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Introduction

Chapter 1.  Idarubicin and Idarubicinol

Idarubicin (IDA, 4-demethoxydaunorubicin) is one of potent anthracycline antibiotic

derivatives which has a broad spectrum against a wide range of human neoplasms,

especially for the treatment of acute leukemias and breast cancer (Robert et al., 1987;

Elbaek et al., 1989). IDA has been developed in an effort to achieve a more effective

and less toxic anthracyline. Its chemical structure (Figure 1) is derived from

daunorubicin, i.e., the C-4 methoxy group in the D ring of daunorubicin is substituted

with a hydrogen atom (Arcamone, 1985). Due to the molecular modification, IDA has a

higher lipophilicity compared with doxorubicin (DOX) and daunorubicin. The high

lipophilic property exerts that IDA is the first anthracycline which can be administered

via the oral route.

Figure 1. Structures of idarubicin, daunorubicin and doxorubicin.

Like daunorubicin, IDA is extensively metabolized to a 13-hydroxy derivative,

idarubicinol (IDOL) as shown in Figure 2. The reduction at C-13 in anthracyclines is

usually characterized by aldoketoreductase with a high stereoselectivity (Gewirtz and

Yanovich, 1987). This enzyme has a much better affinity for substrates which have C-

14 methyl group (daunorubicin and IDA) rather than C-14 hydroxymethyl group

(doxorubicin and epirubicin). Therefore, IDOL is present at high concentrations in

plasma after administration of IDA. Most 13-dihydrometabolites of anthracyclines are
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devoid of significant cytotoxic activity, mainly because they have a low degree of

uptake into the cell. However, IDOL is much more potent than the other anthracycline

alcoholic metabolites such as doxorubicinol and daunorubicinol probably because of its

lipophilicity, and is equipotent with the parent drug (Kuffel et al., 1992; Schott and

Robert, 1989). IDOL has been reported to possess significant growth inhibitory activity

when incubated with tumor cell lines. Following administration of IDA to adult and

pediatric cancer patients, high plasma concentrations and prolonged elimination of

IDOL are observed, resulting in systemic exposure much greater than that to IDA

(Ames and Spreafico, 1992). Furthermore, the fact that IDOL can be detected in the

cerebrospinal fluid has been particular interest for clinical use (Reid et al., 1990).

                                  Figure 2. Metabolism of idarubicin.

Unfortunately, the clinical usefulness of IDA as described above is limited by a well-

described but incompletely understood cardiac toxicity (Anderlini et al., 1995).
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1 - 1. Cardiotoxicity of Anthracyclines

Acute (e.g., nonspecific electrocardiogram changes, hypotensive effects) and subacute

(myocarditis) anthracycline cardiotoxicity usually are reversible within several days,

whereas chronic administration of anthracyclines can cause a cumulative, dose-

dependent cardiomyopathy, and produce significant morbidity and mortality. It has been

hypothesized that the mechanism of cardiac toxicity may involve free radical generation

with resultant lipid peroxidation, intracellular calcium overload and decrease in energy-

carrier production, toxic effect of alcohol metabolite, and influence on the cell

membranes, etc.

1-1-1. Free Radical Generation

Anthracyclines and other quinone-containing drugs are able to form free radical by

either an oxidative or a non-oxidative inhibition of the electron transport chain. The

proposed mechanism of anthracycline cardiotoxicity involves lipid peroxidation

initiated by hydroxyl radical formed from the combination of superoxide and hydrogen

peroxide (Goodman and Hochstein, 1977; Myers et al., 1977). Anthracyclines can

catalytically increase active peroxide levels at the expense of cellular reductants. It has

been believed that NADPH-cytochrome P450 reductase and mitochondrial NADH

dehydrogenase present in cardiac sarcoplasmic reticulum and mitochondria are

responsible for the reduction of anthracyclines in cardiac tissues (Kalyanaraman and

Baker, 1990; Thornalley et al., 1986). Lipid peroxidation due to free radical formed by

anthracyclines may cause changes in membrane structure, fluidity and permeability.

1-1-2. Nitric Oxide Synthase Inhibition

The role of nitric oxide synthase (NOS) in anthracycline-induced cardiotoxicity has also

been considered. Anthracycline derivatives inhibit endothelium-dependent relaxation in

rat aorta (Wakabayashi et al., 1991), and NOS induction in vascular smooth muscle

(Wakabayashi et al., 2000). Luo and Vincent (1994) demonstrated that doxorubicin

inhibits the brain isoform of NOS by a noncompetitive manner. They speculated that the

combination of doxorubicin and NOS could lead to superoxide generation. Vasquez-

Vivar et al. (1997) reported that doxorubicin binds to the reductase domain of

INTRODUCTION                                                                              Chapter 1. Idarubicin and Idarubicinol
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endothelial NOS, so that superoxide formation is dramatically increased and nitric oxide

formation is decreased. The imbalance between nitric oxide and superoxide levels may

play a key role in the cardiotoxicity of doxorubicin.

1-1-3. Ca2+ Homeostasis Pertubation

Sarcoplasmic reticulum (SR) releases, sequesters, and stores the calcium which

determines both systolic and diastolic cardiac function. SR has two primary sites of

function, longitudinal tubules and terminal cisternae. Longitudinal tubules sequester and

transport calcium to terminal cisternae where calcium is stored for subsequent release to

the contractile apparatus. Terminal cisternae have calcium release sites activated by

calcium (calcium activated Ca2+ channel). Although it has been suggested that the

cardiac effects of anthracyclines are due to impaired myocardial Ca2+ handling, the

mechanism appears still unclear (Matsushita et al. 2000). Several studies indicated that

anthracyclines activate the cardiac SR Ca2+ release channel (ryanodine receptor) leading

to an intracellular Ca2+ overload associated with an impairment of Ca2+ transients and a

decrease in myocardial contractility (Holmberg and Williams, 1990; Earm et al., 1994;

Temma et al, 1994; Temma et al, 1996; Maeda et al., 1999). Anthracyclines may also

increase cytoplasmic calcium by inhibiting Na+/Ca2+ exchange and/or Ca-ATPase of

sarcolemma (Caroni et al., 1981; Harada et al., 1990).

1-1-4. Active metabolite

It has been hypothesized that anthracycline metabolites may also mediate the cardiac

toxicity (Olson and Mushlin, 1990). Doxorubicinol is not only more potent than

doxorubicin at inhibiting the force contraction (Olson et al., 2000), but also prevents

complete relaxation between contractions of isolated cardiac muscle (Mushlin et al.,

1985). Boucek and his colleagues (1987) reported that doxorubicinol is a potent

inhibitor of three ion pumps: 1) the calcium pump from heart muscle SR, 2) the Na+/K+

pump of cardiac sarcolemma and 3) the cationic pumps that regulate the resting levels

of myoplasmic calcium which plays a major role in regulating the extent of myofibrillar

relaxation. Daunorubicinol, but not daunorubicin, also inhibits Ca2+ uptake by SR from

canine cardiac muscle at concentrations similar to those observed in vivo (Cusack et al.,

1993). Therefore anthracycline alcoholic metabolites are likely candidates to mediate
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the pertubation in Ca2+ homeostasis.

The treatment of cancer with anthracyclines is further complicated by the phenomenon

of multidrug resistance (MDR) which is caused by the (over)expression of the MDR1

gene, which encodes the P-glycoprotein (P-gp).

1-2. P-glycoprotein (P-gp)

1-2-1. Physiological role of P-gp

P-glycoprotein (P-gp) is a member of the ATP-binding cassette (ABC) superfamily of

proteins that is highly conserved in distantly related species from eukaryotes to

vertebrates (Gros et al., 1986). P-gp produced by multidrug resistance (MDR) genes

consists of two homologous domains containing 12 transmembrane segments and two

nucleotide binding domains. ABC transporters are responsible for the translocation of

nutrients, peptides, organic ions and toxins (Gottesman and Pastan, 1993). P-

glycoprotein is not restricted to tumor cells but is normally localized in mainly in tissues

with excretory function, e.g., brush border membrane of enterocytes in intestine (van

Asperen et al., 1998), canalicular membrane of hepatocytes, and capillary endothelial

cells of the brain (van Asperen et al., 1997). The adrenal glands possess high levels of

P-gp distributed on the surface of cells in both the cortex and medulla (Gottesman and

Pastan, 1993). It is also found in heart (Rodriguez et al., 1999; Abernethy et al., 2000),

placenta, testis (Thiebaut et al., 1987) and normal leukocytes (Klimecki et al., 1994).

The physiological role of P-gp is not completely understood, but it could protect against

environmental toxins and promote excretion of steroid hormones, drugs, and electrodes.

This membrane transporter most likely plays an important part in drug disposition, e.g.,

it has been suggested that normal P-gp function could influence many key steps in drug

kinetics, such as reducing gastrointestinal absorption, enhancing bile and urine

excretion, and preventing entry of drugs to the central nervous system (Fromm et al.,

1999).

Most P-gp substrates are hydrophobic and amphipathic and usually contain electron

donor groups arranged in distinct spatial patterns (Rodriguez et al., 1999). The function

of P-gp at the molecular level has been extensively characterized; it is known to be

5
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saturable for drugs, as well as osmotically sensitive and ATP dependent (Sharom,

1997).

1-2-2. Multidrug Resistance (MDR)

Cancer chemotheraphy has a limited potential for cancer cure due to acquired or

intrinsic resistance of cancer cell to anticancer agents. Resistance to one drug often

implies to a series of different drugs, so called multidrug resistance (MDR). There have

been known two P-gp encoding genes, MDR1 and MDR2, both localized in human

chromosome 7. The typical MDR phenotype is mainly due to the overexpression of

membrane glycoproteins such as P-glycoprotein (P-gp, ca 170 kDa, the most important

molecule) and MDR-related protein (MRP, ca 190 kDa) (Baggetto, 1997). Drug

resistance to anthracyclines may be partly attributed to the action of P-gp, an active

plasma membrane drug influx and/or efflux pump, which decreases the intracellular

accumulation of cytotoxic drugs. The initial and major emphasis of P-gp research was

to explain the occurrence of MDR in tumors, but a new focus on of interest has been the

study of the role of P-gp in transport of many other drugs.

1-3. Strategies to Overcome Cardiotoxicity and MDR in Anthracycline

Chemotherapy

1-3-1. Strategies against Cardiotoxicity

Attempts to diminish anthracycline cardiotoxicity have been directly toward: 1)

decreasing myocardial concentrations of anthracyclines and their metabolites, 2)

developing less cardiotoxic analogues, and 3) concurrently administering other drugs

which block or overcome the harmful effects of anthracyclines on the myocardium.

Since it has been generally accepted that cardiotoxicity seems to be related to peak

plasma level of anthracyclines, clinicians have changed the dose regimen to decrease

anthracycline exposure of myocardium by slowly infusion of those drugs to keep the

plasma concentration low (Eichholtz-Wirth, 1980). Many complexes of anthracyclines

using liposome, dextran and albumin microspheres have also been investigated. These

complexes decrease peak concentration and function as slow-release formulations
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(Mayer et al., 1997).

Lots of efforts in the search for anthacycline analogues which have a higher therapeutic-

to-toxic ratio have been paid. Experimental studies have identified numerous potentially

less cardiotoxic analogues, however, few of these agents showed sufficient advantage

over doxorubicin to warrant clinical evaluation (Casazza et al., 1980). In the third

category, various cardioprotective substances have been examined, e.g., free radical

scavengers (Mcginness et al., 1986; Fujita et al., 1982), calcium channel blockers,

histamine and catecholamine blockers (Bristow et al., 1980), and carnitine and EDTA

derivatives (McFalls et al., 1986).

1-3-2. Strategies against P-gp mediated MDR

In strategies to overcome P-gp-mediated multidrug resistance, firstly, one could

possibly avoid the problem using cytotoxic drugs that are not substrates of P-gp and

thus retain activity in cells with high P-gp expression levels, or develop non-cross-

resistant analogues of MDR drugs (Roovers et al., 1999). It would be attractive to

chemically modify MDR drugs in order to delete their affinity for P-gp. The ability of

anthracyclines to circumvent MDR is shown to improve with increasing lipophilicity

(Lampidis et al., 1997). Thus, the highly lipophilic anthracyclines, IDA has been an

attractive substitute for conventional anthracyclines in MDR cancer. IDA has been

shown to preserve substantial cytotoxicity in various selected MDR cell lines (Ross et

al., 1995), in cells transfected with the MDR1 gene (Kuffel and Ames, 1995), and in P-

gp-positive blasts retrieved from leukemia patients treated with the drug (Nussler et al.,

1997).

Secondly, the use of chemosensitizers like P-gp modulators (Rodriguez et al., 1999) that

interfere with the drug efflux driven by P-gp may restore drug sensitivity in MDR cells.

P-gp has a broad specificity for substrates, and nontoxic drugs may competitively

inhibit the efflux of cytotoxic drugs by P-gp and thereby downregulate MDR (Ford and

Hait, 1990). Several classes of inhibitors have been identified among drugs that were

developed for other therapeutic indications, including calcium channel blockers,

calmodulin antagonists, steroid hormonal agents and immunosupressive agents (Ferry et

al., 1996).

In these trials of MDR circumvention an increase of cardiotoxicity has to be considered
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due to cardiac uptake enhancement of anticancer agents. To date, the effect of MDR

inhibition remains unclear on the heart as a main target organ for anthracycline toxicity.

Furthermore, although the determination of optimal therapeutic range of anthracyclines

is dependent on the peak concentration and the change of area under the time

concentration curve, the uptake amount of the drugs into the heart is unlikely

proportional to the plasma concentration. Therefore, cardiac uptake transport

mechanism of anthracyclines should be clarified and must be the first step to figure out

and to regulate the anthracycline induced cardiomyopathy.
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Chapter 2. Purposes

The clinical utility of IDA is limited by severe cardiotoxicity; however, the transport

mechanism of IDA into the heart is still unclear. Therefore, this study is designed to

investigate the uptake mechanism of IDA into the intact heart. To verify the uptake

mechanism of IDA in the myocardial transport process doxorubicin and hypothermic

condition are examined. It has been generally assumed that IDA diffuses passively into

the cell because of its high lipophylicity. However, it is controversial whether cellular

uptake transport of anthracyclines occurs via saturable mechanism or passive diffusion.

Since most research has been accomplished at the cellular level using steady state

experiments, it is doubtful whether these results reflect the processes at the level of the

whole organs. Furthermore, the quantification of cardiac uptake process of IDA using a

mathematical modeling approach would provide essential information to optimize

dosage regimens in anthracycline chemotherapy.    

The anthracycline chemotherapy is further complicated by the phenomenon of MDR,

caused by the (over)expression of the MDR1 gene, which encodes P-gp. However, the

current strategy to reverse MDR by P-gp inhibitors might be accompanied by an

increase in anthracycline cardiotoxicity. Therefore, the effect of P-gp inhibitors

(verapamil, amiodarone, PSC 833) are tested to elucidate what the role of P-gp in the

transport of IDA, a well-known P-gp substrate is, and how the kinetic change influences

IDA-induced myocardial impairment. Xanthine derivatives (caffeine, theophylline) are

also investigated to check their effects on the IDA induced cardiac performance.

The formation of IDOL in the heart tissue is of special interest because it has been

speculated that the cardiotoxicity of anthracyclines could be related to its myocardial

metabolism. Therefore, metabolism inhibitors (phenobarbital, rutin) are examined to

elucidate how they influence the generation of IDOL from IDA in the heart, and

whether the change of metabolism affects dynamic response of IDA. The effect of drugs

which mentioned above on the generation and disposition kinetics of IDOL after IDA

administration is also simultaneously investigated in the series of experiments.
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Chapter 3. Pharmacokinetic and Pharmacodynamic (PK/PD)

Modeling

3-1. Physiologically based Pharmacokinetic Modeling

A physiologically based pharmacokinetic (PBPK) model depicts the body as a number

of well-mixed compartments representing individual organs such as the heart, brain,

lung, muscle, liver, skin and adipose tissue (Figure 3). The model assumes that

intercompartmental transport occurs by blood flow only and that instantaneous

equilibrium is achieved between tissue and the blood. Differential mass balance

equations have been written for each compartment to describe the input, output,

metabolism and sequestration of the drug. The conventional method in PBPK is

destructive sampling where the concentration in various tissue phases of the organs can

be measured. The main advantage of the destructive sampling method is the

                  Figure 3. Identification of physiological multi-organ models.
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simultaneous collection of kinetic information in the various organs allowing scaling-up

of pharmacokinetics from animal to human, whereas the important drawback of the

method is the limited number of measurements disturbed by interindividual variability

and the necessity of an independent determination of organ flows (Figure 3; Weiss,

1998).

As a first approximation whole body physiological models are based on organ models in

its simplest form, i.g., well-mixed compartments. The model utilizes a basic anatomic

(organ volume), physiological (blood flow rates and membrane permeability) and

biochemical (enzyme reactions, transporters) information. The conventional

homogeneous model implies that the distribution kinetics within the organs is flow

limited. However, on the basis of physiological irrelevance of the well-stirred

assumption in organs the more physiologically correct representations have been

introduced to figure out a heterogeneous system, for example, “parallel tube” model,

“distributed parallel” model, “tanks-in-series” model, “dispersion” model, etc. A crucial

point in mechanistic pharmacokinetic modeling is the appropriate description of mixing

and distribution of drugs in a heterogeneous system. The development of multiple

indicator dilution techniques differentiates the anatomic subcompartments within an

organ system. Furthermore, the theory of organ transit time density of drug molecules

provides a better understanding of drug behavior in organ model as a pharmacokinetic

subsystem (Weiss, 1992).

A physiologically based model permits the prediction of drug amount in any target

tissue at any time and may provide considerable insight into drug dynamics (Harrison

and Gibaldi, 1977). In addition, changes in absorption, distribution, metabolism and

excretion of drug in certain pathophysiological or artificial conditions could be

predicted by altering estimates.

3-2. Pharmacodynamics

Pharmacodynamics assesses “what the drug does to the body”, whereas

pharmacokinetics characterizes “what the body does to the drug”, namely,

concentration-time course of drugs in different body fluids. Pharmacodynamics was

used to describe either concentration-effect relationships or the time course of
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pharmacological effect after a drug administration (Holford and Sheiner, 1981).

Pharmacodynamic studies measure the magnitude of a pharmacodynamic effect as a

function of dosing regimen and time. Pharmacodynamic studies may be incorporated

into the design of pharmacokinetic studies and clinical trials that are also intended to

provide evidence of efficacy and safety.

3-3. Pharmacokinetic and Pharmacodynamic (PK/PD) Modeling

The modeling of pharmacokinetic and pharmacodynamic (PK/PD) relationship builds a

bridge between these two classical disciplines (Figure 4). The model links the

concentration-time profile as assessed by pharmacokinetics to the intensity of observed

                                   Figure 4. Structure of the PK/PD model.

response as quantified by pharmacodynamics. Thus, the resulting integrated PK/PD

model allows the description of the complete time course of drug effects in response to

a drug therapy. The PK/PD modeling can elucidate the causative relationship between

drug exposure and response, and provide a better understanding of the sequence of
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events those results in the observed drug effect. This information can be used to

streamline the drug development process and dose optimization (Woo et al., 2002).

In the PK/PD study lots of attention should be paid to the appropriateness of the PD

response, and the intended analysis and interpretation of the data. Drug response can be

modeled by the linear model, the Emax model and the sigmoid Emax model.

In the linear model the observed pharmacological effect (E) is directly proportional to a

drug exposure (xE). The relationship is described as:

E = E0 + P xE                                                                                                                (1)

Where E0 indicates the baseline level and the proportionality constant, P, can be

obtained as the slope term corresponding to linear regression of response on a drug

exposure.

The Emax model is a family of functions describing nonlinear drug exposure-effect

relationship. The minimal model capable of accounting for constraints on drug action

over the entire dose range is a hyperbolic function:

)(

)(
)(

50

max

txEX

txE
tE

E

E

+
=

                                                                                                     
(2)

Where Emax is the maximal effect that can be elicited by the drug, and EX50 is the value

of drug when response is half maximal (Emax/2). This equation is a model of a saturable

process: as xE becomes large, E approaches Emax asymptotically, and no further increase

in effect is possible. Absence of effect is predicted in the absence of drug. These

constraints on the model are intuitively reasonable. When xE<<EX50, the equation can

reduce E =  Emax xE / EX50, and a linear relationship is described. In the range of 20-80%

Emax, the Emax model is well approximated by the linear model, but if Emax cannot be

estimated, then the range represented by the data is undetermined(Holford and Sheiner,

1982).

Addition of a power term (N) to form the sigmoidal Emax model allows one to describe

more diverse data sets:

INTRODUCTION                                                                                             Chapter 3. PK/PD Modeling

13



.

N
E

N

N
E

txEX

txE
tE

)]([

)]([
)(

50

max

+
=

                                                                                          
(3)

where the N exponent is termed the sigmoidity or slope factor, because it markedly

affects curve slope without alteration in Emax or EX50. When N = 1, the function is the

basic Emax model. When N > 1, the slope curve in the region of EX50 (i.e., the sensitivity

of response to a change in amount of drug) is increased (Figure 5).

Once initial estimates of the values of N, Emax and EX50 are determined, best estimates

of the model parameters are readily obtained by fitting corresponding xE(t) and E(t) data

points by means of an iterative least-squares nonlinear regression program. The ability

to fit data to the sigmoidal Emax equation does not necessarily mean that it is the correct

model. Equations with many variables are flexible. Complex models may not be

justified by the quantity and variability of the data, which will be apparent in the curve-

fitting statistics (e.g., a high correlation between ostensibly independent variables)

(Welling et al., 1991).

Figure 5. Sigmoid Emax model (Emax =100, EX50 = 1). Change of the drug exposure-

effect relationship curve according to the different values of the N power term

corresponding to sensitivity (slopes).
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Methods

Chapter 4. Isolated perfused rat heart

Following the onset of general anesthesia with pentobarbital (50 mg/kg,

intraperitoneally) adult male Sprague-Dawley rats (300-350 g) were fixed on an

operating table on their back. A cannula is bound into trachea for ventilation. The skin

is incised by a longitudinal cut from the middle of the abdomen up to the throat. Then

the abdomen is opened up to the diaphragm. The diaphragm is cut off the ribs following

the anterior part of the inferior thoracic aperture. The thorax is cut open on the left and

right side following the bone-cartilage-border on a line parallel to the sternum starting at

the diaphragm and proceeding as far cranial as to the first rib. The complete anterior

thoracic wall is turned upwards over the rat’s head and the sternum is splitted from the

xiphoid process exactly in the middle. The ribs are cut as far lateral as possible and the

two thorax halves are turned upwards. The pericardium is removed as far as its

attachment at the vascular system and any connective tissue around the ascending aorta

is discarded. An aortic cannula filled with perfusate was rapidly inserted into the aorta

and the pulmonary artery was incised to allow outflow of perfusate. Retrograde

perfusion was started with an oxygenated perfusate consisted of Krebs-Henseleit buffer

solution, pH 7.4, containing NaCl (118 mM), KCl (4.7 mM), CaCl2 (2.52 mM), MgSO4

(1.66 mM), NaHCO3 (24.88 mM), KH2PO4 (1.18 mM), glucose (5.55mM), and Na

pyruvate (2.0 mM).

A latex balloon attached to the end of a steel catheter was placed in the left ventricular

through mitral valve. The catheter and the balloon are filled with a mixture of ethanol

and water (50:50), and the other end is linked to a physiograph via a P23Db transducer.

The balloon is inflated with water to create a diastolic pressure of 5 to 6 mmHg.

Langendorff apparatus is depicted in Figure 6. The heart is perfused with a Krebs-

Henseleit bicarbonate buffer at 37°C with a 60 mmHg pressure. After stabilization, the

system is changed to constant flow condition maintaining a coronary flow of 9.5 ± 0.4

ml/min. The hearts are beating spontaneously at an average rate of 280 ± 20 beats/min.
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                          Figure 6. Langendorff apparatus for isolated perfused heart.
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Left ventricular (LV) pressure and heart rate are continuously monitored by means of

the balloon. Coronary perfusion pressure is regulated by a perfusion pressure control

module and measured by a P23Db transducer connected to the aortic infusion cannula.

A physiological recording system (Hugo Sachs Elektronik, March, Germany) is used to

monitor left ventricular systolic pressure (LVSP), left ventricular enddiastolic pressure

(LVEDP), maximum and minimum values of rate of left ventricular pressure

development (LVdP/dtmax and LVdP/dtmin), heart rate and coronary perfusion pressure.
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Chapter 5. Experimental Design

5 - 1. Materials

Idarubicin was purchased from Pharmacia & Upjohn (Erlangen, Germany) and the other

substances (verapamil, amiodarone, rutin, phenobarbital, caffeine, theophylline) are

from Sigma (Deisenhofen, Germany). Doxorubicin and idarubicinol is kindly donated

by Pharmacia & Upjohn (Erlangen, Germany), and PSC 833 is obtained from Novartis

Pharma (Basel, Switzerland). All other chemicals and solvents are of the highest grade

available.

5 - 2. Experimental Protocol

5-2-1. Control groups

Hearts are allowed to equilibrate for 20 min with Krebs-Henseleit solution. After

stabilization, 5 ml (0.1 mg/ml, n=5) or 0.5 ml (1 mg/ml, n=5) of IDA solution is infused

for ten or one minute with an infusion device (IVECO), respectively. The IDA dose is

selected to induce submaximal negative inotropic and vasoconstrictive effects. Outflow

samples are collected every 10 s for 3 min, every 30 s for the next 7 min, every 60 s for

the next 10 min, and every 5 min for the next 60 min (total collection period 80 min).

The outflow samples and hearts are kept frozen at -20°C until analysis.

5-2-2. Treatment groups

In a 10-min infusion protocol treatment studies are performed under perfusion with

Krebs-Henseleit buffer containing verapamil (1 nM), amiodarone (1 µM), caffeine (1

µM), theophylline (3 µM), doxorubicin (20 µM), where IDA is infused at 20 min after

start of perfusion of treatment. In hypothermic condition perfusate is cooled from 37° to

30oC, and IDA infused at 20 min thereafter.

In a 1-min infusion study IDA is infused in the same way described above under 20 min

preinfusion of verapamil (1 nM), PSC 833 (1 µM), rutin (10 µM), and phenobarbital

(100 µM), respectively.

The doses of substances treated are below the threshold value that leads to changes in

the measured cardiovascular effects except doxorubicin treatment. To evaluate the
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pharmacodynamic effects produced by doxorubicin alone, doxorubicin (20 µM) is

infused for 100 min following a 20-min stabilization period. In each group independent

experiments are performed in 5 hearts.

5-3. Determination of Idarubicin and Idarubicinol

The high-performance liquid chromatography from Merck consists of a pump (L-

6200A), an autosampler (AS-2000A) and a fluorescence detector (RF-551) from

Shimadzu. Chromatographic separation is performed using a LiChrospher 100 RP-18

(5µm; length: 4 mm, Merck). The mobile phase consists of water – acetonitrile –

tetrahydrofuran - H3PO4 -triethylamine (312:165:20:1:2) and is adjusted to pH 2.2 with

5 M of HCl. The filtered mobile phase is degassed for 10 min with sonicator

(Supersonic, Branson 2210, Danbury, CT, USA). Flow-rate is 1.0 ml/min, the excitation

and emission wavelengths for fluorescence detection are set at 485 and 542 nm,

respectively (Kuhlmann et al., 1999).

All hearts are randomly divided into four pieces and weighted. Each piece is

homogenized in 2ml of Na2HPO4 (0.5 M, pH 8.2) on ice with a tissue homogenizer

(Ultra-Turrax T 25, IKA®-Labortechnik). Homogenates, 300-400 mg, are taken from

each fraction. Daunorubicinol (100 µl, 10 µg/ml), an internal standard, and 1 ml of

Na2HPO4 are added and mixed with the homogenate. IDA and IDOL are extracted with

7 ml of chloroform/2-propanol [9/1]. After vortexing for 1 min and centrifuging (10 min

at 3000 rpm), the organic layer is recovered, evaporated for dryness under vacuum at

40°C and finally reconstituted in 2 ml of methanol (Looby et al., 1997).
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Chapter 6. Model Development and Data Analysis

6-1. Model Development for IDA

A model must be constructed that not only describes the measured outflow

concentration-time profiles of IDA, but is also simple enough that it can be identified on

the basis of the experimental data. Compartmental modeling allows the necessary

complexity reduction, the evaluation of saturable transport processes. A minimal model

is developed to describe the myocardial distribution kinetics of IDA. The model

development is an iterative process both with regard to the underlying data sets and the

selected model structures. Models are constructed as a series of differential equations

which are solved numerically and fitted to the data using the ADAPT II-software

package (D’Argenio and Schumitzky, 1997). As shown in Figure 7, 53 compartmental

model structures are tested until the best model for the data of a 10-min infusion of IDA

is selected. Any model showing a noninvertible Fisher's information matrix is discarded

as nonidentifiable. Of the identifiable models, preference is given to those with low

Akaike information criterion (Akaike, 1976) and to those whose pattern of residuals

better approximated a random scatter. Parameter uncertainties and independence among

parameters are verified using fractional standard deviations (FSD) and correlations

obtained from the fitting procedure. A parameter with a FSD more than 0.5 is

considered to indicate that the parameter has not estimated with sufficient statistical

certainty. Although Model 28 is better than Model 25 in terms of AIC value, Model 25

is finally selected as the best model for a 10-min infusion of IDA, because it can

describe both the IDA outflow concentration time profile and inotropic response better

than Model 28.

For the model structure, the differential equations that describe changes in the amounts

of IDA in compartments after a 10-min infusion of IDA at the inflow side of the heart

(single-pass mode) are given by following equations:

dx1(t)/dt= –(Q/V1+Vmax,12/[KM,12+x1(t)])x1(t)+k21x2(t) + R10min                                    (4)

dx2(t)/dt = Vmax,12/[KM,12 + x1(t)]) x1(t) – (k21+ k24+ Vmax,23/[KM,23 + x2(t)]) x2(t)

                 + k32 x3(t)                                                                                                      (5)

dx3(t)/dt = Vmax,23/[KM,23 + x2(t)]) x2(t) – k32 x3(t)                                                          (6)
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Note that perfusate flow, Q (and drug input rate, R10min) as well as drug outflow are

always assumed to occur in Compartment 1 (distribution volume V1) representing the

vascular space and rapidly equilibrating tissue regions with respect to the myocardial

disposition of IDA. First order rate constants describing (passive) inter-compartmental

transport are denoted by kij and the flux Jij due to active transport with Michaelis-

Menten type kinetics is given by

)(

)(
)(

,

max,

txK

txV
tJ

iijM

iij
ij +

=                                                                                                       (7)

The associated concentration of drug at time t, denoted y1(t), is given by the following

output equation.

y1(t) = x1(t) / V1                                                                                                                                                                     (8)

It is necessary to specify a model for the variance of the additive error of the measured

data (i.e., variance model). Measurements are generally collected at discrete times, tj,

and include additive error as follows:

z1(tj) = y1(tj) + v1(tj)                                                                                                       (9)

where z1(tj) represents the measured value of the model output y1(tj) at time tj, and v1(tj)

is the associated error. A portion of v1(tj) is generally attributed to errors in the

measurement process.

v1(t) is assumed to be normally distributed, an error variance model relates the variance

of v1(t) [var(v1(t))] to the model output y1(t)  as follows:

{ } 2
1int1 ))(()(var tytv slopeer σσ +=

                                                                                  
(10)

where inter and slope are referred to as the variance model parameters(D’Argenio and

Schumitzky, 1997).
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Combined kinetic-dynamic modeling is performed linking the time course of IDA

amount in the effect site compartment xE(t) described by the following equation:

dxE/dt = (x2-xE�� eff                                                                                                                                                            (11)

with the time course of its negative inotropic action of IDA, E(t). The response or transit

time� eff (1/keff) characterizes the disequilibrium between the functional effect site (xE)

and compartment 2 (Holford and Sheiner, 1981; D’Argenio and Schumitzky, 1997).

The effect E(t) is defined as the decrease of LVDP as fraction of the baseline response

LVDP(0):

)0(

)()0(
)(
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tLVDPLVDP
tE

−−=                                                                                      (12)

The effect site concentration (amount) induces the effect E(t) by a sigmoid Emax model

(Holford and Sheiner, 1981). The associated negative inotropic effect at time t, denoted

y2(t), is given by the following output equation.
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where EX50 is the effect site amount that corresponds to 50 % of the maximum effect

(Emax) and N is the Hill coefficient that determines the sigmoidicity of the curve. The

variance is assumed to be normally distributed and as the additive error of the measured

data as described above.

Since the kinetic model of a 1-min infusion of IDA is selected according to the principle

of parsimony as a minimal model, the model structure and parameter estimates differ

slightly from those reported in a 10-min protocol. Thus, the second nonlinear transport

process is now replaced by passive transport (k23). The differential equations for IDA

after a 1-min infusion of IDA are represented as follow:

dx1(t)/dt= –(Q/V1+Vmax,12/[KM,12+x1(t)])x1(t)+ k21 x2(t)+R1min                                    (14)

dx2(t)/dt = Vmax,12/[KM,12+x1(t)])x1(t) – (k21+ k24+ k23) x2(t) + k32 x3(t)                       (15)
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dx3(t)/dt = k23 x2(t) – k32 x3(t)                                                                                        (16)

Fitting is performed with average data values (with 5 hearts in each group) using

maximum likelihood estimation and assuming that the measurement error has a standard

deviation which is a linear function of the measured quantity. When the additive error is
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The resulting maximum likelihood estimates are denoted α̂  and β̂ .

For maximum likelihood estimator, AIC is:

AIC = 2 ONLL + 2 (p + q)                                                                                             (18)

where p and q denote the number of parameter and variance, respectively.

The Fisher information matrix (F) expresses the information content of experimental

data and equals (Seber and Wild, 1989):
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y: vector of model predictions at time tj (j=1 to N)

Q: vector containing weighting coefficients

��������������	��������������i=1 to P)

The fisher information matrix is therefore a P X P matrix with diagonal elements of the

form:
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and off-diagonal elements of the form:
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�����������
��� �����
�
����� ij are computed from the covariance matrix (X), which is

the inverse of F (Chandran and Smets, 2000):
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where:

xi,k: off-diagonal element of the covariance matrix X

xi,i: and xk,k: mean diagonal elements of the covariance matrix X.
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      Figure 7. AIC values of tested compartmental structures for idarubicin.
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       Figure 7. Continued.
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       Figure 7. Continued.
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6-2. Simultaneous Nonlinear Regression (SNLR)

The crucial associated question is concerned with the uncertainties in the estimated

parameter values since model identifiability is a central problem in using models with

saturable transport processes (nonlinear systems). An analysis often yields many

parameter value sets ("solutions") that fits the data of one experiment nearly equally

well. In other words, the information content of the experiment is insufficient to resolve

the parameters into a unique set of most probable values. A practical method to

overcome this problem is simultaneous nonlinear regression (SNLR) (e.g., Kakkar et

al., 2000) where the regression process is conducted for different experiments

simultaneously and the modeling function shares parameters that are independent of the

specific experimental condition. SNLR can be successful when complete data sets (with

replicates) are obtained from experiments performed under different conditions as, for

example, in the absence and presence of P-gp inhibitors.

Nonlinear regression is performed with the average data of the control group and the

treatment groups. Thereby, the parameters described the kinetics in the control group

and factors fi accounts for a potential change in parameters Pi due to the treatments (i.e.,

in the model of the treatment groups model parameters Pi were replaced by fi Pi). In the

experiments in the presence of P-gp inhibitor (verapamil, amiodarone) 9 equations

(control, eq. 4-6; verapamil, eq. 23-25; amiodarone, eq. 26-28) are solved and

simultaneously fitted to the data.

dx1(t)/dt= –(Q/V1+fVmax12,veraVmax,12/[fKm12,veraKM,12+x1(t)])x1(t)+ fk12,verak21x2(t) +

                 R10min                                                                                                           (23)

dx2(t)/dt = fVmax12,veraVmax,12/[fKm12,veraKM,12 + x1(t)]) x1(t) – (fk21,verak21+ fk24,verak24+

                  fVmax23,veraVmax,23/[fKm23,veraKM,23 + x2(t)]) x2(t) + fk32,vera k32 x3(t)                (24)

dx3(t)/dt = fVmax23,veraVmax,23/[fKm23,veraKM,23 + x2(t)]) x2(t) – fk32,verak32 x3(t)                  (25)

dx1(t)/dt= –(Q/V1+fVmax12,amioVmax,12/[fKm12,amioKM,12+x1(t)])x1(t)+ fk12,amiok21x2(t)+

                 R10min                                                                                                            (26)

dx2(t)/dt = fVmax12,amioVmax,12/[fKm12,amioKM,12 + x1(t)]) x1(t) – (fk21,amiok21+ fk24,amiok24+

                  fVmax23,amioVmax,23/[fKm23,amioKM,23 + x2(t)]) x2(t) + fk32,amio k32 x3(t)               (27)

dx3(t)/dt = fVmax23,amioVmax,23/[fKm23,amioKM,23 + x2(t)]) x2(t) – fk32,amiok32 x3(t)                 (28)

METHODS                                                                       Chapter 6. Model Development & Data Analysis

28



.

where “vera” and “amio” indicate verapamil and amiodarone, respectively.

All possible combinations of factors are tested with the aim to describe treatment groups

by a minimum number of factors, i.e. free model parameters. The factor selection is

made according to the model selection criteria.

6-3. Pharmacodynamic Effect

Left ventricular pressure and coronary perfusion pressure (coronary vascular resistance,

CVR) are recorded on a computer that allows continuous monitoring of heart rate, left

ventricular systolic pressure (LVSP), left ventricular enddiastolic pressure (LVEDP),

maximum and minimum values of rate of left ventricular pressure development

(LVdP/dtmax and LVdP/dtmin). Left ventricular developed pressure is defined as LVDP =

LVSP - LVEDP. The change of effect parameters (LVDP, Heart rate, CVR) induced by

IDA, �E(t) is given by

�
)0(

)0()(
)(

E

EtE
tE

−=                                                                                                     (29)

where E(0) presents the baseline value of each parameter before IDA administration.

Numerical integration is used to calculate the area under the effect curve (AUE), which

acts as a measure of the overall effect of IDA in the presence situation of bolus injection

where the pharmacological effect changes with time:

][∫ −= nt
EtEAUE

0 0)(                                                                                                   (30)

where tn denotes the time of the last measurement.

6-4. Noncompartmental pharmacokinetic analysis

The time course of amount of IDA (or IDOL) recovered in outflow perfusate, AR(t), is
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calculated from the outflow concentration versus time data, C(t), and  perfusate flow, Q,

using a numerical integration method

∫=
t

R dCQtA
0

)()( ττ
                                                                                        

(31)

and the fraction of dose recovered at the end of experiment (tlast = 80 min) is obtained as

Recovery = AR,( tlast)/Dose.

6-5. Statistics

The results are expressed as mean ± S.D. The significance of changes in the time course

of outflow concentration in treatment is tested by repeated measurement ANOVA. P-

values of less than 0.05 are considered statistically significant.

Since in the present case global analysis (SNLR) can be performed only with pooled

data, asymptotic standard errors of parameter estimates are obtained by nonlinear

regression which are generally over-optimistic. Thus, the likelihood ratio test (Huet et

al., 1996) is used to determine the significance of parameter changes in the nested

models due to the treatment.

In the likelihood ratio test ONLL values of the control (“Control”) and an alternative

(“Alternative”) model which has a different parameter value are calculated from each

AIC value (eq. 17).

SL = - 2 ( eAlternativ
NLLO - Control

NLLO )                                                                                          (32)

If SL is bigger than the value in the chi-square distribution table, then the parameter

change is significant.
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Results and Discussion

Chapter 7. PK/PD Modeling of IDA and Effect of P-gp Inhibitors

(Verapamil, amiodarone, PSC 833)

7 - 1. Control, verapamil-, amiodarone-treatment in a 10-min infusion of IDA

Clarification of the transport mechanism of drugs into the heart is important regarding

the efficacy or toxicity of cardioactive drugs. To better understand the physiological and

pharmacological role of P-gp in the heart, the uptake kinetics and negative inotropic

action of IDA are investigated in the absence and presence of P-gp inhibitors, verapamil

and amiodarone.

Simultaneous nonlinear regression (SNLR) is performed following: IDA data obtained

during a control perfusion and when P-gp antagonists are added to the perfusion, i.e.,

three sets of average data “control”, “verapamil” and “amiodarone” are fitted

simultaneously whereby factors finh accounted for a potential change in parameters due

to the presence of P-gp inhibitor. Then, the pharmacokinetic parameters are fixed in

fitting the effect data to estimate keff, EX50, Emax, and N.

7-1-1. Uptake Kinetics of IDA and Effect of Verapamil and Amiodarone

Figure 8A shows the average outflow concentration-time profiles obtained for a 10-min

infusion of IDA in the absence and presence of the P-gp inhibitors verapamil or

amiodarone (n = 5 independent experiments in each group).  After reaching their peaks

at the end of infusion, the curves decays rapidly within 10 s, followed by a slow decline.

Compared with control, the outflow concentration curve is shifted downward during the

infusion period in the presence of verapamil (1 nM) or amiodarone (1 µM) (P < 0.05)

indicating increased uptake of IDA.

A series of different compartment models describing the myocardial kinetics of IDA is

evaluated. The best model selected according to the criteria described above is

schematically shown in Figure 9.

Figures 8B and C show the resulting simultaneous fit of average IDA outflow

concentration-time profiles for the three groups. The parameter estimates describing
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cardiac disposition of IDA in the absence and presence of P-gp inhibitors are listed in

Table 1. The compartment model and the measured data are concordant. The apparent

distribution volume of Compartment 1 (14 mL) is larger than the distribution volume of

an intravascular indicator indicating rapid equilibration with a tissue region surrounding

the vascular space. The saturable, Michaelis-Menten type, uptake process into the heart

is characterized by the apparent maximal transport rate Vmax,12 and the apparent

Michaelis constant KM,12, (x1 at which this uptake rate is at its half-maximal level) equal

to 644 nmol/min and 42.8 nmol, respectively (alternatively, 46.0 µmol/L/min and 3.06

µmol/L in terms of concentration C1 = x1/ V1). Kinetic analysis of the data indicates the

existence of a second carrier-mediated transport process which governs distribution

from Compartment 2 to Compartment 3 (Vmax,23 = 347 nmol/min, KM,23 =  215 nmol).

The sequestration rate constant k24 accounts for quasi-irreversible binding and

metabolism of IDA. P-gp inhibition causes a nearly 2-fold increase in the maximal

uptake rate (P < 0.01), i.e., an increase in Vmax,12 by factors fVmax12,vera = 1.77  and

fVmax12,amio  = 1.80  for verapamil and amiodarone, respectively. These factors

completely describe the effect of verapamil and amiodarone on pharmacokinetics of

IDA since all data are simultaneously fitted by a single set of parameter values (Table

1). The predicted amount of IDA in the heart is significantly increased by verapamil

corresponding to the enhancement of IDA uptake rate (Figure 8D). The total amount in

the heart is mostly dependent on the amount sequestrated to Compartment 4. The

simulation result of the amount-time profile of IDA at each compartment is dipicted in

Figure 10. The cardiac kinetics of IDA is characterized by high intracellular

accumulation, with a predicted steady-state partition ratio for linear kinetics [kin/kout =

(Vmax,12/ KM,12)/ k21] of 5.6 (which would increase nearly 2-fold in the presence of P-gp

inhibitors). Fractional standard deviations for the parameter estimates and approximate

correlation coefficients are mostly less than 0.25 and 0.8, respectively. Only the

parameters V1 and KM,23 are relatively “poorly determined”.
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Figure 8. Panel A: IDA outflow profiles in hearts perfused with Krebs-Henseleit

solution (control), verapamil (1 nM), and amiodarone (1 µM) after a 10 min infusion of

0.5 mg IDA; average ± S.D., n = 5 in each group). In the presence of P-gp inhibitors,

the outflow concentration is significantly reduced during the infusion period (P<0.05).

Panels B-C: Simultaneous fit to the average outflow data of the control, verapamil (B)

and amiodarone (C) experiments. D: Predicted time course of total amount and

compartmental amount (Compartment 4) of IDA and other generated metabolites except

IDOL in the heart.
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Figure 9. The model finally selected to describe the disposition of IDA in the isolated

perfused rat heart. (V1, initial distribution volume; Q, perfusate flow; Q/V1, outflow rate

constant; kij, first order rate constants; Vmax,ij and KM,ij, Michaelis-Menten transport

parameters; xi(t), compartmental amounts; P-gp, P-gp-mediated influx hindrance).
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Table 1. Model parameter estimates for the pharmacokinetics and pharmacodynamics
of a 10-min infusion of IDA in hearts from control, verapamil-(1 nM), and amiodarone-
(1 µM) treated groups.

Pharmacokineticsa            Pharmacodynamicsb

Parameter      Estimate
   FSDc

      Parameter               Estimate
  FSD

Vmax,12 (nmol/min)        644    0.18 Control

fVmax12,vera            1.76    0.03 eff (min)          0.52    0.18

fVmax12,amio            1.80    0.03 Emax (%)     54.1    0.04

Km,12 (nmol)          42.8    0.17 EX50 (µg)     19.2    0.07

k21(min-1)            2.6    0.26 Verapamil

k24 (min-1)            0.55    0.17 eff (min)           1.67    0.04

Vmax,23 (nmol/min)        347    0.23 Emax (%)     65.4    0.12

Km,23 (nmol)        215    0.44 EX50 (µg)     40.8    0.11

k32 (min-1)            0.22    0.08 N       2.3    0.09

V1 (ml)          14 Amiodarone

σ 0,i (µg/ml)   < 10-7
eff (min)       2.36    0.06

σ 1, cont            0.14 Emax (%)     45.9    0.09

σ 1, vera            0.12 EX50 (µg)     28.6    0.10

σ 1, amio            0.09 N       2.4    0.11

a Simultaneous nonlinear regression of three IDA outflow concentration-time profiles (mean curves of
control, verapamil, and amiodarone group, see Figure 8B and C), where one additional parameter in the
model equationa accounted for the effect of verapamil (fVmax12,vera) or amiodarone (fVmax12,amio), respectively
(e.g., Vmax,12, vera = fVmax12,vera Vmax,12).
b Final estimates (fit of LVDP data) with fixed pharmacokinetic parameters.
c Fractional standard deviations.
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Figure 10. Time course of IDA-amounts in Compartment 1 to 4 after 10 min infusion

of 0.5 mg IDA.
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7-1-2. Pharmacodynamic response of IDA and Effect of verapamil and

Amiodarone

IDA (0.5 mg) decreases myocardial contractility (LVDP, LVdP/dtmax), with maximum

effects at the end of infusion. The LVDP and LVdP/dtmax are decreased to 48.7 % and

51.2 % of baseline level, respectively, and recovered within 30 min. Figures 11A-C

display the time course of observed and model-predicted negative inotropic action, E(t),

of IDA. The effect as a function of drug amount at the effect site is depicted for the

three experimental groups in Figure 11D. The response is described adequately by the

sigmoid Emax model; both verapamil and amiodarone attenuate the negative inotropic

effect of IDA shifting the amount (or concentration)-effect relationship downwards. The

equilibration time eff of 0.52 min between cytosolic IDA concentration and effect

increases more than 3-fold in the presence of P-gp inhibitors (1.67 and 2.36 min for

verapamil and amiodarone, respectively).

RESULTS&DISCUSSION                                       Chapter 7. PK/PD Modeling of IDA & P-gp Inhibitors

37



.

Figure 11. Negative inotropic effect of IDA. A-C: The time course of effect as

reduction of LVDP in % of baseline and fit by the combined kinetic-dynamic model for

the control (A), verapamil (B), and amiodarone (C) group (average ± S.E., n = 5 in each

group). D: Relationship between LVDP and the effect site amount predicted by the

model for control, verapamil and amiodarone experiments.
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7 - 2. Control, Verapamil-, PSC 833-treatment in a 1-min infusion of IDA

7-2-1. Uptake Kinetics of IDA and Effect of Verapamil and PSC 833

Figure 12A shows the average outflow concentration-time profiles for IDA obtained for

a 1-min infusion of IDA. The recoveries of IDA in the outflow perfusate (up to 80 min)

are 53.9 ± 8.5 % of the dose, while 15.9 ± 1.71 % remained in the heart; leading to a

total recovery (cumulative outflow plus amount in tissue) of 69.7 ± 8.6 % (Figure 12B).

As shown in Figure 12B, verapamil (1 nM), in contrast to PSC 833 (1 µM),

significantly increases cardiac uptake of IDA. The outflow recovery is decreased by

34.1 % and residual amount is increased by 45.1 %; while for PSC 833 no effect on

residual amount could be detected, the outflow recovery is significantly increased by

43.8 %.

In modelling approach, firstly, average data of control is fitted (Figure 14A), and the

parameter estimates are utilised to fit the treatment data sets, e.g. “verapamil”, “ PSC

833”. Maximum likelihood estimator is used and the criteria for model selection and

validity are as previously described. The parameter estimates of control data are listed

in Table 2. The compartment model (Figure 13) describes the measured data very well.

The apparent distribution volume of Compartment 1 is 3 ml. The apparent maximal

transport rate Vmax,12 and the apparent Michaelis constant KM,12 equal to 760 nmol/min

and 3.6 nmol, respectively.

Model validation in terms of fractional standard deviations shows that most parameters

are estimated with sufficient validity. In compartmental modeling analysis verapamil

increases the maximal uptake rate by 15 % (fVmax,12 = 1.15) and decreases back

transport from Compartment 3 to Compartment 2, i.e., a decrease in k32 by factor of

0.03 (Figure 14B). On the other hand, PSC 833 hinders the uptake of IDA in a

competitive manner and decreases the sequestration rate: KM,12 of IDA increases by 1.8-

fold, while the sequestration rate constant, k24 is decreased by factor of 0.4 (Figure

14C). The time courses of the total cardiac amount of IDA (plus formed metabolites)

and the amount at Compartment 4 are depicted in Figure 14D.
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Figure 12. Panel A: IDA outflow profiles in heart perfused with Krebs-Henseleit buffer

(control), verapamil (1 nM), and PSC 833 (1 µM) after a 0.5mg dose of IDA. Panel B:

Recovery of IDA (in perfusate and amount in heart at 80 min after infusion of IDA in

heart perfused with buffer (control), verapamil (1 nM), and PSC 833 (1 µM) (mean ±

SEM; n=5 in each group; *P<0.05; **P<0.005; ***P<0.001, compared to control).
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Figure 13. Compartmental model of IDA kinetics in the isolated perfused rat heart (V1,

initial distribution volume; Q, perfusate flow; Q/V1, outflow rate constant; kij, first order

rate constants; Vmax,12 and KM,12, Michaelis-Menten parameters of  the uptake transport

process; xi(t), compartmental amounts.
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Table 2. Model parameter estimates for the pharmacokinetics of a 1-min infusion of

IDA in hearts from control, verapamil-(1 nM), and PSC 833- (1 µM) treated groups.

Idarubicin          Treatments

Parameter               Estimate
 FSDa

 Factor        Verapamil       PSC 833
FSD

Vmax,12 (nmol/min)   760.0  0.21       fVmax,12         1.15 0.02

KM,12 (nmol)       3.6  0.46        fKM,12         1.8 0.05

k21 (min-1)       0.7  0.30

k23  (min-1)       0.04  0.32

k32  (min-1)       0.06  0.33         fk 32         0.03 0.18

k24 (min-1)       0.03  0.21         fk 24         0.4 0.17

V1 (ml)       3.0  0.15

a Fractional standard deviations.
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Figure 14. Panels A-C: Fits to the IDA average outflow data of the control (A),

verapamil- (1 nM, B), and PSC 833- (1 µM, C) treatments. D: Predicted time course of

total amount and compartmental amount (Compartment 4) of IDA in the heart.
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7-2-2. Pharmacodynamic response of IDA and Effect of Verapamil and PSC 833

IDA (0.5 mg) decreases myocardial contractility (LVDP, LVdP/dtmax), with maximum

effects at the end of infusion. The LVDP and LVdP/dtmax are decreased to 39.3 % and

36.2 % of baseline level, respectively, and recovered within 30 min (Figure 15A). IDA

impaires the diastolic relaxation; LVEDP increases from 5.3 ± 1.3 to 11.9 ± 3.4 mmHg

after 2.4 min (Figure 15B) and LVdP/dtmin decreases to 34.7 % of baseline level. The

time course of the IDA-induced change in coronary vascular resistance (CVR) is

biphasic: after an initial increase to 138.2 %  (reaching a peak value at 2 min), it

decreases to a minimum of -7.3 % at 10 min and then increases again to 127.3 % of the

basal value at 80 min (Figure 16). All these pharmacodynamic effects of IDA are

significant at P < 0.05 level by one-way RM ANOVAs.

Verapamil (1 nM) attenuates the negative inotropic effect of IDA (Figure 15A), and the

area under the effect curve AUELVDP  changes from -324.4 ± 9.8  to -221.0 ± 28.2 mmHg

min (P < 0.05). PSC 833 (1 µM), in contrast, impaires the recovery of LVDP to baseline

(AUELVDP = -1724.6 mmHg min, P < 0.05 compared to control). The vasoconstrictive

effect of IDA is markedly potentiated by PSC 833; both the maximum effect and the

area under the effect curve AUECVR are significantly increased 2- and 3-fold,

respectively. Verapamil significantly enhances the secondary increase in CVR after 80

minutes (Figure 16).
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Figure 15. Effect of IDA (0.5 mg) on time course of LVDP (A) and LVEDP (B) in

hearts perfused with buffer (control), verapamil (1 nM), and PSC 833 (1 µM) (mean ±

SEM; n=5 in each group).
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Figure 16. Effect of IDA (0.5 mg) on coronary vascular resistance in hearts perfused

with buffer (control), verapamil (1 nM), and PSC 833 (1 µM) (mean ± SEM; n=5 in

each group).
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7 - 3. Discussion

This study provides evidence 1) that uptake of the lipophilic anthracycline IDA in rat

heart is through a saturable transport process, 2) that verapamil and amiodarone increase

the maximal uptake rates of IDA, while PSC 833 decreases the myocardial uptake of

IDA, and 3) that intracellular kinetics of IDA is closely related to its negative inotropic

action whereby both P-gp inhibitors attenuate the cellular concentration-response

relationship.

Uptake kinetics of anthracyclines including IDA has been previously studied in various

cell lines; however, the transport mechanism is not completely clear. In this chapter, the

uptake kinetics of a P-gp substrate, IDA into the intact heart is investigated for the first

time. The observed nearly 2-fold increase in Vmax,12 by P-gp antagonists in a 10-min

infusion of IDA suggests that under control conditions P-gp pumps IDA out of the

membrane, thus limiting its uptake (Figure 9).  The observed (net) rate of myocardial

IDA uptake represents a balance between two opposing processes; active pumping by

P-gp back to the extracellular space and saturable transport of drug across the

membrane. This finding is consistent with the ”hydrophobic vacuum cleaner” model

(Gottesman and Pastan, 1993), where P-gp interacts directly with substances in the

               Figure 17. Schematic diagram of “hydrophobic vacuum cleaner” model.

plasma membrane accounting for decreased drug influx rates (P-gp removes drugs

directly from the membrane, Figure 17); i.e., P-gp substrates probably gain access to the

protein after partitioning into the membrane rather than from the aqueous phase. The

fact that only Vmax,12 but not KM,12  is affected suggests a noncompetitive interaction in

  lipid membrane

Drug

Drug

Drug

ATP
ATP
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accordance with the interaction between anthracyclines and verapamil in MDR cells

(Nielsen et al., 1995; Stein, 1997).  It has been shown that P-gp is expressed in heart

tissue (van der Valk et al., 1990; Cayre et al., 1996; Beaulieu et al., 1997; Estevez et al.,

2000), and that P-gp has a role in the cardiac uptake of anthracyclines was recently

suggested by pharmacokinetic studies in mice lacking mdr1a P-gp (mdr1a (-/-) mice)

(van Asperen et al., 1999). That P-gp inhibition primarily increased cardiac uptake but

not efflux from the heart (“influx hindrance”) is in accordance with findings by

Decleves et al. (1998) in leukemia HL-60 cells, who suggested that intracellular

trapping of molecules could limit their availability for P-gp-mediated efflux. In contrast

to the brain, where the P-gp pump is located on the luminal side of the capillary

endothelial cell (Beaulieu et al., 1997), its location is less clear in the heart. Although P-

gp is present in the plasma membrane of cardiomyocytes (Cayre et al., 1996; Estevez et

al., 2000) and this kinetic-dynamic model indicates that Compartment 2 represents the

cytosol (see below), one cannot differentiate between capillary wall and sarcolemma as

permeability barriers.

The observation of Michaelis-Menten kinetics for uptake of the hydrophobic compound

IDA in the intact heart is an interesting, novel result because the underlying mechanism

is still poorly understood. There seems to be contradicting and confusing evidence in

the literature with regard to anthracycline transport in cancer cell lines. On the one

hand, it is suggested that passive membrane permeation plays a substantial role in

controlling cellular accumulation together with P-gp-mediated efflux (reviewed in Refs.

Stein, 1997;Wielinga et al., 2000). On the other hand, saturable uptake transport of

anthracyclines into normal and MDR cells has been reported by several groups

(Skovsgaard et al., 1978; Kerr et al., 1986; Usansky et al., 1991; Nielsen et al.,1995;

Nagasawa et al., 1996, 1997; Decorti et al., 1998).  Thus, in human mononuclear cells

and HL60 cells, uptake of IDA was primarily carrier-mediated with a contribution of

passive diffusion of about 10 % (Nagasawa et al., 1997). Similar to these results

verapamil in MDR cells affected preferentially influx of daunorubicin increasing Vmax

by about 50% (Nielsen et al., 1995). However, the discussion of the underlying

mechanisms is controversial (Kerr et al., 1986; Decorti et al., 1998; Nielsen et al.,

1995); Decorti et al. (1998) suggested that saturation of nonspecific binding sites on the

cell could mimic carrier-mediated transport.
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The role of the intracellular transporter with lower capacity (Vmax,23 ≈ 0.5 Vmax,12) and

affinity (KM,23 ≈ 5KM,12) is less clear. One may speculate that Compartment 3 represents

a sub-cellular pool, e.g., cytoplasmic organelles (Larsen et al., 2000), but in contrast to

the uptake transporter, the estimation of the parameters Vmax,23 and KM,23 is less reliable

(see discussion below). Figures 8D and 10 show that more than 90 % of the IDA

amount which is taken up remains in the heart (or is metabolized) after the 80 min

washout period demonstrating the strong binding to intracellular constituents (DNA)

and trapping in acidic vesicles.

The effect of PSC 833 on cardiac uptake of IDA is unexpected. This finding is in

contrast to that a well-known P-gp inhibitor, PSC 833 significantly increased the cardiac

accumulation of doxorubicin administered intravenously to mice (Colombo et al.,

1996), and that the combination of IDA and PSC 833 reversed P-gp mediated MDR in

leukemia cells (Fukushima et al., 1999). In modeling analysis the IDA uptake inhibition

is due to both an increase of KM,12 and a decrease of k24, sequestration rate constant

implying irreversible binding and/or converting to aglycone. However, the latter

dominantly affects the decrease of accumulation of IDA in the heart rather than the

former from the simulation results. Since PSC 833 had no effect on the removal of

daunosamine sugar by the microsomal P450 reductase (Fischer et al., 1998), the

decrease of sequestration rate by metabolic interaction between IDA and PSC 833 could

be excluded. On the other hand, one may speculate that PSC 833 influences the

intracellular trapping of IDA probably due to change of intracellular pH, and further

investigation would be important.

Although it has been suggested that the acute cardiac effects of anthracyclines are due

to impaired myocardial Ca2+ handling, the mechanism appears still unclear (Matsushita

et al., 2000). Several studies indicated that anthracyclines activate the cardiac

sarcoplasmic reticulum (SR) Ca2+ release channel (ryanodine receptor) leading to an

intracellular Ca2+ overload associated with an impairment of Ca2+ transients and a

decrease in myocardial contractility (Holmberg and Williams, 1990; Earm et al., 1994;

Temma et al., 1994; Temma et al., 1996; Maeda et al., 1999). Recently, it has been

suggested that this negative inotropic action could also result from an inhibition of SR

Ca2+ release (Olson et al., 2000). A dose-dependent decrease in the amplitude of
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cytosolic Ca2+ transients has been observed for IDA in isolated rat myocytes (P. Wolna

and M. Weiss, unpublished data). The present finding, that the effect E(t), i.e., the

decrease in contractility, is linked to the time course of IDA in Compartment 2, x2(t),

with a relatively short lag time of 0.52 min, appears consistent with this concept (Figure

11A). Suggesting that x2(t) is the amount in the pharmacologically active pool, the

kinetic-dynamic modeling sheds light on the possible anatomical/physiological role of

the compartments, where Compartment 2 may represent the cytosol with trans-

sarcolemmal IDA influx from Compartment 1. The model analysis allows, for the first

time, a separation of the kinetic and dynamic effects determining the

verapamil/amiodarone – IDA interaction. Theoretically, both cardioactive drugs

interfere with stimulus-contraction coupling. The attenuation of the idarubicin-induced

negative inotropic effect (Figure 11D) is in accordance with the protective effects of a

calcium antagonist on doxorubicin-induced impairment of Ca2+ transients in rat cardiac

myocytes (Maeda et al., 1999) and the inhibitory effect of amiodarone on the Na+/ Ca2+

exchanger, which has been suggested to prevent Ca2+ overload under pathological

conditions (Watanabe and Kimura, 2000). However, because the complex mechanism

of the negative inotropic action of IDA is not well understood and the available data are

very limited, this empirical model is necessarily an oversimplification, which, for

���������	�������������
����������
����
������������ eff.

PSC 833, on the other hand, shows an opposite effect in prolonging the recovery of the

IDA-induced LVDP-decrease to baseline (Figure 15A). The same mechanisms that are

responsible for the negative inotropic effects of cyclosporine A (Janssen et al., 2000)

might be involved in this interaction. There is also a tendency for an increase in LVEDP

after co-administration of PSC 833, but the variability is too high to achieve statistical

significance (Figure 15B).

It has been long recognized that the acute anthracycline cardiotoxicity is characterized

by an increase in coronary resistance (Pelikan et al., 1986). Current knowledge suggests

that inhibition of nitric oxide (NO) synthesis is most likely responsible for the

vasoconstriction produced by IDA, since there is no increasing evidence that 1) the

release of NO contributes to the control of resting coronary blood flow (see e.g., Duffy

et al., 1999) and 2) anthracyclines are potent nitric oxide synthase (NOS) inhibitors as

shown for doxorubicin (Garner et al., 1999; Pomposiello et al., 1997), whereby the
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endothelial NO-synthase (NOS III) was particularly susceptible to this inhibition. Thus,

acute NOS-inhibition increased coronary vascular resistance in Langendorff-perfused

hearts (Sudhir et al., 1994; Russo et al., 1996). The potentiation of the IDA-induced

vasoconstriction in the presence of PSC 833 could be explained by the same mechanism

since it has been suggested that the acute vasoconstriction induced by cyclosporine may

be (partly) mediated by an impaired NO release (Watanabe et al., 1996). Less is known

regarding vascular effects of PSC 833; a calcium potentiating effect similar to that of

cyclosporine was found in vascular smooth muscle cells (Platel et al., 2000).  In a pilot

experiment a dose-dependent increase in CVR with PSC 833 is observed for

concentrations above 0.1 mM. Thus, while PSC 833 in the concentration used in the

present study (1 µM) did not affect CVR, it strongly potentiated the vasoconstrictive

effect of IDA. The secondary increase in CVR in the presence of verapamil could be

ascribed to the increase in the cardiac accumulation of IDA.

The importance of this study is the measurement of both myocardial kinetics and

dynamics of the P-gp substrate IDA in the absence and presence of P-gp inhibitors. It

should be noted that while our verapamil perfusate concentration of 1 nM is much lower

than the concentrations used for MDR reversal in vitro and the therapeutic plasma

concentrations, the concentration of PSC 833 (1 µM) is in the order of the effective

concentration in vitro and in vivo (Estevez et al., 2000; Robert, 1999).

With regard to model identifiability and the precision of parameter estimates, it is

encouraging that the fractional standard deviations and correlation coefficients between

parameters are < 0.5 and < 0.8, respectively.  Furthermore, a kinetic model will gain

creditability if it can describe experimental data under different conditions (absence and

presence of P-gp inhibitors) by adjustment of only one parameter (Vmax,12 for uptake

transport). Because this is the first report suggesting saturable uptake of a hydrophobic

compound at the organ level, it is important to note that all tested alternative models

based on passive influx completely failed to fit the data. The information obtained from

IDA pharmacodynamics is necessary to identify the intracellular distribution kinetics,

i.e., to obtain initial estimates of Vmax,23 and KM,23. As also obvious from the higher

approximate coefficient of variation of KM,23, less experimental evidence has been

obtained in support of this intracellular uptake transporter. In view of the relatively slow
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drug input rate used in this experiment, it is not surprising that the initial distribution

volume V1 is not uniquely identifiable. The value of 14.0 mL represents the optimal

estimate which is then fixed to obtain the approximate FSDs for the other parameters

(Table 1). (Note that the apparent extracellular distribution volume V1 also accounts for

rapid binding processes and has no direct anatomical meaning.) The estimate of

apparent V1 in a 1-min infusion of IDA is approximately one fifth of that in a 10-min

infusion experiment indicating that the initial distribution process of rapid equilibration

surrounding the vascular space decreases with increasing infusion rate. The necessarily

simplified compartmental modeling approach taken herein represents a useful

“minimal” heart model (Weiss, 1998), However, as any model, it does not provide a

unique picture and must evolve with new acquired data and knowledge.
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Chapter 8. Effect of Doxorubicin and Hypothermia

To date, uptake studies of anthracycline anticancer agents have been largely performed

in vitro in tumour cell lines and it is doubtful whether these results accurately reflect the

transport in intact organs. Furthermore, controversy exists as to whether cellular uptake

of anthracyclines occurs via saturable transport mechanisms or passive diffusion (e.g.,

Speelmans et al., 1996; Decorti et al., 1998; Wielinga et al., 2000).

In previous chapter it has been suggested that 1) myocardial uptake of IDA appears to

be characterized by Michaelis-Menten-type kinetics, 2) the saturable uptake rate is

increased by P-gp inhibitors, probably because of impairment of P-gp mediated influx

hindrance and 3) negative inotropic effect of IDA is closely related to its cellular

pharmacokinetics.  However, the nature of this saturable transport process is unknown.

Because IDA is a hydrophobic molecule, it would be expected to cross the membrane

barriers passively with relative ease in neutral form (Wielinga et al., 2000), but the

mechanism by which anthracyclines are transported across cell membranes in cultured

cells remains still rather unclear. Only previous results for the first time quantifies

anthracycline uptake in an intact organ.

The purpose of this chapter is the investigation of temperature dependency and

inhibitability by doxorubicin of myocardial uptake in order to elucidate further the

underlying mechanisms. Like in previously described experiments, nonlinear regression

is performed with the average data of the control group and those of the doxorubicin or

hypothermia group, respectively.

8-1. Effect of Doxorubicin and Hypothermia on Pharmacokinetics of IDA

The average outflow concentration-time curves after infusion of 0.5 mg IDA for 10 min

are shown in Figure 18A for the control and two treatment groups (n=5, independent

experiments in each group). The curves show a maximum at the end of infusion and a

rapid decay upon cessation of infusion is followed by a slower terminal phase. In the

presence of doxorubicin (20 µM) the curve is shifted upwards in a nearly parallel

fashion (P<0.01) suggesting reduced uptake during infusion. Mild hypothermia (30oC)

changes the shape of the outflow, C(t), curve: following a steep increase within about 1

RESULTS&DISCUSSION                                              Chapter 8. Effect of Doxorubicin & Hypothermia

53



.

min (leaving the maximum at the end of infusion nearly unchanged), the concentration

in the terminal phase is lower than that of control. Doxorubicin significantly inhibits net

cardiac uptake of IDA as reflected by an increase in outflow recovery and a decrease in

residual amount in the heart (Figure 18D).

Figures 18B and C show the fits of outflow concentration-time profiles of the

doxorubicin and hypothermia group, respectively. Doxorubicin reduces both the

maximal uptake rate Vmax,12 and the cellular sequestration rate constant k24 (accounting

for irreversible binding and metabolism) significantly to 65 and 35 %, respectively

(Table 3), of the control value (P < 0.01). Hypothermia (30oC), in contrast, reduces IDA

uptake rate by increasing the Michaelis constant KM,12 (~ 5.3-fold greater than that for

control). But since also the efflux rate constant k21 decreases (to 8% of the control

value), the net uptake remained unchanged (Figure 18D). The effect of temperature

reduction on the model parameters KM,12 and k21 is significant (P < 0.01). The presence

of doxorubicin and hypothermia decreases the formation of idarubicinol from IDA in

the heart by 85 % (P<0.01) and 34 % (P<0.05), respectively (Figure 18D).

Table 3. Parameters estimates for the disposition of IDA in the doxorubicin (20µM) and

hypothermia (30oC) group.

             Doxorubicin                fVmax,12,Dox              fk24,Dox

                                               0.65 a (0.08b)          0.35 (0.09)

             Hypothermia             fKM,12,Hypotherm       fk21,Hypotherm

                                                5.29 (0.02)            0.08 (0.02)

           a Nonlinear regression of IDA outflow concentration-time profiles where two additional parameters       
         accounted in the model equations for the effect of hypothermia (30oC) and doxorubicin (20µM) on
         IDA (The parameter estimates of control are listed Table 1).
       b Fractional standard deviations.
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Figure 18.   Panel A: IDA outflow profiles in hearts perfused with Krebs-Henseleit

solution (control, 37oC), doxorubicin (20 µM), and hypothermia (30oC) for the 10-min

infusion of 0.5 mg IDA (mean ± S.D., n = 5 in each group). Panels B-C: Fits of the

mean outflow data of the control, doxorubicin (B) and low temperature experiments

(C). Panel D: Outflow recoveries of IDA and residual amounts of IDA in the heart at the

end of experiment (*, P<0.01; **, P<0.005 compare to control).
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8-2. Effect of Doxorubicin and Hypothermia on Pharmacodynamics of IDA

While the presence of doxorubicin (20µM) in perfusate does not induce a significant

change in LVDP within the first 20 min, infusion of IDA (0.5 mg) decreases LVDP to

49 ± 5 % of pre-infusion value at the end of infusion and recovery is completely

impaired (after a transient increase to 64.4 ± 6 % of pre-infusion level) due to the

delayed negative inotropic effect of doxorubicin. When administered alone, the

relatively low concentration of doxorubicin (20µM) produces a maximum decrease in

LVDP (to 56.1 ± 9 % of baseline level) about 100 min after start of infusion (Figure

19A). There is no significant change in coronary vascular resistance during the infusion

of doxorubicin, and no further influence on IDA induces vasoconstriction compared to

control (Figure 19C). In heart rate there is a delayed effect like LVDP, it is continuously

decreased to 18 ± 9 % of baseline level at the end of experiment (Figure 19B).

After an increase in LVDP due to positive inotropism of hypothermia (to 160 ± 20 % of

baseline level), infusion of IDA decreases myocardial contractility (LVDP) to 37 ± 3 %

of pre-infusion level. The effect recovers within 30 min to 62 ± 7 % of pre-infusion

level (Figure 20A). Heart rate is decreased to 50 ± 3 % of baseline value in hypothermic

condition, but there is no significant change by the infusion of IDA (Figure 20B).

Vasoconstriction is induced by hypothermia (Figure 20C), i.g., CVR is increased by 71

± 15 % compared to that at 37oC. IDA induced increase of CVR is potentiated in

hypothermic condition by 125 ± 18 and 98 ± 13 % of pre-infusion level at the end of

IDA infusion and at 80 min, respectively. All these pharmacodynamic effects of IDA

are significant at P < 0.05 level by one-way RM ANOVAs.
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Figure 19.  Time course of IDA-induced cardiac performances in the presence of

doxorubicin (20 µM). A: left ventricular developed pressure (LVDP, ����	�����������

of doxorubicin alone ( ������������������ �����������������������
�������� !"���mean ±

S.D., n = 5).
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Figure 20.  Time course of IDA-induced cardiac performances in hypothermia (30oC).

A: left ventricular developed pressure (LVDP), B: heart rate, C: coronary vascular

resistance (CVR) (mean ± S.D., n = 5).
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8-3. Discussion

At present, there is very little mechanistic understanding of anthracycline transport into

the heart and other organs. The main outcome of this study is the inhibitability and

temperature sensitivity of IDA uptake into the rat heart. The results indicate that the

model adequately describes the effects of doxorubicin and hypothermia on IDA uptake

by the rat heart. The myocardial uptake rate of IDA is noncompetitively inhibited by

another anthracycline, doxorubicin due to a decrease in Vmax,12, and the inhibition of

uptake (increase in KM,12) is observed upon cooling from 37° to 30°C. Kinetic analysis

of IDA data reveals that the significant decrease in maximum uptake rate Vmax in the

presence of doxorubicin leads to a reduction of net uptake of IDA. The lower value of

the elimination rate constant k24 reflects a decrease in intracellular trapping and

metabolism. Hypothermia, in contrast, does not affect net uptake of IDA since the

inhibition of uptake rate (increase in KM) is counterbalanced by a decrease in the efflux

rate constant (k21).  Note that the factors fVmax12,Dox, fk21,Dox and fKM12,Hypo,  fk24,Hypo

completely describe the effect of doxorubicin and temperature, respectively, on

pharmacokinetics of IDA since all data are fitted by a single set of parameter values.

The noncompetitive inhibition of myocardial IDA uptake by doxorubicin is in

accordance with observations in human leukaemia HL60 cells and mononuclear cells

(Nagasawa et al., 1997). Interestingly, a competitive inhibition was observed for

daunorubicin suggesting that the latter, in contrast to doxorubicin, binds to the same site

as IDA. A qualitatively similar effect of hypothermia was found for anthracycline

uptake in cultured fibroblasts where cellular accumulation of daunorubicin and

doxorubicin was significantly inhibited by a decrease in incubation temperature from 37

to 30°C (Peterson and Trouet, 1978). Hyperthermia, on the other hand, increased the

cellular uptake of doxorubicin in cultured cells (Nagaoka et al., 1986; Bates and

Mackillop, 1986). The decrease in the efflux rate constant (k21) with temperature is in

line with observations in cultured cells, where the efflux rate of doxorubicin increased

with temperature (Bates and Mackillop, 1986).

 It is well known that mild hypothermia exerts a positive inotropic effect (e.g., Weisser

et al., 2001). The negative inotropic effect of IDA under hypothermia or doxorubicin is
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similar to that under control conditions. The complete impairment of LVDP recovery to

pre-infusion levels in the doxorubicin group is caused by the delayed development of

the doxorubicin induced negative inotropism. An explanation of this phenomenon is

lacking, however, for the hypothermia group, where similarly to the control

experiments, LVDP recovered within 30 min, but reached only 62 % of the pre-infusion

level.

In summary, these results provide strong evidence for the existence of a specific,

saturable myocardial uptake process for anthracyclines in the rat heart.

RESULTS&DISCUSSION                                              Chapter 8. Effect of Doxorubicin & Hypothermia

60



.

Chapter 9. Effects of Caffeine and Theophylline

Based on in vitro data suggesting an enhancement by methylxanthines of IDA influx in

leukemia cells (Sadzuka et al., 2000), the experiments described in this chapter are

aimed at testing the hypothesis that a commonly used methylxanthine, caffeine, might

influence the myocardial uptake of IDA. Furthermore, since caffeine is a well-known

ryanodine receptor agonist, it is expected to affect pharmacodynamics of IDA due to its

influence on anthracyline-induced Ca2+ release from sarcoplasmic reticulum (SR)

(Pessah et al., 1990; Olson et al., 2000). The latter mechanism was suggested to cause

the acute inotropic effect of anthracyclines (Matsushita et al., 2000) and might be

involved in the cardiotoxic action of IDA. To address this issue, cardiac

pharmacokinetics and pharmacodynamics of IDA is investigated in the presence of

caffeine or theophylline in perfusate.

9-1. Effect of Caffeine and Theophylline on Pharmacokinetics of IDA

Figure 21A shows the average outflow concentration-time profiles obtained for a 10

min infusion of IDA (0.5 mg) in the absence and presence of caffeine (1 µM) or

theophylline (3 µM), respectively. Caffeine, in contrast to theophylline, shifts the

outflow concentration curve downward in a nearly parallel fashion (P<0.01) indicating

increased uptake of IDA. Caffeine significantly decreases the outflow recovery of IDA

from 29.7 ± 6.7 to 11.4 ± 0.97 % (P<0.01) and increases the residual amount of IDA in

the heart from 43.4 ± 4.2 to 61.6 ± 4.2 % of dose (P<0.01). Theophylline has no

significant effect on both recovery (33.7 ± 5.1 %) and residual amount of IDA (49.7 ±

6.9 %). The fits of IDA outflow concentration-time profiles of caffeine- and

theophylline-treated groups are shown in Figure 21B. A perfect fit of IDA is obtained

with only one factor, i.e., by changing one model parameter value, namely Vmax,12 in the

caffeine and k24 in the theophylline group, respectively (Table 4). While caffeine causes

2.7-fold increase in the maximal uptake rate (P<0.01), (fVmax,12 = 2.65 with FSD of

0.04), theophylline leads to a 19 % reduction of the sequestration rate constant, k24 (fk24

= 0.81 with FSD of 0.03). The latter is reflected by the slightly lower decay (i.e.,

decreased slope) of the outflow curve in the terminal phase (Figure 21B).
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Figure 21. Panel A: outflow profiles of IDA in hearts perfused with buffer (control),

caffeine (1 µM), and theophylline (3 µM) after a 10 min infusion of 0.5mg IDA

(average ± S.E. n=5 in each group). Panel B: Fits to the IDA average outflow data of the

control, caffeine- and theophylline-treatment.
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Table 4. Parameters estimates for the disposition of IDA in the presence of caffeine (1

µM) and theophylline (3 µM).

                                                    Parameter          Estimate            FSD

                  Caffeine                      fVmax,12               2.65a               0.04b

               Theophylline                    fk24,                  0.81                0.03

       a Nonlinear regression of IDA outflow concentration-time profiles where an additional parameter
      accounted in the model equations for the effect of caffeine and theophylline on IDA (The parameter
      estimates of control are listed Table 1).
     b Fractional standard deviations.

9-2. Effect of Caffeine and Theophylline on Pharmacodynamics of IDA

The effect of caffeine (1 µM) or theophylline (3 µM) on the IDA-induced negative

inotropic effect with maximal 49% decrease in LVDP at the end of a 10-min infusion of

a 0.5 mg dose of IDA is depicted in Figure 22. While in the presence of caffeine the

cardiodepressive action of IDA is completely reversed with rapid development of a

positive inotropic effect within 2 min (18.2 ± 4.9 % increase in LVDP), theophylline

significantly attenuates the negative inotropic effect of IDA at the end of infusion (only

20.6 ± 2.5% instead of 48.7 ± 5.8 % decrease in LVDP, P<0.001) shifting the response

curve upwards. However, the slow increase and a sustained plateau of LVDP during the

washout phase is higher for theophylline than for caffeine (21.3 ± 6.5 % vs. 10.0 ± 4.2

% of baseline at the end of experiment, P < 0.05). There is no change in LVEDP in both

control and treatment groups. Caffeine significantly potentiates the decrease in heart

rate during IDA infusion (Figure 23A). Theophylline, in contrast, is without effect in

the infusion period but the heart rate is further significantly reduced to –14.9 ± 2.2 %

instead of –6.9 ± 2.9 % (control) at 80 min. The maximum vasoconstrictive effect of

IDA (75.4 ± 16.4 % increase in CVR at the end of infusion) is not significantly

influenced by caffeine (94.9 ± 30.2 %) (Figure 23B). However, the secondary increase

of CVR is inhibited by caffeine (P<0.01). Theophylline, on the other hand, significantly

attenuates IDA-induced vasoconstriction (35.0 ± 4.8 % increase in CVR) and abolishes

the secondary increase of CVR completely.
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Figure 22. Effect of IDA (0.5 mg) on left ventricular development pressure in hearts

perfused with buffer (control), caffeine (1 µM), and theophylline (3 µM) (mean ± SEM;

n=5 in each group).
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Figure 23. Effect of IDA (0.5 mg) on heart rate (A) and coronary vascular resistance

(B) in hearts perfused with buffer (control), caffeine (1 µM), and theophylline (3 µM)

(mean ± SEM; n=5 in each group).
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9-3. Discussion

This chapter reports the influence of methylxanthines on pharmacokinetics and

pharmacodynamics of IDA in rat heart after a single dose. The 2.7-fold increase in

Vmax,12 by caffeine underlying the enhancement of cardiac IDA uptake, exceeds the 1.8-

fold increase observed for verapamil or amiodarone (Table 1, p.35). While the latter

effect is suggested to be caused by an inhibition of P-glycoprotein mediated back-

transport of IDA, no reasonable explanation is available for the effect of caffeine. Note

that our result is in contrast to that reported by Sadzuka et al. (2000) who observed an

enhancement of IDA uptake (influx) by the xanthine derivative, 1-methyl-3-propyl-7-

butylxanthine (MPBX) only in leukemia cells but not in the heart or bone marrow cells.

These authors suggested that MPBX might act on a nucleoside transporter, that

appeared to be involved in IDA uptake in tumor but not in normal cells (Nagasawa et

al., 1997). Furthermore, caffeine increased the uptake of doxorubicin in tumor cells (but

not in normal tissue) by efflux inhibition (Sadzuka et al., 1995). The fact that

theophylline does not influence IDA uptake in rat heart is in line with possible

differences among xanthine derivatives regarding their effect on transport processes.

The reversal by caffeine of negative to positive inotropism of IDA may be due to an

inhibition of IDA-induced Ca2+ release from sarcoplasmic reticulum (Pessah et al.,

1990) that could prevent depletion of Ca2+-stores (Matsushita et al., 2000) and/or

intracellular Ca2+ overloading (Temma et al., 1996).  Recently, also a concentration-

dependent inhibition or stimulation of Ca2+ release by daunorubicin has been reported

(Olson et al., 2000). This acute effect may be completely different from the situation

after chronic dosing where co-administration of caffeine enhanced cardiac toxicity of

doxorubicin (Hosenpud et al., 1995). Given this result, it is not unreasonable to suggest

that the caffeine-induced enhancement of IDA uptake into the heart may have increased

myocardial accumulation of IDA during chronic dosing. Although the lower inhibitory

efficacy of theophylline (≈57 % reduction of the maximal negative inotropic IDA

effect) may be consistent with the hypothesized mechanism of action, the reason for the

delayed development of positive inotropy remains unclear (Figure 22). Interestingly, the

enhancement of the negative chronotropic effect of IDA by caffeine or theophylline is

characterized by a time course similar to that of the inotropic effect: caffeine produced
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maximal effects at the end of infusion and theophylline at the end of experiment (Figure

23A). The higher effectiveness of theophylline to attenuate the IDA-induced increase in

coronary vascular resistance (reduction to 37% of maximal effect) is also obvious from

the complete prevention of the secondary increase in CVR (Figure 23B).

It has to be recalled that both methylxanthines are used in low concentrations which

alone do not induce any changes in the measured parameters of cardiac performance.

These concentrations (caffeine 1 µM and theophylline 3 µM) are below the plasma

caffeine levels of 5-10 µM following a cup of coffee in humans (Daly, 1993) and the

therapeutic plasma concentration of theophylline (about 50 µM), respectively.

Therefore, an influence of usual dietary caffeine consumption on the cardiotoxic effects

of anthracyclines cannot be excluded. The same holds for caffeine-potentiated

chemotherapy (Tsuchiya et al., 2000).
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Chapter 10. Pharmacokinetic modeling of Idarubicinol after infusion

of IDA

The formation of pharmacologically active alcohol metabolite of IDA, idarubicinol

(IDOL) in the heart tissue is of special interest since it has been speculated that the

cardiac toxicity of anthracyclines could be related to its myocardial metabolism

(Mushlin et al., 1993). Although plasma and tissue concentration of IDOL is greater

than that of IDA following the administration of IDA in in vivo, (Looby et al., 1997;

Eksborg et al., 1997; Schleyer et al., 1997), and IDOL has been reported to have greater

cardiac toxicity than other anthracycline alcohol metabolites (Kuffel et al., 1992), little

has been revealed with regard to the metabolism and disposition kinetics of IDOL in the

heart.

In this chapter the myocardiac generation and disposition of IDOL are characterized

after infusion of IDA in the isolated perfused rat heart. A series of experiment have

been done in the absence and presence of carbonyl reductase inhibitors: phenobarbital

(Kawalek and Gilbertson, 1976) and rutin (Wermuth, 1981). The influences of P-gp

inhibitors (verapamil, amiodarone, PSC 833), xanthine derivatives (caffeine,

theophylline), doxorubicin and hypothermia on the generation and transport of IDOL

were also analysed using the IDA and IDOL outflow data obtained in the experiments

described above.

10-1. Model Development for Idarubicinol

On the basis of the IDA model, additional compartments are included to describe the

time profile of IDOL formed in heart tissue from IDA. As shown in Figure 24 and 25,

fourteen model structures are tested to find the best minimal model with the same

procedure described above for IDA. After fixing the parameter estimates of IDA (Table

1, and 2), the IDOL data sets are fitted. Compartment IDOL1 and/or IDOL2 are

separated to clarify the generation and transport of IDOL. Compartment IDOL1 and

IDOL2 belong to Compartment 1 and 2, respectively. km,1 and km,2 represent metabolism

rate constants at Compartment 1 and 2, respectively. First order rate constants

describing (passive) inter-compartmental transport of IDOL are denoted by kij,IDOL and

the active transport with Michaelis-Menten type kinetics is characterised by the
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apparent maximal transport rates Vmax,IDOL and the apparent Michaelis constant KM,IDOL.

k23,IDOL indicates a sequestration rate constant representing an irriversible binding and

metabolism to IDOL aglycone. The differential equations that describe disposition of

IDA, and generation and disposition of IDOL amounts (in bold) in compartments after a

1-min infusion of IDA are

dIDA1(t)/dt=–(Q/V1+Vmax,12/[KM,12+IDA1(t)])IDA1(t)+k21IDA2(t)+R1min

                                -km,1IDA1(t)                                                                                             (33)

dIDA2(t)/dt = Vmax,12/[KM,12+IDA1(t)])IDA1(t) – (k21+ k24+ k23)IDA2(t) + k32IDA3(t)

                      - km,2IDA2(t)                                                                                            (34)

dIDA3(t)/dt =  k23 IDA2(t) – k32 IDA3(t)                                                                         (35)

dIDOL1(t)/dt= –(Q/V1+Vmax,IDOL/[KM,IDOL+IDOL1(t)])IDOL1(t) + k21,IDOLxIDOL2(t)

                   +km,1IDA1(t)                                                                                               (36)                    

dIDOL2(t)/dt = Vmax,IDOL/[KM,IDOL+IDOL2(t)])IDOL2(t) – (k21,IDOL+ k23,IDOL)IDOL2(t)

                    +km,2IDA2(t)                                                                                              (37)

and after a 10-min infusion of IDA are

dIDA1(t)/dt=–(Q/V1+Vmax,12/[KM,12+IDA1(t)])IDA1(t)+k21IDA2(t)+R10min

                              -km,1IDA1(t)                                                                                               (38)

dIDA2(t)/dt = Vmax,12/[KM,12+IDA1(t)])IDA1(t) – (k21+ k2e+ Vmax,23/[KM,23+x2(t)])IDA2(t)

                    + k32IDA3(t) - km,2IDA2(t)                                                                         (39)

dIDA3(t)/dt = Vmax,23/[KM,23+x2(t)])x2(t) – k32x3(t)                                                        (40)

dIDOL1(t)/dt= –(Q/V1+Vmax,IDOL/[KM,IDOL+IDOL1(t)])IDOL1(t) + k21,IDOLxIDOL2(t)

                     +km,1IDA1(t)                                                                                             (41)                    

dIDOL2(t)/dt = Vmax,IDOL/[KM,IDOL+IDOL2(t)])IDOL2(t) – (k21,IDOL+ k23,IDOL)IDOL2(t)

                     +km,2IDA2(t)                                                                                             (42)

A model for the variance of the additive error of the measured data is specified as IDA.

The final models of IDOL in a 1-min and a 10-min infusion of IDA are illustrated in

Figure 26 and 27, respectively. The parameter estimates were listed in Table 5 and 6,

respectively.
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Figure 24. AIC values of tested compartment structures for IDOL after a 1-min

infusion of IDA.
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Figure 25. AIC values of tested compartment structures for IDOL after a 10-min

infusion of IDA.
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Nonlinear regression is performed with the average data of the control group and those

of treatment groups. Thus, factor fi of each parameter Pi describes the kinetics of control

is multiplied to account for a potential change due to treatment. All possible

combinations of factors are evaluated to describe treatment groups by a minimum

number of factors. The factor selection is made according to the criteria previously

described for IDA in Chapter 6.
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Figure 26. Compartmental model of IDOL kinetics after a 1-min infusion of IDA in the

isolated perfused rat heart (Cout, IDOL(t), outflow at time t; k21,IDOL, first order rate

constants; k23,IDOL, sequestration rate constant; km,i, metabolism rate constants; Vmax,IDOL

and KM,IDOL, Michaelis-Menten parameters of the uptake transport process). Bold arrows

indicate the generation or transport of IDOL.
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Table 5. Model parameter estimates for metabolism and disposition of IDOL after a 1-

min infusion of IDA in the isolated perfused rat heart.

       Parameter                                Estimatea      FSD b

km,1 (min-1)      0.0038        0.19

km,2 (min-1)      0.0006        0.43

Vmax,IDOL (nmol/min)      3.2        0.43

Km,IDOL (nmol)      0.24        0.78

k21,IDOL (min-1)      0.18        0.46

k23,IDOL (min-1)      0.08        0.34

                 a Final estimates with fixed parameters of IDA in Table 2.
                 b Fractional standard deviations.
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Figure 27. Compartmental model of IDOL kinetics after a 10-min infusion of IDA in

the isolated perfused rat heart (kij, first order rate constants; km,i, metabolism rate

constants; k23,IDOL, sequestration rate constant; Vmax,IDOL and KM,IDOL, Michaelis-Menten

parameters of the uptake transport process). Bold arrows indicate the generation or

transport of IDOL.
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Table 6. Model parameter estimates for metabolism and disposition of IDOL after a 10-

min infusion of IDA in the isolated perfused rat heart.

Parameter Estimate a FSD b

  km,1 (min-1) 0.0023 0.08

  km,2 (min-1) 0.0081 0.08

  Vmax,IDOL (nmol/min)       242 0.15

  KM,IDOL (nmol)       185 0.17

  k21,IDOL (min-1) 0.047 0.14

  k23,IDOL (min-1) 0.041 0.04

                 a Final estimates with fixed parameters of IDA in Table 1.
                 b Fractional standard deviations.
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10-2. Generation and Transport of IDOL in Control Group

The outflow concentration of the formed IDOL after a 1-min infusion of IDA is lower

than that of the parent compound by a factor of about 10-3. The IDOL outflow time

profile shows biphasic pattern: after reaching the peak at the end of infusion the curve

decayed rapidly within 10 s, and it increases again up to 10 min and followed by a very

slow decline (Figure 28A). The shape of IDOL outflow curve after a 10-min infusion of

IDA is similar to that after a 1-min infusion, but there is no big drop after the first peak

(Figure 28B).

In a 1-min infusion protocol the outflow recovery of IDOL generated up to 80 min is

0.28 ± 0.14 % of the IDA dose, while 1.68 ± 0.15 % remains in the heart. On the other

hand, the total generation of IDOL in a 10-min infusion experiment is about 8 % of dose

(outflow recovery, 0.34 ± 0.03 % of the dose; residual amount in the heart, 7.26 ± 1.74

%).

A compartment model where IDOL is generated in two different compartments, one fast

equilibrating “extracellular” and one slowly equilibrating “intracellular” compartment,

describes the data very well. Note that the disposition of the extracellularly generated

IDOL is analogous to that of IDA. The fits of IDOL after a 1-min and a 10-min infusion

of IDA are depicted in Figure 28C and D, respectively. The parameter estimates are

well-determined with less than 0.5 of fractional standard deviations except the apparent

Michaelis constant, KM,IDOL relatively poorly estimated in a 1-min infusion experiment.
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Figure 28.   Panel A, B; IDOL outflow profiles in hearts perfused with Krebs-Henseleit

solution for a 1 min and 10 min infusion of 0.5 mg IDA (mean ± S.D., n = 5 in each

group). Panel C, D: Fits of the mean IDOL outflow data.
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10-3. Discussion

Only 2 % of the IDA-dose is converted to IDOL in heart tissue in a 1-min infusion of

IDA, A myocardial concentration ratio IDOL to IDA of 11 % is observed at the end of

the 80 min perfusion period following the single IDA dose of 0.5 mg, whereas a value

of 4% was measured by Platel et al. (1999) in rat hearts after 70 min perfusion with 2

nM IDA. The 13-hydroxy metabolite IDOL is formed primarily via carbonyl reduction

of IDA (e.g., Ferrazzi et al., 1991), mainly in the liver but to a much less extent also in

the heart as indicated by the results reported by Propper and Maser (1997) for

daunorubicin.

On the other hand, in a 10-min infusion of IDA experiment about 8 % of the IDA dose

is metabolized to IDOL. The increase of IDOL generation may result from the uptake

enhancement corresponding to the slow infusion of IDA

The metabolism in Compartment IDA1 assumes as an extracellular space that implies an

initial distribution region including vascular endothelium is mendatory to describe the

biphasic pattern of IDOL concentration time profile. Interestingly, nothing has been

reported with regard to the metabolism of anthracycline to its 13-hydroxy metabolite via

carbonyl reductase in vascular endothelium. However, the localization of the enzyme

has been profoundly observed in the endothelium of blood vessel (Wirth and Wermuth,

1992). Further investigation would be worth with regard to metabolism of

anthracyclines in vascular bed. It should be noted that these results describe for the first

time a possibly extracellular generation of IDOL together with a saturable uptake in the

heart.
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Chapter 11. Effect of metabolism inhibitors (Rutin, Phenobarbital) on

myocardial kinetics and dynamics of IDA and IDOL

11-1. Model Independent Analysis

Figure 29A and 31A represent the outflow concentration-time profiles of IDA and

IDOL from control, rutin- and phenobarbital-treated hearts, respectively. Time profiles

of IDA concentration in metabolism inhibitor treatment groups declines rapidly

compared to those of control from 30 min.

The average outflow recoveries and residual amounts at 80-min in the heart for IDA and

IDOL obtained for a 1-min infusion of IDA (500 µg) in the absence and presence of

rutin or phenobarbital were depicted in Figure 29D and 31D, respectively. There is no

significant change in outflow recoveries of IDA due to treatment of those compounds,

whereas rutin increases the residual amount by 43 % (P<0.05) compared with control.

The generation of IDOL is significantly blocked by rutin and phenobarbital: the residual

amount of IDOL is significantly decreased by 53 % (P<0.05) due to phenobarbital,

while rutin inhibits IDOL production by 68 % (P<0.05) and 36 % (P<0.01) in the

outflow recovery and the residual amount, respectively.

11-2. Effect of Rutin and Phenobarbital on Pharmacokinetics of IDA and IDOL

Figure 29B and C show the resulting simultaneous nonlinear regression of average

outflow concentration time profiles of IDA for control, rutin-, and phenobarbital-treated

groups. Rutin causes 2-fold increase (P<0.01) in the sequestration rate (k24) of IDA, that

reflects an increase of the residual amount of IDA in the heart. While phenobarbital

increases KM,12 by factor of 1.7, and decreased k32 by 25-fold. However, change of both

parameters counteracts each other so that there is no change in outflow recovery and

residual amount in the heart (Figure 29D).

The effect of inhibitors on metabolism of IDA to IDOL is well described by the factor

of metabolism rate constant, i.e., rutin and phenobarbital decrease km,2 to 67 (P<0.05)

and 80 % of the control, respectively (Figure 31B-C). As for IDA, phenobarbital also

decreases the uptake of IDOL in a competitive manner (Table 7).
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Figure 29. Panel A: IDA outflow profiles in hearts perfused with Krebs-Henseleit

solution (control), rutin (10 µM), and phenobarbital (100 µM) for a 1-min infusion of

0.5 mg IDA (mean ± S.D., n = 5 in each group). Panels B-C: Simultaneous fit of the

mean outflow data of the control, rutin (B) and phenobarbital experiments (C). Panel D:

Outflow recovery and residual amount of IDA in the heart at the end of experiment (*,

P<0.05 compare to control).
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Figure 30. Predicted time course of compartmental amounts of IDA after a 1-min

infusion of IDA in the heart in the absence and in the presence of metabolism inhibitors

[rutin (10 uM), and phenobarbital (100uM)].
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Figure 31. Panel A: IDOL outflow profiles in hearts perfused with Krebs-Henseleit

solution (control), rutin (10 µM), and phenobarbital (100 µM) for a 1 min infusion of

0.5 mg IDA (mean ± S.D., n = 5 in each group). Panels B-C: Simultaneous fit of the

mean outflow data of the control, rutin (B) and phenobarbital experiments (C). Panel D:

Outflow recovery and residual amount of IDA in the heart at the end of experiment (*,

P<0.05; **, P<0.01 compare to control).
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Figure 32.  Model simulation of the effect of phenobarbital (100 #����	����
���$%� #�

on the time course of total amount of IDOL in the heart (solid line) and the amount

sequestered into Compartment 3 (dashed line). Not the predicted amount of IDOL also

contains its metabolites formed in myocard.

Total

IDOL3
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Figure 30 represents the model prediction of time courses of IDA amounts in each

compartment in the absence and presence of rutin and phenobarbital. The IDOL

sequestrated to an intracellular compartment mostly contributes the total amount in the

heart, and rutin and phenobarbital remarkably diminish the total amount of IDOL

generated from IDA in the heart (Figure 32).

Table 7. Model parameter estimates for the pharmacokinetics of IDOL after infusion of

IDA in hearts from treatment groups.

                  Idarubicin                           Idarubicinol

factors           rutin        phenobarbital Factors            rutin          phenobarbital

fKM,12 1.69a (0.06b) fKM,IDOL 2.26 (0.21)

fk32 0.04 (0.15) fkm,2   0.67(0.05) 0.80 (0.14)

fk24   2.07 (0.03)

aNonlinear regression of IDA and IDOL outflow concentration-time profiles where additional parameters
 accounted in the model equations for the effect of rutin and phenobarbital on IDA and IDOL. The
 parameter estimates of control for IDA and IDOL are listed Table 2 and 5, respectively.   

b Fractional standard deviations.

11-3. Effect of Rutin and Phenobarbital on IDA Pharmacodynamics

Rutin (10 µM) and phenobarbital (100 µM) do not show any significant effect on IDA-

induced cardiac performance except the change of coronary vascular resistance. The

maximum vasoconstrictive effect of IDA is significantly diminished (22.3 %) by rutin,

and there is no second increase (Figure 33). Phenobarbital, in contrast, potentiates IDA

induced increase of vascular resistance by nearly 2-fold at 80 min despite no change at

the end of infusion of IDA.
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Figure 33. Effect of IDA on coronary vascular resistance in heart perfused with buffer

(control), rutin (10 µM), and phenobarbital (100 µM) (mean ± SEM; n=5 in each

experiment).
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11-4. Discussion

Since it has been proposed that anthracycline antibiotic induced cardiac injury might be

due to its 13-hydroxy metabolite by cytoplasmic NADPH dependent aldo-keto

reductase (Olson and Mushlin, 1990; Gewirtz and Yanovich, 1987), the role of

metabolism in cardiotoxicity has been investigated in a variety of species and probes:

human myocardium (Licata et al., 2000), rabbit papillary muscle (Cusack et al., 1993),

isolated mouse atrium and transgenic mice hearts (Forrest et al., 2000). The common

conclusion is that the active metabolite plays a major role in cardiotoxicity.

Many kinds of cotreatments related with regulation of anthracycline metabolism have

been tested to overcome myocardial impairment of anthracycline anticancer agents.

Recently phenobarbital has been reported to have an aldoketoreductase blocking effect

(Behnia and Boroujerdi, 1999). Rutin, one of flavonoids which is a group of dietary

compounds widely distributed in plants, has also been reported to reduce doxorubicinol

by inhibition of the carbonyl reductase activity (Forrest et al., 2000). Because of its

radical scavenging and iron chelating properties, rutin has been considered as potential

protector against chronic cardiotoxicity caused by anthracycline antibiotics (van Acker

et al., 2000)

The generation of IDOL in the isolated perfused rat heart is inhibited to 60 (P<0.05) and

52 % (P<0.05) of control in the presence of rutin (10 uM) and phenobarbital (100 uM),

respectively. These results are comparable with 70 % of inhibition of daunorubicin

metabolism to dauorubicinol by rutin (3 uM) in the rabbit heart (Gambliel et al., 1997).

Since carbonyl reductase has a much better affinity for C-14 methyl group (Figure 1) in

anthracycline molecule (Gewirtz and Yanovich, 1987) and IDA has the same structure

with daunorubicin at C-14 position, the lower inhibition of metabolism in the rat heart

even at higher concentration of rutin suggests an interspecies variability of metabolism.

In modeling analysis rutin and phenobarbital decrease the generation of IDOL in

Compartment IDA2. Note that the reduction of IDA amount in Compartment IDA2

(Figure 30B) in charge of IDOL generation may also influence the decrease of IDOL

formation, i.e., rutin and phenobarbital increase the amount of IDA in Compartment

IDA4 (Figure 30D) and IDA3 (Figure 30C) due to an increase of k24 and a decrease of
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k32, respectively. While the change of the apparent Michaelis constant of IDA (KM,12) by

phenobarbital does not seem to affect the decrease of IDA in Compartment IDA2,

because there  is no significant increase of IDA in Compartment IDA1 (Figure 30A).

In this study, the inhibition of IDOL formation is not directly related to a reduction of

IDA induced acute toxicity, although rutin and phenobarbital significantly inhibit

metabolism, because the generation of IDOL is only less than 2 % of IDA dose. Most

cardiac performances are not changed in the presence of metabolism inhibitors.

However, rutin represents a beneficial influence on coronary vascular resistance.

Schüssler and his colleagues (1995) reported that rutin exhibited dose-dependent

vasodilation effects compared to equimolar doses of theophylline. Their results are in

good agreement with this work. As previously shown in Figure 23B, theophylline (3

µM) diminished IDA induced increase of coronary vascular resistance by 53 %, and

totally blocked the second increase of CVR. Furthermore, thromboxane synthesis is

inhibited and prostacyclin synthesis (PGI2) is increased by rutin (Vibes et al., 1994).

The production of PGI2 may result from a protective effect of rutin on the endothelium

as suggested by the antioxidant activities of flavonoids. In contrast, Perez-Vizcaino et

al. (2002) recently reported that the vasodilation effect of quercetin is not caused or

modulated by endothelial factors or cyclic nucleotides and is not related to intracellular

calcium concentrations. Although there is no evidence in an inhibition effect of rutin on

myosin light chain kinase in vascular smooth muscle like quercetin and kaempferol

(Hagiwara et al., 1988), one could also speculate that rutin may have a direct interaction

with the contractile protein. The vasodilation effect of rutin needs further clarification.

The potentiation by phenobarbital of the secondary vasoconstrictor response, on the

other hand, could be explained by an inhibition cGMP-mediated endothelium-

dependent and independent vasorelaxations (Gerkens, 1987; Terasako et al., 1994).

Interestingly, the initial rapid vasoconstriction (which parallels the IDA outflow

concentration profile) was not affected by phenobarbital. In view of the low fraction of

IDOL generated from IDA, a significant contribution of IDOL to the pharmacodynamic

effects of IDA is very unlikely in these experiments. Thus, no influence of rutin and

phenobarbital on the time course of IDA-induced negative inotropism could be

detected.
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The increase of residual amount of IDA by rutin is not consistent with the observation

that the accumulation of doxorubicin in HCT colon cells was decreased by rutin

(Critchfield et al., 1994) and that there was no effect of rutin on uptake in a human

breast-cancer cell line (Scambia et al., 1994). These differences may be due to the

different tissues and cell lines.
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Chapter 12. Effect of P-gp Inhibitors (Verapamil, Amiodarone, PSC

833) on myocardial kinetics of IDOL after infusion of IDA

Figure 34A and B show the average outflow concentration-time profiles for IDOL

obtained from a 10-min infusion of IDA (0.5 mg) in the absence (n=5) and presence of

verapamil (1 nM) and amiodarone (1 µM, n=5), respectively. Both verapamil and

amiodarone lead to a parallel downward shift.

Nonlinear regression analysis reveals that the uptake rate of IDOL is enhanced by P-gp

inhibitors, verapamil (Figure 34A) and amiodarone (Figure 34B) cause an increase by

factors of 1.6 (P<0.01), and 1.2 in Vmax,IDOL, and the sequestration rate (k23,IDOL) also

increased by factors of 1.3 and 1.1, respectively (Table 8).

These results confirm that the hydroxylated metabolite of IDA is involved in multidrug

resistance (Roovers et al., 1999), and that P-gp mediated transport of IDOL is

influenced by verapamil (Schröder et al., 2000).

On the other hand, in a 1-min infusion of IDA PSC 833, but not of verapamil, shows a

different effect on the outflow curve of the formed IDOL: the prevention of the decline

of the curve after the second peak (Figure 34C) increases the recovery by 203.6 % and

decreases the residual amount in the heart by 53.6 % (Figure 34D).

Table 8. Parameters estimates for the disposition of IDOL generated from IDA in the

heart in the presence of verapamil (1 nM), amiodarone (1 µM) and PSC 833 (1 µM).

                                                                            Parameters

                                                   fVmax,IDOL             fKM,IDOL               fk23,IDOL

                Verapamila                 1.64 (0.03b)                                   1.26 (0.04)

                Amiodaronea              1.22 (0.05)                                    1.13 (0.04)

                 PSC 833c                                             1.29 (0.12)        6.4X10-7 (>0.5)

            Nonlinear regression of IDOL outflow concentration-time profiles where two additional parameters
        accounted in the model equations for the effect of P-gp inhibitors on IDOL after a 10-min
        infusiona and a 1-min infusionc of IDA. The parameter estimates of control are listed Table 6
        and 5, respectively.   

            b Fractional standard deviations.
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Figure 34. Panel A, B: Fits of IDOL outflow profiles in hearts perfused with Krebs-

Henseleit solution (control, A), verapamil (1 nM, A), and amiodarone (1 µM, B) after a

10-min infusion of 0.5 mg IDA; average ± S.E., n = 5 in each group). Panel C: Fit of

IDOL outflow profiles in hearts perfused with Krebs-Henseleit solution (control), and

PSC 833 (1 µM) after a 1-min infusion of 0.5 mg IDA. Panel D: Outflow recovery and

residual amount of IDOL in the heart at the end of experiment (*, P<0.01; **, P<0.005

compare to control).
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PSC 833 hinders the uptake of IDOL in a competitive manner and decreases the

sequestration rate: KM,12 of IDOL increased by a factor of 1.3, while the sequestration

rate constant, k23,IDOL is decreased by a factor of 6.4x10-7 with relatively poor estimation

(Table 8),  respectively.

The increase of IDOL formation is unexpected since the outflow recovery of IDA is

significantly augmented by PSC 833. One may speculate that the hindrance of IDA

uptake would induce a less amount of IDOL metabolized. The increase of outflow

recovery of IDOL by PSC 833 is probably due to the hindrance of intracellular uptake

of IDOL. This is strongly supported by the model analysis, where the sequestration rate

constant quantifying metabolism and irreversible binding of IDOL is significantly

decreased by the PSC 833 treatment.

RESULTS&DISCUSSION                                     Chapter 12. Effect of P-gp inhibitors on IDOL Kinetics

92



.

Chapter 13. Effect of Xanthine derivatives (Caffeine, Theophylline),

Doxorubicin and Hypothermia on myocardial kinetics of IDOL after a

10-min infusion of IDA

The IDOL outflow concentration time profile is shifted upwards by caffeine (Figure

35A). Caffeine remarkably increases the conversion of IDA to IDOL: both outflow

recovery and residual amount in the heart are increased from 0.34 ± 0.03 % to 0.44 ±

0.03 % (P<0.05) and from 7.26 ± 1.74 % to 10.58 ± 0.76 % (P<0.05, Figure 35C),

respectively. Theophylline also increases the generation of IDOL, namely, the residual

amount is significantly increased to 11.4 ± 1.4 % (P<0.01, Figure 35C). The outflow

concentration curve of IDOL in the treatment of theophylline is not obtained due to

interference in chromatograms. The influence of caffeine on myocardial kinetics of

IDOL is characterised by an increase of metabolism, i.e., the metabolic rate constant

from Compartment IDA1, km,1 is increased by factor of 6.2 (P<0.005) with a fractional

standard deviation of 0.03 (Table 9). This parameter completely describes the outflow

time profile of IDOL in the presence of caffeine (Figure 35B).

Table 9. Parameter estimate for the disposition of IDOL generated after the

administration of IDA in the heart in the presence of caffeine (1 µM).

                                                 Parameter          Estimate            FSD

                Caffeine                        fk1,m                  6.2a                0.03b

a Nonlinear regression of IDOL outflow concentration-time profiles where an additional parameter
accounted in the model equations for the effect of caffeine on IDOL (The parameter estimates of control
are listed Table 6).   
b Fractional standard deviations.

To date, no direct evidence has been reported regarding the effect of caffeine and

theophylline on the kinetics of IDOL. However, one may consider a couple of

hypotheses. Firstly, the enhancement of IDA uptake due to caffeine may increase the

generation of IDOL (Chapter 9). Secondly, an induction of aldoketoreductase

responsible for the generation of IDOL by caffeine could be suggested by the modeling

analysis. Note that an inhibition of cytochrome P-450 reductase for aglycone can be
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Figure 35. Panel A: IDOL outflow profiles in hearts perfused with Krebs-Henseleit

solution (control) and caffeine (1 µM) for a 10 min infusion of 0.5 mg IDA (mean ±

S.D., n = 5 in each group). Panels B: fits of the mean outflow data of the control and

caffeine experiments. Panel C: Residual amount of IDOL in the heart at the end of

experiment (*, P<0.05; **, P<0.01 compare to control).
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excluded because Can-Eke et al. (1998) reported that caffeine is not able to alter hepatic

microsomal NADPH-cytochrome P450 reductase enzyme activity.

Both doxorubicin and hypothermia significantly decreased the total generation of IDOL

from IDA. The residual amount in the heart is decreased by 66 (P<0.05) and 75%

(P<0.01) due to doxorubicin treatment and hypothermic condition, respectively (Figure

34C). The outflow recoveries in both experiments are not obtained because the

concentrations of IDOL are under the limit of detection. The reduction of IDA

conversion to IDOL seems to result from an occupation of aldoketoreductase due to

doxorubicin, and from a decrease of the enzyme activity by low temperature.
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Chapter 14. Potential Therapeutic Relevance

The investigation of the uptake mechanism across vessel walls and sarcolemmal

membrane in the organ like the heart is very important, and it could provide a pivotal

key to optimize dosage regimens and a better understanding of drug interactions

concerning membrane transporters and cardiotoxicity. In general, it has been assumed

that IDA diffuses passively into the cell because of its high lipophylicity. However, it

has been still controversial whether cellular uptake transport of anthracyclines occurs

via saturable mechanisms or passive diffusion. Recently an absorptive endocytosis in

doxorubicin transport has also been suggested in cultured kidney epithelial cells (Sasaya

et al., 1998), and Regev and Eytan (1997) reported that doxorubicin crosses membranes

by a flip-flop mechanism. In this study, Michaelis-Menten type saturable uptake of IDA

is proposed, and P-gp may act as an influx hindrance of IDA uptake into the heart. This

suggestion may provide further insight into the uptake process and the role of P-gp in

MDR of anthracyclines, and also probably give some pharmacokinetic information for

tumor model.

Although a lot of efforts has been paid to determine optimal dosage regimens in

anthracycline chemotherapy with circumvention of cardiotoxicity and multidrug

resistance, rational criteria for choosing dosing schedules are still unclear (El-Kareh and

Secomb, 2000). Previous pharmacokinetic studies for anthracyclines have been

conducted to predict plasma concentration on the conventional assumption that the rate

of cytotoxicity is linear in the free concentration in the extracellular space (e.g., Harris

and Gross, 1975). However, since the drug exposure in tumor cells often does not

directly relate with plasma concentrations (El-Kareh and Secomb, 1997), different

schedules of delivery may give different cellular exposure. Studies at the cellular level

suggested that peak levels rather than AUC are more important in determining

cytotoxicity (Durand and Olive, 1981). High extracellular concentration for a short time

was found to give higher cytotoxicity than low concentration for a long time for similar

total exposure (Nguyen-Ngoc et al., 1984). The circumvention of MDR related to P-gp

is limited by toxicity in normal tissues and organs due to an increase of accumulation of

anthracyclines, because of no specificity from tumor cells to normal cells in P-gp

inhibition effect. Verapamil and amiodarone show a promising effect that attenuate the

IDA induced acute myocardial impairment despite an increase of cardiac uptake of
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IDA. It would be worth to investigate their effect on the IDA-induced chronic

cardiotoxicity.

Eksborg et al. (1997) reported that there was no significant difference in the plasma

IDOL concentration time profiles in a comparison between bolus injection and 2hr

infusion. However, these results show that the formation of IDOL from IDA in the heart

is increased with decreasing infusion rate. Therefore one should take into account the

change of IDOL formation and exposure in the heart according to the different dosing

rates in toxicokinetic point of view. Note that the saturable uptake of IDOL in the heart

should also be considered and further investigation for transport mechanism of IDOL

would be of importance.
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Summary

Using the isolated perfused rat heart this study investigates 1) the cardiac uptake of

idarubicin (IDA), 2) the role of P-glycoprotein (P-gp) in the uptake process, 3) the

formation of IDOL from IDA in the heart, and 4) the effect of P-gp inhibitors

(verapamil, amiodarone, PSC 833), doxorubicin, hypothermia, xanthine derivatives

(caffeine, theophylline) and metabolism inhibitors (rutin, phenobarbital) on the

pharmacokinetics and pharmacodynamics of IDA using a mathematical modeling

approach.

For the first time, it is shown that the cardiac uptake of IDA and IDOL is saturable and

that the uptake rate is increased by P-gp inhibitors (verapamil and amiodarone),

probably because of impairment of P-glycoprotein mediated influx hindrance. The

evidence of a Michaelis-Menten like process is strongly supported by a noncompetitive

inhibition of doxorubicin and uptake hindrance in hypothermic condition (increase of

KM). In addition, the combined kinetic-dynamic model provided further insight into the

mechanism underlying the time course of the acute negative inotropic effect of

anthracyclines. Verapamil and amiodarone attenuate the acute negative inotropic action

of IDA despite an increase of the penetration into the heart. PSC 833, in contrast,

enhanced the recovery of IDA and IDOL formed from IDA but potentiated the IDA-

induced increase in coronary vascular resistance.

The enhanced myocardial uptake of IDA in the presence of caffeine can be explained by

an increased maximal rate of saturable uptake process (Vmax). The clinical significance

of this interaction is not clear, however, this result suggests that caffeine intake may

increase the cardiotoxicity of IDA. Further studies are needed to resolve this question.

Rutin inhibits the generation of IDOL from IDA despite the enhancement of IDA

accumulation probably because it also increases the sequestration of IDA, and

represents a beneficial vasodilating effect possibly due to an antioxidant property.

While phenobarbital also decreases the formation of IDOL, but potentiates the IDA-

induced vasoconstriction. The practical importance of a possible reduction of IDA-

induced cardiotoxicity due to an inhibition of IDOL formation by rutin and

phenobarbital is unclear, because only 2 % of IDA dose is transformed to IDOL in the

SUMMARY                                                                                                                                                      .
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heart for a 1-min infusion of IDA. However, the increase of IDOL formed with

increasing infusion time should be considered. The effects of all investigated drugs on

the cardiac transport, metabolism and action of IDA are summarized in Table 10.

These results may provide a better understanding of the cardiac pharmacokinetics and

pharmacodynamics of IDA including the influence of other drugs on these processes.

Thus, these findings may contribute to predict drug interactions in anthracycline

chemotherapy. They may also be useful to optimize the dosing regimens and to improve

strategies to overcome multidrug resistance with respect to cardiotoxity of

anthracycline.
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Table 10. Effect of Drugs on the Cardiac Transport, Metabolism and Action of Idarubicin

Pharmacokinetics Pharmacodynamics

                  Idarubicin Idarubicinol

uptake Efflux Sequestration Generation uptake sequestration
Inotropy LVEDP Chronotropy   CVR

P-gp inhibitors
   Verapamil - - - - -

   Amiodarone - - - - - -

   PSC 833 - - -

Xanthines
   Caffeine - - - - - -

   Theophylline - - - - - -

Doxorubicin - - - - -

Hypothermia - - - - - -

Met. Inhibitors

   Rutin - - - - - - -

   Phenobarbital - - - - - - -

��
�������&� ��	�������&�'!()*������������
��������	+	
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Met., metabolism.
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Zusammenfassung und Ausblick

Am isoliert perfundierten Rattenherzen werden in dieser Arbeit folgende

Fragestellungen untersucht: 1) der Transportprozeß von Idarubicin (IDA) in das Herz,

2) die Rolle der P-Glykoproteintransporter (P-gp) in diesem Prozeß, 3) die

Metabolisierung von IDA zu IDOL im Herzgewebe und 4) der Effekt von P-gp-

Hemmern (Verapamil, Amiodaron, PSC 833), Doxorubicin Hyperthermie,

Xanthinderivate (Koffein, Theophyllin) und von Hemmern der Metabolisierung

(Rutin, Phenobarbital). Die Pharmakokinetik und Pharmakodynamik von IDA wurde

dabei mit einem mathematischen Modell analysiert.

Es wurde zum ersten Mal gezeigt, daß der Transport von IDA und IDOL in das Herz

ein Sättigungs-verhalten aufweist, und dass die Aufnahmerate durch P-gp-Hemmer

(Verapamil und Amiodaron) erhöht wird. Letzteres ist wahrscheinlich auf eine

Hemmung des P-Glycoprotein-vermittelten Auswärtstransports zurückzuführen. Der

Hinweis auf einen Prozeß mit Michaelis-Menten Charakteristik wird dadurch

unterstützt, daß der Prozeß durch Doxorubicin hemmbar ist, und die Michaelis-

Menten Konstante (KM) bei Hypothermie ansteigt. Das kombinierte kinetisch-

dynamische Modell liefert zusätzlich Erkenntnisse über den Mechanismus der dem

Zeitverlauf  des akuten negativ inotropen Effektes der Anthrazykline zugrunde liegt.

Verapamil und Amiodaron dämpften diesen akuten negativ inotropen Effekt von IDA

trotz einer Erhöhung der Penetration von IDA in das Herz. Im Gegensatz dazu

reduzierte PSC 833 die myokardiale Aufnahme von IDA und die Metabolisierung zu

IDOL im Herz; andererseits potenzierte PSC 833 die IDA induzierte Zunahme des

koronaren Widerstandes. Die erhöhte myokardiale Aufnahme von IDA in der

Gegenwart von Coffein kann durch eine Erhöhung der maximalen Aufnahme-rate des

sättigbaren Prozesses (Vmax) erklärt werden. Die klinische Bedeutung dieser

Wechselwirkung ist noch nicht klar, das Ergebnis weist jedoch daraufhin, daß Coffein

die Kardiotoxizität voran IDA vergrößern könnte. Weitere Untersuchungen sind

nötig, um diese Frage zu klären. Rutin hemmt die Bildung von IDOL aus IDA im

Herzen trotz einer Erhöhung von der Aufnahme von IDA, wahrscheinlich durch einen

direkten Effekt auf den Metabolismus und eine Erhöhung der Sequestrierung von

IDA. Außerdem hat Rutin eine günstige vasodilatierende Wirkung (wahrscheinlich
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aufgrund eines antioxidativen Effektes). Auch Phenobarbital reduziert die Bildung

von IDOL im Herzen, potenziert jedoch die IDA induzierte Vasokonstriktion . Die

praktische Bedeutung einer möglichen Verminderung der IDA induzierten Kardio-

toxizität durch eine Hemmung der IDOL Bildung durch Rutin und Phenobarbital ist

noch unklar, da unter den Bedingungen der 1-minütigen Infusion nur 2% von IDA zu

IDOL metabolisiert werden. Es muß aberbeachtet werden, daß die im Herzen

gebildete IDOL Menge ansteigt, wenn die Infusionszeit verlängert wird. Die

Wirkungen aller untersuchten Pharmaka auf die Transportmechanismen , die

Metabolisierung und die Wirkung von IDA im Rattenherzen sind in Tabelle 10

zusammengestellt.

Diese Ergebnisse tragen zu einem besseren Verständnis der kardialen

Pharmakokinetik und Pharmakodynamik von IDA und der Wirkung anderer

Pharmaka auf diese Prozesse bei. Sie liefern damit einen Beitrag zur Voraussage von

Arzneimittelwechselwirkung in der Anthrazyklin-Chemotherapie. Die Ergebnisse

können auch von Nutzen sein, die Dosierungsschemata zu optimieren und die

Strategien zur Überwindung des Multiplen Drug Resistance im Hinblick auf die

Kardiotoxizität der Anthrazykline zu verbessern.
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