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Section I 

 

General introduction and state of the art 



Introduction 

 

Blood is a mobile tissue consisting of a mixture of cells, proteins and 

water. Its mobility enables the transport and delivery of numerous substances, 

both endogenous and exogenous ones, including oxygen. Substances can be 

present in plasma water and/or the cellular fraction and/or bound to proteins. The 

complexicity of this mobile tissue limits adequate monitoring of substances of 

interest such as anticancer agents. Therefore most of the therapeutic drug 

monitoring is performed in total plasma or serum. Several reports deal with a 

differentiation between total plasma and plasma water. 

Data of drug monitoring in the cellular fraction of blood are rather 

limited (Highley and de Bruijn, Pharm Res 1996). This is clearly associated with 

the difficulty of manipulating blood with standard volumetric instruments like 

pipettes. Pipetting-off calibrated volumes of blood is inaccurate owing to physical 

properties of the suspension and errors of over 10% easily can be noted (Driessen 

et al, 1994). The advent of the MEasurement of SEDdiment device (MESED) 

however enables the collection of calibrated volumes of red blood cells (RBC) 

upon separation of plasma. MESED has been introduced in the midst of the 90s 

and an impressive data set of blood partition of various anticancer agents has been 

obtained since then (Section I). MESED offers the advantage of combinatory and 

precise weight and volume collection of blood. It was firstly applied in partition 

studies of oxazaphosphorines (Section I: chapter 1). These compounds are subject 

to intensive hepatic metabolism resulting in the generation of various reactive 

metabolites related to mustard gas. Reactive anticancer agents are capable of 

influencing blood physiology including rheology (Section I: chapter 2). Those 

changes can alter partition and consequently drug efficacy. The value of drug 

monitoring in RBC and plasma has been documented now for various anticancer 



agents (Section I, chapter 3).Data of plasma monitoring may result in questions 

which can be answered by additional in vitro partition studies with the agent(s) of 

interest (Section III: chapter 6 versus Section II: chapter 4). This combinatory 

approach including RBC data, proved to be successful in the unravelment of the 

pharmacokinetic/pharmacodynamic relationship of oral irinotecan (Section II: 

chapter 5 versus Section III: chapters 8, 9, 10 & 11).  

The application of MESED together with the use of modern analytical 

techniques described in the present thesis clearly demonstrate the possibility of 

simple, fast, sensitive and accurate simultaneous RBC and plasma monitoring.  

The aim of the present thesis is to highlight the importance of RBCs in 

anticancer drug transport and to support therapeutic drug monitoring in plasma 

and RBCs. 
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Chapter 1 

Erythrocytes and the transfer of anticancer drugs and 

metabolites: a possible relationship with therapeutic 

outcome 
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Abstract 

 

Blood functions as a mobile tissue in an exchange system, with the 

remaining body tissue as a stationary phase.  The equilibrium among plasma 

water, plasma proteins, and blood cells is described by models, but little 

consideration has been given to the substance-binding capacity of erythrocytes.  

There are numerous reasons for this, including bioanalytical limitations, ie, it has 

been difficult to study erythrocytes in the laboratory in their natural state.  

Erythrocyte monitoring requires accurate blood sampling and quantitative 

isolation of erythrocytes without disturbing the equilibrium of substances of 

interest between erythrocytes and plasma or other blood constituents.  This 

became possible with the advent of the measurement of sediment (MESED) 

device.  The mass of a given substance available in blood can be described by 

MBlood = MPlasma + MERY (+ MREM).  MERY is the mass of a substance present in 

erythrocytes and it is shown that for several oxazaphosphorines, such as 

iphosphoramide mustard, that MERY determines MBlood with great superiority over 

MPlasma.  The impact of erythrocyte monitoring on therapeutic outcome has to be 

defined, but is an important area of research.    

 

Introduction 

 

The quantitatively most important transport fractions of blood are 

plasma water, plasma proteins, and cells (primarily erythrocytes).  In 1985, 

Starling introduced the concept of colloidal osmotic pressure.1  The absorption of 

fluid from the tissue spaces was called ”molecular imbibition”, and the absorbed 

fluids were assumed to contain dissolved electrolytes.  The movement of tissue 

water containing dissolved compounds into a capillary through capillary 
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endothelium, as a result of colloidal osmotic pressure, was also visualized as 

occurring in the reverse direction, ie, toward tissues, by arterial pressure.  It was 

not certain, however, if compounds need to be dissolved in plasma water to pass 

through capillary endothelium into the tissues.  Although equilibrium between 

blood and tissues based on the dissolution of compounds in the plasma water 

phase is often used in kinetic models,2,3 other models suggest that in some 

circumstances, tissue levels correspond more closely to the protein-bound fraction 

than the free fraction.4,5

 

When studied in the laboratory, the 3-compartment model of plasma 

water, plasma proteins, and cells, which is in equilibrium in the body, is reduced 

for practical purposes to a 2-compartment model of plasma and tissues, and 

analyzed (at room temperature) as a 1-compartment model.  The information is 

therefore combined into 1 value.  In the case of a compound that is bound to 

plasma proteins, this composite value is misleading, as a change in the free 

fraction present in plasma water can be hidden by the large quantity present in 

proteins.6  Binding to erythrocytes may also occur, but even less consideration has 

been given to the role of these cells in the transport of compounds other than 

oxygen.  That substance binding to erythrocytes may occur and affect the transfer 

of cytotoxic drugs and metabolites, and the possible impact this may have on 

therapeutic outcome, is the topic of this article. 

 

Understanding Erythrocyte Transport Capacity 

 

There are basically 3 reasons that the transport capacity of erythrocytes 

has not been widely considered in equilibrium models: 1) conceptual difficulties; 
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2) the influence of physiologic factors on transport function; and 3) bioanalytical 

limitations. 

 

Conceptual difficulties arise when one considers that the erythrocyte has 

a cell wall, so it essentially functions as its own “compartment.”  Distribution in 

body fluids does not take effect vs the free fraction in whole blood, but vs the free 

fraction in plasma water.  Up to the mid-1990s, the transport role of erythrocytes 

was almost always investigated using washed erythrocytes, as if these cells were 

indeed separate compartments, and regardless of the fact that washed erythrocytes 

do not exist in the circulation.  However, in vivo studies of erythrocyte uptake of 

the oxazophosphorines, cyclophosphamide and ifosfamide, and various 

metabolites indicate the importance of minor differences between chemical 

structures.7  It seems that binding and/or uptake to/by erythrocytes is mainly 

determined by the chemical structure of the binding substance.  Results of this 

study are presented further in the next section of this article. 

  

The transport function of red cells is influenced by physiological 

factors, and the role of erythrocytes will often become more apparent when 

protein binding is saturated.  Also, concomitant administration of other agents 

than the one of interest can influence partition of a particular agent over plasma 

and blood cells.7  Compounds bound to transport proteins in blood may use an 

additional pathway, and there are circumstances where the influx of a compound 

from capillaries into tissues is greater than can be accounted for by the influx 

from plasma water alone.4  It is assumed that an inhibition of protein binding 

occurs in the capillary endothelium, thereby releasing the compound, and as a 

result tissue levels correspond more closely to the protein-bound fraction than to 

the free fraction.4,5  For erythrocytes, the same may be true: tissues on the other 
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side of capillary endothelium, or the capillary endothelium itself, may be more 

exposed to compounds accumulated on these cells.8,9

 

Bioanalytical limitations have also restricted the investigation of the 

transport role of erythrocytes.  As mentioned above, washed erythrocytes were 

used to determine the presence of an analyte in the erythrocyte.  An alternative 

method is the substraction of plasma data from total blood data, whereas protein-

bound vs free fraction in plasma can be determined by further substraction.  

Disadvantages of both methods have been detailed previously and suggest the use 

of a direct method such as measurement of sediment (MESED).10  With the 

MESED instrument, direct measurement of substances of interest in erythrocytes 

and plasma has become possible, without disturbing the equilibrium between 

plasma and erythrocytes (Fig 1).11   

 

 

Fig. 1 : The MESED 100 instrument 

 

Investigational methods 

 

To more clearly define the role of erythrocytes as substance 

transporters, a study was conducted using isolated erythrocytes from cancer 

patients.  Data from plasma and erythrocyte concentration time curves have been 
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obtained from various patients treated with cyclophosphamide (presently n = 12) 

and ifosfamide (presently n = 14) (dealing with 4 patients7).  

 

Isolation of Erythrocytes   

The isolation of a constant volume of erythrocytes from whole blood 

was performed using an improved MESED device, MESED 100 l series (FABRE 

Kelmis, Belgium) (Fig 1).11  The instrument measures 100 µl volume of sediment 

or flow-resistant material precisely, not easily quantified by conventional means.  

The instrument consists of 2 reservoirs: A and B.  Reservoir A is inserted into 

container B at position 2, so that A is fitted tightly into B and the small orifice in 

reservoir A is sealed by the O-ring in container B.  The reservoir A is filled with 

0.5 mL of whole blood, and the unit is centrifuged at high speed (3000 rpm) for 

10 minutes in a swingout rotor.  The erythrocytes are forced into the narrow part 

of A, and accumulate in the small tube of 100 µl volume at the bottom of 

reservoir A. 

  

Reservoir A is then lifted to position 1, which disengages the O-ring and 

frees the orifice.  During a second centrifugation the excess erythrocytes and 

plasma are forced out of reservoir A into the bottom of container B through the 

small orifice, leaving behind 100 µl of almost pure erythrocytes and only 3.4% of 

trapped plasma in the narrow part of A.  Finally, reservoir A is removed from 

container B, inverted, and placed in a centrifuge tube.  The erythrocytes are 

expelled and collected during a third centrifugation. 

 

Analytical Protocol  

Isolation of ifosfamide (IPA) and cyclophosphamide and their 

metabolites together with their analysis has been detailed elsewhere.7  Briefly, 

most substances of interest are isolated by solid phase extraction on C18 material.  
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Chloroethylamine (CEA) and 1,3-oxazolidin-2-one (OXAZ) are isolated by 

liquid-liquid extraction with ethylacetate.  After isolation, substances of interest 

are derivatized for gas chromatography.  For gas chromatography-mass 

spectrometry (GC-MS) analysis, a capillary column of 25 m length and 0.25 mm 

diameter, coated with a 0.2-µm film of chrompack Sil-13 CB methyl phenyl 

siloxane, was used with temperature programming.  Negative chemical ionization 

(CI-) in the electron capture mode gives the highest sensitivity for the detection of 

the trifluoroacetylated derivatives.  The analysis of the CEA and OXAZ 

metabolites was performed in the positive electron impact mode.  Splitless 

injections of 2-µl solutions were always performed. 

 

Results 

 

Only IPA data are presented; results with cyclophosphamide were 

similar.  Partitioning between erythrocytes and plasma was calculated by 

concentration of erythrocyte divided by concentration in plasma.  Real 

concentration data were used for simulation of curves, so that partitioning could 

be calculated at any given time upon ifosfamide administration.  Partitioning of 

IPA, 2- and 3-dichloroethylifosfamide (2-DCEI, 3-DCEI), 4-ketoifosfamide 

(KIPA), carboxyifosfamide (CIPA), iphosphoramide mustard (IPM), CEA and 

OXAZ over 24 hours are shown in Table 1. 
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Table 1.  Mean ±SD Partitioning Factors (n = 10) for Erythrocyte 
Concentration/Plasma Concentration of Ifosfamide and Various Metabolites 
 

Time 

 (hr) 

IPA 3-DCEI 2-DCEI KIPA CIPA IPM CEA OXAZ 

0.5 1.8 ± 0.8 1.3 ± 0.5 1.0 ± 0.3 1.4 ± 0.5 5.0 ± 2.1 3.9 ± 1.7 1.8 ± 1.3 1.2 ± 1.1 

1 1.9 ± 0.8 1.1 ± 0.2 0.9 ± 0.2 1.3 ± 0.3 4.3 ± 1.9 3.8 ± 1.9 1.6 ± 1.0 1.6 ± 1.7 

2 2.1 ± 1.0 1.6 ± 0.6 1.1 ± 0.2 1.0 ± 0.4 4.1 ± 2.2 4.0 ± 2.2 1.5 ± 0.9 1.4 ± 0.9 

4 2.0 ± 0.7 1.4 ± 0.7 1.0 ± 0.3 1.1 ± 0.3 3.9 ± 2.0 3.6 ± 2.0 1.7 ± 1.2 1.0 ± 0.8 

8 1.8 ± 0.8 1.0 ± 0.4 0.7 ± 0.1 0.9 ± 0.4 4.2 ± 2.3 4.2 ± 2.3 1.4 ± 1.0 1.5 ± 1.2 

12 1.7 ± 0.9 1.1 ± 0.5 1.0 ± 0.2 1.2 ± 0.5 3.6 ± 1.9 3.9 ± 2.1 1.2 ± 0.8 1.4 ± 0.7 

24 2.1 ± 0.5 1.4 ± 0.6 0.8 ± 0.1 1.0 ± 0.4 3.9 ± 1.8 3.4 ± 1.6 1.3 + 0.9 1.0 ± 0.4 

Abbreviations: IPA, ifosfamide; 3-DCEI, 3-dichloroethylifosfamide; 2-DCEI, 2-
dichloroethylifosfamide; KIPA, 4-ketoifosfamide; CIPA, carboxyifosfamide; IPM, 
iphosphoramide mustard; CEA, chloroethylamine; OXAZ, 1,3-oxazolidin-2-one. 

 
  

Certain substances related to the oxazaphosphorines were found to be 

abundantly present in the erythrocyte such as CIPA and IPM.  Ifosfamide itself 

was recovered for 2/3 in the erythrocyte taking total blood as 100%.  For 

calculation of bioavailability the latter is of importance when data of plasma only 

are to be compared upon IV and oral administration.  When erythrocyte uptake is 

concentration dependent and higher with increase of concentrations as to be 

expected upon IV administration, calculation of bioavailability using plasma data 

only will be biased by a hidden substantial mass in the erythrocyte.  Then the 

bioavailability is over estimated.  Here data were obtained using a 6-hour IV 

infusion.  We have demonstrated previously that a difference exists between 
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partitioning of IV and oral administration for cyclophosphamide.12  For IPA, this 

might have minor impact since oral administration is known to be associated with 

neurotoxicity and has become almost obsolete. 

 

Oxazophosphorines are interesting agents for partitioning research since 

intensive metabolism generates various, structurally related substances.  It can be 

seen from Table 1 that only minor chemical changes result in large changes of 

partitioning.  Special attention should be given to the partitioning behavior of the 

2 open-chain metabolites, IPM and CIPA.  Both compounds yield typical 

concentration-time profiles, with peaks between 8 and 12 h after the start of the 

infusion, but the fraction found in the erythrocyte compartment is much larger 

than that found in the plasma for the patients studied (Table 1).  The behavior of 

IPM is of special importance since the substance is the one with the highest 

antitumor activity. 

 

At the moment, it is not clear whether ifosfamide and 

cyclophosphamide antitumor activity is related to plasma concentration data or 

erythrocyte concentration data.  Experimental models are under development now 

in our laboratory; however, various animal models cannot be used because of 

aberrant erythrocyte carrier capacity vs human erythrocyte carrier capacity. 

 

Transport Capacity of Cytotoxic Agents 

 

The area of research on the substance-carrier capacity of the erythrocyte 

is rather limited.  Therefore, it remains difficult to estimate the impact of 

erythrocyte level monitoring to predict therapeutic outcome.  In a phase 1 study of 

lometrexol administered to 24 patients at doses of 15 mg/m2 to 30 mg/m2, 
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lometrexol levels in erythrocytes continued to increase long after plasma 

lometrexol was undetectable.13  Lometrexol levels in erythrocytes were 

independent of folic acid or lometrexol dose.  Rising erythrocyte levels correlated 

with decreases in hematocrit, hemoglobin, and platelet count.  The study clearly 

indicated that the cumulative toxicity of lometrexol is related to tissue 

concentration and not to plasma pharmacokinetics.  Moreover, it is suggested that 

erythrocyte lometrexol is an indicator of cumulative drug exposure and 

effectiveness.13

 

The present data for IPA were obtained with single-agent treatment.  It 

may well be that concomitant administration of anticancer agents or pretreatment 

changes partitioning.  It has been demonstrated that cremophor EL (CrEL) is 

capable of paclitaxel distribution in human blood, which has implications for 

clinical pharmacokinetics.14  Profound alteration of paclitaxel accumulation in 

erythrocytes appeared to be caused by a trapping of the compound in CrEL 

micelles, thereby reducing the free drug fraction available for cellular partitioning.  

In a study of the pharmacokinetics of IPA with concomitant docetaxel, alteration 

of in vivo behavior of IPA was demonstrated.14  This may be caused by docetaxel 

and/or pretreatment with corticosteroids.  The influence of both agents on IPA 

and metabolite blood partition is subject to further investigation. 

  

One of the most intriguing agents with respect to erythrocyte binding, is 

cis-platinum.  Various reports on differences between erythrocyte and plasma 

behavior have been published.15,16  Data on cis-platinum erythrocyte behavior in 

vitro indicate a slow biphasic and irreversible binding profile.16  The uptake of 

cis-platinum by erythrocytes in vivo was concluded to be rapid, and peak 

concentrations correlated with the free platinum area under the curve, independent 

of the infusion schedule.17  The decay of platinum levels in erythrocytes was 
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biphasic.  Thus far, little is known about possible complexes of cis-platinum 

present in erythrocytes.  It has been shown recently that cis-platinum forms 

complexes with model membranes composed of phosphatidylserine, which also 

occurs in the plasma membrane of human erythrocytes.18  Since 

phosphatidylserine is essential in several cellular processes, its interaction may 

have important physiological implications.  The cis-platinum data suggest further 

investigation with unwashed erythrocytes, and use of hyphenated techniques to 

define the nature of cis-platinum erythrocyte behavior.19

  

Taking what we know currently of erythrocyte transport, it can be stated 

that drug transport and availability in blood can be expressed by the following 

equation 1: 

 1. MBlood = MPlasma + MERY (+ MREM) 

in which M represents the mass of substance(s) of interest in total blood (Mblood), 

in plasma (MPlasma), in erythrocytes (MERY), and in the remainder of blood cells 

(the buffy coat; MREM).  MREM is of importance only if specific binding and/or 

substance transformation occurs.  Direct analysis and subsequent analysis of 

MERY, together with its coherent plasma, has become available with the advent of 

MESED. 

 

First data of MESED experiments11 revealed that 3 situations can be 

distinguished according to the following equation 2: 

2 (a).  MERY << MPlasma  

2 (b).  MERY ≅ MPlasma    

2 (c).  MERY >> MPlasma     

 

It is difficult at this time to indicate the importance of MERY precisely.  

However, it seems to be essential for situations described by equation 2(c) and for 
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2(a) – 2(c) when the transfer, ie, mass/time unit, in the erythrocytes is 

significantly different from that in plasma.  

 

Conclusions 

These studies demonstrate the capability of erythrocytes to carry 

substances other than blood gases.  While there is little detailed knowledge of the 

processes involved in uptake, transport, and release, available data indicate a 

significant capacity of erythrocyte-substance transport, with different time 

constants compared to plasma data.  Continuing to define the substance transport 

capacity of erythrocytes will increase our understanding of the complex 

interrelationships of malignancies, cytotoxic response, and outcomes.  

Furthermore, these studies underscore the importance of adequate erythrocyte 

mass in the treatment of malignancy.    
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Chapter 2 

Human red blood cells: rheological aspects, uptake and 

release of cytotoxic drugs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Status: Critical Reviews in Clinical Laboratory Sciences, 41(2):159-188 (2004) 



Abstract 

 

The shape of a normal human red blood cell (RBC) is well known: 

under resting conditions it is that of a biconcave discocyte.  However, RBCs can 

easily undergo transformation to other shapes with stomatocytes and an 

echinocytes as extremes.  Various anticancer agents, generally reactive and labile 

substances, eg oxazaphosphorines and fluoropyrimidines, can induce severe 

deformation of shape.  Shape changes in erythrocytes can induce rheological 

disturbances, which occasionally have pathophysiological consequences.  It is 

difficult to estimate the impact of shape changes on the in vivo behaviour of 

agents of biological interest.  However, it has been demonstrated for various 

anticancer agents that erythrocytes fulfil an important role in their uptake, 

transport and release. Moreover, some anticancer agents are capable of 

influencing important transporters such as MRP and GLUT-1.  Monitoring of 

erythrocyte concentrations of certain cytotoxic agents is therefore of interest as 

the data generated can have a predictive outcome for therapeutic efficacy.  This is 

true for cyclophosphamide, ifosfamide, lometrexol and 6-mercaptopurine, as well 

as MRP and GLUT-1 mediated agents. 

 

Keywords : blood rheology, blood viscosity, erythrocyte shape, transport, 

cytotoxic agents. 
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The morphology of human red blood cells: rheological consequences 

Introduction 

 

The shape of a normal human red blood cell (RBC) under resting 

conditions is that of a biconcave discocyte. This represents an equilibrium state 

between two opposing extremes of red cell shapes, i.e., a stomatocyte and an 

echinocyte. RBCs can easily undergo either transformation in vitro under the 

influence of certain agents. These changes are reversible on the removal of the 

causative agent or the addition of an antagonist, i.e. an echinocytic agent in the 

ease of a stomatocyte and vice versa.  Stomatocytic and echinocytic 

transformations are characterised by a tendency to membrane internalisation or 

externalisation,  respectively. It has been suggested that stomatocytic 

transformation could be caused by preferential incorporation of the causative 

agent in the inner hemileaflet of the membrane bilayer, leading to membrane 

internalisation, whilst an echinocytic transformation results from predominant 

incorporation in the outher hemileaflet, leading to membrane externalisation. The 

red cell volume remains virtually unaltered in both types of transformation. The 

surface area decreases in stomatocytosis and increases in echinocytosis, without a 

change in cell volume. The surface area / volume relationship is responsible for 

changes in erythrocyte rheology, which may be detrimental to the 

microcirculation. We will give an overview of the mechanisms determining the 

deformability of RBCs, and hence the flow of blood in capillaries, providing 

examples of drug influences on blood rheology.  

 

29 



The stomatocyte-discocyte-echinocyte equilibrium 

 

Erythrocyte morphology is classified according to the nomenclature of 

Bessis1 which has been modified by others2-7. Stomatocytic transformation is 

classified occording to the following grades : stomatocyte I, a cup-shaped RBC 

(or convex-concave RBC); stomatocyte II, an erythrocyte with a pronounced 

concavity; stomatocyte III, RBC with a deep concavity and a variable mouth-like 

distortion and/or “pit-like” membrane indentations; spherostomatocyte, a 

spherical RBC with an irregular area of “pits”.  Examples of these grades of 

classification are given in Figure 1.   Echinocytic changes are classified as 

follows: echinocyte I, an irregularly contoured discocyte with up to five nodules 

visible on scanning electron microscopy (SEM); echinocyte II, a flat RBC with 

multiple spicules; echinocyte III, an ovoid or spherical RBC with 30-50 spicules; 

sphero-echinocyte, a sphere with multiple, short, thin spicules.  Examples of 

echinocyte changes are presented in Figure 2.  

 

 

Figure 1: Scanning electron micrographs of RBCs incubated with 0, 4, 20 and 50 
mg/ml ifosfamide.  Incubation with various concentrations of isfosfamide results 
in different grades of stomatocytic transformation. 
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Figure 2: Scanning electron micrographs of RBCs incubated  with 0, 4 and 20 
mg/ml mesna.  Incubation with various concentrations of mesna results in 
different grades of echinocytic change. 

 

RBCs can easily undergo both transformations in vitro with various 

treatments (table 1). Reinhart and Chien1 studied the RBC shape and its control 

mechanism during echinocytic transformation induced by metabolic depletion, 

salicylate or calcium loading, and stomatocytic transformation induced by 

chlorpromazine.  
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Table 1: Drugs and conditions inducing RBC shape transformations 

Echinocytic 
 

Stomatocytic 

Mesna 
5-fluorouracil 
Gamma-globulins 
Metabolic depletion 
Ca2+ loading 
Lysolecitin 
Olease 
2,4-dinitrophenol 
Alkalin medium 
Fibrinogen-salicylate 
Extracorporeal circulation 

Ifosfamide/cyclophosphoramide 
Anthracyclines 
Vinblastine  
Taxanes 
Albumin 
Chlorpromazine 
Local anaesthetics/anti-arrhythmics 
Tamoxifen 
Dextran 
Amiodarone (in vitro) 
Cyclosporin (high concentration) Cholesterol 
depletion 
 

 

 

Metabolic depletion by incubation of whole blood at 37°C for 24 hours 

causes echinocytic transformation of RBCs by at least two mechanisms. Firstly, a 

factor present in the old plasma, possibly lysolecithin, is responsible. Lysolecithin 

increases by a factor of about 3 during a 24-hour incubation, and is initially 

incorporated into the outer hemileaflet of erythrocytes, causing echinocytosis.  

 

The RBCs incubated with plasma for 24 hours show lesser degrees of 

echinocytic transformation than fresh RBCs added to the old plasma, suggesting a 

slow-reacting shape control mechanism in RBCs that tends to reverse shape 

transformations. The molecular nature of this control mechanism, and how the 

memory of the discocytic cell shape is retained is not entirely understood, but 

may be related to compensatory rearrangements of molecules between the two 

hemileaflets, the so called flip-flop mechanism. The second mechanism is slower 

and results from the complete ATP breakdown. ATP depletion may cause a 

rearrangement or aggregation of membrane proteins, a change in phosphorylation 
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of proteins, or an alteration of the ionic equilibrium of the cell. Albumin removes 

accessible lysolecithin from the outer hemileaflet, causing stomatocytic 

transformation. The effect of a normal plasma albumin concentration is 

counterbalanced by echinocytic agents such as gamma globulins. In old plasma, 

echinocytic agents predominate. Calcium-induced shape changes are more 

complex and less well understood. A rise in erythrocyte intracellular Ca2+ 

concentration activates soluble, cytosolic proteases capable of degrading 

endogenous RBC proteins, leading to losses in potassium, water and cellular 

volume, hydrolysis of ATP, echinocytic transformation and an increase in cell 

rigidity. The morphological changes of RBCs induced by Ca2+ loading are 

heterogeneous (such as submembranous “blister-like” lesions and membrane 

disintegration), and it is likely that Ca2+ loading has multiple effects on the RBC.  

 

Red cell rheology 

 

The stomatocyte-echinocyte equilibrium provides a unique in vitro 

model system to study the influence of RBC shape on the rheological behaviour 

of blood. The flow properties of blood in large vessels are governed primarily by 

whole blood viscosity, which in turn is determined by plasma viscosity, 

hematocrit, erythrocyte aggregation and deformability. Erythrocyte deformability 

and aggregation are interrelated in a complex way, and both are influenced by cell 

shape. The flow of blood in capillaries is mainly dependent on the deformability 

of the blood cells. RBC deformability is a function of cell geometry, i.e., the 

surface area / volume ratio or sphericity of the RBCs, the viscosity of the 

cytoplasm, and the biophysical properties of the cell membrane. Chabanel3 

investigated the membrane mechanical properties of shape-transformed 

erythrocytes directly by using the micropipette aspiration technique. Extensional 
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rigidity significantly and progressively increased with the degree of echinocytosis 

or stomatocytosis. There was no significant difference in membrane rheological 

behaviour between the echinocytes induced by salicylate or ATP depletion. This 

increase in resistance to membrane extension could be the consequence of 

changes in the molecular organisation of the membrane following drug insertion 

or ATP depletion, and / or changes in physical properties due to modification of 

cell shape. The decrease in erythrocyte membrane deformability with shape 

transformation could be of importance in the microcirculation when the 

erythrocyte must deform to negotiate its entrance into narrow capillaries. 

 

Both RBCs and plasma contribute to erythrocyte aggregation, which 

determines the erythrocyte sedimentation rate (ESR). Large plasma proteins such 

as fibrinogen, α2-macroglobulins or immunoglobulins adhere to the surface of the 

RBC and bridge neighbouring cells. The increase in the ESR during an acute 

phase response is due not only to an increase in these acute phase reactants, but 

also to a concomitant decrease in serum albumin. The anti-aggregatory or 

sedimentation-slowing effect of albumin is reproducible in vitro4. What are the 

mechanisms of this property of albumin? Plasma viscosity is slightly increased 

and may slow the sedimentation of aggregates, contributing to a decrease in ESR. 

Another, probably more important mechanism, is the adherence of albumin to the 

erythrocyte surface, which displaces bridging molecules such as fibrinogen from 

binding sites, decreasing the ESR in a dose-dependent way.  

 

In vitro, the highest sedimentation rate is observed with a slight degree 

of stomatocytosis5, as a stomatocyte can fit into the dimple area of a neighbouring 

discocyte without expenditure of energy. With increasing degrees of 

stomatocytosis the sedimentation rate gradually decreases. Echinocytosis reduces 

aggregation and sedimentation drastically. The combination of salicylate and 
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chlorpromazine largely reverses the effect of each single drug suggesting that 

RBC shape change affects the ESR, rather than the drug itself. Abnormal RBC 

shapes occurring in vivo have a pronounced effect on the ESR in standardised 

fibrinogen-rich plasma. Sickled RBCs reduce the ESR immensely, but the less 

severe RBC abnormalities seen in malignant neoplasia or chronic infectious 

diseases can similarly alter the ESR. Physicians must be aware that severe 

abnormalities can reduce the ESR by almost half. 

 

At low shear rates, erythrocyte aggregation is a major determinant of 

blood viscosity. Reinhart et al found that in suspensions without dextran, i.e. 

without erythrocyte aggregation, salicylate induced echinocytosis increased the 

viscosity6. This may be explained by the tangling of the spicules of echinocytes. 

At high shear rates, the spiculated surface of echinocytes is at least partly 

smoothed, which improves the viscometric behaviour of these cells. 

Stomatocytosis produced by chlorpromazine hardly affected viscosity. In 

suspension with dextran, at low shear rates, the highest viscosity was observed 

with slight echinocytosis, where both the tangling of the cellular protrusions and 

cellular aggregation were present. At higher degrees of echinocytosis the viscosity 

was lower, presumably because heavily spiculated cells, which can make only 

minimal contact with a neighbouring cell, formed fewer aggregates. At high shear 

rates, there was no difference between suspensions with and without dextran since 

RBC aggregation does not take place. Both echinocytosis and stomatocytosis 

resulted in higher suspension viscosities, which is thought to be due to decreased 

deformability of both cell shapes. The oxygen transport efficiency is proportional 

to the number of erythrocytes per unit volume, and inversely proportional to the 

suspension viscosity. Discocytes had the highest oxygen transport efficiency 

irrespective of the shear rate and the presence or absence of dextran. At a low 

shear rate, corresponding to a low flow condition in vivo (such as shock), the 
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oxygen transport efficiency of a given number of erythrocytes was better in 

hypertonic medium than in isotonic or hypotonic medium. Higher osmolalities 

had a lower viscosity because decreased deformability impeded aggregate 

formation. The influence of serum osmolality on blood flow in low flow 

conditions has not been studied in vivo. Betticher et al investigated the influence 

of RBC shape and deformability on pulmonary oxygen diffusing capacity and 

resistance to flow in rabbit lungs7.  

 

A high deformability achieved by salicylate induced echinocytosis was 

accompanied by a 21% increase in diffusion capacity and a decrease of 14% in 

mean pulmonary artery pressure. Stomatocytosis induced by chlorpromazine, 

however, led to an 18% decrease in diffusion capacity and an increase of 18% in 

mean pressure in the pulmonary artery. In control experiments, in which 

haemoglobin solutions were used as perfusates, salicylate and chlorpromazine had 

no effect on diffusion capacity and resistance to flow, thus excluding any other 

drug action on the lung. The physiological basis for this phenomenon is probably 

the unstirred layer around the RBCs, hindering the flow of oxygen during 

saturation or desaturation of haemoglobin. This unstirred layer is dependent on 

the deformability of the cells: the rate of deoxygenation of  more rigid cells is 

significantly retarded when no shape change is observed.  

 

The changes in deformability can be explained by the fact that the 

surface area of stomatocytes decreased, whereas that of salicylate induced 

echinocytes increased8. The cell volume remained essentially constant. As a 

consequence, the osmotic resistance of echinocytes increased and that of 

stomatocytes decreased. Echinocytes produced by metabolic depletion differed 

from drug-induced echinocytes, with an increased cell volume but constant 

surface area, and consequently a decreased deformability (higher sphericity index) 
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and osmotic resistance. At low flow velocities, echinocytes also have an impaired 

capacity to release oxygen, probably secondary to a stagnant unstirred layer 

around the echinocyte. At high flow velocities, with smoothing of the cell surface, 

the oxygen-releasing capacity returned towards normal.  

 

The normal discocyte represents the optimum shape for flow in vivo 

since a stomatocytic transformation could impair the passage through the 

microcirculation (increased sphericity index) whilst an echinocytic transformation 

could impair flow in larger vessels (increase in blood viscosity). 

 

Erythrophagocytosis 

 

Cells with decreased deformability may become trapped within the 

capillary network, impair organ perfusion and cause ischemia, a classic example 

being sickle cell disease. It is therefore essential that erythrocytes with poor 

deformability are removed rapidly from the circulation by splenic macrophages. 

Baerlocher et al showed in vitro that heat-treated, and thus more rigid,  RBCs 

were phagocytosed at a similar rate to untreated RBCs, indicating that monocytes 

/ macrophages cannot recognise and / or phagocytose RBCs with reduced 

deformability in a preferential manner9.  

 

The decreased deformability was in a pathophysiologically relevant 

range. Anti-rhesus D antibody loaded erythrocytes, one of the strongest stimuli 

for erythrophagocytosis, acted as a positive control. Apparently, monocytes are 

also incapable of recognising spheroechinocytes induced by metabolic 

depletion10. Other mechanisms must be involved in the rapid elimination of 

abnormally shaped RBCs in the spleen. One possibility is that more rigid 
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erythrocytes become trapped in the narrowest passages in the spleen and are thus 

exposed to phagocytic cells for a prolonged period of time, which eventually 

leads to phagocytosis. Another possibility is that abnormally shaped RBCs 

undergo further changes in vivo which were not present in this in vitro model, e.g. 

loading with immunoglobulins or membrane protein clustering during the passage 

through the microcirculation.  

 

The influence of cytotoxins on RBC shape and rheology 

 

Many classes of drugs, including cytotoxics, can affect red cell shape 

and rheology. Following treatment with cytotoxic agents, an increase in the mean 

corpuscular volume (MCV) is usually seen, implying an increased resistance to 

passage through a narrow capillary11. Some macrocytosis can be explained by the 

administration of folic acid antagonists, such as methotrexate, or of purine or 

pyrimidine synthesis inhibitors, such as 5-fluorouracil. However, regimens using 

these drugs do not increase MCV as much as MOPP (mechlorethamine, 

vincristine, procarbazine, prednisone) or melphalan. The fastest and the highest 

MCV increases were observed during the  treatment of  diseases most frequently 

involved in secondary leukaemia: Hodgkin’s disease treated with MOPP, and 

multiple myeloma and ovarian cancer treated with melphalan.  In the absence of 

other causes of macrocytosis, the underlying process of the increase of MCV 

seems to be dyserythropoiesis. An unusually high increase could indicate bone 

marrow damage which could lead to secondary leukaemia11. 

 

Engström and Löfvenberg12 analysed the effect of hydroxyurea on the 

geometry and filterability of RBCs in patients with myeloproliferative disorders. 

The MCV increased markedly during hydroxyurea treatment, with diameter and 
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thoroidal thickness changing by 10.0 ± 2.0% and 15.1 ± 2.6% respectively. The 

central thickness (dimple) remained unchanged. The membrane area and cell 

volume increased, but the area to volume ratio decreased, and the surface area 

index, which describes the relative excess of membrane area beyond that required 

to enclose the cellular volume, remained unchanged. The RBC membrane became 

significantly more rigid. However when the larger projected surface area was 

considered, and therefore the larger pressure load on the RBC to initiate 

deformation, the membrane tension generated was almost the same before and 

after hydroxyurea, with no change in corpuscle bending deformability. A 

significant reduction in filterability was seen. As capillaries in the circulation are 

larger than 3 microns, it was postulated that the change in RBC geometry induced 

by hydroxyurea, ie purely an increase in MCV, is unlikely to lead to rheological 

difficulties in the microcirculation. It is also possible that nitric oxide is generated 

in vivo from hydroxyurea via copper-catalyzed peroxidation, and this may have a 

separate influence on the circulation through vasodilatation and inhibition of 

platelet aggregation13. 

Ifosfamide leads to a dose-dependent stomatocytosis, whereas mesna 

results in the opposite shape transformation, namely echinocytosis14. Both 

compounds increase blood viscosity, but echinocytosis has a greater effect on 

high shear viscosity than stomatocytosis. However, it is unlikely that the toxicity 

of ifosfamide, especially the encephalopathy, is caused by an impairment of 

microcirculatory blood flow due to altered rheological properties of blood. 

Average plasma ifosfamide concentrations may reach about 1 mg/ml, a 

concentration at which little effect is seen. Therefore, it is unlikely to find 

significant stomatocytosis in the circulation, but at the site of infusion and in the 

urinary tract, endothelial and epithelial cells respectively may undergo membrane 

alterations which contribute to toxicity. Since ifosfamide and mesna are routinely 

administered simultaneously, the opposing effects of membrane internalisation 
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and externalisation may balance, offering protection with alleviation of drug 

toxicity. Cyclophosphamide, a structural isomer of ifosfamide, induces a very 

similar stomatocytic shape transformation, and supratherapeutic doses of 

vinblastine have also been shown to induce stomatocytosis.  

 

5-fluorouracil leads to a dose-dependent echinocytic shape 

transformation of the RBCs15. At low shear rates, where viscosity is determined 

primarily by RBC aggregation, viscosity is decreased, whereas at high shear rates 

it is increased, influenced primarily by RBC deformability. This increased 

viscosity is relevant to the circulation in vivo, since high shear rates predominate 

in arteries and throughout the capillary bed. At the microcirculatory level 

echinocytes may affect the passage of RBC through capillaries. Echinocytosis 

induced by salicylate does not decrease the ability to pass narrow pores. However, 

when the echinocytic shape change is accompanied by exovesiculation, as shown 

for high concentrations of 5-FU, cell surface area is lost, leading to an increased 

sphericity of RBCs. The shedding of microvesicles destroys the phospholipid 

asymmetry normally found in RBC membranes, and exposes phosphatidylserine, 

a potent stimulator of coagulation. This phenomenon may contribute to the 

increased rate of thromboembolic events associated with high therapeutic doses of 

5-FU, especially angina pectoris and myocardial infarction. Although generalised 

echinocytosis is unlikely to occur during treatment with 5-FU, no data are 

available concerning higher doses and / or shorter administration times. 

Nevertheless, echinocytic shape transformation and irreversible local vesicle 

shedding may occur at the site of injection, where the highest concentrations are 

reached.   

 

Work by Arancia et al suggests that adriamycin incorporates within the 

lipid bilayer of erythrocytes, and that a discocyte-stomatocyte transition occurs at 
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50 µM adriamycin16. Supratherapeutic doses of vinblastine and the anti-oestrogen 

tamoxifen have also been shown to induce stomatocytosis17,18.  Very recently, 

Mark et al demonstrated commercial taxane formulations to induce 

stomatocytosis and to increase blood viscosity19.  

 

The incubation of erythrocytes with amiodarone produces 

stomatocytosis only at concentrations higher than normal therapeutic 

concentrations20. Interestingly, the membrane cholesterol / phospholipid ratio 

increases during amiodarone treatment, due to an increase in the absolute 

cholesterol content of the membrane. The cholesterol / phospholipid ratio is an 

important determinant of the erythrocyte shape: a low value is associated with 

membrane internalisation, and stomatocytosis and a high value with membrane 

externalisation and echinocytosis. It is therefore conceivable that the 

echinocytogenic potential of the increased membrane cholesterol compensates for 

a possible stomatocytogenic effect of amiodarone.  

 

Drugs can influence the fluidity of erythrocyte membranes. In patients 

with coronary heart disease, higher erythrocyte aggregation and lower 

deformability have been described.  In those patients, lipid peroxidation is 

increased both in whole blood and red blood cells and lipid peroxidation products 

can be partly responsible for changes of membrane fluidity in red blood cells. The 

erythrocyte membrane is also hyperpolarized in coronary heart disease patients, 

possibly due to the enhanced oxidative stress in this disease. The membrane 

potential of cells also influences membrane stability, permeability and cell shape. 

Perindopril abolishes these changes of RBC membrane fluidity in coronary heart 

disease and causes changes in sodium and potassium ion concentrations in cells, 

leading to depolarisation21
 . Metformin has also been reported to increase the 

fluidity of erythrocyte membranes22. 
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Membrane skeleton 

 

The membrane skeleton of the red blood cell plays an important role in 

the determination of cell deformability and cell shape23. Ankyrin is the anchoring 

protein between the membrane skeletal proteins (spectrin, actin, band 4.1 and 

band 4.9) and the cell membrane proper, by binding to the integral membrane 

protein band 3. The intact band 3-ankyrin link between the skeleton and the 

membrane is required for shape maintenance and transformation of RBCs. 

Reinhart et al found that ankyrin- and spectrin-deficient RBCs in mice have a 

reduced capacity to undergo echinocytic transformation with various 

echinocytogenic treatments. The mechanism of this phenomenon is not known. A 

deficiency in membrane proteins can alter the phospholipid composition of the 

lipid bilayer, and thereby alter the shape and shape transformation characteristics 

of red cells. 

Hereditary spherocytosis (HS) is characterized by the presence of 

spherocytes in perpheral blood smears with varying degrees of hemolysis and 

spheromegally24,25.  HS is related  to a defect in one of the membrane skeletal 

proteins of the erythrocyte. The pathophysiological mechanism is an instability of 

the membrane with loss of membrane fragments, which leads to spherocytosis.  

HS is caused by inherited family-specific mutations.  These involve five proteins 

that link the membrane skeleton to the overlaying lipid bilayer : α and β 

spectrin26, ankyrin27, band 328,29, and protein 4.230. The majority of mutations 

leading to HS are found in ankyrin27,31,32 and spectrin.  
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Partitioning of cytotoxic drugs between plasma and erythrocytes 

 

Introduction 

 

Red blood cells have recently attracted much attention as possible 

carrier system for transport and delivery of pharmacological substances. Drugs, 

proteins, and even relatively large structures such as viruses, have been 

successfully entrapped into RBCs. Loaded erythrocytes may remain in the 

circulation for extended periods and a carrier erythrocyte may sustain a slow 

release of drugs, acting as a shield against the immune system or other agents. 

Entrapped substances also may be used to modify erythrocyte functions. Various 

methods have been attempted to encapsulate drugs: interaction of RBCs with 

liposomes, stimulated endocytosis, the electric field procedure, osmotic shock and 

chemical permeation, and resealing of the membrane33. Flynn et al. were able to 

load erythrocytes with methotrexate in vitro and controlled release was possible 

by use of a photosensitization technique34. The highly toxic enzyme L-

asparaginase, used in the treatment of ALL and non-Hodgkins lymphoma, can be 

loaded in 1 unit of autologous blood using a lysis-resealing process. 

Administration of this drug in red blood cells improves pharmacokinetic 

parameters and enzymatic efficacy, and  results in increased tolerance35. It is also 

possible to encapsulate doxorubicin in red blood cells by a dialysis technique with 

up to 1.6 mg/ml of packed cells36. The use of encapsulated doxorubicin with an 

increased duration of efflux may result in lower cardiotoxicity, since this is more 

severe with higher peak concentrations.  

Recent findings indicate that red blood cells may also play an important 

role in the transport of endogenous compounds and drugs. The transport role of 

erythrocytes is almost invariably investigated using either indirect techniques or 
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washed erythrocytes, as if these cells were separate compartments, and regardless 

of the fact that washed erythrocytes do not exist in the circulation. Ideally, a direct 

determination of red cell associated compounds must be performed on unwashed 

erythrocytes, maintained in their natural environment, without disruption of the 

normal equilibrium existing between red cells and plasma in whole blood. The 

MESED device (measurement of sediment) meets these criteria, permitting the 

optimum study of drugs in this compartment37. 

 

Contribution of the erythrocyte to the transport of chemotherapeutic agents 

 

After the oral or parenteral administration of cancer chemotherapeutic 

agents, these drugs are transported to the tissues by the blood. Transport of these 

drugs may occur in different fractions: plasma water, plasma proteins, or cells. 

The importance of the cellular uptake of cytotoxic drugs has also been recognised 

recently with respect to tumor kill. It is possible that molecules carried by 

erythrocytes are presented favourably to the capillary endothelium during the 

arrest of capillary flow. Molecules adhering to the relatively fluid red cell 

membrane, which maintains a dynamic and intimate contact with the endothelial 

cells, are possibly better placed energetically and/or spatially to cross a 

continuous capillary endothelium38. Direct determinations of valproate, phenytoin 

and hydrocortisone performed on unwashed erythrocytes, reveal a transport 

system with a high capacity and low affinity compared to plasma proteins: 

erythrocytes are loaded last and unloaded first. The plasma concentration of a 

substance is usually regarded as the optimum reflection of that in tissue cells, but 

it is likely that the concentration on erythrocytes is at least equally representative 

for several chemotherapeutic agents. 
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6-Mercaptopurine 
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Figure 3: Chemical structure of 6-Mercaptopurine 

 

6-Mercaptopurine (6-MP) is an antimetabolite and is used extensively in 

the treatment of childhood lymphoblastic leukemia and non-lymphocytic 

leukaemia to prolong the duration of remission achieved with other drugs. 

Patients differ widely in their pharmacokinetic and clinical response to a standard 

oral dose. After oral administration, 20% of the dose is absorbed and undergoes a 

first pass effect in the liver39.  With intravenous administration of 6-MP,  there is 

less interindividual variation  with higher levels of 6-MP riboside than after oral 

administration of a similar dose40. 

 

Approximately 20% of the drug is bound to plasma proteins, and 10-

40% is excreted unchanged in the urine. The prodrug undergoes intracellular 

metabolism to different nucleotide triphosphates, which are incorporated into 

DNA, causing cell cycle arrest. The two main groups of metabolites are 6-

thioguanine nucleotides (TGNs) and methylated mercaptopurines (MeMPs). The 

former are directly related to 6-MP cytotoxicity, and the latter may also contribute 

to the effect of 6-MP, but their mode of action and whether their effect is 

concentration dependent is unclear. In 1983 Lennard et al. described a 

relationship between red blood cell TGNs concentration at day 0 and 

myelosuppression at day 14 in children with acute lymphoblastic leukaemia in 
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remission41. Analysis of 6-MP and related substances is therefore of high interest. 

Various assays have been introduced to determine 6-MP; most of them based on 

liquid chromatography42. 

 

Since there is no significant difference between the metabolite 

concentrations in young, middle-aged or old red blood cells, the 6-MP metabolites 

do not specifically enter red blood cells at the stem cell level at the start of 

therapy, but may be taken up by all red blood cells. The red blood cells could then 

act as a depot for 6-MP metabolites43. 

 

The measurement of red cell TGNs and MeMPs can be used to monitor 

therapy in children receiving 6-MP, differentiating between a variable metabolism 

and a variable compliance44. The formation of MeMPs is rate limited by the 

genetically variable enzyme thiopurine methyltransferase (TPMT). Data from 

population studies indicate that the activity of TPMT may differ: 90% of persons 

have a high, 10% an intermediate, and 0.9% a low or undetectable enzyme 

activity in RBCs. In patients with a low RBC TPMT activity, severe 

haematological toxicity is observed45. 

 

TPMT activity can influence 6-MP cytotoxicity, and high enzyme 

activities cause apparent resistance to standard doses of 6-MP. Measuring TGNs 

and MeMPs in RBCs of children taking regular 6-MP offers a way of identifying 

those children who have suboptimal treatment secondary to constitutionally high 

TPMT activity rather than non-compliance. The former will have high MeMPs 

and low TGNs, whereas the latter will have low concentrations of both. Those 

with high enzyme activities should be dose escalated, a dangerous act in non-

compliers if they suddenly start to comply with an escalated dose. RBC TGN and 

MeMPS concentrations are not affected by recent drug ingestion, and reflect drug 
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metabolism over an extended period of time. TGN concentrations in RBC have 

also been correlated with the risk of relapse in children with acute lymphoblastic 

leukaemia46. Fast and sensitive 6-MP and metabolite monitoring in RBC is 

therefore of clinical importance47,48. 

 

6-thioguanine 
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Figure 4: Chemical structure of 6-thioguanine 

 

6-Thioguanine (6-TG) is a 6-MP related prodrug antimetabolite which 

has activity in patients with ALL; however, it is not a substrate for TPMT. The in 

vivo behaviour of 6-TG has been detailed by various groups. 6-TG is better 

tolerated at higher RBC  levels of 6-TG nucleotides than 6-MP49,50. High 

concentrations of 6-TG have been recovered in cerebrospinal fluid. However, the 

more intensive conversion of 6-TG leading to significantly higher erythrocyte 

levels of thioguanine nucleotide  as compared to 6-MP, did not result in a higher 

event-free survival in a randomised trial in patients with acute lymphoblastic 

leukaemia51.  
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Methotrexate 
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Figure 5: Chemical structure of Methotrexate 

 

Methotrexate (MTX) is an anti-metabolite used in the treatment of 

various solid tumours and haematological malignancies. It is usually administered 

intravenously, but the bioavailability after oral administration is 75 to 95%. 

Approximately 10% of the drug is metabolised to 7-hydroxymethotrexate, and 

90% is excreted in the urine unchanged. MTX has a plasma half-life of 3h. The 

pharmacokinetics of erythrocyte MTX showed three distinct phases. A rapid 

decrease to a nadir 2-3 days after administration is followed by a significant rise 

of erythrocyte MTX until days 10-14. Subsequently there is a third phase, with a 

definite decrease of erythrocyte MTX concentration with a half-life of 30-40 days. 

When administered weekly, MTX may accumulate in red blood cells, reaching 

values measured at the end of the infusion. In erythroblasts and normoblasts, 

MTX is polyglutamated and retained inside the cell. Following the resumption of 

erythropoiesis, the release of fresh erythrocytes containing predominantly 

polyglutamated MTX further increase blood MTX levels. Schroder showed more 

directly that MTX is incorporated in bone marrow RBC precursors by measuring 

MTX concentrations in distinct fractions of erythrocytes of increasing mean cell 

age. Two days after completion of the MTX infusion, MTX was not detected in 

the youngest erythrocyte population. Seven days after the infusion, the highest 
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MTX concentrations were found in the youngest RBCs. At ten to fourteen days, 

lower MTX concentrations were found in the young RBCs, and after 28 days, 

MTX was no longer detected in young erythrocytes. The MTX concentrations at 

that time were highest in the oldest erythrocyte fraction. The intra-erythrocyte 

storage of MTX was also observed by Lena et al.: after a first incorporation stage 

during the infusion, MTX concentrations subsequently increased, as 

polyglutamated derivatives, 9-12 days after treatment52.  

 

The presence of 6-MP is a prognostic factor in childhood ALL, but 

Graham did not find any correlation between survival and RBC MTX or folate 

levels during maintenance therapy53. There was a weak correlation between 

improved event-free survival and high RBC MTX levels after consolidation. A 

study by the Nordic Society for Paediatric Haematology and Oncology showed a 

good correlation between erythrocyte MTX and thioguanine nucleotide (TGN) 

concentrations and the risk of relapse during maintenance therapy for childhood 

ALL54. Conversely, Balis et al could not discriminate patients with a high risk of 

relapse using plasma versus erythrocyte MTX and 6-MP plus TGN erythrocyte  

levels55. Furthermore, data of plasma versus RBC MTX levels in children with B-

precursor ALL lacked significant correlation with event free survival.  

In multivariate Cox regression analyses, the best-fit model to predict 

any relapse included the mean of the product of the erythrocyte MTX and 

erythrocyte TGN concentrations for each patient sample. If these data reflect the 

clinical impact of interindividual drug metabolism, adjustment of therapy 

according to relevant pharmacokinetic parameters could lead to a significant 

improvement in the outcome of childhood ALL.  Using lower doses of oral MTX 

(mean 10.3 mg/m²/week), Kristensen et al found that the spontaneous fluctuation 

in disease activity in children with juvenile chronic arthritis did not reflect an 

inverse fluctuation in erythrocyte MTX56.  
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HPLC has been the method of choice to determine MTX in plasma and 

RBC for about two decades42, 57-60. 

 

Dervieux et al58 recently introduced a rapid, sensitive, and accurate 

HPLC based assay for the determination of erythrocyte methotrexate 

polyglutamates after low dose methotrexate therapy in patients with rheumatoid 

arthritis. With this assay, Dervieux et al were able to demonstrate that MTX 

polyglutamate concentrations in RBCs were indicative of disease activity and 

clinical response to MTX in rheumatoid arthritis59. 

 

Lometrexol 
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Figure 6: Chemical structure of Lometrexol 

 

Lometrexol inhibits the first folate-dependent enzyme in de novo purine 

biosynthesis, and has a broad spectrum of cytotoxic activity in preclinical murine 

tumour model systems and human tumour xenografts. Early clinical studies with 

this drug have been limited by cumulative toxicity. Synold et al showed that RBC 

lometrexol levels measured in weekly blood samples rose between the three 

weekly courses, and that a significant linear relationship existed between the 

accumulation of lometrexol in RBCs and the percentage fall in haemoglobin, 
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haematocrit, and platelet count61. It is not clear why RBC lometrexol levels are 

related to delayed toxicity, but RBCs may be acting as a drug reservoir releasing 

lometrexol slowly back into the circulation. However, following intravenous 

administration, lometrexol could not be detected in plasma beyond 72h, so it 

seems unlikely that delayed toxicity is due to prolonged levels of circulating drug 

in the plasma. Another possible explanation for the correlation between RBC 

lometrexol levels and delayed toxicity is that the RBCs could be acting as a 

surrogate tissue for the true site of action. Lometrexol may be accumulating in 

other tissues, particularly those in which toxicity is occurring, in parallel to the 

increases seen in RBCs. It is likely that lometrexol, as with methotrexate, 

accumulates as polyglutamates in RBC precursors in the bone marrow, causing 

anaemia. Plasma pharmacokinetics are not the best indicator of lometrexol 

exposure. 

 

5-Fluorouracil (FUra) 
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Figure 7: Chemical structure of 5-Fluorouracil 

 

The prodrug is metabolised to different nucleotide triphosphates, and 

acts as a pyrimidine antimetabolite. Less than 10% of the drug is bound to plasma 

proteins, 22-45% is metabolised by the liver, and 15% is excreted in urine. The 

amount of FUra in the red blood cells, compared to the plasma concentration, 
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varies widely in the literature from 11 % to 66%39,62. Methodological differences 

can probably explain this wide range. Clearance from RBCs is higher than that 

from plasma, and this may be important in the transfer from blood to tissues. 

FUra has been used in the treatment of various malignancies and is subjected to 

extensive metabolism63. Wattanatorn et al developed an assay based on HPLC for 

the analysis of FUra in human erythrocytes, plasma and whole blood64, and this 

can be combined easily with measurement of sediment technology65.  

 

This assay is a powerful tool in the fast and accurate monitoring of FUra 

in RBC65, allowing massive data collection in clinical studies of 

polychemotherapeutic regimes, since FUra is capable of changing erythrocyte 

physiology15. This may change the partition of agents used concomitantly such as 

cyclophosphamide, methotrexate and adriamycin. 

 

Anthracyclines 
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Figure 8: Chemical structure of Doxorubicin 
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Anthracyclines are used in the treatment of different solid tumours, e.g. 

breast and ovarian cancer. Anthracyclines are DNA intercalating agents and 

therefore interfere with DNA replication. Moreover inhibition of topo-isomerase 

II, which is involved in the recovery of DNA double strand breaks, has been 

demonstrated.  

Doxorubicin is the most commonly used product of these topoisomerase 

II inhibitors. After intravenous administration, 70% is bound to plasma proteins. 

It is metabolised by the liver and only 4-5% is found in urine. In one study, after 

the administration of 10mg/kg doxorubicin to rats, approximately 50% was 

transported by red blood cells66. When the dose of doxorubicin was increased, the 

red blood cells accumulated more doxorubicin than plasma, suggesting that the 

erythrocyte compartment has a higher storage capacity. Doxorubicin is amongst 

the most intensively studied substances for erythrocyte encapsulation studies. 

HPLC with fluorometric detection is the method of choice for the analysis of 

doxorubicin in blood constituents, e.g. RBCs42. The technique is almost essential 

in studies of encapsulation of doxorubicin in erythrocytes in order to estimate 

release features36,67. 

 

Epirubicin is a less cardiotoxic analogue of doxorubicin, and is also 

mainly excreted in the bile. It is more than 90% bound to human serum proteins. 

After a high-dose intravenous injection, 50% of the drug is located in red blood 

cells after 20 min68. Binding of epirubicin to serum proteins and red blood cells 

may be influenced by the co-administration of other drugs69,70.  

 

Another derivative of doxorubicin, pirarubicin, is probably taken up by 

erythrocytes by a carrier mediated system and then hydroxylated71. The blood 

cells serve elegantly to protect this active alcohol metabolite of pirarubicin against 

53 



degradation in plasma. The distribution of pirarubicin between plasma and 

erythrocytes is markedly concentration and temperature dependent.  

 

Platinum derivatives 

 

Cisplatin has alkylating activity and is employed in a variety of tumour 

types, but its use is restricted by a distinct toxicity profile. Cisplatin and related 

compounds are amongst the pharmacologically most widely investigated 

anticancer agents, with studies on absorption, distribution, elimination, partition 

and bioanalysis80.  

 

Cisplatin is 90% bound to plasma proteins, and between 20 and 45% is 

excreted unchanged by the kidneys with a half-life of 60-90h. The 

pharmacokinetics of free and total platinum have been studied extensively, both in 

vitro and in vivo by Vermorken et al72,73. In vitro observations indicate that 

cisplatin is almost irreversibly bound to plasma proteins and red blood cells. The 

uptake of platinum by red blood cells is much slower than binding to plasma 

proteins. The pharmacokinetics of total platinum are of limited therapeutic value, 

but may be useful in studying toxicity. The final half-life of total platinum is 

mainly determined by the turnover rates of the proteins to which cisplatin is 

bound. Free platinum clearance correlates closely with creatinine clearance, and a 

volume of distribution of 1600 L indicates that distribution is not restricted to 

intra- and extra-cellular fluids, but also extends to peripheral compartments, 

where storage may occur. This is also consistent with the incomplete recovery of 

platinum in human urine. The uptake of platinum in RBCs is rapid. Maximum 

concentrations are related to the dose administered, and not to the infusion 

schedule. Reports on the extent of platinum binding to RBCs have been 
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controversial, however, the irreversible nature suggests that it is unlikely that 

erythrocytes are important in the transport of cisplatin. The terminal half-life of 

platinum in RBCs is 30 days, implying increased breakdown of RBCs following 

exposure to cisplatin, perhaps through haemolysis, although the slow release of 

platinum from  erythrocytes cannot totally be excluded.  

The derivative carboplatin is active in the same tumour types as 

cisplatin and is less nephrotoxic and neurotoxic, but more myelosuppressive. 

Between 60 and 70% is eliminated in urine, and its plasma half-life varies 

between 2.5 and 6 h. Only a very small fraction of the dose is transported by 

erythrocytes39.  

Oxaliplatin is a more recently developed platinum complex, with a 

plasma half-life of 24 h, and 40 to 50 % is excreted unchanged by the kidneys81. 

The red blood cell concentration after a single intravenous dose is high, and 

slowly decreases with a half-life of 230 h, suggesting strong binding to red blood 

cells. In vitro, 85-88% of all platinum from oxaliplatin is bound to plasma 

proteins, and the red blood cell uptake is 37.1% of the total platinum. Since this is 

not exchangeable with plasma, the red blood cell fraction does not serve as a 

reservoir of oxaliplatin.   
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Melphalan 
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Figure 9: Chemical structure of Melphalan 

 

Melphalan is an alkylating agent derived from nitrogen mustard, and is 

an important cytotoxic agent in the treatment of various solid tumours and 

multiple myeloma. It is one of the agents of choice in regional cancer treatment 

by isolated perfusion 82. 

Data have become available recently in the contribution of erythrocytes 

to the transport of this agent and relationship with tumour availability83. 

 

Wildiers et al used a nude mouse tumour model with optional, different 

vascularisation due to a single gene deletion of  hypoxia-inducible factor –1α+/+   

and factor -1α-/-.  One of the aims of the study was to evaluate the relative 

importance of the plasma and red cell compartments in the transport and tumor 

availability of melphalan. Plasma and a constant volume of mice erythrocytes 

were isolated using the MESED100 device. The availability of melphalan to HIF-

1α+/+ and HIF -1α-/- tumours was not significantly different (p=0.12). No 

significant correlation between vessel density and melphalan availability could be 
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demonstrated. Erythrocytes versus plasma partition amounted approximately 25% 

versus 75% respectively. A highly significant correlation between erythrocyte and 

plasma concentrations was recovered (r=093; p<0.000001), probably associated 

with a stable equilibrium between the two compartments. Both compartments 

were demonstrated to have a significant and similar correlation with tumour 

availability (r=0.65 +-0.01, with p<0.001). Melphalan is structurally very similar 

to cyclophosphamide, ifosfamide and their metabolites. The contribution of RBCs 

to transport in the circulation is clearly less for melphalan, illustrating the impact 

of minor molecular changes on the erythrocyte plasma partition as also 

demonstrated for metabolites of cyclophosphamide and ifosfamide (vide infra). It 

is remarkable that although the contribution of erythrocytes to melphalan 

transport is less then that of plasma, it equally correlates with tumour availability. 

The concentration of melphalan in erythrocytes could thus be a good indicator of 

tumour availability in general. 

 

Special mention has to be made of melphalan, which exhibits rather 

labile behaviour in various solutions, and partition data may therefore be lost. For 

example data on the leakage melphalan during isolated perfusion is masked when:  

1. Melphalan is loaded in erythrocytes with increasing concentrations84,85, and 

erythrocytes and/or other blood constituents, with the exception of plasma, 

are not being analysed by a selective and sensitive technique; 

2. Metabolites and/or degradation products are not identified by the analytical 

method used, either in plasma or erythrocyte analyses. The use of mass 

spectrometry based hyphenated technologies86,87,88,89 is therefore 

recommended.  
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Oxazaphosphorines 
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Figure 10: Chemical structures of Ifosfamide (A) and Cyclophosphamide (B) 

 

Ifosfamide is commonly used in the treatment of various solid tumours 

and haematological malignancies in adults and children. It is a prodrug, requiring 

activation via the cytochrome P450 enzyme system in the liver to 4-

hydroxyifosfamide. 4-hydroxyifosfamide exists in equilibrium with its open 

tautomeric form aldoifosfamide, which is converted into the active alkylating 

agent isophosphoramide mustard, with the concomitant release of acrolein. 

Hydroxylation of the side chains also occurs, yielding two different inactive 

dechloroethyl metabolites, and the potentially neurotoxic chloroacetaldehyde. In 

addition to the tumour active alkylating agents, non-cytotoxic stable end products 

of metabolism are formed such as 4-keto- and carboxyifosfamide. Mesna, a 

uroprotective thiol agent, is routinely administered concomitantly with ifosfamide 

to prevent haemorrhagic cystitis. The principal dose-limiting toxicity is 

myelosuppression. Reversible central nervous system adverse effects ranging 

from mild somnolence and confusion to severe encephalopathy with coma occur 

in approximately 10-20% of patients after IV infusion. Ifosfamide has a half-life 

of 7-15h, and approximately 15-56% is excreted unchanged in urine. Momerency 

et al. determined the partitioning factors (RBC/plasma) of ifosfamide and seven 

metabolites in four cancer patients treated with a six hour intravenous infusion of 

ifosfamide89. The isolation of a constant volume of red blood cells from blood 
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was performed using the MESED device. The oxazaphosphorines and their 

metabolites were determined in plasma and RBCs by gas chromatography-mass 

spectrometry; data obtained could exclude possible in situ degradation of 

substances of interest in RBCs. The concentrations obtained in the erythrocyte 

compartment do not discriminate between adsorbed and incorporated mustard 

analogues. The concentration-time profiles of ifosfamide are characterised by a 

rapid increase in the plasma and erythrocyte concentrations during the infusion 

period of 6h. A maximum concentration is reached between 6 and 8h, after which 

a much slower decrease is observed in the ifosfamide concentrations in the two 

blood fractions as a result of metabolic degradation. For both dechloroethyl 

metabolites, the partitioning factors are less than 1.5 (50-60% in the erythrocytes), 

whereas those of the two open chain metabolites, isophosphoramide mustard and 

carboxyifosfamide are greater than 3. Therefore the fraction in the erythrocyte 

compartment is much larger than that in plasma for the patients studied. It is 

possible that the erythrocyte compartment may play an important role in the 

transport of the active alkylating metabolite isophosphoramide mustard through 

the blood and its delivery to tumour cells, since the release of the compound from 

the erythrocyte compartment occurs at an equal or higher rate than that from 

plasma. Highley et al  confirmed in five patients receiving ifosfamide 

intravenously, that this drug and its metabolites enter the erythrocyte 

compartment freely, and that isophosphoramide mustard and carboxyifosfamide 

are concentrated most significantly within this fraction90. As the concentration of 

the active isophosphoramide mustard in the erythrocyte fraction declines, there is 

no corresponding increase in chloroethylamine levels, indicating that the decline 

is not due to degradation. Since the rate of decline of this active metabolite is 

faster from the RBCs than from plasma, erythrocyte mediated transport and 

transfer to tissues is plausible. The relevant factor is whether the drug associated 

with a RBC can be released to the capillary endothelium during passage through 
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the capillary. Other models propose that inhibition of protein binding occurs on 

the capillary endothelium, releasing protein bound compounds, e.g. steroid 

hormones, to the tissues91. As a result, tissue levels correspond more closely to the 

protein bound fraction than to the free fraction. This concept is equally important 

with regard to compounds accumulated on erythrocytes. Flow through capillaries 

is intermittent, and RBCs are momentarily held in intimate contact with the 

capillary endothelium, allowing direct exchange between erythrocytes and 

endothelial cells92. Kerbusch further elaborated the affinity of the erythrocyte for 

isophosphoramide mustard in vivo and in vitro93. A time- and concentration 

dependent distribution-equilibrium phenomenon was observed with 

isophosphoramide mustard.  It has been hypothesised that the more hydrophilic 

isophosphoramide mustard, in comparison to the other metabolites of ifosfamide, 

is less capable of penetrating the erythrocyte. Furthermore, isophosphoramide 

mustard is highly ionised and hence does not readily cross membranes. These two 

opposite findings can be explained by the fact that Highley and co-workers did 

not determine 4-hydroxyifosfamide, the direct precursor of isophosphoramide 

mustard. The isophosphoramide mustard as determined by their assay represented 

the sum of free isophosphoramide mustard and 4-hydroxyifosfamide because no 

stabilisation of 4-hydroxyifosfamide was performed. Relatively more 4-

hydroxyifosfamide can reside in the RBCs (58%), and thus more 

isophosphoramide mustard will be formed in this compartment.  

 

Kerbusch et al concluded that pharmacokinetic assessment using only 

plasma sampling can yield direct, accurate and relevant relationships with respect 

to efficacy and toxicity in patients treated with ifosfamide, but erythrocytes may 

have a role in the transfer of the active metabolite to the tissues93.  

Highley et al and Momerency et al found much larger inter individual- 

and sometimes intra individual-variations than Kerbusch et al. This can be 
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associated with different techniques used to isolate erythrocytes; however, recent 

data of in vitro circulation studies with various anti cancer agents indicate an 

influence of gender, smoking, concomitant chemotherapy and concentration of 

the investigated substance itself on the partition of substances between 

erythrocytes and plasma (Dumez et al, submitted). Furthermore, other influences 

which  are capable of changing transporter proteins and fluidity of the 

erythrocytes membrane may play an important role (vide infra). Nevertheless, all 

data of partition studies of ifosfamide indicate an important role for the 

erythrocyte in ifosfamide and metabolite transport. Further studies are required to 

identify patients in whom it is of special interest to follow ifosfamide and/or 

metabolite concentration-time profiles. 

The other well known oxazaphosphorine cyclophosphamide also 

requires hydroxylation by the cytochrome P450 system, with the formation of 

both active and inactive metabolites. 4-hydroxycyclophosphamide is the 

circulating metabolite of major importance, and higher concentrations of this 

compound have been found within the erythrocyte compartment compared with 

plasma94, resulting in partition ratios above 1.0 for this substance in certain  

patients. 
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Paclitaxel 
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Figure 11: Chemical structure of Paclitaxel 

 

Taxanes stimulate tubulin polymerisation and inhibit depolymerisation, 

causing cell cycle arrest in the G2/M phase. Paclitaxel (Taxol) and Docetaxel 

(Taxotere) are the most intensively investigated taxanes thus far. Paclitaxel is 

active in a variety of solid tumours, and has an alpha half-life of 0.29 h and a beta 

half-life of 6.95 h.  It is mainly excreted unchanged in the bile. In the absence of 

Cremophor EL, the vehicle used for intravenous drug administration, both 

distribution and elimination appeared linear, and the blood:plasma concentration 

ratio was 1.07 ± 0.004 (mean ± SD). Exchange between blood cells and plasma 

water is instantaneous, with the steady-state load on cells approximately half the 

total blood concentration95. Cremophor EL plays an important role in the non-

linear disposition of paclitaxel in humans. In vitro there is a clear concentration-

dependent effect of Cremophor EL, resulting in a significant decrease in the 

blood-plasma concentration ratio of paclitaxel. Within an artificial mixture of 

washed erythrocytes and buffer, RBC:buffer concentration ratios of 0.649 ± 0.014 

and 3.70 ± 0.061 have been described in the presence and absence of Cremophor 

EL respectively 95. The apparent contradiction between the low blood:plasma ratio 
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and high accumulation in erythrocytes is due to the compensating effect of plasma 

protein binding. Paclitaxel is approximately 95% bound to plasma proteins 

including albumin and alpha1-acid glycoprotein, dramatically decreasing red 

blood cell uptake. However, the affinity of paclitaxel for Cremophor EL is 

substantially greater than for plasma proteins. Cremophor EL micelles act as the 

principal carrier of paclitaxel in the systemic circulation, and the erythrocytes 

form a secondary transport system in whole blood, becoming more important as 

the Cremophor EL concentration decreases and hence the unbound drug 

concentration increases. Direct drug transport from loaded erythrocytes is still 

hypothetical, but may be of great importance for paclitaxel in cases of the low 

Cremophor EL levels associated with low dose schedules. It should be noted that 

commercial paclitaxel formulations induce stomacytosis and blood viscosity19. 

This may well influence the in vivo behaviour of the taxane itself. 

 

Poikilocytosis of erythrocytes has been described within 24 hours of 

paclitaxel administration, resolving after 48 hours. This change was confirmed in 

vitro using paclitaxel and Cremophor EL separately96. 

 

Docetaxel and other, newer, taxane analogues, require further study to 

characterise their partition. The disposition of Docosahexaenoic acid-paclitaxel, a 

novel taxane, in blood has been reported very recently by Sparreboom et al97. The 

binding of the docasahexaenoic moiety to the paclitaxel analogue has a dramatic 

influence on protein binding, and therefor, on drug distribution including 

partition.   
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Camptothecins 

 

Camptothecins are highly interesting substances in studies of blood 

partition owing to their intriguing chemical characteristics. These topoisomerase I 

inhibitors exist in two forms. The more active lactone is subjected to pH 

dependent hydrolysis to its less active carboxylate. The lactone form binds to the 

lipid bilayers of RBCs, whilst the carboxylate form binds to plasma proteins. The 

binding affinity of the carboxylate form to human serum albumin is an important 

determinant of the marked differences in the lactone to carboxylate ratios of the 

different camptothecins. The group of Loos98,99,100,101 described the 

pharmacokinetic profiles of topotecan and 9-amino-20(S)-camptothecin (9-AC) 

after a bolus infusion in humans. Interestingly the plasma profile of total 9-AC 

(lactone + carboxylate form) revealed a very pronounced secondary peak, with a 

maximum at 2-3 hours after drug administration. This result can be explained by 

the large fraction of 9-AC taken up initially into erythrocytes (25-30%), 

redistributing to plasma water, followed by dissociation of the lactone moiety due 

to the physiologic pH and the presence of serum proteins. Thus, the apparent 

contradiction between the high plasma to blood cell concentration ratio of 9-AC 

total drug and the high initial accumulation of the lactone form into erythrocytes 

is due to a compensating effect of protein binding of the carboxylate form 

following hydrolysis of the lactone function, thereby trapping the drug into the 

plasma compartment. A similar rebound phenomenon has also been described for 

the related compound irinotecan102.  A gender dependency of topotecan was found 

in the plasma compartment. Further topotecan pharmacokinetic analysis was 

performed in whole blood, plasma and RBCs. Significantly slower clearance was 

noted in females compared to males for lactone and total topotecan in plasma, and 

for total drug in RBCs, but not in whole blood. The area under the curve ratios for 
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RBC total to plasma lactone were 2.53 ± 0.064 and 2.13 ± 0.442 in males and 

females, respectively. Topotecan apparently displays preferential affinity for 

RBCs compared to plasma and it is concluded that RBCs  play a principle role in 

the in vivo behaviour of this  camptothecin102. Loos et al developed assays based 

on MESED technology to simultaneously determine camptothecins in RBCs and 

plasma in a routine manner98-100. RBCs can be seen as conditioner cells for 

camptothecins, as they stabilize the lactone ring by preventing its degradation by 

hydrolysis101. This may be further exploited by loading experiments, and the 

subsequent generation of a drug reservoir, as can occur naturally alike 

intoplicine103,104. 
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Figure 12: Chemical structure of Glufosfamide 

 

Glufosfamide (beta-D-glucosylisophosphoramide mustard D-19575) is 

an interesting, powerful, new mustard analogue which shows potentially 

enhanced selectivity for tumours that overexpress transmembrane glucose 

tranporters105. Glufosfamide showed high partition ratios up to 5 (RBC versus 

plasma), which is most likely associated with expression of the glucose 

transportersystem GLUT-1106. 
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E7070 
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Figure 13: Chemical structure of E7070 

 

E7070 is a novel sulfonamide anticancer agent that arrests the G(1)/S 

phase of the cell cycle. Van den Bongard et al reported on RBC and plasma 

protein binding in human blood in vitro using C-14-radiolabeled E7070107. The 

agent has been demonstrated to bind or be taken up to/by RBCs in a concentration 

dependent manner. The plasma protein binding of E7070 was high (90-99%) and 

linear in the concentration range studied. 

E7070 was studied by the same group in cancer patients and an 

excretion balance and pharmacokinetic data have been reported107. Further studies 

of metabolism in patients seem to be required in order to reveal the intrinsic 

impact of RBC on the in vivo behaviour of E7070. The bindings of E7070 in 

vitro107 seem to correlate with postulations made earlier108. It should be noted 

however that anticancer agents are reactive- and sometimes destructive- agents 

per se which may lead to unexpected shifts, which are not possible to predict from 

the equations postulated by Hinderling108. 
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Conclusions and Perspectives 

 

The present review focuses on rheological aspects of blood and the 

uptake and release of cytotoxic drugs by RBCs. The literature available reflects 

the enormous amount of work already being done, including for example the 

pioneering work of Hinderling108 and Ehrenbo109-111. 

 

Besides information given in refs. 108-111, abundant information on 

erythrocytes exploited as a carrier system is now available112, albeit somewhat 

outside the scope of this review. Studies of the relation between RBC and in vitro 

and in vivo behaviour of anticancer drugs has generated several reviews on this 

topic over the past decade by us and others. Several aspects deserve special 

attention with anticancer agents and RBCs : 

 

- Anticancer agents may alter their binding to and uptake by RBCs in 

a concentration dependent manner, caused by RBC changes 

induced by the agent itself at relatively low concentrations. 

- Low partition ratios and minor changes of partition ratios still can  

have a large impact on the clinical outcome, since anticancer agents 

have a low therapeutic index. 

- Minor changes in the molecule, e.g. analogues with better 

pharmaceutical properties, may have dramatic effects on the 

partition of RBC versus plasma. 

- Only scarce data are available on the intrinsic relation between 

RBC concentration of anticancer agents and the tumour 

concentration. 
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As well as these points of interest, the following domains need to be 

exploited further for a better insight into the role of RBCs in anticancer drug 

behaviour: 

 

- The influence of concomitant administration of anticancer and 

other drugs on RBC behaviour and possible rheological 

consequences113-115. 

- RBC membrane transporter activities and factors of influence116-120. 

- Gender and possible species differences. The latter may be of 

particular interest in anticancer drug development121. 

- Development of in vivo preclinical screening models122. In order to 

obtain real estimates for phase I studies in clinical oncology, 

possible species differences need to be highlighted which may 

present unexpected clinical toxicities as encountered frequently in 

anticancer drug development. 

- The proof of absence of a substance in the RBC may also be of 

importance. This may be of interest in anticancer drug development 

over the coming decade.  Further extension of clinical studies is 

now possible since new analytical techniques have become 

available, which are fast, sensitive, selective and routinely 

applicable124. 

 

References  

1 Bessis M.  Red cell shapes: an illustrated classification and its rationales.  Nouv Rev Fr 
Hematol 1972; 12 : 721-746. 

2 Reinhart WH and Chien S. Echinocyte-stomatocyte transformation and shape control of human 
red blood cells: morphological aspects. Am J Hematol 1987; 24: 1-14. 

3 Chabanel A, Reinhart W, Chien S et al. Increased resistance to membrane deformation of 
shape-transformed human red blood cells. Blood  1987; 69(3) : 739-743. 

4 Reinhart WH and Nagy C. Albumin affects erythrocyte aggregation and sedimentation. Eur J 
Clin Inv  1995 ; 25 : 523-528. 

68 



5 Reinhart WH, Singh A and Straub PW. Red blood cell aggregation and sedimentation: the role 
of the cell shape. Br J Haematol 1989; 73 : 551-6. 

6 Reinhart WH, Singh-Marchetti M and Straub PW. The influence of erythrocyte shape on 
suspension viscosities. Eur J Clin Inv 1992; 22 : 38-44. 

7 Betticher DC, Reinhart WH and Geiser J. Effect of RBC shape and deformability on 
pulmonary O2 diffusing capacity and resistance to flow in rabbit lungs. J Appl Physiol  1995; 
78(3) : 778-783. 

8 Reinhart WH and  Chien S. Red cell rheology in stomatocyte-echinocyte transformation: roles 
of cell geometry and cell shape.  Blood  1986; 67(4) : 1110-1118. 

9 Baerlocher GM, Schlappritzi E, Straub PW et al. Erythrocyte deformability has no influence on 
the rate of erythrophagocytosis in vitro by autologous human monocytes/macrophages. Br J 
Haematol 1994; 86 : 629-634. 

10 Reinhart WH, Schlappritzi E and Baerlocher GM. No influence of Echinocytic shape 
transformation of erythrocytes on phagocytosis by autologous monocytes in vitro. Acta 
Haematol  1997; 97 : 132-136. 

11 De Gramont A, Rioux E, Drolet Y et al. Erythrocyte mean corpuscular volume during 
cytotoxic therapy and the risk of secondary leukaemia. Cancer  1985;  55 : 493-495. 

12 Engström KG and Löfvenberg E. Treatment of myeoloproliferative disorders with 
hydroxyurea: effects on red blood cell geometry and deformability. Blood  1998; 91(10) : 
3986-3991. 

13 Sato K, Akaike T, Sawa T et al. Nitric oxide generation from hydroxyurea via Copper-
catalyzed peroxidation and implications for pharmacological actions of hydroxyurea. Jpn J 
Cancer Res  1997; 88 : 1199-1204. 

14 Reinhart WH, Baerlocher GM, Cerny T et al. Ifosfamide-induced stomatocytosis and mesna-
induced echinocytosis: influence on biorheological properties of blood. Eur J Haematol  1999;  
62(4 ) : 223-230. 

15 Baerlocher GM, Beer JH, Owen GRh et al. The anti-neoplastic drug 5-fluorouracil produces 
echinocytosis and affects blood rheology. Br J Haematol  1997; 99 : 426-432. 

16 Arancia G, Molinari A, Crateri P et al. Adriamycin-plasma membrane interaction in human 
erythrocytes. Eur J Cell Biol  1988;  47 : 379-387. 

17 Schrier SL, Zachowski A and Devaux PF. Mechanisms of amphipath-induced stomatocytosis 
in human erythrocytes. Blood  1992; 79(3) : 782-786. 

18 Suwalsky M, Hernandez P, Villena F et al. The anticancer drug Chlorambucil interacts with the 
human erythrocyte membrane and model phospolipid bilayers.  Z  Naturforsch. 1999; 54c : 
1089-1095. 

19 Mark M, Walter R, Meridith DO et al.  Commercial taxane formulations induce stomatocytosis 
and increase blood viscosity.  Brit J Pharmacol 2001 134(6) : 1207-1214. 

20 Reinhart WH and Rohner F. Effect of amiodarone on erythrocyte shape and membrane 
properties. Clin Sci. 1990; 79 : 387-391. 

21 Piasecka A, Koter M, Buczynski A et al. Effect of perindopril therapy on fluidity and potential 
of erythrocyte membrane from individuals with coronary heart disease. Scand J Clin Lab Invest  
1997; 57 : 65-71. 

22 Muller S, Denet S, Candiloros H et al. Action of metfromin on erythrocyte membrane fluidity 
in vitro and in vivo. Eur J Pharmacol  1997 ; 337 : 103-110. 

23 Reinhart WH, Sung LP, Sung KL et al. Impaired echinocytic transforamtion of Ankyrin- and 
Spectrin-deficient erythrocytes in mice. Am J Hematol  1988; 24 : 195-200. 

24 Reinhart WH, Wyss EJ, Arnold D et all. Hereditary spherocytosis associated with protein band 
3 defect in a Swiss kindred. Br J Haematol  1994; 86 : 147-55. 

25 Maillet P, Vallier A, Reinhart WH et al. Ban 3 Chur : a variant associated with band 3-deficient 
hereditary spherocytosis and substitution in a highly conserved position of transmembrane 
segment 11. Br J Haematol  1995; 91 :  804-810. 

69 



26 Delaunay J, Alloisio N and Morle L. Molecular genetics of hereditary spherocytosis. Cell Mol 
Biol  1996; 1 : 49-65.  

27 Eber SW, Gonzalez JM, Lux ML et al. Ankyrin-1 mutations are a major cause of dominant and 
recessive hereditary spherocytosis. Nat Gene  1996; 13 : 214-218. 

28 Jarolim P, Murray JL, Rubin HL et al. Characterization of 13 novel band 3 gene defects in 
hereditary spherocytosis with band 3 deficiency. Blood  1996; 88 : 4366-4374. 

29 Alloisio N, Texier P, Vallier A et al. Modulation of clinical expression and band 3 deficiency 
in hereditary spherocytosis. Blood  1997; 90 : 414-420. 

30 Yawata Y, Kanzaki A, Inoue T et al. Red cell membrane disorders in the Japanese population: 
clincial, biochemical electron microscopic, and genetic studies. Int J Hematol 1994; 60 : 23-38. 

31 Hayette S, Carre G, Bozon M et al. Two distinct truncated variants of ankyrin associated with 
hereditary spherocytosis. Am J Hematol 1998; 58 : 36-41. 

32 Delgiudice EM, Fracese M, Nobili B et al. High frequency of de novo mutations in ankyrin 
gene (ANK1) in children with hereditary spherocytosis. J  Pediatr 1998; 132 : 117-120. 

33 Zolla L, Lupidi G, Marcheggiani M et al. Red blood cells as carriers for delivering of proteins. 
Ann Ist Super Sanità  1991; 27(1) : 97-104. 

34 Flynn G, McHale L and McHale AP. Methotrexate-loaded, photosensitised erythrocytes: a 
photo-activatable carrier/delivery system for use in cancer therapy. Cancer Lett  1994; 82 : 
225-229. 

35 Kravtzoff R, Colombat Ph, Desbois I et al. Tolerance evaluation of L-asparaginase loaded in 
red blood cells. Eur J Clin Pharmacol  1996; 51 : 221-225. 

36 De Flora A, Benatti U, Guida L et al. Encapsulation of Adriamycin in human erythrocytes. 
Proc Natl Acad Sci USA  1986; 83 : 7029-7033. 

37 Driessen O, Highley MS, Harber PG et al. Description of an instrument for separation of red 
cells from plasma, and measurement of red cell volume. Clin Biochem  1994; 227 : 195-196.  

38 Highley MS and de Bruijn EA. Erythrocytes and the transport of drugs and endogenous 
compounds. Pharm Res 1996; 13(2 ): 186-195. 

39 Schrijvers D, Highley M, de Bruijn E et al. Role of red blood cells in pharmacokinetics of 
chemotherapeutic agents. Anticancer Drugs  1999; 10 : 147-53. Ibidem : Clin Pharmacokinet 
2003; 42(9) : 779-791. 

40 Mawatari J, Unei K, Nischimiara S, Sakura N et al. Comparative pharmacokinetics of oral 6-
mercaptopurines and intravenous 6-mercaptopurine riboside in children. Pediatr Int  2001; 43 : 
673-677. 

41 Lennard L, Rees CA, Lilleyman JS et al. Childhood leukaemia : a relationship between 
intracellular 6-mercaptopurine metabolites and neutropenia. Br J Clin Pharmacol 1983; 16(4) : 
359-363. 

42 de Bruijn EA and Tjaden UR. Chromatographic analysis of anticancer drugs. J Chromatograp 
Biomed Appl  1990; 531 : 235-294.  

43 Rostami-Hodjegan A, Lennard L and Lilleyman JS. The accumulation of mercaptopurine 
metabolites in age fractioned red blood cells. Br J Clin Pharmacol  1995; 40 : 217-222.  

44 Welch J, Lennard L, Morton GCA et al. Pharmacokinetics of mercaptopurine : plasma drug 
and red cell metabolite concentrations after an oral dose. Ther Drug Monit 1997; 19 : 382-385. 

45 McLeod, Relling M and Evans W. Genetic polymorphism of thiopurine and its clinical 
relevance for childhood acute lymphoblastic leukaemia. Leukemia 2000; 14 : 576-572.  

46 Bostrom B and Erdmann G. Cellular pharmacology of 6-mercaptopurine in acute 
lymphoblastic leukemia. Am J Pediatr Hematol Oncol 1993; 15 : 80-86. 

47 Kauzenkamp-Jansen CW, De Abren RA, Bokkerink JPM et al. Determination of extracellular 
and intracellular thiopurines and methylthiopurines by high-performance liquid 
chromatography. J Chromatogr B  Biomed Appl  1995; 672 : 53-61.  

48 Ratel RS, Stolaugh JF and Truworthy R. Determination of intracellular levels of 6-
mercaptopurine metabolites in erythrocytes utilizing capillary electrophoresis with laser-
induced fluorescence detection. Anal Biochem  1995 ; 224 : 315-322. 

70 



49 Lennard L, Davies HA and Lilleyman JS. Is 6-thioguanine more appropriate than 6-
mercaptopurine for children with acute lymphoblastic leukaemia ? Br J Cancer 1993; 68(1) : 
186-190. 

50 Lowe ES, Kitchen BJ, Erdmann G et al. Plasma pharmacokinetics and cerebrospinal fluid 
penetration of thioguanine in children with acute lymphoblastic leukaemia : a collaborative 
Pediatric Oncology Branch, NCI, and Children's Cancer Group study. Cancer Chemother 
Pharmacol  2001; 47(3) : 199-205. 

51 Erb N, Harms DO and Janka-Schaub G.  Pharmacokinetics and metabolism of thiopurines in 
children with acute lymphoblastic leukemia receiving 6-thioguanine versus 6-mercaptopurine.  
Cancer Chemother Pharmacol  1998; 42(4) : 266-272.  

52 Lena N, Imbert AM, Brunet P et al. Kinetics of methotrexate and its metabolites in red blood 
cells. Cancer Drug Deliv  1987; 4(2) : 119-127. 

53 Graham ML, Shuster JJ, Kamen BA et al. Red blood cell lymphoblastic leukaemia undergoing 
therapy : a pediatric oncology group pilot study. Cancer Chemother Pharmacol 1992; 31 : 217-
322. 

54 Schmiegelow K, Schroder H, Gustafsson G et al. Risk of relapse in childhood acute 
lymphoblastic leukaemia is related to RBC methotrexate and mercaptopurine metabolites 
during maintenance chemotherapy. J Clin Oncol 1995; 13(2) : 345-351. 

55 Balis FM, Holcenberg JS, Poplack DG et al. Pharmacokinetics and pharmacodynamics of oral 
methotrexate and mercaptopurine in children with lower risk acute lymphoblastic leukaemia : a 
joint children's cancer group and pediatric oncology branch study.Blood  1998; 92 : 3569-3577. 

56 Kristensen K, Nielsen S, Pedersen FK et al. Erythrocyte-methotrexate and disease activity in 
children treated with oral methotrexate for juvenile chronic arthritis. Scand J Rheumatol 2000 ; 
29 : 187-189. 

57 Flynn G, McHale L and McHale AP. Methotrexate-loaded, photosensitized erythrocytes : a 
photo-activatable carrier/delivery system for use in cancer therapy. Cancer Lett  1994 ; 82 : 
225-229. 

58 Dervieux T, Orentas, Lein D, Marcelletti J et al.  HPLC determination of erythrocyte 
methotrexate polyglutamates after low-dose methotrexate therapy in patients with rheumatoid 
arthritis. Clin Chem  2003; 49 : 1632-1641. 

59 Dervieux T, Lein DO, Park G et al. Methotrexate polyglutamate concentrations in red blood 
cells correlate with disease activity and clinical response to methotrexate in rheumatoid 
arthritis.  Arthritis Rheum 2003; 48(9) : 242 Suppl S. 

60 Wacker P, Winick NJ, Shuster JJ et al. Lack of significant correlation between plasma 
methotrexate (MTX), red blood cells (RBC) MTX and RBC folate levels with EFS in children 
with B-precursor ALL.  A Pediatric Oncology Group.  Blood  2001; 98(11) : 475 Part 1.  

61 Synold TW, Newman EM, Carroll M et al. Cellular but not plasma pharmacokinetics of 
lometrexol correlate with the occurrence of cumulative haematological toxicity. Clinical 
Cancer Research 1998; 4 : 2349-2355. 

62 Wattanatorn W, McLeod HL, Macklon F et al. Comparison of 5-fluorouracil pharmacokinetics 
in whole blood, plasma, and red blood cells in patients with colorectal cancer. 
Pharmacotherapy  1997; 17(5) : 881-886. 

63 de Bruijn EA, Remeyer L, Tjaden UR et al. Non-linear pharmacokinetics of 5-fluorouracil as 
described by in vivo behaviour of 5,6 dihydro-5-fluorouracil.  Biochem Pharmacol 1986; 
35(15) : 2461-2465. 

64 Wattanatorn W, Mc Leod HL, Cassidy J et al. High-Performance liquid chromatographic assay 
of 5-fluorouracil in human erythrocytes, plasma and whole blood. J chromatogr B Biomed Appl 
1997; 692 : 233-237. 

65 Keller H and de Bruijn EA. Analysis of F-ura and anabolic metabolites in erythrocytes versus 
plasma by MESED-HPLC. (In press). 

66 Colombo T, Broggini M, Garattini S et al. Differential adriamycin distribution to blood 
components. Eur J Drug Metab Pharmacokinet  1981; 6 : 115-122. 

71 



67 Singal PK and Iliskovic N. Doxorubicin-induced cardiomyopathy. N Engl J Med  1998; 339 : 
900-905. 

68 Czejka MJ, Schüller J, Weiss C et al. Disposition of epirubicin and its aglycon in serum and 
red blood cells after high dose i.v. bolus. Int J Exp Clin Chemother  1992; 5 : 193-198. 

69 Pernkopf I, Tesch G, Dempe K et al. Binding of epirubicin to human plasma protein and 
erythrocytes : interaction with the cytoprotective amifostine. Pharmazie   1996; 51(11) : 897-
901. 

70 Bandak S, Czejka M, Schüller J et al. Pharmacokinetic drug interaction between epirubicin and 
interferon-alfa-2b in serum and red blood cells. Arzneimittelforschung  1995; 45 : 212-215. 

71 Nagasawa K, Kitada N, Tsuji C et al. Distribution of Pirarubicin in human blood. Chem Pharm 
Bull 1992; 40(10) : 2866-2869. 

72 Vermorken JB, van der Vijgh WJF, Klein I et al. Pharmacokinetics of free and total platinum 
species after short-term infusion of cisplatin. Cancer Treatment Reports 1984; 68(3) : 505-513. 

73 Vermorken JB, van der Vijgh WJF, Klein I et al. Pharmacokinetics of free and total platinum 
species after rapid and prolonged infusions of cisplatin. Clin Pharmacol Ther 1986; 39(2) : 
136-144. 

74 Long DF, Patton TF and Repta AJ. Platinum levels in human erythrocytes following 
intravenous administration of cisplatin: importance of erythrocytes as a distribution site for 
platinum species. Biopharm Drug Dispos  1981; 2(2) : 137-146. 

75 van der Vijgh WJF. Clinical pharmacokinetics of carboplatin. Clin Pharmacokinetics  1991; 
21(4) : 242-261. 

76 Elferink F, van der Vijgh WJ, Klein I et al.  Pharmacokinetics of carboplatin after i.v. 
administration. Cancer Treat Rep  1987; 71 : 1231-1237. 

77 Grumblat A, Peytavin G, Vayre P et al. Comparative pharmacokinetics of oxaliplatin after 
intraperitoneal and intravenous administration.  Bull Cancer  1989; 76 : 887-888. 

78 Allain P, Heudi O, Cailleux A et al. Early biotransformations of oxaliplatin after its intravenous 
administration to cancer patients. Drug Metab Dispos  2000; 28 : 1379-1384. 

79 Gamelin E, Bouil AL, Boisdron-Celle M,et al. Cumulative pharmacokinetic study of 
oxaliplatin, administered every three weeks, combined with 5-fluorouracil in colorectal cancer 
patients. Clin Cancer Res  1997; 3 : 891-899. 

80 Massari C, Brienza S, Rotarski M et al.  Pharmacokinetics of oxaliplatin in patients with 
normal versus impaired renal function. Cancer Chemother Pharmacol  2000; 45 :157-164. 

81 Pendyala L and Creaven PJ. In Vitro cytotoxicity, protein binding, red blood cell partitioning, 
and biotransformation of oxaliplatin.  Cancer Research  1993; 53 : 5970-5976. 

82 Wildiers H, Guetens G, de Boeck G, et al. Melphalan availability in hypoxia-inducible factor-
1alpha+/+ and factor-1alpha-/- tumors is independent of tumor vessel density and correlates 
with melphalan erythrocyte transport.  Int J Cancer  2002; 99 :514-519. 

83 Momerency G, Van Cauwenberghe K, Highley MS et al. Partitioning of ifosfamide and its 
metabolites between red blood cells and plasma.  J  Pharm Sci   1996; 85(3) : 262-265. 

84 Rauschecker HF, Foth H, Michaelis HC et al. Kinetics of melphalan leakage during 
hyperthermic isolation perfusion in melanoma of the limb. Cancer Chemother Pharmacol   
1991; 27 : 379-384. 

85 Greig NH, Sweeney DJ and Rapoport SI. Melphalan concentration dependent plasma protein 
binding in healthy humans and rats. Eur J Clin Pharmacol  1987 ; 32(2) :  179-185. 

86 De Boeck G, Van Cauwenberghe K, Eggermont AMM et al. Determination of melphalan and 
hydrolysis products in body fluids by GC-MS.  HRC  1997; 20 : 697-699.  

87 Guetens G, De Boeck G, Wood M et al. Hyphenated techniques in anticancer drug monitoring. 
I. Capillary gas chromatography-mass spectrometry. J Chromatogr A  2002; 976 : 229-238. 

88 Guetens G, De Boeck G, Highley MS et al. Hyphenated techniques in anticancer drug 
monitoring. II. Liquid chromatography-mass spectrometry and capillary electrophoresis-mass 
spectrometry. J Chromatogr  2002; 976 : 239-247. 

72 



89 Daves ID, Allanson JP and Causon RC.  Rapid determination of the anticancer drug melphalan 
(Alkeran ™) in human serum and plasma by automated solid phase extraction and liquid 
chromatography tandem mass spectrometry. Chromatographia 2000;  S92 – S96. 

90 Highley MS, Schrijvers D, van Oosterom AT et al. Activated oxazaphosphorines are 
transported predominantly by erythrocytes.  Ann  Oncol  1997; 8 : 1139-1144. 

91 Pardridge WM and Landaw EM. Testosterone transport in brain : primary role of plasma 
protein-bound hormone. Am J Physiol   1985; 249 : E534-542. 

92 Kooyman DL, Byrne GW, McClellan S et al. In vivo transfer of GPI-linked complement 
restriction factors from erythrocytes to the endothelium. Science  1995; 269 : 89-92. 

93 Kerbusch T, Herben VMM, Jeuken MJJ et al. Distribution between of ifosfamide and 
metabolites between plasma and erythrocytes. Biopharm Drug Dispos  2001; 22(3) : 99-108.  

94 Highley MS, Harper PG, Slee PHThJ et al. Preferential location of circulating activated 
cyclophosphamide within the erythrocyte. Int J Cancer  1996; 65 : 711-712. 

95 Sparreboom A, van Zuylen L, Brouwer E et al. Cremophor EL-mediated alteration of paclitaxel 
distribution in human blood : clinical pharmacokinetic implications. Cancer Research  1999; 
59 : 1454-7. 

96 Shimomura T, Fujiwara H, Ikawa S et al. Effects of taxol on blood cells. The Lancet 1998; 352 
: 541-2. 

97 Sparreboom A, Wolff AC, Verweij J et al.  Disposition of docosahexaenoic acid-paclitaxel, a 
novel taxane, in blood : in vitro and clinical pharmacokinetic studies. Clin Cancer Res 2003; 9 
: 151-159.  

98 Loos WJ, de Bruijn P, Verweij J, et al. Determination of camptothecin analogs in biological 
matrices by high-performance liquid chromatography. Anticancer Drugs   2000; 11(5) : 315-
324. 

99 Loos WJ, van Zomeren DM, Gelderblom H et al.  Determination of topotecan in human whole 
blood and unwashed erythrocytes by high-performance liquid chromatography. J Chromatogr 
B   2002; 766 : 99-105. 

100 de Jong FA, Mathijssen RH, de Bruijn P et al. Determination of irinotecan (CPT-11) and SN-
38 in human whole blood and red blood cells by liquid chromatography with fluorescence 
detection.  J Chromatogr B  2003; 795(2) : 383-388. 

101 Loos WJ, Verweij J, Gelderblom HJ et al. Role of erythrocytes and serum proteins in the 
kinetic profile of total 9-amino-20(S)-camptothecin in humans. In: Loos W, eds. 
Pharmaceutical and biomedical aspects of topoisomerase I inhibitors.  Pp 133-42,  2000. 

102 Mi Z and  Burke TG. Differential interactions of camptothecin lactone and carboxylate forms 
with human blood components.  Biochemistry  1994; 33 : 10325-103536. 

103 Abigerges D, Armand JP, Chabot GG et al.  Phase I and pharmacology study of intoplicine (RP 
60475; NSC 645008), novel topoisomerase I and II inhibitor, in cancer patients. Anticancer 
Drugs  1996; 7 : 166-174. 

104 Rivory LP, Chatelut E, Canal P et al. Kinetics of the in vivo interconversion of the carboxylate 
and lactone forms of irinotecan (CPT-11) and of its metabolite SN-38 in patients. Cancer 
Research  1994; 54 : 6330-6333. 

105 Brock N and Pohl J. Development of oncological therapeutic agents-current state and outlook 
with special regard to the situation in Germany. Arzneimittelforschung  2000; 50(10) : 946-953. 

106 Hanauske A and de Bruijn EA. Partition of glufosphamide versus phosphoramide mustards in 
RBC/plasma of different species. (Submitted for publication). 

107 Van den Bongard HJ, Pluim D, Waardenburg RC et al. In vitro pharmacokinetic study of the 
novel anticancer agent E7070 : red blood cell and plasma protein binding in human blood. 
Anticancer Drugs  2003; 14(6) : 405-410. 

108 Hinderling PH. Red blood cells: a neglected compartment in pharmacokinetics and 
pharmacodynamics. Pharmacol Rev 1997; 49(3) : 279-295, Erratum in : Pharmacol Rev  2000; 
52(3) : 473. 

73 



109 Ehrnebo M and Odar-Cederlof I.  Distribution of pentobarbital and diphenylhydantoin between 
plasma and cells in blood : effect of salicylic acid, temperature and total drug concentration. 
Eur J Clin Pharmacol  1977 ; 11(1) : 37-42. 

110 Ehrnebo M  and Odar-Cederlof I.  Binding of amobarbital, pentobarbital and 
diphenylhydantoin to blood cells and plasma proteins in healthy volunteers and uraemic 
patients. Eur J Clin Pharmacol  1975 ; 8(6) : 445-453.  

111 Ehrnebo M, Influence of drug binding to blood cells on pharmacokinetics. Acta Pharm Suec 
1980; 17(2) : 81-81. 

112 Hamidi M, and Tajerzadeh H. Carrier erythrocytes : An overview.  Drug Deliv 2003; 10(1) : 9-
20. 

113 Reinhart WH and Felix Ch.  Influence of propofol on erythrocyte morphology, blood viscosity 
and platelet function. Clin Hemorheol Microcirc 2003; 29(1) : 33-40.  

114 Wenzel C, Mader RM, Steger GG et al.   Capecitabine treatment results in increased mean 
corpuscular volume of red blood cells in patients with advanced solid malignancies. Anticancer 
Drugs. 2003; 14(2) : 119-123. 

115 Pettersson B, Almer S, Albertioni F et al. Differences between children and adults in thiopurine 
methyltransferase activity and metabolite formation during thiopurine therapy : possible role of 
concomitant methotrexate.  Ther Drug Monit   2002; 24(3) : 351-358. 

116 Klokouzas A, Wu CP, van Veen HW et al. cGMP and glutathione-conjugate transport in 
human erythrocytes. Eur J Biochem   2003; 270(18) : 3696-708.  

117 Fraternale A, Casabianca A, Rossi L et al.  Erythrocytes as carriers of reduced glutathione 
(GSH) in the treatment of retroviral infections. J Antimicrob Chemother  2003; 52(4) : 551-
554. 

118 Afzal I, Cunningham P, Naftalin RJ.  Interactions of ATP, oestradiol, genistein and the anti-
oestrogens, faslodex (ICI 182780) and tamoxifen, with the human erythrocyte glucose 
transporter, GLUT1. Biochem J  2002; 365 : 707-719. 

119 Naftalin RJ, Afzal I, Browning JA et al. Effects of high pressure on glucose transport in the 
human erythrocyte. J Membr Biol  2002; 186(3) : 113-129. 

120 Abou-Seif MA, Rabia A and Nasr M.  Antioxidant status, erythrocyte membrane lipid 
peroxidation and osmotic fragility in malignant lymphoma patients. Clin Chem Lab Med 2000; 
38(8) : 737-742.  

121 Dumez H. et al.  Erythrocyte/plasma partition of anticancer substances in different species. (in 
press). 

122 Ward KW, Proksch JW, Levy MA. et al. Development of an in vivo preclinical screen model to 
estimate absorption and bioavailability of xenobiotics. Drug Metab  Dispos 2001; 29(1) : 82-
88.  

123 Soepenberg O, de Bruijn P, Verweij J. et al.  Liquid chromatographic essays for DE-310, a 
novel camptothecin analog, and two major enzymatic products in human matrices. J 
Chromatogr B 2004; 791(1) : 15-22. 

124 Guetens G, De Boeck G, Highley M, et al. Quantification of the anticancer agent STI-571 in 
erythrocytes and plasma by measurement of sediment technology and liquid chromatography-
tandem mass spectrometry.  J Chromatogr A  2003; 1020(1) : 27-34.  

74 



 

Chapter 3 

The relevance of therapeutic drug monitoring in plasma and 

erythrocytes in anticancer drug treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Status: Clinical Chemistry in Laboratory Medicine, 2004, 42 (11), 1219-1227 



 

Abstract 

 

Therapeutic drug monitoring generally focuses on the plasma 

compartment only. A differentiation between the total plasma concentration and 

the free fraction (plasma water) has been described for a number of limited drugs. 

Besides the plasma compartment, the blood has also a cellular fraction which has 

byfar the largest theoretical surface and volume to cover for drug transport.  

It is with anti-cancer drugs that major progress has been made in the 

study of partition between the largest cellular blood compartment, i.e. 

erythrocytes (RBC), and the plasma compartment. The aim of the present review 

is to detail the progress which has been made in prediction of what the drug does 

with the body, i.e. pharmacodynamics (PD) including toxicity and plasma and/or 

RBC levels monitoring. Furthermore, techniques generally used in anti-cancer 

drug monitoring are highlighted. Data of complex Bayesian statistic approaches 

and population kinetics studies are beyond the scope of this review, since these 

are generally limited to the plasma compartment only. 

 

Keywords: anti-cancer drugs, erythrocyte, measurement of sediment 

Introduction 

 

The pharmacotherapy of cancer has become increasingly important 

during the past 50 years, since the introduction of mustard gas (Yperiet) 

derivatives such as cyclophosphamide (CY) in 1958, and the first anti-metabolites 

such as methotrexate (MTX) and fluorouracil (FUra). To unravel the in-vivo 

behaviour of anticancer agents, it has been necessary to develop sensitive and 

selective methods of analysis. With the introduction of gas chromatography (GC) 
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in the 1960s, the first such routine assays became available for several anticancer 

agents in biofluids, aiding therapeutic drug monitoring (1). The use of liquid 

chromatography (LC) has further facilitated these assays, since derivatization was 

not a prerequisite for introduction into the separation process(es) anymore. 

Moreover, agents which are not compatible with GC systems, owing to their 

thermo-instability and zero tolerance to derivatization, can now be analyzed.  

 

Since the 1980s, a wide variety of assays for various anticancer agents 

have been published, most of them based on GC and LC, ideally coupled to mass 

spectrometry (MS). The introduction of capillary columns, firstly in GC and later 

in LC and capillary electrophoresis (CE), resulted in increased sensitivity and 

selectivity. Moreover, capillary based assays (cLC, cGC, CE and SFC) generally 

appeared to be faster than assays based on packed column technology. Currently, 

the function of column chromatography can be minimized to sample introduction 

if MS-MS is coupled to a short and small (2,1 x 100mm; 3,5 µm particle size) 

column. Retention times of less than one minute can then be obtained (2).  

 

Supercritical fluid chromatography (SFC) (1) and capillary electrophoresis (CE) 

(1) have been introduced almost simultaneously in the analysis of anticancer 

agents. SFC has shown interesting potential in the separation of complex mixtures 

of fluoropyrimidines and a few other anticancer agents. The use of SFC has 

focused on the field of pharmaceutical analysis, as unfortunately the biological 

matrix has proved a barrier to bioanalysis. However CE can be elegantly applied 

to analyse several anticancer agents (vide infra). Hyphenation of CE with tandem 

MS has proved a particularly powerful tool in the analysis of platinum species, 

which are difficult to entrap (1). 
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As well as these impressive developments, automation and fast data  

handling have been a hallmark of anticancer drug monitoring in the past decade. 

The coupling of powerful detection systems such as photodiode-array (PDA), 

fluorescence detection (FD), electron capture detection (ECD), and mass selective 

detection (MSD) with automated sample introduction and separation devices, 

allows simple, sensitive and selective assays at low cost and with short analysis 

times. 

 

Most of the assays are used to monitor anticancer agents in patients, and 

to a lesser extent in laboratory animals. The assays are essential to understand the 

in-vivo behaviour of anticancer agents, including absorption, distribution and 

elimination. Assays capable of co-determining parent compounds and their 

metabolites are valuable in the study of elimination due to metabolism. Several 

factors exist which favour or limit anticancer drug monitoring (Tables 1 & 2). 

 

Table 1: Factors limiting the routine use of therapeutic drug monitoring in 
oncology 
 

Heterogeneity of malignant neoplasms 
Complexity of drug-tumour interactions 
The use of combination pharmacotherapy inducing drug-drug interactions 
Continuous treatment resulting in cumulative (side-) effects 
In vivo instability of anticancer drugs and their metabolites 
Genetic instability of malignant cells during continuous therapy associated 
with changes in sensitivity to certain drugs (receptor down-regulation; 
selection of drug resistant cells) 
Bioactivation at the extratumoural (hepatic) and intratumoural site, when 
products are not trapped in the systemic circulation 
Large variation of blood supply to tumours: from tumour type to tumour 
type but also within a tumour (inter-tumoural and intra-tumoural) 
Late toxicities 

 

 

 78 



 

 

Anticancer drug monitoring is now mandatory in phase I studies, where 

new agents are used for the first time. These studies determine the Maximal 

Tolerated Dose (MTD), and the evaluation of pharmacokinetic parameters is vital. 

The analysis of anticancer agents in regional cancer treatment can determine the 

fraction absorbed by the tumour compared to the fraction circulating systemically. 

This ratio determines the quality of tumour targeting.  

 

This review focuses on the methods of analysis of the most clinically 

used anticancer agents, published between 1990 and 2003. Additional attention 

has been given to analytical methods for agents successfully introduced in the last 

two decades. It therefore chronologically supersedes a previously published paper 

(3). 

 

TDM and clinical oncology 

 

TDM includes both bioanalysis and interpretation of drug concentration 

data in biological matrices. Such data can be used to individualise dosage 

regimens and assess drug activity and toxicity, thereby optimising therapeutic 

efficacy by maximising the anticancer effect with the lowest possible toxicity. 

Numerous supportive medications are generally used in clinical oncology, and 

here too treatment individualization can be guided by TDM. The TDM of 

anticancer agents in the clinic is limited to a few drugs, despite numerous 

favourable factors (Table 2). One notable example is methotrexate (MTX), where 

TDM has been used extensively for many years to control rescue therapy. 

Pharmacokinetic data obtained during the early phase I stage of cancer drug 
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development allow the more rapid definition of optimal doses. At later stages, 

pharmacokinetic data of anticancer agents may facilitate optimal scheduling. 

 

Table 2: Factors indicating therapeutic drug monitoring in clinical oncological 
settings 
 

A heterogenous population of patients : differences between tumour types; 
gender related differences; a wide range of ages; genetic influences on the 
biotransformation of drugs; variations in compliance; co-morbid diseases; 
diet; and concomitant drugs. 
The assessment of systemic availability following non-systemic 
administration. 
The low therapeutic index of cytotoxic agents.  
The complexity of measurement of drug effects, especially in phase I 
studies. 
The identification of therapeutic failure. 
Reduced drug clearance eg in renal or hepatic impairment.  
Drug-drug interactions at the pharmacokinetic level. 

 

The TDM of anticancer agents is of special interest for i) agents with an 

extremely low therapeutic index, i.e. a low LD50/ED50; ii) agents with an 

unpredictable relationship between dose and blood concentration; iii) the study of 

pharmacokinetic-pharmacodynamic (PK-PD) relationships; iv) agents used in 

locoregional treatment modalities, where an estimation of leakage and uptake 

ratios is useful; and v) the assessment of certain long term oral treatments such as 

the recently introduced imatinib (Glivec-Gleevec, ref 2). The final consideration 

is of particular interest for discriminating between altered clearance caused by 

enzyme induction and changes in a therapeutic target (resistance).  

 

The potential applications of TDM and its pitfalls (tables 1 and 2) were 

described extensively in the 1980s and 1990s (1,4-9), but most of the data were 

based on plasma or serum TDM. In the late 1990s it became clear that anticancer 

agents are of special interest because of their partition between plasma or serum 
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and red blood cells (10). Most anticancer agents are able to change their partition, 

generally with changes in concentration or exposure time, on account of their 

reactive character towards blood cells such as erythrocytes. The purpose of this 

review is to i) define the rationale for measuring both red blood cell and serum or 

plasma concentrations during clinical drug development; ii) define criteria 

supporting the use of TDM in individualising therapy and iii) describe cost-

effectiveness with special reference to methods of mass spectrometry.  

 

Dose - blood concentration - (side) effect relationships of anticancer drugs 

 

Pharmacodynamics, the study of drug activity and toxicity, is a function 

of drug concentration and exposure time at the cellular level. In patient tumours, 

tumour heterogeneity is high, and one would expect some tissue areas to show a 

drug response, whilst others lack any response at all. Non-phase-specific 

anticancer agents such as the oxazaphosporines, where cytotoxic activity is 

independent of the cell growth cycle, are traditionally held to exhibit a sigmoidal 

concentration x exposure time versus response curve in drug responsive tumour 

tissue (10). The curves generally have a log-linear component during which 

increasing the drug concentration will yield an increment in response (Fig 1). 

Furthermore, a threshold concentration, or even an antagonistic feature, can be 

distinguished. At extreme concentrations, a theoretical plateau can be seen, above 

which a rising drug concentration cannot generate an additional response. Less 

sensitive tumour tissue areas will exhibit i) a lower gradient in the log-linear 

component of the curve and perhaps a plateau below the 100 % response level; 

and ii) a shift of the log-linear component to higher concentrations, but with the 

same gradient. The latter phenomenon has been observed frequently during in-

vitro experiments when resistance is induced by a step-wise increase in exposure 
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(acquired resistance). Conversely, the absence of a steep dose-response 

relationship in cells within a heterogenic tumour is considered to exist already in-

vivo (intrinsic resistance).  

 

 

Figure 1: Dose or exposure (Cxt) versus effect (%) of tumour cell lines with 
different steepness (a, b, c); a tumour cell line reaching a plateau below 100% (e) 
and non-malignant cells (d), e.g. bone marrow cells. Tumour cell lines with 
induced or intrinsic resistance can shift beyond the curves of non-malignant cells 
(f). Than the agent is judged to be ineffective. 

 

The negative component of the curve can be seen in-vitro when 

exposure is low. This can be explained by the release of growth factors by a small 

number of cells harmed by the cytotoxic agent (11).  

 

Tumour heterogeneity partly explains why the steep portion of the 

concentration-effect curve is difficult to reach clinically throughout the whole 

tumour. The pharmacodynamic curves for the different cells are not necessarily 

superimposed, and some of the tumour cell line curves may reach those of normal 
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tissue, e.g. bone marrow. This ultimately defines the clinical separation of the 

therapeutic from the toxic response for a given agent, and therefore its clinical 

usefulness. When the more sensitive cells have been eradicated, those less 

sensitive will remain, and may be capable of further growth, even when exposed 

to the same agent. This is manifested as clinical resistance, necessitating the 

withdrawal of the pharmacotherapeutic regimen.  

 

Experiments on anticancer drug transport through tumour tissue have 

shown that there will always be parts of the tumour that will be suboptimally 

exposed. Considering figure 1, growth stimulating events may occur in those 

particular parts of the tumour (fig 1, negative component). It is also important to 

appreciate that the curves depicted in figure 1 reflect ideal circumstances, with 

homogeneous solutions of cytotoxic agents. Blood, the mobile tissue which is 

generally involved in drug uptake, transport and release, may well not behave as 

an homogenous system, a viewpoint commonly held until the 1990s. It is 

currently unknown whether high red blood cell / plasma partition ratios favour 

drug release and transport through the vascular endothelial cells into the deeper 

tissues layers. Regardless, in-vivo partitioning studies of various anticancer agents 

indicate the aberrant behaviour of anticancer agents in erythrocytes and other 

blood cells compared to plasma (12). Furthermore, this aberrant behaviour cannot 

be explained using plasma data, indicating that measurement of concentration in 

both plasma and red blood cells is important in TDM. The relationship between 

response rates to anticancer agents and the total dose of drug administered was 

shown almost a quarter of a century ago (13). The dose delivered has frequently 

been lower than the desired dose, often because of excessive toxicity (14). The 

importance of tumour tissue and tumour cell exposure time to anticancer agents 

has been acknowledged both in-vitro (10) and in-vivo (14, 15). In-vivo, the delays 

in drug exposure may well stimulate selective growth of less sensitive populations 
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resulting in clinical chemotherapeutic resistance. Several anticancer agents (e.g. 

the oxazaphosphorines, cyclophosphamide and ifosfamide) need metabolic 

activation to cytotoxic species, which must be maintained at an adequate 

concentration (the threshold concentration) in the blood. For many years the 

axiom that clinical efficacy is directly related to a given total plasma 

concentration has been held. However, the free fraction can be more relevant than 

the total plasma concentration, both in terms of side-effects (16) and therapeutic 

efficacy (17). 

 

Considering partition between different blood fractions (12), one would 

then expect the red blood cells to play a much more important role than 

previously envisaged. Hence, the uptake of cytotoxic species from the free 

fraction by the red blood cell may prevent serious toxicity, and this cellular 

system can function as a buffering and/or reservoir compartment. In the event of 

direct delivery from red blood cells to the endothelial cells of tumour vessels, the 

cellular system could contribute significantly to anticancer drug activity. When 

the loading capacity of blood cells is limited, the saturation of protein binding at a 

given total blood concentration becomes a crucial point in the development of 

toxicity. 
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The relevance of TDM to cancer treatment 

 

Tables 1 & 2 summarise the advantages and disadvantages of the TDM 

of anticancer agents. Most anticancer agents exhibit large variations in in-vivo 

behaviour, including plasma pharmacokinetics. This variability occurs at the 

inter- and intra-patient levels and is influenced by numerous factors (Table 3). 

 

Table 3: Factors influencing the variability of anticancer drug in-vivo behaviour. 

- pharmacogenetics (regulation of drug elimination) 

- body status 

- disease status 

- organ function 

- drug/drug interactions 

- age  

- gender 

- demographic circumstances 

- food 

- blood partition 

 

 

Both metabolism and clearance of unchanged drug (e.g. by the liver and 

kidneys respectively) regulate drug elimination. Over the last decade it has 

become clear that changes in blood partition can cause and also mask variability 

in the in-vivo behaviour of anticancer drugs. Age is an important factor; behaviour 

differs in geriatric vs. adult vs. paediatric patient populations (18). We 

demonstrated in the early 1980s that a 2 to 19 fold difference existed in the 

clearances of cyclophosphamide, methotrexate and 5-fluorouracil when given as 
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the CMF regimen (19). This may be related to the observed drug-drug interactions 

in this regimen (20-23); subsequent studies have demonstrated a substantial 

pharmacokinetic variability of the agents used in CMF, and also of other agents 

(24-28). Intrinsic markers of this variability have not yet been identified. 

However, it is possible that metabonomics will provide important markers in the 

near future, allowing useful dose adjustments. Concentration x exposure time data 

should be the main determinant of systemic exposure, which is often quantified as 

the integrated area under the concentration-vs-time curve (AUC), or the steady-

state plasma or serum concentration (Cpss, where p indicates plasma, or serum). A 

significant consequence of using only plasma or serum is that important 

information is lost in the cellular compartment of the blood. This ‘hidden fraction’ 

is rather unstable with time and can behave independently of plasma (12). 

Therefore the plasma pharmacokinetic variability observed after a fixed dose to 

different patients does not necessarily include the variability in clearance from 

whole blood. The impact of this statement is difficult to assess, as the degree of 

drug delivery directly to tumour and tumour endothelium cells is unknown at 

present. The PK-PD relationships of anticancer agents then become extremely 

complex. Some anticancer agents hardly bind to proteins (e.g. mitomycin C, 

gemcitabine), are moderately bound (eg activated mustard species, CPT-11), or 

exhibit strong binding (e.g. suramin, docetaxel). The loading of red blood cells is 

assumed to occur via the free fraction, but data from the human plasma-RBC 

partitionome (HuPar) project indicate that these cells can be loaded with active 

mustard species without a concomitant increase in the free fraction. This may be 

caused by changes in red blood cell physiology following exposure to the 

cytotoxic itself. In contrast, a sharp increase in the free fraction of suramin does 

not result in the loading of the red blood cell. When total plasma, the free fraction 

and red blood cells all contribute to drug transport and delivery, then all three 

contribute to the activity of the anticancer agent and toxicity.  
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The aim of phase I studies is to determine the maximum tolerated dose 

of anticancer agents. Subsequent trials are required to discriminate tumour 

response. Phase I trials are subject to strict dose escalation protocols, with 

integrated quantity increments based on weight (g) or body surface area (g/m2). 

Qualitative and quantitative toxicity is monitored. It is questionable whether the 

wide variability of exposure in patients within each dose level allows an intrinsic 

determination of toxicities. Moreover, when drug response is more closely related 

to either or both of the free fraction or the cellular fraction of blood concentration 

x time profiles, rather than that of total plasma, significant correlations between 

exposure and response are difficult to detect. Aberrant assumptions concerning 

the anticipated response at a specific dose intensity were reported in the late 

1980s (5, 29). When interpatient pharmacokinetic variability is large and partition 

between plasma proteins, the free fraction and red blood cells is significant, and 

changes with time, as seems typical for several anticancer drugs, patients given 

the same dose will have substantially aberrant plasma systemic exposure (AUC). 

This leads to different responses if there is a relationship between drug-

concentration and response. Therefore, pharmacokinetic studies of cytotoxic 

agents in total plasma, the free fraction and the quantitatively most important 

cellular fraction, the red blood cell, are required. The relationship, between 

changing blood partition with time and anticancer activity and toxicity can then be 

defined. Cancer patients can be considered a special group of patients. Firstly, 

prior therapy may alter the physiology and function of organs such as the 

hemapoietic system and the liver (enzyme induction). Secondly, the duration of 

treatment schedules have increased over the last twenty years. Treatment can 

exceed one year, particularly with agents developed in the last decade, such as 

imatinib, which can induce alterations in its target with time (manuscript in 

preparation). 
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When patients with aberrant in-vivo drug behaviour are subsequently 

treated in phase I trials, plasma (or serum) drug levels might be monitored that 

would be produced by totally different doses in patients with normal partition and 

clearance values. Consequently, the maximum tolerated dose could be shifted 

markedly, as compared to newly diagnosed patients. It is therefore of interest to 

separately correlate maximum tolerated exposure (C x t) of plasma (or serum), the 

free fraction, and red blood cells with pharmacodynamic data. It should be 

emphasized that prior or prolonged treatment does not necessarily result in 

reduced tolerance to anticancer agent toxicity. With long term imatinib treatment, 

for instance, increased tolerance has been demonstrated without significant 

changes in plasma exposure data (manuscript in preparation).  

 

The efficacy of anticancer drug assays 

 

Assay technologies have recently been reviewed by us in a series of 

articles (1, 30, 31). Although the availability of assays has increased considerably, 

the equipment and personnel required to support anticancer drug monitoring is a 

serious limitation to general clinical use.  

 

The development of population pharmacokinetics, limited sampling 

strategies and mass spectrometric techniques have been important contributions 

during the past two decades to anticancer drug monitoring. The first two 

temporised the demand for the overall number of analyses, and the latter 

improved sensitivity, selectivity, speed and simplicity. Liquid chromatography 

combined with (tandem) mass spectrometry currently allows large scale 

bioanalysis at relatively low cost, and has various advantages over other 

techniques since i) labile compounds such as anticancer agents can be monitored 

without derivatization; ii) metabolites and degradation products of anticancer 
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agents can be concomitantly determined; iii) the separation component (LC) of 

the analysis can easily be reduced to less than one minute and then serves only as 

a method of sample introduction; and iv) mass spectrometry can currently be 

performed by a small number of easily trained personnel. 

 

The prices of LC/MS(-MS) systems are at an acceptable level now and, 

compared to the prices of LC systems combined with UV, electrochemical and 

fluorescence detectors the gap has decreased further. Therefore LC/MS(-MS), 

with one or two operators, has become almost a necessity in a laboratory 

associated with a department of clinical oncology. When selecting bioanalytical 

assays, the impact of detecting metabolites and/or degradation products will 

depend on the proportional contribution of such substances to pharmacodynamic 

processes. This information is still too limited with the current strategy of drug 

development, even when the drug is marketed. 

Quantitative analysis of both the free fraction and the red blood cell 

fraction raises special demands. When drug binding to plasma proteins is greater 

than 90% (e.g. suramin, docetaxel), assays are required which are capable of high 

sensitivity and selectivity.  

 

TDM: importance for specific anticancer drugs 

 

Tumour heterogenicity hinders a homogeneic dose response to 

cytotoxics. It also implies an overlap between dose-response relationships in 

various tumour cells within a tumour and that of homogeneic normal tissues such 

as hematopoietic stem cells. It is assumed that most anticancer agents have a 

narrow therapeutic window, but considering heterogeneous tumours, perhaps 
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there is no therapeutic window at all, if therapy is aimed at total eradication of 

tumour tissue (Fig. 1).  

 

In the clinical setting, toxic damage is directed at organ systems with a 

high blood flow and/or rapid cell turnover: hematopoietic, gastrointestinal, 

epithelial, renal, hepatic, neurologic, pulmonary and cardiac systems are possible 

targets (Table 4). The degree and type of toxicity can be modulated by both the 

schedule and mode of administration (Table 4, e.g. podophyllotoxines, refs. 61-

63). When given as a bolus, 5-fluorouracil exhibits dose limiting 

myelosuppression, but as a protracted infusion, it often causes mucositis, 

diarrhoea and the hand foot syndrome. 5’-deoxy-5-fluorouridine, a masked 5-

fluorouracil and metabolite of the new fluoropyrimidine capecitabine, may cause 

serious neurotoxicity. When protracted levels are generated following oral 

administration, it results in gastro-intestinal toxicities (65). These phenomena are 

associated with the saturation of breakdown mechanisms of fluoropyrimidine 

such as dihydropyrimidine dehydrogenase (Table 4).  
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Table 4: Analytical methodology, and pharmacokinetic related toxicities of 
selected anticancer agents. 
 

Agent Assay 
methodology 

Pharmacokinetic 
estimated 
parameter 

Toxicity and/or 
effects 

Ref. 

Amsacrine 
(AMSA) 

HPLC/GC, 
various detectors 

CL Granulocytopenia 1,32 

Cytarabine HPLC/GC,various 
detectors 

intracellular Ara-
CTP 

Complete remission 
(duration) 

33-36 

Etoposide HPLC/GC, 
various detectors 

Css, AUC Leukopenia 37,38 

Fluoropyrimidines 
(fluorouracil, 
doxifluoridine, 
capecitabine) 

HPLC/GC, 
various detectors 

AUC, Cmax, CL 
and Css 

hepatic metastasis, 
retardation, 
leukopenia, 
thrombocyto-penia, 
mucositis, diarrhea, 
anemia, stomatitis, 
neurotoxicity  

39-45, 
65 

Hexamethylene 
bisacetamide 

HPLC/GC, 
various detectors 

AUC, Css, Cmax Neurotoxicity, 
Acidosis  

46 

6-mercaptopurine  HPLC/GC, 
various detectors 

RBC 
intracellular, 6-
TGN 

survival, 
leukopenia,   

47-50 

Methototrexate HPLC, UV and 
fluorescence 
detection 

CL, Css, C48 h relapse/relapse free 
survival, mucositis, 
nephrotoxicity, 
myelosuppression 

51-55 

Platinum 
substances 

HPLC, CE, mass 
spectrometry, 
32P, DNA 
adducts 

AUC, C12/24 h 
free fraction! 

response in ovarian 
cancer 
thrombocytopenia, 
leukopenia 

56-60 

Suramin HPLC, UV-
dection/mass 
spectrometry 

Cmax free 
fraction 

Neurotoxicity 16 

Tenoposide HPLC, various 
detection systems 

CL, Css, AUC Response, mucositis 61-63 

Vincristine HPLC, various 
detection systems 

AUC Neurotoxicity 64 

Abbreviations used are: HPLC : high performance liquid chromatography, GC : 
gas chromatography, UV : ultra violet, 32P : 32P-postlabeling, CL : total plasma 
clearance, Css : steady state plasma concentration, AUC: area under the plasma 
concentration / time curve 
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With increased protein binding, it becomes almost impossible to 

establish a therapeutic window which is devoid of all risk of serious toxicity. 

When protein binding is greater than 90%, the free fraction increases non-linearly 

with the dose, and when it is saturated, a 5% dose increase can result in more than 

a doubling of the concentration in the free fraction, with a significant increase in 

toxicity. Monitoring both total plasma and the free fraction is therefore important 

when protein binding exceeds 90%. Consequently, the need for sensitive and 

selective analytical tools increases. The concomitant administration of two highly 

protein bound agents may also result in unexpected toxicities due to competitive 

binding.  

 

With combination chemotherapy it can be difficult to determine drug-

specific end points. TDM can help to discriminate the over or under dosing of 

chemotherapeutic agents. The pharmacokinetic characterization of cytotoxics 

given as a single agent and subsequently in combination is rather limited. Finding 

an optimal therapeutic window for a given agent is hindered by the lack of 

methods for intrinsic measurements of anti-tumour effect. Reduction of tumour 

volume is not related per se to disease free interval or survival. Several cell 

populations of a heterogenous tumour can be eradicated by an anticancer agent, 

but this may lead to a rapid growth of dormant or insensitive cells. Nonetheless, 

establishing the absence of a correlation between drug exposure data and 

therapeutic effect is clinically useful. During the last three decades some 

encouraging, interesting drug specific PK-PD relationships have been recorded 

and data can easily be recovered from reviews available at internet. However, 

these data are outside the scope of the present review, since RBC data are almost 

not included. As noted previously, the plasma concentration monitoring of 

suramin and MTX is in widespread clinical use. TDM has been a standard of 

practice for the guidance of folinic acid rescue following high-dose methotrexate 
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(hdMTX). TDM markedly reduces the overall incidence of toxic deaths secondary 

to hdMTX from approximately 5% to almost zero.  

 

During suramin treatment, TDM can prevent serious toxicity almost 

completely, but continuous monitoring of the free fraction is important. In 

hdMTX, the indices of systemic exposure are predictive of treatment outcome in 

children with acute lymphoblastic leukemia. A steady-state serum MTX 

concentration of 16 µmol/L is a critical marker of likelihood of relapse. Dose 

individualization by TDM is therefore of great therapeutic importance in high risk 

patients treated with hdMTX.  

 

TDM can also be beneficial in podophyllotoxin therapy. Teniposide is a 

topoisomerase II inhibitor, and is used in the treatment of both pediatric and adult 

patients. A large variability in plasma PK data has been noted, up to ten fold or 

more in some reports. The variability results from intrapatient differences in 

hepatic enzyme function, protein binding, renal function and concomitant 

pharmacotherapy. 

 

Teniposide systemic exposure, as reflected by the Css, is significantly 

higher in responding patients (150 ± 75 mg/L) than in non-responders (60 ± 25 

mg/L), but importantly, is not significantly related to the dose. A window of 

teniposide serum concentration for an oncolytic response with acceptable toxicity 

has been established. Protein binding has an important role in the PD of 

tenoposide and etoposide. Hypoalbuminemia increases the free fraction of the 

podophyllotoxins, in a similar fashion to suramin (vide supra). Conversely, 

hyperproteinema increases the total plasma concentration at which binding is 

saturated, and therefore the free fraction will be relatively low. As a result, 

hyperproteinemia can reduce the therapeutic effect in multiple myeloma. 
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Hyperbilirubinemia also increases the free fraction of etoposide. Bilirubin is 

avidly bound to erythrocytes with, in patients with hyperbilirubinemia, partition 

ratios far above 10 (manuscript in preparation). The high concentration of 

bilirubin in erythrocytes may reduce their capacity to bind etoposide, which 

therefore dissociates in surplus to the free fraction. The monitoring of the free and 

red blood cell fractions may unravel pharmacodynamic relationships, and define 

patients at increased risk of toxicity or underdosing.  

 

Carboplatin systemic exposure data have been shown to have a higher 

predictive value than the population average maximum dose. The degree of 

carboplatin induced thrombocytopenia is directly related to the AUC of the ultra-

filterable (free) fraction of platinum. As with 5’-deoxy-5-fluorouridine (65), the 

extent of prior cytotoxic therapy is an important determinant of toxicity. Thus, the 

correlation between thrombocytopenia, the predominant toxicity, and the extent of 

prior therapy and systemic exposure to carboplatin, clearly dominates that 

between toxicity and absolute dose intensity. Moreover carboplatin systemic 

exposure is related to oncolytic activity in the treatment of ovarian cancer, and 

doses should be adjusted to obtain AUCs between 5 (pretreated) and 7 (non-

pretreated) mg.mL-1.min-1. Dose increments above these levels result in 

unacceptable toxicity. The TDM of carboplatin to estimate optimal carboplatin 

AUC can be performed by limited sampling at two carefully selected time points. 

AUC, prior treatment, and performance status are important independent 

predictors of carboplatin activity in advanced ovarian cancer. Similar to the 

oxazaphosphorines, mercaptopurine is a prodrug subject to extensive 

biotransformation following intense intracellular uptake. The cytotoxic effect is 

dependent on the intracellular presentation of 6-thioguanine nucleotides (6-TGN). 

The relative activities of competing pathways of enzymatic metabolism, i.e. 

anabolism versus catabolism, determine the final clinical outcome. As with 5-
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fluorouracil, the breakdown of mercaptopurine can be reduced owing to a genetic 

deficiency of its catabolic enzymes, thiopurine methyltransferase and xanthine 

oxidase. Individuals with a reduced activity of these enzymes suffer serious 

toxicities similar to patients with dipyrimidine dehydrogenase deficiency exposed 

to 5-fluorouracil (65). Correlations between mercaptopurine dose / plasma AUC 

and toxicities have generally proved insignificant, but remarkably, 6-TGN 

concentrations in erythrocytes are positively and significantly related to 

therapeutic response and toxicity. Mercaptopurine is the first agent for which it 

has been demonstrated that erythrocytes can apparently fulfil a crucial role in in-

vivo drug behaviour. Patients who accumulate relatively high amounts of RBC 6-

TGN appear to be at greater risk of experiencing neutropenic complications. 

Conversely, low erythrocyte 6-TGN concentrations seem to be associated with a 

higher probability of disease relapse. Monitoring RBC 6-TGN levels in 

conjunction with leucocyte counts is therefore considered to be a more rational 

approach to individualizing mercaptopurine treatment.  

Anticancer agents are used increasingly in haemodialysis patients, and 

the TDM of a cisplatin test dose has been advocated in this situation (66). 

 

Concluding remarks  

 

Various antineoplastics meet the criteria supporting TDM as a means of 

optimising therapy. The increased armament of analytical tools, such as MESED 

(MEasurement of SEDiment) for RBC analysis and fast LC-MS/MS systems, 

available today, have greatly facilitated TDM at relatively low cost. The use of 

anticancer TDM depends on the relationship between either plasma, free fraction, 

and in some cases RBC AUCs, and the therapeutic outcome. The identification of 
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optimal levels of cytotoxic agents in all the mobile systems is of crucial 

importance. Red blood cell and free fractions have been neglected for too long. 
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Abstract 

 

Red blood cells (RBC) are susceptible to temporary changes when 

exposed to anticancer drugs. They can induce alterations in the in vivo behaviour 

of substances, including drugs, as they possess by far the largest cell volume and 

surface area when compared to the other cellular components of the blood. We 

have performed in vitro incubations of blood from male and female volunteers 

with gemcitabine and docetaxel alone and in combination, at different 

concentration gradients, in order to investigate changes in partition between RBC, 

total plasma, and the free fraction. After extraction and sample pre-treatment, a 

validated high-performance liquid chromatography method followed by UV-

detection was used to determine the concentrations of both drugs in the different 

blood constituents. The partition ratio (the concentration in the erythrocytes 

divided by the concentration in plasma (E/P)) was calculated. The partition ratio 

of docetaxel varied from 0.02 to 1.44 (mean 0.35), reflecting its relatively low 

affinity for RBC, probably because of its high plasma protein binding (> 98%). 

For gemcitabine the partition ratio varied from 1 to 5, reflecting a high affinity for 

RBC (< 10% plasma protein bound). The partition ratios of both drugs increased 

significantly with higher whole blood concentrations, favouring uptake in the 

erythrocytes when plasma protein binding is saturated. Combination incubations 

showed a complex and unexplained interaction between gender and the influence 

of docetaxel on the partition of gemcitabine. The incorporation of drugs into red 

blood cell pool may be important for transportation to tumour tissue and efficacy. 

 

Key words: RBC, plasma, partition ratio, gemcitabine, docetaxel. 
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Introduction 

 

Docetaxel is a semisynthetic compound prepared by chemical 

manipulation of 10-deacetyl baccatin-III, an inactive precursor isolated form the 

needles of the Taxus baccata. Compared to its analogue paclitaxel, it is a more 

potent promoter of microtubule assembly and inhibition of the depolymerization 

of tubulin [1]. It acts as a mitotic spindle poison by blocking eukaryotic cells in 

the G2/M mitotic phase of the cell cycle, resulting in the inability of the cells to 

divide. DNA damage is observed only secondarily to the activation of apoptosis. 

Docetaxel is a frequently used cytotoxic, with activity in a wide range of 

malignancies including breast, non-small cell lung, head and neck and ovarian 

carcinomas. 

 

Gemcitabine (2’-deoxy-2’,2’-difluorocytidine), a pyrimidine 

antimetabolite, is intracellularly phosphorylated to its mononucleotide by 

deoxycytidine kinase and subsequently by nucleotide kinases to its active 

metabolites, gemcitabine di- and triphosphate. Metabolism to these active 

compounds is limited by a saturable process. Rates of administration exceeding 

this conversion capability lead to gemcitabine wastage, with elimination in the 

urine. The primary circulating metabolite of gemcitabine is the uridine derivative, 

2’-difluoro-2’,2’-deoxyuridine or dFdU, formed by the action of ubiquitous 

cytidine deaminase. This metabolite lacks activity. The cytotoxic action of 

gemcitabine appears to be due to the inhibition of DNA synthesis by the di- and 

triphosphate nucleosides. A strong correlation was found between the extent of 

gemcitabine triphosphate formation, its incorporation into DNA, and the 

inhibition of DNA synthesis. Several self-potentiating mechanisms have been 

described, including inhibition of the enzymes ribonucleotide reductase, deoxy-
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cytidine-monophosphate deaminase, and cytidine triphosphate synthetase, 

enhancing the incorporation of gemcitabine triphosphate into DNA and possibly 

also into RNA [2], [3], [4], [5]. Gemcitabine is active in non-small cell lung 

cancer, bladder cancer, pancreatic carcinoma and other solid tumours.  

 

Anticancer drugs and/or their metabolites are generally reactive 

substances, and are capable of inducing changes in cellular systems. In the case of 

blood cells, changes may even result in altered pharmacokinetics, if the 

compartment affected is sufficiently large. Red blood cells (RBC, i.e. 

erythrocytes) are most susceptible to temporary changes following exposure to 

anticancer drugs. As they have by far the largest cell volume and surface area 

when compared to other cellular components of the blood, they can induce 

alterations in pharmacokinetics [6]. 

 

In a previous phase I study we combined docetaxel with gemcitabine to 

investigate the pharmacokinetics of both agents [7]. The pharmacokinetics of 

docetaxel were consistent with single agent data reported in the literature [8], [9], 

indicating a lack of interference by gemcitabine. In contrast, gemcitabine 

pharmacokinetics changed significantly with the administration of docetaxel 

(table 1). Since self-induction of gemcitabine clearance was excluded, it is likely 

that docetaxel significantly alters gemcitabine distribution. This change in 

distribution may be caused by altered partitioning of gemcitabine between the 

different blood constituents of cells, plasma and plasma water. 
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Table 1: Estimated pharmacokinetic parameters (mean; SD) of Gemcitabine 
 

 

Cmax

(ng/mL)

AUC 

(µg/mL.min) 

t½

(min)

VSS

(L/m²) 

CL 

(mL/min/m²) 

MRT 

(min) 

Group I+II 
D1 (n=11) 

 40472 
 9794 

 1431 
 282 

 29
 14

 36.6 
 12.3 

 827 
 292 

 48 
 28 

D8 
(n=11) 

 53155 
 17503 

 1434 
 608 

 48
 25

 29.8 
 10.1 

 650 
 261 

 61 
 40 

D15* (n=10)  38026
 19711 

 1253
 668 

 138
 69

 76.4  
 65.8 

 806 
 411 

 71 
 23 

Group IIIa 
D1 (n=5) 

 52215 
 13431 

 1153 
 414 

 112
 134

 58.7 
 43.3 

 747 
 187 

 48 
 5 

D8* 
 (n=4) 

 28808 
 2002 

 1485 
 187 

 561
 467

 328.7 
 213.4 

 546 
 75 

 190 
 69 

Group IIIb 
D1 (n=4) 

 42396 
 10620 

 735 
 152 

 36
 47

 45.7 
 16.1 

 1121 
 206 

 68 
 54 

D8 
 (n=4) 

 49824 
 11431 

 439 
 156 

 36
 21

 56.9 
 21.7 

 1298 
 394 

 31 
 25 

Group IV 
D1 (n=3) 

 71823 
 3922 

 1281 
 96 

 42
 1

 31.2 
 1.6 

 784 
 57 

 43 
 22 

D8* 
 (n=3) 

 47689 
 13854 

 812 
 125 

 29
 5

 34.2 
 5.9 

 1103 
 281 

 40 
 28 

*Docetaxel administered before gemcitabine with a 1 hour interval    
D = day 
 

Group I + II:  4-weekly schedule at two dose levels  
gemcitabine 800 mg/m² on days 1, 8 and 15  

 docetaxel 85 or 100 mg/m² on day 15 
Group III: 3-weekly schedule 
 gemcitabine 800 mg/m² on days 1 and 8 
 docetaxel 85 mg/m² on day 8 
Group IV: 3-weekly schedule 
 gemcitabine 1000 mg/m² on days 1 and 8 
 docetaxel 85 mg/m² on day 8  

   

Docetaxel is extensively (> 98 %) bound to plasma proteins. It is 

generally accepted that only the unbound fraction of a drug in plasma partitions 

into RBCs [10], [11]. Considering the protein data, one would expect relatively 

low amounts of docetaxel to be present in erythrocytes, as the protein binding has 
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been reported to be non saturable. Plasma protein binding of gemcitabine is 

negligible (< 10 %), so one would expect relatively high amounts of gemcitabine 

to be present in erythrocytes. Thus far, data of RBC versus plasma partitioning of 

docetaxel and gemcitabine are limited. We have performed in vitro incubations of 

blood from male and female volunteers with gemcitabine and docetaxel alone and 

in combination, at different concentration gradients, to investigate changes in 

partition between RBC, total plasma, and the free fraction. The new measurement 

of sediment (MESED) technology, which is not hindered by limitations generally 

encountered in the quantitative analysis of substances present in/at RBCs, was 

used to isolate 100 µL RBC pellets [12], [13]. 

 

Methodology 

 

Docetaxel mono incubations 

 

The clinical docetaxel formulation in Tween 80 (Taxotere 40 mg/ml; 2 

mg/ml after reconstitution) was supplied by Aventis Pharma. Stock solutions of 

100 µg/ml were made by dissolving 50 µl of the basic solution after reconstitution 

in 950 µl NaCl 0.9%. Working solutions of docetaxel were prepared by serial 

dilutions in NaCl 0.9% from the primary stock solutions to become 10 µg/ml and 

1 µg/ml docetaxel. Spiked plasma and red blood cell samples were prepared by 

the addition of calculated amounts of the working solutions to 100 µl of drug-free 

human plasma and red blood cells, resulting in calibration standards of 20, 50, 

100, 200, 500, 1000, 2000, 5000 and 10 000 ng/ml docetaxel. Pools of quality 

control samples for docetaxel were prepared in human plasma in the 

concentrations of 40, 400 and 10 000 ng/ml, and in whole blood in concentrations 

of 200 and 7500 ng/ml. 
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12 ml of blood was collected from 13 volunteers (7 females, 6 males) 

into EDTA-tubes and divided into 10 eppendorf cups (1 ml/cup). Calculated 

amounts of docetaxel were added to the cups to produce 8 different 

concentrations: 10, 50, 100, 200, 500, 1000, 2000 and 5000 ng/ml. Subsequently 

these aliquots were transferred into MESED-devices, centrifuged twice at 3000g 

and once at 500g to separate plasma and red blood cells, as described by Driessen 

et al [12]. RBC and plasma samples were frozen at –20°C until further analysis.  

 

Gemcitabine mono incubations 

 

Gemcitabine was supplied by Eli Lilly as a lyophilized powder in sterile 

vials containing 200 or 1000 mg of gemcitabine as the hydrochloride salt, 

mannitol and sodium acetate (Gemzar: 40 mg/ml basic solution after 

reconstitution). Stock solutions of 1 mg/ml gemcitabine were made by dissolving 

25 µl of the basic solution after reconstitution in 975 µl NaCl 0.9%, and stock 

solutions of 10 mg/ml were made by dissolving 25 µl of the basic solution in 75 

µl NaCl 0.9%. Working solutions of gemcitabine were prepared by serial 

dilutions in NaCl 0.9% from the primary stock solutions to produce 

concentrations of 100 µg/ml and 10 µg/ml. Spiked plasma and red blood cell 

samples were prepared by the addition of calculated amounts of the stock- and 

working solutions to 100 µl of drug-free human plasma and red blood cells, 

resulting in calibration standards of 200 and 500 ng/ml, and 1, 2, 5, 10, 20, 50, 

100 and 200 µg/ml. Pools of quality control samples were prepared.  

Gemcitabine is metabolised by plasma cytidine deaminase ex vivo, and 

this can be inhibited by tetrahydrouridine (THU). We intentionally did not add 

THU to our volunteer samples since it is possible that THU itself can alter the 

partitioning of gemcitabine between red blood cells and plasma. Furthermore, the 
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metabolite dFdU cannot be eliminated during in vitro experiments, and this 

possibly limits the conversion by a negative feed back mechanism.      

12 ml of blood was collected from 8 volunteers (2 female smokers, 2 

female non-smokers, 2 male smokers, and 2 male non-smokers) into EDTA-tubes 

and divided into 10 eppendorf cups (1 ml/cup). Calculated amounts of 

gemcitabine were added to the cups to produce 5 different concentrations: 500 

ng/ml, and 5, 10, 50 and 100 µg/ml. The duplicate concentration ranges allowed 

1-hour incubations at 37°C in both room air (0.04% CO2) and concentrations of 

20% CO2. This is important, as the physiology of the RBC is influenced in vivo 

by changes in CO2 tension between the systemic and pulmonary circulations. 

Subsequently these aliquots were transferred into MESED-devices and 

centrifuged three times to separate plasma and red blood cells as described by 

Driessen et al [12]. The samples were frozen at –20°C until further analysis.  

 

Combined docetaxel and gemcitabine incubations 

 

12 ml of blood was collected from 8 volunteers (2 female smokers, 2 

female non-smokers, 2 male smokers, and 2 male non-smokers) into EDTA-tubes 

and divided into 12 eppendorf cups. Calculated amounts of docetaxel were added 

to the cups to produce 3 different concentrations: 50 ng/ml, 1 µg/ml and 5 µg/ml. 

After a 2-hour incubation at 37°C, half of the samples at 0.04% CO2 (room air) 

and the other half at 20% CO2, the following concentrations of gemcitabine were 

added: 500 ng/ml, 10 µg/ml and 100 µg/ml. The samples were again incubated for 

1 hour at 37°C at different CO2 concentrations, after which plasma and red blood 

cells were separated by the MESED-device and frozen at –20°C. This procedure 

was repeated with blood from another 8 volunteers, in the reverse sequence of 

incubation: gemcitabine followed by docetaxel.  
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Solid phase extraction and analysis of docetaxel 

 

C-18 columns (Alltech Associates inc., Deerfield, IL, USA) on a 

vacuum manifold were used for the reversed phase extraction of docetaxel after 

conditioning with methanol and distilled water. 900 µl of distilled water was 

added to the100 µl red blood cell samples to obtain lysis, after which the samples 

were centrifuged at 10000 g for 10 minutes to remove cell debris. 100µl of the 

plasma samples was also diluted with 900 µl of distilled water. A saline citrate 

buffer (3 M NaCL, 0.3 M Na citrate, 6 M ureum, pH 7) was added to the samples 

to eliminate the proteins, to which docetaxel is strongly bound.. Before 

centrifugation, 100 µl of pure paclitaxel (reference compound) 10 µg/ml in 

methanol was added to all the samples as an internal standard. Samples were 

introduced into the top of a C18 column, and extraction was performed by 

applying positive pressure with a syringe through the bed to produce a flow rate 

of 1-5 ml/min. Any weakly retained interfering compounds were washed off with 

4 ml of distilled water after which docetaxel and the internal standard paclitaxel 

were slowly eluted with 4 ml methanol. All the samples were evaporated in a 

vacuum centrifuge at 3000 g for 90 minutes. The residue of 100 to 150 µl was 

filtered over a 0,45 µm PVDF HPLC filter (Acrodisc, Waters) and transferred to 

total recovery vials (Waters) for HPLC analysis.    

A modification of the assay published by Loos et al [14] was developed 

and validated to analyse docetaxel in RBCs, plasma and plasma water. The HPLC 

equipment comprised a constaMetric 3200 delivery system (LDC Analytical, a 

subsidiary of Thermo Instruments Systems, Riviera Beach, USA), a Waters 

717plus autosampling device (Milford, MA, USA) and a UV-2000 detector 

(Spectra Physics, Thermo Separation Products, Breda, Netherlands). Separations 

were achieved on a stainless-steel analytical column (250 x 1.0 mm I.D., 5 µm 

particle size) packed with Inertsil ODS-80A material (GL Science, Tokyo, Japan), 
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protected by a Lichrospher 100RP-18 endcapped-guard column (40 x 4.0 mm 

I.D., 5 µm particle size) obtained from Merck (Darmstadt, Germany). The mobile 

phase consisted of 680 ml methanol, 320 ml water and 3 ml phosphoric acid (85 

% orthophosphoric acid), with the pH adjusted to 6.0. The mobile phase was 

degassed by ultrasonication, and delivered at a flow-rate of 1.00 ml/min. The 

column was maintained at 60°C, using a Model SpH99 column oven (Spark 

Holland, Meppel, Netherlands), and the eluent was monitored at a wavelength of 

230 nm. Peak recording and integration was performed with the Chrom-Card data 

analysis system (Fisons, Milan, Italy) connected to an ICW chromatographic 

workstation.  

 

Ratios of docetaxel to the internal standard paclitaxel versus 

concentrations of the standard solutions were used for quantitative computations. 

Calibration curves were fitted by weighted linear regression analysis. These 

curves were linear in the range of 20 to 10 000 ng/ml of docetaxel, with 

regression correlation coefficients of >0.999. The lower limit of quantitation for 

docetaxel was 100 pg (plasma) and 165 pg (red blood cells), and the limit of 

determination 10ng/ml in plasma and 17ng/ml in RBC. Partitioning ratios of the 

concentrations of docetaxel in red blood cells and plasma were calculated for each 

set of samples (RBC/plasma).  
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Analysis of gemcitabine in plasma and RBCs [15], [16] 

 

To extract gemcitabine from the plasma samples, 100 µL of the internal 

standard 2’-deoxycytidine (10 µg/ml) was added to 200 µL of plasma. After 

vortexing, the sample was treated with 6 mL of isopropanol (15 %) in ethyl 

acetate and mixed thoroughly. After centrifugation, the organic phase was 

transferred to another polypropylene tube and evaporated until dry. The residue 

was redissolved in 1 mL of the mobile phase (cfr infra, a 5 x dilution) and filtered 

over a 0.45 µm PVDF HPLC-filter (Acrodisc, Waters Corporation) before HPLC 

injection (20 µl).  

400 µL of distilled water was added to 100 µL of RBCs. After vortexing 

and lysis of the RBCs, 100 µL of the internal standard was added, and the sample 

treated in the same way as described for the plasma extraction. 

A high-performance liquid chromatographic (HPLC) method has been 

used and validated for the determination of gemcitabine and its main circulating 

metabolite dFdU in human plasma and erythrocytes, with 2’-deoxycytidine as the 

internal standard. Separation was achieved on a Chrompack Spherisorb ODS-2 

reversed phase column (25 m x 4.6 mm, 5 µm). The mobile phase was Pic B7 

reagent (Waters Corporation) in 15 % methanol (pH = 3.1) with a flow rate of 1.0 

mL/min. Gemcitabine and 2’-deoxycytidine were detected by UV detection at 270 

nm. The limit of quantitation was about 100 ng/ml for gemcitabine. Within-run 

and between-run precisions were less than 10 %, and average accuracies were 

between 90 and 110 %.  
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Results 

 

The partition ratio (concentration of docetaxel in the erythrocytes 

divided by the concentration in the plasma (E/P)) was calculated for each sample 

in the mono incubations. The partition ratios varied from 0.02 to 1.44 (mean 

0.35), indicating that the RBC has a relatively low affinity for docetaxel. Mean 

partition ratios per concentration are plotted against whole blood concentrations in 

figure 1. Above incubation concentrations of 50 ng/ml, the fraction of docetaxel 

in the erythrocytes increases significantly (on a semi-log scale, p = 0.0003).  

 

 
Figure 1: Mean erythrocyte/plasma concentration ratio (E/P) versus log total 
blood concentration of docetaxel. Linear regression analysis of the relationship is 
described as y = -21,55 + 2,29 x (p:0.0003). 
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A comparison of males and females was performed, and the results are 

presented in figure 2. At the lowest incubation concentrations there was no 

difference in partition ratios of docetaxel between men and women, but at whole 

blood concentrations of 500, 1000 and 2000 ng/ml we detected a significant 

difference with higher partition ratios in women (p < 0.02). No difference was 

detected in the partition ratios of smokers and non-smokers.   

 

 
Figure 2: Mean erythrocyte/plasma concentration ratio (E/P) versus log total 
blood concentration of docetaxel for male (0) and female () patients. Significant 
differences between male and female E/P are indicated by ٭ (p<0.05 ; Student-t-
test, unpaired). 

 

The partition ratio of gemcitabine was calculated for each sample. These 

ratios varied between 1 and 5 in the mono incubations. There was no difference in 
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the partitioning of gemcitabine between the different blood constituents in 

smokers and non-smokers, nor was there any influence of the carbon dioxide 

concentration during incubation. The partition ratio increased significantly with 

higher whole blood concentrations (figure 3, p = 0.038).  

 
Figure 3: Mean erythrocyte/plasma concentration ratio (E/P) versus log total 
blood concentration of gemcitabin. Linear regression analysis of the relationship 
is described as y = -299,98 + 11,61 x (p:0.0380). 

 

 

A comparison of males and females was performed, and the results are 

presented in figure 4. At the lowest incubation concentrations, there was no 

difference in the partition ratios of gemcitabine between men and women, but 

above 10 µg/mL we detected a major gender difference with higher 

concentrations of gemcitabine in the erythrocytes of men versus women (unpaired 

T-test on the whole group: p = 0.00009). 
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Figure 4: Mean erythrocyte/plasma concentration ratio (E/P) versus log total 
blood concentration of gemcitabin for male (0) and female () patients. Significant 
differences between male and female E/P are indicated by ٭ (p<0.05 ; Student-t-
test, unpaired). 
 
 

The partition ratio of dFdU, the main circulating metabolite of 

gemcitabine, varied between 0.52 and 4.83, the same range as the parent drug. 

There was no significant change in these ratios with concentration, gender, CO2 

percentage during incubation or smoking habit. Nor was there any influence of 

docetaxel pre-incubation on the partition of dFdU when considering the whole 

group. Separating gender and docetaxel pre-treatment, we detected more dFdU in 

the female erythrocyte with docetaxel pre-incubation, compared to the reversed 

sequence of incubation (n = 8, p = 0.025, data not shown). 
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In the combination incubations, gemcitabine did not alter the partition 

ratios of docetaxel. The CO2 concentrations did not influence the partitioning of 

docetaxel, nor was there a significant difference between the partition ratios in 

smokers and non-smokers, nor males and females. Comparing the lowest (50 

ng/ml) to the highest (5 µg/ml) incubation concentrations of docetaxel, there was 

a trend to higher partition ratios at the higher concentrations (p = 0.068, data not 

shown), consistent with our findings in the mono incubations.  

In the combination incubations with docetaxel, we were unable to detect 

any influence of docetaxel (including the vehicle polysorbate 80) on the 

partitioning of gemcitabine when comparing the whole sample pool (unpaired T-

test: p = 0.60). By subanalysis of our combination incubations however, we found 

significantly more gemcitabine in male erythrocytes after docetaxel exposure 

versus the inversed sequence of incubation (n = 10; p = 0.02). In women, the 

opposite was apparent; less gemcitabine in the erythrocytes after incubation with 

docetaxel (n=10; p = 0.001).  

 

Discussion 

 

At incubation concentrations above 50 ng/ml, the fraction of docetaxel 

in the erythrocytes increases significantly (on a semi-log scale, p = 0.0003). This 

observation is consistent with the Hinderling equations [17], which state that the 

concentration of a drug in the red cells is proportional to the free fraction of that 

drug. Assuming that the free fraction of docetaxel increases at the highest 

incubation concentrations, when proteins are saturated, we expected an increase in 

the RBC/plasma ratio at the higher concentrations; this did occur, but only 

gradually. The partition ratio increased almost linearly, with rising nominal 

concentrations, without a sudden jump after saturation of protein binding. A 
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possible explanation could be that at our highest test concentration (5 µg/ml), 

which is still in the therapeutic range, the binding to plasma proteins is still not 

completely saturated. This would be in agreement with the observations of Urien 

et al [18], who stated that the binding of docetaxel to alpha1-acid glycoprotein and 

albumin was only saturated at very high docetaxel concentrations, above those 

encountered in vivo, and that binding to gamma-globulins and lipoproteins was 

even unsaturable. They also reported substantial erythrocyte binding of up to 28% 

in a washed erythrocyte experiment, and only 13% in total blood because of 

trapping of docetaxel by plasma proteins [18]. Surprisingly, binding of docetaxel 

to RBC was found to be around 35 % in our study, which is somewhat higher than 

expected, considering its high affinity for plasma proteins. Assuming that the 

MESED device preserves the physiological equilibrium between plasma proteins 

and erythrocytes, there is no obvious explanation for the difference with the 13% 

RBC binding in whole blood described by Urien. Both our study and that of Urien 

et al investigated the blood of healthy volunteers, but even so we cannot exclude 

variations in plasma protein composition, which may be responsible for the wide 

range in the extent of docetaxel binding to RBC (from 2 to 144%).  

 

The partition ratios of gemcitabine varied from 1 to 5 in the mono 

incubations, indicating a high affinity of gemcitabine for the red blood cell, 

probably because of the low plasma protein binding of this drug, assuming that 

only the free fraction can be incorporated in the erythrocytes. The partition ratio 

increased significantly with higher whole blood concentrations (figure 3, p = 

0.038), favouring uptake in the erythrocytes when plasma protein binding is 

saturated [17]. The free fraction will be studied in further experiments to support 

this hypothesis.  
 

 119 



 

The influence of gender cannot be due to the difference in hematocrit 

between men and women, since the concentrations in the red cells were measured 

after separation with the MESED device, providing exactly 100 µl red cells in 

every case. The higher affinity of docetaxel for the female erythrocyte, and of 

gemcitabine for the male one, should be attributed to intrinsic differences between 

the red cells of both sexes. 

 

In the combination incubations, gemcitabine did not alter the partition 

ratios of docetaxel, a finding consistent with the data of our phase I study [7]. 

 

We were unable to detect any influence of docetaxel (including the 

vehicle polysorbate 80) on the partitioning of gemcitabine when comparing the 

whole sample pool (unpaired T-test: p = 0.60). We therefore cannot explain the 

lower gemcitabine plasma concentrations following docetaxel pre-treatment in 

our phase I study [7] (table 1) by an altered partitioning of gemcitabine in the 

distribution phase. By subanalysis of our combination incubations however, we 

found significantly more gemcitabine in male erythrocytes after docetaxel 

exposure versus the inverse sequence of incubation (n = 10; p = 0.02). In women, 

exactly the opposite was apparent; less gemcitabine in the erythrocytes after 

incubation with docetaxel (n=10; p = 0.001).  

In our phase I docetaxel and gemcitabine combination study, the 

decrease in plasma concentration of gemcitabine during the distribution phase 

only reached the level of significance when we compared the gemcitabine 

concentrations of the whole study population before and after docetaxel 

administration (p = 0.012), and when we compared both concentrations in women 

(p = 0.010). In men, the decrease in gemcitabine concentration following 

docetaxel administration was not significant compared to the concentration on day 
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1; it was significant when the gemcitabine mono administration on day 8 (in the 

first study cohort) was included in the analysis.  

In order to further explore the apparent differences between males and 

females, we performed a subanalysis of two cohorts of our phase I study (IIIa + 

IV) with an equal ratio of female versus male. The mean gemcitabine plasma 

concentration in female patients before docetaxel administration was ~ 10 % 

below the mean of male patients. However, pre-treatment with docetaxel 

increased this difference between male and female patient plasma concentrations 

to 33 %. Both differences failed to reach the level of significance. Assuming a 

change of partition between RBC and plasma, the in vivo situation in males can 

be explained by the present in vitro data; following docetaxel administration, 

relatively more gemcitabine is present in the male erythrocytes compared to 

plasma. In females, the opposite holds true. Nevertheless, the data from both 

studies strongly indicate an influence of docetaxel on the RBC handling of 

gemcitabine. It remains to be seen whether concomitant substances in the 

formulation of the taxane (polysorbate 80) are responsible or docetaxel itself [19].  
 

In conclusion, the red blood cell pool contains relatively more docetaxel 

and gemcitabine at higher incubation concentrations. Erythrocytes can play an 

important role in the transport of drugs because of their number and long lifetimes 

(120-140 days). The importance of the cellular uptake of cytotoxic drugs has also 

been recognised with respect to tumour kill. The incorporation of drugs into red 

blood cells may occur by passive diffusion, active transport, or linkage to red 

blood cell surface proteins. They may be transported to tumour tissue and 

mobilised from the erythrocytes by different active or passive transport 

mechanisms. The role of gender differences in the behaviour of erythrocytes with 

respect to both drugs is not yet clear. However, the clinical relevance of these 

findings to treatment outcome remains uncertain, and needs further investigation.      
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Chapter 5 

In vitro partition of irinotecan in human volunteer blood 

 

The influence of concentration, gender and concomitant incubations 
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Abstract 

 

Red blood cells (RBC) are susceptible to temporary changes on 

exposure to anticancer drugs. They can induce alterations in the in vivo behaviour 

of substances, including drugs, as they possess by far the largest cell volume and 

surface area when compared to the other cellular components of the blood. We 

have performed in vitro incubations of blood from male and female volunteers, 

smokers and non-smokers with irinotecan at a gradient of different 

concentrations, in order to investigate changes of partition between RBC, total 

plasma, and the free fraction. Since irinotecan is not metabolised in vitro, there is 

no data available on its active metabolite SN-38. After extraction and sample pre-

treatment, a validated high-performance liquid chromatography method followed 

by fluorescence detection was used to determine the concentration of the drug in 

the different blood constituents. The partition ratio (the concentration in the 

erythrocytes divided by the concentration in plasma (E/P)) was calculated. The 

partition ratio of irinotecan varied from 0.7 to 2.8, reflecting its relatively high 

affinity for the erythrocyte, probably because of its only moderate plasma protein 

binding (65 %). The partition ratios increased significantly with higher whole 

blood concentrations, favouring uptake in the erythrocytes when plasma protein 

binding is saturated. No gender difference was detected, but we found relatively 

more CPT-11 in the erythrocytes of non-smokers compared to smokers. The 

incorporation of drugs into the red blood cell pool may be important for 

transportation to tumour tissue and efficacy. 

 

Key words: RBC, partition, irinotecan, smoking 
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Introduction 

 

Anticancer drugs and/or their metabolites are generally reactive 

substances, and are capable of inducing changes in cellular systems. In the case of 

blood cells, changes may even result in altered pharmacokinetics, if the 

compartment affected is sufficiently large. Red blood cells (RBC, i.e. 

erythrocytes) are most susceptible to temporary changes following exposure to 

anticancer drugs. As they have by far the largest cell volume and surface area 

when compared to other cellular components of the blood, they can induce 

alterations in pharmacokinetics [1].  

Irinotecan (CPT-11) is a semisynthetic water-soluble camptothecin, 

which was developed in an attempt to reduce toxicity, including haemorrhagic 

cystitis, and improve the therapeutic efficacy of the parent compound, the plant 

alkaloid camptothecin (CPT). CPT-11 inhibits topoisomerase I activity through 

the formation of stable topisomerase I-DNA cleavable complexes. It is 

extensively metabolised in the liver, and converted by the enzyme carboxyl 

esterase to 7-ethyl-10-hydroxycamptothecin or SN-38, the cytotoxic activity of 

which is at least 100-fold greater than that of irinotecan in vitro [2]. SN-38 

undergoes glucuronic acid conjugation by hepatic UDP-glucuronyltransferase to 

form the corresponding glucuronide (SN-38G) which is the major elimination 

pathway of SN38. Limited conjugation of SN38 has been recently related to the 

incidence of dose-limiting diarrhoea [3]. The large interpatient variability in CPT-

11 and SN-38 kinetics is likely to be due to extensive interpatient differences in 

the pathways implicated in the metabolism of CPT-11 [4]. Rebound 

concentrations of CPT-11 and SN-38 were frequently observed at about 0.5 to 1 

hour following the end of the i.v. infusion, which is suggestive of enterohepatic 

recycling of the drug and complicates the use of model-dependent 

pharmacokinetic analysis. Regarding SN-38, there is no saturation of CPT-11 
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metabolism within the therapeutic dose range. The population pharmacokinetics 

of both compounds are linear, not influenced by prior exposure to the parent drug, 

and only liver function appears to affect the clearance. The mean urinary 

excretion of CPT-11 represents 17 to 25 % of the administered dose of irinotecan. 

Recovery of SN-38 and its glucuronide in urine is low (1 to 3 %). Cumulative 

biliary excretion is 25 % for irinotecan, 2 % for SN-38G and 1 % for SN-38. 

The AUC of irinotecan and SN-38 correlate significantly with leuco-

neutropenia and sometimes with the intensity of diarrhoea. SN-38 levels achieved 

in humans are about 100-fold lower than the corresponding irinotecan 

concentrations, but these concentrations are potentially important as SN-38 is 

100- 1000-fold more cytotoxic than the parent compound.  

Both CPT-11 and SN-38 are prone to metabolic interconversion 

between an active lactone form and an inactive carboxylate form. This reversible 

process is dependent on the pH and the presence of binding proteins in the 

systemic circulation. Only the lactone form is able to pass cell membranes, 

including those of blood cells [5]. 

CPT-11 has activity in leukemia, lymphoma, and several solid tumours 

such as colorectal, lung, ovarian, cervical, pancreatic, stomach and breast cancer. 

In phase I trials, most responses were observed at the highest dose levels, 

indicating a clear dose-response relationship with this drug [6].  

The plasma protein binding of irinotecan and SN-38 is 65 % and 95 % 

respectively. Since it is generally accepted that only the fraction of drug unbound 

in plasma partitions into RBCs [7], [8], one would expect relatively more CPT-11 

in the erythrocytes compared to SN-38 in vivo. In vitro, no SN-38 is present, 

since the metabolism of irinotecan takes place in the liver and in the 

intestinal wall. Thus far data of RBC versus plasma partitioning of irinotecan are 

limited, so we performed in vitro incubations at different concentration gradients 

in volunteer blood. We also compared these ratios with those obtained during in 
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vivo studies with two different oral formulations of irinotecan (A phase I, dose-

finding clinical pharmacokinetic study of an oral formulation of irinotecan (CPT-

11) administered for five days every three weeks in patients with advanced solid 

tumours, Dumez H, Awada A, Piccart M, et al, Annals of Oncology, submitted ; 

Phase I, pharmacokinetic, food effect, and pharmacogenetic study of oral 

irinotecan given as semi-solid matrix capsules in patients with solid tumors, 

Soepenberg O, Dumez H, Verweij J, et al. Clinical Cancer Research, in press).     

 

Methodology 

 

CPT11 incubations 

Standard reference CPT-11 was kindly provided by Rhône-Poulenc-

Rorer at a concentration of 2 mg/mL. 

Stock solutions of 100 µg/mL were made by dissolving 50 µL of the 

basic solution after reconstitution in 950 µL NaCl 0.9 %, and stock solutions of 1 

µg/mL by dissolving 10 µL of the first stock solution in 990 µL NaCl 0.9 %. 

Spiked plasma and red blood cell samples were prepared by addition of calculated 

amounts of the stock solutions to 100 µL of drug free plasma and red blood cells, 

resulting in calibration standards of 2, 5, 20, 50, 100 and 200 ng/mL irinotecan. 

Pools of quality control samples for CPT-11 (and SN-38) were prepared in human 

plasma and whole blood in the concentrations of 10, 75, 150 and 750 ng/mL.   

12 mL of blood was collected from 8 volunteers (2 female smokers, 2 

female non-smokers, 2 male smokers, and 2 male non-smokers) into EDTA-tubes 

and divided into 12 eppendorf cups. Calculated amounts of CPT-11 were added to 

the cups to produce 5 different concentrations: 5, 50 and 500 ng/mL, and 5 and 50 

µg/mL. After a 1-hour incubation at 37° C, half the samples at 0.04 % CO2 (room 

air) and the other half at 20 % CO2, plasma and red blood cells were separated by 
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the MESED-device [9]. The different CO2 conditions are important, as the 

physiology of the RBC is influenced in vivo by changes in CO2 tension between 

the systemic and pulmonary circulations. All samples were frozen at -20° C until 

further analysis. 

 

Sample pre-treatment and High Performance Liquid Chromatography (HPLC) 

We used a method which was modified from an assay published 

previously [10]. High performance liquid chromatography (HPLC) was used and 

validated for the simultaneous determination of CPT-11 and its metabolite SN-38 

in human plasma and RBC. Camptothecin (CPT) was used as an internal 

standard. As sample pre-treatment, 100 µl of HPLC-grade methanol was added to 

500 µl of plasma together with 100 µl internal standard solution. After vortexing, 

the solution was heated to 40°C for 15 min. An additional 200 µl of 

triethylamininie-acetate buffer was then added to the solution, which was 

centrifuged at 14.000 r.p.m. for 5 min. Finally, the supernatant was filtered over a 

0.2 µm PVDF HPLC-filter and 20 µl was injected into the HPLC system. To 100 

µl of RBC, 400 µl of distilled water and 100 µl internal standard were added. 

After 5 minutes the solution was vortexed, mixed and centrifuged at 14.000 g to 

precipitate the cell debris. The supernatant was treated the same way as described 

for plasma. Separation was achieved on a Waters Symmetry 300 C8 reversed-

phase column (25 cm x 4.6, 5 µm). The mobile phase consisted of 72 % 

triethylamine-acetate buffer (pH 5.2) and 28 % acetonitrile at a flow rate of 1.5 

ml/min. CPT-11 and CPT were detected by fluorescence with excitation and 

emission wavelengths of 369 and 424 nm respectively. SN-38 was detected by 

fluorescence with respective excitation and emission wavelengths of 367 and 534 

nm. The limits of quantitation for CPT-11 and SN-38 were 0.5 and 0.25 ng/ml, 

respectively. Within-run and between-run precisions were less than 10 % and 

average accuracies were between 90 and 110 %. 
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Results 

 

The partition ratios of irinotecan varied between 0.7 and 2.8. The means 

of the partition ratios per incubation concentration were plotted against the mean 

whole blood concentrations (RBC + plasma) as shown in figure 1. In the range 

studied, there was a linear relationship between the fraction of irinotecan in the 

RBCs and the whole blood concentration (p = 0.0034).  

Partition ratios of irinotecan were not different between men and 

women, and the percentage CO2 present during incubation had no effect. 

Surprisingly, we found relatively more CPT-11 in the erythrocytes of non-

smokers, compared to smokers, suggesting a major impact of cigarette smoking 

on the affinity of the red blood cell for irinotecan (figure 2, unpaired T on the 

whole group: p = 0.015).  

 
Figure 1: Mean erythrocyte/plasma concentration ratio (E/P) versus log total 
blood concentration of CPT-11 in human volunteer blood. Linear regression 
analysis of the relationship is described as y = 72,26 + 1,45 x (p:0.0034). 
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Figure 2: Mean erythrocyte/plasma concentration ratio (E/P) versus log total 
blood concentration of CPT-11 for non-smokers (0) and smokers ( ) volunteers. 
Significant differences between male and female E/P are indicated by ٭ (p<0.05 ; 
Student-t-test, unpaired). 
 

 

Discussion 

 

One of the primary goals of measuring drug concentrations is to relate 

the measurement to pharmacologic response and toxicity. However, only unbound 

drug can pass through cell membranes, because protein-bound drugs are usually 

too large. Accordingly, the unbound drug concentration and/or the cellular drug 

levels are more closely related to the activity of the drug than is the total plasma 
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concentration. The camptothecin analogues, including irinotecan, share a pH- and 

protein-dependent reversible conversion between the pharmacologically active 

lactone form and its lactone-ring opened carboxylate form. Since only the active 

lactone form is able to diffuse across cell membranes, red blood cells can play an 

important role in its pharmacokinetic behaviour. Our in vitro experiments aimed 

to determine the partition ratios of irinotecan between RBCs and plasma. Since 

CPT-11 is not metabolised in vitro, there is no data on SN-38.  

The partition ratios of irinotecan vary between 0.7 and 2.8, indicating 

that the RBC has a relatively high affinity for CPT-11. This is compatible with a 

plasma protein binding of 65 % for the parent drug, indicating a relatively large 

free fraction, able to diffuse into the red blood cells [11]. 

In the range studied, there was a linear relationship between the quantity 

of irinotecan in the RBCs and the whole blood concentration (p = 0.0034). This 

phenomenon was also observed during incubation studies with docetaxel and 

Gemcitabine (In vitro partition of docetaxel and Gemcitabine in human volunteer 

blood, Dumez H, Guetens G, De Boeck G, et al. Anti-Cancer Drugs, submitted). 

This concentration dependent rise in partition ratios of irinotecan was not detected 

during our phase I studies with an oral formulation of CPT-11 (A phase I, dose-

finding clinical pharmacokinetic study of an oral formulation of irinotecan (CPT-

11) administered for five days every three weeks in patients with advanced solid 

tumours, Dumez H, Awada A, Piccart M, et al, Annals of Oncology, submitted ; 

Phase I, pharmacokinetic, food effect, and pharmacogenetic study of oral 

irinotecan given as semi-solid matrix capsules in patients with solid tumors, 

Soepenberg O, Dumez H, Verweij J, et al. Clinical Cancer Research, in press ; 

Phase I and Pharmacokinetic study of oral irinotecan given once daily for 5 days 

every 3 weeks in combination with capecitabine in patients with solid tumors, 

Soepenberg O et al, Clinical Cancer Research, submitted, RBC versus plasma 

pharmacologic study of oral irinotecan in a daily-times 5 schedule every 3 weeks, 
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Journal of Clinical Oncology, submitted), because the concentrations reached in 

vivo after oral dosing were much lower than the incubation concentrations in this 

study, which were based on the concentration range seen after intravenous 

administration. If the incubation concentrations above 500 ng/ml are excluded, 

this concentration effect is also lost. 

The red blood cells of smokers only load irinotecan at much higher 

incubation concentrations compared to those of non-smokers. Perhaps arylamines 

in cigarette smoke, and other highly reactive intermediates present in the blood of 

smokers, prevent red blood cells from binding irinotecan [12], [13]. 

In conclusion, the red blood cell pool contains relatively more irinotecan 

compared to plasma, certainly at higher incubation concentrations Erythrocytes 

can play an important role in the transport of drugs because of their number and 

long lifetimes (120-140 days). The importance of the cellular uptake of cytotoxic 

drugs has also been recognised with respect to tumour kill. The incorporation of 

drugs into red blood cells may occur by passive diffusion, active transport, or 

linkage to red blood cell surface proteins. They may be transported to tumour 

tissue and mobilised from the erythrocytes by different active or passive transport 

mechanisms. The higher concentrations of CPT-11 in the erythrocytes of non-

smokers, compared to smokers, could help us understand the poorer response of 

smokers to chemotherapy. However, the clinical relevance of these findings 

however is still unclear and needs further investigation.      
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Abstract 

 

Background: To determine the maximum tolerated dose (MTD) of two 

administration sequences of docetaxel and gemcitabine in cancer patients and to 

describe pharmacokinetics of both drugs.   

Materials and Methods:  Patients were treated in a 4-weekly schedule at 

two dose levels: Gemcitabine 800 mg/m² on days 1, 8 and 15 and docetaxel 85 

mg/m² or 100 mg/m² on day 15 (levels I and II). The protocol was amended to a 

3-weekly schedule, testing gemcitabine 800 mg/m² or  1000 mg/m² on days 1 and 

8, with docetaxel 85 mg/m² on day 8 given initially (dose levels IIIa and IV). At 

the recommended dose, an extra cohort of patients initially received gemcitabine 

(dose level IIIb).   

Results: Eleven patients have been treated with the 4-week schedule. 

29% of cycles were delayed predominantly because of haematological toxicity. 

Four patients developed dose limiting toxicities (DLTs) predominantly 

haematological.  In the 3-week schedule 14 patients were treated. At level IV, 

three of four patients developed DLTs, defining the maximum tolerated dose. 

With the reverse sequence, three patients received a total of 10 cycles. Overall, 

nine partial remissions were observed. 

Conclusion: The recommended dose for phase II studies is gemcitabine 

800mg/m² on days 1 and 8, combined with docetaxel 85mg/m² on day 8, on a 3-

weekly schedule. Gemcitabine distribution is significantly altered upon docetaxel.  
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Introduction 

 

Docetaxel (Taxotere®) and gemcitabine (Gemzar®) exhibit significant 

clinical activity against several tumours. Docetaxel and gemcitabine are attractive 

candidates for combination therapy since they have different mechanisms of 

action and non-overlapping toxicities.  

Docetaxel is a semisynthetic analogue of paclitaxel with greater potency 

in promotion of microtubule assembly and inhibition of the depolymerisation of 

tubulin. It acts as a mitotic spindle poison by blocking eukaryotic cells in the 

G2/M mitotic phase of the cell cycle, resulting in the inability of the cells to 

divide [1]. This contrasts with the action of other spindle poisons in clinical use, 

such as colchicine or vinca alkaloids which inhibit tubulin assembly in 

microtubules [2]. Docetaxel does not act directly on DNA; DNA damage is 

observed only secondarily to the activation of apoptosis.  

Gemcitabine, a deoxycytidine analogue, is phosphorylated to its 

mononucleotide by deoxycytidine kinase and subsequently by nucleotide kinases 

to its active metabolites, gemcitabine di- and triphosphate. The cytotoxic action of 

gemcitabine appears to be due to the inhibition of DNA synthesis by the di- and 

triphosphate nucleosides. First, gemcitabine diphosphate inhibits ribonucleotide 

reductase which is uniquely responsible for catalysing the reactions that generate 

the deoxynucleoside triphosphates for DNA synthesis. Inhibition of this enzyme 

reduces the concentrations of deoxynucleosides in general and that of 

deoxycytidine triphosphate (dCTP) in particular. Second, gemcitabine 

triphosphate competes with deoxycytidine triphosphate for incorporation into 

DNA. A strong correlation exists between the extent of gemcitabine triphosphate 

formation, its incorporation into DNA, and its inhibition of DNA synthesis. A 

small amount of gemcitabine may also be incorporated into RNA. Thus, the 
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reduction of intracellular dCTP concentration potentiates the incorporation of 

gemcitabine triphosphate into DNA. DNA polymerase epsilon is unable to 

remove gemcitabine and repair the growing DNA strands. After gemcitabine is 

incorporated into the DNA, one additional nucleotide is added to the growing 

DNA strands, following which there is essentially a complete inhibition of further 

DNA synthesis, leading to an accumulation in the G0/G1 and S phases, with the 

induction of the programmed cell death process known as apoptosis [3,4]. 

The different effects of docetaxel and gemcitabine on cellular 

metabolism and the cell cycle, together with differences in their metabolic 

clearance, imply that the appropriate sequential administration of the drugs may 

result in the potentiation of both agents. In vitro studies have suggested that 

combining antimetabolites and taxanes in different sequences could turn 

antagonism into synergism, and vice versa. Clinical data on the pharmacokinetic 

and pharmacodynamic drug-drug interactions between docetaxel and gemcitabine 

are limited. The objectives of this study were to determine the maximum tolerated 

dose (MTD), and the recommended dose for subsequent phase II studies of 

docetaxel and gemcitabine given in combination, and to characterise the toxicity 

profile. Furthermore, pharmacokinetic profiles of docetaxel and gemcitabine, 

when given in combination in different schedules and sequences, were studied. 

An additional objective of this study was to relate the pharmacokinetics of both 

drugs to their toxicities.  

 

Materials and methods 

 

Patient Selection 

Patients were considered eligible if they fulfilled the following criteria: 

1) histologically or cytologically confirmed cancer, for which no treatment with 
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greater potential than docetaxel or gemcitabine was available; 2) locally advanced 

or metastatic disease; 3) age >18 years; 4) WHO performance status ≤ 2; 5) 

estimated life expectancy ≥ 12 weeks; 6) adequate bone marrow function 

(absolute neutrophil count ≥ 2.0 x 109 cells/L, platelet count ≥ 100 x 109 cells /L); 

7) normal renal function (creatinine ≤ upper normal limit (=UNL), or creatinine 

clearance ≥ 60 mL/min); 8) adequate liver function (total bilirubin ≤ 1 x UNL, 

alanine transaminase and aspartate transaminase ≤ 2 x UNL, alkaline 

phosphatases ≤ 5 x UNL); 9) no radiation therapy for at least four weeks (eight 

weeks in the case of extensive prior therapy); for the 4-week schedule, no more 

than two prior chemotherapy treatments for advanced disease, at least four weeks 

previously (six weeks for nitrosureas, mitomycin C and carboplatin, eight weeks 

if concomitant use of G-CSF or GM-CSF was necessary); for the 3-week 

schedule, no more than one prior chemotherapy treatment for advanced disease, 

which must NOT have included mitomycin C, carboplatin or high dose therapy; 

10) written informed consent according to institutional guidelines. 

Exclusion criteria included the following: 1) haematological 

malignancies; 2) symptomatic brain metastases or leptomeningeal involvement; 

3) peripheral neuropathy ≥ grade 2 according to NCI common toxicity criteria 

(CTC version 1); 4) pre-existing ascites and/or pleural effusions; 5) prior taxoids, 

gemcitabine or other nucleoside analogues. 

All eligible patients who received at least one full cycle were considered 

evaluable for safety. Those exposed to at least two courses of treatment were 

considered evaluable for response to chemotherapy. Patients removed from the 

study on account of progressive disease, prior to completing two cycles, were also 

considered evaluable with an outcome of early progression. 
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Study Design  

This was a phase I study of docetaxel combined with gemcitabine in 

patients with advanced or metastatic solid tumours. Two treatment schedules and 

administration sequences were studied.  

When used in a binary combination, gemcitabine is commonly 

administered as weekly treatment for three weeks followed by one week of rest, 

whilst the partner drug is usually given simultaneously either on day 1, 8 or 15. 

As the neutrophil nadir of docetaxel is on day 8, we anticipated that if the two 

compounds were to be given on day 1 or day 8, it may not be possible to 

administer gemcitabine on day 8 or day 15 respectively. Docetaxel was therefore 

given on day 15 in the 4-week schedule, with gemcitabine on day 1, 8 and 15. The 

cycles were repeated every 4 weeks in the absence of tumour progression or 

serious toxicities. In the 3-week schedule gemcitabine was given on days 1 and 8, 

with docetaxel on day 8 before gemcitabine and the reverse sequence (docetaxel 1 

hour after gemcitabine) was also tested at the recommended dose for phase II 

studies. At least four evaluable patients were scheduled at each dose-level, and six 

at the maximum tolerable dose (MTD) and at the recommended dose for phase II 

trials. If one out of four patients at one dose-level developed a dose limiting 

toxicity (DLT), it was planned to enter two more patients at the same dose level. 

A level was considered to be the MTD if at least two out of four patients, or four 

out of six patients had experienced the same DLT in the first cycle. The dose level 

preceding the MTD was recommended as the dose for phase II trials.  

 

Drugs 

Docetaxel (provided by Aventis Pharma) was supplied as a Taxotere® 

80 mg vial containing 2 mL of a 40 mg/mL solution of docetaxel in polysorbate 

80 and a Solvent for Taxotere® 80 mg vial containing 6 mL of solvent. The 

required premix solution containing 10 mg/mL docetaxel was injected into a 250 

 144 



 

mL infusion bag (either 5% glucose solution or 0.9% sodium chloride solution) 

and administered as a one hour IV infusion. All patients received prophylactic 

premedication with oral corticosteroids for three days starting the evening before 

the docetaxel administration (dexamethasone PO 8mg bid or equivalent). No 

further prophylactic antiemetics were given in the first cycle. In subsequent 

cycles, 5 HT3 antagonists were administered if required.  

Gemcitabine (Gemzar®, provided by Eli-Lilly Company) was supplied 

as a lyophilised powder in sterile vials containing 200 or 1000 mg of gemcitabine 

as the hydrochloride salt, mannitol and sodium acetate. Gemcitabine was 

administered in 250 mL of 0.9% NaCl as a 30-minute IV infusion, starting one 

hour after the end of the docetaxel infusion. 

At the end of the study a cohort of patients was treated with docetaxel 

given after gemcitabine, again with a one our interval between drug 

administrations. 

 

Safety and Toxicity Evaluation 

To evaluate clinical safety, haematology (haemoglobin, platelets, WBC 

and neutrophils), biochemistry (serum creatinine, alkaline phosphatase, ASAT, 

ALAT, total bilirubin, LDH and γGT), and urinalysis were performed before 

study entry, weekly during therapy, (twice weekly for haematology), and four 

weekly thereafter. A baseline ECG, chest X-ray and radiological assessment of 

tumour lesions were also performed. The ECG and chest X-ray were repeated 

every full cycle, with tumour evaluation every two cycles.  

The toxicity for each cycle and the worst toxicity for a given patient was 

recorded and graded according to the National Cancer Institute Common Toxicity 

Criteria version 1 [5]. A dose limiting toxicity (DLT) was defined as follows: 1) 

febrile neutropenia; 2) grade 4 neutropenia lasting more than seven days; 3) grade 

4 thrombocytopenia; or 4) any grade >3 neurosensory- , neuromotor- , renal or 

 145 



 

hepatic toxicity. Haematological toxicity during the first cycle was evaluated as 

the percentage decrease in neutrophils, white blood cells or platelets, using the 

following equation: percentage decrease = (pretreatment value – value of the 

nadir)/pretreatment value x 100%.  

Both haematological and non-haematological patient characteristics 

were correlated with the pharmacokinetic parameters of both gemcitabine and 

docetaxel by stepwise multiple linear regression: the procedures used were similar 

to those previously published for gemcitabine and paclitaxel pharmacokinetic 

(PK) and pharmacodynamic (PD) interactions [6].  

Patient data were analysed for evidence of cumulative toxicity with 

repeated cycles of therapy. Dose modifications were made according to toxicity 

and followed a prescribed reduction to the previous dose level. In case of toxicity 

at the lowest dose level appropriate dose reductions were to be discussed between 

the investigators and the sponsor.  

 

Efficacy 

Assessment of antitumour activity was performed every two courses and 

response was classified according to WHO criteria [5,7].  

 

Docetaxel and Gemcitabine Pharmacokinetics 

During the first treatment cycle blood samples for analysis of docetaxel 

and gemcitabine were drawn at the following time points: on day 1 and 8 in the 4-

week schedule and on day 1 in the 3-week schedule at 0 min (before gemcitabine 

infusion), 30 min (end of gemcitabine infusion), 1h30 and 2h. The sampling times 

on day 15 in the 4-week schedule and on day 8 in the 3-week schedule were: 0 

min (before docetaxel infusion), 30 min, 60 min (end of docetaxel infusion), 

1h30, 2h, 2h30 (end of gemcitabine infusion), 3h30, 4h, 8h, 12h, between 16-24h, 

48h. In the reversed sequence on day 8 in the 3-week schedule the sampling 
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points were: 0 min (before gemcitabine infusion), 30 min (end of gemcitabine 

infusion), 1 h 30 (before docetaxel infusion), 2h, 2h30 (end of docetaxel 

infusion), 3h, 3h30, 4h, 8h, 12h, between 16-24h, 48h. Blood was collected in 

heparinised tubes and plasma was separated from blood cells by centrifugation 

(3000 G for 10 minutes at 4°C) and stored at -20°C until analysis.  

Plasma concentrations of docetaxel were assayed by  high-performance 

liquid chromatography with a lower limit of quantitation of 5 ng/mL [8]. 

The docetaxel concentration-time data were analysed for basic 

parameters using noncompartmental methods: area under the concentration-time 

curve (AUC) extrapolated from time 0 to infinity (AUC0-∞), maximum drug 

concentration (Cmax), and time to maximum concentration (tmax). Subsequently, 

the data were fitted to a three-compartment model, using model 19 in the 

WinNonlin Standard Version 1.1. personal computer package (Scientific 

Consulting, Inc., Apex, NC). The rate constants , K21, K31, and lambda1-3 were 

determined by WinNonlin. From the computer-generated estimates, values for 

total clearance (Cl), volume of distribution at the steady-state (VSS), and the 

triphasic plasma half-lives ( λ1, λ2 and λ3) were calculated according to standard 

equations. The AUC0-∞ was determined using the linear trapezoidal rule. The 

mean residence time (MRT) and area under the moment curve (AUMC) were 

analysed by moment analysis [9]. 

To determine gemcitabine and the inactive metabolite 2’,2’-difluoro-2’-

deoxyuridine (dFdU), 150 µL of plasma was extracted as described previously 

and analysed by reverse-phase high-performance liquid chromatography (HPLC). 

The limit of quantitation was 10 ng/ml.   

Linear regression analysis of the terminal parts of the gemcitabine 

plasma concentration-time curves was performed to generate elimination half-

lives (t½λz). AUC and Cl were calculated by non-compartmental analysis; λz was 
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used to extrapolate the AUC to infinity. The MRT and Vss were determined by 

moment analysis.    

To further assess gemcitabine disposition, comparisons were made 

between all concentrations at 30, 90 and 120 min in all treatment groups, using 

the Friedmann two-way analysis of variance test. An analysis of both docetaxel 

and gemcitabine pharmacokinetics in the various treatment groups was performed 

using one-way analysis of variance (ANOVA) with Scheffé’s procedure for 

mutliple comparisons. Statistical significance was determined at the 5% level.  

 

Results 

 

Patient Characteristics 

A total of 26 patients entered the study at two institutions. Patient 

characteristics are given in table 1. One patient was withdrawn during the first 

cycle due to a grade 3 infection (remote relationship to gemcitabine) and did not 

receive docetaxel; the patient was not included in the analysis of the treated 

population. Of the 25 treated patients, 11 and 14 were treated in the 4-week 

schedule and 3-week schedule respectively. One patient receiving the 4-week 

schedule was not eligible because of impaired renal function, and two further 

patients were not evaluable for response because they received fewer than two 

cycles and were not withdrawn due to progressive disease. In the 3-week 

schedule, one patient had a symptomatic neuropathy grade ≥ 2 and was not 

eligible. It must be emphasised that for reasons of toxicity five patients did not 

receive the minimum planned dose on their first cycle: two patients at dose level I 

of the 4-week schedule, two patients at dose level I of the 3-week schedule, and 

one patient in the reverse sequence level of the 3-week schedule. However these 

patients were included in the analysis.  
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Table 1: Patient characteristics 

 4-week 

schedule 

3-week 

schedule 

No. entered/evaluable 
Male/female 
Median age – yrs. (range) 
Median WHO PS (range) 
Tumour types: 
 adenocarcinoma 
 malignant melanoma 
 NSCLC 
 Squamous cell carcinoma 
 Sarcoma 
 Renal cell carcinoma 
 Other 
Prior therapy: 
 surgery only 
 chemotherapy 
 radiation therapy 
 hormonotherapy 

11/8 
9/2 

60 (40 – 69) 
1 (0 – 2) 

 
4 
2 
2 
0 
1 
0 
2 
 

0 
10 
3 
1 

14/13 
7/7 

55 (21 – 75) 
1 (0 – 1) 

 
2 
1 
1 
3 
1 
3 
3 
 

2 
10 
6 
2 

 

 

The following dose levels were studied: gemcitabine 800 mg/m² on days 

1, 8, 15 with docetaxel  85 mg/m²  on day 15 (level I), or docetaxel  100 mg/m²  

on day 15 (level II), with cycles repeated every 4 weeks, and gemcitabine 800 

mg/m² (level IIIa) or 1000 mg/m² (level IV) on days 1 and 8, with docetaxel  85 

mg/m²  on day 8, with cycles repeated every 3 weeks. At the recommended dose 

for the 3 week schedule, the sequence of gemcitabine and docetaxel 

administration on the day they were both given was reversed (level IIIb). 
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Toxicity 

Table 2 summarises the worst haematological toxicities by dose level. 

The non-haematological toxicities are shown in table 3.  

 

Table 2: Worst haematological toxicities by dose level 

DOSE LEVEL No. 
Pts 

WBC 
 3* 4 

ANC 
 3 4 

HB 
 3 4 

PLT 
 3 4 

4-week schedule 
I:  D85 G800 
II: D100 G800 

 
10 
1 

 
 4 2 
 0 1 

              
 2 4 
 0 1 

 
 1 2 
 0 1 

 
 1 2 
0 0 

3-week schedule 
IIIa:  D85 G800 
IIIb: reversed seq. 
IV: D85 G1000 

 
6 
4 
4 

 
 4 2 
 5 2 
 1 2 

 
 2 4 
 3 3 
 0 3 

 
 1 0 
 2 0 
 0 0 

 
 1 1 
 0 0 
1 0 

* NCI-CTC grades 3 & 4 
Abbreviations: WBC: white blood cells; ANC: absolute neutrophil count; HB: 
haemoglobin; PLT: platelets 
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Table 3: Worst non-haematological toxicities 

 4 week 

schedule 

3 week schedule 

 Level I+II* Level III  

 d8: D+G d8: G+D

Level IV 

 N= 11 pts N = 6 pts N = 4 pts N = 4 pts 

NCI – CTC grade  2 3 4  2 3 4  2 3 4  2 3 4 

Diarrhoea 
Fatigue 
Febrile neutropenia 
Fever 
Hypotension 
Infection 
Myalgia 
Nausea 
Neuropathy (sensory) 
Oedema 
Pulmonary 
Skin 
Stomatitis 
Thrombosis 
Weight gain 

 1 0 0 
 5 1* 0 
 0 1 0 
 3* 1 0 
 0 0 1 
 0 1 1 
 2* 0 0 
 1* 0 0 
 0 0 0 
 3 1* 0 
 0 2 1* 
 1 1 0 
 1 1 0 
 0 1 0 
 1 0 0 

 1 0 1 
 3 1 0 
 0 1 0 
 2 0 0 
 0 0 0 
 1 1 0 
 1 0 0 
 3 0 0 
 1 1 0 
 1 0 0 
 0 1 0 
 2 0 0 
 0 0 0 
 0 0 0 
 0 1 0 

 0 1 0 
 0 0 0 
 0 0 0 
 1 1 0 
 0 0 0 
 1 1 0 
 0 0 0 
 0 0 0 
 0 0 0 
 0 0 0 
 0 0 0 
 0 0 0 
 0 1 1 
 0 0 0 
 0 0 0 

 1 1 0 
 1 2 0 
 0 3 0 
 3 0 0 
 0 0 0 
 1 0 0 
 1 1 0 
 2 0 0 
 2 0 0 
 1 1 0 
 1 0 0 
 2 0 0 
 3 0 0 
 0 1 0 
 0 0 0 

 

 

A total of 34 cycles were given with the 4-week schedule: 33 cycles at 

level I, of which 7 under the lowest initially scheduled dose per protocol, and 1 

cycle at level II. Overall, six patients (55 %) had at least one cycle delayed (29 % 

of the cycles), three patients required a dose reduction of docetaxel, and one 

patient a dose reduction of gemcitabine.  

Using the 3-week schedule, a total of 47 cycles were given: 25 at level 

IIIa (docetaxel followed by gemcitabine), of which five under the lowest initially 

scheduled dose, and 10 utilising the reversed sequence at level IIIb (gemcitabine 
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followed by docetaxel). Seven out of these ten cycles were administered under the 

lowest initially scheduled dose. Twelve cycles were given at level IV of which six 

under the lowest initially scheduled dose. Overall, nine patients (64 %) had at 

least one cycle delayed (40 % of the cycles): 5/6 patients at level IIIa, 2/4 patients 

in the reversed sequence at level IIIb, and 2/4 patients in level IV. Seven patients 

required a dose reduction of docetaxel (six at level IIIa and one at level IIIb), and 

eight patients a dose reduction of gemcitabine (six at level III and two at level 

IV).   

Initially none of the patients at the 4-weekly regimen experienced DLT 

in the first cycle at the first dose level. For this reason, the dose was escalated as 

per protocol. However, the first patient at the second dose level immediately 

developed grade 4 haematological as well as non-haematological toxicities after 

the first cycle. Meanwhile data from patients on subsequent courses at dose level I 

exhibited considerable toxicity, including four DLTs in cycle 2. This required 

dose reductions and dose delays, resulting in a considerable drop in the dose 

intensity achieved. Therefore no further patients were entered at level II, but 

additional patients were enrolled at level I, up to a total of 10. The pattern and 

severity of toxicity appeared consistent, leading to the conclusion that the 4-

weekly regimen was too toxic for appropriate dosing. 

There was no evidence for any specific reproducible cumulative 

toxicity, but the decrease in dose intensity suggested overall cumulative toxicity.  

According to the protocol definition of DLT, four patients at dose level I 

had one or more DLTs. The first patient (one of the underdosed patients) had a 

febrile neutropenia and grade 4 thrombocytopenia, the second patient developed 

grade 4 neutropenia for eight days, the third patient had grade 4 thrombocytopenia 

and infection, and the fourth patient had a grade 3 infection. In addition, severe 

grade 3 non-haematological side effects not qualifying for DLT were seen (table 
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3). Gemcitabine could be responsible for the observed pulmonary toxicity  in 

three of these patients.            

At level IIIa (docetaxel followed by gemcitabine, with docetaxel given 

on day 8) four of six patients experienced a DLT: a grade 3 infection (plus grade 4 

diarrhoea), two grade 4 neutropenias lasting more than seven days, and a febrile 

neutropenia in combination with grade 4 thrombocytopenia and grade 3 

neuropathy. However, this level was not considered MTD, because these patients 

did not develop the same DLT. At dose level IV, three of four patients 

experienced the same DLT (febrile neutropenia), so the MTD was reached 

according to the protocol. In the extra cohort of patients treated at level IIIb with 

the reverse sequence of gemcitabine followed by docetaxel on day 8, only one 

patient had a DLT (grade 3 infection plus grade 4 stomatitis), as defined by 

protocol, but again severe grade 3 non-haematological toxicities of stomatitis and 

diarrhoea were seen. 

In both schedules, one patient experienced a thrombosis. Except for the 

oedema and the peripheral sensory neuropathy, there was no further evidence for 

cumulative toxicity.   

 

Antitumour Activity 

Three objective partial responses were observed in the 4-week schedule: 

two patients with adenocarcinoma of unknown origin (1 at level II), and one with 

bladder cancer.   

Using the 3-week schedule, six objective responses were recorded: five 

partial remissions, one each in patients with prostate cancer, squamous cell head 

and neck cancer, renal cell cancer, bladder cancer and breast cancer, and one 

complete remission in a patient with ovarian cancer. Overall, there were 9 

objective remissions in 21 patients evaluable for response. 
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Docetaxel Pharmacokinetics 

Complete plasma sampling for docetaxel analysis was obtained in 23 

patients. The shapes of the plasma concentration-time curves were comparable to 

those following single agent administration in previously published reports [10]. 

The major estimated pharmacokinetic parameters of docetaxel for the three main 

groups are listed in table 4. Group IIIa and IV are combined, since the dose of 

docetaxel and sequence of drug administrations were similar. Mean clearances 

were comparable between the groups, and varied between 218 and 258 

mL/min/m². The mean MRT of docetaxel ranged between 233 and 289 min,  and 

t½λ2 between 255 and 259 min, in accordance with data in the literature. Overall, 

no differences in docetaxel pharmacokinetics between the three groups were 

identified (table 4). In group IIIb, the gemcitabine infusion started 90 min before 

the start of docetaxel administration. The estimated parameters of this group were 

not significantly different from those of groups I, IIIa and IV, and therefore an 

early effect of gemcitabine on docetaxel pharmacokinetics was not demonstrated. 

Furthermore, it can also be assumed that pre-treatment with gemcitabine with a 

time interval of 8 days does not lead to a significant change of docetaxel 

pharmacokinetics.  

 

Table 4: Estimated pharmacokinetic parameters (mean; SD) of docetaxel groups 
I, IIIa + IV and IIIb 
 AUC 

(ng/mL. 
min) 

t½  
(min) 

Vss  
(L/m²) 

CL 
(mL/min/m²

) 

MRT 
(min) 

Group I 
(n=10) 

368245 
116096 

355 
324 

51.4 
55.3 

258 
102 

282 
295 

Group IIIa+IV 
(n=8) 

398206 
154717 

255 
461 

30.5 
42.9 

239 
82 

233 
380 

Group IIIb 
(n=4) 

411376 
116387 

359 
384 

46.5 
35.0 

218 
52 

289 
272 
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Gemcitabine  Pharmacokinetics 

Complete plasma sampling for gemcitabine analysis was also obtained 

in 23 patients. Plasma concentration-time curves of gemcitabine were generally 

described by a one-compartment open model. However, when gemcitabine was 

preceded by docetaxel, the curves were better described by a two-compartment 

open model. In this group t½ λ2 was used to extrapolate to infinity and calculate 

MRT and Vss. Mean gemcitabine concentrations 30 and 90 min after the start of 

the infusion were significantly decreased following docetaxel pretreatment (fig.1, 

groups I + II, IIIa and IV) (p < 0.05) when comparisons were made between days 

1, 8 and 15 (Friedmann analysis). The means ± SD of several estimated 

pharmacokinetic parameters of gemcitabine and its metabolite dFdU are listed in 

tables 5 and 6 respectively. Group I and II are combined, since the dose of 

gemcitabine and the sequence of administration were similar. The mean Cl of 

gemcitabine was comparable to values in the literature [11], varying from 546-

1298 mL/min/m². In group IIIa, an increase in AUC from day 1 to day 8 was 

associated with a prolongation of the t½λz , which apparently counterbalanced the 

significant decrease in concentrations during distribution. The mean ± SD of  the 

estimated pharmacokinetic parameters of dFdU (table 5B) were similar in the 

treatment groups. A prolongation of t½λz  was noted on the later days of the 

treatment cycle; differences in t½λz failed to reach the level of significance (0.05< 

p < 0.1; one-way ANOVA over ALL groups). When comparing t½λz data in 

groups I + II,  days 1 versus 8 and 15, a significant increase from 69 to 145 min 

was demonstrated (p = 0.0005; day 1 versus 15). The increase of t½λz between 

days 8 and 15 also proved to be significant (93 versus 145 min; p = 0.01). A 

parallel effect was observed with the MRT, with longer values occurring in the 

later days of the treatment cycle. This phenomenon was significant in groups IIIa 

and IV, with the MRT more than doubling on day 8 (p < 0.05). 
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Table 5: Estimated pharmacokinetic parameters (mean; SD) of Gemcitabine 

 
 

Cmax
(ng/mL) 

AUC 
(µg 

/mL.min) 

t½
(min) 

VSS
(L/m²) 

CL 
(mL/min 

/m²) 

MRT 
(min) 

Group I + II 
D1 (n=11) 

 40472 
 9794 

 1431 
 282 

 29 
 14 

 36.6 
 12.3 

 827 
 292 

 48 
 28 

D8 
 (n=11) 

 53155 
 17503 

 1434 
 608 

 48 
 25 

 29.8 
 10.1 

 650 
 261 

 61 
 40 

D15* (n=10)  38026 
 19711 

 1253 
 668 

 138
 69 

 76.4
 65.8 

 806
 411 

 71 
 23 

Group IIIa 
D1 (n=5) 

 52215 
 13431 

 1153 
 414 

 112 
 134 

 58.7 
 43.3 

 747 
 187 

 48 
 5 

D8* 
 (n=4) 

 28808 
 2002 

 1485 
 187 

 561 
 467 

328.7 
213.4 

 546 
 75 

 190 
 69 

Group IIIb 
D1 (n=4) 

 42396 
 10620 

 735 
152 

 36 
 47 

 45.7 
 16.1 

 1121 
 206 

 68 
 54 

D8 
 (n=4) 

 49824 
 11431 

 439 
 156 

 36 
 21 

 56.9 
 21.7 

 1298 
 394 

 31 
 25 

Group IV 
D1 (n=3) 

 71823 
 3922 

 1281 
 96 

 42 
 1 

 31.2 
 1.6 

 784 
 57 

 43 
 22 

D8* 
 (n=3) 

 47689 
 13854 

 812 
 125 

 29 
 5 

 34.2 
 5.9 

 1103 
 281 

 40 
 28 

* Docetaxel administered before gemcitabine with a 1 hour interval  
D = day 
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Table 6: Estimated pharmacokinetic parameters (mean; SD) of dFdU 

 
 

Cmax
(ng/mL) 

AUC 
(µg/mL.min) 

t½
(min) 

MRT 
(min) 

Group I + II 
D1 (n=11) 

 69984 
 15849 

 7207 
 1294 

 69 
 38 

 92 
 41 

D8 
 (n=11) 

 80853 
 15782 

 8529 
 1811 

 93 
 60 

 126 
 85 

D15 
 (n=10) 

 62433 
 29601 

 10237 
 4215 

 145 
 61 

226 
 83 

Group IIIa 
D1 (n=5) 

 87950 
 23211 

 7646 
 2991 

 46 
 22 

 68 
 3 

D8 
 (n=5) 

 78631 
 8256 

 13808 
 8550 

 299 
 316 

 186 
 79 

Group IIIb 
D1 (n=4) 

 83630 
 15929 

 10675 
 4669 

 65 
 44 

 150 
 294 

D8 
 (n=4) 

 78112 
 11636 

 11223 
 6821 

 113 
 106 

 236 
 399 

Group IV 
D1 (n=3) 

 105780 
 15085 

 9119
 1539 

 27 
 5 

 70 
 0.2 

D8 
 (n=3) 

 73893 
 21395 

 16732 
 15111 

 253 
 226 

 187 
 29 

 

 

 157 



 

 
Figure 1A: Gemcitabine concentrations at t = 30, 90 and 120 min upon 
adminstration at days 1, 8 and 15 (G1, G8, and G15, respectively). Docetaxel 
administration preceded gemcitabine administration with a time interval of 2 hr at 
G15 (tinf docetaxel = 1 hr). At G1 and G8 gemcitabine was given solely. Dose 
gemcitabine = 800 mg/m². 
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Figure 1B: Gemcitabine concentrations at t = 30, 90 and 120 min upon 
adminstration at days 1 and 8 (G1  and G8, respectively). Docetaxel administration 
preceded gemcitabine administration with a time interval of 2 hr at G8 (tinf 
docetaxel = 1 hr). At G1 gemcitabine was given solely. Dose gemcitabine = 800 
mg/m². 
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Fig. 1C: Gemcitabine concentrations at t = 30, 90 and 120 min upon 
adminstration at days 1 and 8 (G1  and G8, respectively). Docetaxel administration 
preceded gemcitabine administration with a time interval of 2 hr at G8 (tinf 
docetaxel = 1 hr). At G1 gemcitabine was given solely. Dose gemcitabine = 1000 
mg/m². 

 

 

 

Pharmacokinetics-Pharmacodynamic Relationships  

One of the objectives of the study was to relate pharmacokinetics to 

pharmacodynamics. Since the side effect profiles were similar in each group, PK-

PD analyses were performed on all 23 patients evaluable for this purpose. There 

was no apparent relationship between pharmacokinetic parameters and either anti-

tumour effect or toxicity, in this relatively small sample.  
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Discussion 

 

Docetaxel and gemcitabine are frequently used cytotoxics with activity 

in a range of malignancies, including non-small-cell lung, breast, pancreatic, 

bladder and ovarian cancers. Since they have different mechanisms of action and 

non-overlapping toxicities, docetaxel and gemcitabine are attractive candidates 

for combination therapy.  

Furthermore, several in vitro studies have shown that the activity of 

taxanes in combination with gemcitabine is schedule-dependent. In two NSCLC 

cell lines, Zoli et al (1999) found that gemcitabine followed by docetaxel, after a 

48 hour washout period, produced only a small synergistic effect, possibly as a 

result of a gemcitabine induced block in the G0/G1 phase which only recovered 

after 72 hours. Such a block may prevent exposure of the cells to the cytotoxic 

effect of docetaxel administered within this period. Conversely, when docetaxel 

was followed by gemcitabine, again after a  48 hour washout period, a strong 

synergistic cytotoxic effect was observed. Docetaxel produced an initial block in 

the G2/M phase, providing a large fraction of recovered synchronised cells at the 

G1/S boundary, which is the specific target phase for gemcitabine [12]. 

Theodossiou et al (1998) showed gemcitabine and paclitaxel to be antagonistic 

when administered simultaneously to a lung cancer cell line, with a slightly less 

than additive cytotoxic effect when gemcitabine administration preceded that of 

paclitaxel, or vice versa [13]. These data suggest that giving docetaxel before 

gemcitabine may be more effective, but also more toxic. In the current phase I 

study we tried to assess this by reversing the sequence of administration of 

docetaxel and gemcitabine in an extra cohort of patients treated at the 

recommended phase II dose. Identifying or excluding pharmacokinetic 

interactions between the two drugs is crucial in the presence of sequence-

dependent toxicity or activity. The dose finding trial of Rizvi [14], with docetaxel 
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dose levels ranging from 30 to 40 mg/m², and gemcitabine from 800 to 1000 

mg/m², with both drugs administered on days 1 and 8 every 21 days, also assessed 

the sequence of drug administration. Toxicity appeared unaffected by drug 

sequence.   

When combined, gemcitabine is commonly used as weekly treatment 

for 3 weeks followed by one week of rest. The drug combined with gemcitabine is 

usually given simultaneously either on day 1, day 8 or day 15. As the neutrophil 

nadir of docetaxel is on day 8, we anticipated that in case of administration of the 

two compounds on day 1 or day 8, the administration of gemcitabine on day 8 or 

day 15 respectively would have to be delayed or stopped. As a consequence we 

administered docetaxel on day 15 in this 4-week schedule. The starting dose 

consisted of gemcitabine 800 mg/m² on day 1, 8 and 15, combined with docetaxel 

85 mg/m² on day 15 (prior to gemcitabine). This 4-week schedule was too toxic, 

requiring consistent gemcitabine and docetaxel dose reductions. Four of the 

eleven patients included in this cohort developed DLTs, consisting of 

neutropenia, thrombocytopenia and infection in the first cycle and the scheduled 

dose intensity could not be sustained in the full cohort. Our findings are consistent 

with the data of Spiridonidis et al. [15], who concluded that gemcitabine 800 

mg/m² on days 1, 8 and 15 can be safely combined with docetaxel  100 mg/m² on 

day 1 of a 28-day cycle, but not with docetaxel on day 15. 

Despite the frequent dose reductions and necessary cycle delays in this 

4-week schedule, three of eleven patients had an objective tumour response. 

Therefore the protocol was amended to a 3-week schedule, with gemcitabine on 

days 1 and 8, combined with docetaxel on day 8. At dose level IIIa, gemcitabine 

800mg/m² and docetaxel 85 mg/m², four of six treated patients developed DLTs 

consisting of infection, neutropenia, thrombocytopenia and neuropathy, but only 

two in the first cycle. Nevertheless, according to protocol definition, this level 

was not considered as the MTD, since these patients did not develop the same 
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DLT. We believe that in retrospect this proves that requiring the same DLT for 

assessment of MTD is inappropriate.  Taxanes, and many other cytotoxic drugs, 

can produce different dose limiting toxicities, all of  which should be taken into 

account in the decision making process. Certainly, in the case of combination 

regimen phase I trials, it may be worthwhile specifying a certain minimum dose-

intensity for further studies. 

The MTD was formally reached at level IV, gemcitabine 1000 mg/m² 

and docetaxel 85 mg/m²,  since three of the four treated patients experienced 

febrile neutropenia. As initially planned, the sequence of administration of 

docetaxel and gemcitabine on day 8 was reversed (gemcitabine before docetaxel), 

in an extra cohort at the recommended phase II dose (dose level III). Only one 

patient in this cohort developed DLT, a grade 4 infection. However, two others 

experienced severe stomatitis, one in combination with diarrhoea; both had been 

irradiated previously in the involved area (mouth and rectum). Reversing the 

sequence of administration of docetaxel and gemcitabine on day 8, does not seem 

to influence the toxicity of this combination, confirming the results of Rizvi [14]. 

Overall the 3-week schedule was not easier to administer in terms of 

planned dose intensity, and most patients had at least one cycle delayed and 

required a dose reduction. Nevertheless, the combination of docetaxel and 

gemcitabine showed interesting antitumour activity. Other phase 1 trials using a 

similar schedule, with day 1 and 8 gemcitabine and day 8 docetaxel, have been  

reported as abstracts, with recommended doses of docetaxel/gemcitabine for 

phase II trials of 90/1000 or 75/1250, 85/1000 and 85/800 mg/m² [16-17-18]. 

Rischin et al. [19] advised a dose of 1200 mg/m² gemcitabine and 85 mg/m² 

docetaxel with prophylactic ciprofloxacin. A mixture of prior chemotherapy 

regimens, together with differences in the criteria used to determine the 

recommended dose, may have contributed to the variability in these dose levels.   
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Our study is unique in investigating the pharmacokinetics of both 

agents. Docetaxel pharmacokinetics were consistent with single agent data 

reported in the literature [20, 21], indicating a lack of interference by gemcitabine. 

In contrast, gemcitabine pharmacokinetics were found to be changed significantly 

by co-administration of docetaxel. Since the self induction of gemcitabine 

clearance could be excluded (Tables 5A and 5B), it appears that docetaxel 

significantly alters gemcitabine distribution. Furthermore, gemcitabine 

elimination tended to be protracted after the distribution phase. Conversely, t½ λz  

in group IV at day 8 was shorter than t½ λz at day 1; this difference however was 

found only in a small group of patients (n = 3), and will thus require further 

assessment to confirm its significance. The change in gemcitabine distribution 

after docetaxel pre-treatment may be caused by the partitioning of gemcitabine 

between the different blood constituents of cells, plasma and plasma water. This 

will be the subject of further studies, using techniques for the analysis of blood 

sediments [22]. There was no clear pharmacokinetic-pharmacodynamic (toxicity) 

relationship for docetaxel or gemcitabine. This contrasts with a previous study 

combining paclitaxel and gemcitabine, where gemcitabine Cmax  was related to 

thrombocytopenia [6]. Changes in dFdU pharmacokinetics following docetaxel 

treatment were identified, similar to those observed with gemcitabine, but are less 

likely to have clinical impact since dFdU lacks activity.  

 

Conclusion 

 

The combination of gemcitabine and docetaxel, with docetaxel given on 

day 8 or 15, caused predominantly haematological toxicity, and was difficult to 

administer. The significant pharmacokinetic interaction observed does not seem to 

have a clinical impact. Despite its toxicity, the combination seems to be quite 
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active and thus merits further investigation in a less pre-treated patient population. 

The recommended dose for phase II studies is gemcitabine 800 mg/m² on days 1 

and 8, combined with docetaxel 85 mg/m² on day 8, given in a 3-weekly schedule.  
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Docetaxel and gemcitabine combination therapy in 

advanced transitional cell carcinoma of the urothelium: 

results of a phase II and pharmacologic study 
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Abstract 

 

Purpose: To determine the response to gemcitabine plus docetaxel in 

patients with advanced urothelial transitional cell carcinoma (TCC), and the 

alterations in gemcitabine distribution between plasma and erythrocytes following 

docetaxel administration.  

Patients and methods: Patients with unresectable locally advanced or 

metastatic TCC and who received a maximum of one prior chemotherapy 

regimen, were enrolled in to this phase II trial of gemcitabine 800 mg/m² on days 

1 and 8 plus docetaxel 85 mg/m² on day 8, every 21 days. In a pharmacological 

sub-study, gemcitabine was measured in the plasma and erythrocytes of nine 

patients to calculate partition ratios before and after docetaxel administration. 

Results: Thirty-four patients with a median age of 63 years (range: 49 

to 79 years) participated. Seven had progressed after first-line chemotherapy and 

27 were chemotherapy-naïve. The median number of cycles delivered per patient 

was 6 (range: 1-6). Complete remission was observed in two patients and partial 

remission in 16, for an overall response rate of 53 %. Of seven pre-treated 

patients, three achieved a partial response. The median duration of response was 5 

months (range 1 - 39+). Haematological toxicities were manageable, despite 

frequent grade 3 infections (in 24 % of patients), but the other toxicities were 

mostly mild. There was an apparent shift of gemcitabine from plasma to 

erythrocytes after the administration of docetaxel in five of the six patients 

evaluable for this analysis.  

Conclusion: Gemcitabine plus docetaxel is tolerable and highly active 

in treated and untreated patients with advanced TCC.  

Key words: transitional cell carcinoma, Docetaxel, Gemcitabine, 

erythrocyte, phase II 
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Introduction 

 

Transitional cell carcinoma (TCC) of the urothelium is considered a 

chemosensitive malignancy. For a more than a decade, the combination regimen 

of methotrexate/vinblastine/ doxorubicine/cisplatin (M-VAC) has been considered 

the standard for these patients. Based on encouraging results with the combination 

of gemcitabine and cisplatin (GC), a phase III trial comparing GC with M-VAC 

randomized 405 patients and showed that the two regimens are associated with 

similar response rates, time to progression and overall survival, whereas GC is 

less toxic than M-VAC. On the basis of this superior risk-benefit ratio, the GC 

regimen should be favoured as a new standard treatment in patients with locally 

advanced and metastatic TCC of the urothelium (1). The overall response rate for 

GC ranges from 41 to 57 %, with a complete remission rate of 15 tot 22 % and a 

median survival of 12.5 to 14.3 months. This combination chemotherapy can 

provide palliation, but only a moderate survival advantage, and few patients 

achieve long-term disease control. These modest results and the unsuccessful 

attempt to increase efficacy with dose intensive M-VAC schedules, have 

prompted the identification of new active combinations in TCC, such as taxanes 

and gemcitabine. Triplets of these drugs with platinum are also currently being 

compared to GC and M-VAC (2, 3). We favoured the combination of gemcitabine 

and docetaxel because it is useful as a second line treatment after M-VAC and as 

a first line treatment in patients with impaired renal function. 

Gemcitabine is an analogue of the nucleoside deoxycytidine and is inactive in 

its parent form. Intracellular phosphorylation of the parent drug yields the active 

di- and triphosphate metabolites. The diphosphate form inhibits ribonucleotide 

reductase (an enzyme important for DNA biosynthesis), whereas the triphosphate 

form is incorporated into DNA, in competition with the normal nucleotide base 
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deoxycytidine, as a fraudulent base (4). Once the gemcitabine triphosphate 

metabolite is incorporated into DNA, one additional nucleoside incorporated, 

after which DNA chain synthesis is terminated. This “masked chain termination” 

leaves the fraudulent base relatively resistant to excision repair by DNA repair 

enzymes, and thus may overcome a key mechanism in the development of drug 

resistance (5).  

Docetaxel, a semisynthetic analogue of paclitaxel, functions by stabilizing 

tubulin, which results in inhibition of mitotic and interphase cellular functions (6). 

Docetaxel induces phosphorylation of bcl-2, promoting apoptosis. The 

combination of DNA synthesis termination by gemcitabine and promotion of 

apoptosis by docetaxel may lead to a synergistic effect of these two agents in 

vivo.  

We performed this trial to assess the antitumour effect of the combination of 

gemcitabine (Gemzar®) and docetaxel (Taxotere®) in patients with advanced 

TCC of the urothelium and to further evaluate the toxic effects of this 

combination (7). Blood sampling was performed in nine patients to determine 

gemcitabine concentrations in plasma and erythrocytes and assess alterations in 

gemcitabine distribution following docetaxel administration (as detected in our 

phase I study (8).  

 

Patients and methods 

 

Eligibility 

Patients with histologically confirmed TCC of the bladder or urinary 

tract, with measurable locally advanced disease considered unresectable for cure 

or with measurable metastases, and who had received a maximum of one previous 

chemotherapy regimen for the treatment of their TCC were eligible if they met the 
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following criteria: adequate organ function (defined as absolute neutrophil count 

≥ 2000/µL, platelet count ≥ 100.000/µL, normal bilirubine, AST and ALT < 2 x 

upper normal limit {UNL}, alkaline phosphatase < 2.5 UNL or < 5 UNL if of 

bone origin; creatinin clearance > 20 mL/min); age ≥ 18 years; a WHO 

performance status < 2; and an estimated life expectancy > 12 weeks. Previous 

chemotherapy or radiotherapy had to be completed at least four weeks before 

enrolment. Patients with other severe medical illnesses were excluded: 

uncontrolled congestive heart failure, angina pectoris, hypertension or arrhythmia, 

myocardial infarction within one year, significant neurological or psychiatric 

disorders, active infection, active ulcer disease and unstable diabetes mellitus or 

other contraindications to corticotherapy, pre-existing ascites, pleural or 

pericardial effusion. Pregnant or lactating women and patients unwilling to use 

adequate contraception were also excluded. Other exclusion criteria were: 

symptomatic or known CNS metastases; existing peripheral neuropathy grade 2 

or more; prior or concurrent second primary malignancies; concurrent treatment 

with experimental drugs; participation in clinical trials with experimental agents 

within 30 days of study entry; and prior use of taxoids, gemcitabine or other 

nucleoside analogues. All patients provided written informed consent and agreed 

to regular follow up. The protocol was approved by the institutional medical 

ethics committee.  

 

Treatment plan 

Patients received gemcitabine 800 mg/m² in 250 mL NaCl 0.9 % 

intravenously over 30 minutes on days 1 and day 8. Docetaxel (provided by 

Aventis Pharma, Brussels, Belgium) was administered intravenously at a dose of 

85 mg/m² in 250 mL glucose 5 % over one hour on day 8 before the gemcitabine. 

There was a one hour interval between the end of the docetaxel infusion and the 

start of gemcitabine administration on day 8. Treatment cycles were repeated 
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every 21 days in an outpatient setting. This schedule was determined by our phase 

I study (7). 

The premedication for docetaxel was methylprednisolone 32 mg orally twice 

daily starting on day 7 in the evening and continuing for the next two days. 

Prophylactic granulocyte colony-stimulating factor (G-CSF), or other 

haematopoietic growth factors, was not allowed during the first cycle of 

treatment. In cases of neutropenic fever or prolonged neutropenia grade 4 (< 

500/µL for a minimum of five days), G-CSF was given prophylactically on 

subsequent cycles. Further supportive treatment (e.g. antiemetics, antiallergics, 

analgesics) was given as medically indicated, and reported in the case report 

forms. Concomitant radiotherapy was not allowed, unless for local pain control to 

a small area not encompassing the solely measurable lesion. 

Treatment was continued for six cycles unless there was evidence of 

unacceptable toxicity or progressive disease, patient refusal, or when it was no 

longer in the best interests of the patient according to the treating physician.  

    

Evaluations during treatment 

Pre-treatment evaluations included: history and physical examination; 

complete blood count with differential and platelet count; biochemical profile 

(calculation of the creatinin clearance with the Cockroft and Gault formula); 

electrocardiogram; chest x-ray; and computed tomography (CT) scan of chest, 

abdomen and pelvis with documentation of tumour measurements within two 

weeks prior to the start of the study.  

Complete blood counts were performed weekly during treatment. A 

history was taken, including concurrent illness and concomitant medication, and a 

physical examination was performed, before each treatment cycle; toxicities were 

scored according to the NCI common toxicity criteria (NCI-CTC version 2.0) on 

days 1 and 8 of every cycle prior to each treatment. The biochemical profile was 
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also assessed on days 1 and 8 of each cycle. The weight of the patient was 

recorded on every cycle to document any weight gain attributable to oedema.  

CT scans and chest x-rays were repeated every two cycles to assess 

response. IT was intended that all patients with stable disease (SD), complete 

remission (CR) or partial response (PR) had CT scans approximately three 

monthly following the end of the study, until there was evidence of disease 

progression.       

 

Dose adjustments 

If the absolute neutrophil count (ANC) was less than 1.500/µL or the 

platelet count less than 100.000/µL on day 1 of a treatment cycle, treatment was 

delayed one week. Patients in whom the ANC or platelet counts had not recovered 

after a two-week delay were withdrawn from the study. If the ANC was 1.000 to 

1.499/µL, or the platelets 75.000 to 99.000/µL on day 8, docetaxel and 

gemcitabine were given at 75 % of the day 1 doses. If the ANC was less than 

1.000/µL or the platelet count less than 75.000/µL on day 8, docetaxel and 

gemcitabine at the day 8 dose were postponed until recovery (with a maximum of 

2 weeks postponement). 

Hypersensitivity reactions occurring during docetaxel infusions despite 

pre-medication were appropriately treated accordingly to their severity by slowing 

the infusion rate, interrupting the infusion, giving dexamethasone and 

promethazine and resuming the infusion, or discontinuation in the most severe 

cases (bronchospasm, generalized urticaria, hypotension and angio-oedema). The 

dose was not reduced in cases of fluid retentions. The clinical tolerance of the 

patient, the overall tumour response and the medical judgement of the investigator 

determined if it was in the best interest of the patient to continue in association 

with diuretics or to discontinue the study drug. In cases of grade 3/4 

neurotoxicity, the patient was withdrawn from protocol. Nephrotoxicity, with a 
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reduction in creatinine clearance to < 20 mL/min delayed gemcitabine 

administration until recovery (maximum 2 weeks). The directives concerning 

hepatic dysfunction were as follows: ASAT and ALAT > 2.5 UNL and ≤ 5 UNL 

with alkaline phosphatase levels ≤ 2.5 UNL warranted a dose reduction of 25 % 

of both drugs; ASAT and ALAT > 1.5 UNL and ≤ 5 UNL with alkaline 

phosphatase levels > 2.5 UNL and ≤ 5 UNL also warranted a dose reduction of 25 

% of both drugs; ASAT and ALAT > 5 UNL or alkaline phosphatase levels > 5 

UNL (unless bone metastases were present in the absence of any liver disorder) 

warranted a dose delay of a maximum of two weeks. In cases of an abnormal 

bilirubin, drug administration was delayed by a maximum of two weeks. Patients 

who did not recover to the minimum requirements after two weeks delay 

withdrawn from the study. If patients experienced other grade 3 or 4 non-

haematological toxicities (except alopecia and nail changes), treatment was 

postponed for two weeks, and resumed if the toxicity resolved to ≤ grade 2.  

 

Bioanalytical method for gemcitabine determination in plasma and RBC 

In nine patients, after obtaining appropriate informed consent, blood 

samples were collected immediately before gemcitabine infusion on day 1, at the 

end of the infusion (30 min) and 90 min thereafter to determine gemcitabine 

concentrations in plasma and erythrocytes. On day 8 blood samples were drawn at 

the following time points: before the start of the docetaxel infusion, 30 min 

thereafter, 1 h after the end of the docetaxel infusion (ie just before the start of 

gemcitabine infusion), 90 min after the end of the gemcitabine infusion and once 

between 13h30 and 21h30 after the end of the gemcitabine infusion.  

Erythrocytes were separated from plasma with the MESED-device in 

three centrifugation steps (8) and both specimens were immediately frozen at – 

20° until further analysis.  
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To extract gemcitabine from plasma, 100 µL of the internal standard 2’-

deoxycytidine (1.0 µg/ml) was added to 200 µL of plasma. After vortexing, the 

sample was treated with 6 mL of isopropanol (15 %) in ethyl acetate and mixed 

thoroughly. After centrifugation, the organic phase was transferred to another 

polypropylene tube and evaporated until dry. The residue was redissolved in 1 mL 

of the mobile phase (cfr infra, a 5 x dilution) and filtered over a 0.45 µm PVDF 

HPLC-filter (Acrodisc, Waters Corporation) for HPLC injection (20 µl).  

In the sample pre-treatment of the erythrocytes, 400 µL of 

demineralised water was added to 100 µL of RBCs. After vortexing and lysis of 

the RBCs, 100 µL of the internal standard was added and the sample was then 

treated in the same way as described for the plasma extraction. 

A high-performance liquid chromatographic (HPLC) method has been 

used and validated for the determination of gemcitabine and its main circulating 

metabolite dFdU in human plasma and erythrocytes, with 2’-deoxycytidine as 

internal standard. Separation was achieved on a Chrompack Spherisorb ODS-2 

reversed phase column (25 m x 4.6 mm, 5 µm). The mobile phase was Pic B7 

reagent (Waters Corporation) in 15 % methanol (pH = 3.1) with a flow rate of 1.0 

mL/min. Gemcitabine and 2’-deoxycytidine are detected by UV detection at 270 

nm. The limit of quantitation was about 100 ng/ml for gemcitabine. Within-run 

and between-run precisions were less than 10 %, and average accuracies were 

between 90 and 110 %.  

The erythrocyte sample pre-treatment procedure for Gemcitabine was 

not essentially different from that reported previously. The internal standard work 

solution (10 µg/ml; 300 µl) and 50 µl of the THU-solution (10 mg/ml) extracted 

with isopropanol (15 %) in ethyl acetate (2 x 5 ml) was transferred to another 

polypropylene tube and evaporated (as described above).  The residue was re-

suspended in 1 ml of mobile phase (a 5 x dilution) and filtered over a 0.45 µm 

PVDF filter for HPLC injection (20 µl).   
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Separation was achieved on a Chrompack Spherisorb ODS-2 reversed 

phase column (250 x 4.6 mm ID, 5 µm).  The mobile phase was Pic B7 reagent 

(Waters Corporation) in 15 % methanol (pH = 3.1) with a flow rate of 1.0 ml/min.  

Gemicitabine and  2’-deoxycytidine were detected by UV detection at 270 nm.  

The order of elution was 2’-deoxycytidine followed by gemcitabine. 

 

Response criteria 

Patients who had received at least one cycle of treatment were evaluable 

for response, on the basis of a set of target lesions selected before the first 

treatment. A maximum of five lesions was chosen from the same organ site, with 

a maximum of ten representative lesions. A target lesion was defined as a lesion 

of at least 1 cm diameter on spiral CT scan, or at least 2 cm diameter on chest x-

ray or clinical measurements with callipers. Lesions in an irradiated area could be 

used as targets if the radiotherapy had ended three months prior to study entry, 

and provided that they had since either progressed or appeared. Response 

Evaluation Criteria in Solid Tumours (RECIST) were used to determine best 

overall response (9). A complete response (CR) was defined as the disappearance 

of all lesions; a partial response (PR) as at least a 30 % decrease in the sum of the 

longest diameter of the target lesions, taking as a reference the baseline sum; and 

progressive disease (PD) as at least a 20 % increase in the sum of the longest 

diameter of the target lesions, taking as a reference the smallest sum recorded 

since the start of the treatment OR the appearance of new lesions. SD was defined 

as neither sufficient shrinkage to qualify for PR, nor sufficient increase to qualify 

for PD at least six weeks after the start of the treatment. Best overall response was 

the best response designation recorded from the start of treatment until disease 

progression or recurrence. CR and PR had to be confirmed by two evaluations at 

least four weeks apart, but the date of best response was the date that the best 

response was first detected. The duration of response was measured form the date 
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CR or PR criteria were first met to the date of recurrent disease, or objective 

progression in the absence of other treatment.  

All participants underwent CT scans to assess response approximately 

every six weeks (two cycles) during treatment and approximately every three 

months after completion of treatment.  

 

Statistical analysis 

A Simon two-stage phase II study design was used where the 

unacceptable and promising response rates were designated as 10 % and 30 % 

respectively. A test was initially performed when the first seven patients were 

evaluable for response. The trial would have been stopped if ≤ 1 response was 

observed in these first seven patients with the conclusion that the combination 

was ineffective and should not be investigated further. Since two or more 

responses were seen, accrual of additional patients was planned until a minimum 

of 25 patients were evaluable for response. The regimen was to be declared 

promising if five or more responses were observed among these 25 patients. The 

high response rates observed prompted the inclusion of additional patients, who 

were also included in this analysis.  

The duration of response was calculated by Kaplan-Meier methodology 

for all patients who had an objective response. In this analysis the duration of 

response was measured from the date of start of treatment to the date of 

documented progression. If another treatment was started before documented 

progression, the duration of response was ‘censored’ on the day of the start of the 

new treatment. Overall survival was also depicted by Kaplan-Meier methodology. 
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Results 

 

Patient characteristics 

Thirty-four patients with advanced TCC of the urothelium, nine women 

and 25 men, were enrolled into the study between March 1999 and April 2001 

(table 1). The median age was 63 years (range 49 to 79) with a median WHO 

performance status of 1 (range 0 to 2; only two patients had a WHO PS of 2). The 

primary tumour site was the bladder in the majority of patients (26), the kidney 

(pyelon, calyx) in five and the ureter in three. Seven had progressed after first line 

systemic chemotherapy (M-VAC, CMV or CVA) and 27 (79%) had not received 

prior chemotherapy. Twenty-eight patients (82%) underwent surgery for their 

primary tumour, but only one had been irradiated. Sixteen had locoregional 

advanced disease and/or pathological lymph node invasion at the start of the 

study. Thirteen patients presented with visceral metastases (liver and/or lung), six 

had bone metastases and two had muscle involvement. The median number of 

cycles delivered per patient was 6 (range 1 to 6); with half the patients receiving 6 

cycles.    

 

Table 1: Patient characteristics (N = 34) 

Age in years    median (range)  
Female /male  
WHO Performance Status median (range) 
Primary tumour site:  bladder 
    kidney 
    ureter  
Prior systemic chemotherapy: M-VAC 
    CMV 
    CVA 
 

63 (49-79) 
9/25 
1 (0-2) 
26 
5 
3 
3 
3 
1 

Legend: M-VAC = methotrexate, vinblastine, adriamycin and cisplatin; CMV = 
cisplatin, methotrexate and vinblastine; CVA = carboplatin, vinblastine and 
adriamycin 
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Adverse events 
Thirty-four patients received a total of 152 cycles of gemcitabine plus 

docetaxel chemotherapy during this phase II trial. 

The percentage of patients experiencing grade 3/4 adverse events is 

listed in table 2.  

Haematologic toxicity was common, including neutropenia grade 3 (13 

% of cycles) and grade 4 (9 % of cycles), thrombocytopenia grade 3 (3 % of 

cycles) and anemia grade 3 (5 % of cycles) plus one episode of anemia grade 4. 

Five episodes of neutropenic fever (3 % of cycles) occurred, but there were no 

treatment related deaths. 

Important non-haematologic toxicities included grade 3 cardiovascular 

toxicity (decompensation) in two patients, hypotension grade 4 in one patient, 

diarrhoea grade 3 in one patient, infection grade 3/4 in eight patients (26 %), 

pulmonary toxicity grade 3 in two patients and severe peripheral oedema in two 

patients (moderate oedema was present in another two). Alopecia developed in all 

patients, and most experienced mild fatigue or asthenia. Almost half reported 

grade 1 or 2 nausea and/or vomiting, and one third developed mild anorexia. Nine 

patients experienced flu-like symptoms, and a cumulative sensory neuropathy 

grade 1 to 2 occurred in five patients. One was withdrawn from the protocol after 

his fifth cycle because of pulmonary toxicity (deterioration in diffusion capacity). 

All these toxicities were reported by the investigator as possibly or probably study 

drug related.   

Treatment delays were required in 21 patients (in 43 [28%] of cycles), 

and 12 patients required dose reductions or omissions (in 20 [13%] of cycles). 
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Table 2: Frequency of grade 3 and 4 toxicities (152 cycles) 

Grade 3 Grade 4  
 
Toxicity 

No. of 
patients 

 
% 

No. of 
patients 

 
% 

 
Infection 
Dyspnoea 
Peripheral oedema  
Diarrhoea 
Hypotension 
Heart failure 

 
8 
2 
2 
1 
 

2 

 
24 
6 
6 
3 
 

6 

 
1 
 
 
 

1 

 
3 
 
 
 

3 

 No. of 
cycles 

 
% 

No. of 
cycles 

 
% 

 
Anemia 
Thrombocytopenia 
Neutropenia 
Neutropenic fever (± 
infection)  

 
8 
4 

19 
 

 
 

5 
3 

13 

 
1 
 

14 
5 

 
0.65 

 
9 
3 

 

 

Treatment responses and survival 

 

Response was not assessed in four patients: one patient died from a 

severe pneumonia, judged by the investigator as not drug related, before his first 

assessment; the second did not return after the first administration of gemcitabine 

on day 1 and was lost to follow up; the third was not assessed because the target 

lesion was not measurable; and the fourth withdrew from the trial after two cycles 

without assessment because of a rapidly progressive deterioration, probably 

disease related. The objective response rate was calculated from all 34 eligible 

patients. 

A CR was observed in two patients and a PR in 16, for an overall 

response rate of 53 %. One of the patients with a CR had been pretreated with 
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mitomycin C bladder instillations after transurethral resection (TURB) of the 

primary bladder tumour and had presented with lymph node metastases. She was 

still in complete remission when last seen in March 2004. The second, a renal 

transplant patient, had a loco-regional recurrence of TCC with multiple 

retroperitoneal and cervical lymph nodes post nephro-ureterectomy and partial 

cystectomy. Four months after achieving a complete remission she had a local 

recurrence in the bladder, removed by TURB, and remained in complete 

remission at her last evaluation in March 2004. One patient with a liver metastasis 

and a pathological retroperitoneal lymph node five months after 

cystoprostatectomy achieved a partial remission after six cycles of gemcitabine-

docetaxel and shows no signs of progression as of March 2004 (3 years and 3 

months later). There was no major difference in response rates with respect to the 

primary tumour site, the site of metastases (visceral or not) or pre-treatment with 

systemic chemotherapy. The median duration of response, measured from the date 

of best response to the date of disease progression, was 5 months (range 1 to 39 + 

months, ongoing). After six months, 29 % of all patients were progression free. 

Overall survival and duration of response (calculated from the start of treatment to 

progression) are shown in figure 1 and 2 (Kaplan-Meier). 
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Figure 1:  Probability versus survival in months of the patients treated with 

docetaxel and gemcitabine 

 
Figure 2: Probability versus time to progression in months of the patients 

treated with docetaxel and gemcitabine 
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The influence of docetaxel on the distribution of gemcitabine 
 

In nine patients we had the opportunity to take blood samples to 

determine gemcitabine concentrations in plasma and red blood cells. Partition 

ratios of gemcitabine (concentration in RBC/concentration in plasma) were 

calculated for each sample point on days 1 and 8. We noted a highly significant (p 

< 0.001, linear fit, figure 1) concentration dependent rise in partition ratios. The 

mean partition ratio of gemcitabine on day 8 was 271 %, compared to 87 % on 

day 1, indicating a shift of gemcitabine into the erythrocytes after docetaxel 

administration (p = 0.0548 unpaired students t-test, trend to significance).   

Comparing the maximal concentration of gemcitabine (Cmax) in plasma 

and red blood cells on day 1 versus day 8, the following differentials were 

calculated for six evaluable patients (table 3). 

 

Table 3: differential (d) concentrations of gemcitabine on day 1 versus day 8 
 
Pt dCmax plasma in %  
 (massashift in mg) 
 

 
dCmax RBC in % 
(massashift in mg) 

 
1 + 21.4 (+ 1.27) 
2 + 1.29 (+ 0.07) 
3 - 4.74 (- 0.19) 
4 - 60.0 (- 1.18) 
5 - 25.2 (- 1.04) 
6 - 27.5 (- 1.97) 
7 + 6.81 (+ 0.19) 
 

 
+ 973 (+ 37.3) 
+ 26.3 (+ 0.98) 
+ 1.06 (+ 0.04) 
not evaluable 
+ 355 (+ 9.15) 
- 54.6 (- 2.01) 
+ 45.4 (+ 0.81) 
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Discussion 

 

The combination of gemcitabine plus docetaxel is highly active in 

patients with advanced transitional cell carcinoma of the urothelium, with an 

overall response rate of 53%. Three PRs were observed among the seven patients 

who had received previous platinum based chemotherapy. The responders were 

equally divided concerning primary tumour localisation and site of the metastasis 

(visceral or pathological lymph nodes). Of the five long term survivors (two to 

more than four years), two progressed locally in the bladder shortly after the end 

of the study and needed a TURB and salvage cystectomy respectively, whilst their 

lymph node metastases have remained in complete remission. The third patient, 

who also had lymph node metastases, is still in complete remission, and the fourth 

has maintained a good partial remission of a liver metastasis. One patient 

progressed on docetaxel and gemcitabine, but responded on M-VAC and then had 

salvage surgery. The 29% 6-month progression free rate observed in this study 

supports the conclusion that gemcitabine and docetaxel is an effective regimen in 

this tumour type. The regimen was generally well tolerated, with mostly mild to 

moderate haematologic and non-haematologic toxicities. Only the infection rate 

was somewhat higher in our trial population.  

The results obtained with the combination of gemcitabine plus docetaxel 

are surprising in view of previous studies assessing the activity of these drugs 

given as single agent for TCC. The overall response (OR) rate for single-agent 

gemcitabine based on five studies was 26 %, which was apparently independent 

of whether the patients had received prior chemotherapy (10). Paclitaxel and 

docetaxel single as agents have yielded OR rates of 7 % to 56 %, depending on 

whether the patients had received prior chemotherapy for metastatic disease. In 

the light of these data, and considering the different mechanisms of action of both 
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drugs, they may exhibit true in vivo synergy. Recently, two phase II trials of the 

same drugs using different administration schedules have been published, 

showing OR rates of 17 % (as second line) and 33 % (11, 12). The higher 

response rate in our study (53 %) can possibly be explained by the greater fraction 

of chemotherapy-naïve patients together with a more favourable drug 

administration schedule.  

The other commercially available taxane, paclitaxel, has also been 

studied in combination with gemcitabine in advanced TCC. Two phase II studies 

were published in 2001, with OR rates of 54 and 60 %. The response rates in 

second line treatment of metastatic disease were 47 % and 27 % respectively. The 

haematological toxicity seemed somewhat higher compared to the docetaxel 

combinations, although this needs to be compared formerly to draw definite 

conclusions (13, 14). Adding cisplatin to the taxane-gemcitabine combinations 

results in overall response rates ranging from 58 % to 80%, although these triplets 

can only be given to chemotherapy-naïve patients with adequate renal function, 

and cause considerable toxicity (3, 15).  

The combination docetaxel-gemcitabine has also shown interesting 

activity in other tumour types. In studies of extensively pretreated anthracycline-

resistant breast cancer patients, response rates ranged from 36 % to 54 %, with 

median times to disease progression of 7 to 8 months. In less pretreated patients, 

the combination produced an OR of 79 % (16, 17). It is noteworthy that objective 

responses were also achieved with this regimen in some patients who progressed 

while receiving taxane-based, first-line therapy (18). Alexopoulos et al. performed 

a phase II study with gemcitabine 900 mg/m² on days 1 and 8 plus docetaxel 100 

mg/m² on day 8 every three weeks in 50 women with metastatic breast cancer 

refractory or resistant to docetaxel monotherapy as first- or second-line treatment. 

Forty-six percent of patients responded, whereas 28 % had stable disease with a 

median duration of response of 6.1 ± 2.4 months (19). In randomised clinical 
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trials, gemcitabine and taxane combinations have produced response rates and 

survival outcomes equal to older platinum-based regimens in non small-cell lung 

cancer patients. The improvement of disease-related symptoms has outweighted 

toxicity in all these studies. When combined with a platinum compound, they 

produced the best results achieved to date in this disease (20, 21).  The 

combination of gemcitabine and docetaxel is also a well-tolerated regimen in 

advanced pancreatic cancer, with overall response rates ranging from 18 % to 27 

%. The ultimate role of this combination versus single-agent gemcitabine can only 

be determined by a randomised phase III trial (22, 23). Sherman showed in vitro 

that these two agents were minimally effective alone, but when combined they 

display additional biochemical anti-proliferative effects (24). A 41 % OR rate in 

patients with advanced non-nasopharyngeal head and neck cancer with first line 

paclitaxel plus gemcitabine should also be highlighted, although the median time 

to progression was only 4 months (25). Of 28 patients with refractory germ cell 

tumours, six patients responded to the combination of paclitaxel and Gemcitabine, 

including three complete responders (26). 

As with most phase II single institution studies, the favourable results 

observed in this trial may not be reproducible in the multi-institution setting or 

with patients who would not have met the fairly rigorous eligibility criteria of our 

study. Nevertheless, we have demonstrated that the combination of gemcitabine 

plus docetaxel is highly active in the first- and second-line setting for patients 

with advanced TCC. The promising activity and limited toxicity observed in this 

study should be confirmed in the multi-institution setting and the regimen should 

be compared to the actual standard therapy for advanced TCC 

(gemcitabine/cisplatin and M-VAC) in a randomised phase III trial. Regardless, 

the docetaxel-gemcitabine combination allows patients with an impaired renal 

function, who cannot receive platinum based schedules, to be treated for their 

live-threatening disease.   
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During our phase I study with docetaxel and gemcitabine, administered 

in the same schedule as in this phase II study, gemcitabine pharmacokinetics were 

found to be changed significantly by co-administration of docetaxel (27). The 

plasma concentrations of gemcitabine were significantly lower during the 

distribution phase following administration of docetaxel, compared to those on 

day 1. In that study no red blood cell sampling has been performed. We attempted 

to explore this finding further, with in vitro incubation experiments using 

volunteer blood (28). In the whole sample pool, no influence of docetaxel on the 

partitioning of gemcitabine was detected, but on sub-analysis we found 

significantly more gemcitabine in male erythrocytes after docetaxel impregnation 

versus the inversed sequence of incubation. This phase II study gave us the 

opportunity to check these findings in vivo. Of the nine patients sampled, only 

data from six were evaluable because of various sample and technical problems. 

The concentration dependent rise in partition ratios of gemcitabine between RBCs 

and plasma, seen in our in vitro experiments, was confirmed by the measurements 

in the patients of this phase II study: at higher whole blood concentrations (RBC 

+ plasma concentrations), a greater fraction of gemcitabine is present in the 

erythrocytes relative to plasma. Following treatment with docetaxel on day 8, 

there was a trend to higher partition ratios of gemcitabine (mean 271 %) 

compared to day 1 (mean 87%), (p = 0.0548). All but one of our sampled patients 

were male, consistent with the in vitro data showing relatively more gemcitabine 

in the male erythrocytes following docetaxel incubation compared to females. The 

sample size of our plasma data was not sufficiently large to detect a significant 

decrease in plasma concentrations of gemcitabine after docetaxel infusion, as seen 

in our phase I study. Conversely, comparing the maximal concentrations of 

gemcitabine in plasma and in erythrocytes on day 1 with day 8, a shift of 

gemcitabine is apparent from plasma to erythrocytes after the administration of 

docetaxel in five of the six evaluable patients (46.3 mg in total). A similar 

 189 



 

phenomenon could explain the decrease in plasma concentrations of gemcitabine 

following docetaxel pre-treatment in our phase I study, at least in association with 

male erythrocytes. The role of gender differences in the behaviour of RBCs when 

exposed to gemcitabine remains unclear, but docetaxel, or other substances in the 

formulation of this taxane, certainly influences the RBC handling of gemcitabine.  
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Chapter 8 

A phase I, dose-finding clinical pharmacokinetic study of an 

oral formulation of irinotecan (CPT-11) administered for 

five days every three weeks in patients with advanced solid 

tumours  
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Summary 

 

Background: Oral administration of CPT-11 should allow sustained 

exposure to the drug without the inconvenience of intravenous delivery and with 

fewer side effects. 

Patients and methods: The present phase I trial of CPT-11, 

administered orally as a powder-filled capsule for five consecutive days every 

three weeks at doses ranging from 30 to 90 mg/m²/day, was conducted in 47 

patients for whom a satisfactory standard treatment option was no longer 

available (24M/23F, median age 51 years [range 26-85]). Tumour types included 

melanoma (11), colorectal (4), urinary tract (3), lung/pleura (4), thyroid (3), liver 

(3), gallbladder (2), cervix/uterus (3), breast (2), pancreas (2), carcinoma and 

other cancer types (10). 

Results: A total of 171 cycles were administered (median: 3, range: 1-

11). Dose limiting toxicities (DLTs) occurred during the first cycle in 5/31 

patients in the dose-escalation part of the study: one patient at the 50 mg/m2 /day 

dose level (diarrhoea gr 4); one patient at the 80 mg/m2 /day dose level (prolonged 

neutropenia gr 4 and diarrhoea gr 3); and three patients at the 90 mg/m2 /day dose 

level (diarrhoea, vomiting and neutropenia). The 80 mg/m²/day dose level was 

expanded, as a feasibility study, to include 16 additional patients, five of whom 

had received extensive prior pelvic irradiation. A further three patients in this 

cohort experienced DLTs, two of whom had received extensive prior pelvic 

irradiation. One patient died on study day 15 during the first cycle of oral CPT- 

11 following grade 3 diarrhea, febrile neutropenia and a necrotic enterocolitis. 

Overall the grade 3/4 toxicities in 47 patients were asthenia (19%), anorexia 

(17%), neutropenia (14.9 %), diarrhoea (13%), nausea (12.7%), vomiting (8.5%) 

and thrombocytopenia (8.5%). Partial responses were observed in two melanoma 
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patients and disease stabilization was noted in 17 (36.1%) patients. 

Pharmacokinetic parameters were recorded for 46 patients. 

Conclusion: At the MTD, defined as 80 mg/m2/day for five days every 

three weeks, oral CPT11 was shown to be well tolerated and safe with few of the 

haematological toxicities associated with the intravenous formulation.  

 

Key words: CPT-11, dose-escalation, dose-limiting toxicity, irinotecan, 

oral, powder-filled capsule 
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Introduction 

 

Irinotecan (CPT-11, Campto®) is a semisynthetic derivative of the 

natural alkaloid camptothecin, and is a potent inhibitor of the enzyme 

topoisomerase-I [1, 2]. In clinical studies CPT-11 has demonstrated single-agent 

activity against a spectrum of solid tumours, particularly colorectal, including 

those resistant to 5-fluorouracil (5-FU)-based therapy [3-10]. Two pivotal phase 

III trials of CPT-11, in combination with bolus and infusional 5-FU plus folinic 

acid (FA), were therefore performed in the first-line treatment of advanced and 

metastatic colorectal cancer [11, 12]. Both demonstrated the superiority of the 

CPT-11 combination over the corresponding 5-FU/FA-control regimen in terms 

of response rate, time to progression and overall survival. Consequently, CPT-11 

in combination with either a bolus or infusional 5-FU/FA regimen has been 

approved in both Europe and the US for the first-line treatment of advanced and 

metastatic colorectal cancer. 

CPT-11 is one of the most active agents in both the first- and second-

line treatment of colorectal cancer and a variety of CPT-11 schedules continue to 

be investigated, principally in combination with 5-FU/FA, but more recently with 

oxaliplatin [13-15] and the oral fluoropyrimidines capecitabine and UFT-tegafur 

[16-18]. 

In vivo, CPT-11 is converted to its active metabolite SN-38 [19, 20]. 

The highest dose intensity of CPT-11 is achieved by short infusions every two or 

three weeks [21, 22] , and the lowest with protracted continuous infusion 

schedules. The efficacy of CPT-11 is known to be dose-dependent and seems also 

to be schedule-dependent, with prolonged low-dose administration being more 

effective than short duration high-dose schedules[25, 26]. This is consistent with 

the known S-phase specificity of CPT-11; a longer infusion duration results in 

more cells being exposed to CPT-11 during S-phase [27].  
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An alternative approach to prolong exposure is to use the oral route. 

This also avoids the technical difficulties associated with a protracted infusion, 

and patients are known to prefer oral to intravenous administration, provided that 

the efficacy of the drug is not compromised [28]. 

To date, the efficacy of orally administered CPT-11 has been 

demonstrated in a preclinical study of childhood neuroblastoma xenografts [29], 

and in a phase I study of 20-100 mg/m2 for five days every three weeks in patients 

with previously treated refractory tumours [30]. A confirmed partial response was 

seen in a colorectal cancer patient previously treated with 5-FU. The biological 

activity and favourable pharmacokinetic (PK) profile has led to further clinical 

studies of oral CPT-11 using the same [31, 32] and alternative schedules [33, 34]. 

The present dose-finding study of oral CPT-11 was conducted using the 

schedule described above. The aim was to determine the maximum tolerated dose 

(MTD) for further phase II/III studies, the dose-limiting toxicities (DLTs), 

particularly gastrointestinal toxicities, and to document any evidence of activity. 

The PK profile in plasma and erythrocytes of orally administered CPT-11 was 

also investigated.  

 

Patients and methods 

 

Patients 

Patients were eligible if they had a pathologically confirmed solid 

tumour for which no standard therapy was available. Inclusion criteria included: 

age ≥ 18 years, WHO performance status ≤ 2, life expectancy of  ≥ 12 weeks, 

normal values for ANC (≥2 x 109 /L), haemoglobin (≥ 10 g/L), platelets (≥ 150 x 

109 /L), liver function {serum bilirubin within the normal institutional ranges, 

SGOT≤ 3 x the upper limit of normal (ULN) in the absence of liver metastases, 
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and SGOT ≤ 5 x ULN in the presence of liver metastases}, and serum creatinine ≤ 

1.5 mg/dL (≤ 135 �mol /L). No prior anticancer therapy was permitted within 

four weeks of study entry (six weeks for nitrosourea or mitomycin C). Patients 

had to be able to swallow normally and take capsules.  

Patients were excluded in cases of leukaemia or lymphoma, prior 

treatment with high-dose chemotherapy with progenitor blood cell 

transplantation, prior treatment with CPT-11, brain metastases or carcinomatous 

leptomeningitis, concomitant infection (including prior documentation of HIV 

positivity) or severe organ failure, active inflammatory bowel disease, or evidence 

of alcoholism or addiction. The study was conducted in two centres with full local 

ethics committee approval. All patients provided written informed consent. 

 

Treatment 

Drug administration 

CPT-11 (Aventis Pharma, Antony, France) was supplied as powder 

filled capsules, (PFC) containing 5 mg, 20 mg or 50 mg, for oral administration. 

The gelatin PFCs were administered orally with a glass of tap water, after at least 

four hours of fasting and at least one hour prior to the next meal, once per day for 

five consecutive days every three weeks.   

 

Dose escalation 

The starting dose was 30 mg/m2/day, 60% of the MTD of the 

intravenous formulation administered orally on five consecutive days [30].  The 

planned dose levels were 30, 40, 50, 60, 70, 80 and 90 mg/m2/day, with the 

increases to be made in a stepwise fashion in cohorts of at least three patients. A 

treatment course was defined as five consecutive days of CPT-11 administration, 

and a treatment cycle was a treatment course plus the time needed for recovery 

from any toxicities. A minimum of one week was required between the entry of 
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the first patient and the entry of the subsequent two patients at any given dose-

level. Before dose escalation, all three patients had to receive at least one 

treatment cycle. The first patient was observed for cumulative toxicity or any new 

grade 2 toxicity for at least one week into the second cycle. If toxicity occurred, 

an extra week of observation was required prior to dose escalation. The second 

and third patients were observed for at least three weeks from the start of the 

treatment cycle.  

A DLT was defined as any of the following events, according to 

National Cancer Institute-Common Toxicity Criteria (NCI-CTC), attributable to 

oral CPT-11 and observed during cycle one: grade 4 neutropenia lasting longer 

than five days; neutropenic fever (grade 4 neutropenia with ≥ grade 2 fever); 

neutropenic infection (grade 4 neutropenia with ≥ grade 3 infection or 

documented infection); grade 4 thombocytopenia; diarrhoea ≥ grade 3 despite the 

use of loperamide; nausea or vomiting ≥ grade 3 despite maximal oral anti-emetic 

therapy; or any non-haematological toxicity ≥ grade 3, except alopecia.  

If no patients experienced significant toxicity (one grade below DLT) or 

DLT at the first dose level, then the dose was escalated in the next three patients. 

Treatment at any dose level could be continued until tumour progression, 

unacceptable toxicity or patient refusal.  If one of three patients experienced 

significant toxicity (one grade below DLT) or DLT, then three more patients were 

accrued at the same dose level. If none of these additional patients experienced 

DLT, then the dose was escalated for the subsequent three patients. No intra-

patient dose escalations were allowed. Once a DLT occurred CPT-11 was 

stopped. If one of the three additional patients experienced DLT, the MTD was 

considered to have been exceeded, and further patients were recruited into the 

dose level immediately below. The MTD was considered to have been reached if 

0/6 or 1/6 patients experienced DLT, with at least 2/3 or 2/6 patients at the next 

dose level experiencing DLT. 
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Feasibility step 

Once the MTD was confirmed, additional patients were enrolled at this 

dose level to ensure that this dose was feasible for phase II/III studies. Six cycles 

of therapy were planned in order to detect any cumulative toxicity. A group of 

patients with prior extensive pelvic radiation therapy was also selected, in order to 

establish whether this treatment reduced tolerability, thereby necessitating 

redefinition of the MDT in this patient group. 

 

Patient evaluation 

 

All pre-treatment evaluations were conducted within two weeks prior to 

the start of treatment. These included a complete medical history and physical 

examination, WHO performance status, blood count, biochemical profile, tumour 

markers, chest X-ray, and staging using radiographic imaging.  

The first dose of each cycle was administered in hospital, and on the 

first cycle patients were monitored for ten hours for symptoms of early 

cholinergic syndrome. A complete blood count was obtained on day 5 of the first 

cycle, and twice weekly thereafter, until recovery.  Blood chemistry and toxicity 

assessments were made on days 8 and 15 of the first cycle, and weekly thereafter, 

until recovery. On the second and subsequent treatment cycles, patients were 

assessed on day 1 (pre-dose) by physical examination and with blood counts, 

blood chemistries, serum markers and toxicity assessment, and on days 8, 15 and 

weekly thereafter until recovery. Tumour assessments were performed after every 

two courses by physical examination and repeat radiological examination using 

the same pre-treatment technique.  Response to therapy was assessed according to 

‘WHO Criteria for Evaluation of response’. All adverse events were graded 
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according to NCI-CTC. Loperamide was not given routinely, only with 

development of diarrhoea. Initially 4 mg was given, followed by 2 mg every two 

hours until the diarrhoea had ceased for at least 12 hours (4 mg was permitted 

every 4 hours at night). Prophylactic anti-emetics were not administered on the 

first day of the first course of treatment, but could be given on subsequent 

treatment days and in the following cycles. However, prophylactic anti-emetics 

were used on the first cycle onwards in the feasibility step. The routine use of 

growth factor support was not recommended, but could be given for recurrent 

neutropenia or infectious complications during neutropenic episodes. Similarly, 

atropine could be administered as required for the treatment of cholinergic 

syndrome, but not prophylactically. 

Bioanalytical Procedure 

 

A slightly modified version of the method described by Chollet et al was 

used to analyse CPT-11 and its metabolite SN-38 [35].  

As the active lactone forms of both CPT-11 and SN-38 exist in pH-

dependent equilibrium with their respective less potent open-ring hydroxy acid 

species, the simultaneous monitoring of both forms of both compounds is 

relevant. CPT-11 and SN-38 derivatives have quite different fluorescence 

responses. To avoid any compromise on the wavelength setting, we developed 

chromatographic conditions allowing simple automated wavelength setting 

changes, which are not possible with existing methods involving conventional C-

18 columns. A gradient elution program, using acetonitrile and 75 mM 

ammonium acetate plus 7.5 mM tetrabutylammonium bromide at pH 6.4, was 

employed with a Symmetry C-18 column. These conditions allowed an elution 

order suitable for a simple automated wavelength change and reliable peak 

integration. CPT-11 and SN-38 derivatives were detected at lambda(ex) = 362 
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nm/lambda(em) = 425 nm and lambda(ex) = 375 nm/lambda(em) = 560 nm 

respectively. The method allowed the detection of less than 3 pg of each 

derivative injected on column, and was successfully applied to plasma 

pharmacokinetic studies. 

For the simultaneous analysis of substances in both RBC and plasma (n 

= 5; total number of samples n = 250), a slightly revised method according to De 

Jong et al. was used [36].  

Sample pre-treatment involved deproteinization of whole blood or 

plasma-diluted RBCs isolated by the MESED instrument, with a mixture of 

aqueous perchloric acid and methanol (1:1, v/v). Separation was carried out using 

isocratic elution on a Hypersil ODS stationary phase, with detection at excitation 

and emission wavelengths of 355 and 515 nm, respectively. The lower limit of 

quantitation in blood was 5.00 ng/ml for both compounds, with values for within-

run precision and between-run precision of less than 10%. 

Pharmacokinetics 

 

The pharmacokinetics of CPT-11 and its metabolite SN-38 in plasma 

were evaluated in all patients on days 1 and 5 of the first cycle during the dose-

escalation and feasibility steps, and on day 1 of the third cycle of the feasibility 

step. Heparinised blood samples (7 mL) were collected before administration on 

day 1, at 15, 30, 60 and 90 minutes, and 2, 3, 4, 6, 8, 10 and 24 hours after the 

first oral dose (prior to administration on day 2), and up to 48 hours after the day 

5 administration. Blood samples were immediately chilled on ice, centrifuged, 

and plasma removed and stored at -30oC until analysis. In five patients in the dose 

escalation step, 1 ml of blood was transferred into a MESED instrument at all the 

sample time points for separation of RBCs and plasma. Both fractions were 

frozen at -20°C until analysis.  
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Urine samples were also collected prior to dosing, over 0-10h and 10-

24h periods after the first administration, and up to 48h following administration 

on day 5 of the first cycle. CPT-11 and SN-38 concentrations were measured, as 

total lactone forms, by a reverse-phase HPLC method using fluorescence 

detection. The limit of quantitation was 1.00 ng/mL for both compounds. 

Pharmacokinetic analysis was carried out by non compartmental analysis using 

WinNonlin software (Pharsight, version 3.3). The following parameters were 

calculated: Cmax; tmax; the area under the plasma concentration time profile 

estimated by the linear-logarithmic trapezoidal method from time 0 to the last 

quantifiable concentration (AUC (0-t)), or over one dosing interval (AUC(0-

24h)), and when possible, extrapolated to infinity (AUC); and the apparent 

terminal half-life (t1/2). Accumulation of CPT-11 was calculated by dividing the 

AUC (0-24h) on day 5 by the AUC on day 1. For SN-38, the percentage of 

extrapolated AUC was higher than 25% in 70% of the of the patients, and 

therefore the AUC on day 1 is not reported and the accumulation ratio of SN-38 

was calculated by dividing the AUC(0-t) on day 5 by AUC(0-t) on day 1. The 

statistical analysis was undertaken using SAS software (version 8.2).  

To compare the pharmacokinetic parameters on days 1 and 5 of cycle 1, 

a SAS PROC mixed procedure was carried out after logarithmic transformation of 

the dose normalized Cmax and exposure (AUC(0-t) for SN 38; AUC on day 1 and 

AUC(0-24h) on day 5 for CPT-11), with the patient taken as the ‘random effect’ 

and the day of treatment as the ‘fixed effect’. 

At the recommended dose (80 mg/m²/day), the intra-patient variability 

in dose normalized CPT-11 and SN-38 Cmax, CPT-11 AUC or SN 38 AUC(0-t) 

were estimated using the SAS PROC mixed procedure after log-transformation, 

with the patient taken as the random effect and the cycle (day 1-cycle 3 versus 

day 1-cycle 1) as the fixed effect. 
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Results 

 

Patient characteristics  

Thirty-one patients were enrolled into the dose-escalation step, and 16 

into the feasibility step, which was subdivided into two subsets F1 and F2. Five of 

the patients in the feasibility step had received extensive pelvic radiation therapy 

and were evaluated as a separate subset (F2), with the other eleven patients 

forming the F1 subset. The previous treatment histories of the F1 cohort were 

similar to those of patients recruited into the dose escalation step. The 

characteristics of all the patients are summarized in Table 1. 

In total 24 male and 23 female patients were included, with a median 

age of 51 years (range 26-85 years). Two patients had received no prior therapy. 

Forty-five patients had received prior chemotherapy, and 21 patients prior 

combined chemotherapy and radiotherapy. The median number of prior 

chemotherapy regimens for advanced disease was 2 (range 0- ≥5), and the median 

time from diagnosis to study entry was 25.1 months.    

All 47 patients were evaluable for toxicity and 41 were evaluable for 

response. Of the six patients not assessable for response, five had their therapy 

discontinued after one or two cycles due to toxicity. 
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Table 1: Patient characteristics  

  Number (%) 

  Dose  
escalation

Feasibility 1 
80mg/m²/day 

Feasibility 2* 
80mg/m²/day 

Total 

No. of patients  31 11 5 47 
Sex:  Male (%) 
 Female (%) 

17 (55)  
14 (45) 

6 (55)  
5 (45) 

1 (20)  
4 (80) 

24 (51) 
23 (49) 

Median age years  
[Range] 

48  
[26-85] 

60  
[28-77] 

48  
[36-71] 

51  
[26-85] 

WHO performance 
status 0 (%) 
 1 (%) 
 2 (%) 

  
16 (52) 
11 (35) 
4 (13) 

  
1 (9) 
9 (82) 
1 (9) 

  
1 (20)  
3 (60) 
1 (20) 

  
18 (38)  
23 (49) 
6 (13) 

Tumour type:  
 Melanoma 
 Colorectal 
 Urinary tract 
 Liver 
 Breast 
 Thyroid 
 Lung/pleura 
 Cervix/Uterus 
 Other 
 Pancreas 
 Gallblader 

  
9 
4 
2 
3 
2 
2 
3 
0 
3 
2 
1 

  
2 
0 
1 
0 
0 
1 
1 
0 
5 
0 
1 

  
0 
0 
0 
0 
0 
0 
0 
3 
2 
0 
0 

  
11 
4 
3 
3 
2 
3 
4 
3 
10 
2 
2 

Prior systemic therapy 
 None 
 Chemotherapy 
 Chemotherapy + RT

  
1  (3) 
18 (58) 
11 (36) 

  
0  
5 (45) 
6 (55) 

  
1 (20)  
0 
4 (80) 

  
2  (4)  
23 (49) 
21 (45) 

No. of prior CT 
regimens for advanced 
disease:  1 
   2 
   3 
   > 4 

  
   
9 (30) 
11 (37) 
4 (13) 
6 (20) 

  
 
5 (46) 
2 (18) 
1 (9) 
3 (27) 

  
 
0 (0) 
1 (25) 
1 (25) 
2 (50) 

    
 
14 (31) 
14 (31) 
6 (13) 
11 (25) 

* Patients with prior pelvic radiotherapy 
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Dosing 

The number of patients treated at each dose-level during the dose-

escalation step is presented in Table 2. A total of 105 cycles of therapy were 

administered, and the median number of cycles per patient was 3 (range 1-8). The 

total number of cycles administered to all patients (dose-escalation plus feasibility 

step) was 171, with the median number of cycles per patient again being 3 (range 

1-11) (Tables 2 and 3).   

 

Table 2.  Dose-escalation 

Dose level  
mg/m2/day 

No. 
pts 

No. 
cycles

Median 
no. cycles 
[range] 

No. pts with 
dose 
reduction 

No. pts 
with dose 
delay > 3 
days 

Relative 
dose 
intensity  
% 

30  3  6  2  
 [2-2] 

 0  0  95  

40  3  10  3  
 [1-6] 

 0  2  92 

50  7  25  4  
 [1-8] 

 0  3  98 

60  4  10  3  
 [1-4] 

 0  1  101 

70  3  14  4  
 [2-8] 

 0  0  103 

80  6  22  3  
 [1-7] 

 0  4  99 

90  5  18  3  
 [1-6] 

 1  4  98 

Total  31  105  3  
 [1-8] 

 1  
(3.2%) 

 14 
(45.2%) 

 - 
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Table 3: Feasibility step 

Step No.  
Pts 

Dose 
level 
mg/m2/d
ay 

No. 
cycles 

Median 
no. cycles 

No. pts 
with 
dose 
reduct. 

No. pts 
with 
dose 
delay > 
3 days 

Relative 
dose 
intensity% 

 F1*  11  80  56  4  

 [1-11] 

 1  7  96 

 F2**  5  80  10  2  

 [1-4] 

 2  2  88 

F1* denotes the 11 additional patients recruited into subset F1 in the feasibility 
step of the study, and F2** denotes the subset of 5 patients who had received 
extensive prior pelvic irradiation.  

 

 

Dose-limiting toxicities 

No DLTs were observed during the first cycles of the dose-escalation at 

the 30, 40, 60 and 70 mg/m2/day dose levels. One patient receiving 50 mg/m2/day 

experienced grade 4 diarrhoea and grade 3 asthenia and anorexia. Four additional 

patients were treated at this dose level, but no further DLTs occurred. DLTs were 

reported in one of six and three of five patients at the 80 mg/m2/day and 90 

mg/m2/day dose levels respectively. At the former level one patient experienced 

grade 4 neutropenia lasting more than five days, grade 3 diarrhoea and grade 3 

anorexia plus grade 3 nausea. Treatment was therefore stopped after the first 

cycle. At the 90 mg/m2/day dose level three patients experienced DLTs: the first 

had grade 3 diarrhoea, grade 4 vomiting, grade 4 asthenia and grade 4 anorexia, 

the second experienced grade 3 diarrhoea, and the third had grade 4 neutropenia 

lasting more than five days, which led to a dose reduction (Table 4). Apart from 

neutropenia, the DLTs were predominantly gastrointestinal toxicities.  
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The MTD was 80 mg/m2 /day and this dose level was expanded for the 

feasibility step. Three DLTs occurred in the 16 patients in the feasibility step 

subsets F1 and F2 (Table 4). One heavily pre-treated 67 year old in subset F1, 

who had a Merkel cell carcinoma with lymph node and liver metastases, died 

from septic shock, which was considered drug related. One patient in the F2 

subset had grade 3 asthenia, and a second grade 4 diarrhoea, grade 4 neutropenia 

lasting more than five days, and grade 4 thrombocytopenia. In both cases 

treatment was stopped after one cycle.  

 

Table 4: Dose-limiting toxicity during first cycle 

Dose 
mg/m2 

/day 

No. pts. with 
DLT/  

Total no. pts

DLT 

50 1/7 1 pt with Gr.4 diarrhoea + Gr.3 asthenia and Gr.3 
anorexia 

80 1/6 1 pt with Gr.3 diarrhoea + Gr.3 anorexia plus Gr.3 
nausea + Gr.4 neutropenia ∗ 5 days 

90 3/5 1 pt with Gr.3 diarrhoea, 1pt with Gr.4 
vomiting + Gr.4 asthenia + Gr.4 anorexia, 1 pt 
with Gr.3 diarrhoea + Gr.3 nausea + Gr.4 
neutropenia 

80 (FI*) 1/11 1 pt with Gr.3 diarrhoea + febrile neutropenia 
(death drug related)  

80 (F2**) 2/5 1 pt with Gr.3 asthenia  
1 pt with Gr.4 diarrhoea + Gr.4 neutropenia  ∗ 5 
days + Gr.4 thrombocytopenia. 

F1* denotes the 11 additional patients recruited into subset F1 in the feasibility 
step of the study, and F2** denotes the subset of 5 patients who had received 
extensive prior pelvic irradiation.  
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Overall tolerability 

Haematological toxicity 

All 47 patients were evaluable for toxicity. No haematological toxicities 

were observed up to 80 mg/m2/day, except for one patient at 50 mg/m2/day. Grade 

4 neutropenia was reported in two of 31 patients in the dose-escalation; one at 80 

mg/m2/day and one at 90 mg/m2/day. Grade 3 febrile neutropenia and grade 4 

thrombocytopenia was reported in one patient in the feasibility step (Table 4). The 

grade 3 / 4 haematological toxicities in all patients at all dose levels are 

summarised in Table 5.  

 

Table 5: Haematological toxicity and non-haematological toxicity all patients  

  Initial planned dose (mg/m2/day) 

  30 40 50 60 70 80 90 All 

No. evaluable 
first cycles  

3 3 7 4 3 22 5 47 

Haemoglobin 
Gr.3/4 

0 0 1 0 0 2 (10%) 2 (40%) 5 (10.6%) 

Platelets Gr.3/4 0 0 0 0 0 3 (13.6%) 1 (20%) 4 (8.5%) 

Neutrophils 
Gr.3/4 

0 0 0 0 0 5 (22.7%) 2 (40%) 7 (14.9%) 

Diarrhoea 
Gr.3/4 

0 1 1 0 0 5 (22.7%) 2 (20%) 9 (19.1%) 

Nausea Gr.3/4 0 0 1 0 0 3 (13.6%) 2 (20%) 6 (12.7%) 

Vomiting 
Gr.3/4 

0 0 0 0 0 2 (10%) 2 (20%) 4 (8.5 %) 
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Non-haematological toxicity 

Gastrointestinal toxicity was dose-limiting in six of the eight patients 

who experienced DLT during both the dose-escalation and feasibility steps (Table 

4).  

 

Anti-tumour activity 

Two confirmed partial responses (4.25%) were documented in 

melanoma patients, one at 40 mg/m2/day (6 cycles), and the other at 80 

mg/m2/day (7 cycles) in the feasibility study. Seventeen (36%) of the 47 patients 

had stable disease.  

 

Pharmacokinetics 

The pharmacokinetic parameters of CPT-11 and SN-38 were determined 

in 46 patients on days 1 and 5 of the first cycle. Absorption was rapid, with peak 

plasma concentrations of both CPT-11 and SN-38 occurring within 1.5 to 3.0h on 

days 1 and 5 (Tables 6 & 7). Despite a high inter-patient variability, a near linear 

relationship between the dose of CPT-11 and the Cmax of both CPT-11 and SN-

38 on days 1 and 5 was seen.  
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Significant increases in the Cmax (40%, p=0.0038) and exposure (51%, 

p=0.0021) of CPT-11 was observed when comparing days 1 to 5 (Figure 1). 

However, the Cmax of SN-38 remained unchanged between day 1 and day 5, 

whilst the AUC(0-t) of SN-38 only increased by 33% on day 5 (p=0.0144), but 

this is likely to be an overestimate because the AUC extrapolated to infinity could 

not be calculated on day 1. Similar results were obtained when only patients 

treated at the recommended dose of 80 mg/m²/day were considered. Significant 

increases in the Cmax (41%, p=0.0133) and AUC (54%, p=0.0057) of CPT-11 

were seen. SN-38 Cmax remained unchanged, but a statistically significant 

increase of 42% in AUC(0-t) was observed (p=0.0322). 
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Figure 1: Individual AUC day 1 versus AUC (0-24h) day 5 for CPT-11 

 

On comparing the pharmacokinetic parameters after the first 

administration of 80 mg/m²/day on cycles 1 and 3 (seven patients, data not 

presented), no cycle effect was observed. At this dose level, the intra-patient 

variability of CPT-11 Cmax and AUC was 26 % and 37 % respectively. The 

intra-patient variability of SN-38 was higher, with 41 % for Cmax and 90 % for 
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AUC(0-t). The metabolic ratio (AUC(0-t) SN-38/AUC(0-t) CPT-11) was 0.118 

+/- 0.101 (mean +/- SD) on day 1 and 0.092 +/- 0.076 on day 5, and was stable 

over the dose range investigated. 

Urinary excretion of CPT-11 0-24h post dosing on day 1 accounted for 

1.25 +/- 1.42 % of the administered dose, and for 1.39 +/- 2.30 % 0-48h post 

dosing on day 5. SN-38 recovery represented 0.071 +/- 0.062 % and 0.077 +/- 

0.075 % of the CPT-11 dose on days 1 and 5 respectively.   

 

RBC versus plasma pharmacology 

The concentrations of CPT-11 and SN-38 in a subset of five patients 

(3F/2M) were determined not only in plasma, but also in the red blood cells, on 

days 1 and 5 of the first cycle. One had received 60 mg/m²/d, one 70 mg/m²/d, 

and three 80 mg/m²/d. The day 5 data from one male patient treated at 80 mg/m²/d 

were not reliable because of non-compliance and vomiting, and were therefore not 

included in the analysis. We compared these concentrations and the partition 

ratios (concentration in RBC / concentration in plasma) of irinotecan with in vitro 

data from incubations of CPT-11 in volunteer blood.  

In these patients, a relationship between whole blood concentration 

(RBC + plasma) of CPT-11 or SN-38 and their partition ratios was not identified. 

There was no difference in the partition of CPT-11 or SN-38 in the two men 

versus the three women, nor was there any dose proportionality of the Cmax of 

CPT-11 and SN-38 in red blood cells and plasma across the three dose levels. In 

contrast to SN-38, CPT-11 whole blood concentrations were significantly higher 

on day 5 compared to day 1 (p = 0.00698, paired student T-test). A linear 

relationship was established between the Cmax of CPT-11 in plasma and in the 

RBCs (p < 0.0001), but was not found for SN-38. However, there was a trend to a 

correlation between the Cmax of CPT-11 and SN-38 in the erythrocytes (p = 

0.061). The toxicity experienced by individual patients correlated significantly 
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with the Cmax of CPT-11 and SN-38 in the erythrocytes (p = 0.025 and 0.047 

respectively), but not with the plasma Cmax in this small sample size.    

Discussion  

Currently CPT-11 is routinely administered intravenously either as a 

single agent or in combination with 5-FU/FA and/or oxaliplatin to treat advanced 

colorectal cancer, using a variety of different schedules [10-12]. The DLTs 

following intravenous administration irrespective of schedule are diarrhoea, with 

or without neutropenia. Severe grade 3/4 diarrhoea or neutropenia occurs in about 

22% and 20% of patients respectively. The DLTs in eight of 47 patients given the 

oral PFC formulation in the schedule used in this study were diarrhoea (n=6, 

12.7%), neutropenia (n=2, 4.2%), complicated neutropenia (n=2, 4.2%), 

thrombocytopenia (n=1, 2.1%), vomiting (n=1, 2.1%), anorexia (n=3, 6.4%) and 

asthenia (n=3, 6.4%), with six patients having more than one DLT. These figures 

are consistent with our previously published preliminary observations [31], and 

with those of a US study using the same schedule [33]. This US study 

recommended 50 mg/m2/day for five consecutive days every three weeks [33]. 

The recommended dose for daily oral CPT-l1 for 14 days every three weeks is 30 

mg/m2/day, which represents a total dose of 420 mg/m2 [34]. In the present study, 

the recommended dose for oral CPT-11 as a PFC is 80 mg/m²/day for five 

consecutive days every three weeks representing, a total dose of 400 mg/m²; a 

more favourable toxicity profile was also seen compared to the US study.   

Oral CPT-11 as a PFC was absorbed rapidly from the gastrointestinal 

tract, and maximal concentrations of CPT-11 and SN-38 were reached within 1.5 

to 3.0 hours after administration. A large inter-patient variability in the 

pharmacokinetic parameters was observed over the dose range investigated. The 

Cmax of both CPT-11 and SN-38 in plasma on days 1 and 5 increased 

significantly with the dose of CPT-11. In previous studies, using intravenous 
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CPT-11, linear correlations were found between CPT-11 dose and the AUC of 

CPT-11 and SN-38, although variability between patients was also high [38, 39]. 

A moderate accumulation of CPT-11 and SN-38 was observed between days 1 

and 5, resulting in a 54% and 42% increase respectively in exposure at the 

recommended dose. There was no accumulation when CPT-11 formulated as a 

PFC (as in the present study) was administered once a day for 14 consecutive 

days at a lower daily dose than in the present study [32].  

The pharmacokinetics remained unchanged throughout three 

consecutive cycles. The mean relative metabolic ratio of total SN-38 AUC to total 

CPT-11 AUC was stable over the dose range investigated. Thus, the fraction of 

the drug metabolized to SN-38 was unaffected by dose. The metabolic ratio (9 % 

- 12 %) was similar to that observed in other studies when CPT-11 was given 

orally, but was much higher than that reported after a bolus or short intravenous 

infusion (3 % - 5 %) [40]. This result supports the hypothesis that CPT-11 is 

converted to SN-38 pre-systemically by carboxylesterases in the gastrointestinal 

tract and liver, leading to an increased metabolic ratio with oral dosing [41]. 

The systemic exposure to CPT-11 following oral administration during 

one cycle (three weekly) at the recommended dose of 80 mg/m²/day in the present 

study was approximately 18% of the exposure measured after the intravenous 

administration of 350 mg/m² during one cycle (three weekly) [38]. Allowing a 2-4 

fold higher metabolic ratio for the oral route compared to a short intravenous 

infusion, the cumulative exposure to the active metabolite SN-38 would be 

approximately 35-70% of the exposure after 350 mg/m² CPT-11 administered 

intravenously. Urinary excretion of CPT-11 and SN-38 after five daily oral 

administrations were ten and three fold lower respectively than those estimated 

(14%) after intravenous administration [40]. These results suggest incomplete 

absorption of CPT-11 following oral administration in addition to substantial non-
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renal excretion. However, the apparent terminal half-life of CPT-11 on day 5 was 

comparable to that observed after intravenous administration (8-11h) [38]. 

In our in vitro studies of CPT-11, we determined partition ratios of 

CPT-11 between red blood cells and plasma after in-vitro incubation of blood 

from volunteers (section II, chapter 5), showing a concentration dependent rise in 

partition ratios. In the five patients investigated in this study, this concentration 

dependent increase in the partition ratios was not found. The mean whole blood 

concentrations in the in vitro studies were 231 to 99452 ng/ml, based on levels 

reached after intravenous administration, compared to 105 ng/ml in the five 

patients studied in vivo. If the in-vitro incubation concentrations above 500 ng/ml 

are excluded, this concentration effect on the partitioning is also lost. 

Comparisons concerning SN-38 are not possible, since it cannot be generated in-

vitro. The sample size and dose range in these five patients were too small to 

confirm the dose proportionality seen in the plasma data of all patients. The 

exceptional finding in-vitro that higher partition ratios of irinotecan are seen in 

non-smokers could not be confirmed. Cigarette smoking seems to impair the 

affinity of the erythrocyte for CPT-11. Only one patient was a smoker, but his 

partition ratios were not lower than the other four patients. No gender difference 

in the partition of CPT-11 was detected, consistent with the in vitro data. The 

moderate accumulation of CPT-11 and SN-38 between days 1 and 5 in the plasma 

of all patients (Aventis) was also seen in these five patients, in addition to 

accumulation in red cells. Accumulation of SN-38 was not detected in the five 

patients. There was no accumulation of SN-38 in the erythrocyte, reflecting stable 

partition ratios over time. There was a good correlation between maximum 

concentrations of CPT-11 in plasma and RBCs (p < 0.0001), which was not the 

case for SN-38 (p = 0.26). This is in agreement with the Hinderling theorema, 

which state that only the free fraction of a compound can enter the red blood cell. 

The plasma protein binding of CPT-11 and SN-38 is 65% and 95% respectively, 
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and therefore it is to be expected that more CPT-11 will enter the red blood cell 

than SN-38, which is more protein bound. From a pharmacological viewpoint, it 

was interesting to see a trend (p = 0.061) to a correlation between the Cmax 

values of CPT-11 and SN-38 in the RBC, since SN-38 is far more potent than the 

parent drug, and the RBC could play a role in drug delivery to the tumour. The 

pharmacodynamics are even more interesting. The toxicities in our five patients 

correlated significantly with the Cmax of CPT-11 and SN-38 in the erythrocytes 

and not with the plasma data. This again indicates the importance of measuring 

drug concentrations in the RBC, not only in plasma, in the pharmacokinetic and 

pharmacodynamic evaluation of cytotoxic compounds.        

The preliminary anti-tumour data reported here suggest that the efficacy 

of the oral schedule is not dissimilar to that achieved with the intravenous 

schedules of previous Phase I studies. Two partial responses were seen, and 

36.2% of patients achieved stable disease. These response rates are in keeping 

with those of phase I trials of a 14 day continuous low-dose intravenous infusion 

[23], and of oral administration of an intravenous solution of CPT-11 given daily 

for five days every three weeks, which reported a partial response in one (4%) and 

stable disease in 17 (61%) of 28 patients with solid tumours [30]. Similarly, 

another phase I study of CPT-11 administered as a PFC daily for 14 days every 

three weeks in mixed solid tumours reported disease stabilization in ten of 19 

patients (53%) [34]. As different schedules have reported similar response rates  

[23, 31, 37], the optimal administration schedule for oral CPT-11 should be based 

on toxicity and convenience.  

The development of oral fluoropyrimidines should improve the quality 

of life for patients with colorectal cancer. In randomized phase III comparisons 

with 5-FU/FA regimens, both capecitabine (Xeloda®) and UFT have 

demonstrated essentially equivalent survival with decreased toxicity [42, 43, 44] , 

and currently intravenous CPT-11 is being investigated in combination with oral 
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fluoropyrimidines [16, 17, 18, 45, 46]. The development of oral CPT-11 raises the 

possibility of future chemotherapeutic strategies, for the treatment of colorectal 

cancer in particular, based on oral fluoropyrimidines in combination with oral 

CPT-11, which should optimise the cancer cell exposure to cytotoxic drugs, 

reduce toxicity, and be more convenient and therefore potentially improve quality 

of life. 
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Chapter 9 

Phase I, Pharmacokinetic, Food effect, and Pharmacogenetic 

Study of oral Irniotecan Given as Semi-Solid Matrix 

Capsules in Patients with Solid Tumours  
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Abstract 

Purpose: To characterize the maximum-tolerated dose (MTD), 

recommended dose, dose-limiting toxicities (DLTs), pharmacokinetic profile, and 

food effect of orally administered irinotecan formulated as new semi-solid matrix 

capsules.  

Experimental Design: Irinotecan was administered orally in fasted 

condition once daily for 5 consecutive days repeated every 3 weeks. Patients were 

randomly assigned to take the drug along with a high-fat, high-calorie breakfast 

for the administration at day 1 of the first or second cycle. Dosages tested were 70 

and 80 mg/m2/day.  

Results: Twenty-five patients received 101 cycles of therapy (median 2 

cycles, range 1 – 15). During the first cycle grade 3 delayed diarrhea and grade 3 

fever were the DLTs at the dosage 80 mg/m2/day in three out of five patients. 

Hematological and nonhematological toxicities were mild to moderate. Exposure 

to the active metabolite SN-38 was relatively high compared to intravenous 

infusion, but no relevant accumulation was observed. Food had no significant 

effect on irinotecan pharmacokinetics. One confirmed partial remission and ten 

disease stabilizations were observed in previously treated patients. No association 

was found between the UGT1A1*28 genotype and the risk of severe irinotecan-

induced toxicity. 

Conclusions:  For oral irinotecan, a dose of 70 mg/m2/day for 5 

consecutive days every 3 weeks is recommended for further studies. Delayed 

diarrhea was the main DLT, similar that observed with intravenously 

administered irinotecan. This study confirms that oral administration of irinotecan 

is feasible and may have favorable pharmacokinetic characteristics. 

 

Key words: irinotecan, oral, phase I, dose-limiting toxicity, pharmacokinetics 
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Introduction 

In clinical studies, irinotecan has demonstrated single-agent activity 

against a spectrum of solid tumors [1], in particular colorectal cancer [2-9]. In two 

phase III studies, the combination of irinotecan with both bolus or infusional 5-

fluorouracil plus folinic acid regimens for the first-line treatment of advanced and 

metastatic colorectal cancer was significantly superior over the corresponding 

control regimen in terms of response rate, time to progression and overall survival 

[10,11]. As a result, irinotecan has been approved for clinical use in advanced 

colorectal cancer given as an intravenous infusion, both as first-line therapy in 

combination with 5-fluorouracil and as salvage treatment in refractory disease [1]. 

Irinotecan requires bioactivation to form its biologically active 

metabolite SN-38 [12], that subsequently is detoxified to SN-38 glucuronide (SN-

38G) by the polymorphic enzyme uridine diphosphate glucuronosyltransferase 

1A1 (UGT1A1) [13-15]. In addition, irinotecan is metabolized by cytochrome 

P450 isoenzymes CYP3A4 and CYP3A5 to form the metabolites APC and NPC 

[16,17]. Furthermore, the elimination pathways of irinotecan and SN-38 are 

partially mediated by membrane-localized, energy-dependent outward drug 

pumps, belonging to the superfamily of ATP-binding cassette (ABC) transporters, 

like MDR1 P-glycoprotein (ABCB1) [18,19].  

We performed this phase I study to evaluate the oral administration of 

irinotecan formulated as new SSM capsules in patients with refractory solid 

tumors. The objectives of this trial were (a) to determine the maximum-tolerated 

dose (MTD) and dose-limiting toxicities (DLTs) of irinotecan when administered 

once daily for 5 consecutive days every 3 weeks, (b) to characterize the 

pharmacokinetics of irinotecan and its metabolite SN-38, (c) to correlate the 

observed irinotecan-associated toxicity with genetic polymorphisms in genes 
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involved in the pharmacokinetics of irinotecan, (d) to analyse the effect of food on 

the bioavailability, and (e) to evaluate preliminary antitumor activity.  

 

Patients and methods 

 

Eligibility Criteria 

Patients with a histologically confirmed diagnosis of a malignant solid 

tumor refractory to conventional chemotherapy or for whom no effective therapy 

existed were eligible. Other eligibility criteria were similar to those described 

previously [20]. Specific exclusion criteria included prior treatment with 

irinotecan, concomitant treatment with CYP3A4 inhibitors or inducers (wash-out 

period of at least 7 days since last intake), symptomatic brain metastases or 

leptomeningeal involvement, active inflammatory bowel disease, bowel (sub-

obstruction, chronic diarrhea, known chronic malabsorption or total colectomy or 

other major abdominal surgery that might result in substantial alteration in transit 

or absorption of oral medication. The institutional Ethical Boards approved the 

study protocol, and all patients gave written informed consent. 

 

Treatment and Dose-escalation 

Irinotecan was supplied as semi-solid matrix capsules, containing 5, 20 

or 50 mg of the active drug substance, and these were stored at room temperature. 

The capsules also contained lecithin and lauroyl macrogolglycerides as inactive 

ingredients and a yellowish waxy mass. The drug was supplied by Aventis 

Pharma (Antony, France) in 30 mL bottles, containing 20 capsules of the 50 mg 

dosage form and 40 capsules of the 5 mg and 20 mg dosage form. Capsules were 

taken once a day in the morning for five consecutive days with about 180 mL of 

water after an overnight fasting for at least four hours prior to the daily oral dose 
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and one hour following dosing, except for the first dose of the 5-day treatment as 

described below. Compliance with the scheduled treatment was assessed at the 

end of each cycle by counting the used and returned capsules of irinotecan. 

Prophylactic anti-emetics (either metoclopramide or a serotonin 5-

hydroxytryptamine-3 receptor antagonist) were allowed one hour before 

irinotecan dosing and up to two additional times daily if necessary during all 

cycles of treatment, except for the first dose of the 5-day treatment of the first two 

cycles. 

For irinotecan induced delayed type diarrhea, high-dose loperamide 

therapy was administered orally consisting of a starting dose of 4 mg at the first 

episode of diarrhea followed by 2 mg every 2 hours for at least 12 hours. The 

patient was allowed to stop loperamide only after a 12-hour diarrhea free interval. 

If the diarrhea persisted for more than 48 hours despite the recommended 

loperamide treatment, a seven days prophylactic oral antibiotic therapy 

(ciprofloxacine 500 mg b.i.d.) was added in subsequent cycles. 

The effect of food on the pharmacokinetics of irinotecan and metabolite 

SN-38 was assessed on the first day of the first two cycles. Patients were 

randomly assigned to take the study drug on day 1 of the first cycle in the fed 

state and then in the fasted state on day 1 of the second cycle, or in the inverse 

sequence. The fed state included an FDA-standardized high-fat, high-calorie 

breakfast, containing approximately 20% of proteins, 60% of lipids, and 20% of 

carbohydrate (approximating 1000 kcalories) [21]. In the fed condition for the 

first dose of the 5-day treatment of either cycle 1 or 2, capsules were taken within 

5 minutes after completion of the breakfast, which was to be ingested within 30 

minutes. 

The starting dose of irinotecan, 70 mg/m2 given once daily for 5 

consecutive days, was based on a previous phase I study with a different 

formulation involving powder-filled capsules of irinotecan [22]. Preclinical data 
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indicated that the new formulation exhibited a similar absolute bioavailability of 

irinotecan. Hence, the starting dose was 10 mg/m2/day below the MTD (80 

mg/m2/day) of the previous study. Further dose-escalations were based on the 

prior dose level toxicity. If no significant toxicity was observed at the previous 

dose level, the dose was escalated to the next higher dose level with 10 

mg/m2/day increments. A treatment cycle was defined as the 5 consecutive days 

of irinotecan administration plus the necessary time for the patient to recover from 

any toxicities. Cycles were to be repeated every 21 days. A minimum of 3 patients 

was to be treated at each dose level, with a minimum 1-week interval between the 

entry of the first patient and the entry of the subsequent 2 patients at any given 

dose level. Before escalation to the next dose levels all 3 patients had to have 

received at least one treatment cycle. If one of three patients experienced DLT, 

three additional patients were entered at that dose level. The MTD was defined as 

one dose level below the dose that induced DLTs in 2 out of 6 patients during the 

first cycle. DLT was defined as National Cancer Institute Common Toxicity 

Criteria (NTC-CTC) version 2.0 grade 4 neutropenia lasting for ≥ 5 days, 

neutropenic fever (defined as grade 4 neutropenia with fever ≥ 38.5ºC), 

neutropenic infection (defined as grade 3 – 4 neutropenia with ≥ grade 3 infection 

or documented infection), thrombocytopenia less than 25 x 109/L, ≥ grade 3 

diarrhea, despite maximal loperamide support, ≥ grade 2 nausea or vomiting, 

failing maximal oral antiemetic therapy, or vomiting leading to discontinuation of 

the study drug intake ≥ 3 days, other ≥ grade 3 nonhematological toxicities 

(except alopecia), and treatment delay due to toxicities attributed to the study drug 

for more than 2 weeks [23]. Intrapatient dose-escalation was not allowed. The 

treatment was resumed when the neutrophil count had recovered to ≥ 1.5 × 109/L, 

the platelet count to ≥ 100 × 109/L, diarrhea was grade 0, and any other treatment-

related toxicities were ≤ grade 1. Once the MTD was confirmed at least ten 
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additional patients were to be enrolled at this dose level to ensure that this dose 

was feasible for phase II/III studies. 

 

Treatment Assessment 

Prior to therapy, a complete medical history was taken and a physical 

examination and clinical chemistry evaluation was performed. Weekly 

evaluations included history, physical examination, toxicity assessment. Complete 

blood cell counts were obtained twice weekly throughout cycle 1 and weekly 

thereafter, serum biochemistry was determined on day 8 and 15 of cycle 1 and 

weekly thereafter until recovery, at every subsequent cycle it was determined 

once every 3 weeks. Response evaluation was performed after every two cycles 

and assessed according to RECIST [24]. Patients were treated for at least two 

cycles of therapy unless disease progression or unacceptable toxicity was 

encountered. 

 

Pharmacologic Analysis 

For pharmacokinetic analysis, blood samples were taken immediately 

prior to drug administration, and at 0.5, 1.0, 1.5, 2, 3, 4, 6, 10, 18 and 24 hours 

after administration on days 1 and 5 at cycle 1, and on day 1 at cycle 2. Urine was 

collected prior to drug administration, and at time intervals: 0 – 10 hours and 10 – 

24 hours after administration on days 1 and 5 at cycle 1 and day 1 at cycle 2. The 

concentrations of irinotecan and SN-38 in plasma and urine were quantified by a 

validated assay based on liquid chromatography with fluorescence detection. The 

lower limits of quantitation were 1 ng/mL in plasma for both compounds and 100 

ng/mL and 25 ng/mL in urine for irinotecan and SN-38, respectively, using 50-µL 

aliquots. 

Pharmacokinetic parameters were calculated by standard non-

compartmental methods using WinNonlin software version 3.3 (Pharsight, 
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Mountain View, CA, USA), using standard equations. Non-predicted 

accumulation was calculated as the ratio of AUC-over-one-dosing- interval (24 h) 

on day 5 over AUC-extrapolated-to-infinity on day 1. 

 

Pharmacogenetic Data Analysis 

Genomic DNA was extracted from 200 µL plasma using a total nucleic 

acid extraction kit on a MagnaPure LC (Roche, Mannheim, Germany). Variations 

in the ABCB1 (nucleotide 3435 C>T) [25], CYP3A4 (CYP3A4*3, CYP3A4*17, 

and CYP3A4*18), CYP3A5 (CYP3A5*3) genes were analyzed by polymerase 

chain reaction (PCR)-restriction fragment length polymorphism as previously 

reported [26,27]. For UGT1A1*28, a 35 cycle PCR (1 min 94°C, 1 min 60°C, and 

1 min 72°C) was performed using primers 5’-FAM-AAG TGA ACT CCC TGC 

TAC CT-3’ and 5’-AAA GTG AAC TCC CTG CTA CC-3’. The number of TA-

repeats in the 253 bp PCR product was determined using capillary electrophoresis 

on an ABI 310 (Applied BioSystems, Foster City, USA) [14,15]. Genetic 

polymorphisms were correlated with pharmacokinetic parameters obtained in 

fasted condition cycles in 23 patients. 

 

Statistical Analysis 

Pharmacokinetic parameters from the various treatment groups were 

compared statistically using SAS version 8.2 (SAS Institute Inc., Cary, NC, 

USA). To compare the pharmacokinetic parameters with the genetic 

polymorphisms a Kruskal-Wallis test (SPSS version 10.1, Paris, France) was used 

or a non parametrical trend analysis (Stata version 7.0; Stata Corp., College 

Station, TX, USA) [15]. All tests results with a P < .05 were regarded as 

statistically significant. 
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Results 

 

Patient Characteristics 

A total of 25 patients (10 male and 15 female), with a median age of 53 

years (range, 31 – 76 years) was enrolled into the study (Table 1). All patients 

were eligible, treated and evaluable for toxicity and DLT. All patients, except 

four, had received prior chemotherapy and/or radiotherapy. A total of 101 cycles 

of treatment were given. Dose levels studied were 70 mg/m2/day, and 80 

mg/m2/day daily-times-five every 3 weeks. Twenty-one patients were assessable 

for response. Three patients, who were not assessable for response, withdrew 

from the study before the first scheduled tumor reassessment, and one patient had 

a response, which was not properly assessed. A total of 16 patients were evaluable 

for the food effect, whereas nine patients were not evaluable for the food effect 

because of vomiting within one hour after the meal.   
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Table 1:  Patient Characteristics 
 

  
Abbreviations: no., number; WHO, World Health Organization. 
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Dose-Limiting Toxicity 

At the starting dose of 70 mg/m2/day 3 patients were treated. Because no 

DLT was observed, the next dose level of 80 mg/m2/day was explored. After 

determination of a DLT consisting of grade 3 delayed diarrhea in one out of three 

patients, this cohort was expanded (Table 2). One additional patient at this dose 

level experienced grade 3 fever, regarded as a DLT because no infection was 

documented and other causes were not found. Subsequently, the dose of 70 

mg/m2/day was further explored with 3 additional patients. None of these three 

patients experienced DLT. Therefore, the recommended dose for phase II trials 

was set at 70 mg/m2/day for 5 consecutive days every 3 weeks, and fourteen 

additional patients were enrolled at this dose to fully assess feasibility and the 

food effect. One of these patients experienced DLT (ie, grade 3 fatigue and grade 

3 anorexia). 
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Hematologic Toxicity and Nonhematologic Toxicity 

Hematologic and nonhematologic toxicities were mild to moderate 

(Table 3 and 4, respectively). The majority of patients (68%) developed grade 1 

or 2 anemia. The nonhematologic toxicities consisted mainly of nausea, vomiting, 

diarrhea, stomatitis, anorexia and asthenia. Most (76%) patients experienced 

grade 1 to 2 nausea, and 13 out of 25 patients (52%) experienced grade 1 to 2 

vomiting at both dose levels. Prophylactic anti-emetics either metoclopramide or 

serotonine antagonists were used to manage nausea and vomiting. Since almost 

every patient experienced vomiting during the feasibility step (dose level 70 

mg/m2/day), it was recommended to use oral 5-HT3-blockers from the first intake 

of oral irinotecan capsules. Grade 3 delayed diarrhea was observed in five (20%) 

patients at the 70 and 80 mg/m2/day dosages, although was not considered DLTs 

in three patients due to suboptimal supportive treatment with loperamide. Grade 1 

to 2 diarrhea was noted in all other patients and was easily manageable with 

loperamide support and if necessary with use of ciproxin. Grade 1 and 2 anorexia 

was noted in seven (28%) patients, mostly at dose level 70 mg/m2/day. A grade 3 

anorexia was observed in one patient at dose level 80 mg/m2/day at subsequent 

cycle and was coincidenced by inadequate anti-emetic treatment of severe nausea 

and vomiting. A grade 1 to 2 asthenia was observed in eleven (44%) patients at 

both dose levels. Four patients experienced mild alopecia (grade 1) and one 

patient moderate alopecia (grade 2). Finally, a mild cholinergic syndrome was 

observed in two patients (one in cycle 1 and the other in cycle 2). No patient 

received prophylatic atropine for this adverse event. 
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Pharmacokinetics 

After oral administration, irinotecan and SN-38 achieved peak plasma 

concentrations within 2 to 4 hours (Table 5). The mean AUC accumulation-ratio 

on day 5 versus day 1 for irinotecan was 117% (90% confidence interval (CI), 86-

160%) (P = .40), suggesting no accumulation of the parent drug. For SN-38, this 

ratio was 85% (90% CI, 61-119%) (P = .43). For the entire population, the mean 

AUC ratio of SN-38-to-irinotecan was approximately 13%. This metabolic ratio 

was dose-independent, and substantially higher than the ratio of about 3% 

measured after intravenous administration [28]. This indicates extensive 

presystemic biotransformation of irinotecan (ie, in the gastrointestinal tract and/or 

during first-pass extraction). As expected, the 24-hour urinary excretion of both 

irinotecan and SN-38 was low, and accounted for less than 3% and 1% of the 

dose, respectively. The mean AUC-ratio for fed-to-fasting in the 16 evaluable 

patients was 1.13 for irinotecan (95% confidence intervals, 0.86-1.48; P = 0.44) 

and 1.17 for SN-38 (95% confidence intervals, 0.88-1.55; P=0.36), indicating no 

change in absorption of irinotecan even after a high fat meal. The use of other oral 

comedication was recorded for each patient, and no noticeable interactions were 

noted (data not shown). 
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Pharmacogenetics 

Five SNPs and one dinucleotide repeat were analyzed in four genes of 

putative relevance for the irinotecan absorption and disposition. One patient had 

an extra TA repeat in both alleles ((TA)7TAA) of the UGT1A1 gene promoter 

(UGT1A1*28), whereas another patient had one TA repeat less in one of both 

alleles (TA5/TA6). The genotype frequency for TA6/TA6 (N = 13) and TA6/TA7 

(N = 8) were comparable with previously reported estimates in European 

Caucasians [29]. Although the dose-normalized peak concentration of SN-38 in 

the fasted condition was significantly affected by UGT1A1*28 genotype (P = 

.026), this was not associated with increased toxicity (ie, severe diarrhea and/or 

neutropenia) in patients carrying the variant allele (data not shown). No 

statistically significant associations with SN-38 pharmacokinetic parameters were 

observed in a total of 23 patients with variant alleles in CYP3A5*3 and ABCB1 

3435 C>T (P > .23). The AUC0-24h of irinotecan of the CYP3A4*1/*3 

heterozygous individual was comparable with the AUC0-24h of irinotecan of 

CYP3A4*3 wild-type carriers, 379 versus 582.92 (SD ± 302.06) ng·h/mL, 

respectively. No CYP3A4*17 (viz. associated with impaired CYP3A4 activity) 

nor CYP3A4*18 (viz. associated with enhanced CYP3A4 activity) individuals 

were identified [30]. 

 

 

Efficacy 

A 69-year-old male with metastatic colorectal cancer achieved a 

confirmed partial response lasting 4 months. A total of ten patients had disease 

stabilization for 6 (N = 5), 12 (N = 2), 18 (N = 2), and 24 weeks (N = 1). Ten 

patients had progressive disease after 2 cycles of chemotherapy and one patient 

had early progressive disease.  
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Discussion 

The present phase I study indicates that oral irinotecan, formulated as a 

semi-solid matrix capsules, administered daily for 5 consecutive days every 3 

weeks, is feasible and safe. The principal DLT of this oral regimen was 

nonhematologic and consisted of delayed diarrhea and fever observed at dose 

level 80 mg/m2/day. The pattern of the delayed diarrhea is similar to that 

associated with intravenous administration of irinotecan and can be relieved by 

support of loperamide [31]. It has been suggested that the delayed diarrhea after 

irinotecan administration results from the direct effect of SN-38 on the intestinal 

mucosa [31]. At a daily dose of 80 mg/m2/day, two of five patients experienced 

grade 3 diarrhea and grade 3 fever, which, according to the predefined criteria for 

the MTD, precluded further dose-escalation. Hematologic toxicity was mild to 

moderate and did not result in DLT in the first cycle. The recommended dose is 

70 mg/m2/day for 5 consecutive days every 3 weeks, and this dose level was 

tested for the feasibility and food effect. Nonhematologic toxicities attributed to 

oral irinotecan treatment, including vomiting, stomatitis, anorexia, asthenia, 

alopecia and symptoms associated with mild cholinergic syndrome, were similar 

to historical experience with intravenous irinotecan [1]. 

Substantial interpatient variability in pharmacokinetics of irinotecan and 

SN-38 was observed in our study, which is in agreement with other phase I 

studies of oral irinotecan [20, 22,32-35], and can be linked to the complex 

pharmacology of the drug. After absorption of oral irinotecan, both the parent 

drug and SN-38 achieved peak plasma concentrations within 2 to 4 hours of 

administration of the drug. There was no statistically significant accumulation of 

SN-38 or irinotecan, and there was no statistically significant influence of food on 

the pharmacokinetics of irinotecan and SN-38. The FDA defined standard diet 

used in this investigation is an extreme of the normal conventional daily diets 

most people would take, suggestion that no effect is expected for normal daily 
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diets on the pharmacokinetics of oral irinotecan. It is noteworthy, however, that 

small changes in the pharmacokinetic profile may have been missed simply due to 

a biased sample estimate. 

Furthermore, we found that the metabolic ratio, defined as the AUC of 

SN-38-to-irinotecan was higher with oral administration than with intravenous 

administration of irinotecan (13% versus 3%) [28], suggesting extensive 

presystemic metabolism of irinotecan. This is consistent with the high expression 

levels of irinotecan-converting carboxylesterases in the gastrointestinal tract and 

liver [36]. Presystemic metabolism of irinotecan was also observed in the other 

phase I studies with irinotecan administered either as a solution with CranGrape 

juice [20], as powder-filled capsules [22,32-34], or as semi-solid matrix capsules 

[35]. The results of the six phase I studies of orally administered irinotecan are 

summarized in Table 6.  

In contrast with our study, the preliminary results of another phase I 

study of oral irinotecan formulated as semi-solid matrix capsules revealed an 

MTD of 60 mg/m2/day daily-times-five every 3 weeks [35]. A mean (± SD) 

bioavailability of orally administered irinotecan of 25% ± 23% was found. 

Furthermore, the AUC of the active metabolite SN-38 following oral 

administration of irinotecan was 50% of the value from an equivalent intravenous 

dose, implicating presystemic metabolism of irinotecan as well [35]. In addition, 

over a 5-day dosing-interval orally administered irinotecan produced substantially 

less systemic exposure to parent drug compared to intravenous treatment on the 

weekly times 4 every 6 weeks schedule, while maintaining comparable exposure 

to SN-38, suggesting that the oral route could be associated with less irinotecan-

related toxicity [35]. 

In a phase I study of irinotecan given as 5 days continuous infusion in 

36 patients, the recommended dose was 30 mg/m2/day, with diarrhea as dose-

limiting toxicity at dose 40 mg/m2/day [37]. Large variations in clearance and 
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half-life of irinotecan at the different dose levels (range 5 – 40 mg/m2/day) were 

documented [37], and in this study the calculated mean metabolic ratio was only 

3% to 7%. In another phase I study of irinotecan administered as a continuous 

low-dose infusion for 14 days, the recommended dose was 10 mg/m2/day times-

14 every 3 weeks [38]. Diarrhea was a cumulative toxicity if doses were repeated 

at doses above 10 mg/m2/day or for more than 17 days [38]. The dose intensity of 

this schedule was approximately 40% of the dose intensity obtained with 90 min 

intravenous infusion of irinotecan (350 mg/m2 once every 3 weeks). The mean 

metabolic ratio was 16% and was constant over dose range tested. In comparison 

with the short infusion of irinotecan, it was demonstrated that prolonged exposure 

to low-doses of irinotecan resulted in more efficient conversion of irinotecan in 

SN-38 [38]. Furthermore, the study showed that there was no saturation of the 

carboxylesterase or UGT enzyme systems during 14 to 21 days of infusion of 

irinotecan at the doses tested [38], in contrast with in vivo experiments, which 

showed nonlinear pharmacokinetics of irinotecan as a result of decreased 

metabolic clearance reflected by carboxylesterase saturation [39,40].  

As mentioned earlier, the cytotoxicity of topoisomerase I inhibitors is 

more displayed by exposure time-dependent rather than concentration-dependent 

[41]. Schedule dependency as a result of the cell cycle specificity of the 

topoisomerase I inhibitors is more dependent on pharmacodynamics rather than 

pharmacokinetics [38]. The present study revealed that at the recommended dose 

the cumulative AUC of irinotecan is 69% of that after continuous low-dose (10 

mg/m2/day) infusion of irinotecan for 14 days [38], and about 25% of that after 

350 mg/m2 every three weeks [42], or 145 mg/m2 weekly for 4 weeks every 6 

weeks [43]. However, for SN-38 the mean cumulative AUC was about 70% of 

both the slow infusion and single high-dose infusion schedules and 50% of that in 

the weekly regimen. It therefore appears that both slow infusion and oral 
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administration result in more efficient conversion of irinotecan into SN-38, which 

is reflected in the higher metabolic ratios observed with these schedules. 

In our study, no correlation was noted between irinotecan-associated 

toxicity and the UGT1A1*28 genotype, in contrast to previous observations 

[15,44]. However, these data need to be interpret with caution, because the limited 

number of patients in this study may obscure such relationships. Nevertheless, 

there was a statistically significant trend (P = .026) showing that less dinucleotide 

repeats in the promoter correlate to a reduced peak concentrations of SN-38, and 

therefore to a higher level of activity of UGT in accordance with a previous study 

[45]. Furthermore, no statistically significance between the genetic 

polymorphisms of CYP3A5*3 and ABCB1 3435 C>T and SN-38 

pharmacokinetic parameters (P > .23) were found, in accordance with the results 

of a previous study on intravenous irinotecan metabolism and genetic 

polymorphisms [28]. 

This study confirms that oral administration of irinotecan, formulated as 

SSM capsules, is safe and feasible and may have improved pharmacokinetic 

characteristics with no statistical significant effect of food on drug absorption. 

The oral formulation can achieve sustained drug exposure in the absence of the 

disadvantages of intravenous delivery and thus with greater convenience for 

patients. A phase II study of this oral formulation of irinotecan in patients with 

metastatic breast cancer is scheduled. 
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Given Once Daily for 5 Days Every 3 weeks in Combination 

with Capecitabine in Patients with Solid Tumors  
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Abstract 

 

Purpose: To assess the maximum-tolerated dose (MTD), dose-limiting 

toxicity (DLT), pharmacokinetics, and preliminary antitumor activity of oral 

irinotecan given in combination with capecitabine to patients with advanced, 

refractory solid tumors. 

Patients and Methods: Patients were treated from day 1 with irinotecan 

capsules given once daily for 5 consecutive days (dose, 50 to 60 mg/m2/day) 

concomitantly with capecitabine given twice daily for 14 consecutive days (dose, 

800 to 1000 mg/m2); cycles were repeated every 21 days. 

Results: Twenty-eight patients were enrolled into the study and received 

155 cycles of therapy (median 5 cycles; range 1 – 18). At dose level irinotecan 60 

mg/m2/day and capecitabine 2 × 800 mg/m2/day, grade 3 delayed diarrhea in 

combination with grade 2 nausea, despite maximal anti-emetic support, and with 

grade 3 anorexia and colitis were the first cycle DLTs in two out of six patients, 

respectively. At the recommended doses (irinotecan 50 mg/m2/day; capecitabine 2 

× 1000 mg/m2/day), side effects were mostly mild to moderate and uniformly 

reversible. Pharmacokinetic analysis showed no interaction between oral 

irinotecan and capecitabine, and that body-surface area was not significantly 

contributing to the observed pharmacokinetic variability. Confirmed partial 

responses were observed in two patients with gallbladder carcinoma and in one 

patient with melanoma. Disease stabilization was noted in sixteen patients.  

Conclusion:  The recommended phase II doses for oral irinotecan and 

capecitabine are 50 mg/m2/day for 5 consecutive days, and 2 × 1000 mg/m2/day 

for 14 consecutive days repeated every 3 weeks, respectively. 
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pharmacokinetics 

 

Introduction 

 

Irinotecan is a semisynthetic derivative of the natural alkaloid 

camptothecin, and is a potent inhibitor of the enzyme topoisomerase-I [1,2]. It is 

registered for use in a broad range of tumor types and a variety of irinotecan 

including combination regimens continue to be investigated [3-7]. 

Capecitabine is an oral fluoropyrimidine carbamate, which is 

preferentially converted into 5-fluorouracil (5-FU) in tumors through a cascade of 

three enzymes, carboxylesterase, cytidine deaminase, and thimidine 

phosphorylase (dThdPase) [8]. After oral intake of capecitabine, the parent drug 

passes mainly unchanged from the gastrointestinal tract and is metabolized in the 

liver by carboxylesterases to 5’-deoxy-5-fluorocytidine (5’-DFCR), then by 

cytidine deaminase to 5’-deoxy-5-fluorouridine (5’-DFUR) in the liver and tumor 

tissues and finally by dThdPase to 5-FU in tumors. This minimizes the exposure 

of healthy tissues to systemic active 5-FU. 

In randomized phase III studies capecitabine has demonstrated 

essentially equivalent survival with decreased toxicity compared to intravenous 5-

FU regimens [9], and currently irinotecan administered intraveneously is being 

investigated in combination with capecitabine [6, 7, 10]. The development of oral 

irinotecan raises the possibility of using this agent with capecitabine in an all-oral 

regimen, possibly increasing the convenience of therapy and therefore potentially 

improving patient’s quality of life. 

Against this background, we performed a phase I study to evaluate the 

combination treatment of irinotecan capsules and capecitabine given 
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concomitantly once daily for 5 consecutive days and twice daily for 14 

consecutive days every 3 weeks, respectively, in patients with refractory solid 

tumors. The objectives of this trial were (a) to determine the maximum-tolerated 

dose (MTD) and dose-limiting toxicities (DLTs) of this combination, (b) to 

characterize the pharmacokinetics of irinotecan, its metabolite SN-38, 

capecitabine, and its major metabolites, to assess a potential interaction between 

the compounds, and (c) to document any evidence of antitumor activity.  

 

Patients and methods 

 

Eligibility Criteria 

Patients with a histologically confirmed diagnosis of a malignant solid 

tumor refractory to conventional chemotherapy or for whom no effective therapy 

existed were eligible. Other eligibility criteria included the following: age ≥ 18 

years; World Health Organization performance status 0 – 2; estimated life 

expectancy of ≥ 12 weeks; no previous anticancer therapy for at least 4 weeks (6 

weeks for nitrosoureas or mitomycin-C); and adequate hematopoietic (absolute 

neutrophil count (ANC) ≥ 2,000/µL, platelet count ≥ 100 × 109/L and hemoglobin 

≥ 10.0 g/dL (or 6.2 mmol/L)), hepatic (serum total bilirubin within the normal 

institutional ranges, and serum aspartate transaminase (AST), alanine 

transaminase (ALT), alkaline phosphatase ≤ 3.0 times the institutional upper 

normal limit (UNL) (≤ 5.0 times UNL in case of liver metastases), and renal 

(serum creatinine concentration ≤ 1.5 mg/dL (≤ 135 µmol/L)) function. Specific 

exclusion criteria included prior treatment with irinotecan, capecitabine or 5-FU 

(except as a bolus), concomitant treatment with cytochrome P450 3A inhibitors or 

inducers (wash-out period of at least 7 days since last intake), symptomatic brain 

metastases or leptomeningeal involvement, active inflammatory bowel disease, 
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bowel (sub)obstruction, chronic diarrhea, known chronic malabsorption or total 

colectomy or other major abdominal surgery that might result in substantial 

alteration in transit or absorption of oral medication. The institutional Ethical 

Boards approved the study protocol. All patients gave written informed consent 

before study entry. 

 

Treatment and Dose-escalation 

Irinotecan was provided as semi-solid matrix capsules, containing 5, 20 

or 50 mg of the active drug substance, and stored at room temperature. The 

capsules contained also lecithin and lauroyl macrogolglycerides as inactive 

ingredients and a yellowish waxy mass. The drug was supplied by Aventis 

Pharma (Antony, France) in 30 mL bottles, containing 20 capsules of the 50 mg 

dosage form and 40 capsules of the 5 mg and 20 mg dosage form.  

Capecitabine was provided as film-coated, oblong-shaped tablets 

containing 150 and 500 mg of active substance. The tablets were already packed 

for the study in high density polyethene bottles, whereby the 150 mg tablet was 

packed in bottles containing 28 tablets and the 500 mg tablets in bottles 

containing 56 tablets. Capecitabine was provided by Hoffmann-La Roche (Basel, 

Switzerland).  

Irinotecan and capecitabine were concomitantly administered orally 

during the first 5 days of each cycle, and afterwards treatment with capecitabine 

continued for 9 additional consecutive days. Irinotecan capsules were taken once 

daily in the morning, at the same time of the day, with about 180 mL of water 

after an overnight fasting for at least four hours prior to the daily oral dose and 

one hour following dosing. Irinotecan was taken in fasting conditions because the 

effect of food on the pharmacokinetics of this drug was not yet known when this 

combination phase I study was initiated. 
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Capecitabine tablets were taken twice daily at the end of a meal (ie, 

breakfast and dinner), as recommended [11], in the morning two hours after 

intake of irinotecan capsules and approximately 10 to 12 hours later, for 14 

consecutive days with a glass of water. Cycles were repeated every 3 weeks. 

Compliance with the scheduled treatment was assessed at the end of each cycle by 

counting the used and returned capsules and tablets. With the exception of days 5, 

6, 14, and 15 of the first cycle, in which patients were hospitalized for 

pharmacokinetic sampling, patients were treated on an outpatient basis. Regarding 

oral irinotecan, taking this drug in fasting conditions is a very usual 

recommendation when the effect of food is not yet known on the pharmacokinetic 

of a drug. In the first part of this phase I study, irinotecan was given as a single 

agent, in fasting or fed conditions, indeed to evaluate the effect of the food on 

irinotecan pharmacokinetic in patients. The results of that study were not yet 

available when the combination phase I study was initiated. 

Prophylactic anti-emetics (either metoclopramide or a serotonin receptor 

antagonist) were allowed one hour before irinotecan dosing and up to two 

additional times daily if necessary during all cycles of treatment. 

For irinotecan induced delayed-type diarrhea, high-dose loperamide 

therapy was administered orally consisting of a starting dose of 4 mg at the first 

episode of diarrhea followed by 2 mg every 2 hours for at least 12 hours. The 

patient was allowed to stop loperamide only after a 12-hour diarrhea free interval. 

If the diarrhea persisted for more than 48 hours despite the recommended 

loperamide treatment, a seven days prophylactic oral antibiotic therapy 

(ciprofloxacine 500 mg b.i.d.) was added during subsequent cycles. 

In case of severe acute cholinergic symptoms, patients were treated 

curatively and as secondary prevention with either orally or subcutaneously 

administered atropine. 
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The starting doses for irinotecan and capecitabine were 50 mg/m2/day 

given once daily and 800 mg/m2 given twice daily. The starting dose of irinotecan 

was based on results of a previous phase I study with single agent oral irinotecan 

and was 20 mg/m2/day lower than the single agent MTD [12]. 

Further dose-escalations were based on the prior dose level toxicity. If 

no DLT was observed during the first cycle at a given dose level, then the dose 

was escalated to the next higher dose level with 10 mg/m2/day increments for 

irinotecan. After the determination of the MTD for oral irinotecan with 2 × 800 

mg/m2/day of capecitabine, the dose of capecitabine was increased to 1000 mg/m2 

given twice daily for 14 consecutive days and the dose of irinotecan tapered to the 

next previous dose in combination with capecitabine 800 mg/m2 twice daily.   

At least three patients were entered at each dose level. If one of three 

patients experienced DLT at the first cycle, three additional patients were entered 

at that dose level. The MTD was defined as one dose level below the dose that 

induced DLTs in 2 out of 6 patients during the first cycle, DLTs were defined as 

National Cancer Institute Common Toxicity Criteria version 2.0 (NCI-CTC) 

grade 3 neutropenia before day 7, or grade 4 neutropenia during the treatment 

cycle, or grade 4 neutropenia lasting ≥ 5 days, neutropenic fever (defined as grade 

4 neutropenia with fever ≥ 38.5ºC), neutropenic infection (defined as grade 3 – 4 

neutropenia with ≥ grade 3 infection or documented infection), thrombocytopenia 

less than 25 × 109/L, ≥ grade 3 diarrhea, despite maximal intensive loperamide 

support, ≥ grade 2 nausea or vomiting, despite maximal oral antiemetic therapy, 

or vomiting leading to discontinuation of the study drugs intake ≥ 3 days, other ≥ 

grade 3 nonhematological toxicities (eg, grade 3 stomatitis, grade 3 palmar-

plantar erythrodysesthesia (hand-foot syndrome)), and treatment delay due to 

toxicities attributed to the study drugs for more than 2 weeks [13]. Intrapatient 

dose-escalation was not allowed. The treatment was resumed when the neutrophil 

count had recovered to ≥ 1.5 × 109/L, the platelet count to ≥ 100 × 109/L, diarrhea 

 255 



 

was absent, and any other treatment-related toxicities were ≤ grade 1. The need to 

interrupt the study treatment due to toxicity was led to investigator’s evaluation of 

the clinical situation, as well as the need of any kind of supportive care. At the 

time the study protocol was drafted, the stopping rules for capecitabine, especially 

in case of even moderate diarrhea, were not yet established. Hence, the 

interruption of the cycle was recommended in case of diarrhea grade 3 or 4, with a 

dose reduction of both drugs for further cycles. 

 

Treatment Assessment 

Before initiating therapy, a complete medical history was taken and a 

physical examination was performed. A complete blood cell (CBC) count, 

including hemoglobin, white cells with differential count, platelets, and serum 

biochemistry was performed, as were ECG, and chest X-ray. Weekly evaluations 

included history, physical examination, CBC, and toxicity assessment according 

to the NCI-CTC. CBC was done twice weekly throughout cycle 1 and weekly 

thereafter, serum biochemistry were done on days 8 and 15 of cycle 1 and weekly 

thereafter until recovery, and every 3 weeks at every subsequent cycle. Tumor 

evaluation was performed after every two cycles and response assessed according 

to RECIST [14]. Patients were treated for at least two cycles of therapy unless 

disease progression or unacceptable toxicity was encountered. 

 

Sample Collection and Drug Analysis 

For pharmacokinetic analysis, a total of 34 blood samples (total volume 

of ~170 mL) (corresponding to 11 samples for irinotecan and 23 samples for 

capecitabine) were obtained from an indwelling intravenous canula and collected 

into heparin-coated tubes for irinotecan and into EDTA-containing tubes for 

capecitabine, respectively, on days 5 (irinotecan and capecitabine) and 14 

(capecitabine only) of the first cycle. The samples were taken immediately prior 
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to intake of irinotecan and at 0.5, 1, 1.5, 2, 2.25, 2.50, 3, 4, 5, 6, 7, 8, 10, 12, 18 

and 24 hours after administration on day 5 at cycle 1. Samples were also taken 

immediately prior to intake of capecitabine, and at 0.25, 0.50, 1, 2, 3, 4, 5, 6, 8 

and 10 hours after the morning intake of capectabine on day 14 of cycle 1. After 

sampling, all blood specimens were immediately put in an ice-water bath (4ºC) 

until centrifugation at 2000 rpm for 15 minutes at 4ºC. Plasma samples were 

stored frozen at a temperature below –20ºC, until analysis.  

Concentrations of irinotecan and its active metabolite SN-38 were 

quantified as total drug (ie, the total of lactone and carboxylate forms) with a 

validated high-performance liquid chromatographic (HPLC) assay with 

fluorescence detection following solid-phase extraction of 50-µL samples. The 

lower limit of quantitation was 1 ng/mL. The accuracy of the assay was defined as 

the present difference between the nominal and the mean measured concentrations 

of quality controls, ranged from –2.1% to 5.4% for irinotecan, and from –0.11 to 

1.2% for SN-38 in plasma over the analysis period. The precision of the assay, 

established by the coefficients of variation (CVs) of the quality controls, was 

lower than 6.5% for both compounds. Concentrations of capecitabine and its 

metabolites 5’-DFCR, 5’-DFUR, 5-FU, and α-fluoro-β-alanine (FBAL) were 

determined by HPLC with tandem mass-spectrometric detection. The lower limits 

of quantitation were 50 ng/mL for 5’-DFUR, 11.3 ng/mL for FBAL, 10 ng/mL for 

capecitabine and 5’-DFCR, and 2 ng/mL for 5-FU). The accuracy of the assay 

ranged from –4.3 to 3.3% for 5-FU, and from –5.8 to 4.0% for FBAL. The 

precision of the assay was lower than 8%, 13%, 6.2%, 11%, and 16% for 

capecitabine, 5’-DFCR, 5’-DFUR, 5-FU, and FBAL, respectively. 

 

Pharmacokinetic Data Analysis 

Pharmacokinetic parameters were calculated by standard non-

compartmental methods using WinNonlin software version 3.3 (Pharsight Corp., 
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Mountain View, CA, USA). The following parameters were determined for 

irinotecan, capecitabine, and their metabolites in the dosing interval (τ): peak 

concentration (Cmax), time to Cmax (Tmax), area under the curve (AUC), half-life of 

the terminal phase (T½), and the metabolic ratio of AUCs of SN-38 and 

irinotecan. 

 

Statistical Analysis 

The effect of capecitabine on irinotecan pharmacokinetics was assessed 

by comparing Cmax and AUC on day 5 of this study (concomitant combination 

step) with day 5 of monotherapy with oral irinotecan (single agent step; [12]). The 

comparison was made with 25 patients treated at 70 mg/m2/day or 80 mg/m2/day 

for 5 days with the single agent. The statistical analysis was carried out on dose-

normalized Cmax and AUC(0-24h) of irinotecan and SN-38 and after log-

transformation. The Proc-Mixed procedure of SAS software version 8.2 (SAS 

Institute Inc., Cary, NC, USA) was used with treatment (concomitant intake of 

irinotecan and capecitabine versus oral irinotecan monotherapy) taken as fixed 

effect. For comparison of the metabolic ratios, Student’s t-test was used.  

To assess a possible influence of irinotecan and SN-38 on the 

pharmacokinetics of capecitabine, a Proc-Mixed procedure was applied on log-

transformed Cmax and AUC(0-10h) of capecitabine and its metabolites at day 5 

(concomitant intake of irinotecan with capecitabine) versus day 14 (intake of 

capecitabine only) taken as fixed effect and patient as random effect. Of note, 10 

hours corresponds to the time between the first and second daily intake of 

capecitabine. All tests results with a P < .05 were considered statistically 

significant. The effect of body-surface area (BSA) on the pharmacokinetic 

parameters of irinotecan and capecitabine was evaluated as described previously 

[15]. In brief, the apparent oral clearance for irinotecan and capecitabine as well 

as the apparent metabolic clearance of the metabolites SN-38 and 5-FU was 
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expressed either as liters per hour (L/h) or as L/h normalized to BSA in meters 

squared (L/h/m2). Interpatient variation in this parameter was calculated by 

dividing the standard deviation by the mean and expressed as a percentage (ie, the 

coefficient of variation [CV]). The previously described, arbitrarily-defined 

criterion relative reduction in variability (RIV) was used to determine if BSA-

based dosing was statistically significantly associated with a reduction in 

interpatient variation in clearance. The RIV was calculated according to the 

following formula: {[CV for clearance (L/h) – CV for clearance (L/h/m2)] / [CV 

for clearance (L/h)]} x 100, and was considered to reach statistical significance 

when ≥ 15%. 

Results 

 

Patient Characteristics and Treatment administration 

Twenty-eight patients (14 male and 14 female), with a median age of 54 

years, received 155 cycles of treatment at three dose levels. The median number 

of cycles administered per patient was five (range, 1 – 18). All patients were 

eligible, but one was not evaluable for DLT. This patient received only 4 days of 

treatment due to very rapid progressive melanoma. All but five patients had 

received prior chemotherapy and/or radiotherapy. A total of 26 patients was 

assessable for response. The two patients not assessable for response withdrew 

from the study due to adverse events before the first scheduled tumor 

reassessment and not proper tumor assessment, respectively. Patient 

characteristics are listed in Table 1. Dose levels studied were irinotecan 50 

mg/m2/day, and 60 mg/m2/day daily-times-five every 3 weeks, and capecitabine 

800 mg/m2 and 1000 mg/m2 twice daily-times-fourteen every 3 weeks. 

 

 259 



 

Table 1. Patient characteristics 

 
Abbreviations: no., number; WHO, World Health Organization 

 

Dose-limiting toxicity 

Grade 3 colitis associated with grade 3 anorexia and grade 3 delayed 

diarrhea with grade 2 nausea, despite maximal anti-emetic support with a 
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serotonin antagonist, were the DLTs in the first cycle at the second dose level 

irinotecan 60 mg/m2/day and capecitabine 800 mg/m2 twice daily in two out of six 

patients (Table 2). Three additional patients were entered at the next lower dose 

level, ie, the study starting dose level (irinotecan 50 mg/m2/day and capecitabine 2 

× 800 mg/m2/day). No DLTs were observed in the first cycle in these patients. 

Subsequently, the dose level irinotecan 50 mg/m2/day and capecitabine 1000 

mg/m2 twice daily was explored. No DLTs were observed in the first 6 patients at 

this dose level. Since capecitabine 1000 mg/m2 twice daily is the most commonly 

used combination dose, it was unlikely that a higher dose in combination with 

irinotecan would be feasible, therefore the dose of capecitabine was not further 

escalated. Hence, the recommended dose for phase II trials of the oral irinotecan 

and capecitabine combination was set at 50 mg/m2/day for 5 consecutive days (ie, 

total dose of 250 mg/m2) and 1000 mg/m2 twice daily for 14 consecutive days 

every 3 weeks, respectively. Thirteen additional patients were treated at this dose 

level to confirm its feasibility. Ultimately, two out of 16 patients experienced 

DLTs in the first cycle, viz. grade 3 delayed diarrhea, grade 2 nausea despite 

maximal anti-emetic supportive treatment, and grade 3 fatigue, thereby 

confirming the recommended dose level. These 16 patients received a total of 

number of cycles of 92 (median 6, range 1-11). Among them, 43.8% (7/16, 

including 4 for toxicity, and 3 for other reasons than toxicity) required a treatment 

delay during least one cycle, and 12.5% (2/16, both for non-hematologic toxicity) 

required at least one dose reduction (in both cases, dose reduction of capecitabine 

only, each time at cycle 2). 
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Table 2. Dose-escalation scheme and dose-limiting toxicity (DLT). 

 
 

Hematologic Toxicity 

Worst grade hematologic toxicities per patient are listed in Table 3. 

Overall, hematologic toxicity was mild to moderate across all dose levels with no 

grade 4 observed. Although grade 3 leukocytopenia and grade 3 neutropenia were 

observed in four patients at doses of irinotecan 50 mg/m2/day and capecitabine 2 

× 1000 mg/m2/day, this was not considered a DLT because the adverse event 

occurred after the first cycle and the grade 3 myelosuppression occurred after day 

7 of the cycle. Grade 3 anemia was seen in two patients at the feasibility dose 

level irinotecan 50 mg/m2/day and capecitabine 2 × 1000 mg/m2/day, considered 

DLTs at subsequent cycles. 
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Table 3. Hematologic toxicity (worst grade per patient). 

Note: a considered a DLT at first cycle in 1 pt., b considered a DLT at subsequent 
cycles in 2 pts., c not considered a DLT according to protocol definitions because 
adverse events occurred after day 7 of the cycle. 
Abbreviations: no., number; pts., patients 

 

Nonhematologic Toxicity 

Other nonhematologic toxicities were mild to moderate with no grade 4 

toxicity observed are summarized in Table 4. Overall, gastrointestinal toxicity (ie, 

diarrhea, nausea and vomiting) was the most common adverse event. Most (82%) 

patients experienced grade 1 to 2 nausea (mean duration of grade 1 and 2 nausea, 

8.0 days and 10.6 days, respectively), and 17 out of 28 patients (61%) 

experienced grade 1 to 2 vomiting (mean duration of grade 1 and 2 vomiting, 3.4 

days and 5.5 days, respectively). Prophylactic anti-emetics, either metoclopramide 

or serotonine antagonists, were used to manage nausea and vomiting. Grade 3 

delayed diarrhea was observed in 5 (18%) patients across all dose levels, 

including one patient at the first dose level (irinotecan 50 mg/m2/day and 

capecitabine 800 mg/m2 twice daily) considered a DLT at subsequent cycle, and 

two patients at the second dose level (irinotecan 60 mg/m2/day and capecitabine 

800 mg/m2 twice daily) not considered DLTs because of inappropriate supportive 

treatment with loperamide. Grade 1 and 2 diarrhea was noted in 19 (70%) 

patients, and was manageable with supportive treatment with loperamide. The 

mean duration of grade 1, 2 and 3 diarrhea was 6.1 days, 4.2 days, and 8.2 days, 

respectively. Grade 2 anorexia was observed in 9 (32%) patients and one patient 
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had grade 3 anorexia considered a DLT at the second dose level (mean duration of 

grade 1 and ≥ 2 anorexia, 16.3 days and 15.8 days, respectively). In addition, 

grade 1 and 2 asthenia was seen in nine (32%) patients and one patient 

experienced dose-limiting (grade 3) asthenia in the first cycle at dose level 

irinotecan 50 mg/m2/day and capecitabine 2 × 1000 mg/m2/day after 5 days of the 

treatment. Mild alopecia (grade 1) was seen in eight patients and moderate 

alopecia (grade 2) was encountered in four patients. Across all dose levels mild to 

moderate abdominal pain was noted in 8 (29%) and 2 (7%) patients, respectively. 

Hand-foot syndrome (palmar-plantar erythrodysesthesia), a well-known adverse 

event of capecitabine, was seen in six patients (21% grade 1 to 2) all at the 

recommended dose of capecitabine (1000 mg/m2 twice daily). Grade 3 hand-foot 

syndrome was observed in one patient at cycle 9 at the first dose level, considered 

a DLT at subsequent cycle. Mild to moderate conjunctivitis due to capecitabine 

treatment was seen in two patients. Finally, mild and moderate increase of liver 

transaminases was noted in six (21%) and two (7%) patients, respectively, 

whereas mild hyperbilirubinemia was observed in 2 patients at the recommended 

dose level. All toxicities were reversible. In 39% of patients (N = 11), cycles were 

delayed by one week or more. A total of three patients (11%) required at least one 

dose reduction of irinotecan or capecitabine. 
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Table 4. Nonhematologic toxicity (worst grade per patient). 

 
Note: a considered a DLT at subsequent cycles, b not considered a DLT due to 
inappropriate supportive treatment according to the protocol definitions, c 

considered a DLT at 1st cycle. 
Abbreviation: HFS, hand-foot syndrome; no., number; pts., patients. 
 

Pharmacokinetics 

Blood samples were obtained from 26 patients, and complete 

pharmacokinetic profiles were available in 25 patients. The mean (± SD) 

irinotecan and SN-38 pharmacokinetic parameters are summarized in Table 5. 

Oral irinotecan was rapidly absorbed and metabolized with peak plasma 

concentrations of irinotecan and SN-38 within 2 to 2.5 hours. Interpatient 

variability was generally high with coefficients of variation of 36-48% for the 

AUC of irinotecan, and 34-84% for the AUC of SN-38. The SN-38-to-irinotecan 

AUC metabolic ratio was approximately 13.2%, which is similar to previous 

observations with single agent oral irinotecan formulated as semi-solid matrix 

capsules [12]. Pharmacokinetic parameters of capecitabine and its metabolites 

were also similar to previous findings [16] (Table 6). Statistical analysis revealed 

that the pharmacokinetics of irinotecan (P > .21) and SN-38 (P > .041) were not 

altered by the coadministration of capecitabine, although there was a trend 

towards a higher metabolic ratio (P = .11), and showed that the pharmacokinetics 

of capecitabine (P > .53) and its metabolites (P > .16) were similar on day 5 and 

day 14, suggesting the absence of a pharmacokinetic interaction with irinotecan. 
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Table 5. Mean ± SD (CV%) pharmacokinetic parameters of irinotecan and SN-38 

on day 5 of the first cycle. 

 
Note: Metabolic ratio is defined as the AUC ratio of SN-38-to-irinotecan. 
Abbreviations: SD, standard deviation; CV, coefficient of variation; no, 
number; pts., patients; Cmax, peak plasma concentration; Tmax, time to Cmax; 
AUC, area under the plasma concentration-time curve; T½, half-life of 
terminal phase. 
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Efficacy 

Twenty-six patients were assessable for therapeutic activity. Three 

confirmed partial responses were documented, two in patients with metastatic 

gallbladder carcinoma lasting for ≥ 24 weeks, and one in a patient with metastatic 

melanoma lasting 42 weeks. A total of 16 patients demonstrated disease 

stabilization for 6 (N = 5), 12 (N = 8), 18 (N = 2), 24 (N=2), and 30 weeks (N = 

1). One patient was not evaluable for response because he went off study after the 

first cycle due to DLT, and no tumor reassessment was done at that time. 

Discussion 

 

The present phase I trial indicates that the oral combination of 

irinotecan, formulated as novel semi-solid matrix capsules, and capecitabine 

administered concomitantly daily for 5 and 14 consecutive days, respectively, 

every 3 weeks in patients with advanced solid tumor, is clinically safe, feasible 

and has demonstrated antitumor activity. Irinotecan and capecitabine have 

different mechanisms of action, and have synergistic or additive cytotoxicity in 

experimental models. In addition, both agents have only partially overlapping 

toxicities.  

Delayed diarrhea accompanied by nausea, anorexia and colitis were the 

principal DLTs of this combination regimen. Diarrhea was easily manageable by 

the use of loperamide. Hematological toxicity was mild to moderate and did not 

result in DLT in the first cycle. Nonhematologic toxicities attributed to the oral 

combination of irinotecan and capecitabine included nausea, vomiting, stomatitis, 

fatigue, alopecia, and hand-foot-syndrome. The recommended dose of this oral 

combination for further phase II study evaluation is irinotecan 50 mg/m2/day 

given daily for 5 days and capecitabine 1000 mg/m2 given twice daily for 14 days, 

repeated every 3 weeks.  
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Currently, the combination of irinotecan and capecitabine is tested in 

different schedules in phase I and phase II studies in advanced colorectal cancer, 

although only preliminary data are yet available [17-21]. In the majority of these 

studies intravenous irinotecan is used, while two studies apply flat-dose 

capecitabine  [22, 23] and a third uses oral irinotecan for 14 consecutive days 

every 3 weeks in combination with capecitabine [24]. Two randomized phase II 

studies compared weekly to 3-weekly administration of irinotecan with 

capecitabine [6, 19]. Higher incidences of diarrhea and life-threatening toxicity on 

the weekly regimen have led to the conclusion that the 3-weekly administration is 

preferable. Efficacy and safety of the 3-weekly regimen were interesting and have 

led to the design of phase III trials which are currently performed.  

Preclinical studies showed that the therapeutic efficacy of the 

combination of intravenous irinotecan and intravenous 5-FU is dose- and 

sequence-dependent [25-28]. The sequence of irinotecan preceding 5-FU by an 

interval of 24 h appeared superior. Furthermore, the toxicity associated with 

irinotecan could be eliminated by reducing the dose of irinotecan to at least 50% 

of its MTD while keeping dose of 5-FU at 50 – 75% of its MTD, without loss of 

the antitumor activity [28]. Increasing the dose of 5-FU did not contribute to 

additional therapeutic activity, but only resulted in increased toxicity. In this 

combination, doses of 5-FU are critical for therapeutic efficacy, whereas doses of 

irinotecan play a modulatory function in sensitizing tumor cells for the subsequent 

5-FU administration after 24 h [28]. In vitro studies in HCT-8 colon carcinoma 

cell lines showed that the combination of SN-38 and 5-FU resulted in increased 

deoxythymidine triphosphate levels and inhibition of deoxyuridine 

monophosphate (dUMP) synthesis [28]. This depletion of dUMP enhanced the 5-

FU associated inhibition of thymidylate synthese, which explained the enhanced 

cytotoxicity of 5-FU after irinotecan administration [28]. 

 269 



 

The pharmacokinetic results of oral irinotecan and SN-38 in the present 

study are in agreement with results of a previously published phase I study of 

single agent oral irinotecan [12], showing rapid absorption and metabolism of the 

drug with peak plasma concentrations of irinotecan and SN-38 within 2 to 3 hours 

after intake, high interpatient variability and the same dose-independent SN-38-

to-irinotecan AUC ratio. This ratio is substantially higher than that measured after 

oral administration of irinotecan than after intravenous administration of 

irinotecan [29, 30], suggesting significant presystemic biotransformation of 

irinotecan into SN-38 within the gastrointestinal tract and/or the liver. This is 

consistent with the high expression levels of irinotecan-metabolizing 

carboxylesterases in intestinal cells [31]. These enzymes are also involved in 

capecitabine biotransformation, and a pharmacokinetic drug-drug interaction was 

thus theoretically possible. However, the pharmacokinetic analysis of the present 

study revealed no significant interaction between oral irinotecan and capecitabine, 

although there was a trend towards a higher metabolic ratio SN-38/irinotecan with 

concomitant administration. The pharmacokinetics of capecitabine and its 

metabolites either at day 5 or at day 14 were not modified by the 5-day 

coadministration of irinotecan.  

Interestingly, after correction for the BSA of each individual patient, the 

interpatient variability in the apparent oral clearance of irinotecan (52.4% versus 

40.0%), SN-38 (105% versus 110%), capecitabine (84.4% versus 73.9%), and 5-

FU (41% versus 44%) remained in a similar order of magnitude. Indeed, the 

values for relative reduction in pharmacokinetic variability following parameter 

correction for BSA in the case irinotecan, SN-38, capecitabine, and 5-FU were 

6.36%, -5.04% (0%), 12.41%, and -7.07% (0%), respectively. This suggests that 

BSA is not a significant predictor of the apparent oral clearance of irinotecan and 

capecitabine, as predicted previously from a retrospective analysis [15], and that 
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flat-dosing regimens might be applied in future studies with this drug combination 

without compromising overall safety profiles. 

Previous investigations have demonstrated that there are no 

relationships between capcitabine or metabolite pharmacokinetics and treatment 

related toxicity (reviewed by Blesch et al. [16]). These investigators noted that the 

previously attempted pharmacokinetic-pharmacodynamic modeling analyses 

demonstrated that the most readily available physiologic compartment for 

measuring patient exposure to capecitabine (ie, plasma) in the clinic is not a 

reliable predictor of clinical outcomes and argue against therapeutic monitoring of 

plasma levels of capecitabine and metabolites. In the current study, only plasma 

was obtained, and the main purpose was to evaluate the potential for irinotecan 

and capecitabine to affect the other agent’s pharmacokinetic profile. In relation to 

irinotecan, previous studies have shown that the demonstration of significant 

relationships between drug exposure and GI toxicity requires a sample size much 

larger than the currently studied cohort of 28 [32]. The added complexicity of the 

co-administration of irinotecan with capecitabine to the pharmacokinetic-

pharmacodynamic analysis made this an issue beyond the scope of the current 

manuscript. However, we are currently planning a separate analysis that 

specifically looks into relationships between pharmacokinetic parameters and 

observed toxicity using a semi-physiological population-based modeling 

approach. 

In conclusion, the oral combination of irinotecan with prolonged 

administration of capecitabine appears to be feasible. Overall, the observed 

antitumor activity in this heterogenous group of patients was somewhat 

disappointing, with 3 confirmed partial responses, and a total of 16 patients 

demonstrating disease stabilization for 6 or more weeks. It should be emphasized, 

however, that the antitumor activity was observed in patients with malignancies 

that are known to be drug-refractory, including gallbladder carcinoma and 
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melanoma, and that 82% of patients had at least one line of prior chemotherapy. 

Overall, this indicates that the current findings provides impetus for the 

development of this combination in phase II trials. 
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Chapter 11 

RBC versus plasma pharmacologic study of oral irinotecan 

in a daily-times 5 schedule every 3 weeks  
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Abstract 

Purpose: Intravenous irinotecan is used widely in advanced colorectal 

cancer as well as a number of other solid tumours. Antitumor activity is increased 

with prolonged exposure to irinotecan, and oral formulations are now available. 

This study describes the pharmacokinetics of irinotecan in plasma and red blood 

cells when given alone or in combination with capecitabine. 

 

Patients and methods: Ten patients receiving oral irinotecan as 

monotherapy, and eight receiving oral irinotecan with capecitabine, were studied. 

Red blood cells and plasma were separated using the MESED instrument, and 

irinotecan and its metabolite SN-38 measured using HPLC and UV detection. 

 

Results: The mean erythrocyte/plasma partition ratio of irinotecan was 

131% and 149% with a semi-solid matrix capsule and powder filled capsule 

respectively. A linear dose proportionality was found with the Cmax of irinotecan 

in red blood cells, but not with the Cmax in plasma. Capecitabine has no 

influence on the partitioning of irinotecan between erythrocytes and plasma. 

 

Conclusion: More than half of the total amount of irinotecan is present 

in the red blood cell, which may be important for drug transport and delivery to 

tumor tissue. 
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Intravenous irinotecan is registered for the treatment of advanced 

colorectal cancer and has shown clinical activity against several other solid 

tumors. The antitumor efficacy of topoisomerase I inhibitors is more pronounced 

following prolonged exposure to low concentrations due to their S-phase specific 

cytotoxic behaviour. Oral administration is a more convenient and cost effective 

method than intravenous infusions. Aventis have developed two different oral 

formulations of irinotecan: a powder filled capsule (PFC) and a semi-solid matrix 

capsule (SSM). The phase I study of the PFC has been described previously 

(Soepenberg; et al., JCO in press), including the red blood cell (RBC) 

pharmacologic analysis of five patients (1). The recommended dose of PFCs for 

further studies was 80 mg/m² daily for five days every three weeks. Before 

embarking on a phase I study of oral irinotecan in combination with capecitabine 

(2), the formulation was changed in an attempt to improve the absorption and 

exposure characteristics and decrease interpatient variability. The new oral 

irinotecan was formulated as SSM capsules containing lecithin and lauroyl 

macrogolglycerides as inactive ingredients. We determined a new recommended 

dose using this formulation in a short phase I study (3, 4). The maximum tolerated 

dose of SSM irinotecan was 70 mg/m²/d for five consecutive days every three 

weeks.       

We had the opportunity to study the pharmacokinetics of irinotecan in 

both RBC and plasma in ten patients in this phase I study of SSM irinotecan as 

monotherapy, and also in eight patients treated with SSM irinotecan in 

combination with capecitabine. We compared all the data of irinotecan and its 

potent metabolite SN-38 with those of the five patients treated with the PFC and 

our in vitro incubation results using volunteer blood (5). 
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Sample collection and drug analysis 

 

From the blood samples taken for plasma pharmacokinetics, 1 ml blood 

was transferred into a MESED device to separate RBCs and plasma (6). In the 

SSM irinotecan monotherapy arm these samples were taken immediately prior to 

administration of irinotecan, at 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 6.0, 10.0, 18.0 and 24 

hours after administration on day 1 of cycle 1, on day 5 of cycle 1, and in six 

patients, also on day 1 of cycle 2 at the same time points. In the combination arm 

with capecitabine, the samples were taken immediately prior to administration of 

irinotecan and at 1.0, 2.0, 2.5, 4.0, 6.0, 8.0, 12.0 and 24 hours after administration 

on day 5. Samples were also taken before capecitabine administration on day 14, 

(ie nine days after the last irinotecan dose and the last day of capecitabine), and 

1.0, 2.0, 5.0 and 10.0 hours after capecitabine dosing.  

A slightly revised method based on De Jong et al. was used to analyse 

irinotecan and SN-38 in RBC and plasma (7). Sample pre-treatment consisted of 

deproteinization of RBCs containing 4.3% trapped plasma, isolated by MESED 

instruments, with a mixture of aqueous perchloric acid and methanol (1:1, v/v). 

Separation was carried out using isocratic elution on a Hypersil ODS stationary 

phase, with detection at excitation and emission wavelengths of 355 and 515 nm, 

respectively. The lower limit of quantitation in blood was established at 5.00 

ng/ml for both compounds, with values for within-run precision and between-run 

precision of less than 10 %. 

 

Results and discussion 

 

In our in vitro incubation studies of volunteer blood with irinotecan, we 

determined partition ratios between RBCs and plasma (5), and a concentration 
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dependent rise in partition ratios was observed. In the 18 patients sampled for 

RBCs in this study, a concentration dependent increase in partition ratios was 

only detected in one, with a trend to a correlation in another. In the ten patients 

who received SSM irinotecan monotherapy, there was no correlation between the 

whole blood concentration of irinotecan (RBCs + plasma) and partitioning 

between RBCs and plasma (linear fit, p = 0.593). This observation is easily 

explained by comparing the irinotecan concentrations in the in vitro experiments 

with those of whole blood (RBC + plasma) in this study. The mean whole blood 

concentrations in the in vitro studies were 231 to 99452 ng/ml, based on levels 

reached after intravenous administration, compared to 150 ng/ml in the ten 

patients studied in vivo. If the in-vitro incubation concentrations above 500 ng/ml 

are excluded, this concentration effect on the partitioning is also lost. Since SN-38 

was not detected in the RBCs after administration of SSM irinotecan, partition 

ratios for this potent metabolite could not be calculated.  

No significant gender difference in partition of SSM irinotecan was 

observed in the 18 patients, consistent with our in vitro data and with the data of 

PFC irinotecan, although there was a trend to higher partition ratios in men 

compared to women (student’s t-test, p = 0.0577). 

Considering the maximum concentration of irinotecan in the RBCs on 

day 5, we were able to compare four different dose levels of SSM irinotecan: 50 

and 60 mg/m²/day in combination with capecitabine; and 70 and 80 mg/m²/day as 

monotherapy. A linear dose proportionality was found between these dose levels 

and the Cmax of irinotecan in the RBCs (p = 0.02328, figure 1). In plasma, the 

correlation between dose and Cmax was not significant. As with the PFC, a good 

correlation was established between the maximum concentrations of irinotecan in 

plasma and RBCs, in all patients and on all sampling days (n = 34, p < 0.0001).  
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Figure 1: Maximal concentration of CPT-11 in Red Blood Cells (RBC) in 

ng/ml at day 5 versus the dose of semi-solid matrix (SSM) CPT-11 
capsules in mg/m²/day. 

 

Comparing whole blood (RBC + plasma) concentrations of irinotecan 

on day 5 to those on day 1, some accumulation is apparent (paired student’s t-test, 

p = 0.000136), consistent with the PFC data. The maximum concentration of 

irinotecan in the RBCs is also higher on day 5, but the plasma concentrations do 

not differ significantly from those on day 1. Remarkably, there is a trend to lower 

partition ratios on day 5 (p = 0.0518).  

Capecitabine has no influence on the partitioning of irinotecan between 

erythrocytes and plasma (E/P ratio). The mean E/P ratio of SSM irinotecan 

monotherapy is 131 % and the mean E/P ratio in the combination with 

capecitabine is 119 % (unpaired student’s t-test on all data, p = 0.37992). 

Conversely, the dose-adjusted Cmax of irinotecan in the RBC on day 5 is 

 280 



 

significantly lower with coadministration of capecitabine (p = 0.04599). In two of 

eight patients who received the combination therapy, Irinotecan is still present in 

plasma at day 14, i.e. nine days after the last intake. In one patient the irinotecan 

concentration in the RBCs at day 14 is even higher, resulting in partition ratios of 

between 3 and 7 (300 - 700 %), suggesting accumulation in the RBC over time.   

 

Using the SSM formulation, we could not confirm the exceptional 

observation in our in vitro experiments that higher partition ratios of irinotecan 

occur in non-smokers. Cigarette smoking seems to impair the affinity of the 

erythrocyte for CPT-11. The mean partition ratios of three smokers versus four 

non-smokers in the combination arm did not differ significantly from each other, 

and there was even a trend to higher E/P ratios in smokers.  

Despite the pharmacodynamic relation with the PFC, there was no 

relationship between partition ratios, Cmax of SSM irinotecan in the RBCs or in 

plasma, or Cmax of SN-38 in plasma, and toxicity.  

When the PFC and SSM capsules were compared, there was no 

influence of the formulation of oral irinotecan on the partition ratios. The dose 

adjusted Cmax of irinotecan in RBCs and plasma and the dose adjusted Cmax of 

SN-38 in plasma did not differ in the two formulations. The only major difference 

was the absence of SN-38 in RBCs after administration of SSM capsules. The 

PFC seems to be less toxic, since the recommended dose for further studies is 80 

mg/m²/day, compared to only 70 mg/m²/day for the SSM formulation, for five 

consecutive days every three weeks. The metabolic ratios of the two oral 

formulations calculated from plasma data (AUC SN-38/AUC CPT-11) were 

similar; 9 to 12 % with the PFC and 13.2 % with SSM, in contrast to 3 to 5 % 

after intravenous infusion (8), thus partly correcting for the much lower systemic 

exposure following oral administration. Coadministration of capecitabine with the 

SSM capsule produced a tendency to a higher metabolic ratio of CPT-11. The 
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pharmacokinetic data of both formulations showed a very large inter- and intra-

patient variability.  

The E/P ratios compare well to our in vitro incubation data of volunteer 

blood with irinotecan. Mean partition ratios at the lowest incubation concentration 

(110 %) do not differ significantly from those of the PFC (149 %) or the SSM 

formulation (131 %).   

In conclusion, the importance of including the RBC in the 

pharmacokinetic and pharmacodynamic evaluation of a compound must be 

emphasised. In this case, more than half of the total amount of irinotecan is 

present in the RBCs, which may be important for drug transport and delivery to 

tumor tissues. Accumulation of irinotecan on day 5 with both oral formulations is 

only manifest if the RBC fraction is considered. The dose proportionality of the 

SSM capsules is only apparent with the Cmax of irinotecan in the RBCs, and for 

the PFC a good relationship was established between the maximum concentration 

of irinotecan in the RBC and toxicity. 
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 Section IV 

 

 





 

Summary and prospects 

 

 

The area of research on the substance-carrier capacity of the erythrocyte 

is rather limited and it remains difficult to estimate the impact of erythrocyte drug 

level monitoring in the clinic. Although equilibrium between blood and tissues 

based on the dissolution of compounds in the plasma water phase is often used in 

kinetic models, other models suggest that tissue levels correspond more closely to 

the protein-bound fraction than to the free fraction. For erythrocytes, the same 

may be true: tissues on the other side of capillary endothelium, or the capillary 

endothelium itself, may be more exposed to compounds accumulated on/in these 

cells. Since the introduction of the measurement of sediment (MESED) device, 

100 µl of almost pure erythrocytes can be isolated with only 3.4 % trapped 

plasma. These RBCs are unwashed and thus maintained in their natural 

environment, without disruption of the normal equilibrium existing between red 

cells and plasma in whole blood. The first studies with ifosfamide and metabolites 

show that only minor chemical changes result in large changes of partitioning of 

the drugs between erythrocytes and plasma (chapter 1). While there is little 

detailed knowledge of the processes involved in uptake, transport and release, 

available data indicate a significant capacity of erythrocyte mediated substance 

transport. We underscore the importance of adequate red blood cell mass in the 

treatment of malignancy and its complex interrelationship with cytotoxic 

response, toxicity and outcome. 

The shape of a normal human red blood cell under resting conditions is 

that of a biconcave discocyte, representing the optimum shape for flow in vivo 

since a stomatocytic transformation could impair the passage through the 

microcirculation (increased sphericity index) whilst an echinocytic transformation 

 287 



 

could impair flow in larger vessels (increase in blood viscosity) (chapter 2). 

Various anticancer agents can induce severe shape deformations resulting in 

decreased membrane deformability, which could be of importance in the 

microcirculation when the erythrocyte must deform to negotiate its entrance into 

narrow capillaries. It is difficult to estimate the impact of shape changes on the in 

vivo behaviour of anticancer drugs, but they could occasionally have 

pathophysiological consequences (e.g. 5-fluorouracil). However, it has been 

demonstrated for various anticancer agents that RBCs fulfil an important role in 

their uptake, transport and release. Monitoring of erythrocyte concentrations of 

certain cytotoxic agents is therefore of interest, as the data generated can have a 

predictive outcome for efficacy and/or toxicity (e.g. 6-mercaptopurine and 

lometrexol). 

Chapter 3 stresses the importance of therapeutic drug monitoring 

(TDM) in both red blood cells and plasma during clinical drug development of 

anticancer agents and in individualising therapy. TDM is of special interest for 

agents with an extremely low therapeutic index, for agents with an unpredictable 

bioavailability, for locoregional treatment modalities and for discriminating 

between an altered clearance and the development of resistance during long term 

treatments. In the last two decades a wide variety of assays used to monitor 

anticancer agents have been described of which hyphenation of liquid 

chromatography or capillary electrophoresis with tandem mass spectrometry has 

proved particularly powerful. 

Data of plasma monitoring during several phase I/II trials (section III) 

raised questions which we tried to solve by performing in-vitro incubation studies 

with several cytotoxic drugs in human volunteer blood. With the use of the 

MESED device and new validated analytical methods, it was possible to 

determine the partition ratios (concentration RBC/concentration plasma) of those 

drugs at different incubation concentrations, to look at gender differences and at 
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the influence of smoking habits on the partition. The choice of the three tested 

anticancer drugs, docetaxel, gemcitabine and irinotecan, was inspired by several 

phase I/II clinical trials performed in our Department with those drugs. In some of 

these trials, we had the opportunity to collect also data on the red blood cell 

fraction and we liked to compare and to check these data with those generated 

during our in vitro experiments. A phase I study combining docetaxel and 

gemcitabine showed altered gemcitabine plasma pharmacokinetics upon pre-

treatment with docetaxel (chapter 6), so we performed also combination 

incubations in vitro with both drugs to clarify that phenomenon. 

The mean partition ratio of docetaxel mono in vitro (chapter 4) was 0.35 

ranging from 0.02 to 1.44, indicating a relatively low affinity of the red blood cell 

for docetaxel, probably because of its high plasma protein binding (> 98 %). The 

fraction docetaxel in the erythrocytes increases significantly with rising whole 

blood concentrations. This observation fits the Hinderling equation, stating that 

the concentration of a drug in the red blood cell is proportionally to the free 

fraction of that drug. Assuming that the free fraction of docetaxel would increase 

at the highest incubation concentrations, when protein saturation occurs, we 

expected that concentration dependent increase, although more abruptly than we 

did see. We observed a similar concentration dependent rise in partition ratios 

during our incubation experiments with gemcitabine and irinotecan (chapters 4 

and 5) and also for gemcitabine in our phase II study (chapter 7). Partition ratios 

of irinotecan calculated for the two oral formulations of CPT-11 in our phase I 

studies (chapters 8 and 11) did not show this concentration dependent rise, 

because the achieved concentrations in vivo after oral dosing are much lower than 

the incubation concentrations in vitro (which were based on intravenous 

concentration ranges). If we skip the incubation concentrations > 500 ng/ml, we 

also loose in vitro this concentration effect. 
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At higher incubation concentrations (> 500 ng/ml) significant higher 

partition ratios of docetaxel were detected in women, whereas gemcitabine 

showed higher partition ratios in men (> 10 µg/ml on). Differences in haematocrit 

cannot explain this latter finding, since measurements were done in exactly 100 µl 

RBC separated using the MESED-device. Some gender influence is also manifest 

in the complex changes of gemcitabine partitioning upon treatment (in vivo) or 

incubation (in vitro) with docetaxel, although the exact role of gender differences 

on the behaviour of erythrocytes versus gemcitabine is not clear yet (chapter 4). 

On the whole in vitro sample pool, no influence of docetaxel on the partition of 

gemcitabine was detected, but by subanalysis, we found significantly more 

gemcitabine in male erythrocytes after docetaxel impregnation versus the inversed 

sequence of incubation. The phase II study of docetaxel in combination with 

gemcitabine in urothelial cancer (chapter 7) confirmed this finding of higher 

gemcitabine partition ratios in men upon treatment with docetaxel, with an 

apparent shift of gemcitabine into the erythrocytes after docetaxel administration. 

This phenomenon could explain the decrease of plasma concentrations of 

gemcitabine upon docetaxel pre-treatment seen in our phase I study (chapter 6), 

concerning male patients at least. In this study, no red blood cell sampling has 

been performed. During the in vitro and in vivo studies with irinotecan, no gender 

differences were detected. 

Docetaxel partitioning is not altered after incubation with gemcitabine, 

consistent with the in vivo data showing no change in plasma pharmacokinetics of 

docetaxel after administration of gemcitabine (chapter 6). The partition ratios of 

gemcitabine mono in vitro ranged from 1 to 5, indicating a high affinity of 

gemcitabine for the red blood cell, probably because of the low protein binding of 

this drug (< 10 %). Also for irinotecan, a relatively large free fraction of drug is 

able to diffuse into the red blood cells (only 65 % protein bound), resulting in 

partition ratios ranging from 0.7 to 2.8 in vitro, without any gender difference. 
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The red blood cells of smokers are only loading irinotecan at much higher 

incubation concentrations compared to those of non-smokers, resulting in 

relatively higher partition ratios of CPT-11 in non-smokers. Maybe arylamines 

contained in cigarette smoke, or other highly reactive intermediates present in the 

blood of smokers, prevent red blood cells to bind irinotecan. We could not 

confirm these data with our in vivo studies of oral CPT-11. 

The clinical part of this thesis contains four phase I studies and one 

phase II study. Firstly we performed a phase I study with gemcitabine given on 

days 1 and 8 plus docetaxel on day 8 (before or after gemcitabine) (chapter 6). 

This regimen caused predominantly haematological toxicity, and was difficult to 

administer (many dose reductions and delays). Pretreatment with gemcitabine 

does not lead to a significant change in plasma docetaxel pharmacokinetics. 

However, mean gemcitabine plasma concentrations 30 and 90 min after the start 

of the infusion were significantly decreased following docetaxel pre-treatment. 

Since self-induction of gemcitabine clearance could be excluded, it appears that 

docetaxel significantly alters gemcitabine distribution (cfr supra: change in 

partitioning), but that does not seem to have any clinical impact. Despite its 

toxicity, the combination is quite active and merits further investigation in a less 

pretreated patient population, like our patients with advanced transitional cell 

carcinoma (TCC) of the urothelium (chapter 7). A phase II study was performed 

with the recommended dose out of the previous study: gemcitabine at 800 mg/m² 

on days 1 and 8, combined with docetaxel at 85 mg/m² on day 8, given in a 3-

weekly schedule. Thirty-four patients with unresectable locally advanced or 

metastasised TCC who were progressive after zero to one prior chemotherapy 

regimen, were enrolled, resulting in an overall response rate of 53 %. This drug 

regimen allows patients with impaired renal function, who can never receive 

platinum based schedules, to be treated for their live-threatening disease. The 

promising activity and limited toxicity observed in this study should be confirmed 
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in the multi-institution setting and the regimen should be compared to the actual 

standard therapy for advanced TCC in a randomised phase III trial. 

Topoisomerase I inhibitors like CPT-11 show more pronounced 

antitumour efficacy with prolonged exposure at low concentrations, due to their 

S-phase specific cytotoxic behaviour. Oral administration of CPT-11 should 

maintain sustained exposure to the drug in the absence of the technical difficulties 

associated with intravenous delivery and with greater convenience and less 

adverse effects for the patients. We performed phase I studies with two different 

oral formulations of irinotecan: a powder filled capsule (PFC, chapter 8) and a 

semi-solid matrix capsule (SSM, chapter 9). Dose limiting toxicities for the PFC 

were predominantly haematological and gastrointestinal intolerance. The 

recommended dose for oral CPT-11 as a PFC was 80 mg/m²/day for 5 consecutive 

days every 3 weeks. It was absorbed rapidly from the gastrointestinal tract and the 

Cmax in plasma of both CPT-11 and its active metabolite SN-38 on days 1 and 5 

increased significantly with the administered dose. A moderate accumulation in 

plasma was observed for CPT-11 and SN-38 between day 1 and day 5. Including 

red blood cell data, the accumulation was only present for CPT-11; no 

accumulation of SN-38 takes place in the erythrocyte, reflecting in stable partition 

ratios over time. This fits the Hinderling principles stating that only the free 

fraction of a compound can enter the red blood cell. CPT-11 is only for 65 % 

bound to plasma proteins, whereas SN-38 is for 95 % plasma protein bound, 

impairing erythrocyte uptake. The fraction of drug metabolised into SN-38 

(metabolic ratio: 9 – 12 %) was unaffected by dose and much higher than that 

reported after a short IV infusion (3 – 5 %). This corrects partly for the 

bioavailability of ± 18 % and supports the hypothesis that CPT-11 is converted to 

SN-38 pre-systemically by carboxylesterases in the gastrointestinal tract and the 

liver. The adverse effects seen in the five patients from whom RBC data were 

available, correlated significantly with the Cmax of CPT-11 and SN-38 in the 
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erythrocytes and NOT with the plasma data. This indicates the importance of 

measuring drug concentrations in the RBCs and not only in plasma.  Partial 

responses were observed in 2 melanoma patients and disease stabilisation was 

noted in 17 (36.1 %) patients with the PFC. 

For SSM CPT-11, the maximum tolerated dose was 70 mg/m²/day for 5 

consecutive days every three weeks (chapters 9 and 11). Dose limiting in this 

study was also diarrhoea, but apart from a mild anaemia, no haematological 

toxicities were noted. Ten of the 25 included patients had disease stabilisation for 

minimal 6 weeks (maximal 24 weeks) and one patient with metastatic colorectal 

cancer achieved a confirmed partial response lasting 4 months. No relevant 

accumulation was observed and food had no significant effect on the irinotecan 

pharmacokinetics. A linear dose proportionality was found between the different 

dose levels of SSM irinotecan and the Cmax of CPT-11 in the erythrocytes. In 

plasma no correlation was apparent. For the PFC as well as for the SSM capsule, 

a significant correlation was established between the maximum concentrations of 

CPT-11 in plasma and in the RBCs from all patients on all sampling days. The 

formulation of irinotecan as PFC or as SSM capsule did not influence the partition 

ratios of the drug, nor the metabolic ratio calculated out of plasma data. The only 

major difference between the two formulations is the absence of SN-38 in the 

erythrocytes after administration of SSM capsules. Hypothetically this can 

explain the milder haematological toxicity with this formulation compared to the 

PFC. With SSM irinotecan we performed a phase I study in combination with 

capecitabine in order to develop a convenient oral schedule for colorectal cancer 

patients. Patients were treated from day 1 with SSM irinotecan given once daily 

for 5 consecutive days (50 to 60 mg/m²/day) concomitantly with capecitabine 

given twice daily for 14 consecutive days (2 x 800 to 1000 mg/m²) every 21 days. 

Twenty-eight patients were enrolled and at the recommended doses (50 

mg/m²/day CPT-11 & 2 x 1000 mg/m²/day capecitabine), adverse effects were 
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mostly mild to moderate, and uniformly reversible. Confirmed partial responses 

were observed in two patients with gall-bladder carcinoma and one patient with 

melanoma. Disease stabilisation was seen in another sixteen patients. Plasma 

pharmacokinetic analysis showed no interaction between SSM CPT-11 and 

capecitabine (chapter 10). Furthermore, capecitabine has no influence on the 

partitioning of irinotecan between erythocytes and plasma, but the dose-adjusted 

Cmax of CPT-11 in the RBC on day 5 is significantly lower after co-

administration of capecitabine. 

The results of this thesis are indicative for further studies concerning the 

role of the erythrocyte in the (in-)efficacy of anticancer agents. Using the MESED 

and the latest analytical technology available for anticancer drugs, there is no 

serious limitation anymore for simultaneous RBC and plasma monitoring in 

routine sessions. That would enable us to utilize positive and/or negative effects 

of substance uptake, transport and delivery by erythrocytes in future cancer 

treatment and in the development of new anticancer drugs. 

Furthermore, the present data strongly suggest that bioavailability 

studies should always be associated with RBC monitoring, since uptake of the 

drug by RBCs may mask bioavailability data. 
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Samenvatting en vooruitzichten 

(summary in Dutch) 

 

Het onderzoek naar de transportcapaciteit van erythrocyten is beperkt en 

het blijft moeilijk om het belang van metingen van geneesmiddelconcentraties in 

erythrocyten goed in te schatten. Ofschoon het evenwicht tussen bloed- en 

weefselconcentraties van geneesmiddelen gesteund op de oplosbaarheid van de 

stoffen in plasma, veelal gebruikt wordt in kinetiekmodellen, suggereren andere 

modellen dat weefselconcentraties eerder overeenstemmen met de eiwitgebonden 

fractie dan met de vrije fractie. Voor erythrocyten kan dit mogelijks ook gelden: 

weefsels aan de andere zijde van het capillair endotheel, of het capillair endotheel 

zelf, zouden in hogere mate blootgesteld kunnen worden aan stoffen die 

opgehoopt zijn in/op deze bloedcellen. 

 

De introductie van het MESED (measurement of sediment) systeem laat 

toe dat 100 µl erythrocyten geïsoleerd kunnen worden met slechts 3.4 % mee 

ingesloten plasma. Aangezien deze rode bloedcellen niet gewassen zijn, blijft de 

natuurlijke omgeving behouden zonder verstoring van het bestaande evenwicht 

tussen rode bloedcellen en plasma in totaal bloed. De eerste studies met 

ifosfamide en metabolieten tonen aan dat slechts kleine chemische 

structuurveranderingen in staat zijn grote wijzigingen aan te brengen in de 

verdeling van de geneesmiddelen tussen erythrocyten en plasma (hoofdstuk 1). 

De kennis omtrent opname, transport en afgifte van stoffen door erythrocyten, 

hoewel beperkt, wijst op een belangrijke rol voor erythrocyten in transport van 

respectievelijke substanties. Het belang van een voldoende rode cellen fractie in 
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het bloed van kankerpatiënten en de complexe interactie met het effect en 

bijwerkingen van toegediende cytostatica wordt algemeen onderschat. 

 

De vorm van een normale rode bloedcel in rusttoestand is een biconcave 

discociet. Deze vorm is optimaal voor de in vivo bloedstroom aangezien de 

andere mogelijke vorm, de stomatociet, een moeilijkere doorgang door de 

microcirculatie kent door zijn gestegen sferische index (meer bolvormig). Een 

transformatie naar een echinocytische vorm kan de stroming door grotere vaten 

bemoeilijken ten gevolge van een stijging van de bloedviscositeit (hoofdstuk 2). 

Verscheidene anti-kankermiddelen kunnen ernstige vormveranderingen 

teweegbrengen die het membraan van de erythrociet stugger maken. Dit kan 

belangrijk zijn in de microcirculatie als de erythrociet zich moet vervormen om de 

kleine capillairen te kunnen binnendringen. Het is moeilijk het gevolg van deze 

vormveranderingen in te schatten op het in vivo gedrag van anti-kankermiddelen, 

maar ze zouden zeker tijdelijk pathofysiologische gevolgen kunnen hebben (bv. 

5-fluorouracil). Rode bloedcellen kunnen voor verschillende anti-kankermiddelen 

een belangrijke rol vervullen in opname, transport en afgifte-processen. Bepaling 

van de concentratie van anti-kankermiddelen in erythrocyten kan van belang zijn 

bij de evaluatie van hun werkzaamheid en/of toxiciteit zoals bvb. bij 6-

mercaptopurine en lometrexol respectievelijk. 

 

Hoofdstuk 3 benadrukt het belang van het volgen van geneesmiddelen-

concentraties in zowel rode bloedcellen als plasma tijdens het klinisch 

ontwikkelen van anti-kankermiddelen en in individueel gerichte therapieën. Dit is 

van speciaal belang voor verbindingen met een geringe therapeutische index, 

middelen met een onvoorspelbare biologische beschikbaarheid, in loco-regionale 

behandelingen en, om het onderscheid te kunnen maken tussen een verhoogde 

klaring of het ontwikkelen van resistentie tijdens langdurige behandelingen. Een 
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brede waaier aan analytische technieken is de afgelopen twee decennia ter 

beschikking gekomen. Koppeling van vloeistofchromatografie of capillaire 

elektroforese aan tandem massaspectrometrie is bijzonder krachtig gebleken. 

Gegevens van plasmametingen tijdens verschillende fase I/II trials (sectie III) 

hebben vragen opgeroepen die we geprobeerd hebben te beantwoorden door in-

vitro incubatiestudies uit te voeren met de betrokken cytotoxische 

geneesmiddelen in bloed van menselijke vrijwilligers. De verdeling tussen 

erythrocyten en plasma kon bepaald worden middels MESED gestuurde nieuwe 

gevalideerde analytische methoden als functie van de totale bloedconcentratie. Zo 

konden geslachtsgebonden verschillen en de invloed van roken op de verdeling 

onderzocht worden. De keuze van de drie onderzochte anti-kankermiddelen, 

docetaxel, gemcitabine en irinotecan, werd ingegeven door resultaten afkomstig 

uit verschillende klinische fase I/II studies die in onze afdeling zijn uitgevoerd 

met deze middelen. Binnen deze studies bestond de mogelijkheid gegevens van de 

rode bloedcel fractie mede te onderzoeken en deze te vergelijken met de in-vitro 

experimenten.  

Een fase I studie waarin docetaxel gecombineerd werd met gemcitabine 

liet een veranderd gemcitabine plasmagedrag zien na voorbehandeling met 

docetaxel (hoofdstuk 6). Daarom werden ook incubaties uitgevoerd met deze 

combinatie om dit verschijnsel uit te klaren. De gemiddelde verdelingsverhouding 

van docetaxel in vitro (hoofdstuk 4) was 0.35 met een bereik van 0.02 tot 1.44, 

wat een relatief lage affiniteit van docetaxel voor de rode bloedcel aangeeft. Dit 

houdt mogelijk verband met de hoge plasma-eiwitbinding van docetaxel (> 98%). 

De docetaxel fractie in de erythrocyten steeg aanmerkelijk met de totale 

bloedconcentratie. Deze waarneming past binnen de krijtlijnen van de 

vergelijking van Hinderling, waarbij de geneesmiddelconcentratie in de rode 

bloedcel evenredig is met de vrije fractie van de onderzochte verbinding. Doch in 

de veronderstelling dat de vrije fractie van docetaxel zou toenemen bij de hoogste 
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incubatieconcentraties wanneer verzadiging van de eiwitbinding optreedt, 

verwachtten we die concentratie afhankelijke stijging in de rode bloed cel meer 

abrupt dan we te zien kregen. 

Een gelijkaardige concentratie-afhankelijke stijging van de 

verdelingsverhoudingen kon worden aangetoond voor gemcitabine en irinotecan 

(hoofdstuk 4 en 5), alsmede voor gemcitabine in onze fase II studie (hoofdstuk 7). 

De verdelingsverhoudingen van irinotecan berekend voor de twee oraal toe te 

dienen formuleringen van CPT-11 in de fase I studies (hoofdstuk 8 en 11) lieten 

daarentegen geen concentratie-afhankelijke stijging zien. Het kleine 

concentratiebereik in vivo na orale toediening is hier een verklaring voor als men 

het grote concentratiebereik van de in-vitro studies in acht neemt (dit laatste was 

gesteund op intraveneus te bereiken in-vivo concentraties). Wanneer 

incubatieconcentraties boven 500 ng/ml worden weggelaten, gaat ook in-vitro dit 

concentratie effect verloren. Bij hogere incubatieconcentraties (≥ 500 ng/ml) 

werden significant hogere verdelingsverhoudingen van docetaxel gevonden bij 

vrouwen, terwijl voor gemcitabine hogere verdelingsverhoudingen bij mannen 

werden aangetoond (≥ 10 µg/ml). 

Verschillen in hematocriet kunnen deze verschijnselen niet verklaren 

aangezien alle metingen werden uitgevoerd in precies 100 µl afgescheiden rode 

bloedcellen. 

Geslachtsgebonden invloeden spelen tevens een rol in de complexe 

veranderingen van de gemcitabineverdeling na behandeling (in-vivo) of incubatie 

(in-vitro) met docetaxel, ofschoon de precieze rol van het geslacht op het gedrag 

van de erythrocyten tegenover gemcitabine nog niet geheel duidelijk is (hoofdstuk 

4). Bij het totaal aantal in-vitro monsters bleek docetaxel geen invloed uit te 

oefenen op de verdeling van gemcitabine. Na subanalyse echter kon worden 

aangetoond dat er meer gemcitabine in mannelijke erythrocyten aanwezig is na 
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blootstelling aan docetaxel ten opzichte van de incubatie in de omgekeerde 

volgorde. 

Deze bevinding kon bevestigd worden in een fase II studie van 

docetaxel in combinatie met gemcitabine bij de behandeling van transitioneel cel 

carcinoma of TCC (hoofdstuk 7): nl. hogere verdelingsverhoudingen van 

gemcitabine in mannen dan in vrouwen met een schijnbare verschuiving van 

gemcitabine naar de erythrocyten na toediening van docetaxel. Dit verschijnsel 

zou de verlaging van plasmaconcentraties (Cmax) van gemcitabine in mannen 

kunnen verklaren, waargenomen na voorbehandeling met docetaxel in een fase I 

studie (hoofdstuk 6). In deze laatste fase 1 studie werden echter nog geen rode 

bloedcellen geïsoleerd. Voor irinotecan konden geen geslachtsgebonden 

verschillen worden aangetoond. 

De verdeling van docetaxel was niet gewijzigd na gemcitabine 

incubatie, wat overeenkomt met de in-vivo gegevens die een stabiele 

pharmacokinetiek tonen na toediening van gemcitabine (hoofdstuk 6). De 

verdelingsverhoudingen van enkelvoudig gemcitabine in-vitro varieerden tussen 1 

en 5, wat wijst op een hoge affiniteit van gemcitabine voor de rode bloedcel. Dit 

houdt mogelijk verband met de lage eiwitbinding van dit middel (<10%). Voor 

irinotecan geldt enigszins hetzelfde: een relatief grote vrije fractie van het middel 

kan diffunderen naar de erythrocyt (65% eiwitbinding). Dit hangt samen met een 

in-vitro verdeling van 0.7 tot 2.8, onafhankelijk van het geslacht. De rode 

bloedcellen van rokers werden alleen bij hogere incubatieconcentraties meer 

beladen, wat in hogere verdelingsverhoudingen van CPT-11 resulteerde bij niet-

rokers. Dit kon in-vivo nog niet bevestigd worden. 

 

Het klinisch gedeelte dit werk bevat vier fase I studies en één fase II 

studie. Eerst werd een fase I studie uitgevoerd waarbij gemcitabine gegeven werd 

op dag 1 en dag 8 en docetaxel op dag 8 (hoofdstuk 6). Dit schema veroorzaakte 
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voornamelijk hematologische bijwerkingen en de toediening van de 

respectievelijke verbindingen was doorgaans zeer moeilijk. Voorbehandeling met 

gemcitabine had geen belangrijke verandering tot gevolg voor de 

plasmaconcentraties van docetaxel. Echter, de gemiddelde gemcitabine 

plasmaconcentraties 30 en 90 min na toediening waren significant lager na 

docetaxel voorbehandeling. Aangezien zelfinductie van de enzymatische 

omzetting van gemcitabine uitgesloten kon worden, leek het meer waarschijnlijk 

dat docetaxel een aanmerkelijke invloed op de gemcitabineverdeling had. Dit leek 

echter geen klinisch waarneembare gevolgen te hebben. De combinatie is 

werkzaam en verdient verder onderzoek in minder zwaar voorbehandelde 

patiënten (hoofdstuk 7).  

Een fase II studie met de aanbevolen dosis uit de vorige studie werd 

uitgevoerd met gemcitabine gegeven op dag 1 en dag 8 (D: 800 mg/m²) in 

combinatie met docetaxel op dag 8 (D: 85 mg/m²) in een 3-wekelijks schema. 

Vierendertig patiënten met een inoperabel lokaal gevorderd of gemetastaseerd 

TCC, die progressief waren na een eerstelijns chemotherapie of zonder 

voorbehandeling, werden in de studie opgenomen. Deze behandeling had een 

gunstig resultaat bij 53 % van de patiënten (response rate). Dit schema laat toe 

patiënten met een verminderde nierfunctie die nooit voor platinum bevattende 

schema’s zouden in aanmerking komen, te behandelen. De beloftevolle activiteit 

en beperkte toxiciteit van dit schema waargenomen in deze studie dient bevestigd 

te worden in een multi-centrische studie. Dan kan het schema vergeleken worden 

met de huidige standaardtherapie voor gevorderd TCC in een gerandomiseerde 

fase III studie. 

 

Topoisomerase I inhibitoren zoals CPT-11 vertonen een beter antitumor 

effect bij langdurige blootstelling aan lage concentraties ten gevolge van hun S-

fase afhankelijk cytotoxisch mechanisme. Orale toediening van CPT-11 bezorgt 
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ons een langdurige blootstelling aan het middel in afwezigheid van de technische 

problemen die gepaard gaan met intraveneuze toediening en met minder 

bijwerkingen voor de betrokken patiënten. We voerden fase I studies uit met twee 

verschillende orale formuleringen van irinotecan: een met poeder gevulde capsule 

(PFC, hoofdstuk 8) en een halfvaste matrix capsule (SSM, hoofdstuk 9). 

De dosisbeperkende bijwerkingen voor de PFC waren voornamelijk 

beenmergtoxiciteit en diarree. De aanbevolen dosis voor oraal CPT-11 als PFC 

was 80 mg/m²/dag gedurende 5 dagen om de 3 weken. CPT-11 werd snel gastro-

intestinaal geabsorbeerd en de maximale concentratie (Cmax), gemeten op dag 1 en 

5 na toediening, van zowel CPT-11 als zijn actieve metaboliet SN-38, was 

dosisafhankelijk. Tussen dag 1 en dag 5 werd in het plasma een matige toename 

van CPT-11 en SN-38 waargenomen (accumulatie). In de rode bloedcellen was op 

dag 5 alleen een toename van CPT-11 merkbaar (niet van SN-38), wat tot uiting 

kwam in ongewijzigde verdelingsverhoudingen over de tijd. Dit stemt overeen 

met het idee dat alleen de vrije fractie van een stof door de rode bloedcel wordt 

opgenomen. CPT-11 is slechts voor 65 % gebonden aan plasma-eiwitten, terwijl 

SN-38 voor 95 % gebonden is aan eiwitten, wat opname in de RBC bemoeilijkt. 

Het gedeelte van CPT-11 dat in SN-38 omgezet wordt (omzettingsratio 9-12 %) 

was stabiel tegenover de dosis en was duidelijk hoger dan deze gerapporteerd 

voor de korte intraveneuze toediening (3-5 %). Dit compenseert deels voor de 

biologische beschikbaarheid van ± 18 % en steunt het idee dat CPT-11 wordt 

omgezet tot SN-38 door carboxylesterases in de darm en de lever alvorens in 

circulatie te komen. De ernst van de bijwerkingen gezien bij vijf patiënten van 

wie RBC gegevens voorhanden waren, vertoonde een opmerkelijke overeenkomst 

met de Cmax van CPT-11 en SN-38 in de erythrocyten en NIET met de 

plasmagegevens. Dit wijst op het belang van het meten van 

geneesmiddelconcentraties in RBC naast plasmametingen. Er werd duidelijke 
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tumorregressie waargenomen bij twee patiënten met een maligne melanoom en 

ziektestabilisering werd gezien in 17 (36.1%) patiënten behandeld met de PFC. 

Bij SSM CPT-11 was de maximum te verdragen dosis 70 mg/m²/dag 

gedurende 5 opeenvolgende dagen elke 3 weken (hoofdstukken 9 en 11). De dosis 

beperkende bijwerking in deze studie was eveneens diarree, doch op een lichte 

anemie na, zagen we hier geen beenmergtoxiciteit. Tien van de 25 patiënten 

vertoonden een ziektestabilisatie van minstens 6 weken (tot 24 weken) en een 

bevestigde tumorregressie gedurende 4 maanden werd bekomen bij een patient 

met een gemetastaseerd carcinoom van de dikke darm. Er was geen accumulatie 

op dag 5 en de farmacokinetiek van irinotecan werd niet door voedselinname 

beïnvloed. Er werd een lineair verband aangetoond tussen de Cmax van CPT-11 in 

de rode bloedcellen en de verschillende doseringen van SSM. In plasma 

daarentegen bleek deze correlatie niet te bestaan. Zowel voor de PFC als voor de 

SSM capsule kon een aanmerkelijk verband aangetoond worden tussen de 

maximale concentraties van CPT-11 in plasma en in de RBC voor alle patiënten 

op alle bemonstering dagen. De formulering van irinotecan als PFC of SSM 

veroorzaakte geen belangrijk verschil noch voor de verdeling van het 

geneesmiddel, noch voor de metabole ratio’s zoals bepaald uit de 

plasmagegevens. Bij toediening van de SSM capsules echter konden geen 

concentraties van SN-38 in de RBC worden aangetoond, in tegenstelling tot de 

PFC. Dit zou mogelijks de mildere hematologische nevenwerkingen van SSM 

CPT-11 kunnen verklaren. 

Met de SSM irinotecan werd een fase I studie uitgevoerd in combinatie 

met capecitabine teneinde een aanvaardbaar oraal schema voor de behandeling 

van dikke darmkanker te ontwikkelen. De patiënten werden behandeld vanaf dag 

1 met SSM irinotecan (50-60 mg/m²/dag gedurende 5 dagen) tesamen met 

capecitabine (2x800 – 2x1000 mg/m²/d gedurende 14 dagen), om de 3 weken. 28 

patiënten werden behandeld en bij de aanbevolen doseringen (50 mg/m²/dag CPT-
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11 & 2x1000 mg/m²/dag capecitabine) waren de bijwerkingen over het algemeen 

gematigd en zonder meer omkeerbaar. Eén patiënt met een galblaascarcinoom en 

één melanoompatiënt beantwoordden goed aan de therapie. Stabilisering van de 

ziekte werd gezien in 16 andere patiënten. Pharmacokinetische plasma analyses 

toonden geen interacties aan tussen capecitabine en SSM CPT-11 (hoofdstuk 10). 

Capecitabine bleek geen invloed uit te oefenen op de verdeling van irinotecan 

tussen erythrocyten en plasma; echter, de Cmax van CPT-11 in RBC op dag 5 

(gecorrigeerd voor de dosis) bleek significant verlaagd na toediening van 

capecitabine. 

  

De resultaten van dit werk onderstrepen het belang van verdere studies 

naar de rol van de rode bloedcellen bij de werking van anti-kankermiddelen. Nu 

de MESED technologie en moderne analytische technieken ter beschikking zijn, 

staat niets nog het tegelijk volgen van het concentratieverloop van anti-

kankermiddelen in zowel RBC als plasma in de weg. Dit kan het gebruik toestaan 

van positieve en negatieve effecten voor stofopname, transport en afgifte door 

erythrocyten in toekomstige kankerbehandelingen en in de ontwikkeling van 

nieuwe anti-kankermiddelen.  

Tevens wijzen de verkregen resultaten op het belang van zowel RBC als 

plasmametingen voor toekomstige studies naar de biologische beschikbaarheid 

van geneesmiddelen. Opname van geneesmiddelen in de rode bloedcellen kan 

immers de plasmagegevens van de biologische beschikbaarheid maskeren. 
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