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ABSTRACT 

Hematopoietic stem cell transplantation (HSCT) is a curative treatment for several malignant and non-

malignant diseases. The busulphan (Bu)/cyclophosphamide (Cy) combination is one of the most 

common conditioning regimens given prior to HSCT. 

The general aim of the present thesis is to investigate the molecular mechanisms underlying the 

metabolism of the Bu/Cy conditioning regimen in order to personalize the treatment and improve the 

clinical outcome.  

To follow the metabolic pathway of busulphan, a new gas chromatography-mass spectrometry 

(GC-MS) method was developed and validated for the quantification and detection of busulphan and 

its four major metabolites.  

Incubation of the first core metabolite of busulphan, tetrahydrothiophene (THT), with human liver 

microsomes or recombinant enzymes has resulted in the formation of subsequent metabolites. The 

highest initial THT disappearance rate and the highest CLint value were observed with FMO3 followed 

by several CYPs indicating that FMO3 and, to a lesser extent, CYPs are involved in the metabolic 

pathway of busulphan. Moreover, FMO3 inhibition significantly (P < 0.05) affected Bu and THT 

kinetics in mice. In patients, FMO3 expression was significantly (P < 0.05) up-regulated during Bu 

treatment. 

In order to personalize oral Bu dosage, a reliable limited sampling model was developed and 

evaluated in both adult and pediatric patients.  

To understand the role of cyclophosphamide in the conditioning regimen, the gene expression profile 

over two days of Cy treatment was investigated, where 299 genes were found to be specifically 

affected by the treatment. Cyclophosphamide down-regulated the expression of several genes mapped 

to immune/autoimmune activation and graft rejection including CD3, CD28, CTLA4 and IL2R, and 

up-regulated immune-related receptor genes, e.g. IL1R2, IL18R1, and FLT3.  

Significant (P < 0.01) up-regulation, with high inter-individual variation, of the cytochrome P450 

oxidoreductase (POR) gene was also observed during Cy treatment. In vitro, different batches of 

CYP2B6.1, with different ratios of POR/CYP, showed positive correlation between the intrinsic 

clearance (Vmax/Km) and the POR/CYP ratio for the Cy 4-hydroxylation. 

Further analysis of the above mentioned patients, prior to Cy treatment, revealed that CYP2J2 mRNA 

expression was significantly (P < 0.01) higher compared to healthy controls. CYP2J2 expression was 

further up-regulated during Cy treatment, with high inter-individual variation. Repeated treatment 

with Cy resulted in an increased 4-OH-Cy/Cy ratio, indicating auto-induction of Cy-metabolism. 

The viability of HL-60 cells, lacking CYP2B6 but expressing CYP2J2, was reduced after incubation 

with Cy. Inhibition of CYP2J2 reduced 4-OH-Cy formation and improved HL-60 cell survival. Cy 

incubation with recombinant CYP2J2 confirmed that CYP2J2 is involved in Cy bioactivation.  

In summary, the present results have improved our understanding of the Bu/Cy metabolism. This 

knowledge may help to interpret several interactions, high inter-individual variability, adverse effects 

and unexpected toxicity observed during and/or after the conditioning regimen. This certainly will 

help in developing new strategies for personalized medicine and thus improve clinical outcome. 
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ABSTRACT 

Hematopoietic stem cell transplantation (HSCT) is a curative treatment for several malignant and non-

malignant diseases. The busulphan (Bu)/cyclophosphamide (Cy) combination is one of the most 

common conditioning regimens given prior to HSCT. 

The general aim of the present thesis is to investigate the molecular mechanisms underlying the 

metabolism of the Bu/Cy conditioning regimen in order to personalize the treatment and improve the 

clinical outcome.  

To follow the metabolic pathway of busulphan, a new gas chromatography-mass spectrometry 

(GC-MS) method was developed and validated for the quantification and detection of busulphan and 

its four major metabolites.  

Incubation of the first core metabolite of busulphan, tetrahydrothiophene (THT), with human liver 

microsomes or recombinant enzymes has resulted in the formation of subsequent metabolites. The 

highest initial THT disappearance rate and the highest CLint value were observed with FMO3 followed 

by several CYPs indicating that FMO3 and, to a lesser extent, CYPs are involved in the metabolic 

pathway of busulphan. Moreover, FMO3 inhibition significantly (P < 0.05) affected Bu and THT 

kinetics in mice. In patients, FMO3 expression was significantly (P < 0.05) up-regulated during Bu 

treatment.  

In order to personalize oral Bu dosage, a reliable limited sampling model was developed and 

evaluated in both adult and pediatric patients.  

To understand the role of cyclophosphamide in the conditioning regimen, the gene expression profile 

over two days of Cy treatment was investigated, where 299 genes were found to be specifically 

affected by the treatment. Cyclophosphamide down-regulated the expression of several genes mapped 

to immune/autoimmune activation and graft rejection including CD3, CD28, CTLA4 and IL2R, and 

up-regulated immune-related receptor genes, e.g. IL1R2, IL18R1, and FLT3.  

Significant (P < 0.01) up-regulation, with high inter-individual variation, of the cytochrome P450 

oxidoreductase (POR) gene was also observed during Cy treatment. In vitro, different batches of 

CYP2B6.1, with different ratios of POR/CYP, showed positive correlation between the intrinsic 

clearance (Vmax/Km) and the POR/CYP ratio for the Cy 4-hydroxylation. 

Further analysis of the above mentioned patients, prior to Cy treatment, revealed that CYP2J2 mRNA 

expression was significantly (P < 0.01) higher compared to healthy controls. CYP2J2 expression was 

further up-regulated during Cy treatment, with high inter-individual variation. Repeated treatment 

with Cy resulted in an increased 4-OH-Cy/Cy ratio, indicating auto-induction of Cy-metabolism. 

The viability of HL-60 cells, lacking CYP2B6 but expressing CYP2J2, was reduced after incubation 

with Cy. Inhibition of CYP2J2 reduced 4-OH-Cy formation and improved HL-60 cell survival. Cy 

incubation with recombinant CYP2J2 confirmed that CYP2J2 is involved in Cy bioactivation.  

In summary, the present results have improved our understanding of the Bu/Cy metabolism. This 

knowledge may help to interpret several interactions, high inter-individual variability, adverse effects 

and unexpected toxicity observed during and/or after the conditioning regimen. This certainly will 

help in developing new strategies for personalized medicine and thus improve clinical outcome. 
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1 INTRODUCTION 

 

Cancer is a group of diseases which is characterized by out of control cell growth. Cancer is a 

disease as old as man. The oldest evidence of cancer was found in human bones in ancient 

Egyptian mummies dated several thousand years B.C. The Edwin Smith Surgical Papyrus 

(shown below), dated to 1,600 B.C., was an updated version from another papyrus dated to 

approximately 3,000–2,500 B.C. It can most probably be attributed to Imhotep (the Egyptian 

physician-architect), and provides authentic accounts of breast cancer. A case was deemed 

incurable if the disease was “cool to touch, bulging and spread all over the breast” It was also 

recorded that there was “No treatment” for the disease and only superficial breast ulcers were 

removed surgically by cauterization [1].  

 

 

 

The first anticancer drugs were prepared from plants by the Romans (300 B.C.).  Ginger root 

was used to treat skin cancer.  Dioscorides (40 - 90 A.D.) reported the use of red clover and 

autumn crocus for cancer treatment [2].  Later on, arsenic was used by Avicenna (980 - 1037 

A.D.) as the first systemic treatment for cancer.  

http://www.google.se/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=1nmBdgNra04-KM&tbnid=LUYJTCtSPA4yVM:&ved=0CAUQjRw&url=http://archive.nlm.nih.gov/proj/ttp/smith_home.html&ei=_pbXU8LtLan_ygPf0YDYBQ&bvm=bv.71954034,d.bGQ&psig=AFQjCNEGqMyF563dpgvCgPe0WCuQlGm8yQ&ust=1406723941329408
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Surgery has remained the first choice for cancer treatment for many centuries, despite the fact 

that ancient surgeons reported that cancer had come back after its removal.  After invention 

of anesthesia in the late 19
th

 century, surgeons Bilroth, Handley and Halsted succeeded to 

remove entire tumors including the lymph nodes [1].  

In 1896, Wilhelm Conrad Roentgen reported the discovery of a new type of ray called 

“X-ray” which means an unknown ray.  Three years later, radiation was used both in cancer 

diagnosis and therapy [1]. Roentgen was awarded the first Nobel Prize in physics in 1901. 

During World War I, E. Krumbhaar served as a medical officer conducting autopsies on 

victims of mustard gas. Together with his wife, H. Krumbhaar, who also served in World 

War I, they wrote “Blood and Bone Marrow in Mustard Gas Poisoning”. During World War 

II, nitrogen mustard was developed and later was applied for the treatment of lymphoma.  

Nitrogen mustard was the first alkylating agent that damaged DNA and killed the rapidly 

growing cancer cells. Shortly after the introduction of nitrogen mustard gas in the treatment 

of cancer, a folic acid analogue, aminopterin, was reported to block DNA replication. 

Aminopterin was later replaced by  methotrexate, a drug commonly used until today [3]. In 

the mid-20
th

 century, several anti-neoplastic drugs were developed for use in cancer 

chemotherapy [4]. 

After World War II, Japanese physicians noticed that the bone marrow in people exposed to 

atomic bombs was destroyed by radiation. This observation together with the studies on how 

to protect human beings from the devastating effects of radiation has led to the development 

of hematopoietic stem cell transplantation (HSCT). HSCT was facilitated by killing the old 

bone marrow using high doses of radiation. 

However, any of the available treatments alone, i.e. surgery, chemo- or radiotherapy, did not 

cure all patients.  Therefore, cancer treatment based on the combination of surgery and 

cytostatics and/or radiation was developed and has become standard treatment for several 

cancer types [1]. However, in spread disease involving several organs, such as metastatic 

solid cancer and hematological malignancies, chemotherapy remains the dominating 

treatment.  

 

1.1 HEMATOLOGICAL MALIGNANCY 

Hematological malignancies comprise a heterogeneous group of cancer diseases that involves 

hematopoietic and lymphatic tissue. The World Health Organization (WHO) has developed a 

consensus-based classification system for hematopoietic and lymphoid neoplasms with 

distinct entities defined by their morphological, clinical and biological features [5].  

Hematological malignancies are classified into three distinct categories according to the type 

of affected progenitor cells: lymphoma, myeloma and leukemia.  
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Many treatment protocols have been introduced in the treatment of hematological 

malignancies in order to induce remission and to achieve a cure. However, in some patients 

palliative treatment aims only to slow down the disease progression.  The curative treatment 

of hematological diseases has been intensified over the years due to improvements in 

supportive care including antibiotic, antifungal and transfusion therapy. Nevertheless, in 

some patients the recurrent or primary resistant disease does not allow for a cure. Those 

patients may be offered hematopoietic stem cell transplantation. 

 

1.2 HEMATOPOIETIC STEM CELL TRANSPLANTATION 

The first successful stem cell transfusion was performed by Nobel Prize winner E. Donnall 

Thomas in 1957 [6].  HSCT is a curative treatment for malignancies such as leukemia, 

lymphomas and some solid tumors, and non-malignancies such as metabolic disorders and 

aplastic anemia [7].  Unfortunately, several acute and chronic complications such as 

graft-versus-host disease (GVHD), infections and sinusoidal obstruction syndrome (SOS) 

may occur and hamper treatment success.  

There are several major types of HSCT based on the relationship between the patient and the 

donor:  

1. Autologous: The patient is transplanted with his or her own stem cells, which were 

previously harvested and cryopreserved during remission. It may also be considered 

as a rescue treatment following high-dose chemotherapy with profound 

myelosuppressive effect.  

2. Syngeneic: The patient is transplanted from an identical twin.  

3. Allogeneic: The source of stem cells is a human leukocyte antigen (HLA) matched 

family member or matched unrelated donor (MUD).  

4. Haploidentical: The donor is the patient’s partially HLA matched relative, usually a 

parent.  

Hematopoietic stem cells may be harvested from bone marrow, peripheral blood or umbilical 

cord blood. HSCT consists of four phases: conditioning regimen, stem cell infusion, 

aplastic/neutropenic phase and post-engraftment period. 

 

1.2.1 Conditioning regimen 

The conditioning regimen is one of the most important steps in HSCT. Conditioning 

contributes to elimination of the malignant cells, provides a free space for the donor cells and 

suppresses the host immune system in order to avoid graft rejection. Conditioning regimens 

can be divided into either total body irradiation (TBI)-based (TBI and cytostatics) or 

chemotherapy-based (combinations of cytostatics without TBI). In the best of worlds, TBI 

and cytostatics would exert minimal toxic effects on normal host cells and tissues [8]. 

http://en.wikipedia.org/wiki/E._Donnall_Thomas
http://en.wikipedia.org/wiki/E._Donnall_Thomas
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When HSCT was first used, radiotherapy was used as the sole conditioning regimen. 

However, radiotherapy was associated with many acute and chronic complications such as 

stomatitis, enteritis and infection-related death. Even rarer complications were reported. In 

the early 1970’s, two patients developed a recurrence of leukemia post-transplantation in 

donor-derived cells after TBI [9].  

In addition, TBI has also been associated with late complications that have occurred years 

after HSCT, such as secondary malignancies, cataracts, CNS damage in pediatric patients, 

impaired growth, and endocrine dysfunction [10]. Development of cytostatic agents 

contributed to the use of cytostatics in conditioning regimen and reduced use of radiotherapy. 

In the beginning, cyclophosphamide (Cy) was added to TBI regimen to reduce TBI-related 

side effects. However, studies on the effect of Cy/TBI conditioning in children have shown 

growth impairment to be a late side effect of TBI [11, 12]. 

Later, busulphan (Bu) was added to Cy, instead of TBI, based on studies reporting that Bu 

results in less severe delayed effects than TBI [9, 13]. Bu/Cy regimen proved to be as good as 

TBI based regimens, especially in children and adults with myeloid leukemia. Conditioning 

regimens are divided into three categories: myeloablative (MA), non-myeloablative (NMA) 

and reduced-intensity (RIC) [14].  

Myeloablative conditioning involves the administration of high doses of TBI and/or 

cytostatics, which will cause myeloablation and permanent irreversible pancytopenia. The 

conditioning has to be followed by HSCT. Bu/Cy and Cy/TBI regimens represent 

myeloablative conditioning and are frequently used prior to HSCT [14]. 

Non-myeloablative conditioning causes minimal cytopenia. The patient’s own 

hematopoiesis will recover without donor stem cell infusion. NMA regimens are 

immunoablative and result in full engraftment of donor lymphohemopoietic stem cells when 

followed by an infusion of granulocyte colony-stimulating factor mobilized peripheral blood 

stem cells. NMA requires large numbers of donor T-lymphocytes and CD34+ cells in order to 

facilitate engraftment [14]. 

Reduced-intensity conditioning regimen is a conditioning regimen with intermediate 

intensity between MA and NMA. In RIC regimen; the dose of TBI or cytostatics is reduced 

by at least 30% compared to MA regimen, however, the conditioning causes cytopenia that 

should be followed by HSCT. 

The conditioning regimen is selected with regards to the diagnosis, disease stage, patient age, 

patient heath status, comorbidities and risk of transplantation-related complications.  
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1.3 CYTOSTATICS 

Cytostatics are classified into several groups based on their mechanisms of action: alkylating 

agents, antimetabolites, antitumor antibiotics, mitosis inhibitors, topoisomerase inhibitors, 

enzymes and hormonal agents. 

Alkylating agents is one of the oldest groups of drugs used in cancer treatment. They act by 

attaching an alkyl group to the guanine base of DNA at the O6 or N7 atom of the imidazole 

ring. This reaction forms covalent bonds with amino, phosphate and carboxyl groups. This 

kind of damage can trigger apoptosis when the cellular machinery fails to repair it. 

Alkylating agents include nitrogen mustard, chlorambucil, melphalan, cyclophosphamide, 

ifosfamide, thiotepa, busulphan and hexamethylmelamine. They are the corner stone in 

cancer treatment and used in the treatment of hematological as well as solid tumors including 

breast cancer, leukemia, lymphoma, lung cancer and ovarian cancer.    

As mentioned above, Bu/Cy became a common conditioning regimen prior to HSCT as early 

as over 25 years ago. This combination is considered to be equivalent to a Cy/TBI regimen, 

but avoids some of the side effects of radiation [15, 16].  

 

1.3.1 Busulphan  

Busulphan is an old cytostatic that has been on the market since 1959. It is a cell cycle 

non-specific alkylating agent, its chemical designation is 1,4-butanediol dimethanesulfonate. 

As an alkylating agent, it attaches an alkyl group to the number 7 nitrogen atom of the 

imidazole ring of the guanine base in DNA. This leads to guanine adenine inter- and intra- 

strand crosslinks and triggers apoptosis [17]. 

 

1.3.2 Cyclophosphamide 

Cyclophosphamide is another DNA-alkylating agent. Like busulphan, Cy attaches the alkyl 

group to the guanine base of DNA at the number 7 nitrogen atom of the imidazole ring [18]. 

Cy is one of the most common drugs for conditioning before stem cell transplantation either 

in combination with other drugs or with TBI. It is also used as an immunosuppressive drug in 

the treatment of rheumatoid arthritis, systemic lupus erythematosus and other autoimmune 

diseases. Cy affects both T- and B-lymphocytes, and thus affects both humoral and cellular-

mediated immunity [19]. Due to its immunosuppressive effect, Cy has recently been used 

post-grafting to prevent rejection and GVHD [20]. 
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1.4 METABOLISM OF CYTOSTATICS 

The cytostatics, for the body are considered to be foreign substances or xenobiotics, and are 

thus subjected to different enzymatic reactions in order to be excreted from the body. In 

general, the main aim of these reactions is to make the drugs more hydrophilic which 

facilitates excretion. The liver is the main organ involved.  Some drugs may also be excreted 

unchanged.  

Metabolism of cytostatics occurs in two phases. In phase I, the major reaction involved is 

hydroxylation, which is catalyzed mainly by cytochrome P450 (CYP). Some other phase I 

reactions are desulfuration, deamination, dehalogenation, epoxidation, peroxygenation, and 

reduction. The phase I reactions usually convert the drugs to less active or inactive 

compounds.  However, for several drugs, such as cyclophosphamide, the reaction converts an 

inactive prodrug to a biologically active metabolite instead [21].  

In phase II, the compounds produced in phase I reaction, or compounds that already possess 

polar substituents such as hydroxyl- or amino-groups, are converted by specific enzymes to 

various more polar metabolites by conjugation with polar molecules like glutathione, 

glucuronic acid, sulfate, sugars or amino acids [21].  

 

1.4.1 Cytochrome P450 

Cytochrome P450 (CYP) is a superfamily of enzymes that are primarily membrane-

associated hemoproteins, located in the cell in the inner membrane of mitochondria or in the 

endoplasmic reticulum. CYPs are involved in the metabolism of many drugs and xenobiotics. 

They are present in many tissues, but the highest quantity is found in the liver and the small 

intestine.  

Most of the CYPs are inducible and the induction is mainly due to an increase in mRNA 

transcription. For instance, the administration of phenobarbital or other drugs causes 

hypertrophy of the smooth endoplasmic reticulum and a three- to four-fold increase in the 

amount of CYP within 4-5 days. Certain cases of induction involve stabilization of mRNA, 

enzyme stabilization, or other mechanisms (e.g., an effect on translation). However, certain 

drugs can also inhibit CYP activities [22, 23]. 

The most common reaction catalyzed by CYP is a monooxygenase reaction, which is the 

insertion of one atom of oxygen into an organic substrate while the other oxygen atom is 

reduced to water: 

RH + O2 + NADPH + H
+
 → ROH + H2O +NADP

+
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This reaction is recognized as a Phase I reaction and is important in the metabolism of 

xenobiotics, including drugs, carcinogens, pesticides and pollutants. Some endogenous 

compounds, like steroids, fatty acids, and retinoids are also metabolized by CYPs.  

Cytochrome P450 oxidoreductase (POR) is an enzyme that is commonly involved in the 

reaction. Electrons for this reaction are transferred from NADPH to POR and then to CYP. 

Cytochrome b5 is another hemoprotein which can act as an electron donor in some situations. 

In humans, CYP comprises 57 genes and more than 58 pseudogenes divided into 18 families 

and 43 subfamilies [24]. Many CYPs exist in polymorphic forms (genetic variants), that 

differ in their catalytic activity. This may explain the inter-individual variations in drug 

response reported among patients. The most common enzymes reported to be  involved in 

drug metabolism are CYP1A1, CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, 

CYP2C19, CYP2D6, CYP2E1, CYP3A4 and CYP4A11 [23].  

 

1.4.2 Glutathione conjugation 

Glutathione (GSH) is a non-essential tripeptide consisting of glutamic acid, cysteine and 

glycine. It has an unusual peptide linkage between the amino group of cysteine and the 

carboxyl group of the glutamate side chain. The sulfhydryl (thiol) group (SH) of cysteine 

serves as a proton donor and is responsible for the biological activity of glutathione. 

Glutathione exists in reduced (GSH) and oxidized (GSSG) states. In the reduced state, the 

thiol group of cysteine is able to donate a reducing equivalent (H
+
+ e

-
) to other unstable 

molecules, such as reactive oxygen species. By donating an electron, glutathione itself 

becomes reactive, and readily reacts with another reactive glutathione to form a dimer 

glutathione disulfide (GSSG). Such a reaction is possible due to the high concentration of 

glutathione in cells. The reaction is often catalyzed by glutathione S-transferases (GSTs) 

which are present mainly in liver cytosol. GSH can be regenerated from GSSG by the 

enzyme glutathione reductase [25]. 

GSH is the major endogenous antioxidant produced by cells. Beside its role in the 

conjugation of drugs and other xenobiotics, it participates in the neutralization of free radicals 

and reactive oxygen compounds, as well as maintaining exogenous antioxidants such as 

vitamins C and E in their reduced (active) forms.  

GSH is essential for the immune system to exert its full potential. It also plays a fundamental 

role in numerous metabolic and biochemical reactions such as DNA synthesis and repair, 

protein synthesis, prostaglandin synthesis, amino acid transport and enzyme activation [26]. 
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1.4.3 Busulphan metabolism 

Busulphan is predominantly metabolized in the liver by conjugation with glutathione (GSH) 

[27-30]. Cytosolic GSTs have been identified as the enzymes responsible for this 

conjugation. GSTA1 is the most active glutathione transferase in catalyzing Bu-GSH 

conjugation in human liver and in the small intestine of young children, while GSTM1 and 

GSTP1 are less active [31, 32].  

The conjugation of busulphan with glutathione results in the formation of a sulfonium ion 

which is positively charged. This sulfonium ion is an unstable intermediate product and is 

broken down to tetrahydrothiophene (THT). Oxidation products of THT, such as THT 1-

oxide, sulfolane and 3-hydroxy sulfolane make up the majority of identified Bu metabolites 

(Figure 1). Several minor metabolites of Bu have been detected, but yet not identified [27-

30]. 
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Figure 1: Metabolic pathway of busulphan 

 

Several drugs such as itraconazole, metronidazole, phenytoin and ketobemidone have been 

reported to affect Bu plasma concentrations during conditioning regimen [33-35]. Our group 

has observed that the antimycotic drugs, voriconazole and posaconazole, also affect Bu 

plasma levels (unpublished results). Moreover, our group reported that the time interval 

between Bu and Cy during conditioning regimen affected the frequency of liver toxicity and 

the pharmacokinetics of Cy [36]. Several attempts have been made to identify other enzymes 

are involved in Bu metabolism besides conjugation with GSH. In this study, we are 

investigating the role of flavin-containing monooxygenase 3 (FMO3) as well as CYPs in the 
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metabolism of Bu via its core metabolite THT. We hypothesize that these enzymes are 

involved in THT oxidation to THT-1-oxide and thus affect the overall Bu kinetics (Figure 2).  

 

FMOs consist of a group of hepatic microsomal enzymes involved in the metabolism of 

xenobiotics [37, 38]. They are mainly responsible for the breakdown of compounds 

containing nitrogen, sulfur and phosphorus while using NADPH as a cofactor. Five active 

forms have been identified in humans, FMO1 - FMO5. The most common liver enzyme is 

FMO3 [39].  

Recently, FMO3 was reported to be involved in the metabolism of many drugs, such as 

voriconazole, ketoconazole, methimazole, tamoxifen, codeine and nicotine [40-42]. 

Voriconazole is an antifungal drug which is used to treat or prevent fungal infections or their 

recurrence, and thus, sometimes given during busulphan conditioning due to the high risk of 

infection in the immunocompromised patients. It was reported that 25% of voriconazole is 

metabolized by FMO3 [40], which might explain the high busulphan plasma concentrations 

found in patients treated by voriconazole shortly before or during conditioning. 

All enzymes involved in the Bu pathway have not been identified yet. Thus, the effect of 

enzyme polymorphisms on the drug kinetics has not been extensively studied, and the only 

way to personalize Bu dosage is currently based on the therapeutic drug monitoring (TDM) 

strategy. Bu is characterized by a narrow therapeutic index and wide inter- and intra-patient 

variability of pharmacokinetic parameters. Overdosing may cause high toxicity. Before 

HSCT, a standard total dose of Bu given orally is 16 mg/kg. The total dose is administered 

over four days divided into 1 to 4 daily doses.  The Bu exposure (measured as the area under 

the concentration-time curve, AUC) varies up to 5-7 fold in patients receiving conditioning 

regimen [43, 44]. Substantial inter-patient variation in pharmacokinetic parameters is due to 

differences in Bu metabolism [45-48].  

Figure 2: Hypothetic interaction between Busulphan 

and hepatic enzymes 
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TDM is a common strategy for maintaining Bu exposure within the target AUC in order to 

reduce Bu side effects and retain treatment efficacy. Target AUC ranges depend on the type 

of HSCT; 3600-5400ngh/ml in partially matched or unrelated recipients and 1200-

5400ngh/ml in allogeneic matched sibling patients [47, 49, 50]. TDM uses Bu concentrations 

from serial blood samples to calculate AUC and guide dose adjustments to achieve the target 

AUC. 

TDM in patients undergoing stem cell transplantation is complicated by the collection of 

blood samples in a short time span from anemic patients and young children. Analysis and 

evaluation have to be carried out rapidly in order to allow early dose adjustment. The full 

pharmacokinetic estimation of AUC is based on a series of about 10 blood samples. Several 

attempts have been made to develop limited sampling models (LSMs) and to reduce the 

number of samples for the benefit of patients and nurses, as well as reducing costs [51-53].  

The correlation between the AUC estimated using limited sampling models and the AUC 

obtained from full pharmacokinetics depends on several factors such as the patient 

population. Developments in computer software currently offer new possibilities for TDM 

modeling.  

Several methods for analysis of Bu and several methods for analysis of its metabolites have 

been reported. However, the advantage of simultaneous analysis of the parent compound and 

its metabolites was challenging. Analysis of Bu and its metabolites using a single solid 

method would facilitate kinetic and metabolic pathways investigations of Bu. 

 

1.4.4 Cyclophosphamide metabolism 

Cyclophosphamide is a prodrug that is metabolized by cytochrome P450 to 4-hydroxy-

cyclophosphamide (4-OH-Cy) which is the main active metabolite (90% of the total Cy) [54]. 

Subsequently, 4-OH-Cy is metabolized to phosphoramide mustard and acrolein. The latter is 

responsible for urotoxicity. An alternative pathway is N-dechloroethylation in which Cy is 

metabolized to an inactive metabolite, N-dechloroethyl-Cy, and the neurotoxic metabolite 

chloroacetaldehyde (Figure 3) [55-57]. 
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Figure 3: Metabolic pathway of cyclophosphamide 

CYP2B6 is the main enzyme responsible for Cy bioactivation [55, 58] while other enzymes 

like CYP3A4, CYP3A5, CYP2C9 and CYP2C19 are also involved in its metabolism [59, 

60].  

The gene for CYP2B6 is located in the middle of chromosome 19 [61]. CYP2B6 is mainly 

expressed in the liver; however, it has been detected in extra-hepatic tissues such as intestine, 

kidney, brain, lung and skin [62-65]. CYP2B6 has been reported to be involved in the 

metabolism of many drugs, such as Cy, ifosfamide, diazepam and efavirenz as well as in the 

synthesis of endogenous compounds like cholesterol and steroids [63, 66, 67].  

CYP2B6 polymorphism has been reported to affect the kinetics of several drugs. For 

example; the mirtazapine concentration was higher in patients with CYP2B6*6/*6 [68]. Also 

the frequencies of different alleles differ among populations. Ribaudo et al. have shown that 

CYP2B6*9 is more frequent among African-American individuals compared to Caucasian-

American individuals, which resulted in a  two-fold longer plasma half-life of efavirenz in 

homozygotes for this allele [69]. 

A high inter-individual variation in Cy kinetics including elimination half-life and clearance 

has been reported [55, 70]. Several investigators have shown high inter-individual variation 

in expression and catalytic activity of CYP2B6 which can be due to the genetic 

polymorphism of this enzyme [71-73].  
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In total, more than fifty different alleles containing point mutations have been identified to 

date (28-Nov-2013) (http://www.cypalleles.ki.se/cyp2b6.htm). Most of these mutations are 

silent but five of them result in amino-acid substitutions in exons 1, 4, 5 and 9 [63].  

Some of the common alleles such as CYP2B6*2, CYP2B6*4, CYP2B6*5, CYP2B6*6, 

CYP2B6*7 and CYP2B6*9 have been reported to affect Cy kinetics by either decreased liver 

protein expression or altered function of the enzyme [63, 74-76]. In addition, some more rare 

SNPs have been reported to result in absent or non-functional enzyme [77].  

In contrast, some studies have reported that CYP2B6 genetic polymorphism doesn’t alter the 

Cy metabolism or the 4-OH-Cy formation in vivo or in vitro [58-60]. Moreover; Yao et al. 

suggested that clinical factors such as patient age and cancer grade may contribute to the 

inter-individual variation in Cy kinetics [78]. 

The clinical efficacy of Cy either alone or in combination with other cytostatics or 

radiotherapy has been studied previously [79, 80]. However, the contribution of Cy to HSCT 

outcome and, more importantly, the mechanisms by which Cy exerts its effect on immune 

cells has not yet been fully elucidated.  

In the past decade, the advent of DNA microarray technology together with the availability of 

the complete nucleotide sequence of the human genome have allowed elucidation of the 

molecular mechanisms in several diseases [81, 82] or treatment regimens [83, 84]. However, 

the effect of high dose cyclophosphamide on different genes and the gene expression profile 

has not been studied yet.  

Cytochrome P450 oxidoreductase (POR) is a membrane-bound enzyme in the endoplasmic 

reticulum that is involved in electron transfer from NADPH to CYP. POR is important in the 

metabolism of drugs and xenobiotics and thus, allelic variants and variability in expression 

may have clinical implications [85, 86]. 

POR deficiency may lead to serious alteration of the normal development such as disordered 

steroidogenesis, abnormal genitalia, bone abnormalities and William’s syndrome [87-89]. 

Recently, POR variants have been found to affect CYP-catalyzed metabolism of drugs and 

xenobiotics. POR polymorphism affects the activities of CYPs such as CYP3A4, 2C9, 3A5, 

2D6, 1A2 and 2C19 that are mainly dependent on POR-mediated electron transfer by 

changing the electron transfer capacity from POR to CYPs [90-93]. POR variants have 

altered the CYP2B6 dependent activity in bupropion metabolism and S-mephenytoin 

N-demethylation [94, 95]. POR*28 is the only polymorphism so far reported to increase CYP 

activity in vivo [96]. 

Variations in POR gene expression in vivo and how POR affects Cy kinetics has not been 

fully elucidated yet.  

http://en.wikipedia.org/wiki/Enzyme
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CYP2J2 is another CYP involved in the metabolism of xenobiotics. It is encoded by the 

CYP2J2 gene which has been mapped to the short arm of chromosome 1 in humans and 

chromosome 4 in mice [97].  

CYP2J2 is active mainly in the intestine and cardiovascular system [98-100]. CYP2J2 has 

been reported to metabolize several drugs, particularly in extrahepatic tissues. High CYP2J2 

activity in the intestine could contribute to the first-pass metabolism of some drugs [101-

103].  Moreover, Matsumoto et al. have demonstrated that CYP2J2 is dominant in the 

presystemic elimination of astemizole in human and rabbit small intestine [103]. 

In the human heart, CYP2J2 is responsible for the epoxidation of endogenous arachidonic 

acid to four regioisomeric epoxyeicosatrienoic acids (EETs) released in response to some 

stimuli like ischemia [104]. Transgenic mice overexpressing CYP2J2 have been shown to 

have less extensive infarcts and more complete recovery after ischemia [105-107]. These 

mice were also better protected against global cerebral ischemia associated with increased 

regional cerebral blood flow [108].  

Recently, CYP2J2 has been also related to malignancy. Chen et al. have reported that 

CYP2J2 is highly expressed in human- and mouse- derived malignant hematological cell 

lines (K562, HL-60, Raji, MOLT-4, SP2/0, Jurkat, and EL4 cells) as well as in peripheral 

blood and bone marrow cells of leukemia patients [109]. In these patients, high expression of 

CYP2J2 was associated with accelerated proliferation and attenuated apoptosis. CYP2J2 

overexpression also enhanced malignant xenograft growth [109].  

CYP2J2 is also overexpressed in ovarian cancer and lung cancer metastasis [110, 111] and its 

inhibition by terfenadine-related compounds has been shown to suppress the proliferation of 

human cancer cells both in vitro and in vivo [112]. The expression of CYP2J2 in HL-60 cells 

can explain why Cy exerts cytotoxic effects in these cells despite lack of CYP2B6 [113]. The 

role of CYP2J2 in Cy bioactivation has not been elucidated yet. 

 

1.5 SIGNIFICANCE 

Hematopoietic stem cell transplantation is a curative treatment for several diseases. However, 

HSCT is a complex and complicated procedure accompanied by a high risk of acute and late 

serious complications. Multiple drugs are used as prophylactic treatment to prevent and/or to 

treat complications. However, drug-drug interactions may also contribute to the development 

of complications and eventually increase morbidity and mortality.  

Conditioning regimen plays an essential role in HSCT. The busulphan/cyclophosphamide 

regimen is one of the most commonly used conditioning regimens in both adults and pediatric 

patients.  Despite the long clinical use of both drugs, there is still scant information 

concerning their metabolism, their pharmacodynamics, the effect of gene regulation and 
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(most of all) their mechanism of action. There is also still no satisfactory explanation for the 

high inter- and intra-individual variation seen in clinical settings. 

There is a need for more extensive knowledge regarding: 

 The enzymes involved in busulphan and cyclophosphamide metabolism.  

 Genes that are affected by the treatment. 

 The importance of polymorphism in these genes in regard to treatment efficacy and 

toxicity.  

 The impact of up- or down-regulation of these genes on the pharmacodynamics of the 

drug.  

 Dose adjustment based on individual genetic factors.  

 The pharmacological activity of the metabolites. 

 The pharmacokinetics and pharmacodynamics (PK/PD) in correlation to side effects 

on an individual basis.  

 Reliable models that can be used for dose adjustment in relation to 

age/disease/patient gender. 

This knowledge will certainly help to personalize medicine based on individual genetic 

information, as well as enhancing dosage schedule and/or dose adjustment. Moreover, it will 

enable clinicians to choose drugs with fewer potential interactions. This knowledge may play 

a central role in the improvement of the conditioning regimen prior to HSCT and hence 

improve its clinical outcome. The improvement in clinical results may be seen in terms of 

fewer side effects, improved patient life quality, longer survival and less relapse rate, which 

will benefit both the individual and society as a whole. 
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2 AIM OF THE THESIS 

2.1 GENERAL AIM 

 

To study the molecular mechanisms involved in the metabolism of the Bu/Cy conditioning 

regimen in order to avoid drug interactions and personalize the treatment before HSCT and 

hence, increase treatment efficacy, reduce adverse effects and improve the clinical  outcome.  

 

2.2 SPECIFIC AIMS  

 

1- To develop an analytical method for the concomitant detection and quantification of 

busulphan and its main metabolites in different biological fluids. 

 

2- To identify other enzymes involved in busulphan metabolism and their effect on 

busulphan kinetics.  

 

3- To establish a limited sampling model for the calculation of busulphan 

pharmacokinetics based on a practical limited sampling protocol in combination with 

a reliable algorithm. 

 

4- To study the contribution of cyclophosphamide to the outcome of HSCT and the 

molecular mechanisms by which cyclophosphamide exerts its effect on immune cells. 

 

5- To investigate the role of human CYP2B6 polymorphism and POR in 

cyclophosphamide bioactivation. 

 

6- To investigate the role of CYP2J2 in cyclophosphamide bioactivation. 
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3 PATIENTS AND METHODS 

3.1 CHEMICALS 

The following compounds were purchased with a purity > 96%: busulphan and 

3-hydroxysulfolane (Sigma-Aldrich, Steinheim, Germany); Cyclophosphamide, 

Phenylthiourea (PTU), telmisartan, dansylhydrazine, and dimethyl sulfoxide (DMSO) 

(Sigma-Aldrich, Stockholm, Sweden); β-nicotinamide adenine dinucleotide phosphate 

reduced form (β-NADPH), tetrahydrothiophene and sulfolane  (Sigma-Aldrich, St. Louis, 

USA); tetrahydrothiophene 1-oxide (Sigma-Aldrich, Tokyo, Japan); sodium iodide (Merck, 

Darmstadt, Germany); nicotine (Merck, Hohenbrunn, Germany); 3-methylsulfolane (TCI, 

Tokyo, Japan); resazurin (R&D Systems Inc., Minneapolis, USA); antithymocyte globulin 

(ATG, Thymoglobulin, Genzyme, Cambridge, MA, USA); Dulbecco’s phosphate buffered 

saline (DPBS) (Life technologies, Stockholm, Sweden). 1,5-bis(methanesulfonoxy) pentane 

was prepared in our laboratory (Karolinska University Hospital-Huddinge, Sweden) [114]. 

Maphosphamide was kindly provided by Professor Ulf Niemeyer, Baxter Oncology GmbH 

(Frankfurt, Germany).  

All solvents were of analytical grade with purity > 99%:  methanol, acetonitrile, n-heptane 

(Merck, Darmstadt, Germany); dichloromethane (Fluka, Seeze, Germany) and ethyl acetate 

(Sigma-Aldrich, Steinheim, Germany). 

QuickPrep Total RNA Extraction Kit was purchased from GE Life Sciences, Uppsala, 

Sweden, TaqMan Reverse Transcriptase-complementary DNA (cDNA) Kit from Applied 

Biosystems, Roche, NJ, USA and NimbleGen microarrays from Roche Diagnostics 

Scandinavia, Bromma, Sweden.  

TaqMan genotyping polymerase chain reaction (PCR) primers were purchased from Applied 

Biosystems (Stockholm, Sweden) as follows: 

A- Gene expression primers (Catalogue# 4331182): FMO3 (assay ID; Hs00199368_m1), 

CYP2J2 (assay ID; Hs00951113_m1), ANGPTL1 (assay ID; Hs00559786_m1) and 

c-JUN (assay ID; Hs01103582_s1) and the housekeeping gene GAPDH (assay ID; 

Hs02758991_g1).  

 

B- Single nucleotide polymorphism (SNP) genotyping (catalogue #4362691): CYP2J2 

SNPs (rs72547599, rs1056595, and rs66515830) and POR*28 SNP (rs1057868).  

QuantiNova probe PCR kit for genotyping (catalogue # 208252) was from Qiagen 

(Stockholm, Sweden), while TaqMan genotyping master mix (catalogue #4371355) and 

TaqMan fast universal master mix (catalogue # 4352042) were from Applied Biosystems 

(Stockholm, Sweden).  
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3.2 PATIENT POPULATION 

Patients undergoing HSCT at the Center for Allogeneic Stem Cell Transplantation (CAST), 

Karolinska University Hospital, Huddinge, Sweden were included in the study. The study 

was approved by the ethical committee of Karolinska Institutet (616/03) and informed 

consent was obtained from the patients. Patient characteristics are presented in Table 1.  

Twelve patients received Bu/Cy conditioning regimen before HSCT.  Busulphan was 

administered orally at a dose of 2 mg/kg twice daily for 4 consecutive days followed by i.v. 

infusion of cyclophosphamide at a dose of 60 mg/kg/day once daily for 2 consecutive days.  

Eleven patients were conditioned with Cy/TBI regimen. They received an i.v. infusion of Cy 

60 mg/kg/day once daily for two consecutive days followed by fractionated TBI in a total 

dose of 12 Gy (3 Gy daily for 4 days), except one patient who received only 6 Gy in total.  

All patients with matched unrelated donors (MUD) were treated with ATG (antithymocyte 

globulin) at a total dose of 6 mg/kg given at day -4 through -1 during the conditioning 

regimen. The only exception was a patient with CD52+ leukemia and a sibling donor who 

received Alemtuzumab 30 mg x 1. 

GVHD prophylaxis consisted of cyclosporine (CsA) in combination with four doses of 

methotrexate (MTX) [115]. During the first month, blood CsA levels were maintained at 

100 ng/mL in patients with sibling donors and at 200 - 300 ng/mL in patients with MUD. In 

the absence of GVHD, CsA was successively discontinued in patients with sibling donors 

after three to four months and in patients with MUD after six months.  

Acute and chronic GVHD were diagnosed on the basis of clinical symptoms and/or biopsies 

(skin, liver, gastrointestinal tract, or oral mucosa) according to standard criteria [116]. The 

patients were treated for grade I acute GVHD with prednisone, starting at a dosage of 

2 mg/kg/day, which was successively lowered after the initial response. Chronic GVHD was 

initially treated with CsA and steroids. In most cases, daily prednisone at 1 mg/kg per day 

and daily CsA at 10 mg/kg per day were used [117]. 

3.2.1 Blood sampling 

Blood samples for RNA determination were collected in PAX tubes (BD, Stockholm, 

Sweden). During the Bu/Cy conditioning regimen, samples were collected prior to the start of 

Bu treatment and after the last dose of Bu. In patients conditioned with Cy/TBI, blood 

samples were collected before start and 6 h after termination of Cy infusion on both treatment 

days. The samples were numbered consecutively from1 to 4. 

For the analysis of Cy and 4-OH-Cy kinetics, blood samples were collected before the first 

infusion of Cy and at 0.5, 1, 2, 4, 6 and 8 h after its termination, as well as before the second 

infusion of Cy and 6 h after its termination. Blood (2.5 mL) was collected in prechilled 

heparinized tubes (BD, Stockholm, Sweden) and immediately centrifuged at 3000 x g for 

3 min at 4°C. Plasma (0.5 mL) was transferred to new tubes containing 0.5 mL prechilled 
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ACN, vortexed for 30 s, and centrifuged at 3000 x g for 3 min. The supernatant and 

remaining plasma were stored at -80°C until analysis. 

3.2.2 RNA extraction and cDNA preparation 

RNA was extracted from mononuclear cells using QuickPrep Total RNA Extraction Kit 

according to the manufacturer’s instructions and was quantified by measuring the absorbance 

at 260 and 280 nm. cDNA was obtained by reverse transcription using the TaqMan Reverse 

Transcriptase-cDNA Kit. All samples were stored at -150
o
C. 

3.2.3 Gene array and genotyping  

Purified mRNA was analyzed using global gene expression, NimbleGen microarrays (Roche 

Diagnostics Scandinavia, Bromma, Sweden). Data were analyzed using GeneSpring GX 

(Agilent, CA, USA). Expression data of the probes and genes were normalized using quantile 

normalization and the Robust Multichip Average algorithm, respectively. Gene expression 

was determined by ANOVA to be significantly differentially expressed if the selection 

threshold of a false discovery rate (FDR) was < 5% and the fold change in SAM output result 

was > 1.3. The complete data set for patients conditioned with Cy and TBI can be accessed in 

the Gene Expression Omnibus (GEO) database with accession number GSE51907 [118]. 

Pathway identification and reporting was performed using IPA software (Ingenuity, Qiagen, 

CA, USA) and Kyoto Encyclopedia of Genes and Genomes software (KEGG) (Kyoto 

University Bioinformatics Centre, Japan). 

3.2.4 Real time PCR 

TaqMan gene expression assay was performed by means of the FAM dye labeling system 

according to the manufacturer’s instructions. The assay was performed for the selected highly 

expressed genes, FMO3 expression in patients treated with Bu and ANGPTL1, c-JUN, POR 

and CYP2J2 in patients treated with Cy. All results were normalized against GAPDH as a 

housekeeping gene. Twelve samples from healthy controls were run in parallel. 

Patient samples were scanned using TaqMan genotyping PCR primers for CYP2J2 SNPs 

(rs72547599, rs1056595 and rs66515830) and POR*28 SNP (rs1057868).  cDNA samples 

(10 ng) containing 1x TaqMan SNP Genotyping were amplified by means of the VIC and 

FAM dye-labeling system, according to the manufacturer’s instructions, in a 384-well plates 

(10 µL total volume) for CYP2J2 (7500 Fast Real-Time PCR System, Applied Biosystems 

Life Technologies, Stockholm, Sweden) and a 72 rotor (20 µL total volume) for POR*28 

(Rotor Gene Real-Time PCR System, Qiagen, Stockholm, Sweden). Post-PCR end-point 

reading was performed and genotypes were assigned using the manual calling option in the 

allelic discrimination applications.  

 

 

http://www.bic.kyoto-u.ac.jp/
http://www.bic.kyoto-u.ac.jp/
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Table 1: Patients clinical data 

 Diagnosis 
Age, 

(years) 

Conditioning 

regimen 

CD 34 

dose/Kg 

Disease status, 

at HSCT 
Outcome 

Cause of 

death 

P 1 AML 47 Bu + Cy + ATG 8,1 x10(6) CR1 Alive N/A 

P 2 CML 57 Bu + Cy + ATG 15,3 x10(6) CR Alive N/A 

P 3 AML 2 Bu + Cy + ATG 4,85 x10(6) CR1 Alive N/A 

P 4 
Thalassemia 

Major 
13 Bu + Cy + ATG 8,05 x10(6) N/A Alive N/A 

P 5 CML 14 Bu + Cy 4,8 x10(6) CP1 Alive N/A 

P 6 MDS-AML 50 Bu + Cy + ATG 9,36 x10(6) CR1 Alive N/A 

P 7 
Sickle cell 

anemia 
13 Bu + Cy 3,39 x10(6) N/A Alive N/A 

P 8 AML 35 Bu + Cy + ATG 8,75 x10(6) CR1 Alive N/A 

P 9 CML 55 Bu + Cy + ATG 8,19 x10(6) CP2 † 9 moths 
Multi organ 

failure 

P 10 
Kostmann + 

MDS 
12 Bu + Cy + ATG 4,48 x10(6) N/A † 10 moths Sudden Death 

P 11 AML 54 Bu + Cy 3,7 x10(6) CR1 Alive N/A 

P 12 MDS 14 
Bu + Cy + Mel + 

ATG 
7,9 x10(6) PR Alive N/A 

P 13 AML 51 Cy+fTBI+ATG 10.6x10(6) Refractory Alive  N/A 

P 14 Pre-B ALL 26 Cy+fTBI+ATG 13.5x10(6) CR2 † 35 months Relapse 

P 15 B-CLL 57 
Cy+fTBI (6 Gy)+ 

Alemtuzumab 
14.7x10(6) Transformed † 10 months Relapse 

P 16 AML 31 Cy+fTBI+ATG 2x10(6) CR2 † 6 months Pneumonia 

P 17 
T-cell 

lymphoma 
41 Cy+fTBI+ATG 9.3x10(6) Relapse † 51 days 

Invasive 

fungal 

infection 

P 18 Pre–B ALL 25 Cy+fTBI+ATG 7.3x10(6) CR2 Alive  N/A 

P 19 
T-cell 

lymphoma 
38 Cy+fTBI 2.9x10(8) PR † 19 months Relapse 

P 20 T-ALL 10 Cy+fTBI+ATG 6.48x10(8) CR1 † 12 months Relapse 

P 21 T-ALL 26 Cy+fTBI+ATG 
0.5x10(5) 

0.2x10(5) 
CR2 † 11 months Relapse 

P 22 T-ALL 14 Cy+fTBI+ATG 19.9x10(6) CR2 Alive  N/A 

P 23 ALL 19 Cy+fTBI+ATG 13.5x10(6) CR3 † 9 months 
Relapse & 

pneumonia 

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ATG, antithymocyte 

globulin; B, B lymphocyte; CML, chronic myeloid leukemia; CLL, chronic lymphoblastic leukemia; MDS, 

myelodysplastic syndrome; CD 34, bone marrow-derived stem cells; CR, complete remission; Bu, busulphan; 

Cy, cyclophosphamide; Mel, melphalan; fTBI, fractionated total body irradiation; HSCT, hematopoietic stem 

cell transplantation; P, patient; PR, partial remission; T, T lymphocyte; †, survival time. 
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One patient with recent fungal infections required continuous prophylaxis with voriconazole 

even during the Bu/Cy conditioning regimen. Busulphan was administered at a dose of 2 

mg/kg twice daily for four days. This clinical setting gave us an opportunity to study the 

effect of FMO3 on Bu kinetics. Blood samples were drawn at 0, 1, 2, 4, 6, and 8 h for the first 

and fifth dose and at 0, 4, 6 and 8 h for the third dose. Plasma was separated by centrifugation 

at 1200 x g and stored at -20°C until analysis of Bu and THT [119]. 

For the development of the busulphan limited sampling model, adult and pediatric patients 

diagnosed with malignant hematological disease and treated with busulphan as part of their 

conditioning regimen were studied. Oral busulphan was administered in a dose of 2 mg/kg 

twice daily for four days, preceding cyclophosphamide treatment (Table 2).  All adult and 

adolescent patients, as well as parents of pediatric patients, consented to participation in this 

protocol. 

Table 2: Patients characteristics for LSM 

Group Mean age (range) Diagnosis (n) Gender (male/female) 

Initial patient group, (23 

patients) 

38 (13-59) AML (12), CML (9), Ewing 

sarcoma (1), Pre-B ALL (1) 

10/13 

Pediatric evaluation 

group, (20 patients) 

6 (0.1-13) AML/MDS (10), 

Neuroblastoma (6), MPD (1), 

Hurler (1), JMML (1), 

Fanconi/MDS (1) 

8/12 

Adult evaluation group, 

(23 patients) 

43 (18-67) AML (18), MDS (3), CML (2) 10/13 

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CML, chronic myeloid 

leukemia; JMML, juvenile myelomonocytic leukemia; MDS, myelodysplastic syndrome. 

 

3.3 STUDIES IN MICE  

Male C57BL/6N mice (6-8 weeks old) were purchased from Charles River (Koln, Germany). 

The mice were allowed to acclimatize to their surroundings for 2 weeks with a 12 h dark/12 h 

light cycle. Mice were fed with standard laboratory chow and water ad libitum. An ethical 

permit (S119-12) was obtained from the Stockholm South Animal Research Review Board. 

To assess Bu and THT kinetics, Bu was injected i.p. (25 mg/kg) dissolved in DMSO [120]. 

THT was prepared and injected in a similar way and administered in an equimolar dose of 8.8 

mg/kg, since it has a lower molecular weight compared to Bu. At appropriate time points (10 

min, 30 min, 1 h, 2 h, 4 h, 6 h and 8 h after administration), blood samples were collected and 

mice were sacrificed. 

To assess the role of FMO3 in Bu kinetics, a similar experiment was carried out after 

treatment with the FMO3 inhibitor, phenylthiourea (PTU), [121] administered as an i.p. 
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injection. PTU was dissolved in DMSO and injected (3 mg/kg) once daily for 3 days 

followed by Bu and THT injection on the 4th day. The mice were sampled and sacrificed as 

described above. 

To investigate the effect of THT accumulation on Bu metabolism, a third group of mice were 

injected with double dose of THT (17.6 mg/kg) at the same time with Bu and in order to 

simulate the THT accumulation. Mice were sampled and sacrificed according the same 

schedule as reported above. Plasma was separated from the blood samples and stored 

at -20°C. 

All experiments have been run in (at least) triplicate including negative controls (NaCl 

injection) and controls treated with PTU alone. Bu and THT were measured as described 

previously [119].  

 

3.4 STUDIES IN HL-60 CELL LINE 

HL-60 cells were purchased from DSMZ (Braunschweig, Germany). Cells were cultured in 

96-well BD BioCoat black culture plates (Stockholm, Sweden) using Roswell Park Memorial 

Institute (RPMI) 1640 medium, supplemented with 10% heat inactivated fetal bovine serum 

(FBS), penicillin (100 U/mL), and streptomycin (100 µg/mL).  

Cells in the exponentially growing phase (passage 6) were incubated in a humidified 

incubator at 37°C with a 5% CO2/95% O2 atmosphere. Cells were seeded at a density of 

10.000 cells/well. In order to assess cytotoxicity of the Cy and the CYP2J2 inhibitor, 

telmisartan, [122]  cells were incubated with Cy in concentrations of 0.2 - 20 mM for 6 - 96 h 

or with telmisartan  in concentrations of 2.5 - 40 µM for 48 h. 

To study the effect of telmisartan on Cy-induced cytotoxicity, HL-60 cells were preincubated 

with telmisartan in concentrations of 2.5, 5, or 10 µM for 2 h. Then, Cy in a final 

concentration of 9 mM and cells were incubated for a further 48 h. Controls were incubated 

in drug-free medium (negative control). 

At appropriate time points, the cell samples were aliquoted for different assays. One aliquot 

was added to precooled ACN for analysis of 4-OH-Cy, the other aliquot was used to assess 

cell viability using the resazurin assay. Resazurin in a 10% final concentration was added to 

the cell suspensions. The cells were then incubated for an additional 2 h at 37°C and 

fluorescence was detected at 590 nm following excitation at a wavelength of 544 nm using a 

FLUOstar Optima system (BMG LABTECH, Ortenberg, Germany). Experiments were 

performed in triplicate. 
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3.5 STUDIES IN MICROSOMES 

3.5.1 Busulphan metabolism 

To study the involvement of microsomal enzymes in Bu metabolism, pools of human liver 

microsomes (HLM) (Cypex, Dundee, UK) were incubated with THT in concentrations of 10 

- 500 µM at protein concentrations of 0.125 -1 mg/mL. Microsomes were incubated at 37°C 

in 200 µL of 50 mM potassium phosphate buffer, pH 7.4, and started with NADPH to a final 

concentration of 1 mM. The reaction was terminated at appropriate time points by adding one 

volume of ice cold dichloromethane.  

To determine the main enzyme involved in THT oxidation, parallel HLM incubations were 

performed after heat inactivation of FMO3 at 45°C for 10 min or inhibition of CYPs with 

carbon monoxide (CO) (AGA Gas, Enköping, Sweden). 

To corroborate our results, 11 batches of microsomes from baculovirus infected insect cells 

expressing human CYPs and POR, were incubated with 25 µM THT. The enzymes expressed 

were FMO3, CYP1A1, CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, 

CYP2E1, CYP3A4 and CYP4A11 (BD Biosciences, Stockholm, Sweden). The microsomes 

were incubated for 0, 5, 15, 30 and 60 min at a protein concentration of 0.35 mg/mL for 

FMO3 microsomes, or at 35 pmol CYP/mL for the other enzymes. 

All microsomes were incubated in triplicates and negative controls were run in parallel. 

Negative controls consisted of incubations using the same conditions, but excluding either 

NADPH, microsomes or THT, or by adding dichloromethane before NADPH addition. THT 

disappearance  and the formation of metabolites were measured using GC-MS [119].  

 

3.5.2 Cyclophosphamide metabolism 

The linearity of the reactions with time, CYP and Cy concentrations were determined before 

measuring apparent enzyme kinetic constants. 

For assessment of the role of POR in Cy bioactivation, microsomes containing human 

CYP2B6.1 and human POR coexpressed in Escherichia coli and supplemented with purified 

human cytochrome b5 were purchased from Cypex Ltd. (Dundee, UK). Batches with 

variable, up to approximately 18-fold differences in POR/CYP ratios were available. 

Microsomes containing human POR only from the same vendor were used as a control 

(Table 3). 

Microsomes with the same amounts of CYP (40 pmol/mL) and variable amounts of POR and 

POR/CYP ratios were incubated for 15 min in two independent experiments at 37°C, in a 

total volume of 100 µL containing 50 mM potassium phosphate buffer, pH 7.4, and started 

with NADPH to a final concentration of 1 mM. Nine substrate concentrations (0, 0.15, 0.25, 

0.5, 1, 2, 4, 8 and 10 mM) were used for the determination of apparent Km and Vmax. The 
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reactions were stopped by adding 100 µL of ice-cold ACN. The mixtures were vortexed and 

centrifuged at 3000 x g for 5 min to remove precipitated protein.  

Negative control incubations were run in parallel without cyclophosphamide, without 

NADPH, or without microsomes. Microsomes containing POR alone were incubated in 

parallel under the same conditions after adjusting the POR amount to be equal to the highest 

CYP2B6.1 batch. 

For further confirmation of our results, Cy (0.75 mM) was incubated under the linearity 

conditions with 3 batches having the same POR amounts (356 nmol/min/mL) and variable 

amounts of CYP and POR/CYP ratios. The formation of 4-OH-Cy was assessed using HPLC 

with fluorescent detector [123, 124]. 

Table 3: Characterizations of commercial recombinant microsomes containing human CYP2B6.1 

Batch No. Batch 1 Batch 2 Batch 3 POR 

Catalogue No. CYP/EZ016 CYP/EZ041*** CYP020 CYP004 

Lot. No C2B6LR002/A C2B6BR016A C2B6R005 RED004 

Company Cypex Cypex Cypex Cypex 

P450 concentration*  1 1 1 N/A 

Protein concentration**  10 10 10.6 12.7 

Specific P450 content # 100 100 94 N/A 

Cytochrome c reductase 

activity## 

77 890 1302 2437 

*P450 concentration (nmol/mL), **Protein concentration (mg/mL), #Specific P450 content (pmol/mg protein), 

##Cytochrome c reductase activity (nmol/min/mg protein). *** Batch 2 also contained a supplement of purified 

human cytochrome b5. N/A; Not applicable. 

 

To study the role of CYP2J2 in Cy bioactivation, microsomes from Escherichia coli 

coexpressing human CYP2J2 and CYP reductase were obtained from Cypex (Dundee, UK). 

The specific CYP content was 127 pmol/mg protein and the reductase activity was 429 

nmol/(min·mg) protein. Microsomes were incubated for 1 h at 37°C with Cy in 

concentrations of 0 - 50 mM in 100 µL of 50 mM potassium phosphate buffer, pH 7.4, and 

started with NADPH to a final concentration of 1 mM. The reaction was terminated by 

adding an equal volume of ice-cold ACN. Incubations were performed in triplicates and 

negative controls were run in parallel. 4-OH-Cy formation was measured using HPLC with 

fluorescence detector [123, 124]. 
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3.6 MEASUREMENT OF BUSULPHAN AND ITS METABOLITES 

3.6.1 Busulphan 

Samples  were extracted according to the method reported previously by Hassan et al. [125]. 

Briefly, 500 µL of plasma and urine were diluted with 500 µL of H2O. Fifty microliters of the 

internal standard (1,5-bis(methanesulfonoxy)pentane; 38.5 µM) were added, followed by the 

addition of 1 mL of sodium iodide (8M) and  400 µL of n-heptane. The tubes were placed 

under magnetic stirring in a water bath (70 
o
C) for 45 min.  During the reaction, busulphan 

and 1,5-bis(methanesulfonoxy)pentane were converted to 1,4-diiodobutane and 1,5-

diiodopentane respectively and extracted to n-heptane [126]. The percentage of the 

conversion of busulphan and 1,5-bis(methanesulfonoxy)pentane to 1,4-diiodobutane and 1,5-

diiodopentane was over 90% [125]. The organic phase was transferred into either GC-MS or 

GC tubes.  

3.6.2 Tetrahydrothiophene and sulfolane 

Samples (180 µL) were added to 10 µM nicotine (20 µL) as an internal standard before 

extraction. The matrix was extracted by liquid-liquid extraction with dichloromethane (equal 

volumes 200 µL) for 30 s of high speed vortexing. After extraction and centrifugation at 

16000 x g for 10 min, the organic phase was transferred into GC-MS tubes.  

3.6.3 Tetrahydrothiophene 1-oxide and 3-hydroxysulfolane 

Samples (180 µL) were added to 10 µM of 3-methylsulfolane (20 µL) as an internal standard. 

The matrix was lyophilized (< 1 mbar at 40°C under N2 stream) to dryness, the residue was 

dissolved in 10 µL water and 200 µL of ethyl acetate for extraction. Samples were vortexed 

for 30 s at high speed and centrifuged at 16000 x g for 10 min. The organic phase was 

transferred to GC-MS tubes.  

The GC-MS system consisted of a Hewlett Packard 5890 Series II gas chromatograph 

equipped with an Agilent 6890 series auto-injector and a Hewlett Packard 5972 series mass 

selective detector (Santa Clara, CA, USA). This system was utilized for the measurement of 

busulphan and its metabolites (Study I, II).The column used was Rxi-1ms 100% dimethyl 

polysiloxane split fused silica non-polar phase, 30 m, 0.25 mm ID and 1.0 µm df (Bellefonte, 

PA, USA). The carrier gas was helium and the pressure on the top of the column was 40 kPa 

with an inlet temperature of 50°C. A 2 µL sample aliquot was injected splitless at a flow of 

0.9 ml/min. The analysis was run in a gradient with an initial temperature of 40°C for 2.5 min 

followed by 20°C min
-1

 increase up to 100°C then 10°C min
-1

 increase up to 180°C and 

finally 50°C min
-1

 increase up to 240°C. The final temperature was maintained for 3 min. The 

injector temperature was 190°C while the detector temperature was 250°C [127]. 

Chromatograms and all the quantitative results were measured using Enhanced ChemStation 

software G1401BA version B.01.00 (Agilent, Santa Clara, CA, USA). 

Gas chromatography (SCION 436-GC) with electron capture detector (ECD) connected to 

fused silica Column 15m X 0.25mm (Bruker Optics Scandinavia AB, Stockholm, Sweden) 
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was used for busulphan measurement in Study III. The injection temperature was 250°C, the 

column was operated isothermally at 145°C with a detector temperature of 300°C. The 

calibration curve was linear within the range 25 - 1500 ng/mL. 

 

3.7 MEASUREMENT OF CYCLOPHOSPHAMIDE AND ITS ACTIVE 
METABOLITE 

Cyclophosphamide was measured in 1 mL patient plasma samples as described previously 

[128]. Plasma was extracted using diethyl acetate ester after the addition of ifosfamide as an 

internal standard. The organic layer was evaporated to dryness. Then, 30 µL aliquots of 

residue dissolved in mobile phase were injected into the HPLC.  

The concentration of 4-OH-Cy was determined using fluorescence detection. 4-OH-Cy was 

fluorescence sensitive after adding dansylhydrazone and hydrochloric acid as described 

previously [123, 124]. The mixture was vortexed and incubated at 50°C for 5 min. 30 µL 

aliquots of the final sample supernatant were injected into the HPLC system.  

High-performance liquid chromatography (HPLC) consisted of an LKB-2150 pump, Gilson-

234 auto-injector with a 100-µL sample loop connected to an Extend-C18 column (150 × 4.6 

mm × 3.5 µm) with a C18 guard column (Agilent, CA, USA). Integration was performed 

with a CSW32 (version 1.3) chromatographic station (DataApex Ltd., Prague, Czech 

Republic).  

For Cy measurements, the mobile phase consisted of ACN/0.05 M potassium phosphate 

buffer, pH 2.8 (24:76 v/v) and the flow rate was 1 mL/min. Cy was detected by a Milton Roy 

UV Spectro-Monitor 310 detector (Pont-Saint-Pierre, France) at a wavelength of 195 nm. 

For 4-OH-Cy measurements, the mobile phase consisted of ACN/phosphate buffer, pH 3.5 

(1:2 v/v), and a flow rate of 1.6 mL/min. A Shimadzu RF-10XL fluorescence detector 

(Tokyo, Japan) was used to detect 4-OH-Cy. Detection was performed at excitation and 

emission wavelengths of 350 and 550 nm, respectively.  

 

3.8 VALIDATION OF THE METHOD FOR QUANTIFICATION OF BUSULPHAN 
AND ITS METABOLITES 

This analytical method for the detection and quantification of busulphan and its main 

metabolites in different biological fluids was developed: 

Mass spectrometry was operated in selective ion monitoring (SIM) mode at the following 

ions: m/z 310 for busulphan after conversion to 1,4-diiodobutane, m/z 60 and 88 for THT, m/z 

55 and 104 for THT 1-oxide, m/z 56 and 120 for sulfolane and m/z 44 and 136 for 3-OH 

sulfolane. For compounds used as internal standards, m/z 324 for 1,5-

bis(methanesulfonoxy)pentane after conversion to 1,5-diiodopentane, m/z 162 for nicotine 
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and m/z 134 for 3-methylsulfolane was used. The parent compounds and the highest daughter 

ions were detected. 

3.8.1  Stock solutions 

Frozen plasma samples were thawed at room temperature and vortexed before use, while 

urine samples were freshly collected on the same day. The analysis was performed for each 

analyte separately (3 injections) and was also evaluated after mixing the analytes and 

injecting once. All stock solutions were prepared as 1 mM solutions (THT, THT 1-oxide, 

sulfolane and 3-OH sulfolane) in phosphate buffer pH 7.4, while busulphan was dissolved in 

ACN). Sample final concentrations were prepared from the stocks by serial dilution. For the 

recovery study, all compounds were prepared as stock solutions (1 mM) in the appropriate 

solvent and subsequently serially diluted in the same solvent prior to use.   

3.8.2 Conduct of validation 

The bioanalytical validation has been carried out according to the international guidelines 

recommended by Shah et al. [129, 130]. A standard curve was defined by a set of calibration 

standards ranging from 0.5 µM to 50 µM for all compounds except for 3-OH sulfolane, 

which was 1.25 µM - 50 µM. Samples for the standard curve were randomized through the 

entire run. At least three standard curves per analyte were assayed over a three day period in 

both plasma and urine. The quantification analysis was based on the ratio peak area 

analyte/peak area IS and equal weighting in a linear regression analysis equation.  Three 

quality controls (QC) covering the whole range of the standard curve (2, 15 and 30 µM) were 

run in triplicate over three days in both plasma and urine to determine the inter- and intra-day 

reproducibility. Blank samples for all compounds were run in parallel and were compared 

with the lower limit of quantification (LLOQ) for each compound. Stability of the analytes in 

biological fluids and through the analytic process was established with two different 

concentrations of QC [129, 130]. 

3.8.3  Clinical application 

In order to evaluate the applicability of the method for measuring Bu and its metabolites in 

clinical samples, we studied the plasma and urine samples from a patient undergoing HSCT. 

The patient was treated with high dose busulphan (2 mg/kg twice daily) for four days. Blood 

samples were withdrawn according to standard protocol for dose adjustment of busulphan.  

Samples were collected at 0, 0.5, 1, 2, 3, 4, 6, 8 and 10 h after the first and the fifth dose and 

at 0, 1, 3 and 6 h for doses 3 and 7. Blood was collected in EDTA vacutainer tubes, plasma 

was separated by centrifugation at 3000 x g for 5 min and stored at -20°C until analysis as 

described above. Urine samples were collected at 6, 12, 24, 48 and 72 h and stored at -20°C 

until assay.   
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3.9 LIMITED SAMPLING MODEL DEVELOPMENT 

3.9.1 Model building 

In the present investigation, we have employed the following models: multiple regression 

models, compartment models, and plain curve fitting models. The present model was 

developed using 23 patients and validated in 20 pediatric and 23 adult patients (Table 2). 

3.9.1.1 Multiple regression models 

The strategy of analyzing the correlation between AUC and each concentration sample from 

a full sample set using a multiple regression procedure has been described previously [15]. 

The concentration samples found to have the strongest correlation with AUC were retained, 

while the other concentrations were declined. Stepwise regression was used to construct a 

linear equation (Equation 1): 

AUC=                           

(Equation 1)   

Kn is the calculated constant associated with the n sample and Cn is the plasma concentration of 
busulphan in the n sample. 

 

The number of concentration samples is limited to n and the sampling times after dose 

administration must be identical in all subjects. The formula is verified using a new sample 

and the correlation is often satisfactory, provided the same population is studied at the same 

center using the same treatment protocol [131, 132]. This equation is simple, and it is easy to 

implement the model in clinical practice [133].  

3.9.1.2 Compartment models 

Drug dynamics within the body in the present model were approximated by kinetically 

defined compartments. Mathematical formulas describe plasma concentration over time 

based on absorption, elimination, and distribution rates in compartment models. One or two 

compartments are most commonly used. Due to the distribution properties of busulphan it is 

reasonable to implement a one-compartment model for this drug [134]. The formula for 

calculating AUC then takes the form (Equation 2): 

 

AUC=∫
           

            

   

   
                    

(Equation 2)  

F is the bioavailability, Dose the drug dose administered, kabs is the absorption rate constant, kel is the 

elimination rate constant, t is the time, and Vd is the volume of drug distribution. 
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By fitting the absorption rate kabs, elimination rate kel, and the absorbed dose (F. dose), drug 

distribution ratio F. Dose /Vd, it is possible in theory to calculate the exact AUC. In practice, 

problems arise from unusual absorption patterns and noisy data that affect the drug 

concentrations. In particular, the absorption rate is not constant, which may affect the validity 

of the formula and could result in a major deviation of the AUC estimate. Moreover, the 

estimate is very sensitive to even single errors in concentration measurements. 

3.9.1.3 Non-compartment curve fitting models 

In the present model, the third strategy was to fit a mathematical formula to the plasma 

concentrations. Several methods have been devised, some involving elaborate calculations 

such as splines or piecewise polynomial interpolation. The simple numeric trapezoidal rule or 

trapezoidal rule with log trapezoidal rule during the elimination phase is, however, most 

commonly used. It is hard to find convincing evidence for the benefit of utilizing complicated 

calculations. A comparison of 11 numerical curve fitting models found that an interpolation 

with piecewise parabolas through the origin for concentration intervals until the second 

concentration or Cmax, with log trapezoidal rule for the remaining intervals, showed the most 

promising results [135].  This method was chosen for study because it can produce a negative 

curvature. Purves argued that an interpolation method with negative curvature would 

presumably be more adequate during the absorption phase after an oral dose than a method, 

such as the common trapezoidal rule, with zero curvature. Among the methods compared 

were the Lagrange and cubic spline methods. Both were deprecated due to large variance in 

their estimates [135]. The AUC using the proposed interpolation for n samples is calculated 

in equation 3: 

AUC= 

∫     
    

  

  
     ∑ ∫     

           ∑
                  

    
    
  

 

   
   

    

  

    

   
 

(Equation 3) 

P is the peak plasma sample concentration, ti is the time point i, Ci is the drug concentration in sample i 

and n is the total number of samples.  

The equation    
      describes a parabola through origo (PTO) and (      ; 

(           

3.9.1.4 Implementation of Models 

 

Specific models must be designed to compare the respective strategies. It can be argued that 

there are flaws in the specific model implementation rather than in the strategy itself; 

however, we have carefully strived to produce the best possible models, in respect to 

accuracy and efficiency. 
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3.9.1.5 Implementation of multiple linear regression model 

 

Linear model (Equation 4) was utilized for estimating the AUC using limited sampling at our 

facility. The model was validated and developed by us and is accordingly well adapted to 

local circumstances. It originates from studies of busulphan pharmacokinetics in 20 children 

who underwent HSCT for either leukemia or inherited disorders. Based on three plasma 

concentrations (1, 3, and 6 h) after administration of one busulphan dose, a linear model with 

high correlation (r = 0.998) was devised using multiple linear regression [52]  (Equation 4): 

AUC =                          

(Equation 4) 
 

C1 is the concentration at 1 h, C2 is the concentration at 3 h and C3 is the concentration at 6 h. 

3.9.1.6 Implementation of compartment model 

Several compartment models have been devised for busulphan kinetics. Two compartments 

may be used in a model of drug distribution for a more accurate simulation of the actual 

kinetics in humans. The specifics of the drug determine how much is gained in accuracy from 

introducing the complexity of a two compartment model. Basically, sparse input data reduce 

the feasibility of using a complex model with several deduced parameters. Further, several 

studies have demonstrated that a one compartment model provides a good approximation of 

busulphan kinetics in the human body [134].  

A lag time for the absorption phase can be added to account for a delay before the drug starts 

appearing in plasma. Using few samplings with just one or two samples during the absorption 

phase impede determination whether a concentration results from a slow absorption and small 

lag time or the opposite. Moreover, lag time has a limited effect on AUC estimate [136]. 

Consequentially using lag time has been excluded.  

For fitting the parameters of the model to the measured plasma concentrations, Levenberg -

Marquardt algorithm was employed. It outperforms simple gradient descent and other 

conjugate gradient descent methods in a wide variety of problems [53].   

CenterSpace™ Software (Corvallis, OR, USA) in the NMath library for the .NET platform 

was used for calculating the implementation of the algorithm. The model has the same time 

points for sampling as the regression model developed earlier. To make the Levenberg - 

Marquardt algorithm converge with reasonable regularity, at least four plasma concentrations 

are needed from each patient. The first ten patients have been tested using a recently 

introduced method for finding the most predictive design points in a model [137].  

The analysis was done with R using an implementation of the algorithm provided by the 

authors of the method. The last concentration at 8 h was found to be the most predictive 

concentration sample for AUC. Sampling at 8 h was accordingly added for both the 

compartment model and the non-compartment curve fitting model. From some datasets it is 



 

 31 

not possible to construct a compartment model due to mathematical reasons, and the model 

fails. In this study the model has failed in three adult patients but in none of the pediatric 

patients. 

3.9.1.7 Implementation of non-compartment curve fitting model 

In our department we have used estimates of total AUC for t0→∞ for decisions regarding 

dose adjustment. The comparison by Purves described earlier inspired us to look more closely 

at the possibility of using piecewise formulas with a PTO until or one step beyond Cmax and 

then the piecewise log trapezoidal rule [135]. However, the formula has been adapted to four 

concentrations, which we consider to be the least number of concentrations necessary to get a 

meaningful implementation of this strategy. An estimate for the AUC tail area from the last 

concentration to infinity has been added. Since the algorithm involves repeated conditional 

calculations, it is practical to utilize a computer program. A graphic representation of the 

resulting plasma concentration simulation is possible because the model involves integration 

of an actual curve. However, the algorithm fails if it is not possible to calculate the tail area 

which happens if the Cmax is not reached before the last sample is taken. In our study, this 

occurred in four adult patients and in one pediatric patient.  

3.9.1.8 Combining the non-compartment curve fitting model with the compartment model 
 

The two LSMs represent different strategies for interpreting the same data and the results of 

both deviate from estimates using standard rich sampling, but not in the same way. This led 

to the idea that a strategy of combining the methods, using the average of the two LSMs 

estimates could perform better than either model alone. Moreover, calculations using either 

model will fail to produce a result for some data. The risk that both calculations will fail is far 

lesser and did not occur for any of our patients. If one LSM strategy calculation fails, it is still 

possible to use the estimate from the other LSM. The performance of this strategy was tested 

and compared using the different single LSM modeling strategies. 

3.9.2 Assay methodology  

Adult and pediatric patients were recruited at the Center for Allogeneic Stem Cell 

Transplantation (CAST) at Karolinska University Hospital, Huddinge as mentioned 

previously.   

Blood samples were collected before and at 0.5, 1, 2, 3, 4, 6, 8, and 10 h after the 

administration of Bu. Blood was collected (1.5 mL/sample) in heparinized vacutainer tubes. 

Samples were centrifuged at 3000 x g for 5 min and plasma was separated and transferred to 

new tubes. Busulphan was extracted and quantified using GC-ECD as described previously. 
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3.9.3 Computer program  

The principal features of the program and an in-depth description of the other parts of the 

program can be freely obtained from the main author contact as cited in the contact 

information [138]. 

3.9.3.1 Area under the concentration–time curve and simulated plasma concentration 

curve 

The four measured plasma concentrations are used for calculating the resulting AUC 

estimates of the compartmental and modified Purves models and the resulting average is 

shown one graph at a time for illustration of the simulated plasma concentration curve. Figure 

4 shows a screen dump from an example session to illustrate the presentation of data. 

 

 

Figure 4:  Picture from AUC2 program showing the Graphic User Interface for calculations of AUC 

 

3.9.4 Statistical analysis 

The intraclass correlation coefficient (ICC) assesses agreement as well as consistency 

(precision). The ICC is based on analysis of variance calculations and, depending on the data, 

different models are used. The presented case of the ICC is based on a mixed-model analysis 

of variance (Equation 5). The equation for the agreement parameter q is seen in Equation 6. 

This parameter can be estimated from an analysis of variance table and the sum of squares 

obtained from this analysis, as described in Eq. 5: 
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(Equation 5) 

BMS is between-patients mean square, EMS is the residual error mean square, MMS is the methods mean 
square, k is number of methods compared (in this case 2 each comparison) and n is the number of 
patients (23). 

  
 
 
 

 
 
 

    
 
 

    
 
 

   
 
 

 

(Equation 6) 

P is the correlation,  
 
 

 is the variance of patients,   
 
 

 is the variance of methods,  
 
 
 is the variance of 

patient-method interaction and  
 
 

 is the variance of the residual error. 

3.10 DATA ANALYSIS 

Kinetics estimations were performed using Microsoft Excel and WinNonLin software 

(standard edition, version 2.0). All statistical analyses and graphs were carried out using 

GraphPad Prism (version 4.0, GraphPad Software, Inc.) and SigmaPlot (version 12.5, Systat 

software, Inc).    
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4 RESULTS 

4.1 BUSULPHAN 

4.1.1 Method development and validation 

4.1.1.1 Choice of a solvent 

Extraction solution may significantly affect the extracted amount , peak shape and column 

efficiency [139]. Different solvents have been tested with all the compounds to reach the 

maximum recovery, highest sensitivity for the analyzed compound expressed as the lowest 

LLOQ and best peak shape.  We have tested solvents hexane, pentane, toluene and diethyl 

ether. Finally, three solvents and three methods of extraction were selected for five 

compounds to reach the best results. 

4.1.1.2 Quantitative analysis of the analytes in biological fluids  

4.1.1.2.1  Sensitivity and selectivity 

Matrix effect bias for both plasma and urine has been discussed as a major problem in 

quantification methods using GC-MS, but using SIM mode has reduced this effect. Five 

samples of each compound have been run over three days in both plasma and urine. The 

LLOQ was 0.5 µM for all compounds except for 3-OH sulfolane for which the LLOQ was 

1.25 µM. Blank samples have been run in parallel to the LLOQ samples and no carry over 

was observed. This is probably due to the extensive washing procedure between samples (x 5 

solvent and x 5 acetone). Results for LLOQ are shown in Table 4. All the results were within 

20% of the expected value. 

Table 4: LLOQ in biological fluids.  

 Plasma Urine 

Mean SD RSD% Mean SD RSD% 

Busulphan 0.5 µM 0.483 0.087 18.01 0.585 0.114 19.49 

THT 0.5 µM 0.469 0.064 13.65 0.510 0.069 13.53 

THT 1-oxide 0.5 µM 0.567 0.094 16.58 0.545 0.080 14.68 

Sulfolane 0.5 µM 0.568 0.106 18.66 0.422 0.080 18.96 

3-OH-sulfolane 1.25 µM 1.413 0.074 5.24 1.071 0.138 12.89 

n = 15 per analyte; SD, standard deviation, RSD, relative standard deviation. 

4.1.1.2.2 Recovery 

The recovery was determined by comparing the concentrations of two QC samples after 

extraction from plasma and urine with the same concentration dissolved in solvent and 

injected directly to GC-MS in triplicate. Sulfolane showed the best recovery (93.2%) while 

THT had the lowest recovery value (17.1%). The recoveries of THT 1-oxide and 3-hydroxy 

sulfolane were 44.4 and 48.2%, respectively, while for the internal standards nicotine and 
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3-methylsulfolane the recoveries were 93.5 and 70%, respectively. The recoveries of 

busulphan and its internal standard (1,5-bis(methanesulfonoxy)pentane) were 91 and 92%, 

respectively, which is in good agreement with the results reported previously [125]. 

4.1.1.2.3 Accuracy and precision 

Accuracy and precision were assessed from the analysis of three standard curves and three 

QCs in triplicate using both biological fluids. The standard curve was linear over the 

concentration range 0.5-50 µM for busulphan, THT, THT 1-oxide and sulfolane and 

1.25-50 µM for 3-OH sulfolane. The standard curves were run for each compound and all 

calibration curves contained between 5-7 standard points. R
2
 for all curves was between 0.995 

and 0.999.  

The accuracy and precision were determined for all five analytes in triplicate for inter- and 

intra-day variations over three consecutive days. The QC results showed a standard deviation 

< 15% for all values obtained including low, medium and high QCs compared to the nominal 

values (Table 5). 

Calibration standards and QCs were prepared freshly everyday by dilution of individual 

aliquots of stock solution(s). The final percentage of the biological matrix in the quality 

control samples was at least 80%. 

Table 5: Quality controls in biological fluids.  

 
 Plasma Urine 

Mean SD RSD% Mean SD RSD% 

Busulphan 

Low 2µM 1.875 0.243 12.960 2.267 0.234 10.322 

Med 15µM 17.20 1.613 9.378 13.456 0.40 2.973 

High 30µM 32.267 1.956 6.062 30.444 1.862 6.116 

THT 

Low 2µM 1.778 0.188 10.574 2.166 0.11 5.078 

Med 15µM 14.144 1.368 9.672 12.814 0.858 6.696 

High 30µM 30.2 2.506 8.298 25.5 3.359 13.173 

THT 1-oxide 

Low 2µM 2.133 0.292 13.690 1.867 0.166 8.891 

Med 15µM 15.372 1.742 11.332 14.516 1.292 8.901 

High 30µM 31.878 3.026 9.492 30.211 1.518 5.025 

Sulfolane 

Low 2µM 1.831 0.073 3.987 1.879 0.248 13.199 

Med 15µM 15.056 1.102 7.319 13.678 1.445 10.564 

High 30µM 30.944 1.053 3.403 28.111 3.195 11.366 

3-OH-sulfolane 

Low 2µM 2.14 0.286 13.364 2.244 0.270 12.032 

Med 15µM 17.144 1.579 9.210 13.625 1.807 13.262 

High 30µM 33.333 3.228 9.684 29.556 1.884 6.374 

n = 9 per analyte; SD, standard deviation; RSD, relative standard deviation. 
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4.1.1.2.4 Sample stability 

Stability of the analytes in the sample extracts has been studied. Two QCs have been run in 

triplicate after extraction from both plasma and urine. The analytes were stable during the 

extraction process, extract storage and chromatography. Since all the compounds are not light 

sensitive, they have been stored on a bench in daylight. 

The stability of the analytes was also examined prior to extraction in plasma and urine. The 

results showed that all compounds were stable at 4°C and -20°C for 24 h. However, after 24 h 

at room temperature, the concentration of THT was decreased by about 38% in urine. THT 

was more stable in plasma, in which the observed decrease was only 17%. Busulphan 

concentrations decreased by about 34% in plasma, but were stable in urine.  THT 1-oxide, 

sulfolane and 3-OH sulfolane were stable in both plasma and urine at room temperature for 

24 h. Our results indicate that samples containing THT and busulphan should be stored 

immediately at 4°C or -20°C, while for the other analytes storage at room temperature until 

24 h is acceptable.  

4.1.1.3 Clinical application 

Figure 5 shows busulphan concentrations in patient plasma collected using complete 

sampling protocol for the first and fifth doses. First AUC was estimated to be 7240 

ng/mL*min. Following dose adjustment aiming to achieve the target AUC, the estimated 

AUC was 8151 and 11604 ng/mL*min for doses 5 and 7, respectively. The levels of THT 

were rather low indicating its rapid metabolisation (oxidation). A continuous increase in both 

THT 1-oxide and sulfolane concentrations indicates further oxidation steps, while the low 

levels of 3-OH sulfolane indicate the elimination of the metabolite through the kidneys as 

presented in figure 6.  

 

Figure 5: Busulphan and its metabolites in patient plasma during four days of high dose treatment. 
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The most polar compound out of busulphan major metabolites, 3-OH sulfolane, gave the 

highest yield in urine, followed by sulfolane and to a lesser extent THT 1-oxide. The levels of 

busulphan and THT were very low due to their lipophilicity. These results show that 3-OH 

sulfolane is the last oxidized metabolite which is excreted into the urine due to its hydrophilic 

nature (Figure 6).  

 

 

Figure 6: Busulphan and its metabolites in patient urine during four days of high dose treatment. 

 

4.1.2 Enzymes involved in busulphan metabolic pathway 

4.1.2.1 Patient FMO3 gene expression  

Mononuclear cells from peripheral blood of patients undergoing conditioning regimen before 

HSCT were investigated. A significant up-regulation (P < 0.05, t-test) of FMO3 was found 

after Bu conditioning. FMO3 up-regulation followed the same pattern as that observed for 

GSTA1 (P < 0.05, t-test) (Figure 7). These results have been confirmed by real time PCR for 

FMO3 gene expression and normalized against GAPDH.  

Clinical data including age, diagnosis, stem cell dose, relapse, remission, mortality and 

complications were collected (Table 1). No correlation between diagnosis and/or other 

clinical data and the results of FMO3 expression was observed. 
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A  B  

Figure 7: Up-regulation for FMO3 (A) and GSTA1 (B) mRNA during Bu conditioning 

4.1.2.2 Microsomal incubations with THT 

Incubation of THT with HLM showed rapid decrease of THT concentrations and gradual 

formation of the subsequent metabolites. Up to 72% of THT has been metabolized after 1 h 

incubation. This percentage decreased to 48% when FMO3 was inhibited, while it was 67% 

after CYPs inhibition. These results have shown that THT is metabolized by the microsomal 

enzymes and FMO3 is the main enzyme in this process. 

THT incubation with recombinant microsomes confirmed these results, since 96% of THT 

has been metabolized by recombinant FMO3 in 15 min in association with the formation of 

subsequent metabolites (Figure 8). When THT was incubated with recombinant CYPs, great 

variations in THT decrease was observed. CYP2B6, CYP2C8, CYP2C9, CYP2C19, 

CYP2D6, CYP2E1, CYP3A4 and CYP4A11 were the most important enzymes involved in 

THT metabolism. 

   

FMO3 had the highest initial THT disappearance rate (v0) (6.87 nmol/min/mL) followed by 

CYPs 3A4, 4A11 and 2C9. FMO3 also had highest CLint value (0.26 µL/min/mg protein) 

followed by CYPs 3A4, 4A11 and 2C8. 

Comparing CYPs based on the initial THT disappearance rate (v0)/(POR/CYP ratio), 

CYP2C8 had the highest rate for THT metabolism (5.03 nmol/min/mL/(POR/CYP ratio)) 

followed by CYPs 2C9, 2C19, 2E1 and 3A4. All results for enzymes kinetics are listed in 

table 6. 
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Table 6: Apparent kinetics for THT disappearance by recombinant human enzymes 

Enzyme CLint value (µL/min/mg 

protein) 

v0 (nmol/min/mL) v0 /(POR/CYP ratio) 

(nmol/min/mL/(POR/CYP ratio)) 

FMO3 0.26 6.87 --- 

CYP1A1 0.06 1.68 0.08 

CYP1A2 0.05 1.24 0.08 

CYP2B6 0.07 1.76 0.08 

CYP2C8 0.09 2.45 5.03 

CYP2C9 0.06 1.64 1.50 

CYP2C19 0.06 1.51 0.53 

CYP2D6 0.09 2.24 0.10 

CYP2E1 0.06 1.41 0.38 

CYP3A4 0.15 3.66 0.38 

CYP4A11 0.11 2.52 0.20 

FMO3 had the highest v0 and CLint value while other CYPs showed lower activity such as 3A4, 4A11, 2C8 and 

2C9. Comparing CYPs based on the initial THT (v0)/(POR/CYP ratio); CYP2C8 had the highest rate for THT 

metabolism followed by CYPs 2C9, 2C19, 2E1 and 3A4. 

4.1.2.3 Mice treatments 

Mice plasma were extracted for both Bu and THT as reported previously [119, 125] and 

quantified using GC-MS [119]. The estimated kinetics for busulphan after different 

treatments are presented in table 7. Treatment with FMO3 inhibitor, PTU, has increased Bu 

AUC and reduced its clearance. Simulation of THT accumulation by injecting THT at the 

same time with Bu had also the same effect on Bu kinetics compared to mice injected with 

Bu alone. 

 

Table 7: Busulphan kinetics in mouse plasma 

 Bu Bu+PTU Bu+THT 

 Mean SEM Mean SEM Mean SEM 

AUC (µM .h)       44.29 5.79 65.33 1.27 65.51 8.57 

K01 (h)  0.39 0.19 0.08 0.01 0.16 0.08 

K10 (h) 3.07 1.31 1.67 0.38 2.32 0.12 

CL (µM.h) 40.73 8.00 30.64 0.60 31.64 4.27 

Cmax (µM)      7.47 0.98 25.54 6.26 16.51 2.72 

Busulphan was injected into mice i.p. at different time points, after 3 days of i.p. injection of PTU and both Bu 

and THT (double dose). 

PTU injection has significantly (P < 0.05, t-test) increased Bu plasma concentrations and its 

AUC. Moreover, simulated accumulation of THT by injecting THT concomitantly with Bu 
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has revealed, though to a lesser extent, higher levels of Bu compared to its levels in mice not 

injected with THT (Figure 9).  

  

THT concentrations and AUC have significantly (P < 0.05, t-test) increased after PTU 

injection (Figure 10A). Also, THT concentrations and AUC were significantly (P < 0.05, 

t-test) higher in mice injected with Bu and PTU compared to mice injected with Bu alone 

(Figure 10B). THT concentrations in mice injected with Bu and PTU were almost at the same 

level as in mice injected with Bu and a double dose of THT. 

 

4.1.2.4 Clinical application 

A patient treated concomitantly with busulphan and voriconazole had a much higher 

busulphan plasma concentrations than the levels usually observed after the same administered 

dose. The high levels of busulphan hampered the AUC calculation. THT levels were rather 

detectable from the first busulphan dose with higher accumulation and slower oxidation 

compared to what has previously been reported (P < 0.05, t-test)  [119] (figure 11). 
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Figure 9: Busulphan concentrations in mouse 

plasma. 

Busulphan was injected into mice i.p. at 

different time points, after 3 days of i.p. 

injection of PTU and both Bu and THT (double 

dose).  

A 

B 

Figure 10: THT concentrations in the 

plasma of mice injected with THT or 

busulphan. 

A- THT was injected i.p. at different time 

points. The same experiment was repeated 

after 3 days of i.p. injection of PTU. 

B- Busulphan was injected to mice i.p. at 

different time points, after 3 days of i.p. 

injection of PTU and both Bu and THT 

(double dose).  
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Voriconazole was stopped immediately after Bu first dose. Later busulphan concentrations 

were reduced to the expected values. 

 

Figure 11: THT in patients treated with busulphan 

THT was measured in a patient undergoing HSCT and conditioned with Bu. This patient was administered 

voriconazole at the same time. THT levels were detectable from the first dose of Bu with higher accumulation 

and slower oxidation compared to what has previously been reported [119].  

 

4.1.3 Development of busulphan limited sampling model 

4.1.3.1 Log–log plot 

A logarithmic scale was the most appropriate way for comparing ratios between AUC 

estimates. Figure 12 illustrates the three-sample linear LSMs and the combined use of the two 

LSMs on the y-axis and the reference WinNonlin adaptive compartment modeling with full 

sampling on the x-axis. Both LSMs correlated reasonably with the reference method; 

however, significant underestimation is much more common for the linear model, especially 

in the upper right corner with the highest AUC estimates. Overestimation seems to occur to a 

comparable extent for both LSMs. More LSM estimates for adults differ significantly from 

the reference compared with estimates for children, but the degree to which the ‘‘deviators’’ 

differ seems to be similar for both adults and children. 
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Figure 12: Comparison plot of the three-sample linear limited sampling models and the combined use of the two 

four-sample limited sampling models on the y-axis and the reference WinNonlin adaptive compartment 

modeling with full sampling on the x-axis. Filled squares represent combination estimates of limited sampling 

models and empty squares represent regression limited sampling models in adult patients. Filled circles represent 

combination estimates of limited sampling models and empty circles represent regression limited sampling 

models in pediatric patients under the concentration–time curve. 

 

Dose reduction is often advocated if the AUC is above 12.000 ng h/mL. The plot shows that 

there may be a risk that a patient with an AUC in the range 12.000–20.000 ng h/mL measured 

with the reference method does not receive the appropriate dose reduction, especially when 

assessed with the regression model using three samples. 

4.1.3.2 The intraclass correlation coefficient 

The ICC, based on a mixed-model analysis of variance, was calculated for the LSM as 

compared to reference. The results in table 8 show the performance of the respective methods 

both for the whole study population and for children/adults, respectively. 

Table 8: ICC for the limited sampling models versus rich sampling AUC estimate. Calculations made using R 

and CRAN package irr. 

 

Multiple regression 

model 

Modified Purves curve 

fitting model 

Simplified 

compartment model 

Average between 

PM and CM 

estimates. (*) 

All (n = 43) 0.93 (0.89-0.96) 0.91 (0.84-0.95) 0.95 (0.88-0.97) 0.95 (0.90-0.97) 

Children (n = 20) 0.94 (0.86-0.98) 0.89 (0.74-0.96) 0.96 (0.90-0.99) 0.96 (0.85-0.98) 

Adults (n = 23) 0.89 (0.76-0.95) 0.93 (0.83-0.97) 0.89 (0.73-0.95) 0.92 (0.82-0.96) 

Values are expressed as mean (range). CM; compartmental model, PM; Purves modified model, *; While in no 

case did both the Purves model and the single-compartment model fail simultaneously, in some cases one of the 

methods failed to produce an area under the concentration–time curve estimate. In those cases, the available 

result from the successful estimate was used instead of an average. 
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The results confirm the findings in the log-log plot; however, it is obvious that the linear 

model performs much better for children than for adults. 

Another way to compare AUCs is to compare back-transformed confidence intervals for the 

mean log AUC ratio between the method to be examined and reference. This is the preferred 

method for bioequivalence assessment between drugs, as demanded by regulatory authorities 

both in Europe and in the USA [140]. A two-sided 90 % confidence interval calculated in this 

manner for the respective LSM is listed in Table 9. This will primarily provide a measure of 

accuracy but not precision, since the interval width is mostly related to sample size. 

 

Table 9: Ratios for limited sampling models versus rich sampling AUC estimate. 

 Multiple 

regression 

model 

Modified Purves 

curve fitting model 

Simplified 

compartment model 

Average between 

PM and CM 

estimates. (*) 

All (n = 43) 1.01 (0.73-1.40) 0.96 (0.67-1.39) 0.93 (0.70-1.22) 0.94 (0.72-1.23) 

Children (n = 20) 0.98 (0.69-1.39) 0.90 (0.59-1.39) 0.92 (0.70-1.18) 0.91 (0.70-1.18) 

Adults (n = 23) 1.04 (0.77-1.40) 1.03 (0.80-1.33) 0.93 (0.68-1.27) 0.97 (0.75-1.27) 

* While in no case did both the Purves model and the single-compartment model fail simultaneously, in some 

cases one of the methods failed to produce an area under the concentration–time curve estimate. In those cases, 

the available result from the successful estimate was used instead of an average. 

There is no statistical evidence that any of the methods used in this study systematically 

produces a higher or lower AUC than reference. Furthermore, the confidence intervals 

showed that it is unlikely that the mean AUC estimate difference from reference would 

render any of the limited sampling methods examined inadequate for use in clinical decision 

making. 

4.1.3.3 Mean error and root of mean squared error 

The root of the mean squared error (RMSE) is a measure of precision and the mean error 

(ME) is a measure of bias. Using the average of the Purves modified model and 

compartmental model produces the best precision, except in a subgroup analysis of the adult 

patients (Table 10). However, a tendency to overestimate AUC is seen in all groups. Purves 

model shows the best result in the adult subgroup, but 4 of 23 adult patients could not be 

evaluated with the Purves model for mathematical reasons. 
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Table 10: Root of the mean squared error and mean error for limited sampling models versus rich sampling area 

under the concentration–time curve estimate. 

 Multiple 

regression 

model 

Modified Purves 

curve fitting model 

Simplified 

compartment model 

Average between 

PM and CM 

estimates. (*) 

All (n = 43) 
RMSE 3.02 

MSE -54 

RMSE 2.90 

MSE 320 

RMSE 3.81 

MSE 1.60 

RMSE 2.72 

MSE 924 

Children (n = 20) 
RMSE 2.80 

MSE 82 

RMSE 3.22 

MSE 728 

RMSE 2.99 

MSE 1.27 

RMSE 2.12 

MSE 969 

Adults (n = 23) 
RMSE 3.19 

ME -173 

RMSE 2.53 

ME -87 

RMSE 4.47 

ME 1.93 

RMSE 3.16 

ME 884 

* While in no case did both the Purves model and the single-compartment model fail simultaneously, in some 

cases one of the methods failed to produce an area under the concentration–time curve estimate. In those cases, 

the available result from the successful estimate was used instead of an average. 

4.2 CYCLOPHOSPHAMIDE 

4.2.1 Identification of differentially expressed genes and gene clusters 
related to cyclophosphamide treatment  

The overall patterns of gene expression in 11 patients treated with Cy have been assessed. 

The assessment was performed utilizing a hierarchical clustering analysis of the signal ratios 

of all arrays. The heat map representing array clustering based on normalized probe intensity 

showed a high inter-individual variation, as expected (Figure 13A). In the present study we 

observed variation in several thousands of genes during and after Cy treatment. However, 

after fold-change filtering (at least 2-fold compared to time 0, i.e. before treatment), 

differential expression of a group of 299 genes was identified as being specific for Cy 

treatment. By subjecting these genes to hierarchical clustering analysis, four clusters of up- 

and down-regulated genes which matched the chronological cascade of gene expression by 

cyclophosphamide treatment have been identified: highly down-regulated genes (cluster 1), 

highly up-regulated genes (cluster 2), early up-regulated but later normalized genes (cluster 

3) and moderately up-regulated genes (cluster 4) (Figure 13B).    
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Figure 13: Heat map of patient gene expression during Cy treatment. 

Genes expression for genes specific for Cy before and throughout the treatment (A). Four clusters of up- and 

down-regulated genes were identified as: highly down-regulated genes (cluster 1), highly up-regulated genes 

(cluster 2), early up-regulated but later normalized genes (cluster 3) and moderately up-regulated genes (cluster 

4) as seen in B.  
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4.2.1.1 Highly down-regulated genes (cluster 1) 

The first cluster represents genes that were relatively up-regulated in all patients prior to 

cyclophosphamide treatment. However, this cluster was down-regulated at 6 h post 

administration followed by a pronounced decrease in expression at 30 h after the first dose 

(i.e. 6 h after the second dose; Figure 14A). This cluster possessed the highest number of 

genes (139 genes). The majority of these genes belonged to the immune system and its 

functions (Table 11). Moreover, further analysis of biological pathways related to these genes 

showed that a majority of immune- (e.g. T cell receptor signaling, natural killer cell mediated 

cytotoxicity and graft rejection), autoimmune- (e.g. autoimmune thyroid disease pathway, 

type 1 diabetes mellitus and rheumatoid arthritis) and inflammation- (e.g., GVHD and NF-kB 

signaling) related processes were down-regulated by the Cy treatment (Figure 15A).  

4.2.1.2 Highly up-regulated genes (cluster 2)  

In contrast to cluster 1, this group of genes exhibited a constant and high up-regulation in 

response to Cy treatment (Figure 14B). In this cluster, 41 up-regulated genes were identified.  

The majority of these genes are involved in 3 important biological pathways involving 

cytokine-cytokine receptor interaction, transcriptional misregulation in cancer and 

hematopoietic cell lineage. Only one gene in this cluster was found to be related to the acute 

myeloid leukemia pathway (Table 11 and Figure 15B). 

 

Figure 14: Gene clusters in relation to Cy treatment  

The expression of Cy treatment specific genes at 6 h and 24 h after the first dose and 6 h after the second dose 

(30 h) was normalized to pre-treatment levels and divided to the following clusters: Cluster 1 showed highly 

down-regulated genes throughout the treatment (A); Cluster 2 showed highly up-regulated genes throughout the 

treatment (B); Cluster 3 showed early up-regulated but later normalized genes (C); Cluster 4 showed moderately 

up-regulated genes (D).  
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4.2.1.3 Early up-regulated but later normalized genes (cluster 3) 

This group of genes exhibited remarkable up-regulation at an early time point in Cy 

treatment, but the expression was later normalized to the same level as before the start of 

treatment (Figure 14C). This cluster included 33 genes. An analysis of biological pathways 

related to these genes showed that although several pathways are involved (Table 11), only 

one gene in each pathway is affected by treatment with Cy (Figure 15C).  

4.2.1.4 Moderately up-regulated genes (cluster 4) 

Finally, treatment with Cy resulted in moderate up-regulation of a group of genes, mainly by 

the end of treatment (6 h after the second dose; Figure 14D). There were 90 genes in this 

cluster and the biological pathway analysis demonstrated that several pathways including 

cytokine-cytokine receptor interaction (4 genes), Jak-STAT signaling pathway (2 genes) and 

TGF-beta signaling pathway (2 genes) are related to this cluster (Table 11 and figure15D). 
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Figure15: The pathways related to each cluster and number of genes involved in each cluster  

Cluster 1 for highly down-regulated genes throughout the treatment (A); the majority of them belonged to the 

immune system and its functions. Cluster 2 for highly up-regulated genes throughout the treatment (B); the 

majority of these genes are involved in 3 important biological pathways. Cluster 3 showed early up-regulated but 

later normalized genes (C); these genes were more related to biological pathway. Cluster 4 showed moderately 

up-regulated genes (D), involving several pathways such as cytokine-cytokine receptor interaction and Jak-

STAT signaling pathway. 
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Table 11: Pathways reported in each cluster and genes involved in each of them 

 

 

 

 

Cluster Pathway Genes 

Cluster 1 

T cell receptor signaling  CTLA4, CD3ε, CD3δ, CD28, Lck, LAT, 

RasGRP1, NFAT 

Natural killer cell mediated cytotoxicity Lck, LAT, NFAT, 2B4, GZMB, PRF1 

HTLV-1 infection CD3, IL2R, NFAT, Ras, Lck 

Cytokine-cytokine receptor interaction  CX3CR1, CCR4, IL5RA, IL2RB, CSF1R 

Type 1 diabetes mellitus INS, MHC-II, CD28, PRF1, GZMB 

Autoimmune thyroid disease CTLA4, CD28, PRF1, GZMB 

Hematopoietic cell lineage CD3, CD115, IL5RA, CD49 

Cell adhesion molecules CD28, CTLA4, SPN, ITGA4 

Measles CD3, CD28, IL2R 

Allograft rejection CD28, PRF1, GZMB 

PI3K-Akt signaling RTK, Cytokine R, ITG A 

Transcriptional misregulation in cancer LMO2, PAX3, PAX7 

Graft-versus-host disease CD28, PRF1, GZMB 

RNA transport Exp5, Nup37, Nup205 

Fc epsilon RI signalling FcεRIα, LAT 

Pathways in cancer Ra1GDS, MCSFR 

DNA replication Mcm4, Mcm7 

Cell cycle Mcm4, Mcm7 

MAPK signaling  RasGRP1, Ras 

Rheumatoid arthritis CD28, CTLA4 

NF- Kappa B signaling Lck, LAT 

Cluster 2 

Cytokine-cytokine receptor interaction  FLT3, IL1R2, IL18R1 

Hematopoietic cell lineage CD135, CD121 

Acute myeloid leukemia AML1 

Cluster 3 

MAPK signaling  TrkA/B 

Steroid hormone biosynthesis 17beta-estradiol 

Gastric acid secretion KCN 

Alcoholism TrkB 

Leukocyte transendothelial migration Thyl 

Neuroactive ligand-receptor interaction ADR 

Neurotrophin signaling  TrkB 

Jak-STAT signaling Sprouty 

Ovarian steroidogenesis 17β-HSD 

MAPK signaling  TrkA/B 

Cluster 4 

Cytokine-cytokine receptor interaction  IL13RA1, XEDAR, ACVR1B, BMPR2 

Jak-STAT signaling  CytokineR, SOCS 

TGF-beta signaling  BMPRII, ActivinR1 

Fc gamma R-mediated phagocytosis Myosin X 

Complement and coagulation cascade coagulation factor VIII 

4.2.1.5  Disease-related common up-regulated genes 

Hierarchical clustering analysis showed that 2 genes, angiopoietin-like-1 (ANGPTL1) and 

c-JUN proto-oncogene (c-JUN), were considerably up-regulated prior to, during and after 

treatment with Cy in all tested patients. Furthermore, these results were confirmed by 

qRT-PCR (normalized to GAPDH). Figure 16A shows the results on qRT-PCR analysis of 

ANGPTL1. The gene expression was up-regulated from time 0 e.g. before Cy treatment and 

continued to be at a high expression level at 6 h after the first dose, before administration of 

the second dose and at 6 h after the second dose  compared to control (healthy subjects). 

c-JUN gene expression was also found to be high expressed compared to healthy subjects 

(Fig. 16B). 
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Figure 16: Effect of cyclophosphamide treatment on ANGPTL1 and c-JUN  

 The relative expression of disease-related up-regulated genes, ANGPTL1 (A) and c-JUN (B), compared to 

normal subjects as measured by qRT-PCR (normalized to GAPDH). Cy treatment did not affect the up-

regulation of ANGPTL1 and c-JUN. 

4.2.2 The role of POR in cyclophosphamide bioactivation 

4.2.2.1 Patients 

The expression of the POR gene was significantly (P < 0.01, t-test) up-regulated before the 

administration of the second dose of Cy and 6 h after the second Cy infusion compared to 

their levels before conditioning. This finding has been expected as Cy bioactivation is 

CYP-dependent. However, high inter-individual variation in gene expression after Cy 

infusion was observed. This variation in gene expression may explain the high variation in 

Cy kinetics reported in patients (Figure 17A). 

PCR results for POR*28 have shown that 6 out of 11 patients were carriers for this mutation 

(Figure 17B); 5 out of them had relatively high POR expression 24 h and 30 h after the first 

Cy infusion. However, 2 other non-mutated patients had also the same high POR expression.  
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4.2.2.2 4-OH-Cy formation by CYP2B6.1 with variable POR 

The enzyme kinetics for 4-OH-Cy formation in the microsomes containing human cDNA-

expressed CYP2B6.1 with various ratios of POR/CYP were determined. Fitting the data from 

2 independent experiments from each of 3 different batches of microsomes to 

Michaelis-Menten kinetics, the apparent Km for CYP2B6.1 was almost constant in the 3 

batches (2.95-4 mM) while the apparent Vmax of 4-hydroxylation was proportional to the 

POR/CYP ratio ranging from 12.55 to 99.09 nmol/min/nmol CYP (Figure 18A).  Comparing 

different enzyme kinetic models revealed that the best curve fit was obtained with a substrate 

inhibition model (Figure 18B).  

Furthermore, the ratio of Vmax/Km was proportional to the POR/CYP ratio ranging between 

3.12 and 33.66 µL/min/nmol CYP (Figure 19). All kinetics values are presented in table 12. 

Microsomes containing only POR did not show 4-OH-Cy formation, which indicates that 

POR by itself cannot bioactivate Cy. 
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Figure 17A: Up-regulation of POR 

mRNA during Cy conditioning. 

The gene expression of POR was 

significantly (P < 0.01, t-test) 

up-regulated 24 h after the first Cy 

infusion and 6 h after the second dose of 

Cy compared to its level before the start 

of Cy conditioning.   

 

 

 

Figure 17B: Genotyping for POR*28 

polymorphism. 

Genotyping PCR showed that 6 out of 11 

patients were carriers for POR*28 

alleles. The other 5 patients didn’t have 

this mutation. Negative control had 

NTC. NTC: non-template control.  
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Figure 18: 4-OH-Cyclophosphamide kinetics after incubation with CYP2B6.1 batches with variable POR/CYP 

ratios 

Cyclophosphamide was incubated with 3 batches of CYP2B6.1 containing variable POR/CYP ratios. The results 

shown are the average obtained with the three batches. Fitting the data to Michaelis-Menten kinetics gave an 

apparent Vmax/Km of 3.12, 25.13, 33.66 µL/min/nmol CYP consequently (A). A substrate inhibition model, 

Hanes-Woolf plot (inset) had the best curve fit (B). 

Table 12: Apparent kinetic constants for 4-OH-Cy by recombinant CYP2B6*1 with different amount of 

CYP/POR ratios 

 

Batch 1 Batch 2 Batch 3 

POR/CYP (nmol/min/pmol CYP) 0.77 8.90 13.80 

Km (mM) 4.02 3.76 2.94 

Vmax (nmol/min/ nmol CYP) 12.55 94.54 99.09 

Vmax/Km (µl/min/ nmol CYP) 3.12 25.13 33.66 

A 

B 
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Figure 19: Cyclophosphamide clearance in correlation to POR/CYP ratios in different CYP2B6.1 batches 

The ratio of Vmax/Km (3.12 - 33.66 µL/min/ nmol CYP) was proportional to the POR/CYP ratio (0.77-13.8 

nmol/min/pmol CYP) in several different CYP2B6.1 batches confirming the strong correlation between Cy 

kinetics and POR/CYP ratio. 

For further confirmation of the results, the 3 batches were diluted to have the same POR 

amounts (356 nmol/min/mL) and variable amounts of CYP, and thus, POR/CYP ratio. Cy 

(0.75 mM) was incubated under the linearity conditions. The obtained results were compared 

to those from the previous experiment when the microsomes had the same CYP amount and 

variable amounts of POR and POR/CYP ratio. Both experiments showed the strong 

correlation between the POR/CYP ratio and the enzyme catalytic activity regardless the 

constant factor. These results corroborate that all experiments were done within the linear part 

of the reaction (Figure 20). 

 

Figure 20: Initial Cy (0.75 mM) disappearance rate (v0) in CYP2B6.1 batches with variable POR/CYP ratios 

Cyclophosphamide (0.75 mM) was incubated under the linearity conditions with CYP2B6.1 batches with 

variable POR/CYP twice. In first incubation, all batches had same CYP amount (40 pmol/mL) and variable 

amount of POR. In the second incubation all of the samples had same POR amounts (356 nmol/min/mL) and 

variable amounts of CYP. The POR/CYP ratio was the same in both incubations. Both experiments showed the 

strong correlation between the POR/CYP ratio and the enzyme catalytic activity. 

 

0.0 2.5 5.0 7.5 10.0 12.5 15.0
0.0

0.3

0.6

0.9

Batches with the same POR

Batches with the same CYPR2 = 0.99

POR/CYP (nmol/min/pmol CYP)

V
0
 (

n
m

o
l/
m

in
/m

L
)



 

 55 

4.2.3 The role of CYP2J2 in cyclophosphamide bioactivation 

4.2.3.1 CYP2J2 Gene Expression and Genotype in Patients 

Mononuclear cells from peripheral blood of patients undergoing conditioning were 

investigated by gene array analysis. Patients were genotyped with regard to several CYPs, 

including CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2A7, CYP2A13, CYP2B6, CYP2C8, 

CYP2C9, CYP2C18, CYP2C19, CYP2D6, CYP2E1, CYP2F1, CYP2J2, CYP3A4, 

CYP3A5, and CYP3A7. Significant up-regulation of mRNA expression was only detected 

for CYP2J2. The heat map for CYP2J2 and other genes with similar expression pattern over 2 

days of Cy treatment is presented in Figure 21.  

 

Figure 21: Heat map for gene expression including CYP2J2 at baseline and during Cy treatment. S 1, baseline; S 

2, 6 h after Cy administration on day 1; S 3, 24 h; S 4, 6 h after Cy administration on day 2. The majority of 

genes in each cluster had the same pattern of up- and down-regulation as observed for CYP2J2.   

The heat map shows gene expression before conditioning (S 1), 6 h after Cy administration 

(S 2) on day 1, 24 h (S 3; before Cy infusion on day 2), and at 30 h (S 4; 6 h after the second 

Cy dose). The majority of genes in each cluster had the same pattern of up- and down-

regulation as observed for CYP2J2. Expression of CYP2J2 gene was significantly 

up-regulated 6 h after the first Cy infusion (P < 0.05, t-test). At S 4, CYP2J2 expression was 

significantly reduced (P < 0.05, t-test) compared to measurements made at the S 2 time point, 

but were elevated compared with pretreatment (S 1) levels. These results for gene expression 

have been confirmed by qRT-PCR with high inter-individual variation (Figure 22).  
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Figure 22: Expression of CYP2J2 mRNA at baseline and during Cy conditioning. 

The gene expression of CYP2J2 was significantly (P < 0.05, t-test) up-regulated 6 h after the first Cy infusion. 

At the last sample (6 h after the second dose of Cy) CYP2J2 was significantly (P < 0.05, t-test) down-regulated 

compared to the sample taken 6 h after the first dose of Cy. The high inter-individual variation in gene 

expression during Cy treatment might be due to different inducibility of the polymorphic forms of CYP2J2. 

qRT-PCR experiments also demonstrated that CYP2J2 gene expression was higher (P < 0.01, 

t-test) in samples from patients with hematological malignancies before treatment start 

compared to healthy controls (Figure 23).  

 

Figure 23: Expression of CYP2J2 determined by qRT-PCR in healthy controls and cancer patients undergoing 

HSCT.  

CYP2J2 gene expression measured by qRT-PCR and normalized against GAPDH showed significantly 

(P < 0.01, t-test) higher levels in patients with hematological malignancies than in controls (healthy subjects) 

even prior to the start of Cy infusion. 

Genotyping of the patients for CYP2J2 SNP “rs1056596” (A/T) revealed that only one 

patient was carrier for this SNP and had a lower expression level of CYP2J2 compared to 

other patients.  

Pharmacokinetics for Cy and 4-OH-Cy were calculated (Table 13). Cy and 4-OH-Cy kinetics 

showed a significantly higher (P < 0.01, t-test) 4-OH-Cy/Cy ratio at S 4 compared with 

measurements recorded at time point S 2. The 4-OH-Cy: Cy concentration ratios 6 h after the 

first (S 2) and second (S 4) infusions are presented in Figure 24. 
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Figure 24: Log 4-OH-Cy/Cy concentration ratio at 2 time points.  

The figure shows significantly (P < 0.01, t-test) higher levels of 4-OH-Cy/Cy ratio after the second infusion 

indicating auto-induction of CYP2B6-dependent Cy metabolism. 

Clinical data, including diagnosis, type of donor, stem-cell dose, relapse, remission, mortality, 

and complications were collected. No correlation between clinical data and CYP2J2 results 

was observed. 

Table 13: Pharmacokinetics of Cy and 4-OH-Cy Among Patients Undergoing HSCT 

Patient Cy 4-OH-Cy 4-OH-

Cy/Cy 

AUC ratio 

AUC 

(µg.h/mL) 

Cmax 

(µg/mL) 

Half-life 

(h) 

AUC 

(ng.h/mL) 

Cmax 

(ng/mL) 

Half-life 

(h) 

P 1 867.19 152.66 6.5 47501 1600.80 20.15 0.055 

P 2 932.05 88.73 8.6 11531 1108.84 5.99 0.012 

P 3 892.68 154.54 5.9 16675 1285.72 8.69 0.019 

P 4 938.97 143.63 5.9 30432 1488.00 13.90 0.032 

P 5 754.65 93.41 6.9 12165 977.39 7.39 0.016 

P 6 1120.32 95.58 10.7 17870 1329.62 5.63 0.016 

P 7 1310.99 118.39 8.7 13226 1216.67 4.24 0.010 

P 8 808.97 113.08 5.5 8995 1330.53 4.69 0.011 

P 9 654.13 76.81 6.5 6659 764.83 5.74 0.010 

P 10 644.80 73.93 6.0 12870 1818.47 4.52 0.020 

P 11 1020.95 105.76 8.6 17243 3252.19 3.68 0.017 

Patients received an i.v. infusion of Cy (60 mg/(kg·day), once daily for 2 d) followed by fractionated TBI. Blood 

samples were withdrawn at baseline and at 0.5, 1, 2, 4, 6, 8, and 18 h after the first infusion of Cy. The results 

demonstrate high interindividual variation in the kinetics of Cy and its metabolite. 

Abbreviations: 4-OH-Cy, 4-hydroxycyclophosphamide; AUC, area under the curve; Cmax, peak plasma 

concentration; Cy, cyclophosphamide; P, patient. 
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4.2.3.2 Role of CYP2J2 in Cy-induced HL-60 Cytotoxicity 

Cy reduced cell viability of HL-60 cells in a concentration- and time-dependent manner as 

assessed by resazurin assay. The estimated half-maximal inhibitory concentration (IC50) was 

3.6 mM. A concentration of 9 mM was selected for further Cy bioactivation experiments.  

The CYP2J2 inhibitor, telmisartan, at a concentration less than or equal to 10 µM did not 

affect viability of HL-60 cells. However, higher concentrations of telmisartan reduced cell 

viability in a concentration-dependent manner (Figure 25A). Telmisartan at a concentration 

of 10 µM reduced the formation of 4-OH-Cy by approximately 50%. Moreover, 

preincubation of the cells with telmisartan (10 µM) improved survival of cells treated with 9 

mM Cy by 10% (Figure 25B). It is likely that telmisartan reduces Cy bioactivation and hence 

increases survival of HL-60 cells.  

 

Figure 25: Effect of telmisartan (T) preincubation on Cy-induced cytotoxicity. 

HL-60 cells were incubated with Cy for 6-96 h. The estimated IC50 was 3.6 mM. HL-60 cells were incubated 

with telmisartan (CYP2J2 inhibitor) for 48 h. Telmisartan has reduced HL60 cell viability in a concentration-

dependent manner (A). Telmisartan at a concentration of 10 µM or lower did not affect HL60 cell viability but 

reduced the formation of 4-OH-Cy by about 50%. HL-60 cells were pre-incubated with telmisartan at 

concentrations of 2.5, 5 or 10 µM for 2 h, before adding Cy (9 mM) for an additional 48 h. HL-60 cells 

incubated with 9 mM Cy or 10 µM telmisartan alone served as controls for drug toxicity. Controls treated with 

drug-free media have been incubated in parallel. Preincubation with telmisartan showed 10% improvement in 

the survival of cells treated with Cy compared to cells treated with Cy alone (B). 
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4.2.3.3 Cy Metabolism by Recombinant CYP2J2 

Incubation of Cy with microsomes containing recombinant human CYP2J2 showed that 

CYP2J2 is involved in Cy bioactivation. Fitting the data from 2 independent experiments 

performed on 2 different batches of microsomes to Michaelis-Menten kinetics (Figure 26A) 

gave an apparent Km within the range of 3.7–6.6 mM, and an apparent Vmax 2.9-10.3 

pmol/(min·pmol) CYP resulting in Vmax/Km of 0.5–2.3 µL/(min·pmol) CYP. Comparing 

different enzyme kinetic models revealed that the curve of best fit was obtained with a 

substrate inhibition model (Figure 26B). 

 

Figure 26: Michaelis-Menten plot with Hanes-Woolf plot (inset) of 4-OH-Cy kinetics after incubation with 

recombinant CYP2J2.  

Cyclophosphamide was incubated with recombinant human CYP2J2. Fitting the data to Michaelis-Menten 

kinetics (A) gave an apparent Km of 6.5 mM and an apparent Vmax of 10.3 pmol/min/pmol CYP. The best curve 

fit was obtained with a substrate inhibition model (B). 
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5 DISCUSSION 

HSCT is a curative treatment for several malignant and non-malignant diseases, but it also 

involves risk of life threatening toxicity related to conditioning regimen. Thus, better 

understanding of the mechanisms and toxicity of conditioning regimens is needed. 

In this thesis, the molecular mechanisms involved in the metabolism of one of the most 

common myeloablative conditioning regimen, Bu/Cy, have been investigated in order to 

personalize the treatment prior to HSCT and hence avoid drug interactions, increase treatment 

efficacy and improve clinical outcome.  

Busulphan metabolic pathway is not fully elucidated. Several minor metabolites have been 

found, but not identified yet. Enzymes involved in certain steps in the pathway and their role 

in busulphan kinetics and drug-drug interactions have not been recognized yet. Thus, 

considerable amount of work remains to be done before the personalization of the treatment 

with busulphan will be possible. Meanwhile, TDM may compensate for the unknown factors 

and a limited sampling model can help, to some extent, in personalizing the dose. 

TDM is an important issue in personalization of busulphan treatment [141]. The need for a 

simplified method of monitoring drug pharmacokinetics in clinical practice is obvious. 

Co-medications, induction or inhibition of busulphan metabolism and drug-drug interactions 

indicate the need for repeated assessments of Bu concentrations during conditioning regimen 

[47, 142]. Moreover, the clinical outcome of HSCT including the transplantation-related 

mortality and morbidity has been reported to correlate with the conditioning regimens [143]. 

Repeated assessments of the kinetics with the full profile sampling in this patient group are 

not feasible as common practice. Limited sampling strategies help to overcome the issue of 

the amount of blood withdrawn over the period of 4 days.  

LSM should have some robustness against changes in population factors so that it can be 

used safely by different institutions and independently verified. In a recent study using 

Monte-Carlo simulation, a tendency towards underestimation with multiple linear regression 

and overestimation with curve fitting algorithms was reported [144].  

Monitoring of drug kinetics should be complemented with identification of at-risk 

subpopulations such as patients with hepatic or renal impairment [145]. It is not easy to find 

an algorithm that could perfectly recreate the information lost when sampling is limited to 

fewer time points.  

Three LSMs and the standard rich sampling WinNonlin adaptive compartment modeling 

have been studied. Results indicated that LSMs can produce clinically useful estimates. In 

particular, a combination of a curve fitting model and a simplified single compartment model 

seems to give good results. The low deviation in the present model would rarely affect the 

dose adjustment and would not impair the clinical benefit gained from TDM. Thanks to 

LSMs, monitoring can be performed repeatedly during the conditioning at the same cost and 
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with the same effort as monitoring one single dose with full-kinetics sampling protocol. This 

could provide another chance to correct the outliers in absorption or metabolism.  

Using an ordinary Windows desktop computer without any specialized software, 

a compartment and a non-compartment curve fitting method can be easily employed for the 

AUC estimates. The possibility of presenting a graph for the simulated concentration curve 

further facilitates the interpretation. Additional sampling points increase accuracy, and then 

decision on which model to choose must be based on individual needs and means. Our study 

clearly showed that LSM is likely to be of a significant benefit. 

For better understanding of busulphan metabolism, a new and reproducible method has been 

developed for the detection of busulphan and four of its major metabolites in both plasma and 

urine in one analysis, regardless of different methods of extraction. The method has been 

subjected to the standard validation criteria [129, 130] and applied to a clinical case where the 

patient received high dose busulphan as a part of his conditioning regimen.  

The method can be also utilized for the detection of Bu metabolites which are used in other 

non-medical fields such as agriculture and environmental medicine.  

The analytical method has been applied to quantify busulphan metabolites in vitro in 

experiments on enzymes involved in Bu metabolic pathway. We have found that FMO3 and 

to lesser extent CYPs do play a major role in the metabolism of busulphan. Busulphan is a 

lipophilic drug which limits its excretion in the urine. Only 2% of busulphan is excreted as 

the unchanged drug [28]. In the body the drug is oxidized to more hydrophilic metabolites 

which can easily be excreted in the urine. FMO3 and CYPs catalyzed the oxidation of 

busulphan through its first core metabolite THT. It is likely that these enzymes also play a 

role in the further downstream oxidation of THT-1oxide to sulfolane, and in turn, sulfolane to 

3-OH sulfolane.  

Incubation of THT with HLM showed that THT concentrations have rapidly decreased with 

gradual formation of the subsequent metabolites. Inhibition of FMO3 has suppressed THT 

disappearance which was after FMO3 inhibition 48% compared to 72% in samples devoid of 

FMO3 inhibition. On the other hand, THT concentrations decreased to 67% after CYPs 

inhibition. These results showed that THT is metabolized by the microsomal enzymes and 

FMO3 is the main enzyme in this process. 

THT incubation with recombinant microsomes confirmed the previous results. FMO3 had the 

highest initial THT disappearance rate (v0) and CLint value followed by CYPs 3A4, 4A11, 

2C8 and 2C9. Comparing CYPs based on the initial THT disappearance rate (v0)/(POR/CYP 

ratio), CYP2C8 had the highest rate for THT metabolism followed by CYPs 2C9, 2C19, 2E1 

and 3A4. 

It has been reported that the administration of Bu concurrently with drugs known to be 

metabolized by FMO3 or CYP led to abnormally high Bu plasma concentrations. FMO3 was 

reported to be involved in metabolism of many drugs including voriconazole, ketoconazole, 
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methimazole, tamoxifen, codeine and nicotine [40-42]. Most of these drugs are given 

routinely during busulphan conditioning due to the high risk of infection in the 

immune-compromised patients.  Thus, FMO3 inhibition by these drugs may explain the high 

Bu levels in those patients.  

A case study on a 7 year old boy with AML confirmed which significance the  drug-drug 

interactions have for busulphan exposure [146]. Oral metronidazole was given 3 times daily 

to treat the patient for a clostridium infection along with busulphan administration. The daily 

predicted AUC was exceeded by 86% [146]. Other CYP dependent drugs such as 

itraconazole and ketobemidone also lead to higher plasma concentrations of busulphan [33, 

35]. Our results are in agreement with the report on the role of CYP2C9 in THT oxidation. 

Moreover, its polymorphism has been shown to affect Bu metabolism [147]. 

In our study, another patient undergoing stem cell transplantation was treated with high dose 

busulphan (2 mg/kg, bid) for four days and voriconazole co-dosing. This patient had very 

high busulphan levels compared to the administered. Measuring THT concentrations in the 

same plasma samples showed that THT was detectable 1 h after busulphan first dose with 

higher accumulation and slower clearance compared to has been reported previously for a 

patient  treated with Bu alone (P < 0.05) [119]. Yanni et al., have reported that 25% of 

voriconazole is metabolized by FMO3 [40]. In this patient, voriconazole was withdrawn 

completely after the first dose of busulphan. Later busulphan concentrations were reduced to 

the expected values. 

Investigation of FMO3 gene expression in patients undergoing stem cell transplantation 

revealed a significant up-regulation (P < 0.05) after Bu conditioning compared to levels 

before Bu conditioning. FMO3 up-regulation had the same pattern as that observed for 

GSTA1 (P < 0.05).  

Studies on the drugs kinetics in mice have corroborated our findings. Mice treated with PTU 

had a significant (P < 0.05) increase in Bu plasma concentrations and AUC compared to 

mice injected with Bu alone. Moreover, simulated accumulation of THT by injecting THT 

concomitantly with Bu has also resulted in higher levels of Bu. Also THT concentrations and 

AUC were significantly (P < 0.05) increased after PTU injection compared to those 

measured in mice injected with THT alone. In mice injected with Bu and PTU, THT 

concentrations and AUC were significantly (P < 0.05) higher compared to those injected with 

Bu only. All the above results showed that THT accumulation, either by FMO3 inhibition or 

injecting THT with Bu has increased Bu concentrations and AUC. 

Our group has previously reported that the time interval between Bu and Cy in Bu/Cy 

conditioning regimen affected the frequency of liver toxicity and pharmacokinetics of Cy 

[36]. Cy is known to be metabolized through CYPs, and their consumption in Bu metabolism 

can affect its kinetics and increase the toxicity.  
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Our results showed that CYP2B6 is one of the enzymes involved in busulphan metabolism 

while it is the main bioactivator for cyclophosphamide. This may imply that protocols for 

Bu/Cy conditioning might be modified. 

The expression levels of CYP2B6 in patients conditioned with Cy and TBI didn’t show any 

significant variation over a 2-days Cy conditioning period.  However, CYP2B6 is mainly a 

hepatic enzyme while the expression levels were assessed in mononuclear cells from 

peripheral blood.  

In these patients, high inter-individual variability in kinetics of Cy was observed. Also levels 

of 4-OH-Cy/Cy were elevated at 6 h after the second infusion compared to levels at 6 h after 

the first infusion; thus, confirming auto-induction of CYP2B6-dependent metabolism of Cy 

as previously reported.[148] 

POR is the main electron donor for all microsomal cytochrome P450 monooxygenases and its 

polymorphisms have been shown to affect  CYP-mediated drug metabolism as well as direct 

bioactivation of prodrugs  [149].  

POR expression was significantly (P < 0.01) up-regulated before and 6 h after the second Cy 

dose. High inter-individual variation in gene expression after Cy infusion was observed. This 

variation may explain the high variation in Cy kinetics [118].  

POR*28 is the only reported polymorphism that increases CYP activity in vivo [96]. PCR 

results for POR*28 genotype showed that almost half of the patients were carriers for 

POR*28. Five out of these 6 patients had significantly higher POR expression after Cy 

conditioning. However, 2 other patients also had high POR expression, possibly due to other 

POR polymorphisms not yet described or effects on nuclear receptors or other factors 

involved in POR regulation, also resulting in high inducibility.  

Chen et al. studied the effect of the POR genotype on CYP2B6 bupropion metabolism. Their 

results showed a 70-74% reduction in CYP2B6 activity with certain POR polymorphisms in 

vitro [94]. That was in agreement with another study, which also reported that 

S-Mephenytoin N-demethylation by CYP2B6 varied with the POR polymorphism in human 

liver [95]. 

POR variability affects also CYPs other than CYP2B6, such as CYP2C9 activities when 

incubated with flurbiprofen, diclofenac, and tolbutamide. These drugs, like Cy, are 

metabolized rapidly [92]. The effect of POR variants and expression levels varies with the 

substrate and the CYP enzyme variant, for example POR polymorphisms A287P and R457H 

variants are associated with no detectable CYP2D6 metabolism of 7-ethoxymethoxy-3-

cyanocoumarin (EOMCC), while Q153R polymorphism had increased  CYP2D6 activity 

with EOMCC in vitro [91].  
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Steroidogenic activity is depending mainly on CYP1A2 and CYP2C19 and POR variants 

affected their activities to different extents. POR polymorphisms A287P and R457H have 

reduced CYP1A2 and CYP2C19 catalytic activities. The A503V polymorphism gave 85% of 

wild-type activity with CYP1A2 and 113% of wild-type activity with CYP2C19, while 

Q153R polymorphism increased both CYP1A2 and CYP2C19 activities [90]. 

CYP3A4 had completely lost its function in vitro by two of the POR polymorphisms, Y181D 

and A287P. Other POR polymorphisms, such as K49N, A115V and G413S, resulted in 

increased POR activity for testosterone with up to 65% [94]. Tacrolimus is metabolized by 

CYP3A5 and POR*28 resulted in a significantly higher level of tacrolimus exposure [93]. 

A study on human liver samples showed that four POR polymorphisms have reduced both 

POR and drug-metabolizing CYP activity. The same study also showed intronic 

polymorphisms that altered POR activity [150].  

In our in vitro study, the relative amount of POR has been shown to play a major role in the 

metabolic activity of different alleles of CYP2B6. Nevertheless, CYP2B6 polymorphism can 

still affect the drug kinetics.  

The intrinsic clearance of Cy was clearly proportional to the POR/CYP ratio in recombinant 

human CYP2B6.1 ranging between 3.12 and 33.66 µL/min/nmol CYP despite that Km was 

almost constant in all batches. In these experiments, we first used   microsomes with constant 

amount of CYP and variable amounts of POR, and then confirmed in other experiments in 

microsomes with constant amount of POR and variable amounts of CYP. 

Despite that CYP2B6 is the main enzyme in Cy bioactivation, studies on CYP2B6 

polymorphisms and their effects on Cy kinetics are contradictory.   

Polymorphic human CYPs expression levels for the C1459T mutation (alleles *5 and *7) 

have been reported to be significantly lower than for CYP2B6*1 [63], while it has a higher 

intrinsic clearance both for Cy in vitro and in vivo [70, 76]. In Caucasians, the SNP frequency 

has been reported to be 33% and 29% for A785G and G516T, respectively. [63]. These SNPs 

are present in several CYP2B6 allelic variants such as (2B6*4, 2B6*6, 2B6*7 and 2B6*9).  

 

Ariyoshi et al. have reported that CYP2B6*6 has higher activity in 4-hydroxylation of Cy, but 

lower activity in 8-hydroxylation of efavirenz. This in vitro study used microsomes including 

CYP2B6*1, *4 and *6 and containing the same amount of measured POR activity [151].  

On the other hand, Raccor et al. have reported that CYP2B6 genotype is not related to 

4-OH-Cy formation both in vitro or in vivo [58]. Moreover, other studies have confirmed that 

genotyping of CYP2B6 and other CYPs involved in Cy metabolism didn’t affect its kinetics 

and clinical factors such as patients’ age and cancer grade affected Cy kinetics to greater 

extent [59, 60, 78].   
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Recently, epigenetic mechanisms were reported to be important for drug treatment. 

Epigenetic modifiers contribute to the inter-individual variations in drug metabolism. A novel 

class of drugs, termed epidrugs, has been reported from clinical trials to intervene in the 

epigenetic control of gene expression. Moreover, epigenetic biomarkers can be used in 

monitoring patients’ disease prognosis and treatment [152]. 

 

Expression levels of several other CYPs were assessed over a two days Cy conditioning 

period. Out of them, only CYP2J2 had a strong correlation to Cy conditioning.  

CYP2J2 gene was highly expressed in patients before Cy conditioning start as compared to 

healthy individuals. Similarly to blood and solid cancer cells; mononuclear cells from patients 

with hematological malignancies also expressed high levels of CYP2J2 [109-112, 122-124]. 

Gene array analysis demonstrated that the expression of CYP2J2 was further up-regulated in 

patients upon treatment with Cy, indicating that CYP2J2 is induced by Cy. However, 

CYP2J2 up-regulation showed high inter-individual variation after the first Cy infusion. 

Genotyping patients for CYP2J2 SNP “rs1056596” (A/T) revealed that only one patient was 

carrier for his mutation. Lower CYP2J2 expression was detected in this patient. 

Our group has previously reported that Cy induced concentration- and time-dependent 

cytotoxicity in HL-60 cells in vitro despite the fact that these cells lack CYP2B6 and other 

enzymes involved in Cy bioactivation [113]. HL-60 cells predominantly express CYP1A1 

and CYP1B1, [113, 153] but, up to our knowledge, neither is involved in Cy bioactivation. In 

the present study, reduction of 4-OH-Cy formation in HL-60 cells by the CYP2J2 inhibitor, 

telmisartan, and concomitant increase in cell viability strongly support the role of CYP2J2 in 

Cy bioactivation [109]. 

4-OH-Cy was formed following incubation of Cy with recombinant CYP2J2. This finding 

provides confirmation that CYP2J2 is capable of bioactivating Cy. The apparent Km and Vmax 

were within the range 3.7–6.6 mM and 2.9–10.3 pmol/(min·pmol) CYP, respectively. This 

resulted in a Vmax/Km of 0.5–2.3 µL/(min·pmol) CYP. A similar Km value was obtained from 

wild type CYP2B6 (4.9 mM) [154]. Further, Vmax/Km of CYP2J2 was even higher than some 

CYP2B6 polymorphisms [154], suggesting that CYP2J2 may be a predominant enzyme 

responsible for Cy bioactivation is certain patients. 

Furthermore, CYP2J2 was found to be up-regulated during in vivo treatment with Cy. Several 

studies have reported that CYP2J2 is an important enzyme in the extrahepatic metabolism of 

drugs and highly expressed in several tissues, including urinary bladder, intestine, and heart. 

Recently, CYP2J2 was reported as a major enzyme involved in the metabolism of drugs and 

other xenobiotics, and plays an important role in intestinal first-pass metabolism of 

antihistamines [101-103]. One study that investigated the effect of Cy on the intestinal barrier 

function reported modification of intestinal permeability and diarrhea during and after Cy 

conditioning [155].  
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Involvement of CYP2J2 in Cy bioactivation may explain its acute cardiotoxic effect reported 

by Gharib et al.[156]  since CYP2J2 is expressed in the human heart where it is responsible 

for the epoxidation of endogenous arachidonic acid. Our results may explain in part the 

cardio-, uro-, and gut toxicity observed during high dose treatment with Cy in transplanted 

patients. Moreover, this toxicity in combination with the alloreactivity may intensify graft 

versus host disease observed in transplanted patients.  

In order to better understand the mechanisms involved in cyclophosphamide action, global 

gene expression profiling (other than CYPs) was studied in the patients conditioned with Cy 

and TBI. The data analysis has generated comprehensive knowledge that can be employed in 

understanding the rationales by which Cy is used as a conditioning or immunosuppressive 

/immunoregulatory or agent.  

Treatment with Cy down-regulated the expression of several genes mapped to 

immune/autoimmune activation, allograft rejection and GVHD. This finding strongly 

confirms that this alkylating agent is a potent immunosuppressive agent. The most noticeable 

down-regulated genes are CD3, CD28, CTLA4, MHC II, PRF1, GZMB and IL-2R.   

CD3 molecule is a complex protein that is expressed as a co-receptor in all mature 

T lymphocytes and  a subset of NK cells [157]. It is important in T cell activation.  CD3 is a 

targeted by several drugs, including monoclonal antibodies, and thus, suitable for the 

treatment of different autoimmune diseases [158, 159]. Down-regulation of CD3 gene 

expression implies that the initial event of T cell activation, which requires the formation of a 

complex consisting of CD3 and T cell receptor, is impaired upon treatment with Cy.  

CD28 and CTLA4 are two surface molecules that are important in activation and subsequent 

regulation of cell-mediated immune responses [160]. CD28 is constitutively expressed on the 

surface of T cells and provides a key co-stimulatory signal upon interaction with CD80 

(B7-1) and CD86 (B7-2) on antigen-presenting cells [161]. In contrast, CTLA4 is expressed 

transiently in the activated T cells.  CTLA4, by binding to CD80 or CD86, delivers negative 

signals, which leads to T cell inactivation [161]. Treatment with Cy has down-regulated the 

expression of both CD28 and CTLA4 suggests that this drug exerts dual effects on T cells as it 

suppresses the early phase of T cell activation as well as prolongs the activity of effector 

T cells.  

MHC II molecules (major histocompatibility complex class II molecules) are the key 

molecules involved in presenting antigens to CD4+ T cells. These molecules are 

constitutively expressed in professional (macrophages, dendritic and B cells) and 

non-professional (thymic epithelial cells) antigen presenting cells [162]. By binding to 

foreign peptides, these molecules provide “signal 1” for activation of CD4+ T cells. Thus, 

down-regulation of the expression of MHC II implies that Cy prevents T cell activation by 

impairing the process of MHC II mediated antigen presentation. Furthermore, this can also 

explain the efficacy of Cy in the treatment of autoimmune diseases.  
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Due to its immunosuppressive effects in autoimmune diseases, cyclophosphamide has 

recently been used in high doses after HSCT to prevent graft rejection and GVHD [20]. In 

these settings, HLA matching does not seem to be important if the patient receives Cy 

post-transplantation, which is a great importance for the patients lacking conventional stem 

cell donors [163, 164].  

The PRF1 (perforin-1) gene encodes a cytolytic protein, which is found in cytotoxic T cells 

and NK cells. PRF1 shares structural and functional similarities with complement component 

9 (C9) [165]. Like BRF1, GZMB (granzyme B) is a protease expressed by cytotoxic 

T lymphocytes and NK cells and induces apoptosis on target cells [166]. Granzyme can 

access its target cells through pores formed by perforin [167]. The expression of BRF1 and 

GZMB genes is down-regulated upon treatment with Cy. This finding strongly suggests that 

cytotoxic activity of the immune cells mainly mediated by CD8+ T and NK cells is also 

lessened by Cy.    

IL-2R (Interleukin-2 receptor) is expressed on the activated T cells as well as regulatory T 

(Treg) cells (also known as suppressor T cells). Upon binding to IL-2, IL-2R promotes cell 

cycle progression through phase G1 of the cell cycle, which leads to the onset of DNA 

synthesis and replication [168]. Therefore, down-regulation of IL-2R gene expression in Cy 

treated patients may prevent alloreactivity against donor hematopoietic stem cells. 

Furthermore, the reduction in IL-2R expression might also attenuate the number of Treg cells, 

which are known to play an unfavourable role in malignancies [169, 170]. Recently, it was 

reported that Cy can suppress Treg cells and allow more effective induction of antitumor 

immune responses [171].        

In addition to the genes related to the immune system, treatment with Cy down-regulated the 

expression of several genes (e.g., Ras, LMO2, MCM4 and MCM7) that are related to cancer 

development and cell cycle progression.  For instance, Ras (rat sarcoma) oncoproteins are 

known to be responsible for signal transmission inside the cells and for participating in cell 

growth, differentiation and survival [172]. Oncogenic mutations in Ras genes have been 

detected in several human cancers [173, 174].  

The LMO2 (LIM domain only 2) gene encodes a cysteine-rich, two protein structural domain 

that plays an important role in hematopoietic development; moreover, its ectopic expression 

in T cells leads to the onset of acute lymphoblastic leukemia (ALL) [175]. In mice, LMO2 

induced precancerous stem cells and initiated leukemia (T-ALL) by inducing thymocyte 

self-renewal [176, 177].  

Finally, minichromosome maintenance proteins (MCM) 4 and 7 are known to be essential for 

the initiation of genomic replication [178] and their down-regulation during Cy treatment 

confirms the ability of this drug to reduce cancer size by slowing cell replication. MCM4 and 

MCM7 were found to be involved in both DNA replication and cell cycle pathways. Thus, 

Cy induced down regulation in Ras, LMO2, MCM4 and MCM7 genes might shed light on the 

mechanisms underlying the anti-cancer effects of Cy.  
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Several genes were up-regulated during treatment with Cy. Most of these genes are immune-

related receptor genes, e.g. IL1R2 (interleukin 1 receptor, type II or CD121b), IL18R1 

(interleukin-18 receptor 1 or CDw218a) and FLT3 (Fms-like tyrosine kinase 3, or CD135). 

IL1R2 is a protein expressed on B cells, monocytes and neutrophils and functions as a 

molecular decoy that sequesters IL-1β and blocks the initiation of downstream signaling, 

thereby preventing inflammation [179].  

Moschella et al. have reported that IL-1β was increased and the maximum concentration was 

reached at day 3 after Cy administration which is in good agreement with our finding [180]. 

On the other hand, IL18R1 is a cytokine receptor that specifically binds interleukin 18 (IL18) 

and is essential for IL18 mediated signal transduction. IFN-α as well as IL12 are reported to 

induce the expression of this receptor in NK and T cells. Interestingly, IL18R1 and IL1R2 

genes along with three other members of the interleukin 1 receptor family, including IL1R1, 

ILRL2 (IL-1Rrp2), and IL1RL1 (T1/ST2) form a gene cluster on chromosome 2q [181].  

Thus, Cy induced increase in expression of IL1R2 and IL18R1 meaning that cytokine receptor 

genes located on chromosome 2q are susceptible to Cy. In a recent publication, Moscella et 

al. have reported that Cy has activated IFN-α signature and IFN-α -induced proinflammatory 

mediators. Moreover, Cy also has induced expansion and activation of IL18R1 and other 

receptors [182]. These results confirm our finding; however, further studies are warranted to 

confirm mechanisms underlying this hypothesis. 

FLT3 is a protein expressed on the surface of many hematopoietic progenitor cells and plays 

an important role in the development of B and T progenitor cells [183]. However, it remains 

to be elucidated if increased expression of FLT3 implies that treatment with Cy might lead 

either directly or indirectly to mobilization of hematopoietic progenitor cells to the periphery.          

Our results showed a significant increase in the expression of angiopoietin-related protein 1 

(ANGPTL1) and c-JUN proto-oncogene (c-JUN) genes in all patients. The high expression 

was independent of Cy treatment. These two genes are known to play an important role in 

cancer, i.e. ANGPTL1, which is a member of the vascular endothelial growth factor family, 

was reported to mediate a defense mechanism against cancer growth and metastasis. Kuo et 

al. reported the inverse correlation between the expression of ANGPTL1 and cancer invasion 

and lymph node metastasis in lung cancer patients and experimental cancer models [184].  

Overexpression of c-JUN has been shown in several human cancer types such as non-small 

cell lung cancer, breast cancer, colon cancer and lymphomas [185-188].  Moreover, c-JUN 

was reported to be associated with proliferation and angiogenesis in invasive breast cancer 

[189]. Jiao et al. have reported that c-JUN induced epithelial cellular invasion in breast cancer 

[190].  Cancer cells are rapidly dividing and c-JUN is important for progression through the 

G1 phase of the cell cycle [191]. c-JUN antagonizes  P53 expression which is a cell cycle 

arrest inducer [192]. Moreover, c-JUN is an apoptosis down-regulator, which is important for 

cancer cell survival [191]. c-JUN was reported to promotes BCR-ABL induced lymphoid 
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leukemia [193]. Furthermore, the expression of c-JUN was reported to be enhanced in 

chemotherapy resistant tumors [194-196]. 

Thus, based on our findings and the reported studies, we propose that these genes might be 

considered as potential markers for therapeutic efficacy in hematological malignancies. In 

addition, we strongly believe that targeting the gene expression of c-JUN might have 

therapeutic potential in these diseases [197, 198]. 
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6 CONCLUSION 

A new, reproducible and robust method for the detection of busulphan and four of its major 

metabolites was developed, using gas chromatography in combination with mass 

spectrometry. The quantification of busulphan and its metabolites was an essential 

contributing factor in achieving a better understanding of the metabolic pathway of 

busulphan. 

FMO3, and to a lesser extent CYPs, are involved in busulphan clearance through metabolism 

of the busulphan primary core metabolite, THT. Drugs metabolized through FMO3 and 

CYPs may affect busulphan kinetics and thus alter its pharmacodynamics.    

The use of limited sampling in clinical TDM for oral busulphan is robust and reproducible. 

The method showed that adequate algorithms and sampling times are important elements in 

order to reach reliable results. This model can be used for dose adjustment of busulphan for 

adult as well as pediatric patients. 

Cyclophosphamide induces both down- and up-regulation of genes belonging predominantly 

to the immune system. This knowledge can be further expanded by studies on how 

cyclophosphamide can be used to target specific subpopulations of cells connected to certain 

diagnoses.  

ANGPTL1 and c-JUN were overexpressed in patients with hematological malignancies 

undergoing HSCT independently from cyclophosphamide treatment. This implies that these 

genes may be used as markers for target treatment of hematological malignancies.   

POR and its polymorphic variants affect the bioactivation of cyclophosphamide. 

Determination of patient POR genotype and expression levels in addition to CYP2B6 

genotype and activity before commencement of cyclophosphamide therapy may have high 

impact on clinical dose adjustment, and hence on treatment efficacy and outcome.  

To the best of our knowledge, this is the first report about the involvement of CYP2J2 in 

cyclophosphamide metabolism. In vitro studies in HL-60 and recombinant enzymes showed 

that cyclophosphamide was metabolized by CYP2J2. Inhibition of CYP2J2 in HL-60 cells 

increased cell viability and survival.  CYP2J2 was up-regulated in vivo during treatment with 

cyclophosphamide. Moreover, CYP2J2 gene expression was significantly up-regulated in 

patients with hematological malignancies compared to healthy controls. 

CYP2J2 is reported to be highly expressed in several tissues including urinary bladder, 

intestine and heart, which may in part explain cardiotoxicity, urotoxicity and gut toxicity 

observed during high dose treatment with cyclophosphamide in transplanted patients due to 

local cyclophosphamide bioactivation in these tissues. Further studies are warranted to 

confirm the role of CYP2J2 in organ toxicity.  

 The present results have improved our understanding of Bu/Cy metabolism and may help in 

developing new strategies for personalized medicine.  
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7 FUTURE PERSPECTIVES 

 

• Further studies should address the effect of each microsomal enzyme on 

busulphan metabolism and kinetics. These studies should include the enzyme gene 

polymorphisms and their impact on treatment efficacy. 

• Since CYPs are involved in busulphan metabolism, Bu/Cy conditioning 

protocols should be revised regarding drug administration sequence, time interval between 

both drugs and concomitant supportive therapy. 

• Studies on other SNPs affecting POR activity in vivo and subsequently 

affecting cyclophosphamide kinetics will be of high importance for dose adjustment of 

cyclophosphamide. 

• Other as yet unidentified CYP enzymes might be involved in 

cyclophosphamide metabolism, and their discovery would help in dose adjustment and in 

reducing adverse effects. 
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