulphan in concentrations 
ranging from 8.6 to 85.5 µg/ml was found in a radiometric assay in the same cell line 
exposed continuously for 6 days (Marshall et al. 1993). 

The clonogenic capacity of the P39 cells decreased immediately after the 
exposure to busulphan and the effect was AUC dependent. Fifty percent inhibition, 
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and a complete abolition of colony growth were obtained with AUCs of 35.5 µg.hr/ml 
and more than 150 µg.hr/ml, respectively. These results are in agreement with other 
reports showing suppression of clonogeneic formation in K562 and HL-60 cell lines 
after busulphan treatment in vitro (Pacheco et al. 1990). P39 cells incubated at low 
AUC partially recovered in busulphan-free cultures as some cells probably escaped 
busulphan-induced toxicity and continued to divide. This recovery was also 
qualitative, i.e. the size of colonies at the day of assessment was comparable with 
the control cultures.  

As in the P39 cell line, an inverse linear relation between the AUC and 
clonogenic growth was observed in CD34+ cells isolated from bone marrow of 
healthy volunteers. The AUCs that completely inhibited colony formation were 69 ± 
7.5 µg.hr/ml and 140 ± 36 µg.hr/ml for CFU- GM and erythroid colonies, respectively. 
This is in an agreement with cumulative AUC (AUCsingle dose × number of dose) of 
busulphan during conditioning regimen before SCT, calculated from the data in Table 
2 (mean 82 µg.hr/ml, median 75 µg.hr/ml, range 34 to 143 µg.hr/ml). Similar attempts 
to define a relation between the exposure and the effect of busulphan were reported 
by Spiro et al. They studied in vitro inhibition of colony formation of progenitor cells 
from normal and CML peripheral blood using CFU-C assay, and calculated an 
exposure (concentration × time). The exposure that inhibited 90 % of CFU-C 
formation in normal and CML progenitors was higher compared to that what we found 
in the present study. However, the authors did not consider degradation of busulphan 
in their calculations of exposure. The decrease in survival of CFU-GM is in good 
agreement with other reports (Kubota et al. 1983, Hincks et al. 1990). However, all 
previously reported studies were done with light density cells, and not with CD34+ 
cells, which we believe is a more accurate system.  

In our study, CFU-GM were more sensitive to busulphan than erythroid 
colonies. This contradicts the report of Kubota et al (Kubota et al. 1983). They 
observed a higher sensitivity to busulphan in BFU-E compared to CFU-GM grown 
from light density cells from peripheral blood, and bone marrow from both healthy 
volunteers and CML patients. This difference might be explained by the differences in 
growth factors used in semisolid medium. In our experiments, a combination of SCF, 
IL-3, GM-CSF and erythropoietin was used, while in their study only erythropoietin 
was added to agar medium. Differences between cell lineages or cells of the same 
lineage but at different levels of differentiation have been shown also in in vivo 
studies. In mice, immature erythroid progenitors were more sensitive than more 
mature cells (Udupa et al. 1979, Reynolds et al. 1986). Another study in rats found a 
higher sensitivity to busulphan in the granulocytic compared to the erythroid 
repopulating ability (Standen et al. 1980). Our study was not designed to investigate 
the pharmacodynamic effect of busulphan on the very primitive hematopoietic 
progenitors but these are, as reported by other investigators, more sensitive to 
busulphan than committed progenitors. 

Although it is difficult to make clinical interpretations from in vitro data, 
pharmacodynamic studies in vivo are cumbersome and suffer from certain problems 
of interpretation. While concentrations of a drug are usually studied in the plasma 
compartment, the distribution of a drug to tissues and cells may be different and 
reflect the chemical property (lipophility), the blood supply to target organs, and the 
body composition of the patient. Thus, the exposure of target cells to a drug may 
significantly differ from an exposure estimated from the concentrations in plasma. 
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Ethical and practical reasons limit the number of samples that can be used for AUC 
estimation in vivo, which adds to the variation in exposure estimates. On the other 
hand, pharmacodynamic studies in vitro are limited to drugs, which do not need to be 
activated in the body. In addition, the effects of potential yet unknown metabolites are 
disregarded in vitro, as well as the network of agonistic and antagonistic factors. 
Being aware of the above-mentioned problems, we believe that in vitro studies may 
give considerable insight into the pharmacodynamics of a drug as well as increase 
the knowledge of cellular events underlying drug effects. 

Altogether, we found that the pharmacodynamics of busulphan in vitro is 
linear to exposure and that the total exposure to busulphan probably is the main 
factor both for its myeloablative effect and unwanted toxicity. It is in agreement with 
clinical experience, that different dosing schedules give the same effects and that 
conditioning-related complications are AUC related.  

Two of the most serious conditioning-related complications are veno-
occlusive disease of the liver and interstitial pneumonia. A prophylactic agent that 
does not interfere with myelo- and immunosuppressive effects of the conditioning 
regimen may improve the outcome of the patients. N-acetylcysteine is a candidate 
drug for VOD prophylaxis (Ringden et al. 2000). In order to study the effect of 
modulation of cellular content of GSH on busulphan cytotoxicity, we designed a study 
comprising three parallel systems: a normal human bone marrow and a human 
leukemic cell line in vitro, and a mice model in vivo. Increased cellular levels of GSH 
did not protect CD 34+ cells from busulphan-induced toxicity in vitro. This differs from 
a study, in which N-acetylcysteine was shown to protect CFU-GM from normal bone 
marrow to irradiation (Selig et al. 1993). Neither could we demonstrate that NAC 
decreased busulphan-induced myelotoxicity in mice. Lack of protection of murine 
bone marrow cells in vivo by NAC was reported also for other drugs, such as 
cyclophosphamide, doxorubicin or cis-dichlorodiammineplatinum(II) (Massa et al. 
1985, Lerza et al. 1986). The observed additive effect of NAC to busulphan-induced 
cytotoxicity at day 9 after the treatment is not significant and needs further 
investigation.  

To corroborate that GSH is not involved in busulphan-induced 
myelotoxicity, we investigated the effect of GSH depletion by BSO on busulphan-
induced cytototoxicity. GSH was depleted with 50% of control in CD34+ cells. This 
level of GSH should not induce endogenous oxidative stress to cells, and only an 
additive effect to busulphan toxicity might be expected. However, no effect of BSO on 
busulphan-induced toxicity was observed in the CD34+ cells. Neither did treatment of 
mice with BSO before busulphan influence the myelosuppressive effect. GSH 
depletion was shown to increase busulphan toxicity in hepatocytes in vitro (DeLeve et 
al. 2000). However, it did not have an additive effect to busulphan-induced growth 
delay and tumor regression in human glioblastoma multiforme xenograft (Hare et al. 
1997).  

Similar to our findings in CD34+ cells, and in mice, we could not 
demonstrate that an increased cellular content of GSH affected busulphan-induced 
cytotoxicity in the P39 cell line. This indicates that an increase in intracellular GSH 
does not interfere with the anti-leukemic effect of busulphan. However, this particular 
cell line shows a similar sensitivity to busulphan as primary hematopoietic progenitor 
cells, and studies of more resistant leukemic cells are warranted. 
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In conclusion, modulation of the cellular content of GSH did not affect 
busulphan-induced cytotoxicity in hematopoietic stem cells, in a leukemic cell line or 
in murine bone marrow. Thus, N-acetylcysteine might serve as a prophylactic agent 
against hepatotoxicity induced by busulphan.  
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CONCLUSIONS 

In this thesis we have developed and evaluated a new formulation of 
busulphan for intravenous administration, and studied mechanisms behind 
busulphan-induced cytotoxicity. 

 

I + II The novel liposomal formulation of busulphan is suitable for intravenous 
administration. In rat, distribution of liposomal busulphan was higher to 
bone marrow and spleen, and lower to brain, lung and heart compared to 
solution of free drug. The distribution to liver was similar in both 
formulations. The myelosuppressive effect of LBu was stable and 
reproducible in mice.  

III Pharmacokinetic parameters of liposomal busulphan in man were in 
agreement with those previously reported for orally administered drug. It is 
feasible to use liposomal busulphan for high dose therapy in conditioning 
regimen prior to stem cell transplantation, and a phase I/II clinical trial is 
thus motivated.  

IV ATRA- and etoposide-induced apoptosis was mediated via caspase 
activation, but involved different pathways. These diverged in kinetics, 
preceding maturation, cleavage of Bcl-2 and actin, and rescue from 
apoptosis by G-CSF. 

V Busulphan showed linear in vitro pharmacodynamics in the myeloid P39 cell 
line. Busulphan- and etoposide-induced apoptosis shared common 
features, but differed in kinetics. 

VI The in vitro pharmacodynamics of busulphan was linear also in human 
hematopoietic progenitor cells. An increase in the cellular content of 
glutathione did not affect busulphan-induced cytotoxicity in human CD34+ 
cells in vitro, or in murine bone marrow in vivo. 

 

 

 

 

 

 

 

 

 



 

 52

ACKNOWLEDGMENTS 

 
I wish to express my sincere gratitude to all those, who have contributed to the 
realization of this thesis and supported me during these years, especially to 
 
 
Eva Hellström-Lindberg, my tutor, for your never-ending enthusiasm and support of 
my studies. Thank you, for stimulating scientific discussions, while respecting my own 
ways of doing things. Thank you, for teaching me the art of scientific writing and for 
having time, whenever it was needed. 
 
Moustapha, my co-supervisor and husband, for introducing me to the world of 
science and computers. Thank you, for your love, support and understanding of my 
dreams and troubles.  
 
Per Ljungman, my co-supervisor, for your readiness to help when I needed 
something �latest yesterday� and for kind support in all important decisions. 
 
Jan Palmblad, Head of the Department of Medicine, for your support and 
enthusiasm, and for creating a positive research environment.  
 
Gösta Gahrton, former Head of Department of Medicine, for allowing me to join the 
research group at the Department of Hematology. 
 
Siraç Dilber, for stimulating discussions and all kind help, especially when the things 
went wrong at 9 p.m. 
 
All colleges at the Laboratory of Hematology: Birgitta Åhnsén, Kerstin Jönsson, 
Sofia Bengtzèn, Kristina Emanuelsson, Marie Gilljam, Ulrika Broberg, Ann 
Wallblom, Ensaf Mahdy, Kristina Friberg, Ramin Tehranchi, and  Britt 
Sundman-Engberg for making a pleasant and nice athmosphere for work, even 
when my experiments occupied all time and place in the culture room. A special 
thanks to Ann-Mari Forsblom, Monica Jansson and Birgitta Stellan for sharing 
their experience and technical skills with me while teaching me the methods.  
 
Christina Nilsson, my co-author and friend, for always being there and listening to 
me, when everything went wrong. Thank you, for your enthusiasm about making 
�better� busulphan.  
 
Viera Solheim, my friend, for your advice in �practical life� in a foreign country and 
for showing me that there are also other things in life beyond the work on the thesis.  
 
Sharon Stone-Elander, our family friend, for being nice, pleasant and encouraging 
in all situations. 
 
Anna Porwit-McDonald and Karolina Palucka for teaching me flow cytometry. 
 
The nursing staff on wards B87, B78 and M72-74 at Huddinge University Hospital for 
all their help during the study III.   



 

 53

 
Clinical Research Center, Karolinska Institutet, Huddinge Hospital for providing 
excellent facilities for research and Åke Ellin, Lottie Fohlin, Agneta Nilsson and 
Agneta Ovaskainen for making these facilities functioning. Thanks to Akke 
Bengtsson for help with computer when my �trials changed to errors�.  
 
Hans Ehrsson, for giving me opportunity to start my research in Karolinska Apoteket 
and sharing optimism for the development of liposomal busulphan.  
Research staff at Research Department at Karolinska Apoteket, for being pleasant 
and helpful during my �apprentice� period. 
 
 
I would like to express my sincere thanks to my parents for all love, understanding 
and support they have given to me through my life, and to my brother Robert for 
being �my brother�.  
 
Amir and Adam, stepchildren, for being nice and tolerant, when I was engaged with 
my �mice�. 
 
 
 
This study was supported by Swedish Institute, the Swedish Children Cancer 
Society, Karolinska Institutet Fund, King�s Gustaf V Jubilee Fund, Mary Bèves 
Stiftelse, Swedish Cancer Foundation, Swedish Medical Research Foundation, 
Swedish Cancer Society. Swedish Society for Medical Research and Memory 
Foundation of Robert Lundberg. 
 
 
 
 

Stockholm, 26 March 2001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 54

REFERENCES 

Addison IE, Berenbaum MC. The effect of cysteine on the immunosuppressive 
activity of busulphan, cyclophosphamide and nitrogen mustard. Br J Cancer 
1971;25(1):172-81. 

Andersson BS, Gajewski J, Donato M, Giralt S, Gian V, Wingard J, et al. Allogeneic 
stem cell transplantation (BMT) for AML and MDS following i.v. busulfan and 
cyclophosphamide (i.v. BuCy). Bone Marrow Transplant 2000;26 Suppl 2:S35-8. 

Andersson BS, Madden T, Tran HT, Hu WW, Blume KG, Chow DS, et al. Acute 
safety and pharmacokinetics of intravenous busulfan when used with oral busulfan 
and cyclophosphamide as pretransplantation conditioning therapy: a phase I study . 
Biol Blood Marrow Transplant 2000;6(5A):548-54. 

Anzai N, Kawabata H, Hirama T, Masutani H, Ohmori M, Yoshida Y, et al. Marked 
apoptosis of human myelomonocytic leukemia cell line P39: significance of cellular 
differentiation. Leukemia 1994;8(3):446-53. 

Bearman SI. The syndrome of hepatic veno-occlusive disease after marrow 
transplantation. Blood 1995;85(11):3005-20. 

Bearman SI. Veno-occlusive disease of the liver. Curr Opin Oncol 2000;12(2):103-9. 

Bedford P, Fox BW. Repair of DNA interstrand crosslinks after busulphan. A possible 
mode of resistance. Cancer Chemother Pharmacol 1982;8(1):3-7. 

Bedford P, Fox BW. DNA-DNA interstrand crosslinking by dimethyanesulphonic acid 
esters. Correlation with cytotoxicity and antitumour activity in the Yoshida 
lymphosarcoma model and relationship to chain length. Biochem Pharmacol 
1983;32(15):2297-301. 

Begley CG, Metcalf D, Nicola NA. Binding characteristics and proliferative action of 
purified granulocyte colony-stimulating factor (G-CSF) on normal and leukemic 
human promyelocytes. Exp Hematol 1988;16(1):71-9. 

Berger DP, Winterhalter BR, Dengler WA, Fiebig HH. Preclinical activity of hepsulfam 
and busulfan in solid human tumor xenografts and human bone marrow. Anticancer 
Drugs 1992;3(5):531-9. 

Bhagwatwar HP, Phadungpojna S, Chow DS, Andersson BS. Formulation and 
stability of busulfan for intravenous administration in high-dose chemotherapy. 
Cancer Chemother Pharmacol 1996;37(5):401-8. 

Bishop JB, Wassom JS. Toxicological review of busulfan (Myleran). Mutat Res 
1986;168(1):15-45. 

Blagosklonny MV. Cell death beyond apoptosis. Leukemia 2000;14(8):1502-8. 

Bolinger AM, Zangwill AB, Slattery JT, Glidden D, DeSantes K, Heyn L, et al. An 
evaluation of engraftment, toxicity and busulfan concentration in children receiving 



 

 55

bone marrow transplantation for leukemia or genetic disease. Bone Marrow 
Transplant 2000;25(9):925-30. 

Borner C, Monney L. Apoptosis without caspases: an inefficient molecular guillotine? 
Cell Death Differ 1999;6(6):497-507. 

Brodsky I. Busulphan treatment of polycythaemia vera. Br J Haematol 1982;52(1):1-
6. 

Brookes P, Lawley PD. The reaction of mono- and di-functional alkylating agents with 
nuclei acids. Biochem J 1961;80:495-503. 

Buggia I, Zecca M, Alessandrino EP, Locatelli F, Rosti G, Bosi A, et al. Itraconazole 
can increase systemic exposure to busulfan in patients given bone marrow 
transplantation. GITMO (Gruppo Italiano Trapianto di Midollo Osseo). Anticancer Res 
1996;16(4A):2083-8. 

Calabresse C, Barbey S, Venturini L, Balitrand N, Degos L, Fenaux P, et al. In vitro 
treatment with retinoids or the topoisomerase inhibitor, VP- 16, evidences different 
functional apoptotic pathways in acute promyelocytic leukemic cells. Leukemia 
1995;9(12):2049-57. 

Carreras E. Veno-occlusive disease of the liver after hemopoietic cell transplantation. 
Eur J Haematol 2000;64(5):281-91. 

Chattergoon DS, Saunders EF, Klein J, Calderwood S, Doyle J, Freedman MH, et al. 
An improved limited sampling method for individualised busulphan dosing in bone 
marrow transplantation in children. Bone Marrow Transplant 1997;20(5):347-54. 

Chen Z, Naito M, Mashima T, Tsuruo T. Activation of actin-cleavable interleukin 
1beta-converting enzyme (ICE) family protease CPP-32 during chemotherapeutic 
agent-induced apoptosis in ovarian carcinoma cells. Cancer Res 1996;56(22):5224-
9. 

Cheng EH, Kirsch DG, Clem RJ, Ravi R, Kastan MB, Bedi A, et al. Conversion of Bcl-
2 to a Bax-like death effector by caspases. Science 1997;278(5345):1966-8. 

Cherian M, Rawal UM. Glutathione and glutathione-related enzymes in busulfan 
treated rat lens. Indian J Exp Biol 1991;29(5):452-5. 

Clift RA, Buckner CD, Thomas ED, Bensinger WI, Bowden R, Bryant E, et al. Marrow 
transplantation for chronic myeloid leukemia: a randomized study comparing 
cyclophosphamide and total body irradiation with busulfan and cyclophosphamide. 
Blood 1994;84(6):2036-43. 

Copelan EA, Deeg HJ. Conditioning for allogeneic marrow transplantation in patients 
with lymphohematopoietic malignancies without the use of total body irradiation. 
Blood 1992;80(7):1648-58. 

Crilley P, Topolsky D, Styler MJ, Bernstein E, Resnick K, Mullaney R, et al. 
Extramedullary toxicity of a conditioning regimen containing busulphan, 



 

 56

cyclophosphamide and etoposide in 84 patients undergoing autologous and allogenic 
bone marrow transplantation. Bone Marrow Transplant 1995;15(3):361-5. 

Czerwinski M, Gibbs JP, Slattery JT. Busulfan conjugation by glutathione S-
transferases alpha, mu, and pi. Drug Metab Dispos 1996;24(9):1015-9. 

Deeg HJ, Schuler US, Shulman H, Ehrsam M, Renner U, Yu C, et al. Myeloablation 
by intravenous busulfan and hematopoietic reconstitution with autologous marrow in 
a canine model. Biol Blood Marrow Transplant 1999;5(5):316-21. 

DeLeve LD, Wang X. Role of oxidative stress and glutathione in busulfan toxicity in 
cultured murine hepatocytes. Pharmacology 2000;60(3):143-54. 

Delia D, Aiello A, Soligo D, Fontanella E, Melani C, Pezzella F, et al. bcl-2 proto-
oncogene expression in normal and neoplastic human myeloid cells. Blood 
1992;79(5):1291-8. 

Demirer T, Buckner CD, Appelbaum FR, Bensinger WI, Sanders J, Lambert K, et al. 
Busulfan, cyclophosphamide and fractionated total body irradiation for autologous or 
syngeneic marrow transplantation for acute and chronic myelogenous leukemia: 
phase I dose escalation of busulfan based on targeted plasma levels. Bone Marrow 
Transplant 1996;17(4):491-5. 

Demirer T, Buckner CD, Appelbaum FR, Lambert K, Bensinger WI, Clift R, et al. 
Busulfan, cyclophosphamide and fractionated total body irradiation for allogeneic 
marrow transplantation in advanced acute and chronic myelogenous leukemia: 
phase I dose escalation of busulfan based on targeted plasma levels. Bone Marrow 
Transplant 1996;17(3):341-6. 

Dietz DD, Leininger JR, Rauckman EJ, Thompson MB, Chapin RE, Morrissey RL, et 
al. Toxicity studies of acetone administered in the drinking water of rodents. Fundam 
Appl Toxicol 1991;17(2):347-60. 

Dirks W, Schone S, Uphoff C, Quentmeier H, Pradella S, Drexler HG. Expression 
and function of CD95 (FAS/APO-1) in leukaemia-lymphoma tumour lines. Br J 
Haematol 1997;96(3):584-93. 

Dix SP, Wingard JR, Mullins RE, Jerkunica I, Davidson TG, Gilmore CE, et al. 
Association of busulfan area under the curve with veno-occlusive disease following 
BMT. Bone Marrow Transplant 1996;17(2):225-30. 

Down JD, Boudewijn A, Dillingh JH, Fox BW, Ploemacher RE. Relationships between 
ablation of distinct haematopoietic cell subsets and the development of donor bone 
marrow engraftment following recipient pretreatment with different alkylating drugs. 
Br J Cancer 1994;70(4):611-6. 

Down JD, Ploemacher RE. Transient and permanent engraftment potential of murine 
hematopoietic stem cell subsets: differential effects of host conditioning with gamma 
radiation and cytotoxic drugs. Exp Hematol 1993;21(7):913-21. 

Dunn CD. The chemical and biological properties of busulphan ("Myleran"). Exp 
Hematol 1974;2(3):101-17. 



 

 57

Earnshaw WC, Martins LM, Kaufmann SH. Mammalian caspases: structure, 
activation, substrates, and functions during apoptosis. Annu Rev Biochem 
1999;68:383-424. 

Ehninger G, Schuler U, Renner U, Ehrsam M, Zeller KP, Blanz J, et al. Use of a 
water-soluble busulfan formulation--pharmacokinetic studies in a canine model. 
Blood 1995;85(11):3247-9. 

Ehrsson H, Hassan M. Binding of busulfan to plasma proteins and blood cells. J 
Pharm Pharmacol 1984;36(10):694-6. 

Ehrsson H, Hassan M, Ehrnebo M, Beran M. Busulfan kinetics. Clin Pharmacol Ther 
1983;34(1):86-9. 

Elson LA. The effect of Myleran (1:4-dimethanesulphonyloxybutane) and 
homologous compounds on the blood. Biochem Pharmacol 1958;1:39-47. 

Epstein J, Kirdani RY. Effects of busulfan on the DNA of HL-60 cells as a drug 
sensitivity assay. J Med 1986;17(1):51-6. 

Fadeel B, Hassan Z, Hellstrom-Lindberg E, Henter JI, Orrenius S, Zhivotovsky B. 
Cleavage of Bcl-2 is an early event in chemotherapy-induced apoptosis of human 
myeloid leukemia cells. Leukemia 1999;13(5):719-28. 

Fielding RM. Liposomal drug delivery. Advantages and limitations from a clinical 
pharmacokinetic and therapeutic perspective. Clin Pharmacokinet 1991;21(3):155-
64. 

Filipovich AH, Shapiro RS, Ramsay NK, Kim T, Blazar B, Kersey J, et al. Unrelated 
donor bone marrow transplantation for correction of lethal congenital 
immunodeficiencies. Blood 1992;80(1):270-6. 

Fitchen JH, Cline MJ. The effect of granulopoietic stress in mice with "latent" bone 
marrow failure. Exp Hematol 1980;8(6):788-94. 

Friedman HS, Johnson SP, Dong Q, Schold SC, Rasheed BK, Bigner SH, et al. 
Methylator resistance mediated by mismatch repair deficiency in a glioblastoma 
multiforme xenograft [published erratum appears in Cancer Res 1997 Nov 
1;57(21):4973]. Cancer Res 1997;57(14):2933-6. 

Friesen C, Herr I, Krammer PH, Debatin KM. Involvement of the CD95 (APO-1/FAS) 
receptor/ligand system in drug- induced apoptosis in leukemia cells. Nat Med 
1996;2(5):574-7. 

Fujita N, Tsuruo T. Involvement of Bcl-2 cleavage in the acceleration of VP-16-
induced U937 cell apoptosis. Biochem Biophys Res Commun 1998;246(2):484-8. 

Fulda S, Sieverts H, Friesen C, Herr I, Debatin KM. The CD95 (APO-1/Fas) system 
mediates drug-induced apoptosis in neuroblastoma cells. Cancer Res 
1997;57(17):3823-9. 



 

 58

Galton DAG. Myleran in chronic myeloid leukaemia. Results of treatment. The Lancet 
1953;1(6753):208-213. 

Ghalie R, Reynolds J, Valentino LA, Manson S, Korenblit AD, Feingold JM, et al. 
Busulfan-containing pre-transplant regimens for the treatment of solid tumors. Bone 
Marrow Transplant 1994;14(3):437-42. 

Gibbs JP, Czerwinski M, Slattery JT. Busulfan-glutathione conjugation catalyzed by 
human liver cytosolic glutathione S-transferases. Cancer Res 1996;56(16):3678-81. 

Gibbs JP, Liacouras CA, Baldassano RN, Slattery JT. Up-regulation of glutathione S-
transferase activity in enterocytes of young children. Drug Metab Dispos 
1999;27(12):1466-9. 

Gibbs JP, Murray G, Risler L, Chien JY, Dev R, Slattery JT. Age-dependent 
tetrahydrothiophenium ion formation in young children and adults receiving high-dose 
busulfan. Cancer Res 1997;57(24):5509-16. 

Grandgirard D, Studer E, Monney L, Belser T, Fellay I, Borner C, et al. Alphaviruses 
induce apoptosis in Bcl-2-overexpressing cells: evidence for a caspase-mediated, 
proteolytic inactivation of Bcl-2. Embo J 1998;17(5):1268-78. 

Gregoriadis G. Liposomes as carriers of drugs. Observations on vesicle fate after 
injection and its control. Subcell Biochem 1989;14:363-78. 

Grochow LB. Busulfan disposition: the role of therapeutic monitoring in bone marrow 
transplantation induction regimens. Semin Oncol 1993;20(4 Suppl 4):18-25; quiz 26. 

Grochow LB, Jones RJ, Brundrett RB, Braine HG, Chen TL, Saral R, et al. 
Pharmacokinetics of busulfan: correlation with veno-occlusive disease in patients 
undergoing bone marrow transplantation. Cancer Chemother Pharmacol 
1989;25(1):55-61. 

Grochow LB, Krivit W, Whitley CB, Blazar B. Busulfan disposition in children. Blood 
1990;75(8):1723-7. 

Haddow A, Timmis GM. Myleran in chronic myeloid leukaemia. Chemical  
constitution and biological action. The Lancet 1953;1:208-209. 

Halka KG, Caro J, Erslev AJ. Long-term marrow cultures from mice with busulfan-
induced chronic latent aplasia. J Lab Clin Med 1987;109(6):698-705. 

Hall AG, Tilby MJ. Mechanisms of action of, and modes of resistance to, alkylating 
agents used in the treatment of haematological malignancies. Blood Rev 
1992;6(3):163-73. 

Hare CB, Elion GB, Colvin OM, Ali-Osman F, Griffith OW, Petros WP, et al. 
Characterization of the mechanisms of busulfan resistance in a human glioblastoma 
multiforme xenograft. Cancer Chemother Pharmacol 1997;40(5):409-14. 



 

 59

Hartley JA, Berardini MD, Souhami RL. An agarose gel method for the determination 
of DNA interstrand crosslinking applicable to the measurement of the rate of total and 
"second-arm" crosslink reactions. Anal Biochem 1991;193(1):131-4. 

Hartley JA, Fox BW. Cross-linking between histones and DNA following treatment 
with a series of dimethane sulphonate esters. Cancer Chemother Pharmacol 
1986;17(1):56-62. 

Hassan M, Ehrsson H. Gas chromatographic determination of busulfan in plasma 
with electron- capture detection. J Chromatogr 1983;277:374-80. 

Hassan M, Ehrsson H. Metabolism of 14C-busulfan in isolated perfused rat liver. Eur 
J Drug Metab Pharmacokinet 1987;12(1):71-6. 

Hassan M, Ehrsson H. Urinary metabolites of busulfan in the rat. Drug Metab Dispos 
1987;15(3):399-402. 

Hassan M, Ehrsson H, Smedmyr B, Totterman T, Wallin I, Oberg G, et al. 
Cerebrospinal fluid and plasma concentrations of busulfan during high- dose therapy. 
Bone Marrow Transplant 1989;4(1):113-4. 

Hassan M, Ehrsson H, Wallin I, Eksborg S. Pharmacokinetic and metabolic studies of 
busulfan in rat plasma and brain. Eur J Drug Metab Pharmacokinet 1988;13(4):301-5. 

Hassan M, Fasth A, Gerritsen B, Haraldsson A, Syruckova Z, van den Berg H, et al. 
Busulphan kinetics and limited sampling model in children with leukemia and 
inherited disorders. Bone Marrow Transplant 1996;18(5):843-50. 

Hassan M, Ljungman P, Bolme P, Ringden O, Syruckova Z, Bekassy A, et al. 
Busulfan bioavailability. Blood 1994;84(7):2144-50. 

Hassan M, Oberg G, Bekassy AN, Aschan J, Ehrsson H, Ljungman P, et al. 
Pharmacokinetics of high-dose busulphan in relation to age and 
chronopharmacology. Cancer Chemother Pharmacol 1991;28(2):130-4. 

Hassan M, Oberg G, Bjorkholm M, Wallin I, Lindgren M. Influence of prophylactic 
anticonvulsant therapy on high-dose busulphan kinetics. Cancer Chemother 
Pharmacol 1993;33(3):181-6. 

Hassan M, Oberg G, Ehrsson H, Ehrnebo M, Wallin I, Smedmyr B, et al. 
Pharmacokinetic and metabolic studies of high-dose busulphan in adults. Eur J Clin 
Pharmacol 1989;36(5):525-30. 

Hassan M, Oberg G, Ericson K, Ehrsson H, Eriksson L, Ingvar M, et al. In vivo 
distribution of [11C]-busulfan in cynomolgus monkey and in the brain of a human 
patient. Cancer Chemother Pharmacol 1992;30(2):81-5. 

Hassan M, Svensson JO, Nilsson C, Hentschke P, Al-Shurbaji A, Aschan J, et al. 
Ketobemidone may alter busulfan pharmacokinetics during high-dose therapy. Ther 
Drug Monit 2000;22(4):383-5. 

Hay RJ. Liposomal amphotericin B, AmBisome. J Infect 1994;28 Suppl 1:35-43. 



 

 60

Hays EF, Hale L, Villarreal B, Fitchen JH. "Stromal" and hemopoietic stem cell 
abnormalities in long-term cultures of marrow from busulfan-treated mice. Exp 
Hematol 1982;10(4):383-92. 

Hincks JR, Adlakha A, Cook CA, Johnson CS, Furmanski P, Gibson NW. In vitro 
studies on the mechanism of action of hepsulfam in chronic myelogenous leukemia 
patients. Cancer Res 1990;50(23):7559-63. 

Ijiri K, Potten CS. Response of intestinal cells of differing topographical and 
hierarchical status to ten cytotoxic drugs and five sources of radiation. Br J Cancer 
1983;47(2):175-85. 

Janoff A, editor. Liposomes: Rational Design. New York: Marcel Dekker Inc.; 1999. 

Jarpe MB, Widmann C, Knall C, Schlesinger TK, Gibson S, Yujiri T, et al. Anti-
apoptotic versus pro-apoptotic signal transduction: checkpoints and stop signs along 
the road to death. Oncogene 1998;17(11 Reviews):1475-82. 

Johnson DE. Programmed cell death regulation: basic mechanisms and therapeutic 
opportunities. Leukemia 2000;14(8):1340-4. 

Josvasen N, Boyum A. Haematopoiesis in busulphan-treated mice. A comparison 
between two different stem cell assays. Scand J Haematol 1973;11(1):78-86. 

Kam PC, Ferch NI. Apoptosis: mechanisms and clinical implications. Anaesthesia 
2000;55(11):1081-93. 

Kayalar C, Ord T, Testa MP, Zhong LT, Bredesen DE. Cleavage of actin by 
interleukin 1 beta-converting enzyme to reverse DNase I inhibition. Proc Natl Acad 
Sci U S A 1996;93(5):2234-8. 

Kennedy GL, Jr., Sherman H. Acute and subchronic toxicity of dimethylformamide 
and dimethylacetamide following various routes of administration. Drug Chem Toxicol 
1986;9(2):147-70. 

Kinney LA, Burgess BA, Stula EF, Kennedy GL, Jr. Inhalation studies in rats exposed 
to dimethylacetamide (DMAc) from 3 to 12 hours per day. Drug Chem Toxicol 
1993;16(2):175-94. 

Kitanaka C, Kuchino Y. Caspase-independent programmed cell death with necrotic 
morphology. Cell Death Differ 1999;6(6):508-15. 

Klingemann HG, Shepherd JD, Reece DE, Barnett MJ, Nantel SH, Sutherland HJ, et 
al. Regimen-related acute toxicities: pathophysiology, risk factors, clinical evaluation 
and preventive strategies. Bone Marrow Transplant 1994;14(Suppl 4):S14-8. 

Knox RJ, Lydall DA, Friedlos F, Basham C, Rawlings CJ, Roberts JJ. The Walker 
256 carcinoma: a cell type inherently sensitive only to those difunctional agents that 
can form DNA interstrand crosslinks. Mutat Res 1991;255(3):227-40. 



 

 61

Kolenko V, Uzzo RG, Bukowski R, Bander NH, Novick AC, Hsi ED, et al. Dead or 
dying: necrosis versus apoptosis in caspase-deficient human renal cell carcinoma. 
Cancer Res 1999;59(12):2838-42. 

Kubota K, Preisler HD, Costanzo C, Miura Y. In vitro busulfan sensitivity of 
granulocyte-macrophage and erythroid progenitor cells in patients with chronic 
myelogenous leukemia. Cancer Res 1983;43(12 Pt 1):6090-3. 

Lerza R, Bogliolo G, Muzzulini C, Pannacciulli I. Failure of N-acetylcysteine to protect 
against cis-dichlorodiammineplatinum(II)-induced hematopoietic toxicity in mice. Life 
Sci 1986;38(19):1795-800. 

Li CK, Yuen PM, Wong R, Pang CP, Lai WK, Law E, et al. Busulphan level and early 
mortality in thalassaemia patients after BMT. Bone Marrow Transplant 
1999;23(4):307-10. 

Ljungman P, Hassan M, Bekassy AN, Ringden O, Oberg G. High busulfan 
concentrations are associated with increased transplant- related mortality in 
allogeneic bone marrow transplant patients. Bone Marrow Transplant 
1997;20(11):909-13. 

Lopez-Karpovitch X, Cardenas R, Piedras J. Circulating colony-forming units of 
granulocytes/monocytes in patients with chronic myeloid leukemia before and during 
busulfan treatment. Leuk Lymphoma 1995;19(3-4):315-8. 

Lowry OH, Rosebrough NJ, Farr  AL, Randall RJ. Protein measurement with the folin 
phenol reagent. J Biol Chem 1951;193:265-75. 

Lucarelli G, Galimberti M, Giardini C, Polchi P, Angelucci E, Baronciani D, et al. Bone 
marrow transplantation in thalassemia. The experience of Pesaro. Ann N Y Acad Sci 
1998;850:270-5. 

Majno G, Joris I. Apoptosis, oncosis, and necrosis. An overview of cell death [see 
comments]. Am J Pathol 1995;146(1):3-15. 

Marchand DH, Remmel RP, Abdel-Monem MM. Biliary excretion of a glutathione 
conjugate of busulfan and 1,4- diiodobutane in the rat. Drug Metab Dispos 
1988;16(1):85-92. 

Marshall MV, Marshall MH, Degen DR, Roodman GD, Kuhn JG, Ross ME, et al. In 
vitro cytotoxicity of hepsulfam against human tumor cell lines and primary human 
tumor colony forming units. Stem Cells (Dayt) 1993;11(1):62-9. 

Mashima T, Naito M, Fujita N, Noguchi K, Tsuruo T. Identification of actin as a 
substrate of ICE and an ICE-like protease and involvement of an ICE-like protease 
but not ICE in VP-16-induced U937 apoptosis. Biochem Biophys Res Commun 
1995;217(3):1185-92. 

Massa G, Muzzulini C, Bogliolo G, Pannacciulli I. The effect of N-acetylcysteine on 
toxicity of cyclophosphamide and doxorubicin on murine hemopoietic progenitors. 
Life Sci 1985;36(12):1141-7. 



 

 62

Masson E, Zamboni WC. Pharmacokinetic optimisation of cancer chemotherapy. 
Effect on outcomes. Clin Pharmacokinet 1997;32(4):324-43. 

Mayer LD, St.-Onge G. Determination of free and liposome-associated doxorubicin 
and vincristine levels in plasma under equilibrium conditions employing ultrafiltration 
techniques. Anal Biochem 1995;232(2):149-57. 

McCune JS, Gibbs JP, Slattery JT. Plasma concentration monitoring of busulfan: 
does it improve clinical outcome? Clin Pharmacokinet 2000;39(2):155-65. 

McManus PM, Weiss L. Busulfan-induced chronic bone marrow failure: changes in 
cortical bone, marrow stromal cells, and adherent cell colonies. Blood 
1984;64(5):1036-41. 

Meister A. Glutathione metabolism and its selective modification. J Biol Chem 
1988;263(33):17205-8. 

Meloni G, Capria S, Trasarti S, Ferrazza G, Micozzi A, Petrucci MT, et al. High-dose 
idarubicine, busulphan and melphalan as conditioning for autologous blood stem cell 
transplantation in multiple myeloma. A feasibility study. Bone Marrow Transplant 
2000;26(10):1045-9. 

Michaeli J, Fibach E, Rachmilewitz EA. Induction of differentiation of myeloid 
leukemic cells by busulphan: in vivo and in vitro observations. Leuk Lymphoma 
1993;11(3-4):287-91. 

Millar BC, Tilby MJ, Ormerod MG, Payne AW, Jinks S, Loverock PS. Comparative 
studies of total cross-linking, cell survival and cell cycle perturbations in Chinese 
hamster cells treated with alkylating agents in vitro. Biochem Pharmacol 
1986;35(7):1163-9. 

Moore MA. Hematopoietic growth factors in cancer. Cancer 1990;65(3 Suppl):836-
44. 

Morley A, Blake J. An animal model of chronic aplastic marrow failure. I. Late marrow 
failure after busulfan. Blood 1974;44(1):49-56. 

Morley A, Blake J. Haemopoietic precursor cells in experimental hypoplastic marrow 
failure. Aust J Exp Biol Med Sci 1974;52(6):909-14. 

Morstyn G, Sullivan J, Fairhead S, Cowling D, Hurley T. Effects of high dose 
busulphan on leukaemic progenitor cells in chronic myeloid leukaemia. Aust N Z J 
Med 1981;11(6):609-14. 

Nadkarni MV, Trams EG, Smith PK. Preliminary studies on the distribution and fate ot 
TEM, TEPA and myleran in the human. Cancer Res 1959;19:713-718. 

Nagai M, Seki S, Kitahara T, Abe T, Minato K, Watanabe S, et al. A novel human 
myelomonocytoid cell line, P39/Tsugane, derived from overt leukemia following 
myelodysplastic syndrome. Gann 1984;75(12):1100-7. 



 

 63

Nagy L, Thomazy VA, Heyman RA, Davies PJ. Retinoid-induced apoptosis in normal 
and neoplastic tissues. Cell Death Differ 1998;5(1):11-9. 

Nicholson DW. Caspase structure, proteolytic substrates, and function during 
apoptotic cell death. Cell Death Differ 1999;6(11):1028-42. 

Olavarria E, Hassan M, Eades A, Nilsson C, Timms A, Matthews J, et al. A phase I/II 
study of multiple-dose intravenous busulfan as myeloablation prior to stem cell 
transplantation. Leukemia 2000;14(11):1954-9. 

Ostro MJ, Cullis PR. Use of liposomes as injectable-drug delivery systems. Am J 
Hosp Pharm 1989;46(8):1576-87. 

Pacheco DY, Cook C, Hincks JR, Gibson NW. Mechanisms of toxicity of hepsulfam 
in human tumor cell lines. Cancer Res 1990;50(23):7555-8. 

Pacheco DY, Stratton NK, Gibson NW. Comparison of the mechanism of action of 
busulfan with hepsulfam, a new antileukemic agent, in the L1210 cell line. Cancer 
Res 1989;49(18):5108-10. 

Pauwels O, Atassi G, Kiss R. Combination of computerized morphonuclear and 
multivariate analyses to characterize in vitro the antineoplastic effect of alkylating 
agents. J Pharmacol Toxicol Methods 1995;33(1):35-45. 

Pawlowska AB, Blazar BR, Angelucci E, Baronciani D, Shu XO, Bostrom B. 
Relationship of plasma pharmacokinetics of high-dose oral busulfan to the outcome 
of allogeneic bone marrow transplantation in children with thalassemia. Bone Marrow 
Transplant 1997;20(11):915-20. 

Peng CT. Distribution and metabolic fate of s35-labeled Myleran (busulfan) in normal 
and tumor-beraing rats. J Pharmacol 1957;120:229-238. 

Ponti M, Souhami RL, Fox BW, Hartley JA. DNA interstrand crosslinking and 
sequence selectivity of dimethanesulphonates. Br J Cancer 1991;63(5):743-7. 

Poonkuzhali B, Srivastava A, Quernin MH, Dennison D, Aigrain EJ, 
Kanagasabapathy AS, et al. Pharmacokinetics of oral busulphan in children with beta 
thalassaemia major undergoing allogeneic bone marrow transplantation. Bone 
Marrow Transplant 1999;24(1):5-11. 

Preisler HD, Kirshner J. In vitro drug sensitivity studies of CFUc in chronic myelocytic 
leukemia: I. Suicide indices and busulfan sensitivity determinations during the chronic 
phase. Exp Hematol 1983;11(7):618-25. 

Regazzi MB, Locatelli F, Buggia I, Bonetti F, Zecca M, Pregnolato M, et al. 
Disposition of high-dose busulfan in pediatric patients undergoing bone marrow 
transplantation. Clin Pharmacol Ther 1993;54(1):45-52. 

Reynolds M, McCann SR. Sequential studies of bone marrow haemopoietic 
progenitors (CFU-GEM, BFU-E, CFU-E, CFU-GM) following busulfan treatment in 
Balb/c mice. J Immunopharmacol 1986;8(1):99-116. 



 

 64

Ringden O, Remberger M, Lehmann S, Hentschke P, Mattsson J, Klaesson S, et al. 
N-acetylcysteine for hepatic veno-occlusive disease after allogeneic stem cell 
transplantation. Bone Marrow Transplant 2000;25(9):993-6. 

Roberts JJ, Warwick GP. Metabolism of myleran (1:4-dimethanesulfonyloxybutane). 
Nature 1959;183:1509-1510. 

Roberts JJ, Warwick GP. The mode of action of alkylating agents: III. The formation 
of 3-hydroxytetrahydrothiophene-1:1-dioxide from 1:4-dimethanesulphonyloxybutane 
(Myleran), S-ß-L-alanyltetrahydrothiophenium mesylate, tetrahydrothiophene and 
tetrahydrothiophene-1:1-dioxide in the rat, rabbit and mouse. Biochem Pharmacol 
1961;6:217-227. 

Samali A, Zhivotovsky B, Jones D, Nagata S, Orrenius S. Apoptosis: cell death 
defined by caspase activation. Cell Death Differ 1999;6(6):495-6. 

Sanderson BJ, Johnson KJ, Henner WD. Dose-dependent cytotoxic and mutagenic 
effects of antineoplastic alkylating agents on human lymphoblastoid cells. Environ 
Mol Mutagen 1991;17(4):238-43. 

Sanderson BJ, Shield AJ. Mutagenic damage to mammalian cells by therapeutic 
alkylating agents. Mutat Res 1996;355(1-2):41-57. 

Santos GW. The development of busulfan/cyclophosphamide preparative regimens. 
Semin Oncol 1993;20(4 Suppl 4):12-6; quiz 17. 

Santos GW. Preparative regimens: chemotherapy versus chemoradiotherapy. A 
historical perspective. Ann N Y Acad Sci 1995;770:1-7. 

Santos GW, Tutschka PJ. Marrow transplantation in the busulfan-treated rat: 
preclinical model of aplastic anemia. J Natl Cancer Inst 1974;53(6):1781-5. 

Santos GW, Tutschka PJ, Brookmeyer R, Saral R, Beschorner WE, Bias WB, et al. 
Marrow transplantation for acute nonlymphocytic leukemia after treatment with 
busulfan and cyclophosphamide. N Engl J Med 1983;309(22):1347-53. 

Santucci MA, Zaccaria A, Testoni N, Russo D, Zuffa E, Baccarani M, et al. Long-term 
culture of chronic myeloid leukemia (CML) bone marrow cells. Haematologica 
1991;76(5):357-62. 

Sanyal U, Nanda R, Samanta S, Pain A, Dutta S, Verma AS, et al. Evaluation of 
dimethylaminosulfonates of alkane diols as a novel group of anticancer agents. 
Cancer Lett 2000;155(1):89-97. 

Schiffman KS, Bensinger WI, Appelbaum FR, Rowley S, Lilleby K, Clift RA, et al. 
Phase II study of high-dose busulfan, melphalan and thiotepa with autologous 
peripheral blood stem cell support in patients with malignant disease. Bone Marrow 
Transplant 1996;17(6):943-50. 

Schuler U, Schroer S, Kuhnle A, Blanz J, Mewes K, Kumbier I, et al. Busulfan 
pharmacokinetics in bone marrow transplant patients: is drug monitoring warranted? 
Bone Marrow Transplant 1994;14(5):759-65. 



 

 65

Schuler US, Ehrsam M, Schneider A, Schmidt H, Deeg J, Ehninger G. 
Pharmacokinetics of intravenous busulfan and evaluation of the bioavailability of the 
oral formulation in conditioning for haematopoietic stem cell transplantation. Bone 
Marrow Transplant 1998;22(3):241-4. 

Schwarz YX, Yang M, Qin D, Wu J, Jarvis WD, Grant S, et al. Follicular dendritic 
cells protect malignant B cells from apoptosis induced by anti-Fas and antineoplastic 
agents. J Immunol 1999;163(12):6442-7. 

Selig C, Nothdurft W, Fliedner TM. Radioprotective effect of N-acetylcysteine on 
granulocyte/macrophage colony-forming cells of human bone marrow. J Cancer Res 
Clin Oncol 1993;119(6):346-9. 

Shaw PJ, Hugh-Jones K, Hobbs JR, Downie CJ, Barnes R. Busulphan and 
cyclophosphamide cause little early toxicity during displacement bone marrow 
transplantation in fifty children. Bone Marrow Transplant 1986;1(2):193-200. 

Shaw PJ, Scharping CE, Brian RJ, Earl JW. Busulfan pharmacokinetics using a 
single daily high-dose regimen in children with acute leukemia. Blood 
1994;84(7):2357-62. 

Shulman HM, Hinterberger W. Hepatic veno-occlusive disease--liver toxicity 
syndrome after bone marrow transplantation. Bone Marrow Transplant 
1992;10(3):197-214. 

Slattery JT, Clift RA, Buckner CD, Radich J, Storer B, Bensinger WI, et al. Marrow 
transplantation for chronic myeloid leukemia: the influence of plasma busulfan levels 
on the outcome of transplantation. Blood 1997;89(8):3055-60. 

Slattery JT, Sanders JE, Buckner CD, Schaffer RL, Lambert KW, Langer FP, et al. 
Graft-rejection and toxicity following bone marrow transplantation in relation to 
busulfan pharmacokinetics [published erratum appears in Bone Marrow Transplant 
1996 Oct;18(4):829]. Bone Marrow Transplant 1995;16(1):31-42. 

Solary E, Droin N, Bettaieb A, Corcos L, Dimanche-Boitrel MT, Garrido C. Positive 
and negative regulation of apoptotic pathways by cytotoxic agents in hematological 
malignancies. Leukemia 2000;14(10):1833-49. 

Song Q, Wei T, Lees-Miller S, Alnemri E, Watters D, Lavin MF. Resistance of actin to 
cleavage during apoptosis. Proc Natl Acad Sci U S A 1997;94(1):157-62. 

Spiro TE, Mattelaer MA, Efira A, Stryckmans P. Sensitivity of myeloid progenitor cells 
in healthy subjects and patients with chronic myeloid leukemia to chemotherapeutic 
agents. J Natl Cancer Inst 1981;66(6):1053-9. 

Standen GR, Blackett NM. Effect of daily administration of cytotoxic drugs on the 
erythroid and granulocytic repopulating ability of rat bone marrow. Acta Haematol 
1980;63(5):252-6. 

Steerenberg PA, Storm G, de Groot G, Claessen A, Bergers JJ, Franken MA, et al. 
Liposomes as drug carrier system for cis-diamminedichloroplatinum (II). II. Antitumor 



 

 66

activity in vivo, induction of drug resistance, nephrotoxicity and Pt distribution. Cancer 
Chemother Pharmacol 1988;21(4):299-307. 

Teicher BA, Cucchi CA, Lee JB, Flatow JL, Rosowsky A, Frei Ed. Alkylating agents: 
in vitro studies of cross-resistance patterns in human cell lines. Cancer Res 
1986;46(9):4379-83. 

Tew KD. Glutathione-associated enzymes in anticancer drug resistance. Cancer Res 
1994;54(16):4313-20. 

Tew KD, Monks A, Barone L, Rosser D, Akerman G, Montali JA, et al. Glutathione-
associated enzymes in the human cell lines of the National Cancer Institute Drug 
Screening Program. Mol Pharmacol 1996;50(1):149-59. 

Thiele J, Zirbes TK, Kvasnicka HM, Lorenzen J, Niederle N, Leder LD, et al. Effect of 
interferon therapy on bone marrow morphology in chronic myeloid leukemia: a 
cytochemical and immunohistochemical study of trephine biopsies. J Interferon 
Cytokine Res 1996;16(3):217-24. 

Thiele J, Zirbes TK, Lorenzen J, Kvasnicka HM, Dresbach S, Manich B, et al. 
Apoptosis and proliferation (PCNA labelling) in CML--a comparative 
immunohistological study on bone marrow biopsies following interferon and busulfan 
therapy. J Pathol 1997;181(3):316-22. 

Thompson EN. Proceedings: Chronic granulomatous disease. J Clin Pathol 
1974;27(11):933. 

Tietze F. Enzymic method for quantitative determination of nanogram amounts of 
total and oxidized glutathione: applications to mammalian blood and other tissues. 
Anal Biochem 1969;27(3):502-22. 

Tohda S, Nagata K, Suzuki T, Nara N. Comparative effects of busulfan, cytosine 
arabinoside and adriamycin on different maturation stages of normal human bone 
marrow cells. Acta Haematol 1990;83(1):16-21. 

Tong WP, Ludlum DB. Crosslinking of DNA by busulfan. Formation of diguanyl 
derivatives. Biochim Biophys Acta 1980;608(1):174-81. 

Trainor KJ, Morley AA, Seshadri RS. A proliferative defect of marrow cells in 
experimental chronic hypoplastic marrow failure (aplastic anaemia). Exp Hematol 
1980;8(6):674-82. 

Trams EG, Nadkarni MV, DeQuattro V, Maengwyn-Davies GD, Smith PK. 
Dimethanesulfonoxybutane (Myleran). Preliminary studies on distribution and 
metabolic fate in the rat. Biochem Pharmacol 1957;2:7-16. 

Tran HT, Madden T, Petropoulos D, Worth LL, Felix EA, Sprigg-Saenz HA, et al. 
Individualizing high-dose oral busulfan: prospective dose adjustment in a pediatric 
population undergoing allogeneic stem cell transplantation for advanced hematologic 
malignancies. Bone Marrow Transplant 2000;26(5):463-70. 



 

 67

Tsujimoto Y, Shimizu S. Bcl-2 family: life-or-death switch. FEBS Lett 2000;466(1):6-
10. 

Tutschka PJ, Santon GW. Bone marrow transplantation in the busulfin-treated rat. III. 
Relationship between myelosuppression and immunosuppression for conditioning 
bone marrow recipients. Transplantation 1977;24(1):52-62. 

Tutschka PJ, Santos GW. Bone marrow transplantation in the busulfan-treated rat. I. 
Effect of cyclophosphamide and rabbit antirat thymocyte serum as 
immunosuppression. Transplantation 1975;20(2):101-6. 

Udupa KB, Reissmann KR. In vivo erythropoietin requirements of regenerating 
erythroid progenitors (BFU-e, CFU-e) in bone marrow of mice. Blood 
1979;53(6):1164-71. 

Utz PJ, Anderson P. Life and death decisions: regulation of apoptosis by proteolysis 
of signaling molecules. Cell Death Differ 2000;7(7):589-602. 

Van de Pette JE, Prochazka AV, Pearson TC, Singh AK, Dickson ER, Wetherley-
Mein G. Primary thrombocythaemia treated with busulphan. Br J Haematol 
1986;62(2):229-37. 

van der Wall E, Beijnen JH, Rodenhuis S. High-dose chemotherapy regimens for 
solid tumors. Cancer Treat Rev 1995;21(2):105-32. 

Wang L, Groves MJ, Hepburn MD, Bowen DT. Glutathione S-transferase enzyme 
expression in hematopoietic cell lines implies a differential protective role for T1 and 
A1 isoenzymes in erythroid and for M1 in lymphoid lineages. Haematologica 
2000;85(6):573-9. 

Vassal G, Challine D, Koscielny S, Hartmann O, Deroussent A, Boland I, et al. 
Chronopharmacology of high-dose busulfan in children. Cancer Res 
1993;53(7):1534-7. 

Vassal G, Deroussent A, Challine D, Hartmann O, Koscielny S, Valteau-Couanet D, 
et al. Is 600 mg/m2 the appropriate dosage of busulfan in children undergoing bone 
marrow transplantation? Blood 1992;79(9):2475-9. 

Vassal G, Deroussent A, Hartmann O, Challine D, Benhamou E, Valteau-Couanet D, 
et al. Dose-dependent neurotoxicity of high-dose busulfan in children: a clinical and 
pharmacological study. Cancer Res 1990;50(19):6203-7. 

Vassal G, Fischer A, Challine D, Boland I, Ledheist F, Lemerle S, et al. Busulfan 
disposition below the age of three: alteration in children with lysosomal storage 
disease. Blood 1993;82(3):1030-4. 

Vassal G, Gouyette A, Hartmann O, Pico JL, Lemerle J. Pharmacokinetics of high-
dose busulfan in children. Cancer Chemother Pharmacol 1989;24(6):386-90. 

Watson RW, Rotstein OD, Parodo J, Bitar R, Hackam D, Marshall JC. Granulocytic 
differentiation of HL-60 cells results in spontaneous apoptosis mediated by increased 
caspase expression. FEBS Lett 1997;412(3):603-9. 



 

 68

Vaux DL, Korsmeyer SJ. Cell death in development. Cell 1999;96(2):245-54. 

Westerhof GR, Ploemacher RE, Boudewijn A, Blokland I, Dillingh JH, McGown AT, et 
al. Comparison of different busulfan analogues for depletion of hematopoietic stem 
cells and promotion of donor-type chimerism in murine bone marrow transplant 
recipients. Cancer Res 2000;60(19):5470-8. 

Vodopick H, Hamilton HE, Jackson HL, Peng CT, Sheets RF. Metabolic fate of 
tritiated busulfan in man. J Lab Clin Med 1969;73(2):266-76. 

Vodopick HA, Hamilton HE, Jackson HB, Peng CT, Sheets R. Studies on the fate of 
tritiated busulfan in man. J Clin Invest 1963;42:989. 

Yeager AM, Wagner JE, Jr., Graham ML, Jones RJ, Santos GW, Grochow LB. 
Optimization of busulfan dosage in children undergoing bone marrow transplantation: 
a pharmacokinetic study of dose escalation. Blood 1992;80(9):2425-8. 

Yellowlees P, Greenfield C, McIntyre N. Dimethylsulphoxide-induced toxicity. Lancet 
1980;2(8202):1004-6. 

Zwaan CM, Kaspers GJ, Pieters R, Ramakers-Van Woerden NL, den Boer ML, 
Wunsche R, et al. Cellular drug resistance profiles in childhood acute myeloid 
leukemia: differences between FAB types and comparison with acute lymphoblastic 
leukemia. Blood 2000;96(8):2879-86. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 69

 
 
 
 
 
 
 
 
 
 
 
 

PAPERS  I - VI 
 
 
 


