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ABSTRACT 

Cyclin-dependent kinases (Cdks) are key enzymes implicated in vital functions of the 
cell including regulation of the cell cycle, apoptosis, transcription and differentiation. 
Abnormal regulation of these molecules has been correlated to several diseases, such as 
cancer, viral infections, neural disorders and kidney inflammations. Roscovitine is a tri-
substitute purine analog that specifically inhibit Cdks (1, 2, 5 and 7) and to less extent 
extra-cellular kinases (erk-1 and 2). Several studies have shown that roscovitine was 
effective against cancer cell lines and xenografts of colon and breast cancer in animals.    

The aim of this thesis was to perform preclinical studies, including the development of 
analytical methods for determination of roscovitine and investigation of its stability, 
pharmacokinetics, biodistribution, protein binding, metabolic pathway and toxicity of 
roscovitine, which are important issues prior to clinical trials.  

A liquid chromatography (LC) method for the quantification of roscovitine in plasma 
using UV-detection was developed and validated. The method was rapid and accurate, 
however, the detection limit was high (100 ng/mL). A more sensitive analytical method 
using microextraction as on-line sample preparation connected to LC and tandem mass 
spectrometry (MS-MS) was developed. This method provides a detection limit of 0.5 
ng/mL. Roscovitine kinetics showed rapid elimination from the central compartment 
and high distribution into the tissues with highest concentrations in liver, kidneys and 
adipose tissue. Three major metabolites (M1, M2 and M3) were identified utilizing LC-
MS-MS and nuclear magnetic resonance spectroscopy. Our data suggest that M1 is a 
carboxylic acid derivate of roscovitine (MW=368), M2 was identified as a 
hydroxylated derivative in the C8 of the purine-ring (MW=370) and M3 corresponds to 
N-dealkylation of the N9-isopropyl side-chain (MW=312). Roscovitine concentrations 
in the brain were 30% of that measured in plasma. Roscovitine was shown to be stable 
in plasma up to 48 hours at –20, 4, 25 and 37 °C. Roscovitine was highly bound to 
plasma proteins (about 90%) and to human serum albumin (about 90%) however, the 
binding of roscovitine to α1-AGP was lower and concentration-dependent. The pKa of 
roscovitine using capillary electrophoresis was found to be 4.4 indicating that the drug 
acts like a weak mono base.  Finally, the liver toxicity, immunosuppressive effect and 
the hematotoxicity of roscovitine in vitro and in vivo were evaluated. No side effects of 
the drug were observed including undetectable myelossupression, immunosuppression 
and hepatotoxicity. Surprisingly, roscovitine exerted cytotoxic effect on marrow cells in 
vitro compared to undetectable toxicity in vivo utilizing colony forming unites 
techniques. These most probably indicate that the parent drug is the pharmacological 
active compound rather than its metabolites. Due to the relative low marrow toxicity, 
roscovitine is a promising anticancer drug that can be considered as an alternative to 
classic cytostatic agents. 

To conclude, these studies provide important preclinical knowledge on biochemical 
properties, pharmacokinetics, biodistribution and metabolism of roscovitine that may 
be considered when optimizing doses and treatment schedules in future clinical trials.  
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1 LIST OF ABBREVIATIONS 
 

α1-AGP α1-acid glycoprotein 
ATP Adenosine tri-phosphate 
AUC Area under the concentration-time curve 
BFU-E Burst-forming units erythroid 
Cdk   Cyclin-dependent kinase 
CFU-GM Colony-forming units granulocyte -macrophage 
Cl  Clearance  
DMSO Dimethyl sulphoxide 
Erk Extra-cellular regulated kinase 
GI Gastro-intestinal 
HCMV Human cytomegalovirus 
HIV Human immunodeficiency virus 
HPLC High performance liquid chromatography 
HSV Herpes simplex virus 
IFN-gamma Interferon-gamma 
IL-2 Interleukin-2 
Ink-4a Gene encoding the tumor suppressor protein p16
IP Intra-peritoneal 
IV Intra-venous 
LC-MS Liquid chromatography - mass spectrometry 
LLOQ Lower limit of quantification 
LOD Limit of detection 
MRM Multiple reaction monitoring 
MS-MS Tandem mass spectrometry 
NMR Nuclear magnetic resonance spectroscopy 
pKa Dissociation constant 
PKC Protein kinase C 
PO Oral administration 
RB Retinoblastoma 
T ½ Elimination half-live 
Thy-1 Lymphocyte T-helper 1 
TNF-alfa Tumor necrosis factor-alfa 
UV Ultra violet 
Vd Distribution volume 

viii 
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2 INTRODUCTION 
 

2.1 CANCER  

 

Cancer and its treatment have been known to human for thousands of years ago.  The 

oldest documented descriptions of human breast tumors were found in Egyptian 

papyri (3000-1500 years BC), that were discovered and named “Edwin Smith” and 

“George Ebers” papyri (Ebeid and Nabil, 1999). Edwin Smith papyrus describes the 

practice of surgery for tumors using special instruments while Ebers papyrus outlines 

pharmacological and magical treatments (Papac, 2001). The descriptions and 

discussion in these medical documents are supported by wall paintings and drawings 

that still exist in old Egyptian temples. Hippocrates was the first using the term cancer 

(460-370 years BC) due to the fact that solid tumors appear as a central body and the 

tumor extensions resembling a “crab” (“carcinoma” in Greek).  

During the World War I, it was observed that the sulphur mustard was able to cause 

leucopenia, bone marrow aplasia and shrinkage of the lymphoid tissues besides the 

ulceration in the GI-tract. The first clinical use was presented in 1931, where a 

solution of the sulphur mustard was applied topically onto or injected into the tumors. 

This procedure was not long lived due to the high toxicity of the compound. 

Continued research to cure cancer by using chemotherapeutic drugs emerged in the 

late years of the World War II when it was demonstrated that patients with tumors of 

the lymphoid tissue reached remission following treatment with the alkylating agent 

nitrogen mustard (Burchenal, 1977; Papac, 2001).  These results were published by 

Gilman and Philips after the war (Gilman and Philips, 1946). Following the 

introduction of nitrogen mustard to the clinic, other alkylating agents (chloroambucil, 

melphalan, busulfan and cyclophosphamide) were synthesized. Some years later 

Farber and coworkers (Farber, 1950; Farber et al., 1948) discovered the effect of 

antimetabolites (antifolate) on leukemia. The antimetabolites still play an important 

role in treating children with various tumors. During 1960’s antitumor antibiotics, 

platinum compounds and plant alkaloids were developed, many of which are in 

clinical practice today (Burchenal, 1977). These discoveries were the beginning of the 

modern cancer chemotherapy.   
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At the present time, several chemotherapeutic drugs are available. These compounds 

are different in structure and mechanism of action. However, all available drugs lack 

selectivity and cause usually severe toxicity. Many investigators and pharmaceutical 

companies worldwide are still searching for the “Magic Bullet” that selectively and 

with minimum toxicity can cure cancer. 

 

2.2 TOXICITY AND SIDE EFFECTS OF CHEMOTHERAPY 

 

Despite better treatment strategies and increase in the cure rate of cancer patients 

during the last decade, toxicity is still the dose-limiting factor for cancer therapy. 

Current chemotherapeutic regimens cause severe toxicity to several organs i.e. bone 

marrow, GI -tract, heart, liver, kidneys and CNS. Myelotoxicity is considered to be 

one of the most common side effects of chemotherapy and results in severe 

neutropenia that increases the risk of life-threatening infections (Bow, 1998). The 

effect of different anticancer agents on hematopoietic cells and extra-medullary 

tissues has been extensively reported after high-dose chemotherapy (van der Wall et 

al., 1995). 

Immunosuppressive effect and myelotoxicity associated with purine analogs are 

limiting factors for the use of these agents. The treatment with purine analogs may 

cause high frequency of serious infections with unusual pathogens (Cheson, 1995). 

Studies concerning the severe prolonged immunosuppression induced by several 

purine analogs in cancer patients have been reported (Samonis and Kontoyiannis, 

2001). 

Several strategies to circumvent toxicity to normal tissues in cancer patients treated 

with chemotherapy have been reported. Dose individualization, combination therapy 

and therapeutic drug monitoring based on pharmacodynamic and pharmacogenetic 

knowledge of the drugs are mainly used to avoid both toxicity and relapse risk (van 

der Wall et al., 1995). At present, the toxicological evaluation of the drug including 

the effect on hematopoiesis is a main part of preclinical and clinical safety studies and 

has become routine in monitoring novel and conventional drugs in human and 

animals (Hassan et al., 2002b; Hassan et al., 1998; Volpe and Warren, 2003).  
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2.3 PRECLINICAL STUDIES IN DRUG DEVELOPMENT 

 

Preclinical studies are essential to acquire the basic knowledge about new drugs. In 

general, these studies include in vitro and in vivo evaluation of the drug toxicity, the 

cellular effect, the pharmacokinetics, the pharmacodynamics and the metabolic 

pattern. Data obtained from these studies may help in the selection of proper dosing 

schedules prior to clinical trials. Variation in drug efficacy and toxicity may be 

caused by the route of administration, dose intensity, maximum tolerated dose and 

time schedules of administration. Because of the difficulties in performing studies in 

human especially with anticancer drugs due to ethical constrains, more extensive 

research can be done using in vitro systems and animal models. However, species 

differences must be taken into account when interpreting the data.  

 

2.4 CELL CYCLE 

 

In an adult human body, it is estimated that over twenty-five million cells duplicate 

each second. Cell division is a highly organized process since accurate regulation of 

the cell cycle is essential for the normal cell growth and development. In higher 

eukaryotic cell cycles, a strict control is exerted by a complex combination of proteins 

that integrate extra-cellular and intracellular signals to ensure the coordination of cell 

cycle events. Cyclin-dependent kinases (Cdks) are engines that drive the events of the 

eukaryotic cell cycle and they function like clocks that time these events (Morgan, 

1997). 

In normal conditions, cell division and death processes are equilibrated to keep the 

tissues at steady state. For some adult cell types, renewal is rapid (e.g. epithelial, 

endothelial and certain white blood cells). In contrast, other cells have low rates of 

renewal. Healthy liver cells rarely die, and in the adult brain, there is a slow loss of 

cells with little or no replacement (Lodish et al., 1999). Tumor development, 

basically, is “a disease of the cell”, characterized by alterations in the control 

machinery of cell proliferation, differentiation and death. Tumor cells possess 

defective checkpoints and aberrant regulation of the cell cycle, though they can 

proliferate regardless of having a compromised genome. Moreover, many cancer cells 

display chromosome abnormalities reflecting their genetic instability and defects in 
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various metabolic pathways. Together with cardiovascular diseases and diabetes, 

cancer is one the most frequent cause of death worldwide.  

 

2.5 CYCLIN-DEPENDENT KINASES 

 

2.5.1 Definition and structure 

Cdks are classic Ser/Thr kinases with molecular weights of 30-40 kDa, displaying 

eleven subdomains shared by all protein kinases (as presented by the protein kinase 

resources site: http://www.sdsc.edu/kinases). They encompass a large family of 

proteins with high versatility and diversity. The common structure of Cdks that is 

shared by all kinases consists of a small N-terminal lobe containing mainly β-sheets 

and a large C-terminal lobe composed mostly of α-sheets, being the ATP binding-site 

located between the two lobes (Morgan, 1997). All Cdks share a characteristic highly 

conserved “PSTAIRE” motif situated in the cyclin-binding domain of the protein, and 

their sequence homology (Meyerson et al., 1992). To date, 13 Cdks and 25 proteins 

with homology in the cyclin box have been discovered, however, their biological 

functions are not fully understood (Knockaert et al., 2002).  

 

2.5.2 Functions 

Cdks play an important and well-defined role in the regulation of the cell cycle and 

are involved in signaling pathways required for several aspects of cell division and 

proliferation e.g. transcription, apoptosis, and neural development. Malfunction of 

these enzymes has been associated to several diseases (Nigg, 1995; Sherr, 1996). 

 

2.5.2.1 Cdks and cell cycle 

Several Cdks control the major steps of the cell cycle phases by phosphorylation of 

distinct cell proteins such as transcription factors, histones, cytoskeletal proteins, 

tumor suppressor genes (Nigg, 1993). They associate with cyclin-subunits, whose 

concentrations oscillate along the cell cycle, causing the stage-specific timing of the 

Cdks (Nigg, 1996), as described in Figure 1. 

 

http://www.sdsc.edu/kinases
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Figure 1. Schematic representation of the cell cycle and its regulatory components. Black 

arrows indicate the possible sites of action for roscovitine

 

In higher eukaryotic organisms, cell cycle control involves a complex combination of 

Cdks and cyclins. Cdk2-cyclin E complex acts at the beginning of S phase and 

induces initiation of DNA synthesis, phosphorylates the retinoblastoma protein (pRB) 

causing the release of transcription factors and regulates centrosome replication. 

Cdk2-cyclin A complex regulates DNA synthesis progression (S phase) and inhibits 

G1 transcription factors. Cdk1-cyclin B complex participates in mitosis initiation, 

phosphorylates different substrates, e.g. nuclear lamins and anaphase promoting 

factor and Cdk1 binds to cyclin A and contributes to preparation for mitosis (Nigg, 

1995). During G1 phase, Cdk4 and Cdk6 complex with cyclin D are triggered by 

growth factors (Ezhevsky et al., 1997). These complexes can phosphorylate and 

inhibit pRB resulting in release of transcription factors.  

 

2.5.2.2 Other functions of Cdks 

Cdks and Transcription: Three major Cdks have been implicated in transcription 

regulation in humans, Cdk7 (complex with cyclin H), Cdk8 (complex with cyclin C) 
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and Cdk9 (complex with cyclin T). These enzymes have been reported to regulate 

phosphorylation of the C-terminal domain of RNA polymerase II and Tat-associated 

kinase activity (Mancebo et al., 1997; Peng et al., 1998; Rickert et al., 1996; 

Svejstrup et al., 1996; Tassan et al., 1995).     

Cdks and Apoptosis: Several studies have reported the involvement of Cdks in 

apoptosis. Cdk5 prevents neuronal apoptosis by negative regulation of C-jun N-

terminal kinase 3 (Li et al., 2002). Cdk1-cyclin B1 complex has been associated with 

HIV-induced apoptosis and neuronal apoptosis in neurodegenerative diseases 

(Castedo et al., 2002). Premature activation of Cdk1 can lead to mitotic catastrophe 

due to radiation and chemically-induced DNA damage (Castedo et al., 2002). Cdk2 

has been implicated in the regulation of thymocyte apoptosis (Hakem et al., 1999; 

Williams et al., 2000). In addition, sub-cellular localization of Cdk2 was shown to 

determine the apoptosis/ proliferation fate of mesangial cells (Hiromura et al., 2002). 

Cdks and neuronal functions: Cdk5 plays an important role in neuronal development 

and it is involved in neuron migration, dopamine signaling pathways and regulation 

of the phosphorylation of cytoskeletal molecules (Ohshima et al., 1996). 

 

2.5.2.3 Cdks and cancer 

Normal Cdks activities are important for the ordered execution of the processes that 

govern cell growth, such as accurate and complete DNA replication, RNA 

transcription and mitotic transfer of the genome to new daughter cells (Garrett and 

Fattaey, 1999; Lodish et al., 1999). Abnormal expression and activity of Cdks, their 

regulators and substrates have been associated with cancer development and 

progression (Elledge et al., 1996; Harper and Elledge, 1996; Sherr, 1996). Some of 

these aberrations comprise overexpression of cyclin D and Cdk4 encoding genes, 

mutations in INK4a gene (Cdk inhibitor) and inactivation of pRB, which produce 

alterations in the RB pathway (Okami et al., 1999). Amplification of MDM2, 

mutations on members of the Cip/Kip family of Cdk inhibitors, and mutations or 

deletions in P53 gene lead to alteration in P53 pathway. Since several cancerous cells 

have corrupted control of the cell cycle and various Cdks are activated in many 

tumors compared to normal cells, targeting Cdks would be an intelligent strategy to 

block and/or interfere with tumor cell proliferation as an alternative to classical 

cytotoxic drugs. 
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2.6 CYCLIN-DEPENDENT KINASE REGULATION 

 

Cdks are subjected to several regulatory mechanisms including subcellular 

localization, association to tumor suppressor proteins and post-translational 

modifications. Positive regulation can be exerted by Cdk binding to cyclin subunit 

and by phosphorylation of the kinase subunit in well-defined sites. Negative 

regulation can be achieved by several mechanisms such as phosphorylation of Cdks at 

specific sites, or by binding of Cdk inhibitors to Cdk-cyclin complexes.   

 

2.6.1 Natural inhibitors 

The activity of many Cdk-cyclin complexes can be counteracted by natural Cdk 

inhibitors (Figure 1). These molecules provide a tissue-specific mechanism by which 

cell cycle progression can be controlled in response to extra- and intracellular signals 

(Elledge et al., 1996; Harper and Elledge, 1996). In mammalian cells, there are two 

families of natural Cdk inhibitors, which differ in specificity and mechanism of 

inhibition. Members of the Cip/Kip family proteins include p21, p27 and p57, which 

bind and inhibit all Cdks. The INK4 family members include p15, p16, p18, p19 

proteins, which interact only with cyclin D-Cdk4/6 and thus control G1 phase 

progression (Hirai et al., 1995). It is believed that these Cdks modulators act by 

induction of conformational changes in the proteins and/or protein-complexes 

(Pavletich, 1999). 

Abnormal regulation of natural Cdk inhibitors has been reported in several tumors, 

suggesting that Cdk modulators could be of interest for cancer treatment (Chiarle et 

al., 2001; Harper and Elledge, 1996; Kim et al., 1998; Okami et al., 1999). 

 

2.6.2 Chemical inhibitors 

Different classes of Cdk inhibitors have been characterized, including purine-based 

compounds (DeAzevedo et al., 1997; Meijer et al., 1997), alkaloids, butyrolactone, 

flavonoids, and more recently indirubins, and paullones. As it can be seen in Figure 2, 

these compounds are heterogeneous with regard to their chemical structure; however, 

they share the following common features: 
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 They have low molecular weight (<600) 

 The structure includes plane, hydrophobic heterocycles 

 They compete with ATP for the ATP-binding site on the Cdk  

 They bind mainly by hydrogen bonds and hydrophobic interactions with the 

kinases 

These characteristics have been confirmed by several studies (Canduri et al., 2004; 

DeAzevedo et al., 1997; Filgueira de Azevedo et al., 2002; Hajduch et al., 1999).   

Cdk inhibitors have effects on cell proliferation, cell cycle arrest, apoptosis and cell 

differentiation. Thus, over the last decade, restitution of the cell cycle regulation 

through pharmacological inhibition of the Cdks has been pursued as a new approach 

for the treatment of diseases involving aberrant cell proliferation. The potential role 

of Cdk inhibitors has been evaluated in cancer chemotherapy, viral infections, 

neurological disorders, cardiovascular and nephrological diseases. To date, only 

flavopiridol and UCN-01 have been reported in clinical trials, however the potential 

clinical use of many other Cdk inhibitors is under development (Fischer and Gianella-

Borradori, 2003; Meijer and Raymond, 2003).  

Chemical Cdk inhibitors can be classified (Sausville, 2002) according to their 

specificity as: 

 Non-selective includes staurosporine and UCN-01. 

 Semi-selective characterized by the capacity of inhibiting Cdks and other kinases. 

This category includes flavopiridol (inhibits Cdk1, 2, 4, 6 and 9; GSK-3β, EGFR 

and PKC). 

 Selective drugs comprise olomoucine, roscovitine, purvalanol, paullones and 

butyrolactone (inhibit specifically Cdk1, 2 and 5), pyrimidines, benzocarbazoles 

and aminothiazoles (inhibit Cdk4), flavopiridol derivates (inhibit Cdk1), and 

oxindoles (inhibit Cdk2). 
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Purvalanol A

Indirubin-3’-monoxime 

Staurosporine Kenpaullone 

Olomoucine (R)-Roscovitine 

Figure 2: Structure of different cyclin-dependent kinase inhibitors 

2.7 ROSCOVITINE 

 

Roscovitine (Figure 2) is a plant cytokinin-derived purine analog that was first 

synthesized and described in 1997 for its ability to inhibit Cdks (Havlicek et al., 

1997; Meijer et al., 1997; Meijer and Raymond, 2003). It was shown that roscovitine 

at low concentrations specifically inhibits Cdk1 and 2, which cause cell cycle arrest at 

G1/S and G2/M phases (Figure 1) and Cdk5. At higher concentrations roscovitine 

was shown to inhibit extra-cellular kinases (erk-1 and 2), while low effect was 

observed against Cdk4 and other kinases (Meijer et al., 1997). Table 1 summarizes 

the results from in vitro evaluation of roscovitine effect on different kinase activities. 

 

2.7.1 Chemical and structural studies 

Roscovitine, 2 - (R) - (1 – Ethyl – 2 - hydroxyethylamino) – 6 – benzylamino – 9 - 

isopropylpurine, is a purine tri-substitute, with a molecular weight of 354.5. 

The crystal structure of roscovitine complexes with different Cdks has been recently 

described. Roscovitine was first crystallized with Cdk2 (DeAzevedo et al., 1997).  
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 Table 1. In vitro kinase specificity of roscovitine 
 

 

Kinase IC50 (µM) c Reference 
a Cdk1-cyclin B 0.45, 0.65, b 2.69 1-3 
a Cdk2-cyclin A 0.7, b 0.71 1, 3 

Cdk2-cyclin E b 0.1, 0.7 1, 3 

Cdk4-cyclin D1 >100, b 14.21 1, 4 
a Cdk5-p35 0.16 1 

Cdk6-cyclin D >100 1 

Cdk7-cyclin H 1.4, b 0.49 3, 4 

Cdk9-cyclin T1 0.6 5 

Erk-1 34 1 

Erk-2 b 1.17, 14 1, 3  

PKC ≥100 1, 3, 4 

PKA >1000, b >50 3, 4  

EGFR 100 4 

MAPK 30 6 

P38 >20 3 

I-RTK 70 1 
 

 
a Indicates the Cdks that have been co-crystalized with roscovitine 
b Assays using CYC202 (oral formulation for roscovitine) 
c 1. (Meijer et al., 1997) 
  2. (DeAzevedo et al., 1997) 
  3. (McClue et al., 2002) 
  4. (Hajduch et al., 1999) 
  5. (Wang et al., 2001) 
  6. (Buolamwini, 2000) 
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Analysis of the crystal structure of Cdk2-roscovitine complex demonstrated that the 

purine group of the inhibitor was located in the ATP-binding pocket of the kinase. 

The position of the benzyl ring of roscovitine enables the drug to interact with Cdk2 

that are not observed for the ATP complex (Pavletich, 1999). A molecular model of 

Cdk5-roscovitine complex was proposed (Filgueira de Azevedo et al., 2002). 

Roscovitine was shown to bind tightly to the ATP-binding site of the kinase. The 

higher number of hydrogen bonds observed for Cdk5 compared to Cdk2 complex 

suggested higher affinity of the drug to Cdk5. This was consistent with the IC50 

values obtained for Cdk5 and 2 (0.16 and 0.7 µM, respectively), Table 1. Recently, it 

was found that roscovitine was tightly bound to the ATP-binding pocket of Cdk1, as 

well (Canduri et al., 2004). Cdk1-roscovitine complex showed higher number of 

intermolecular bonds compared to Cdk2-roscovitine complex, indicating that the drug 

has more affinity for Cdk1. This was in agreement with IC50 values reported for both 

Cdk1 and 2 (0.45 and 0.7 µM, respectively) (DeAzevedo et al., 1997; Meijer et al., 

1997). These studies showed high correlation between structural model of the Cdk-

drug complexes and the activity of the inhibitor towards the enzyme. 

 

2.7.2 Roscovitine effect on cells   

Roscovitine effects have been investigated in several cell lines. Since its synthesis in 

1997 (Havlicek et al., 1997) and identification as a specific Cdk inhibitor (Meijer et 

al., 1997), roscovitine has been shown to have a variety of functions.  

Effects on transcription: Roscovitine was reported to inhibit RNA synthesis in human 

neonatal fibroblasts and in human colon carcinoma cell line by partially inhibiting the 

phosphorylation of the C-terminal domain of RNA polymerase II (Ljungman and 

Paulsen, 2001). The transcription of human immunodeficiency virus type 1 (HIV-1) 

and other viruses were inhibited after exposure to roscovitine. HIV-1 production in 

virally integrated lymphocytic and monocytic cell lines and activated peripheral blood 

mononuclear cells infected with different HIV-1 strains were inhibited by exposure to 

roscovitine (Wang et al., 2001). 

Effects on apoptosis: Roscovitine seems to have contradictory effects towards 

apoptosis depending on the cycling status of the cell. In highly dividing cells, 

roscovitine alone or in combination with other therapies stimulate apoptosis 

(Edamatsu et al., 2000; Hahntow et al., 2004; Mgbonyebi et al., 1999; Mihara et al., 
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2002; Wesierska-Gadek et al., 2004). In contrast, in non-dividing or differentiated 

cells such as neurons and thymocytes, roscovitine exerted a protective effect 

(Williams et al., 2000). Active cytoplasmic Cdk2 has been associated with apoptosis 

in several studies (Hakem et al., 1999; Hiromura et al., 2002; Williams et al., 2000). 

A decrease in Cdk2 activity by roscovitine was related to reduction in apoptosis in 

mesangial cells exposed to stress conditions such as serum deprivation or UV 

exposure (Hiromura et al., 2002). Roscovitine was also shown to block thymocyte 

negative selection through Cdk2 inhibition (Williams et al., 2000).  

Effects on brain tissue: Cdk5 is mostly expressed in brain. Binding of Cdk5 with p35 

and p39 has been reported to play an important role in brain development (Tsai et al., 

1994). Roscovitine was found to be a potent Cdk5 inhibitor (DeAzevedo et al., 1997; 

Meijer et al., 1997). Roscovitine was also shown to activate specifically P/Q calcium 

channels in central neurons and to modify transmitter release (Yan et al., 2002). 

Effects on viral replication: Cdks are involved in the replication of many clinically 

important viruses including papilloma, HIV-1, human cytomegalovirus (HCMV) and 

herpes simplex virus (HSV) type 1 and 2. These make Cdk inhibitors a promising 

alternative for the treatment of viral infections. In this context, roscovitine has been 

shown to inhibit the replication of HSV via inhibition of cellular Cdks (Schang et al., 

1998) and the replication of HCMV through inhibition of cellular Cdk2 activity 

(Bresnahan et al., 1997). 

 Effects on tumor cells: Roscovitine was shown to inhibit the proliferation of several 

tumor cell lines e.g. head and neck, squamous-cell carcinoma (Mihara et al., 2002), 

uterine sarcoma, lung and colorectal carcinoma (McClue et al., 2002). Additionally, 

roscovitine was reported to inhibit DNA synthesis in human gliomas (Yakisich et al., 

1999) and human cervical tumors (Vitali et al., 2002).  

Effects in combination therapy: The synergistic and sensitizing effect of roscovitine 

in combination with chemotherapy and radiotherapy was demonstrated in several 

studies. The selective sensitization of pRB-deficient tumor cell lines to exposure of 

doxorubicin together with roscovitine and flavopiridol has been demonstrated (Coley 

et al., 2002). This effect is relevant considering the abnormal activity of pRB 

observed in human tumors. Roscovitine in combination with camptothecin, a 

topoisomerase I inhibitor, showed in tumor cell lines synergistic activation of p53, 

nuclear accumulation of wild-type p53 and apoptosis (Lu et al., 2001). The 

synergistic effect of farnesyl-transferase inhibitors in combination with roscovitine 
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has been reported to cause apoptosis in human cancer cell lines (Edamatsu et al., 

2000). The radio-sensitization effect of roscovitine was described in vitro in a human 

breast cancer cell line (MDA-MB 231), which lacks functional p53 protein and in 

vivo in mice xenografted with MDA-MB 231 (Maggiorella et al., 2003).  

Effects on in vitro reproduction: Several studies have described the effect of 

roscovitine on mammalian oocytes maturation, because of its ability to inhibit Cdks 

(Krischek and Meinecke, 2001; Mermillod et al., 2000). Moreover, Gibbons et al. 

reported an enhancement in cloned calf and fetus survival after embryo transfer of 

roscovitine-treated adult somatic cells. Roscovitine synchronized donor cell cycle and 

increased the nuclear reprogramming capacity of the cells (Gibbons et al., 2002). 

Many Cdk inhibitors are currently being evaluated for the in vitro synchronization of 

oocyte cell cycle, achievement of fertilization and development of the embryos and 

improvement of survival rate of cloned domestic animals (Knockaert et al., 2002). 

 

2.7.3 Preclinical and clinical studies 

Based on the knowledge obtained from in vitro studies using cell lines, several in vivo 

studies in animals have been performed. The dosage and administration route of 

roscovitine necessary to obtain successful therapeutic effects varied notably among 

these investigations. 

McClue et al. reported that nude mice bearing human colorectal tumor treated with 

roscovitine (100 mg/kg, 5 days, IP) exhibited a significant decrease in the rate of 

tumor growth (45%) compared to control animals. The authors also found that mice 

bearing human colon cancer treated with roscovitine (200 mg/kg, 5 days, PO), 

showed tumor reduction by 53% (McClue et al., 2002). Human uterine xenograft in 

nude mice treated with roscovitine (500 mg/kg, 4 days, PO) showed a significant 

reduction in tumor growth rate by 62% (McClue et al., 2002).  Good tolerability and 

maximum tumor reduction of 35% were obtained in a primary prostate tumor 

xenograft in mice after treatment with roscovitine for 5 days during a 3-week period 

(Fischer and Gianella-Borradori, 2003). 

The inhibitory effect of the purine analog on human breast tumor cells in vitro at 5 

µM concentration was reported. However, in vivo experiments in human breast 

carcinoma xenografts in athymic mice using a dose of 100 mg/kg with and without 

radiation showed no apparent inhibition of tumor proliferation when mice were 
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treated with roscovitine alone compared to radiation combined with roscovitine 

(Maggiorella et al., 2003).  

Another interesting approach is the effect observed on ischemia–induced damage in 

an experimental model of renal ischemia in Wistar rats (Aydemir et al., 2002). 

Ischemia–reperfusion injury is a serious problem in transplantation, because it may 

lead to graft dysfunction. Roscovitine exhibited a moderate protective effect on renal 

function when administered before ischemia and reduced the free radical–mediated 

peroxidation of the lipid membranes. 

Glomerular disease is a major cause of end-stage kidney disease, characterized by 

uncontrolled mesangial cell proliferation. Roscovitine decreased mesangial cell 

proliferation in vitro, which was associated with inhibition of Cdk2. Rats treated with 

roscovitine showed a significant reduction of mesangial cell proliferation and cell 

matrix formation associated with improved renal function (Pippin et al., 1997). In 

addition, the effect of CYC202 (R-roscovitine, Cyclacel) on an HIV-1 transgenic 

mouse model of collapsing glomerulopathy was recently reported (Gherardi et al., 

2004). In these mice, CYC202 (75 mg/kg x 2 /day, for 20 days, IP), provided 

significant therapeutic reversion of the disease.  In Thy-1 experimental nephritis rat 

model the administration of roscovitine and the immunosuppressive agent 

(mycophenolate mofetil), showed a slight decrease in mesangial proliferation and 

matrix expansion. Moreover, considerable decrease in cyclin expression and increase 

in the natural Cdk inhibitor (p27kip1) mRNA expression (Chiara et al., 2005) was 

observed.  

Recently, preliminary results in phase I and II clinical trials of glomerulonephritis and 

breast and colon cancer have been reported (Fischer and Gianella-Borradori, 2003; 

Meijer and Raymond, 2003). These studies concluded that the drug is well tolerated. 

Dose escalation and evaluation of kidney function were assessed in patient suffering 

from glomerulonephritis with no clinically relevant adverse events (Clough, 2002). 

 

2.7.4 Pharmacological and metabolic aspects  

Drugs can undergo biotransformation through several mechanisms, including 

oxidation, reduction, hydrolysis, and conjugation reactions. Metabolism can alter the 

uptake, distribution and pharmacological action of the drugs and thus their 

elimination. Drug metabolism is an important factor for determination of the drug 
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administration route, dosage and frequency of the delivery. This is essential 

information to be considered in drug design and therapeutics. To our knowledge, 

there is only one reported study concerning the metabolic pathway of roscovitine in a 

mouse model (Nutley et al., 2005). However, the pharmacological activity of these 

metabolites is not defined yet.  

Several investigations studied the biological activity of roscovitine in proliferative 

disorders; however limited knowledge concerning the biochemical and the 

pharmacological aspects of the drug is available.  

Recently, the pharmacokinetics of CYC202 was investigated in mice after the 

administration of oral and intraperitoneal doses (Gherardi et al., 2004). The authors 

demonstrated that, the exposure to the drug in both administration routes remained 

unchanged despite great difference in the drug kinetics. They have shown also that 

the half-life of the drug in plasma was dose and administration dependent. Recently, 

the pharmacokinetics of CYC202 in healthy male subjects after oral administration 

was published (de la Motte S and Gianella-Borradori A, 2004). The elimination of 

CYC202 and its carboxy-metabolite were rapid. High plasma protein binding and low 

recovery of the parent drug and its metabolite in urine were suggested. High inter-

subject variability in drug absorption was observed. The drug was well tolerated with 

minor symptoms that include headache, tiredness, low urine volume and abdominal 

discomfort.  

In summary, roscovitine was shown to be an effective Cdk inhibitor especially for 

Cdk1, 2, 5 and 7 that are involved in several vital cell activities. Malfunction of these 

enzymes has been correlated to many diseases, therefore, roscovitine can be 

considered as a promising drug for the treatment of several diseases including cancer. 

However, basic knowledge about its pharmacokinetics, pharmacodynamics, 

pharmacogenetis, metabolic pattern, its toxicity and long-term side effects has to be 

evaluated prior to clinical investigations.  
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3 AIMS OF THE THESIS 
 

The overall aim of this thesis was to perform preclinical biochemical, 

pharmacokinetic, toxicological and metabolic studies of roscovitine, which are 

important issues to be considered for the use of the drug in therapy. Understanding of 

roscovitine’s characteristics may help for better management of the drug use in 

future. 

The specific aims of each study were: 

 

Study I+II To develop fast, sensitive and accurate methods for the 

determination of roscovitine in biological fluids.  

 

Study II To investigate the physicochemical properties of roscovitine 

including its binding to plasma proteins, its stability in plasma and 

to determine its pKa value. 

 

Study IV To investigate the pharmacokinetic and the tissue distribution of 

roscovitine and to elucidate its metabolic pathway in animal 

model. 

 

Study V To evaluate the myelosuppressive and the immunosuppressive 

effects of roscovitine as well as its hepatotoxicity in vivo using 

animal models and to investigate the cytotoxicity of roscovitine 

on hematopoietic progenitors in vitro. 
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4 MATERIALS AND METHODS 
 

4.1 MATERIALS  

 

Roscovitine was purchased from LC Laboratories (USA); all chemicals and solvents, 

used in the present thesis, were of analytical grade and commercially available.  

MethoCult media was purchased from StemCell Technologies (Canada).  

Pooled plasma from healthy volunteers was obtained from the Blood Transfusion 

Center, Karolinska University Hospital, Huddinge, and stored at –20 °C. Urine used in 

study II was collected and pooled from several volunteers. 

 

4.2 ANIMALS 

 

The Animal Ethical Committee at the Karolinska Institutet, Stockholm, Sweden, 

approved all experiments described herein. All animal experiments were designed 

according to the guidelines established by the Committee on the Care and Use of 

Laboratory Animals.  

Male Sprague-Dawley rats (200–210 g) used in study I and IV and female Balb-C mice 

(18–25 g) used in study V were obtained from B&K Laboratories, Sweden. Animals 

were allowed to adapt to their surroundings for one week before starting the 

experiment. Animals were kept in fully acclimatized room at constant temperature and 

humidity on a 12-hour light/dark cycle and were fed standard pellet and water ad 

libitum.  

 

4.3 ANALYTICAL METHODS 

 

4.3.1 High performance liquid chromatography (Study I, IV) 

The HPLC system consisted of a Gilson 234 auto-injector equipped with a 200-µL 

loop, a LKB 2150 pump, a Zorbax SB-C18 column (3.5 µm; 4.6 x 75 mm), a UV- 

detector with variable wavelength “LDC Analytical Spectro-Monitor 3200”, and a 

CSW Chromatography Station Integrator. The mobile phase consisted of 



 

 26

tetrahydrofuran: 0.1% phosphoric acid in water. The flow rate was 1 mL/min and the 

injection volume was 50 µL. The running time was 6 min and the data were collected 

and processed using the integration system. 

 

4.3.2 Liquid chromatography and tandem mass spectrometry (Study II - IV) 

The LC instrument included two pumps Shimadzu VP10DA, an autosampler CTC-Pal 

equipped with a 20-µL loop. A Zorbax SB-C8 column (3.5 µm; 2.1 x 50 mm) was used 

as analytical column and was connected to an Optiguard C8 (1 x 10 mm; guard 

column). A Valco C4W valve was used as gate valve between the liquid 

chromatograph and the mass spectrometer. A gradient LC-pump was used with mixing 

volume of 0.1 mL of mobile phase A (acetonitrile: 0.1% formic acid in water, 10:90 

(v/v)) and B (acetonitrile: 0.1% formic acid in water, 80:20 (v/v)). For system stability 

each injection was performed after 8 min.  The flow rate was 150 µL/min and the 

sample volume (loading) was 50 µL. 

The mass spectrometric system consisted of a triple quadrupole mass spectrometer 

Micromass QII Z-spray equipped with a Z-electrospray interface operated in positive 

ion mode. The parameter settings used were: capillary voltage at 3.1 kV, cone voltage 

at 38 V, extractor at 5 V, RF lens at 0.2 V, source block and desolvation temperatures 

at 150 ºC and 300 ºC, respectively. Nitrogen was used both as drying (400 L.h-1) and 

nebulizing (20 L.h-1) gases; the applied vacuum was 2.10-5 mBar in the mass analyzer 

and 2.10-3 mBar in the collision cell. Argon was used as collision gas and the collision 

energy was 25 eV. The data were collected and processed using MassLynx version 3.4. 

Product ion scan mode utilizing the precursor ions at [M+1]+ was performed, and after 

collision-induced dissociation, the product ions were obtained and used in multiple 

reaction monitoring (MRM) mode for the analysis of roscovitine, the internal standards 

and the metabolites.  

 

4.3.3 Nuclear Magnetic Resonance spectroscopy (Study IV) 

The LC system consisted of a Bruker LC22 pump, a Bruker DAD, a manual Rheodyne 

injector valve (100-µL and 250-µL injection loops), a column oven, and a BPSU-36 for 

peak trapping. The NMR spectrometer was a Bruker DRX 600 MHz instrument with 

an indirect detection flow probe with Z-gradients and a 120-µL flow cell. The column 
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used was an Atlantis™ dC18 (5µm; 3.0 x 100 mm). A gradient was performed using 

mobile phase A and B consisting on CD3CN: DCOOD in D2O. The flow rate was 0.5 

mL/min and the wavelengths used for UV-detection were 220, 254 and 280 nm. The 

column temperature kept at 30 °C. Seventy-µL injection of roscovitine (1 µg/mL) in 

CD3CN: D2O was used as reference. The D2O deuterium signal was used for field 

frequency lock and the residual formic acid signal was used as chemical shift reference 

and set to 8.99 ppm in all spectra. NMR spectra were recorded with a sample 

temperature of 310 K. 1D 1H and 2D total correlation spectroscopy (TOCSY) NMR 

data were recorded. 

 

4.3.4  Standard Curve and Controls (Study I-IV) 

Calibration curves were prepared with known concentration of roscovitine diluted in 

plasma or water at final concentrations of 100-5000 ng/mL for HPLC analyses (Study I 

and IV) and in plasma and urine in the range of 0.5-1500 ng/mL for LC-MS-MS 

analyses (Study II, III and IV). Quality controls (QC) consisted of human plasma and 

urine spiked with known concentrations of roscovitine obtained from different stock 

solutions than for standards. In all experiments, QCs were run and analyzed together 

with standards and samples. The internal standards used were 3H-lidocaine (study III 

and IV) and olomoucine (study II). 

 

4.3.5 Assay validation (Study I, II) 

Assay validation was performed according to standard procedures reported by Shah et 

al. (Shah VP et al., 1991; Shah VP et al., 2000). Standard curves were run at three 

different days and each concentration point was assayed by duplicate. For inter- and 

intra-day variation, the accuracy and precision were calculated for the QCs. Each 

concentration was assayed five times. 

The lower limit of quantitation (LLOQ) was estimated as the lowest standard in the 

calibration curve, accuracy and precision were assed for this value. 

Accuracy was defined as the percentage of deviation between the concentrations 

determined and their nominal values: [(measure value-nominal value) / nominal value] 

* 100. 
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Precision (CV%) was defined as the percentage of standard deviation of the observed 

values divided by their mean values:  [(Standard deviation) / mean value] * 100. 

Recovery (n=3) was determined as the percentage of the ratio plasma to water peak 

areas: (plasma peak area / water peak area) * 100. 

 

4.4 STABILITY OF ROSCOVITINE IN PLASMA (Study III) 

 

Roscovitine previously dissolved in DMSO was mixed with plasma at different 

concentrations and incubated for a period of 48 hours at different temperatures (4, 25 

and 37 °C). Samples were withdrawn and stored at –20 °C. In parallel, the stability of 

roscovitine after repeated thawing (room temperature) and freezing (-20 °C) of plasma 

samples at 8, 12, 24, 36 and 48 hours was assessed. Quantification of roscovitine 

concentrations was performed using LC-MS-MS. 

 

4.5 DETERMINATION OF THE PKA OF ROSCOVITINE (Study III) 

 

The pKa of roscovitine was measured by capillary electrophoresis coupled with mass 

spectrometry (CE-MS) as recently described (Wan et al., 2003). The drug was 

dissolved in a solvent containing water: ethanol, 80:20 (v/v), and mixed with a group of 

reference standards (codeine, lidocaine, atenolol, quinidine, pilocarprine, propranolol 

and nicotine) to yield a final concentration of 10 µM. The pKa was obtained by fitting 

the effective mobility of roscovitine versus the pH by non-linear regression. 

 

4.6 PROTEIN BINDING OF ROSCOVITINE (Study III) 

 

The binding of roscovitine to plasma proteins was assessed by equilibrium dialysis and 

ultrafiltration techniques.  

 

4.6.1 Equilibrium dialysis 

This experiment was performed as described elsewhere (Ehrnebo et al., 1974; Ehrsson 

and Hassan, 1984). Briefly, roscovitine was mixed with blood, plasma, albumin (40 
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g/L) or α1-acid glycoprotein (α1-AGP) (0.9 g/L) to obtain final concentrations of 100, 

500 and 1500 ng/mL of roscovitine. Five hundred µL of the sample were introduced in 

one side of the dialysis cell (compartment volume of 1 mL) while 500-µL of phosphate 

buffer (pH 7.35) were added on the other side of the membrane. Equilibrium was 

carried out for 5 hours at 37 ºC. After equilibrium, the samples were withdrawn from 

both chambers and stored at -20 ºC. The concentration of roscovitine in phosphate 

buffer (unbound drug) and in (plasma/ α1-AGP or albumin) representing the bound 

fraction were determined using LC-MS-MS. 

 

4.6.2 Ultrafiltration 

The samples consisted of human plasma, albumin (40g/L in plasma water) and α1-AGP 

(0.9 g/L in plasma water) spiked with roscovitine to obtain final concentrations of 100, 

500 and 1500 ng/mL. The ultrafiltrate was obtained by centrifugation at 5000 g for 30 

min and stored at -20 ºC. The concentration of the unbound drug in the filtrate was 

determined by LC-MS-MS. 

The percentage of the bound fraction of the drug (Fb (%)) was calculated according to 

the following equation:  

                Ctot - Cu

Fb (%) =  ------------ x 100 

                     Ctot

Ctot is the total drug concentration in plasma at zero time and Cu is the concentration 

of the drug in dialysis buffer after equilibrium (drug concentration in the ultrafiltrate). 

The adsorption of roscovitine to the dialysis or ultrafiltration membranes was assessed 

prior to the binding analyses. 

 

4.7 KINETICS AND DISTRIBUTION STUDIES IN RAT (Study I, IV) 

 

Sprague-Dawley rats received bolus injection (IV) of roscovitine in the tail vein. Blood 

samples were collected in heparinized tubes by heart puncture at 5, 10, 20, 30, 60, 120 

and 180 min after drug administration. Plasma from untreated rats was used as blank. 

The plasma was separated and frozen at –20 ºC until assay. Different tissues (brain, 
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spleen, testis, liver, kidneys, muscle, adipose tissue and lungs) were removed at the 

same time-points and kept at -70 ºC until assay. 

Plasma samples were precipitated with acetonitrile (1:1, v/v) and analyzed by HPLC. 

One gram of tissue was weighted and homogenized by sonication in 1 mL 0.9% NaCl. 

Tissue from untreated rats was used as blank and blank tissues spiked with roscovitine 

(700 ng/mL) were used as control. The proteins were precipitated with acetonitrile (1:1, 

v/v) and the samples were analyzed by HPLC.  

Analysis of roscovitine concentration-time data in plasma and organs and estimation of 

the pharmacokinetic parameters (distribution volume of the central compartment, the 

elimination-rate constant, the plasma maximum concentration and the micro-constants) 

were estimated using Gauss-Newton (Levenberg-Hartly) criteria. Clearance (Cl) and 

distribution volume (Vd) at the steady state were calculated from the primary 

parameters. The plasma- and tissue-concentration versus time curves (AUC) were 

calculated from the model derived parameters and the elimination half-lives (T1/2) were 

calculated from the slope of the terminal elimination phase. The pharmacokinetic 

modeling was performed using Win Nonlin version 3.0. 

 

4.8 IDENTIFICATION OF ROSCOVITINE METABOLITES IN RAT (Study 

IV) 

 

Ten rats were treated with roscovitine (25 mg/kg) and killed after 30 min. Plasma, liver 

and kidneys were removed and used for the identification of the metabolites.  The 

structure of roscovitine related compounds was elucidated using LC-MS-MS and LC-

NMR spectroscopy. The conditions used for have been described above. 

In the LC-MS-MS assay, product ion scan mode using the precursor ions at [M+1]+: 

313, 355, 369 and 371 for M3, roscovitine, M1 and M2, respectively were assessed. 

After collision-induced dissociation, the product ions at [M+1]+: 233 and 91 were 

obtained and used in MRM mode for the analysis roscovitine and its metabolites. 

Fragmentation of each compound was performed and the product ions were compared 

with these obtained for roscovitine reference. 

For NMR analysis of plasma samples, the peaks of roscovitine and its metabolites were 

selected during chromatography (at 14.54, 17.53 and 18.20 min, corresponding to M3, 

roscovitine and M1, respectively) and transferred to the NMR flow-cell. 1D 1H NMR 
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spectra were recorded for all three compounds and 2D TOCSY experiment was 

recorded for M1. For liver samples, an additional step was made in order to increase the 

concentration and to purify the sample before LC-NMR.  Peaks at 22.33, 22.87 and 

23.26 min representing roscovitine, M1 and M2, respectively, were introduced into the 

NMR. 1D 1H and 2D TOCSY experiments were recorded for all metabolites. After LC-

NMR analyses, all fractions containing roscovitine related substances were analyzed by 

LC-MS to verify the mass of all compounds.  

 

4.9 TOXICITY OF ROSCOVITINE IN MICE (Study V) 

 

The study included evaluation of hemato- and hepatotoxicity and the 

immunosuppressive effect of roscovitine. Balb-C mice received a single IP dose of 

roscovitine (50, 100 and 250 mg/kg). After 1, 3, 6 and 12 days, the animals were killed. 

Blood, spleen and femurs were collected and analyzed. Untreated mice were used as 

blanks. DMSO (< 0.1%) was administered to control animals. For in vitro evaluation of 

the drug effect on the bone marrow progenitors, bone marrow from untreated mice was 

used. 

 

4.9.1 In vivo effect of roscovitine on hematopoiesis 

Animals were anesthetized and killed by cervical dislocation, intact femurs were 

removed and the bone marrow was flushed. A single cell suspension was prepared and 

counted in Türk solution. For colony forming unit granulocyte-macrophage (CFU-GM) 

assay, 2x104 nucleated marrow cells were plated in 1.1 mL of MethoCult (GF M3534) 

and for burst forming unit erythroid (BFU-E) assay, 2x105 nucleated marrow cells were 

plated in 1.1 mL of MethoCult (GF M3334). The plates were incubated at 37 °C with 

5% CO2 and 100% humidity. Colonies of BFU-E and CFU-GM that were formed after 

7 days were counted using inverted microscope. All experiments were performed in 

triplicates and the number of hematopoietic progenitors was expressed as BFU-E and 

CFU-GM colonies per femur. 
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4.9.2 In vitro effect of roscovitine on hematopoiesis 

Isolated bone marrow cells from untreated mice were incubated with media containing 

different concentrations of roscovitine for 1, 3, 6, 12 and 24 hours. The cells were 

harvested, washed and plated for BFU-E and CFU-GM using the same cell 

concentrations and the same MethoCult media as described for in vivo studies. These 

experiments were carried out in triplicates and the number of hematopoietic progenitors 

was expressed as BFU-E and CFU-GM colonies per femur. 

 

4.9.3 Analysis of white blood cells in peripheral blood 

Peripheral blood was collected by heart puncture. The number of nucleated cells was 

counted in Bürker chamber using Türk Solution. Differential count of white blood cells 

(WBC) was determined in blood smears using May-Grünwald-Giemsa morphological 

staining.  

 

4.9.4 Immunosuppressive effect of roscovitine 

The spleen from treated and untreated mice was removed and a single cell suspension 

was prepared. Four mL containing 1-2 x 106 cells/ mL were transferred into tissue-

culture plates in duplicates. The cells in one of the duplicates were activated with 

phorbol 12-myristate 13-acetate (PMA) and ionomycin. Cells were incubated for 6 

hours at 37 °C in 5% CO2 and 100 % humidity. Brefeldin A was added to both 

activated and inactivated cells prior to incubation. After incubation, cells were fixed 

with 4% paraformaldehyde. The cells were stained with specific fluorescent-labeled 

antibodies (CD3/CD19, CD4/CD8 and CD3 -IFN-gamma, -TNF-alfa and -IL-2) and 

analyzed by flow cytometry (FACS).  

 

4.10 CALCULATIONS AND STATISTICS 

 

In all studies, values are presented as mean ± SD.  Statistical analysis in paper V was 

performed using one-way analysis of variance (ANOVA), and Tukey-Kramer for 

multiple comparisons. P < 0.05 was considered as the level of significance.  
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5 RESULTS 
 

5.1 ANALYTICAL METHODS (Study I, II) 

 

In Study I and II, two methods for detection and quantification of roscovitine in 

biological fluids and tissues were developed and validated.  

 

5.1.1 High performance liquid chromatography (Study I) 

Spectrophotometric scan of roscovitine (10 µg/mL in methanol) showed two major 

absorption peaks at 230 and 292 nm. In our studies, the wavelength at 292 nm was 

chosen due to the lack of interfering peaks in human and rat samples.  

The retention time for roscovitine was 1.7 ± 0.1 min (n=30). The calibration curve 

was linear within the range of 100-5000 ng/mL in plasma samples with a correlation 

coefficient of 0.998. 

The inter- and intra-day precision and accuracy evaluated for the quality controls 

were less than 10% and 6%, respectively. 

The LLOQ for roscovitine, (defined as the lowest detectable quantity with a precision 

of less than 20% and accuracy of less than 15%), was determined to 100 ng/mL in 

plasma. This concentration corresponds to the lowest standard on the calibration 

curve with precision and accuracy of 13.9% and 5.93%, respectively. 

The recovery of roscovitine from human plasma was about 84%.  

 

5.1.2 Liquid chromatography and tandem mass spectrometry (Study II) 

The retention time for roscovitine was determined to 5.5 min. The MRM was obtained 

using the precursor ion (m/z 355.3) and after collision-induced dissociation, the product 

ion (m/z 233) was used for quantification of roscovitine.  

The study of the washing and elution solutions used for sample purification and 

elution showed that the highest recoveries were obtained using washing solution 

consisted of water: methanol, 90:10 (v/v) and elution solution of methanol: water, 

95:5 (v/v) containing 0.25% ammonium hydroxide. 
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The method showed high sensitivity with LOD and LLOQ of 0.5 ng/mL and 1 

ng/mL, respectively in both plasma and urine samples.  The precision and the 

accuracy were ± 12% and between –7 and 20%, respectively.  

The calibration curves in plasma and urine were run within the range 0.5 - 2000 

ng/mL with a correlation coefficient of 0.999. The accuracy and precision for the QCs 

in plasma and urine samples were ± 15% and ≤ 11%, respectively.  

 

5.2 STABILITY OF ROSCOVITINE (Study III) 

 

Roscovitine at final concentrations of 120 and 350 ng/mL in plasma was stable at 4, 25 

and 37 °C for a period of 48 hours (Figure 3A). Roscovitine remained also stable after 

five repeated freezing and thawing cycles within 48 hours (Figure 3B). 
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Figure 3. Stability of roscovitine in plasma.  (A) Roscovitine 120 and 350 ng/mL in plasma was 

incubated for 48 hours at 4 °C (○), 25 °C (∆), and 37 °C (◊), and analyzed by LC-MS-MS; (B) 

Roscovitine 120 ng/mL (●) and 350 (□) ng/mL in plasma was analyzed by LC-MS-MS after 

repeatedly freezing and thawing cycles for to 48 hours. The results are expressed as the mean of five 

independent measurements ± SD 

 

Roscovitine in concentrations of 3, 100 and 250 µM dissolved in RPMI media, was 

stable at 37 oC for a period of 96 hours as determined by HPLC (Figure 4). 
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Figure 4: Stability of roscovitine in media. Roscovitine (3 µM (●), 100 µM (■) and 250 µM (□)) in 

RPMI media was incubated at 37 °C for 96 hours and analyzed by HPLC. Each time point represents 

the results of at least two independent measurements for each concentration  

 

 

 

5.3 pKa OF ROSCOVITINE (Study III) 

 

The pKa value, obtained by a non-linear regression analysis of the effective mobility of 

roscovitine versus the pH, was 4.4 at 25 °C.  Comparison of the effective mobility of 

the drug as a function of pH also demonstrated that roscovitine was present at 

unionized form at pH > 6 since zero mobility was observed within the pH range (6 to 

10.5). Due to the conjugation of all six double and single nitrogen bonds, only one pKa 

was obtained. The low pKa value of roscovitine shows that the drug acts like a weak 

mono-base. 

 

5.4 PROTEIN BINGING OF ROSCOVITINE (Study III) 

 

Roscovitine was shown to be highly bound to plasma proteins (~90%) within the 

concentration range studied (100, 500 and 1500 ng/mL). The binding degree was 

slightly higher at 25 °C compared to 37 °C (ratio=0.94). The binding of roscovitine to 

human serum albumin was constant (~90%) while the binding to α1-AGP decreased 

with increasing drug concentrations (Table 2).  
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The results obtained by equilibrium dialysis were in good agreement with these 

obtained by ultrafiltration.  

Table 2. Percentage of the bound fraction of roscovitine to plasma, albumin and α1-
acid glycoprotein (α1-AGP) at 37 °C 

 

Concentration 

(ng/mL) 

% Bound fraction 

(Equilibrium dialysis) 

% Bound fraction 

(Ultrafiltration) 

 Plasma Albumin α1-AGP Plasma Albumin α1-AGP 

100 91.8 ± 1.3 89.0 ± 0.5 90.1 ± 4.5 83.8 ± 0.7 90.7 ± 0.4 80.0 ± 4.3 

500 90.2 ± 0.5 87.2 ± 1.3 82.9 ± 3.5 85.8 ± 0.6 89.7 ± 0.7 78.4 ± 2.9 

1500 87.7 ± 0.5 90.0 ± 0.5 57.0 ± 22.2 86.3 ± 0.4 90.1 ± 0.6 48.6 ± 4.8 

 

 

5.5 ROSCOVITINE KINETICS AND BIODISTRIBUTION (Study I, IV) 

 

The pharmacokinetics and tissue distribution of roscovitine in rat were described for 

the first time (paper IV). Roscovitine in plasma fitted to a two-compartment open 

model, displaying a biphasic elimination curve (Figure 5).  Roscovitine showed a 

rapid distribution phase (about 5 min) and was eliminated with a half-life of less than 

0.5 hour. The kinetic analysis showed a clearance of 30 mL/min and a distribution 

volume of 3.5 L/kg. 

 Roscovitine was excreted unchanged into the urine within 24 hours by about 0.001% 

of the total injected dose, while higher levels (0.08%) of the drug were found in feces 

collected during 24 hours. 

The distribution of roscovitine to the organs was assessed as the area under the 

concentration time curve (AUC) from 0 to 180 min after treatment. All concentrations 

were adjusted to 1 g of wet-tissue. After systemic administration, roscovitine was 

rapidly distributed into all organs studied. The AUCs were higher in lungs, liver, 

adipose tissue, kidneys and lower in spleen, plasma, muscle and testis. The brain 
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exposure to roscovitine was about 30% of that found in plasma. The elimination half-

life of roscovitine, in all tissues, was less than 30 min. Brain, lungs liver and kidneys 

obeyed a two-compartment open model with a biphasic elimination half-life, 

displaying rapid distribution phases (0.7-14.7 min) and elimination half-lives of 18-

27 min. The other tissues fitted to a one-compartment open model.  
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Figure 5. Concentration-time curve of roscovitine in plasma from rats treated with roscovitine 
(25 mg/kg) 

 

5.6 METABOLISM OF ROSCOVITINE IN RAT (Study IV) 

 

The chromatographic analyses of rat plasma and tissue samples after treatment with 

roscovitine showed the presence of three major compounds that were identified as 

roscovitine metabolites since they did not appear in the chromatograms obtained from 

blank samples. The retention times for these compounds were 3.0 ± 0.1 min (M1), 3.6 

± 0.1 min (M2) and 1.2 ± 0.1 min (M3) compared to roscovitine (1.7 ± 0.1 min). The 

structure of the metabolites was elucidated using LC-MS-MS and LC-NMR.  

 

5.6.1 Identification of roscovitine metabolites 

Roscovitine from plasma and tissues samples displayed identical LC-MS-MS and 

LC-NMR spectra when compared to the reference compound. 

For LC-MS-MS analysis, the protonated molecules [M+1]+ for roscovitine and the 

metabolites were m/z: 355 (roscovitine), 369 (M1), 371 (M2) and 313 (M3). 

Representative chromatograms following MRM analysis of the compounds are shown 

in Figure 6. These precursor ions were used to generate daughter ions for MS-MS 
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analysis. The most abundant fragment ions for roscovitine and its metabolites are 

presented in Table 3. Some characteristic fragment ions were generated with high 

intensity in all four compounds, e.g. m/z 91 (90%) for roscovitine, 72% for M1, 100% 

for M2 and 100% for M3. On the other hand, each metabolite generated distinctive 

fragments including m/z 323 (100% for M1), m/z 192 (15% for M1 and 10% for M3), 

and 208 (65% for M2). 
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Figure 6. Mass chromatograms of roscovitine and its metabolites from liver samples analyzed 

by LC-MS-MS. MRM for the fragment ion m/z 233 for roscovitine (R) and m/z 91 for metabolite 1 

(M1), metabolite 2 (M2) and metabolite 3 (M3) 

 

For LC- NMR analysis, the 1D 1H and 2D TOCSY NMR spectra were obtained for 

roscovitine and for the three metabolites and compared to the reference compound. In 

M1 spectrum, all resonance signals from the hydroxylated side-chain in the parent 

drug were moved towards higher chemical shifts while one of the high field signals 

corresponding to CH2 seen for roscovitine was missing in M1 TOCSY. All other 

signals corresponding to the other parts of the molecule remained essentially 

unchanged. The NMR spectrum of M2 showed lack of signal of the proton in the 
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aromatic CH in position 8 of the five-member ring of the purine moiety. The NMR 

spectrum of M3 showed absence of the isopropyl group. All samples were further 

analyzed by mass spectrometer to confirm the mass of the metabolites.  

Table 3.  Accurate mass assignments for the MS-MS spectra of roscovitine and 
its metabolites 

  

Measured 

Fragment 

Mass 

Suggested Elemental 

Composition for the 

Fragment Ion  

Percentage of the 

Fragment ion in 

Roscovitine 

([M+H]+=355) 

Percentage of the 

Fragment ion in 

M1 

([M+H]+=369) 

Percentage of the 

Fragment ion in 

M2 

([M+H]+=371) 

Percentage of the 

Fragment ion in 

M3 

([M+H]+=313) 

91 C7H7
+ 90% 72% 100% 100% 

107 C7H9N+ - - 40% - 

191 C8H9N5O+ 3% 15% - 10% 

192 C9H14N5
+ 20% 60% - - 

205 C9H13N6
+ 10% 30% - - 

208 C8H12N6O+ - - 65% - 

217 C10H13N6
+ 5% 72% - - 

233 C11H17N6
+ 90% 40% - - 

241 C12H14N6
+ 28% - - 30% 

283 C15H19N6
+ 40% 32% - - 

295 C16H19N6
+ 5% - - 10% 

312 C16H20N6O+ 25% - 27% - 

323 C16H15N6O2
+ - 100% - - 

329 C16H21N6O2
+ - - 40% - 
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5.6.2 Kinetics and tissue distribution of roscovitine metabolites in rat 

The distribution of roscovitine metabolites showed a wide variability in different 

organs (plasma, brain, muscle, testis, spleen, kidneys, adipose tissue, lungs and liver) 

as quantified by HPLC.  

The highest exposure of M1 expressed as AUC was observed in plasma, followed by 

kidneys, liver, lungs and in low levels in the remaining tissues (Figure 7B). The 

elimination half-life of this metabolite in plasma and tissues was longer than 37 min. 

Analysis of M2 revealed that the liver was the organ with the highest level, as shown 

in Figure 7C. The elimination half-life of the compound in plasma and tissues was 

longer than 30 min. M3 was detected in several organs in lower concentrations 

(Figure 7D). The half-life of M3 varied considerably in different organs (13 - 36 

min). High clearance and low Cmax values for M3 were observed in all tissues except 

the kidneys. None of the metabolites were detected in the brain. Analyses of urine and 

feces (24 hours sample-collection) showed low amounts of metabolites. The levels of 

M1 observed in urine were less than 1% though higher compared to M2. The other 

compounds were excreted mainly in feces. 
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Figure 7. Biodistribution of roscovitine and its major metabolites in rat.  The exposure (AUC from 0 to 

180 min) to roscovitine  (A), metabolite 1 (B), metabolite 2 (C) and metabolite 3 (D). Organs: plasma (P), 

lungs (Lu), liver (Li), kidneys (K), adipose tissue (AT), brain (B), spleen (S), testis (T) and muscle (M) 

 



 

 41

5.7 TOXICITY OF ROSCOVITINE IN MICE (Study V) 

 

5.7.1 In vitro 

Roscovitine decreased the number of BFU-E and CFU-GM colonies in a time- and 

concentration-dependent manner (Figure 8). The clonogenic capacity of erythroid 

progenitors was more affected by the in vitro exposure to the drug compared to the 

granulocyte-macrophage progenitors. Significant (p<0.01) inhibitory effect of 

roscovitine on BFU-E was observed after three hours of incubation for all 

concentrations studied (25, 50 and 100 µM) compared to controls. The formation of 

CFU-GM colonies decreased significantly (p<0.01) after 6-hours exposure to 

roscovitine 50 and 100 µM compared to controls. This effect was less pronounced but 

still significant (p<0.001) for roscovitine at a concentration of 25 µM at 24 hours of 

incubation. 
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Figure 8. Effect of roscovitine on bone marrow progenitors in vitro. (A) Percentage of BFU-E colonies 

per femur; (B) Percentage of CFU-GM colonies per femur. Bone marrow cells from mice were incubated 

with roscovitine 25 µM (�), 50 µM (∆) and 100 µM (+) up to 24 hours, plated in methylcellulose medium. 

Cells incubated with medium only and with DMSO (♦) were used as blank and controls, respectively. Each 

point represents the data obtained from three independent experiments analyzed in triplicate 

 

5.7.2 In vivo 

No significant differences were observed in treated animals compared to controls 

(DMSO) and untreated mice regarding body weight, skin, fur, organs morphology 

and liver enzymes. Additionally, the cellularity of bone marrow and the peripheral 

WBC count and differential count were not affected by treatment with roscovitine at 

any dose. No significant difference in the clonogenic capacity of the bone marrow 

was observed after treatment with roscovitine. As presented in Figure 9, no changes 
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in the number of CFU-GM or BFU-E per femur were observed in treated compared to 

untreated animals. 
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Figure 9. Effect of roscovitine on murine hematopoietic progenitors in vivo. (A) BFU-E colonies per femur; 

(B) CFU-GM colonies per femur. Balb-C mice were treated with roscovitine 50 mg/kg (�), 100 mg/kg (▲) or 

250 mg/kg (+), and after 1, 3, 6 and 12 days post-treatment the clonogenic capacity of the cells were 

determined by their ability to form colonies in semi-solid medium. Untreated animals and mice treated with 

DMSO (♦) at a concentration below 0.1 % were used as blank and control, respectively. Each point represents 

the results from three independent experiments 

 

Finally, no significant immunosuppressive effect of roscovitine was observed. The 

levels of CD3+ and CD19+ at 1, 3, 6 and 12 days post- treatment remained unchanged 

at all doses of roscovitine compared to controls.  Moreover, no significant difference 

in CD8+/ CD4+ ratio and no difference in the expression of intracellular cytokines 

(IL-2, INF-gamma or TNF-alfa) were observed in treated compared to untreated 

mice. 
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6 DISCUSSION 

 

Chemotherapy still plays an essential role for the treatment of both hematological and 

solid tumors. However, many patients treated with chemotherapy suffer from severe 

side effects e.g. permanent alopecia, vomiting, neutropenia, severe infections, 

cardiotoxicity, nephrotoxicity, hepatotoxicity and neurotoxicity. Some of these 

patients experience secondary malignancy and/or relapse in their first disease. A 

number of these drawbacks were reported to be due to wide inter- and intra-patient 

variability in pharmacokinetics, pharmacodynamics, pharmacogenetics, mechanism 

of action of the drug and tumor heterogeneity. These may lead to differences in both 

tumor response and cure rate. In consequence, new and more selective anti-tumor 

agents and novel drug screening methods are needed. 

The abnormal expression of cell cycle modulators frequently observed in cancer 

patients and the therapeutic potential of natural cell cycle inhibitors has stimulated an 

active search for chemical inhibitors of Cdks. Thus, during the last decade, Cdk 

inhibitors have been extensively studied in the field of cancer research due to their 

ability to inhibit cell proliferation (Cohen, 2002; Garrett and Fattaey, 1999; Harper 

and Elledge, 1996). Some of these drugs are currently undergoing clinical trials 

(Innocenti et al., 2000; Senderowicz, 2000).  

Roscovitine is considered to be a promising new chemopreventive and 

chemotherapeutic agent and it has been recently reported to be included in clinical 

studies for kidney diseases (e.g. glomerulonephritis) and cancer (Maggiorella et al., 

2003; Meijer and Raymond, 2003). Therefore, the development of accurate methods 

for detection and quantification of roscovitine is essential for pharmacological and 

pharmacodynamic studies that are important to optimize dosage schedules in clinical 

trials.  

 

6.1 ANALYTICAL METHODS 

 

In the present thesis, we describe the first analytical assays for the determination of 

roscovitine and its metabolites in human and rat plasma. Two methods based on 
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liquid chromatographic analysis in combination with UV and/ or tandem mass 

spectrometric detection were developed and validated.  

Both methods showed high selectivity and specificity. No interfering peaks from 

endogenous components were observed neither in plasma nor in urine or in different 

tissues. The automatization of these methods and the short time required for the 

analyses make it possible to perform several measurements in short time.  

Regression analysis performed for calibration curves yielded good correlation 

coefficients, 0.998 and 0.999 for LC-UV and LC-MS-MS, respectively. The wide 

range of the calibration curves is important for pharmacokinetic and 

pharmacodynamic studies of roscovitine considering the high variability observed in 

organ distribution. The LLOQ achieved with good accuracy and precision was 1 and 

100 ng/mL, for LC-MS-MS and LC-UV, respectively, which is advantageous for the 

detection of low concentrations of the drug and its metabolites. The low inter- and 

intra-day variations of both methods indicate high reproducibility that ensures reliable 

results. The LC-UV method is economical and relatively simple to perform. The LC-

MS-MS method is more sensitive and can be used for identification of further 

metabolites.  

Concluding, the present analytical methods can be applied for the detection of other 

purine analogs such as olomoucine, bohemine and purvalanol, which share 

biochemical characteristics. Recently, a LC-MS-MS method was developed for the 

detection of olomoucine in human plasma and urine samples using roscovitine as 

internal standard (Abdel-Rehim et al., 2005). We believe that these methods will be 

useful tools to monitor the levels roscovitine and similar compounds in future clinical 

trials. 

 

6.2 BIOCHEMICAL AND PHARMACOLOGICAL STUDIES  

 

Sample handling and drug stability are two important issues for pharmacokinetic and 

metabolic studies. The present results showed that roscovitine remains stable at 4, 25, 

and 37 °C. It was also stable after several freezing and thawing cycles. In this aspect, 

roscovitine differs from many other drugs that have very short half-life in aqueous 

and biological samples such as melphalan (Alberts et al., 1980; Pinguet et al., 1997) 

and drugs that have to be stabilized prior to analysis (Griskevicius et al., 2002). 
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Drug localization in the site of action depends on the physicochemical properties of the 

drugs (e.g. pKa, solubility, molecular weight, and partition coefficient), plasma protein 

binding and specific uptake mechanisms. Our results showed that at 25 °C roscovitine 

has only one pKa (4.4) due to conjugations of all six double and single nitrogen bonds, 

which makes the drug act as a mono-base. The effective mobility as a function of pH 

assessed for roscovitine suggests that the drug is present in unionized form at pH > 6 as 

the zero mobility was observed in the pH range of 6-10.5. This indicates that 

roscovitine is unionized at physiological pH. 

Changes in plasma binding may alter drug pharmacokinetics and pharmacological 

effects. Thus, determination of the free fraction in plasma is essential in the therapeutic 

monitoring of drugs because only the unbound drug is available at the site of action. 

Our studies demonstrated that roscovitine is highly bound to plasma proteins with 

special affinity for albumin, though high binding to α1-AGP is also observed but in less 

extent. In this aspect, roscovitine is similar to other drugs such as prazosin (alpha 1-

adrenergic blocking agent) (Brunner and Muller, 1985) and 2-chloro-2'-

deoxyadenosine (CdA) (Albertioni et al., 1994). Due to its pKa, roscovitine is expected 

to be mainly in unionized form at pH 7.4 which may not explain the role of the ionic 

forces that bind roscovitine to α1-AGP; however the basic character of the compound 

may influence its protein binding. The binding to α1-AGP decreased by increasing 

concentrations of the drug, which may indicate that roscovitine is bound to specific 

sites on α1-AGP that become saturated at higher concentrations. In contrast, the 

binding of roscovitine to albumin is non-specific and did not reach saturation level 

within the concentrations studied.   The binding is higher at 25 °C compared to 37 °C, 

like many other drugs such as local anesthetics such as lidocaine that have also lower 

protein binding at higher temperatures. This may be caused by bound breakage and 

hence lower binding capacity at higher temperatures (Abdel-Rehim et al., 2000). 

Similar results were also reported for methotrexate, imipramine and theophylline (Kim 

et al., 1999; Shim et al., 1991).  

Pharmacokinetics studies are essential for dose optimization especially for cytostatic 

drugs because of their narrow therapeutic window. An increased plasma level for many 

drugs such as busulfan, melphalan, topotecan and suramin, may have dramatic increase 

in toxicity (Arlt et al., 1994; Gore et al., 1998; Hassan et al., 2002a; Vassal et al., 1996; 

Vassal et al., 2001).  

Roscovitine administered as bolus injection (25 mg/kg) was detected in all tissues 

analyzed including brain, spleen, testis, liver, kidneys, muscle, adipose tissue and lungs, 
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with a wide variability of distribution among the different organs. The kinetic analysis 

of roscovitine in plasma samples showed a biphasic elimination curve. The drug was 

cleared rapidly from the central compartment and was highly distributed to the organs. 

No drug levels were detected in plasma after 3 hours of administration. The high 

distribution volume (3.45 L/kg), together with the observed high distribution of 

roscovitine into tissues such as brain, liver, kidneys and adipose tissue, are probably 

due to the lipophilic character and low molecular weight of the compound. It is 

commonly reported that lipophilic compounds such as etoposide and fumitremorgin C 

(BCRP inhibitor) display a wide tissue distribution after IV administration (Garimella 

et al., 2005; Patlolla and Vobalaboina, 2005).  

In the present investigation, we report for the first time that roscovitine crosses the 

BBB. The kinetic data showed that brain exposure to roscovitine was about 30 % of 

that found in plasma. The high clearance for roscovitine in the brain might be 

explained by the fact that the brain contains several detoxification mechanisms. The 

fact that roscovitine is found in the brain is interesting since inhibitory effect in vitro 

and in vivo on gliomas and Tau-protein that are associated with neuropathies such as 

Alzheimer’s disease was reported (Wen et al., 2004; Yakisich et al., 1999; Zhang et 

al., 2004). Moreover, due to its ability to penetrate the BBB compared to many other 

cytostatics such as doxorubicin, vincristine and vinblastine (Misra et al., 2003), 

roscovitine may represent an advantage, that may be considered in the treatment of 

brain malignancies.  

 

6.3 METABOLISM OF ROSCOVITINE 

 

Drug metabolism can alter drug uptake, disposition, and pharmacological effects at 

the site of action and hence it is of major importance in establishing the route of 

administration, dosage and frequency of drug delivery. Drug metabolism is more 

complicated to study in humans due to practical and ethical issues that include the 

limited access to the tissue samples. This is especially relevant for novel drugs that 

have not entered the clinic yet or clinical trials are ongoing such as roscovitine. 

Therefore, animal models are good alternative to study drug metabolism and 

disposition. Moreover, adequate sensitive methods are important for assessment of 

drug metabolism. Utilizing LC-MS-MS and LC-NMR we were able to identify three 

metabolites of roscovitine in rat. 
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The major metabolite observed in rat plasma samples after exposure to roscovitine 

(M1) appeared in high levels in liver and kidney and in lower levels in muscles, 

adipose tissues, lungs, testis and spleen, indicating higher hydrophilicity of this 

compound compared to roscovitine. The second metabolite (M2) was found in low 

levels in lungs, kidneys and spleen, though high levels were observed in the liver. 

Unlike the other two metabolites, the highest levels of M3 were observed in kidneys 

followed by liver.  

We can speculate that roscovitine is metabolized mainly in liver and partly excreted 

through kidneys. The low amount of both roscovitine and its metabolite in both urine 

and feces (< 1% of the total administered dose) indicate the extensive metabolic rate 

of the drug. M1 was found to be mainly excreted by urine, while M2 and roscovitine 

were found mostly in feces. Measurable levels of M3 were detected in urine 

(unpublished results). A recent investigation in healthy subjects (de la Motte S and 

Gianella-Borradori A, 2004) showed the presence of roscovitine and its carboxylated 

metabolite in urine after 24 hours. 

The elimination half-lives of all three metabolites were, in general, slightly higher 

than the parent drug in all tissues. However, both the parent drug and the metabolites 

were rapidly cleared from all tissues, which may be favorable in therapy since it 

minimizes the risk of drug accumulation. In addition, none of the metabolites were 

found in brain tissue. This suggests that despite roscovitine penetrates the brain; it is 

either poorly or not metabolized there, while the metabolites do not cross the BBB.  

In summary, a metabolic pathway of roscovitine in rat has been proposed, as 

described in Figure 10. All three metabolites identified so far, are formed through 

phase I reactions. As denote for M1, an oxidation reaction occurred that lead to the 

formation of the acid group in the hydroxyethylamino moiety in position 2 of the 

purine structure. This process is likely to be mediated by the cytochrome P-450 

(CYP450) family or by alcohol dehydrogenase followed by aldehyde oxidation 

(being the aldehyde formation step an extremely fast event). We have found that M2 

formation occurs by oxidation of the C8 in the purine ring. This oxidation product 

might be generated by the microsomal mixed-function oxidation system or by 

xanthine oxidases, enzymes responsible for the metabolism of xanthine-containing 

drugs e.g. caffeine and theophylline (Birkett et al., 1983; Gorodischer et al., 1986; 

Rasmussen and Brosen, 1996), purine analogs including azathioprine and 6-

mercaptopurine (Tapner et al., 2004) and other drugs such as adriamycin (Muraoka 
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M3
2-(1-Ethyl-2- hydroxyethylamino)-6-

benzylaminopurine

M1
2-(1-Ethyl-2-carboxyethylamino)-6-

benzylamino-9-isopropylpurine

Roscovitine
2-(1-Ethyl-2- hydroxyethylamino)-6-

benzylamino-9-isopropylpurine

M2
2-(1-Ethyl-2- hydroxyethylamino)-6-

benzylamino-8-hydroxyl-9-
isopropylpurine

and Miura, 2004). M3 is the de-alkylated derivate of roscovitine, which may be 

formed through a de-alkylation reaction involving the CYP450. Metabolic 

conversions similar to those observed for roscovitine have been reported for other 

purine analogs including bohemine and O6-benzylguanine (Chmela et al., 2001; Roy 

et al., 1995a; Roy et al., 1995b). Further investigations are required to clarify the 

enzymes involved in the metabolic transformation of roscovitine. In this context, 

preliminary results obtained from rat and human liver microsomes suggested that 

roscovitine metabolism is mediated by CYP450 (unpublished results). Recently 

similar results concerning roscovitine metabolites in hepatic microsomes, plasma and 

urine of Balb-C mice (Nutley et al., 2005) were published. Our results and the recent 

published data indicate that roscovitine is metabolized in similar pathway in mouse 

(Nutley et al., 2005), rat (Vita et al., 2005) and humans (de la Motte S and Gianella-

Borradori A, 2004).  

 

 

M3
2-(1-Ethyl-2- hydroxyethylamino)-6-

benzylaminopurine

M1
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Figure 10. Proposed metabolic pathway of roscovitine 
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6.4 TOXICITY OF ROSCOVITINE 

 

Cancer treatment using chemotherapy is usually limited by the toxicity to normal 

tissues, especially to the bone marrow. Recent studies in animal models have shown 

that roscovitine is an effective drug in cancer treatment; however, limited information 

regarding the acute and chronic toxicity of the drug on bone marrow is available. In 

our investigation, Balb-C mice were used as a model to study the myelotoxicity and 

the immunosuppressive effect of roscovitine both in vitro and in vivo.  

The administration of different doses of roscovitine to the mice, showed no effect on 

the hematopoietic-colony formation. However, when the bone marrow cells were 

incubated with the drug in vitro, a concentration- and time-dependent inhibition of 

colony formation for both erythroid progenitors and granulocyte-macrophage 

progenitors was observed. The erythroid progenitors were more sensitive to 

roscovitine exposure compared to the granulocyte-macrophage progenitors. In this 

aspect roscovitine showed similar effect like other chemotherapeutic drugs (Corazza 

et al., 2004) that were found to have preferential toxic effect on erythroid progenitors 

compared to granulocyte-macrophage progenitors. In these reports, it was postulated 

that drug exposure might exert an effect on cytokines (e.g. erytropoietin, TGF-beta, 

GM-CSF and/or MIP-alfa), and/or stroma cells.  

The extensive and rapid metabolism in combination with the short half life of 

roscovitine reported recently in humans and animals (de la Motte S and Gianella-

Borradori A, 2004; McClue et al., 2002; Vita et al., 2004) may explain the lack of 

hematotoxicity in vivo compared that found in vitro. Moreover, the long half-life 

observed in culture media (Figure 4) in combination with the recent results showing 

that some of roscovitine metabolites are pharmacologically inactive (Nutley et al., 

2005) strongly indicate that roscovitine is the cytotoxic drug rather than its 

metabolites. Furthermore, roscovitine showed no immunosuppressive effect or 

alteration in cytokine production when administered at different doses. This is an 

important issue considering the severe long-term immunosuppressive effect caused 

by several purine analogs (Cheson, 1995; Samonis and Kontoyiannis, 2001). In 

addition, the immunosuppressive effect of flavopiridol, a Cdk inhibitor undergoing 

clinical trials, was reported in animal models of localized and disseminated human 

hematopoietic neoplasms (Arguello et al., 1998). Flavopiridol produced selective 

apoptosis of cells of the thymus, spleen and lymph nodes. In contrast, lack of side 



 

 50

effects including undetectable hepatotoxicity, nephrotoxicity and neurotoxicity in a 

dog bearing spontaneous melanoma was described for olomoucine, which is a Cdk 

inhibitor and analog of roscovitine (Hajduch et al., 1999; Hajduch et al., 1997). Our 

results are in accordance with a recent published study showing that no significant 

effect of roscovitine on blood cells was observed (Gherardi et al., 2004). These data 

support the potential advantage of roscovitine over other standard anti-cancer drugs. 

 

6.5 FUTURE PERSPECTIVES 

 

Roscovitine may be a good alternative to treat different neoplasias. The drug induced 

apoptosis in human tumor cell lines regardless of the cellular p53 status (Alvi et al., 

2005; McClue et al., 2002). Roscovitine has proved cytostatic effect in a number of 

tumor types including breast, lung, colorectal, renal, prostate, head and neck 

carcinomas and leukemia (Hahntow et al., 2004; Maggiorella et al., 2003; McClue et 

al., 2002; Mgbonyebi et al., 1999; Mihara et al., 2002; Wesierska-Gadek et al., 2004).  

Resistance limits the efficacy of many cancer drugs; however resistance to 

roscovitine has not been described so far. On the contrary, CYC202 (R-roscovitine) 

induced apoptosis in tumors carrying mutations in ATM and P53 genes independently 

of their gene status, while some of these tumors showed in vitro resistance to a 

standard therapeutic agent fludarabine (Alvi et al., 2005). Moreover, cell lines 

resistant to flavopiridol showed a lack of cross-resistance to roscovitine (Smith et al., 

2001). 

Roscovitine may be considered as a good therapeutic approach for the treatment of a 

number of malignancies known to contain particular aberration expression of cell 

cycle regulators. For example, flavopiridol has been evaluated in mantle cell 

lymphomas, in which a remarkable over-expression of cyclin D1 (95-100%) is 

established (Lin et al., 2002). 

Besides its potential effect in cancer therapy, roscovitine may be applied in the 

treatment of neurodegenerative disorders. Cdk5-p35 appears to be implicated in the 

hyperphosphorylation of the microtubule-associated Tau-protein in Alzheimer’s 

disease (Mandelkow, 1999). This hyperphosphorylation is responsible for the 

appearance of the paired helical filaments typically associated with Alzheimer’s 

disease. Cdk inhibitors have been reported to protect neuronal cells from apoptosis, 



 

 51

although the underlying mechanisms are unclear. In addition, roscovitine was shown 

to inhibit Cdk5 (Meijer et al., 1997) and it has been used in studies involving Cdk5 in 

Alzheimer’s disease (Kesavapany et al., 2001). Our study (Study IV) demonstrates 

that roscovitine penetrates the brain. These data strongly encourage the study of 

roscovitine as potential drug for neuro-degeneration and brain tumors. 

Roscovitine may be used to treat patients with viral infections considering the 

possible advantage of this drug to standard treatments. Roscovitine exerts its 

inhibitory effect towards the infected cell by inhibiting Cdks that are necessary for 

viral activation and replication and thus circumvent the effect of virus resistance. 

Preclinical studies showed better curing rate when roscovitine was added to 

conventional chemotherapy (Edamatsu et al., 2000; Maggiorella et al., 2003) 

compared to that observed after monotherapy which may indicate a synergetic effect 

of roscovitine. It will be interesting to illustrate the possible drug-drug interaction 

between roscovitine and potential drugs that may be used in combination therapy. 

To conclude, many aspects of roscovitine remain unknown; however we hope that the 

present studies may help in the design of proper drug dosages and treatment schedules 

for future clinical use. 
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7 CONCLUSIONS 

 

• In this work, we describe two sensitive, specific and robust methods to assess 

quantitative determination of roscovitine. The validation data demonstrate 

good precision and accuracy that provide reliability of both methods.  

• Roscovitine is stable at room temperature and at 37 oC in plasma and media, 

which is of great importance to perform kinetic and metabolic studies. 

• Roscovitine is highly bound to plasma proteins, which may limit the drug 

penetration to its site of action. 

• The kinetic studies of roscovitine in rat showed that the drug is highly 

distributed into the tissues and eliminated mainly by hepatic metabolism. We 

have also demonstrated for the first time that roscovitine penetrates the brain, 

which may have clinical impact for the treatment of brain diseases.  

• We have identified three metabolites of roscovitine defined as the carboxylic 

acid, hydroxy and de-alkylated derivates of roscovitine, utilizing LC-NMR 

and LC-MS-MS.  

• The undetectable toxicity of roscovitine against hematopoietic progenitors 

may be beneficial for patients in case of using this purine analog in cancer 

therapy compared to conventional chemotherapy, where the myelotoxicity is 

the limiting factor for treatment.  

• The present data including drug analysis, protein binding, pharmacokinetic, 

metabolic pathway and myelototoxicity are important preclinical data to avoid 

unwanted treatment related toxicity and to establish adequate dosage regimen 

in clinical settings.   
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