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STELLINGEN 

l. 

Voorafgaande aan de behandeling van acute myeloide leukemie kan de ge­
voel igheid van de tumorcellen voor Adriamycine niet alleen kwalitatief 
maar tevens dosimetrisch warden vastgelegd. 

R.N. Buick et al., 
J. Natl. Cancer Inst. 62, 1979, 249 

2. 

De conclusie van Reich en medewerkers dat in oncologische patienten 
een gebrekkige predictie van de plasma-verdwijningscurve van Adria­
mycine met behulp van een drie-compartimentenmodel te wijten is aan 
onnauwkeurige bepalingsmethodes, is onjuist en impliceert dat een meer 
verfijnde modelstructuur geindiceerd is. 

S.D. Reich et al., 
Cancer Chemother. Pharmac. 3, 1979, 125 

3. 

De cocarcinogene werking van muizeleukemievirus berust op een verhoog­
de lactaatdehydrogenase activiteit. 

A.E. Freeman et al., 
J. Natl. Cancer Inst. 44, 1970, 6 5 . 
G.R. Andersson et al., 
Virology 99, 1979, 31. 

4. 

De intracellulaire concentratie van Adriamycine in het beenmerg kan 
direct en reproduceerbaar bepaald warden met behulp van "flow cyto­
metry". 

s. 

Het gebruik van medicamenten in Nederland kan slechts op verantwoorde 
wijze warden teruggedrongen indien op korte termijn klinisch farmaco­
logen warden opgeleid en ingeschakeld binnen alle sectoren van de ge­
zondheidszorg. 



6. 

Gezien de schadelijke effecten va n hoge doses oestrogenen , verdient 
postcoitale anticonceptie door plaats ing van het "in tra-ut e rine device" 
de voorkeur boven verstrekking va n de zogenaamde morning-after pil. 

7. 

De carc inoge ne eigenschappen van aromat i sche koolwaterstoffen, zoals 
PolyChloroBiphenylen zou kunnen berusten op de inductie van een gecon­
di tioneerde Vitamine A def ici entie , waardoor de normale "anti p r o mo ting 
activ it y " v an dez e stof o nderdrukt wordt. 

B. 

Het ve rdient aanbeveling de huidige toelatingse is en van nieuwe medica­
menten te versoepelen waar het de mutagene en carcinogene eigenschap­
pen betreft van cytostatica die voor een phase I trial in aanmerking 
komen. 

9. 

Chro n ische mye l o ide l eukemie is een lethale aandoening , waarb ij momen­
teel ee n palliatieve behandeling toegepast wordt . Onderzoek naa r de 
curatieve mog e lijkhede n van a llogene beenmergtrans planta ti e in ee n 
vroeg stad ium van d e ziekt e is gerechtvaardigd . 

10. 

De toepassing van d e in hande l skr ingen voorkomende principeovereen­
komst "no c ure, no pay" i s in de geneeskunde onvoldoende onderzocht . 

11. 

Het ware te wensen dat CDA kamerleden bes lis sen of zij christenen dan 
we l democraten zijn. 

12. 

De toekomst zal uitwijzen of met behu l p van kernenergie aa nged r even 
mi c r oprocesso rs de beste DNA (re)combinatie van ons nageslacht zullen 
berekenen, of dat kinderen gewoon bij kaarslicht word e n verwekt . 

26 juni 1980 P . Sonneveld 
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CHAPTER 1 

INTRODUCTION AND RATIONALES FOR THE STUDY 

The treatment of human neoplastic diseases i s presently based on 

four major modalities: 1) radiotherapy; 2) s urge ry; 3) chemotherapy ; 

4) immunotherapy. Of these therapeutic modalities, chemotherapy i s the 

most important and th e most commonly used approach in the treatment of 

disseminated haematological malignancies, while the treatment of solid 

tumours ofte n consists of surgery, supplemented by chemotherapy or ra­

diation (Frei, 1978). Since the introduction of chemotherapy as a 

valuable adjunct in the treatme nt of haematological ma lignancies, a 

great variety of drugs has been used (Table 1.1). Especially the find-

1946 
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1950 

1953 

1963 

1967 

1968 

1969 

196 4 

Table 1.1 

ANTILEUKAEMIC DRUGS IN CLINICAL PRACTICE 

Alkylating agents 

Folic acid a ntagonis ts (MTX) 

Steroids 

Antimetaboli te s 
- purine analogs (6-MP) 
- pyrimidine analogs (ara-C, Thioguanine) 

Vinca alkaloids 

Daunorubicin 
L-Asparaginase 

Cytosin - Arabinoside 

Adriamycin 

Combination chemotherapy 

ing that comb ina tions of several cytos t atic drugs increase their the­

rapeutic effectiveness, has l ect to the developme nt and application of 

many different combination schedu l es (Fig. 1.1). It appears that the 

therape utic index of cy t ostatic drugs alone or in combination depends 

on several factors, the most important being: 

ll 



- sensitivity of the tumour; 

- drug interaction with normal tissues ; 

- durati o n of drug effect; 

- interacti ons between two or more drugs. 

Most of the establ ished therapeutic r egimens are based o n empi ­

rical observat i ons which con s ider only tumour se ns it ivity and toxici­

t y. However, these two phenomena are the result of ma ny variab l e rlrug 

mechanisms i ncluding pharmacology and pharmacokinetics and their s i g ­

nifi ca nce f or cel lula r properties such as proliferati ve state a nd re­

pair mechanisms. This is illust r ated by the strong schedule dependency 

o f cell-cycle specific drugs in the treatment o f several rapidly p r o ­

liferating neoplasms. In the case of acute mye loid leukaemia, a grea t 

deal of effort has bee n put into studying animal tumo urs in o rder t o 

Figure 1.1: 
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"The 11 treatment of acute myeloid leukaemia . 
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find the optimal combination of cytostatic druqs and the most effect­

ive schedule of their administra tion. This approach has led t o the 

presently widely used combination of Adriamyci n a nd 1 - p-D-Arabinofura­

nosyl - cytos ine (ara-C). Still, a wide divergency can be observed among 

several c l i nical protoco l s as fa r as the interval-schedu lin g , th e dose 

and the order of the two drugs are concerned (Carter et al., 1977) . In 

certa in so lid tumours, Adriamyc in has al so become a valuabl e cy t o ­

s tatic drug, especia ll y in breast cancer (Bonnadonna , 1977). As with 

myeloproliferative disorders in general a uniform dose is administered 
- 2 

to all patients , consisting of 30-75 mg.m No information i s avai l-

able o n the pharmacokinetic ration a les beh i nd this dosage, which may 

cause severe myelosuppression. Bo th the haemato l ogical and cardiac 

toxicity o f Adr iamyci n limit its therapeut i c usefulness, espec ially 

for prolonged administrations . Stud ies have been undertaken to inves ­

tigate wh e th er the distrihution kinetics of the drug may e xplain it s 

severe t ox icity (Benjamin, 197 5 ; Creasey et al., 197 6) . At present, it 

seems that Ad riamycin accumulates e xten s i vely in var i ous organs and is 

slowly eliminated from the body . Unfortunately , no information exists 

o n pharmacokinet ic bases as far as bone marrow tox icity i s concerned . 

This demonstra t es the need for extens i ve stud i es on the distribution 

and elimination of the drug when administered in current quant ities 

and for a determination of whether the no rmal kinetics are mod ifi ed in 

individuals with neoplastic disease . Th i s la st question , which i s cur ­

rently not under inves tigation neither with Adriamyc in o r with other 

drugs , may account for t he well-known individual var i atio n o f toxicity 

and response to chemotherapy . 

Altho ugh several exper imental stud ie s have yie ld ed some in forma­

tion on the di str ibuti o n kinetics of Adr iamycin , they have not l ed to 

modificat i ons of the c lin ica l sched ul e o f administration, probably due 

t o problems concerning the extrapolation of a nimal data t o the human 

situat i o n. Moreover, data from humans often cannot be easi l y obtained . 

To minimize extrapo l a ti on problems, mathematical simulation models may 

serve to investigate (dis)similari ties hetween animals and man , and 

even to predict distribution k inet ics in the latter spec ies. Mathema­

t i cal s imul at ion models a re general l y developed from a nim a l data and 

applied to huma ns with consideration of species differe nces . Until 

now, however , most l ack specific ity due to substantial prob lems in 

so l vi ng their ma th ematics . 

The problems outl ined concern i ng the pharmacokinet i cs of Adri a my ­

cin prevent at present to g i ve answers to the question of what is the 

optimal extracellular concentration o f Ad ri amycin in both normal and 

tumour bearing organs and how should it be establi shed . Since this 

13 



question is probably different for each type of tumour, a universal 

answer cannot be given . In view of the valuable activity of Adriamycin 

in acute myeloid leukaemia (AML), it has been the goal of this study 

to investigate some pharmacokinetic characteristics of Adriamycin in 

relation to this disease. As a model, the acute (pro)myelocytic leu­

kaemia in the BN rat (BNML) has been used because its unique charac­

teristics are very similar to those of human AML . Major advantages of 

the BNML are that the growth pattern and the response to chemotherapy 

are similar to that in AML (Hagenbeek, 1977; Agl ietta and Colly, 1979; 

Aglietta and Sonneveld , 1978). After an introduction to the pharmaco­

logy and pharmacokinetics of Adriamycin (Chapter 2) the distribution 

kinetics of the drug in normal and BNML bearing animals will be des ­

cribed (Chapter 3). Attention will be paid to the question of whether 

the pharmacokinetics of Adriamycin are modified by the presence of 

tumour cells , which possibly show a different aff init y to the drug. 

Therefore, in Chapter 4, some in vitro experiments will be described, 

which deal with dose - effect relations of Adriamycin in haemopoietic 

and l eukaemic cells, such in view of the narrow space in vivo between 

leukaemic cell kill and toxicity to normal tissues. Chapter 5 will 

present a discussion of th~ development and application of a mathema­

tical model for the in vivo distribution of Adriamycin in the rat. The 

reasons for the development of a mathemati cal model for the analysis 

of drug kinetics will be discussed in terms of the present lack of 

adequate informati o n concerning cytostatic drugs. This concept is de­

signed in a different way when compared with current models, since its 

aim is not t o simulate distribution kinetics but to use general phar­

macokinetic data to predict drug concentrations in inaccessible but 

important areas of the body. The relevance of the model for future 

clinical applications will be discussed. In Chapter 6, the va lue of 

each area of pharmacokinetic research, i.e. , in vivo distribution, in 

vitro action and mathematical analysis , will be discussed and where 

possible connected. 

14 



CHAPTER 2 

BIOCHEMISTRY AND PHARMACOLOGY OF ADRIAMYCIN 

2.1 BIOCHEMISTRY AND MODE OF ACTION 

Adriamycin is an anthracycline ant i biotic isol ated from surviving 

colonies of Strep tomyces peucet ius var. caesius after mutageni c treat­

ment of the parent culture with N-nitroso-N-methyl-urethane. The drug 

i s found mainly in the mycelium and i s extracted with a mixture of 

acetone and aqueous s ulfuric ac i d (Armacone et al., 1969). From a 

chemica l point of view, Adriamycin is constituted of a reducing amino 

s ugar (daunosamine) joined t o an aglycone (adriamycinone) by a g l yco­

side band . The s t ructure and stereochemistry of Adriamyc in are shown 

in Fig. 2.1. 

The aglycone differs from the corr espond ing aglycone of Daunomy­

cin , a related anthracycline antib ioti c, on l y by the substitut i on of a 

hydrogen atom (on carbon-14 ) of the acety l radi cal by a hydroxyl group 

(Armacone et al., 1969). Two major centers of physicochemical activity 

dominate the molecule. Th e planar anthracycli ne resonating ring system 

Figure 2.1: 

H 
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H H 

---~ NH
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Molecular structure of Adriamycin (Doxorub i cin). 

0 

II 
. C - CH 20H 
·· oH 

15 



contains abundant hydroxyl groups adjacent to the am i no suga r , which 

produces a hydrophilic center. If the amino sugar i s removed, the re ­

s ulting adriamycin aglycone is water insol ub le, indicating th e contri ­

bution of the amino s ugar to compatibility with aqueous systems . In 

addition to its lipophilic and hydrophilic characterist i cs, the mol e­

cule is amphot e ric and contains both acidic and ba s ic functions in the 

phenolic groups and th e sugar aminogroup, respectively (Bachur , 1975). 

Both the polarity and the charge of the molecule determine its affini­

ty to numerous bio log i cal s tructure s . ~ vivo , remarkable effects have 

been obse r ved o n the DNA dependent DNA and RNA synthesis , which may be 

relat ed to the capacity of Adriamycin in vitro to bind specifically 

with DNA by interca lation be tween adjacent base pairs of the double 

helical structure (Zunino e t al., 1972 ; DiMarco et al. , 1971) . This 

binding inhibit s the enzymes i nvolved in DNA replication (DNA-depen ­

dent DNA polymerase) by the induction of templat e disord e ring (DiMarco 

1973) . This inhibition of nuclear polymerases results in rep l ica ti o n 

disorders which a r e manifested by death of cells in the S- phase of the 

cell cycle and by the induction of a block of cell cycle progression 

in the G
2 

ph ase (Barlogie et al . , 1975). The severity of the block may 

be a function of concentrati~n and time . 

The hypothesis that the b i o logical effects of Adriamycin are re­

lated t o the formation of a s table complex wi th DNA is strengthened by 

the observa ti o n that, in a series of anthracyclin analogs , there is a 

close re l ationship between the inhibitory ef f ect o n nucleic acid syn­

thesis i n vitro, inhi b ition of pro l iferative activity a nd DNA binding 

as measured by physicochemical me thods (Zunino e t al . , 1972; Casazza 

et al ., 1973); this will be further explained in Chapter 4. 

2. 2 METABOLI SM 

Most of the metabolism o f Adriamycin occurs intrace llularly . The 

cytoplasmic enzyme aldo-ketoreductase is the major catalytic agent in 

converting the drug to Adriamyc i nol (Fig . 2.2) (Bachur et al., 1974) . 

An aldo- keto redu ctase h as been isolated by Felsted from rat liver and 

purified to homog e neity (Fested et al. , 1974) . This enzyme has a mole ­

cular wei ght of 39 , 500 and consists of a single peptide unit . NADPH is 

a necessa r y cofactor for its function . The e n zymat ic product Adriamy ­

cino l r e tains an inhi b itory ac ti v ity against DNA and RNA synthesis 

(Bachur et al . , 1976; Meriwether et al ., 197 2) . Th is observation may 

be e xp lained by the only smal l al t eration of the D ring, which appa­

rently does not affect the interaction with DNA . 

16 
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Figure 2. 2: 

ADRIAMYCINOL 

0 O H OH 
11 I I 

1 II I H •• •• 0 CH
3
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H 

CH - CH
2
0H 

._OH 

Major metabolic pathway for the conversion of Adriamycin to Adriamycinol. 
(From: Bachur, 1975). 

Two other major enzymes are involved in the metabolism o f Adria­

mycin and Adriamycinol . A reductive glycosidase and a hydrolytic gly ­

cosidase remove the amino sugar from the anthracycline (Bachur and 

Gee, 1972; 1976). The reductive glycosidase, a microsomal enzyme , is 

inhi bited by oxygen and is found in most tissues, e specially in the 

liver (Bachur and Gee, 1971). The g lycosidases yield products which 

have little activity against nucleic acid metabolism and are not cy to­

toxic . The aglycone products of the glycosidases are demethylated at 

the ring 4 position to yield demethyl-deoxyadriamycinol aglycone 

(Adri amyc inone) (Bachur, 1975). The major steps in the metabolic path ­

way of Adriamycin are shown in Fig. 2.3. 

In vitro , all organs except rabbit live r and kidney show very high 

glycosidase activities in the microsomes. However, only very moderate 

concentrations of aglycones, products of glycosidases, are detected in 

v i vo in tissues, bile and urine (Bachur e t al ., 1973; 1974; Takanashi 

a nd Bachur, 1974). These data suggest that the metabolism of Adria­

mycin in v i vo is mainly limited to the aldo-keto reductase activity , 

which produces the active metabolite Adriamycinol. 
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2.3 PHARMACOLOGY 

2 . 3 .l. Determination procedure s 

The pharmacoloqy of Adria mycin has been studied in a variety of 

animals and man. A common finding of these investigations appears to 

be th at Adriamycin when administered i.v . i s rapidly cleared from the 

p l asma (Finkel et al., 1969; Bachur et a l., 1970; 1976; Dusonchet e t 

al. , 1971 ; Yesair et al. , 1972; Schwartz , 1973; Benjamin et al. , 1973 ; 

Chan and Har ri s , 1973; Benjamin , 1975). In several investigations, the 

fluoresce n t property of the drug has been used in attempts at charac-

terization , using a technique described by Kohn for identif ica tion of 

tetracycli nes (Kohn , 1961) . Dusonchet and co-workers described two 

em i ss i o n peaks , at 540 and 58 4 nm, when Adriamycin dissolved in me ­

thylalcohol was excited at 4 65 nm (Dusonchet et al. , 1971) (Fig. 2 .4 ) . 

" u 
c: 

" u 
Q; 
0 
~ 

Figure 2 . 4: 

ADRIAMYCIN 

350 400 
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F 

450 500 550 600 650 

wove length ( nm ) 

excitati o n spectrum; F fluor e scence spe c-

19 



This spectrofluorescent characterization of Adriamycin, which was 

linear for different concentrations , togeth e r with the reproducibility 

and the high sensitivity (0.01 µg per gram of tissue) led to the use 

of this technique for pharmacokinetic studies . However, in most inves­

tigations, the extraction method, required to break the protein bound 

Adriamycin and to produce a free solution of the dr ug, is different. 

The most commonly used extraction method has been described by Bachur 

et al. (1973), who employed a 50% mixture of HCl and ethanol to ex­

tract the protein bound Adriamyci n. This procedure has a major limita­

tion: it is reported to hydrolyze Adriamycin to its aglycone, thereby 

producing false metabolites which were not present originally in the 

sample. Furthermore, this method y i elds high tissue blank values and 

this limits its use in low concentration samples (Bachur e t al.,1970). 

The extraction procedure described by Schwartz is based on ex ­

traction with isoamyl alcoho l in plasma, urine and tissue samples af­

ter release of the DNA-bound Adriamycin by Silver Nitrate (Schwartz, 

1973). This method has the advantage of low tissue blank values , does 

not produce hydrolization of the parent drug and results in a high 

recovery factor. 

Distributi on studies of Adriamycin reported in the literature have 

been performed by usin~ both methods. Therefore, the results are not 

completely comparable as far as metabolism of the drug is concerned 

and should be interpreted cautiously with respect to distribution pat­

terns of the parent drug (Wilkinson, personal communication). Addi­

tional studies have been performed by several authors with other de­

termination procedures. Bachur described a radioimmunoassay which was 

developed f or s ituations in which the fluorescence assay is not avail­

able (Bachur et al., 1976). This method does not discreminate between 

Adriamycin and its active metabolite Adriamycinol. In contrast to flu­

orescence assays other fluorescent metabol ites are probably over­

l ooked . When compared with the fluorescence assay , a good correlation 

could be obtained only in patients with normal liver functions. Al ­

though possible false metabolites measured in the fluorescence assay 

could account for the lack of correlation in patients with hepatic 

malfunction, these metabolites other than Adriamycinol and its first 

breakdown product Ad riamyc inone should still be isolated , charac­

terized and tested for their fluorescence behaviour as well as for 

cross reactivity in the radioimmunoassay before the merits of the two 

methods can be assessed. 

Tritiated Adriamycin has been used by DiFronzo and co-workers to 

detect 

system 

20 
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(DiFronzo et al., 1973). 

penetration in the central nervou s 

Although these stud i es yielded some 



important information, the interpret~tion of their data with regard to 

plasma drug levels and urinary excretion is compli cated by difficul­

ties in interpreting the significance of the levels of tritium mea ­

sured . Bachur et al. (1970) have shown that, for the related anthra­

cycline Daunomycin , the levels of radioactivity remained high while 

the levels of fluorescent materials closely related to the native drug 

fell progressively . The long plasma half-life of Adriamyc in in the 

study of DiFronzo resembles that of tritiated water, which might be 

t he result of exchange of radioactivity in the body fluids (Benjamin, 

197 5) . 

Eksborg recently described an analytical procedure for Adriamycin 

and Adriamycinol based on extraction with a mixture of chloroform and 

1-pentanol as the organic phase, followed by reversed-phase high per­

formance liquid chromatography using acetonitrile-water as the mobile 

phase. Quantitation was based on peak area measurements by photometric 

or fluorometric detection. An advantage of this method is the high 
-1 

recovery and the sensit ivity (2 ng.ml ) (Eksborg, 1978). However, the 

equipment required to make these determinations is expensive and de­

mands specially trained tech nicians. 

As conc luded from the variety of methods described in the litera­

ture, there is no agreement on the optimal assay for Adriamycin deter­

minations in biologica l fluids. It is clear that, based on th e high 

recovery factor obtained in tissues with the method of Schwartz, tis­

sue concentrations can be determined most easily without risks of hy-

drolyzation of the parent drug. If necessary, separation procedures 

designed to make a distinction between metabolites and the parent drug 

can be included in the determination procedure. Several t echniques 

have been reported to serve this purpose, including thin layer gel 

chromatography (Schwartz, 1973; Watson and Chan, 1977; Benjamin et 

al., 1973). An advantage of this chromatographic method is the rela­

tively s imple technical equipment needed to achieve separat i on of the 

metabolites from the parent drug. 

2.3.2. Distribution in vivo 

The physiological disposition of Adriamycin has been studied in 

several animal species and in man. The first to report o n the pharma­

cokinetics of Adriamycin were Arena and co-workers , who studied the 

drug in mice and rabbits (Arena et al., 19 71) . Us ing a fluorometric 

method, they demonstrated that the drug was extens i vely incorporated 

into tissues. The tissue concentrations, which remained constant from 
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4 to 24 hours, were at least one or two orders of magnitude greater 

than blood levels in most organs studied . Later , Yesair et al. (1972) 

and Difronzo et al . (1971) 

used total fluorescence and 

'Obtained similar results, although they 
3 
H-labelled Adriamycin, respectively. A 

major finding of these investigators was the primary route of excre­

tion, which is via the bile. In all of these studies, it was shown 

that the uptake of Adriamycin in most tissues in mice appeared to be 

greater than the uptake of Daunomycin. The authors suggested that this 

differential uptake was responsible for the higher in vivo cytotoxici ­

ty and greater antitumour activity at equal doses of Adriamycin . How ­

ever, their determination procedures were not always acc urat e enough 

to make a distinction between the different fluorescent compounds as 

to parent drug and metabolites . Adriamycin was cleared from th e plasma 

rapidly , accumulated in tissue and exc r eted slowly into bi le and urine 

in mice and rats. Major accumulation of Adriamycin took place in kid ­

ney and heart in rats and mice, while high concentrations were also 

detected in the lungs (Yesair et al., 1972 ). Studies by the same 

authors in dogs confirmed these findings and a lso showed high peak 

values i n lungs. 

It has been shown that Daunomycin and Adriamycin are extensively 

metabolized in mice, rabb its, hamsters, dogs and humans (DiFranzo et 

al., 19 71; Wilkinson et al., 1979; Benjamin, 1973). In rats on the 

contrary no metabolism of Adriamycin could be demonstrated 

et al. , 1979). 

(Wilkinson 

The crucial results of these studies were confirmed by Bachur et 

al. (1974) in rabbits. However, they found both Daunomycin and Adria -

mycin to be extensively metabolized . There was no consistent striking 

difference in tissue concentrations of the two unchanged drugs , al­

thoug h most organs contained larger amounts of fluorescen t Daunomycin 

metabolites than fluorescent Adriamycin metabolites . Some of these 

findin gs , particularly regarding the ex tensive metabolism, cannot be 

compared with those of other investigators because of the chemically 

aggressive extraction procedures used by Bachur e t al. (See 2 . 3.1. ). 

The disposition of Adriamyc in in man has been extensively studied 

by Benjamin et al. (1973; 1974), Bachur et al. (1973; 1975) and Di­

Fronzo et al. (1973). Their clin ical findings were in agreement with 

th e animal studies performed earlier. Also in man the rapid disappear­

ance of the drug from the plasma suggests a large volume distribu­

tion; in other words, the drug is widely dispersed in the tissues. In 

th ese patients, on l y 5% of the adm ini stered drug could be demonstrated 

in the urine within 5 days using fluor ometr ic determination proce­

dures . When tritium labelled Adriamycin was administered, 50% of the 
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-1 
radioactivity was excre ted in 7 days following a dosage of 5 mg.kg 

Metabolites (Adriamycinol and Adriamycinone) frequently occu rred in 

these patients, accordi ng to Benjamin et al. (1973) and Bachur (1975). 

They both used the fluorescent properties of the drug for determina­

tion of the plasma levels and showed that Adriamycin was predominantly 

metabolized in the liver to Adriamycinol and several aglycone deri­

vates. Except for some "po stmortem" examinations, extensive tissue de­

terminations of Adriamycin have never been made (Chan et al., 1978). 

Therefore, no data are available on the in v ivo distribution of Adria -

mycin in man. If judged only by the triphasic plasma disappearance 

curve a rapid distribution phase can be detected after administration 

of the drug; this i s followed by a long, although quite variable, 

second phase. The t erm inal phase probably represent s a recirculation 

of Adriamyci n, which might be attributed to the enterohepatic recir­

cu lation. Except for the triphasic disappearance curve, which was ori­

g inally thought to be only biphasic in animals, there seem to be no 

str iking differences between the pharmacokinetics in man and animals 

(Chan et al., 1978). No information is yet available on the selective 

acc umulation of Adriamycin in human organs, as demonstrated in animal 

models for spleen, liver, kidney and heart. This information can be 

ob tain ed on ly by est imation procedures which relate the plasma concen­

tration to drug l eve ls in the rest of the body, which is theoretically 

divided into one o r two compar tments. These theoretical model s for 

prediction of drug concentration will be discu ssed in Chap ter 5. 

In conclusion, one can say that Adriamycin is rapidly cleared from 

the plasma of all species, selectively accumulated in some organs 

(namely, the well-perfus ed tissues) and is excreted after a long peri ­

od (e.g., days) via the biliary and the urinary routes. Dependent on 

the method of determination of the concentration in biologica l fluids 

and tissues, a variable exten t of metabolic breakdown of the parent 

drug is found. The maj o r detectable metabolite i s Adriamyc inol , the 

first breakdown product, of which the antitumour effec t approaches 

that of Adriamycin. Another subject of considerable interest concerns 

the differential di stribution of Adriamycin in primary and secondary 

tumours. Donelli et al. (1977) investi~ated concentrations of several 

anticancer drugs, including Adriamycin , in primary tumours (Lewis lung 

carc inoma, the sarcoma 180 in mice and the Walker 256 carcinosarcoma 

in rats) and in their lymph node metastases. It was shown in these 

three tumo ur model s that the concentration of Adriamycin was signifi­

cantly higher in pulmonary and lymph node metastases than in the 

parent tumour. Thi s discrepancy may be due to proliferative character­

istics, which ofte n differ between primary and secondary tumours as 
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well as to differences in blood flow into the tumours, which is 

markedly dependent on the degree of necros i s . In gene ral, blood flow 

into tumours is not easy to quantify in the individual patient . How­

ever, it can be quantified in anima l s and studies are now in progress 

to investigat e its role in the tumour sensitivity to chemotherapy 

(Donelli, personal communication). 

2.4 IN VITRO EFFECTS 

In 1970, Rosella Silvestrini and co-workers (Silvestrini et al., 

1970) described preliminary in vitro experiments with Adriamycin in 

comparison with the already known Daunomycin. They found that Adria ­

mycin penet~ated quickly into isolated Hela cells , giving rise to a 

severe reduction in the mitotic index after two hours. Autoradiograph­

ically, a 50% inhibition of DNA and RNA synthesis was observed at a 
-1 

dose of 5 µg.ml of Adriamycin; this inhibition was equal to that ob-

served with Daunomycin . In the lower dose range, Adriamycin was found 

to be more active. These early results indicated what would become 

very clear. Adriamycin, which differs from Daunomycin only by the re­

placement of an H-atom by an OH-group, is more active against many 

neoplasms than its sister drug . However, the mode and mechanism of ac­

tion is believed to be the sam€ (DiMarco , 1975). Therefore, some basic 

experiments performed with Daunomycin can serve to reveal the mecha­

nism of action of Adriamycin. Many authors have reported the inhibi­

tory effect of Daunomycin on DNA and RNA polymerase reactions (Hart­

mann et al., 1964; Koschel et al. , 1966; Bosmann and Kessel, 1971; 

Chandra et al., 1972; Zunino et al. , 1974). The drug induced decrease 

in polymeiase react ions is not the result of direct inhibition of DNA 

polymerase activity by Daunomycin , as was demonstrated in HeLa cells 

(Kim and Kim, 1972). The question remains as to what extent the inhi­

bitory effects o n nuclei c ac id synthesis are responsible for the inhi­

bition of cell proliferation. Using doses of Daunomycin which do not 

affect DNA and RNA synthesi s , an antimitotic effect has been observed 

in HeLa cel ls, even in the G and G phases of the cell cycle in which 
0 l 

nucleic acid synthesis is not occurring (Tobey, 1972; DiMarco, 1975). 

Selective damage to the chromosomes is probably more relevant for the 

cytocidal effect than a quantitative reduction in the amount of DNA 

synthesized (Kim and Kim, 1972). Furthermore, it has been reported 

that in isolated rat fibroblasts the effect of Daunomyc in on DNA syn­

thesis is maximal during the late S pha se , when the chromatin and cen­

trome rs are replicat ed (Silvestrini et al ., 1970) . 
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The hypothesis that the effects of Adriamycin and Daunomycin are 

related to the formation of a stable complex with DNA is strengthened 

by the observation that there is a strict relationship betwee n th e in­

hibitory effect on nucleic acid synthesis and on proliferation, on the 

one hand, and the DNA binding capacity on the other (Zunino et al., 

1972; DiMarco et al., 1973). In cultured mouse embryonic fibroblasts, 

DiMarco (1975) observed that a comparable inhibition of DNA synthesis 

was obtained with an intracellular concentration of Adriamycin that 

was 25% to 50% that of Daunomycin. These results were confirmed in 

Ll210 ce lls, where the inhibitory ef fect of Adriamycin on DNA poly­

merase reactions in vitro was greate r than that of Daunomycin (Meri~ 

wether and Bachur, 1972). 

Several authors have claimed that the binding of anthracyclines to 

DNA is facilitated by the presence of DNA seq uences rich in Adenine­

Thymine (Necco, personal communication; Casazza et al., 1972; Zunino 

et al., 197 5). 

This hypothesis was supported by the fact that the inhibition of 

the DNA polymerase from RNA tumour viruses by anthracyclines is depen­

dent on the type of primer templates used in the assay system (Chandra 

et al., 1972). This could expla in the se lective activity of anthracy­

clines on different normal and tumour cell lines. In addition to the 

data summarized above, in vitro experiments in a CHO Chinese hamster 

cell line demonstrated that noncycling cells treated for 2 hours with 

Adriamycin were triggered into proliferation and, after resuspending 

in a drug free medium, traversed the G phase and were on ly slightly 
l 

delayed in completing S and G . However, cycling populations traversed 
2 

the S and G very s lowl y , leading to an accumulation in G (Tobey et 
2 l 

al., 1976). This effect lasts for more than 16 h after transfer of the 

cells to a drug-free medium. From these results, it appears that cy-

cling cel ls are more sensitive to the action of Adriamycin than are 

noncycling ( = resting) cells. This effect could be based on the at­

tempt s of cycling cells to replicate DNA, which is inhibited in the 

presence of Adriamycin. 

The antitumour cell activity of Adriamycin in vitro i s not direct­

ly correlated with its intrace llular concentration . However, the 

period during which an effective concentration i s present determines 

the duration of the antineoplastic activity. Moreover, the cell cycle 

phase in which cells are present determines the sensitivity to Adria-

mycin. The extent of antineoplastic 

shows some relation with the number of 

DNA molecule. 

activity of the a nthracyc line 

Adenine -Thymine bridges in the 
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2.5 EFFECTS IN VIVO 

Since its introduction, Adriamycin has shown remarkable effects 

against several experimental a nd clinical neoplasms. Some experimenta l 

results are described in section 2.5.1, as far as they are of interest 

for knowledge of the mode of action of the drug. In sect ion 2 . 5 . 2 , the 

most prominent clinical results , including some data on the clinica l 

toxicity of the drug , are summarized . 

2.5.1. Experimental results 

Significant activity of Adriamycin has been observed in s~vera l 

experimental animal models, especial l y in the Ehrlich ascites tumour 

in mice , a transplanted lymphosarcoma in mice, in the 180 sarcoma, the 

Ll210 mouse leukemia and in the Oberling-Guerin-Guerin myeloma in the 

rat (DiMarco, 1972; DiMarco et al., 1969; Sandberg , 1970; Mantovani et 

al ., 1976a; Vecchi et al., 1978). In compa rison with the antineoplas ­

tic activity of Daunomycin, that of Adriamycin is greater in mo s t o f 

these animal models . According to th e results published by Mantovani 

and co-workers (Mantovani et al ., 1976b) , this difference in eff i cacy 

should be attributed to differences between the two analogues in sup­

pressive effect on macrophages . In this regard, it is notewor thy that 

in several syngeneic murine tumour models they confirmed tt,a t the che ­

motherapeutic advantage of Adriamycin over Daunomycin is reduced or 

lost in immunosuppressed hosts (Mantovani et a l.,1 976b) . The mechanism 

on which this advantage is probably based i s specifically th e relative 

sparing of macrophages by Adriamycin. 

Apart from the well-known toxicity of anticancer agents which are 

dose-limiting such as myelosuppression, stomatitis, nausea and vo­

miting and alopecia , Adriamycin exhibits a unique harmful effect, that 

of cardiotoxicity . Long term administration l eads to transient e lec-

trocardiographic abnormaliti es and even tually to irrevers ible cardio­

myopathy. No relation with prev iousl y ex isting cardiac failure can be 
- 2 

demonstrated. If the cumulative dose is limited to 450 mg.m , cardio-

myopathy is rarely observed (Lenaz et al ., 1976). Since the frequency 

of cardiomyopathy is markedly increased at a total dose above 550 mg . 
-2 

m , patients in whom this dose level has been exceeded s hould be mo-

nitored . Among several diagnostic procedures including echocardiogra ­

phy , measurement of the systolic time interval and electrocardiogra­

phy , endocardial biopsy at regular time intervals is the most valuable 

tool in predicting cardiotoxicity (Mason et al ., 1978). As no valuab l e 
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a n tidote has been found for the human situation , cardiotoxicity still 

rema in s a t he major l im i ting factor in treatment with Adriamycin for 

l onger periods. 

I n mi ce and rats , the extensive application of Adriamycin therapy 

i s l im it ed by the emerging problem of cardiomyopathy (Zbinden et al., 

1 975 ; Meye r s , 1977 ; Sonneveld , 1978). Although sow.e encouraging re ­

sul ts have been ob t a i ned in red ucing th i s side effect still no deri­

vate has be en deve l oped which has the same or better therapeutic ef­

fe cts a n d l ess ca r d i o t ox i c act i vity. I n l ong te r m treatment, the use 
-1 

o f o n ly 5 mg .kg si ngle dose leads to a high incidence of adenocarci-

nomas and f i broade nomas o f the breasts in female rats; these data in­

di cate t h a t app li catio n of Adr i amyc i n i n e x perimental studies is ac­

c o mpani e d by a high incidence of unwanted side effects (Solcia et al . , 

1 978 ). In v i e w of the r epo r ted carc inogenic properties of certain 

anti - tumour agen t s in huma ns , t he ro l e of Adriamycin remains to be mo­

ni tored i n this respect in human s (S i eber , 1 977). 

2 . 5 . 2 . Cli n ica l s tudies 

Ad r i a myc in has bee n demonstrated to be an active drug against a 

number of mali g na n c i es , from which a survey is given in Table 2.1. 

However, he r e o n ly its eff i cacy i n the remission - induction of acute 

myel ocyt i c le uk aem i a will be d i scussed . Most presently employed regi­

me ns for AML i nclude e i ther Daunomycin or Adriamycin combined with 

Ar abi noside Cytos in ( ara-C) a nd Vincrist i ne , Prednisone , 6 - Mercapto­

p u r i ne or 6 -Thioguanine . Many reports confirm the high response rates 

ob tained wit h an a nt hracycline and ara - C, which were originally re ­

p or t e d by Yates e t al. (Yates et al. , 1973; Preisler et al. , 1977; 

Cassile t h et a l ., 19 77; Gale and Cline , 1977). Typical regimens com­

bined fr o m o ne to three doses of Adr i a mycin or Daunomycin with a 

fi ve - d a y co ur se o f ara-C. Later , more intensive remission- induction 

comb in e d th ree da il y doses of an anthracycline with seven- day courses 

of ara -C. Severa l gro ups have reported 60 to 85 % remission rates 

wi th t hese in te ns i ve regimens (Wei l et al. , 1976; Rai et al. , 1975; 

Holl a nd e t a l., 1976; Gluc k sberg e t al. , 1 9 75; Gale and Cline , 1977). 

A majo r d i sad v ant age of i ntensive chemotherapy in AML , however, is the 

hi gh in c i dence of in fec tions a nd haemorrhage , due to myelosuppression . 

At present there are not ye t suff i cient data to recommend a speci­

fi c r eg i me n fo r maintenance and conso l idation chemotherapy in AML, al­

tho ug h most regime ns incl ude Ad r iamyc i n or Daunomycin (for a review , 

see Ga l e , 19 79) . Also wi th ma i ntenance chemotherapy the myelosup-
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pressive effect o f Adr i a myc in fr e qu ent l y i s poor l y t o l erated , ofte n 

l eading to premature discont in uat i on. 

Table 2 . 1 

ANTITUMOUR ACT I VITY SPECTRUM OF ADRIAMYCIN 

Responsive 

Breas t adenocarcinoma 

Stomach adenocarcinoma 

Soft tissue and bone sarcomas 

Bladder adenocarcinoma 

Prostate adenocarcinoma 

Bronchogenic carci noma 

Test i cular carc inoma 

Thyroid carcinoma 

Pedi atri c solid tumours 

Malignant lymphomas 

Acute l e ukaemias 

Hepatoma 

Multiple myeloma 

Squamous cell carcinoma of esophagus 

End o metria l adenocarci no ma 

28 

Poorly or not respon sive 

Large bowel adenocarcinoma 

Malignan t melanoma 

Ovarian adenocarcinoma 

Rena l cancer 

Chronic l eukaem ia s 

Squamous cel l ca rcinoma of cervix 

Squamous cel l carcinoma (head and neck) 

Pancrea tic adenoca r c inoma 

Brain tumours 



CHAPTER 3 

PHARMACOKINETICS OF ADRIAMYCIN 
IN NORMAL AND LEUKAEMIC RATS 

3.1 INTRODUCTION 

As stated in Chapter 2 , little information i s avai lab l e on the 

comparative distribution kinetics of Adriamycin between normal tissue 

and malignant tumours in v ivo, although the studies o f Difronzo e t al. 

(1973) give an indicati on that the drug penet rate s less extensively 

into solid tumours. Especia ll y in the ca se of leukaemia , a widely dis-

seminated malignant disease, individual variation in drug kinetics 

could theoretically acco unt for the clinically observed variety of 

drug responses. Since a uniform dosage regimen is employed in th e 

clinical s ituation without consideration of the relative influence of 

the number o f tumour cells involved, attention will be paid in this 

Chapter to tumour burden relat ed deviati ons from the distribution ki­

netics of Adr iamycin in normal rats. 

Th e Brown Norway Myeloid Leukaemia (BNML) was chose n as a mod e l. 

This acute myelocytic leuka emia originated in 1971 in a fe male rat of 

the inbred Brown Norway r at s train in th e Rijswijk colony (BN/Rij) 

foll owing 3 intravenous inj ections of 2 mg of 9,10-dimethy l 1,2-ben­

zanthracene 100 days earlier. The leukaemia has since been maintained 

by transplantation of l e ukaemic cells dire ctly or from cryoprese r ved 

batche s . The characteris ti cs of the BNML ha ve been described e xte n­

sive l y (Hagenbeek, 1977 ) and can be summar i zed as f o llo ws : 

1) the net growth rate is s low; 

2) it is cytochem i cally and cytoloqically identical to human acute 

mye loid (promyelocytic) leuka e mia (AML); 

3) it s response to chemotherapy i s similar to that of AML; 

4) the mean survival time after i.v. inoc ulation o f 10
7 

l eukaemic 

spleen cel l s is 22 days. 

These characterist ics have made th e BNML a particularly suitable 

model for t he study of proliferation kinet ics and experimental trea t­

ment of acute leuk ae mi a (Aglietta and Sonneveld , 1978; Agl iett a and 

Colly, 1979). Therefore, the di st ribu t i on kinetics of Adriamycin were 

investigated in nor mal and BNML rats, the l atter at a stage which is 

comparable with that of the human AML patient at the time of clini cal 
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admission (day 15 after intravenous transplan tation of 10 7 leuka e mic 

spleen cells) (Hag e nbeek , 1977) . At thi s s tage , bo ne marrow , spleen 

and liver are heavily infiltrat e d by l eukaemic cell s and normal haemo-

poi es is is severely suppressed. 

characteristics of the BNML . 

Table 3.1 summarizes some bio l ogical 

Table 3 .1 

DIFFERENT CH ARACTERISTICS OF BN AND BNML RAT S * 

Spl ee n weight 

Number of BNML cells 
in spleen 

Femoral bone marrow 
cellu larity 

Percentage BNML cells 
i~ femoral bone marrow 

Liver weiqht 

BN 

0 . 35 g 

4. 94 

BNML** 

1. 28 g 

9 x 10 8 

65 

8 . 50 

* at day 15 after inoculation of 10 7 viabl e l e ukaemic splee n cells. Valu es 
represent means of 5-4 0 meas~rernents. 

** (Accordinq to Ha qenhee k , 19 77). 

3.2 GENERAL EXPERI MENTAL PROCEDURE S 

3 . 2 . l. An i ma 1 s 

The studi es were perfo rm ed in the inbred Brown Norway (BN) rat 

strain from th e Rijswijk colony. Female rats of 12 we e k s of age , born 

and bred under specific pathogen-free (SPF) conditions , were used. 

Water and food were always s upplied ad libitum during the experiments. 

3 . 2 . 2 . Expe rime nt a l drug 

Adriamycin hyd rochl oride was kinctly supplied by Farmitalia , 

Milan, Ital y . The chemical purity was as sess ed by thin-laye r chromato­

graphy , usi ng Merck s ilica gel glass discs. The so l ve nt used was : 

- norma l butanol 60%; 

- ice - cold ace tic acid 15%; 

- d i st illed water 25 %. 
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Th e chemical purity of the drug was 99.5%. No variations in purity 

were noted during dry storage of the drug at room temperature. 

3 . 2 . 3 . Leukaemia transfer 

The leukaemic sp l een was always used as a source of leukaemic 

cells for transplantation. After resuspension of spleen cells obtained 

from a 21 - day - old leukaemic rat in Hanks ' balanced salt solution, the 

r equired number of cells was injected intravenously into a tail vein 

of the recipient in a final volume of l ml . 

Distribution studies in leukaemic rat s were always performed at 
7 

day 15 after inoculation of 10 leukemic spleen cells. 

3 . 2.4. Col l ec tion of bio l ogical specimens 

Adr i amycin hydrochloride was, 
-1 

NaCl at a fina l volume of 2 mg.ml ~ 
-1 - £ 

a dose of 7 . 5 mg.kg (= 40 mg . m 

dis so l ved 2 h before each experiment. 

after solution in sterile 0.9% 

administered into a tail vein at 

of body surface). It was always 

To determ ine the different concentrations of the drug in plasma 

and organs , animals were killed at various intervals after intravenous 

adm i nistrat i on of the drug . For each time interval, 4 experimental and 

l control an i mal were used. Animals were anaesthesized by aether. Af­

ter th e abdomen was opened blood was obta in ed by aortic puncture , and 

sampl ed in hepariniz ed tubes. The amou nt of blood obtained (generally 

4 ml) was centrifuged for 10 min at 400 q. After carefully pipetting 
. 0 

off the upper phase, plasma was kept at +4 C until chemical analysis 

was performed . Liver , spleen, kidneys , heart and lungs were removed 

from the body , weighed and homoge nized immediately after addition of 

sterile 0.9% NaCl to obtain a final dilution of 10 % v/ v. Immediately 
0 

after th e homogenation, the tissue samples were stored at 4 C. Bone 

marrow was obtained after the femurs were cleaned of adherent muscle 

tis sue ; the proximal e nds were cut with a surgical knife and the fe-

moral shafts were emptied by repeated flushing with Hanks' sol uti on 

using a needle p l aced o n a 5 ml syringe. The collected bone marrow was 

fil tered and cells were cou nted microscopically using a Burker type 

ha e moc ytomete r after staining with Turck's solution (0.01 %). 
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3.2.5. Extraction procedure 

For deproteinizing the cell suspen s i o ns and extraction of serum 

and cell suspensions, the met hod described by Schwartz proved to pro­

duce the highest recovery of Adriamyci n (Schwartz, 1973). As discussed 

in section 2.3.1., this method does not give rise of unwanted metabo-

lization of the parent drug during the extraction procedure. However, 

some s light modifications were introduced t o improve the recovery. 

Therefore , the modified extraction method is described. 

Using automatic Exca li bur pipettes , 0 .4 ml of plasma was pipetted 

into si licated glass tubes and 0 . 3 ml distilled wate r was added. After 

addition of 4.0 ml isoamyl alcohol (Merck, 941), the tubes were stored 
0 

for 10 min at 4 C to extract protein bound Adriamycin. Immediately 

after the extraction period, the samples were centrifuged for 20 min 
0 

at 800 g. The supernatant was then collected and stored at 4 C in the 

dark until determination . 

Cell suspensions of the different organs at a volume of l ml were 

added to 0.2 ml of 33% AgNO (Lamers and Indemans, ' s-Hertogenbosch , 
3 

The Netherlands) and mixed for 10 min. This step in the procedure was 

essential for disruption of the cells and to allow deproteinization . 

After addition of 4 ml of i3oamyl alcohol and mixing during 10 min at 
0 

4 C, the samples were centrifuged for 20 min at 800 g. The superna­
o 

tant was collected and stored at 4 C. 

Determination of the Adriamycin concentration was performed spec­

trophotometrically in a Hitachi-FL 204 fluorescence spectrophotometer . 
0 

It proved to be necessary to heat the samples to 30 C before determi -

nation in order to prevent false measurements due to cold induced opa­

cities of the cuvettes . 

In all experiments , the excitation wave length was 460 nm and the 

samples were read at a fluorescence of 580 nm. To adjust the scaling 

of the spectrophotometer, an external standard so lution of 10 µg 

Adriamycin per ml sterile water was compared with a stock solution of 

quinidine before each experiment. Pure isoamyl a lcoho l served as the 

blank contro l value. An internal standard was processed in each exper­

iment, consistin g of 10 µg Adriamycin dissolved in ser um obta ined from 

a frozen stock. With this internal standard , the recovery factor in 

serum can be assessed in each experime nt and technical errors during 

the extraction procedure can be detected. 
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3.2.6. Renal function 

Since Adriamycin is partly excreted v ia the urinary route, it 

is necessary to monitor the renal function in experiments concerning 

the pharmacokinetics of the drug. Especially in the case of leukaemic 

animals, where infiltration of the kidneys with leukaemic cells takes 

place, should determination of the renal function occur . In this 

study, the creatinine concentration of the se rum, being a function of 

the renal excretion capacity, was ascertained in normal rats and in 

leukaemic rats at different stages of the disease. A standard commer­

cial kit (Boehringer, Mannheim, W. Germany) was used for spectrometric 

determinations. 

59 
3.2.7. Distribution of Fe 

In view of the reported toxicity of Adriamycin to bone marrow 

cells, the concentration time history of Adriamycin in this tissue was 

investigated. Because of the easy accessibility of the femoral bone 

marrow all concentrations were determined in this sect ion of the or­

gan. The relative contribution of this part to total bone marrow was 
59 

investigated using Fe, because, in literature a wide variation in 

total bone marrow cellularity between rat stra in s has been reported 
9 -1 

(Pegg, 1966), with a mean cellularity of 29 .4 x 10 .kg body weight 

in Wistar rats. To determine the t otal bone marrow cellularity in this 
59 -1 

rat strain, Fe (Spee. act. , 100 µC.ml Rad i ochemica l Centre, 

Amersham , England) was inj ec ted intravenously into 5 rats in a final 

concentration of 10 µC each. At 48 h, the rats were after a cardiac 

puncture to obtain blood kill ed by cervical dis locati o n and the liver, 

spleen, and right femur were removed. Bone marrow cells were obtained 

from the femur by cutting and repeatedly flushin g the femoral shafts 

with Hanks' balanced salt solution. Spleen and liver cells were sus­

pended by forcing tissue through nylon gauze. In cell suspensions of 

liver, spleen and bone marrow and in the peripheral blood, the gamma 

radioactivity emitted by the isotope, expressed as counts per minute 

(cpm), was measured in a scintillation counter (Model 4227, Nuclear 

Chicago Corp., Des Plaines, Ill., USA). The background radioactivity 

was subtraced from each counted sample. 

The volume of the bone marrow compartment was calculated by sub-

traction of the radioactivity present in sp l een , liver and peripheral 

b lood, from the total radioactivity em itt ed by 10 µC of the isotope. 
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3. 2. 8. Plasma volume 

14 
The pla s ma vol~Te was determined by injection of C-I nulin 

(spec . act. 1-3 µCi.mg of Inulin-carbox y lic acid) a t a final concen ­

tration of 10 µCi in l ml. After l min, a card i ac puncture wa s per­

formed and the blood was sampled in tubes containing 150 IU heparin 

and centrifuged at 700 g for 10 min. The plasma was pipetted off and 

the radioactivity, expressed as counts per min, was measured in sc in­

tillation vials (Packard Instr., Zurich, Switzerland) in a liquid 

scintillation counter (Nuclear Ch icago, Mark II) using a toluene based 

scintillation fluid (50 mg POPOP and 4 g PPO per liter toluene). The 

~~asma vo lume was calculated by dividing the CPM produced by 10 µCi 

C-Inulin by that produced by 1 ~l of plasma. The total blood vo lume 

was derived from this value by multiplying the plasma volume by the 

reciprocal of the haematocrit. 

3.3 RESULTS 

3.3.l . Adjustment of internal standards 

At several times. during the study , internal s tandards were pre­

pared by addition of 10 µg Adriamycin in a volume of 10 µl to a l ml 
8 

serum volume, a l ml suspension of various organs or 10 cells of 
0 

femoral bone marrow. After l h of incubation at 37 C, the fluores -

cence was determined. Before and after the study, a titration curve of 

these standards was prepared for calculation purposes. During the 

study , the fluorescence of these standards was constant, with a S.D. 

of less than 10%. The mean fluorescence is indi cated in Table 3.2. 

Calculations of the drug concentrations in the various samples were 

made by using a standard curve composed from several concentrations. 

As an example , the standard curve for serum is shown in Fig. 3.1. 

Since these curves proved to be linear in all organs up to 150 µg 

Adriamycin per gram of tissue, unknown concentrations can be Cqlcu-
F 

lated from C = FI x Cl, where F is the observed fluorescence, FI is 

the fluorescence of the Internal Standard and Cl is the concentration 

of Adriamycin in the Internal Standard . 
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Calibration c urve of d ifferent concentrations of Adriamycin dissolved in fresh ser um. 
The symbols represent the mean values of 5 sepa rate experiments (M ± SO). 

Table 3 .2 

INTERNAL STANDARDS OF SERUM AND ORGANS (M ± SO) 

plasma li ver spleen heart kidney lung bo ne marrow 

normal 19 5. 6 33 9. 2 318 . 8 345.8 34 2 . 2 352.3 288 . 7 

12.1 24. 1 28 . 7 31. o 34 . o 10.6 12 . 1 

15th day 18 7 . o 32 2. 3 35 1. o 32 3. 8 31 7. 3 344 . 8 40 7. 5 
leuka e mia 

13. 1 20 . 3 28.1 26.8 28. 5 44. 8 19. 2 

Fluoresce nce of stand ard solutions of 10 ug Adriamycin in 1 ml ser um or l ml of 10% 
cell s uspension 8 (w/v) . Bone marrow flu orescence indicates the s tandard of 10 µg 
Adriamycin in 1 0 femoral marrow cells in 1 ml Hanks . 
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3.3.2. Distribution of Adriamycin in normal and leukaemic rats 

To study the plasma disappearance curve of Adriamycin, normal 

and 15th day leukaemic rats were injected intravenously with single 

doses of various concentrations and plasma samples were analyzed at 

severa l intervals after drug administration. Fig. 3.2 shows the plasma 
-1 

curve after 7.5 mg.kg in normal rats. Based on surface area conver -

sion factors described by Freireich et al. (1966), this dose is com-
- 2 

parable with the clinicall y applied dose of 60 mg.m Careful ana-

lysis of this curve reveals that the shape is triphasic , indicating 

that the distribution kinetics of the drug following this dose are 

complex. A first half-life of 35 min due to the rapid uptake into the 

tissues is followed by a long second phase which lasts for more than 

16 h and can be attributed to very slow release of the drug from the 

tissues. The third phase in the curve cannot be explained by conven-
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Plasma disappea ran c e curve of Adriamycin followinq a rapid intraveno us bolus injec­
tion of 7.5 mg . ko - 1 dissolved in 0.9% NaCl in a final c o ncentration of 2 mg.ml -l. The 
symbols represent mean values o f 8 animals per point. 
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tional pharmacokinetic assumptions but co uld theoretically be attri­

buted to the possible role of the enterohepatic recirculation. 

To study the linearity of this distribution, single doses of 3 . 75 
-1 -1 

mg.kg and 15 mg.kg were administered intravenously. Fig. 3.3 shows 

the plasma disappearance curves after the various doses. It can be 

concluded from the curves that a triphasic disappearance pattern is 
-1 -1 - 1 

evident after 3 . 75 mg . kg , 7.5 mg.kg and 15 mg . kg . Little differ-

ence is observed between the two lower doses with respect to the maxi­

mum plasma leve l and the disappearance of the drug from the plasma. 

However, administration of the highest dose leads to prolonged, higher 

plasma levels. The shape of all curves is superimposable, which indi ­

cates that the in vivo distribution of Adriamycin is probably linear 

in this dose range (Wagner, 1975). 
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Plasma disappearance curves of Adriamyci n following single rapid intravenous bolus 
injections of 3.75 mg.kg -I , 7.5 mg .kg-land 15 mg.kg-I, dissolved in 0 . 9% NaCl to a 
final vo lum e of 1 ml. The symbols represent mea n values of 4 ani mals per point 
( M ± 2 SE) . 
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Although the concentration time history in plasma provides inform­

ation o n the extent of drug penetration in the tissues, selective ac­

cumulation can be detect e d qnly by measuring the drug concentration in 

various organs. Since a leukaemia model was chosen to study the dis-

tribution of Adriamycin as a function of tumour load, the following 

organs were selected for examination: liver, spleen and femoral bone 

marrow (as major sites of leukaemic infiltration), heart and lungs (as 

major sites for selective toxicity) and kidneys because of the ir ex ­

cretory function. Figures 3.4 - 3.11 show the typical disappearance 
-1 

curves obtained after intravenous administration of 7.5 mg.kg in 

normal and in l eukaemic rats at day 15 of the disease. At this s tage, 

the mean weights of the organs investigated average the values indi­

cated in Table 3 . 3. 

TABLE 3 . 3 

WEIGHTS OF BODY AND ORGANS OF NORMAL AND 15-DAY LEUKAEMIC RATS 

Body weight 

Plasma 

Spleen 

Liver 

Heart 

Lungs 

Kidneys 

Skeleton 

Skin 

Normal 
(g) 

165.05 + 3.10 

5.70 + 0.18 

0 .3 5+0 .ll 

4.94 + 0.25 

0.60 + 0.04 

1.35 + 0.02 

0 . 96 + 0 . 01 

10.40 + 0.24 

35.00 + 1.45 

15-day l eukaem ia 
(g) 

165.85 + 4 . 55 

5 .10 + 0.18 

1.28 + 0.10 

8 . 50 + 0 . 38 

0.58 + 0.02 

1. 38 + 0 . 03 

1.04+0 . 02 

10 .45 + 0.63 

34.00 + 2.06 

The results represent the values obtained in + 60 female animals of 12 week s 
of age (M :!:_ SD). 

P lasma (Fig. 3.4): As sta ted above, the p la sma concentration after in-
- - - -1 
travenous administrati on of 7.5 mg.kg disappears according to a tri-

phasic pattern . Calculation of the extrapolated volume distribution 

from the experimental data gives an indication of the relation between 

the amount and the concentration of th e drug and may be derived from: 

where Vd 
ext 
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Vd 
ext 

dose/body weight 
plasma concentration at time t = 0 

stands for the ex trapolated volume distribution. The 
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Plasma concentration of Adriamycin in normal and 15-day l e uk aemic rats following 
7.5 mg.kg-! intr ave nous l y ( M ±2 SE ). The symbo l s indi cate the concentra tion per ml of 
plasma . 

-1 
vo l ume distributio n of Adr i amyc in in th e normal rat is 4.7 l.k g 

k eep ing in mind t hat an equa l distribution thro ugh p la sma and the rest 

of the bod y is repre sented by va = l l . kg - 1, thi s rather high va lue 
- 1 ext 

of 4 . 7.kg impli e s that Adriamycin i s extensively accumu lat e d in the 

In compar i son to thi s , 
-1 

tissues. tpe vo lume distribution in l eukaemic 

rats is 3.9 l.kg suggest ing that a l ess extensive accumulation in 

tissue occurs than in norma l rats . Initiall y , th e p lasma concentrat i o n 

decreases more s l owly in l e uka e mic rat s , as can be concluded from the 

levels which are a factor of 1.3 hi g her in th e ea rl y 60 mi n. Thi s 

first disappearance phase also lasts f o r 30 min l o nger th a n in norm a l 

a nimal s , l eading to a n ini t i a l ha l f lif e o f 62 min instead of 35 min. 

The r efore , the second p hase of the di sappearance curve , representing 

the excretion from th e ti ssues to the blood, appears to start 60 min 

after injection a nd l as t s for + 30 h in l eukaemic rat s . The ex cha ng e 
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from the plasma to some ti ss ues and th e reverse ha s probably been de­

creased by l eukaemi c infiltration of those tissues . Twenty-fo ur hours 

after drug administration, a detec tabl e l eve l is st ill present in both 

normal and leukaemic rats. It appeared th at in leuk aemic rat s at 48 h 

after drug administration still a det ec table concentration of Adria-
-1 

mycin (0.3 µg.ml ) was present in the plasma (not mentioned in the 

figure), such in contrast to normal rat s where at this interval no 

drug level was demonstrable. This suggests a very slow excretion in 

leukaemic rats. 

~ple~n (Fig. 3.5): Adriamycin concentrations in the sp leen reach val­

ues which are 10-fold higher than the plasma concentration within 10 

min after drug administration, in accord with the rapid decrease ob­

served in the plasma.Despite the initial decrease in the first 30 min, 

the spleen drug levels remain high for 24 h in normal rats. In leukae­

mic animals in which the spleen weight has increased by a factor of 5 
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Spleen concentration of Adr iamycin in normal and 15-day leukaemic rats following 
7.5 mg.kg - l intravenously (M ± 2 SE). The symbols represent the concentration per 
gram of tissue. 
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and large numbers of l eukaemic cells have infi l trated i n~~ the organ, 

the maximum drug concentration does not e xceed 11. 5 µg.g of tiss ue. 

The drug levels are generally diminished by a f acto r of 2 in the first 

2 4 h when compared with those o f no rmal a nimal s . 

!:i_::::e!: (Fig . 3 . 6) : Very high conce ntrati ons of Adriamycin are observed 

in the l iver within 10 min . The disappearance curve shows a triphasic 

pattern which i s typ i cal for a well-perfused organ. Li ttle d i ffere n ce 

can be observed between normal and leukaemic rat s . As in the spleen, 

cons i derable drug levels are present 

for 48 h . 

in the liver . for 24 hand even 
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Liver concentration of Adriamycin in normal and 15 - day leukaemic rats follo win g 
The symbols represent the concentration per 7.5 mg . kg - 1 intrave no u s l y (M ± 2 SE). 

gram of tissue . 
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!!_e~r!_ (F i g . 3 . 7 ) : An alys i s of the heart disappearance cu r ve does not 

show abnormall y high drug l eve l s when compared with oth e r orga ns . How ­

ever , in this wel l perfused organ th e slow decrease in the conce ntra ­

tion of Adriamycin is remarkable . No str iking d ev iat i o ns from this 

patt e r n are observed in l eu k aem ic animals , as can be e xpected from the 

data of Hagenbeek (1977) , who observed no leuka em i c i n fi l tration of 

the hea r t at day 1 5 of th e disease . 
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Figure 3.7 

Heart concentratio n of Adriamycin in 
7 . 5 mg . kg- 1 intravenously (M ± 2 SE) . 
gram of tissue . 

nor mal and 15 - day leukaemic rats following 
The symbols represent th e concent r ation per 

~i~n~y~ (Fig . 3 . 8): As is obse rved in the l i ve r, very h i g h concen t ra ­

ti o ns of Adriamycin are present in the kid ney , especially in the ear l y 

p ha se after i nj ec ti o n. Since the urinary r o ute i s a major eliminat i o n 

path way , drug acc umula tion in kidney tissue is no t s urpr i s i n g . The 

presence of a leukaemic cell tumour l oad in the body does not change 

the disappearance curve . 
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7.5 mg.kg -! intrave nous l y (M ± 2 SE) . Th e sy mbols r ep r ese nt the conce ntration in bot h 
both kidneys per gram o f tis sue . 

~u~g~ (Fig . 3.9): As can be expected from the absence of l eukaemic in­

filtration in the lungs (Hagenbeek , 1977), the disappearance curves of 

normal and leukaemic rat s do not differ s ignificantly in either shape 

or quantitative aspects at thi s s tage of the disease . 

~o~e_m~rEO~ (Fig. 3.10 ) : Cons iderab le conce ntrations of Adriamycin are 

observed in the femoral bone marrow of both normal and l eukaemic ani -
8 

mals . In Fig. 3.10, the concentration i s plotted per 10 nucleated 

cells . Assuming a mean cell diameter of 8 µ and a specific density o f 
8 

1.00 , the weight of 10 cells is 26 mg . This indicates that the con-

cent rati o n of Adriamycin at 0.5 h after ad mini stra tion amounts to 144 
-1 

µg . g o f bone marrow ce ll s in normal a nimals. Although in leukaemic 

femoral bo ne marrow, th e maximum conce ntration i s only 50% of this 

value , there is st ill great diffe r en ce between th e conce n tration found 
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Luno concentration of Adriamyc in in normal and 15 - day leukaemic rats fo l low ing 
7.5 mg . kg-! intravenous l y (M ± 2 SE) . The symbols represent the conce ntrat i on in both 
lungs per gram of tissue. 

in bone marrow ce lls when compared with that in ce ll s of other o rgans. 

To eva l ua te these differe nces in q uantitati ve as~§cts , the total vol ­

um e of the bone marrow was determined by using Fe . An equal distri ­

buti o n of th e isotope through the bone marrow was s upposed a nd the 

radioactiv ity af ter subtrac tion of that in liver , sp leen and per i-

pheral b l ood was used to d e t e rmine the r elat i v e contribution o f the 

femur t o the t o tal bone marrow . It was found th a t one fe mur represe nts 

2 . 5% of the total bone marrow in BN rats (Table 3.4); this means that 

144 µg of the administered Adriamycin accumulates in normal bone mar­

row, i. e ., 11 . 6% of the t otal dose a t 30 min. Later the total drug 

concentration in bone marrow even in creases , indicating that a major 

part of the admin i stered dose accumu l ates in bone marrow cells. In the 

BNML r a t s , femoral bo ne marrow repr esen ts 1. 2 % of th e whole haemopo­

ietic o rgan. Adriamycin al so acc umul ates here , a l though to a somewhat 
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Table 3. 4 

DISTRIBUTION OF 59Fe IN BN AND BNML RATS* AFTER INTRAVENOUS ADMINI STRATI ON 
OF 10 µ Ci** IN 1 ml. 

BN 

Organ weight (g) 

----
Sp leen 0.42 + 0 . 05 

Liver 5.32 + 0.27 

Peripheral blood 9.50+0.21 

Femur 10 8 cells 

Total bone marrow 813 . 0 

cpm x 10 2 

73. 0 + 3. 6 

ll34 :!: 7 9.1 

31 70 + 213 . 8 

21.1 + 3. 1 

weight (g) 

1. 28+0.1 0 

8.50 + 0.38 

9.50 + 0.21 

5x 10 8 cells 

BNML 

2003 . 8 

cpm x 10 2 

41.l+ 15.2 

533 . 1 + 98. 7 

2537 . 2+ 688.9 

24 .1 :!: 2 . 1 

Femoral fraction 2 . 59% 1. 21% 
of normal bone marrow 

*At day 15 after i.v. transplantation o f 10 7 l e uka e mic spleen cells. 
**10 µCi = 5190 x 102 cpm. 



lesser degree , but again progressively. This preference of the drug to 

accumulate in bone marrow cells probabl y expla ins its toxic effect on 

norma l haemopoiesis and the remarkable reducing effect o n the leukae-

mic cell population ; 

section 4 . 

this will be further d i scussed in Chapter 4, 

ro 
" u 

' 0 

m 
1 

c 
u 
>­
E 
0 

10 

5 

Figure 3 .10 

0 

/t-
i

t ·!························t························l •• T .. .. 
i ..... ··· 

}··"·· 

2 4 B 

time {hours) 

B NM L 
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mic rats following 7.5 mg.kg-I intrave nou sly (M ± 2 SE). The symbols represent the 
concentration in 10 7 nucleated cells . 

3. 3. 3 . Renal elimination (Fig. 3.11) 

To det erm in e the r enal e liminati on of Adriamycin , rats were 

caged in metabolic cages designed by Va n Bezooyen (personal communica­

ti on) , in which urine is collected without the chance of contamination 

by stools . Fig. 3.11 shows the cumulative renal elimination of Adria-

mycin in 72 h in normal animals. The mean volume o f urine in which 

this amount of Adriamycin was excreted was 21 ml. The renal function 

as measured by the creatinine content of the serum changed signifi­

cantly during progress of the disease and was actually diminished at 

day 15 (Fig. 3 .12) . 
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Pla sma Creatinine car.tent durino development of the BNML (M + 2 SE) . 
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3.3.4 . Biliary excretion (Fig. 3.13). 

To determine th e excretion of Adriamycin v ia the biliary route, 

9 animals were anaesthes iz ed with Ketamine hydrochloride and , using a 

microscope, a teflon drain with a diameter o f l mm wa s inserted into 

the biliary duct. The drain wa s led through the skin and ins e rted into 

a 5 ml tu be . During the sampling of the bile th e rats were immob ilized 

in a specially d es igned cage (Hagenbeek, 1 977) . Sa line (0.9%) was ad ­

ministered int rave nously at a vo lume of 2 ml per hour by mean s of an 

infusi o n pump durin g the samp ling procedure in o rder to maintain a 

phys i o logic fluid ba l ance. After the anaesthesia wa s finished , Adria ­

mycin was administered intravenously in a single dose and the b ile was 

collected at regular interva l s . In Fig. 3 . 12, the cumula ti ve biliary 

elimination during 2 4 h is pl o tted. A rapid initial exc reti on can be 

observed during 6 h, after which drug elimination decreases. The se ob­

servations are from hea lthy rats, s ince 15-day leukae mi c rats do not 

surv ive the surgical p r oced ure . 
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Bili a r y e xcreti o n of Ad r iamy c i n i n no r mal rat s f o llo wing 7 . 5 mg .k g -1 (summat i on) . The 
valu es r epr e sent t he mean s o f 9 a nima l s (M ± SD). 

3 . 3 . 5 . Metabol i sm 

Using the chromatographic p roced ure described in Chapter 3.2.2, 

in the first 24 h following admi nistrati on of the drug, no metabolites 
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of Adriamycin could be demonstrated in plasma of normal and l e uka e mi c 

rats up to 8 hour s following drug administration. After this interval, 

5% of the detectable fluorescence was produced by Adr i amyc inol. In 

urine , both Adriamycinol and Adriamycinone were present starting from 

36 hours after injection of th e drug. 

3. 4 DISCUSSION 

The disappearance of Adriamycin in normal ra ts may be regarded as 

a triphas ic process character ized by an initial rapid disappearance 

with an approximate duration of 25 min in the p l asma followed by a 

second phase of redistributi o n and a terminal, quite l o ng phase with a 

duration of more than 3 0 h. These findings are in agreement with data 

found in patients (Benjamin, 1975), which mea ns that the rat is a good 

mode l for studying Adriamycin pharmacokinetics. Th e first phase in th e 

plasma disappearance cur ve shows a linear pattern and represents a 

first o rder excretion phase to the various ti ssues . Conven ti o nal phar­

maco kineti c two-compartment systems, originally described by Wagner 

(1975), assuming an equal d istri bu tion of the drug in the plasma and 

in t he well perfused organs are not suf fi c i e nt to exp lai n the tri­

pha s i c pattern of the pla s ma di sappearance curve . This is poss i b le on ­

ly if a multicompartment model in which va ri ous organs o r tissues show 

differe nt properties for the uptake and excretion of Ad ri amyc in from 

the plasma is assumed. Ho wever, from the pl asma curve only, it is no t 

possible to ascertain which organs exhibit uptake or excret i o n prope r­

ti es o ther than the mea n uptake which can be derived from the f irst 

phase of the plasma curve . Carefu l analysis of th e distribution of the 

agent in several organs is therefore needed in order to discove r wher e 

Adriamyc in ac cumu lates and how l ong it remains in each organ . Know­

l e dge of this subject may r evea l relevant information o n the r e l at i o n 

of a given plasma sample t o the concentration in a g i ven organ o r ti s ­

s ue. 

Analysis of the plasma disappearance c ur v e of Adri amyc in after 7. 5 
-1 

mg.kg intravenously revea l s that, after 10 min, the concen tration 
-1 

i s 1.41 µg.ml . Keeping i n mind that a total of 1240 µg 

into a rat of 16 5 g and the p la sma volume amounts to 

was injected 

5. 7 ml, th e 

conclusion is that Adr iamyc in r e distributes very rapidly t o the tis ­

sues . Calculated pe r g r am of ti ssue , a great pa rt of t he adm ini s ­

tered dose accumulat es in bo n e marrow cells of both BNML and BN rat s . 

However , determinations of th e concentrations were performed o nl y in 
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the femurs; therefore, a different uptake pattern in various part s of 

the b6ne marrow is theoretically possible. Assuming equal properties 

of bone marrow cells independent of their l ocation in the body in re ­

spect to the uptake and retention of Adriamycin and s upposing a total 
9 

number of 4 x 10 bone marrow cells in the body, these data indicate 

that 25.8% of the total dose is accumulated in the normal bone marrow 

at 8 hrs. In BNML rats, the accumulated drug at this time amounts to 

132 µg (10.6%), which is l ess than in normal rats, but sti ll consider­

ably more than the mean body concentration. In view of the severe 

toxicity of Adriamycin to the normal haemopoietic system , which is 

mere ly situat ed in the bone marrow, this mean s that this spec ifi c 

t oxic ity is not only the result of the fact that the haemopoietic sys­

tem consists of rapidly dividing cells but also of the existence of 

high concentration during a prolonged period in this organ. Unfortuna­

tely, no literature data are available on the bone marrow concentra-

ti on of Adriamycin in vivo, a lthough Andersson et al. 
--- 3 

(1979) using 

whole body autoradiography with H-Daunomycin have also found a con-

siderable accumulation for a long period in mouse bone marrow . In leu­

kaemic animals, the bone marrow concentration i s considerabl y lower. 

Since the femoral ce llularity has decreased in the leukaemic animal 

(Table 3.1), it can be concluded that l eukaem ic cells , which contri ­

bute to a great extent to the population of the femoral marrow, take 

up Adriamycin in sma ller amounts th an do normal haemopoietic cells . 

This might well be the result of cell specific characteristics with 

respect to drug uptake , as well of a reduced bioavailability of Adria ­

mycin to femoral cells in the presence of leukaemi a induced changes in 

organ structu re . Additional information comes from in vitro uptake 

st udi es (Chapter 4). 

A sim ilar phenomenon can be observed in the spleen, where, during 

the observati on period (24 h), the concentrat ion of Adriamycin per g 

of spleen tissue is cons tantl y high in hoth normal a nd 15-day leukae­

mic rats. However, the concentration in the leukaemic organ is signi­

ficantly lower but shows the same disappearance pattern as in the nor­

mal organ. This may part l y be the result of the different character­

i st i cs of BNML and normal spleen cells (mostly lymphocytes) regarding 

drug uptake. However, in view of the impressive increase in the spleen 

weight from 0 . 35 g to 1. 28 g at day 15, reduced bioavailability of 

Adriamycin to the individual cells i n the spleen as a result of patho­

l ogical deviations from the normal vascu lar structure should be con­

sidered as a possible causative factor in the observed reduction of 

the intracellular concentration. This resembles th at observed in bone 

marrow infiltrated with large numbers of l eukaemic cells. Although the 
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total amount of Adr iamycin prese n t in a leukaem i c sp l ee n is hi g he r 

than in the normal sp l een , the co ncentrati on per cell is lower . At the 

same time , an in crease in p l asma conce n tration can be observed in the 

early 8 h . A r edistribution of Adria mycin presumably occurs wh en a 

c ertain number of tumour ce ll s is present in the body . There fore , the 

rel at i o n be twe en t h e p l asm a concentration a nd the concentra tion in 

organ infiltrated by tumour cells i s different . Furthermore , increase 

in sp l een weight a nd var iati o ns in the popu l ation of BN and BNML bo ne 

mar r o w ce lls occur during prog ression of the disease (H ag enbee k , 

1977). At l e ast in th e sp l een , therefore, an even more considerable 

deviation of the concentration fr om that in th e normal s pleen ca n be 

expected in th e terminal stage of the disease . In that case , it i s 

impossible to q uanti fy the concentration of Adriamycin in th e sp lee n 

from the p la sma curve , since no in fo rma tion i s avai l able on the exact 

relation between th ese two organs. 

Th e liver , which has increased in weight by a factor o f 1 . 72 , does 

not show signi r i cant deviations from t he origina l concentra ti o n-time 

history . Other o r ga n s such as the l ungs, the hea rt and the kidneys 

show the same disappearance cu rve in normal and l eukaemic an imal s . On 

h i sto l ogical e xamination , no l eukaemi c inf iltrat ion into these organs 

can be demonstra ted and no in crease in we ight i s observed (Hagenbee k, 

1977). 

The quant itative d i fferences i n the plasma curve betwee n BN and 

BNML ra ts ca n be attributed to the l ower drug levels in l eukaemia in­

filtr a t ed org an s , sp l ee n and bo ne marro w. Table 3 . 5 summar izes the 

drug balance in n orma l and l eukaem i c a nim a l s . 

From the s e data, the well - known cardiotox i city o f Ad riamyci n , 

whi ch i s also observed in thi s rat strai n (So nneveld, 1978) , cann o t be 

attributed t o higher drug l evels in the heart than in comparabl e o r ­

gans such as th e kidneys and the lungs. In the present s tudy , th e 

maximum concen tra ti o n an d the duration of cyt otoxic l eve ls in t he 

heart were comparable with those in the lungs and even lower than 

those in the kidneys. Previous ly, Donelli had found cardiac l evels of 

Ad riamycin t o be comparab l e with those in lungs of normal mice and 

pointed o ut that dru g induced cardiotoxi city does not depe nd on intra­

cellular drug l evels (Do ne lli et al ., 1977). 

In these animal s , the excretion of Adr iamy c in occurs accord ing to 

the pathways whi c h have been described (Benjam in et al ., 1973; 1974; 

Bachur , 197 5) . However , on l y the amo unt of tritiated Adriamyci n in the 

faec es was determined by thes e investig ators , whil e in the present 

study , the concentration in th e bi le was invest igat ed . Since the co n­

tri bution of an enterohepatic r eci rculation is not defined , it is un -
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Table 3.5 

ADRIAMYC IN MASS BALANCE IN BN AND BNM L* RATS fOLLOWING 7 . 5 mg . kg - I i. v . 
(Adriamycin per ce nt of administe r ed dose) 

BN BNML 

Time intervals ( h) 

sp l ee n 
bone marro w 18. 9 32 . 8 29.0 22 . 7 20 . 9 
li ver 

heart 
lungs 4.6 3. 8 2.6 4. 7 3. 2 
kidneys 
plasma 

urine 0. 4 6. 6 17. 5 0 . 5 7 .6 
bi le 

other 76.l 5 7. 2 50. 9 72 .1 68.3 

*At day 1 5 after inoculation of 10 7 l e ukaemi c sp l een cells. 

19. 3 

3. 3 

16. 4 

60.8 

certain as to how far the results can be compared. An 8% biliary eli­

mination in 24 h, compared with a 50% excretion in the faeces in 7 

days , does no t provide strong evidence for the presence of such an 

enterohepatic circle. The urinary route is the major pathway of excr e ­

ti o n in the no rmal rat (26% in 72 h). Ho wever, th e decrease in normal 

renal elimination function, as measured by the content of creatinine 

in the peripheral blood, results in a d e creased excretion of Adria­

mycin in leukaemic rats. Thi s decrease of elimination leads to pro­

longed elevated levels o f Adriamycin in leukaemic rats. A great pro­

porti o n o f th e effective tumour reducing function and the toxicity to 

normal tissues is probably a direct result of this pheno menon, especi­

ally s ince the e limination o f Adriamycin from many organs is slow. Be­

sides the increase in ti ssue levels due t o disturbances in elimina­

tion, differences in uptake by normal haemopoietic and l eukaemi c cells 

ma y also be of influence. Although th e antitumour activity of Adria­

mycin is not directly correlated with the intracellular concentration 

within o ne cell line (Carter, 1975), differences in drug uptake by 

differe nt cell lines , e.g., leukaemic and normal haemopoietic cells, 

may account for dissimilar sensitivities. These mechanisms will be 

further dis cussed in Chapter 4. 

The results discussed in this Chapter indicate that there are s i g ­

nificant differences between normal animals and animals with a leukae­

mic cell l oad with respect t o the general distribution of Adriamycin. 
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These differences ca nnot be quantitated solely from the plasma curve . 

In both normal and leukaemic animals , various organs s how selective 

accumulation of the drug. Therefore, it can be concluded that a n esti­

mation of the drug l evel at the tumour site cannot be performed with ­

out information on both the tumour load and the normal distribution of 

the dr u g . Since co nv en ti ona l pharmacok inetic models are insufficient 

to perform such an est imat e , a new approach has been developed to 

solve the problem of unknown distribution parameters and will be des­

cribed in Chapter 5 . 
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CHAPTER 4 

BIOLOGICAL ACTIVITY OF ADRIAMYCIN IN VITRO 

4.1 INTRODUCTION 

During the last few years, t he action of Adriamyc in ha s been 

st udi ed in many different cell systems in vitro as well as in vivo, 

mainly in comparison with th e action of the related drug Daunomycin. 

It became apparent that Adriamycin is closely related to Daunomycin 

not o nly in its structure , but also in its effect at the cellular 

level. Both agents belong to the same group of antibiotics and are 

supposed to exert their 

of the cell cycle. 

cytotoxic effects during the S and G phases 
2 

The majority of the in vitro studies on Adriamycin activity con­

cerns its inhibitor~ effect o n the DNA and RNA synthesis of cultured 

Hela or Ll210 cells (Silvest rini et al., 1970; Lut z and Stacher, 1975; 

Wantzin a nd Killmann , 1977). Presumably due t o the binding of the 

drug to nucleic acids, it inhibits both DNA and RNA synthesis and the 

vira l, bacterial and mammalian cell DNA - dependent DNA polymerase and 

bacterial RNA polymerase (Wang et al., 1972; Zu nino et al., 1974; 

1975). A clear relationship between the binding of the drug t o nuclear 

structu r es and th e inhibitory effect was demonstrated by Momparler and 

co-workers , who found that Adriamycin exhibited a greater inhibition 

of DNA-dependent DNA polymerase than of RNA polymerase in isolated 

nuclei and in cell fr ee enzyme extracts (Momparler et al ., 1976). How­

ever , in intact A(Tl)Cl - 3 hamster fibrosarcoma cells , Adriamycin in­

hibited both DNA and RNA syn thesis to the same extent . These differ­

e nces may be attributed to either preferential binding of the drug to 

chromosomal DNA in the cell or to me tabolic transformation of the 

drug. 

A certain difference between Adriamycin and Daunomycin has been 

observed with respec t to the inhibitory effect on DNA and RNA syn­

thesis. At equal doses exhibiting comparable antimitotic effects, the 

DNA synth es is rate wa s inhibited mo re by Daunomycin than by Adriamycin 

(Si lves trini, 1970). However, here the sensitivity of the cell line 

probably plays a major role, as can be concluded from various contra­

dictory reports. The in vitro studies of Wang et al . (1972) (u s ing 

Ll210 cells) and of Kim and Kim (197 2) (using Hela cells) indicate 
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ing (Nuc l ear Ch icago , Mark II counter) . Labelled ce ll s were harv es t e d 

o n glass fibre f ilt e r s (type A- E, Gelman , Ann Arbor , Mi ch ., USA). Th e 

air dried filters were placed in scintillation vials (Pa ckard In s tr ., 

Zurich , Switzerland) a nd 2 ml of a toluene- based sci ntillati o n f lui d 

(50 mg POPOP and 4 g PPO per liter t ol ue ne) were a dd ed . 

4.2.3. DNA and RNA syn thesi s in sp l een and bone marrow ce ll s 

Normal and leukaemic animals were anaesthesized with ether and 

killed by cervical dislocation; sp l eens wer e removed , we i g h ed a nd col­

l ected in Hank s '. Th e fe mur s were removed, cut a nd a l so placed in 

Hank s '. Spleens were sepa ra te l y finely minc e d with a pair of scissors 

and filtered repeatedly through six layers o f nylon gauze . The bone 

marrow cel l s were collected by repeatedly flushing the femoral shaft 

with Hanks' solution using a be nt needle placed on a syri nge. The col­

lected bone marrow was filter ed through six layers of nylon gauze . The 

cell suspensions were collected 

Hanks ' to a final concen trat i on 

in Falcon tubes and s uspend e d with 
7 -1 

of 10 cells.ml Adr iamycin dis-

solved in saline was added at different concentrat i o n s in a final 

ume of 0 .1 ml a nd the cells were incu bated in a 
0 

waterbath at 37 
3 

closed tubes for one hour . Th e n, 
3 -7 

H-TdR at a dose of 
- 7 

1 µC .10 

vol -

C in 

cells 

or H- UdR at a dose of 1.5 µ C . 10 ce ll s was added in a final vo l ume 

of 0 .1 ml; the tubes were shaken and in cubated aga in fo r 30 minutes . 

Aft er thi s period , th e incorporation was t erminated by add ing a n i ce ­

cold sol uti o n of unlabelled t hym idine in sa line . After repeated l y 

washing the cells wit h sal ine , they were harvested on glass f ibre fil-
o 

ters. Af t e r drying overn igh t a t 37 C , t he f ilters we re p l aced in 

sc intillatio n vials a nd sci ntillation fluid was added . Results we r e 

expressed as the absolute number o f counts per min (cpm) o f triplicate 

samples as a function of the concentration of Adriamycin . 

4 . 2.4. Ce llular influx and eff lux of Adriamycin 

Animal s were anaesthesized with aether and killed by cerv ica l 

dislocation. Bone marrow cells from the ri g ht fem ur were obtained as 

described in sec tion 4.2.3 . The cell s were suspended in Hanks' in a 
8 

vo lum e of 10 per ml. Adriamycin was added at variou s concentrat ion s 
0 

in a f inal volume of 0.1 ml and the ce ll s were incubated at 37 C f or 

one hour in a water bath . After the incubat i o n peri od , the ce ll s we r e 
0 

washed two times and either placed at 4 C o r re incu bated in Adr iamy -
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cin-free medium. These reincubated cells were washed afterwards with 

sa line a nd placed on ice. The intracellular content of Adriamycin was 

determined spectrophotometrical ly. After drug extraction from the 

cells accordi n g the method described in section 3.2.5, the relative 

fluorescence, as obtained by comparison with known standards, was used 

to determine the intracellular drug concentrations. 

4.2.5. Pulsecytophotometry 

The 

function 

cytotoxic action of Adriamycin in vitro was assessed as a 

of the drug concentration, using the incubation procedure 
3 

described in sec tion 4.2.2. However, instead of H-TdR, cold thymidine 
-7 

(20 µg.10 ce lls ) was added. To investigate the cell cycle phase-

specific action of Adr i amycin as a function of its concentration in 

the incubation medium, two separate experiments were performed. 

A) For s tud ying the kinetic status of only cells killed during the in­

cubation per i od , all incubated cel ls were washed twice in Hanks' solu­

tion by centrifugation at 200 g and the pel let was resuspended to a 
7 -1 

final concentration of about l x 10 cells.ml in a solution of 5 per 

cent of the fluor escent dye Propidium Iodide (PI) (CalBiochem, La 

Jolla, Ca. 92037, USA) in saline (Krishan, 1975). Since PI enters dead 

cel l s only, the ratio o f dead/viable cells and the DNA distribution of 

dead cells could be determined by measuring the relative number of 

ce ll s exh ibiting PI related fluorescence at 590 nm using a FACS II 

ce ll sorter (Becton and Dickinson Company, Mountain View, USA) , which 

was equipped for this purpose with an argon ion laser (Spectra Physics 

164-05, l Watt). Here, the excitation wavelength is 514.5 nm, while 

the e mi ss ion of PI-stained cells is determined by a S - 20 type photo­

mult iplier with filters: Ditri c 6200 cut on plus dichroic beam spl it­

t er (570 nm) (M e lles Griot, Arn hem, The Netherlands). B) Additionally, 

DNA histograms were prepared of all incubated cells simultaneously, 

either or not killed by Adriamycin. For this purpose, cells were 

wash e d in Hanks' solution by centrifugation at 200 g and the pellet 
7 -1 

was resuspended to a final concentration of 10 cells.m l in a hypo-

tonic soluti o n contai ning 0.1% sod ium citrate and 5% PI. With this 

procedure cells disrupt in the hypotonic so luti on and the DNA distri­

bution of PI stained cel l nuclei can be de termined within 24 hours. 
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4.2.6. Assay f or the quantificat i on o f leukaemic and haemopoi e tic 

clonogenic ce ll s : leukaemic col o ny forming unit - spleen (LCFU - S) 

and colony forming unit-spleen (CFU - S) 

3 4 
Low numbers o f BNML ce ll s (5 x 10 to 5 x 10 ) injected intrav e -

nously in to no nirr ad iate d recipient BN rats grow ou t into colonie s 

which can be counted o n the s urface of the sp l een a t day 19 after in­

jection. A linear relationship has bee n found between the number o f 

inj ected cells and the n umber of sp le e n co l o nies (Va n Bekkum et al., 

197 6) . On microscopic inspection , these colonies consis t of leukaemic 

blast ce lls. The l eukaemic o rigin of t he coloni es has been con f irmed 

by injecting cel l s obtained from these nodules into secondary reci­

pient s . When too many clonogen ic cells are inocu l ated , the colonies 

are co nfluent at day 19 a nd cannot be counted . In th e present st udy, 

BNML bone marro w ce ll s treated with Adriamycin at various concentra­

tions for 1 h in v itro , were injected into BN recip i e nt s at c~nce ntra-
~ 6 

tions varying fr om 10 to 10 per r ec ipient a nd the number of s pl ee n 

co l o ni es was counted at day 19 . 

The number of p luripote n t haemopoietic stem cel ls (HSC) in the BN 

rat can be determined with the CFU - S assay or iginally described by 

Till and McCulloch (1961) and modifi e d by Comas and By rd (1967) and 

Van Bekkum et al. (1976) . With thi s technique , bo ne marrow cells are 

injected int ravenous l y i n to l etha lly ir rad iat ed mi ce . The s tem ce ll s 

which are trapped in the sp l een give r i se to colonies which can be 

co unted macroscopicall y at da y 9 after injecti o n. Those cel l s whi ch 

give ris e to a co l o ny are defined as co l o ny forming units-spleen 

(CFU - S) . A linear r e l ations hip i s found between th e number of injected 

bone mar r ow ce ll s and the number o f spleen co l o n ies in two recipient 

species : the BN rat and Fl hybrids of CBA x C5 7BL mo use strains . 

In this study , normal bone ma rrow ce ll s were incubated in vi tro 

with var i ous co nce ntrat i o ns of Adr i amyc in for 1 hour , and inj ected in­

t o Fl hybrid mi ce of C57BL/Li Rij x C3H/LwRij. The re c ipients had re­

ce i ved 10.25 Gy gamma tota l body irradiation before in jectio n. Nine 

days after inj ection of the ce ll suspension , co l o ni es o n the surface 

of the mouse sp l ee n were counted a fter fixation of the spl een in 

Te llyesniczky's so l ut i on (ethano l 70 %, formaldehyde 36% , acet i c ac id 

100%: 20 : 1 : 1 ) . The aim of th is study was t o investigate whether these 

c l onogen i c assays produce comparable results to those from the DNA 

and RNA inhi b iti o n assays , which , in fact , measure loss of cell func­

ti o n rather than loss o f cell clo noge nec ity. 
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4. 3 RE SULTS 

4.3.l Adriamycin and cell lethality 

When the ef fect of Adriamycin on various parameters of ce ll viability 

is determined, some quantitative differences can be observed . For ex­

ample, the inhibition of DNA synthesis (as measured by inhibition of 
3 

H- TdR uptake) as a function of the concentrati on of Adriamycin in the 

in cuba tion medium is significantly influenced by the duration of the 

incubation period. In th ese experiments, leukaemic bone marrow cells 

were incubated with various concentrations of Adr i amyc in for periods 
0 

from 30 min to 48 h at 37 C. Thereafter, cells were washed, 
3 

H-TdR 

was added and were further treated as described in section 4.2.3. 

During the incubation, the stability of the osmolarity and the pH of 

the suspension was monitored using an Advanced Osmometer (Massachu­

setts , USA) and a PHM 61 Radiometer (Copenhagen, Denmark), respective­

ly. It appeared that no significant variations in osmo larity or pH oc­

curred during incubation periods of up to 2 h. As sho wn in Fig. 4.1 
3 

the uptake of H-TdR in the suspended cells is inversely related to 

the duration of the incubation period. 

After periods of incubation longer than 2 h hard l y any effect of 3 . 
Adriamycin on the uptake of H-TdR can be demonstrated, while s horter 

3 
periods lead to a concentration dependent inhibition of the H-TdR up-

take. However, even at 48 h, a sti ll measurable uptake is observed, 

which should probably be attr ibuted to ce ll s which are relatively in­

se nsi tive t o the action of Adriamycin such as lymphocytes a nd macro­

phages. It can be concluded that incubation periods of 30 min to 1 h 

provide the optimal conditi o ns for measuring the Adriamyc in induced 

inhibition of DNA synthesis. However , if a 30 min incubation period i s 
-7 

used low concentrations of Adriamycin (0 . 01 - 1. 0 µg.10 ce lls) prove 

to be insufficient for adequate inhibiti o n, and even induce accelera­

tion of DNA synthesis (Fig. 4.2). For incubation periods o f 1 h, a 

clear concentration dependent inhibition is found; therefore in 

further exper i ments this period was used (Fig. 4.3). 

In Table 4.1 , the Adriamycin induced inhibition of DNA synthesis 

in leukaemic cells is compared with its effect on the viab ility of 

BNML cells and their clonogenecity . For viabi lity measurements the 

eosin staining method was used, while the LCFU-S assay was emp loyed to 

determine the reduction of clonogenic le ukaemia cells after Adriamycin 

treatment. The reduction of clonogenic 

with the inhibition of DNA sy nthesis 
-7 

10 cells, while the number of dead 

leukaemia cells compares well 

at drug concentrations 10 µg. 

cells as determined with eosin 
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Incorporation of 3tt-TdR in leukaemic bone marrow cells after various periods of incu ­
bation with different concentrations of Adriamycin . Results are e xpressed as radio ­
activity present in the cells and represent the M ± 2 SE of 5 exper iments. 

uptake is not altered by Adriamycin . This finding impli cates that 

data about DNA synthesis apparently underes timate the Ad riamycin in­

duced kill of clonogenic l eukaemic cel l s . This is probabl y because of 

the fact that the LCF U-S assay reflects on ly clonogenic leukaemi c cell 
3 

kill, while the H-TdR uptake of all ce lls is measured , in cl uding 

those cells, either leukaemic or not , which do not synthesize DNA. 
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Figure 4.2: 

Incorporation of 3H-TdR in leukaemic bone marrow cells after 30' of incubation with 
Adriamycin (M ± 2 SE of 5 experiments) . 

Therefore , the measurement of DNA synthesis may well be used to ob -

serve the effect of Adriamycin on BNML cells. In Table 4.2 the reduc-

tion of clonogenic leukaemic cells and clonogenic haemopoietic cells 

as a function of the concentration Adriamycin in the incubation medium 

is compared . It appears that the reduction of CFU - S at the two lower 

concentrations of Adriamycin is less than that of LCFU-S. This differ­

ence is reflected in th e inhibition of DNA synthesis of leukaemic and 

normal bone marrow cells, as will be pointed out in 4.3.3. 

4. 3 . 2 Influx and efflux of Adriamycin 

Incubation of BN and BNML femoral bone marrow cells for 60 min 

in the presence of different concen trati ons of Adriamycin leads to an 

intracellular accumulation of the drug which is dependent on its con-

centration in the medium. As shown in Table 4.3, isolated BNML cells 

take up significantly more Adriamycin than do BN cells at drug concen-
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TABLE 4. 3 

UPTAKE AND INTRACELLULAR RETENTION OF ADRIAMYCIN IN BN AND BNML CELLS * 

Extracellular 
concentration of BN BNM L 

Adriamycin 
-7 Uptake Retention Uptak e Rete nt ion 

µg.10 cells 

0 0 0 

0. 4 0 . 2 0.8 0 . 5 

10 3.2 2.7 5 . 0 4.4 

50 7.7 6. 1 9 . 5 8 . 8 

100 9.4 8.3 13 . 2 1 2.0 

*Expressed as µg.10- 7 cells. 

7 
trations of 10 µg or more per 10 cells (p( 0.001). The two cell types 

do not differ in their capacity to retain the intracellular amount o f 

drug when placed in a drug-free incuba tion medium . The remaining 

fluorescence (wh ich is a measure for the intracellular amount of 

Adriamycin) in leukaemic cells exceeds that in normal bone marrow. 

4 . 3.3 Adriamycin and the DNA synthes is 

It has been reported several times that the incorporation of 

thymidine into ce lls is paralleled both in magnitude and in time by 

the DNA polymerase activity (Loeb and Agarwal, 1971; Munch - Peter s en et 

al., 1973; Tyrsted et al ., 1973). Since especially the inhibition of 

DNA polymerase is a major manifestation of the cytotoxic action of 

Adriamy cin , the inhibition of tritium labelled thymidine incorpo ration 

as a function of the concentration of Adriamycin present was employed 

to investigate the dose-effect relation between Adriamycin and both 

normal haemopoietic and leukaemic cells in vitro . When bone marrow 

cells of BN or BNML origin are incubated in the presence of various 
3 

concentrations of Adriamyc in and H-TdR subsequently is added, the up-

take of the latter compound is inhibited to a different extent in the 
-7 

two cell types. Low concentrations of Adriamycin (0.01-1.0 µg. 10 
3 

cells) lead to a decreased uptake of H-TdR in BNML cells , 
-7 

high concentration (100 µg.10 cells) inhib it s the uptake of 

66 

while a 
3 

H-TdR 



to 67% in BN and to 35% in BNML cells (Fig. 4.3). 

the figur e that th e control numer ical values f o r the 

It is clear from 
3 

upt a ke of H-TdR 

in BN cells are twice those of BNML bone marro w cells. This could be 

due to a relative ly higher percentage o f BN cells being in the DNA 

synthesizing pha se o f the cell cycle (S phase) . According to Hagenbeek 

(1977) the labelling index (representing the percentage of cell s in 

the S phase) i s 58% for normal rat myeloblasts and 30 -4 3% f or BNML 

cells , which findings may account for th e obs erved difference in 
3 

H-Td R uptake in control samples. In secti o n 4.3.5 this discrepancy 
3 

will be further evaluated . From the effect of Adriamycin on H-TdR 

uptake (which in fact is a measure for the DNA synthesis), it may be 

concluded that a difference is demonstrable with respect to the sensi-

BN and BNML bone marrow cells. 
3 

In suspended normal spleen tivity o f 

cells the uptake of H-TdR of control samples is significantl y less 

(p ( 0.001) than that o f BN bone marrow cells ; this could be expected, 

since a normal sp l een cell population i s mainly composed of nonpro­

liferating lymphocyt es . Addition of various concentrations of Adria-
3 

mycin does not significantly alter the uptake of H-TdR (Fig. 4.4). In 
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-1 
BNML spleen cells, low concentrations of Adriamycin (0.01-0.1 µg.ml ) 

3 
inhibit the uptake o f H-TdR to 70% without any further decrease at 

higher drug concentrations. This inhibition is less than in BNML bone 

marrow cells, which may be explained by the fact that, in BNML ani­

mals, the extramedullary haemopoiesis takes place mainly in th e spleen 

which implies that a suspension of spleen cells from these animals is 

composed of both haemopoietic and leukaemic cells. Furthermore, the 

labelling index of BNML spleen cells is higher than that of BNML bone 

marrow cells (0.48 versus 0.36). This might indicate that, because of 

the high percentage of S-phase cells, higher concentrations of Adria­

mycin are required to further inhibit the DNA synthesis. A strange but 

very reproducible observation in BNML spleen cells is the increase in 
3 -1 

H-TdR uptake at the 5.0 µg.ml level, for which no explanation is 

available at present. 

Although the cytotoxic effect of Adriamycin has not been reported 

to be exerted exclusive l y during one cel l cycle phase, its activity is 

more pronounced when used in cells which have been previously syn­

chroniz ed with Arabinoside-Cytosin (ara-C) (Colly, 1980). It is known 

that an appropriate dose of ara- C in viva leads to to recruitment of 

non-proliferating BNML cells into cycle with an increased (up to 60 %) 

number of cells in the DNA synthesis phase of the cell cycle at 12 h 

following injection of ara-C (Aglietta and Sonneveld, 1978; Aglietta 

and Colly, 1979). This phenomenon was used to investigate the action 

of Adriamycin in vitro on synchronized cells. For this purpose bone 

marrow and spleen cells were obtained from normal and BNML rats which 
-1 

had been injected with ara-C (200 mg.kg i.v.) 12 h earlier. Fig. 4.5 

shows the in vitro effect of Adriamycin on BNML and BN bone marrow and 

spleen cells treated with ara-C in viva. Of the population of BNML 

cells at the time of incubation + 60% is in the S phase of the cell 

cycle (Aglietta and Sonneveld, 1978). Addition of Adriamycin leads to 
3 

a concentration dependent reduction in H-TdR uptake in these cells 

down to 10% of the control values at the highest concentration of 
-7 

Adriamycin (10 ug. 10 cells). The same observation is made in sus -

pended femoral BN cells. In all of these cell types (femoral BN + 
3 

BNML, splenic BNML) the control H-TdR uptake is twofold the value ob-

tained with comparable cells, not pretreated with ara-C. However, in 

BN spleen cells which are mainly nondividing lymphocytes, no altera­

tions are observed when compared with untreated splenic cells. 

Apparently, pretreatment with ara-C increases the sensitivity o f 

nonexponentially proliferating ce ll populations to the action of 

Adriamycin, due to the greater number of cells in the S phase of th e 

cell cycle. However, the observat i on that, after pretreatment with 
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3 
ara-C , Adriamycin reduces the H-TdR uptake to lower va lues than with-

out pretrea tment, requires another explanation . Ara-C blocks pro­

liferat ing cell s at the G
1

-s boundary o f the cell cycle and simulta­

neou s l y trigger s no npro li ferating cells into cycl e (Ag lietta and 

Colly , 1979). At the moment that the blockade is terminated , a syn­

chronous wave of ce ll s enters the S phase , which occurs at 1 2 h fo l­

l owing administration of ara - C . The early S phase, however, is the 

predominant site of action of Adr iamycin (see secti o n 4.3 . 5) . Conse-

quentl y , an almost t o tal inhibition of DNA-synthesi z ing activity of 

th e synchron iz ed cell s can be expected. This s ituation thus , is total-

ly different from that of a cell popu l ation which is randomly distri ­

buted over the S ~hase, 

wit h respect t o H- TdR 
3 

H-TdR, irrespective o f 

wher e o nl y early S phase ce lls are inhibited 

uptake ; late S phase cells stil l may take up 

the presence of Ad riamycin. 
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4.3.4 Adriamycin and RNA synthesis 

The effect of Adriamycin on RNA synthesis as reflected by its 
3 3 

effect on the uptake of H- Uridine ( H-UdR) into BN and BNML femoral 

bone marrow cel l s i s presented in Fig. 4. 6. As with DNA 
3 

synthesis a 

concentration 

which is more 

able that the 

depend e nt reduction in the H-UdR uptake is observed , 

pronounced in BNML cells than in BN cells. It i s remark-
3 

uptake of H-UdR in leukaemic cells is completely inhi­

bited at the highest 
-1 

concentration of Adria mycin (50 µg.ml ) , which 

confirms that RNA polymerase is blocked by Adriamycin to greater ex-
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tent in these cell s . Howev e r , inhibition of RNA synthesis apparently 

does not represent an essential mechani s m of Adriamycin induced cyto-

toxicit y , in view o f the di f f e rences in inhibiti o n of DNA synthes is 

and r ed uction in LCFU-s. The inhibit o r y effe c t of Adriamycin on s u s -

pended s plenic BNML ce lls i s l ess impressive , although comparabl e with 
3 

its effect on H- TdR uptake in these cells (Fig. 4.7). Normal spleen 

cells are not sensitive to Adriamycin in this respect . 
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Inco rporation of 3H- UdR in BN and BNML sp l ee n cells fol l owing 1 h of incubation wit h 
Adriamycin in vitro (M ± 2 SE of 5 experime nts ) . 

4 . 3.5 Adriamycin and the cell cycle 

As mentioned in Chapter 2 and the introduction t o this Chapter, 

there i s confusi o n concerning the pha s e of the cel l cycle , in which 

Adriamycin primaril y exerts its cytotoxic action . The conflictin g data 
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cell cyc l e . A low concent ratio n 
- 7 

(1 µ g .1 0 cells) of Adr i amycin does 
- 7 

not alter this patte rn (Fig .4.10.c).However , 10 µg.10 ce ll s leads to 

a preferential accumulati on of dead cells in the G and the ea rl y S 
l 

phase of the cel l cyc l e (F i g . 4.10.d). In BNML bone marrow cells es -

sentially similar observa ti ons are made in untreat ed ce lls (Fig. 4.lla 

and b) , while here also at the lowest concentrat i on Adriamyc in ki ll s 

cell s in the G and early S phase (F i g . 4 . 11.c an d d) . 
l 

These obse rvations indicate that Adriamycin kills both BN a nd BNML 

bon e marrow c e ll s primarily in the G and ea rl y S phases of the cell 
l 

cycl e and that BNML cells are mo r e sensitive than are BN ce ll s . 
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DNA histog ra ms of BNML bon e marrow cells kill e d during 1 h of in c uba ti o n. Treatmen t : 
a) NaCl 0 . 9% ; b) thym i d in 2 0 µg . 10 - 7 ce lls; c) Adri amy c in 1 µ g . 10-7 ce lls; d) Adri a ­
my c in 1 0 µg . 1 0 - 7 ce 11 s . 

4.4 DISCUSSION 

It has been s uggested hy Roger and Drewinko (1976) that o nl y the 

reduction in clonogen ic ce ll s in vitro gives a reliable indication o f 

the respon s e to chemotherap y i n v i vo . Altho ug h this s tat e me nt may 

c e rta i nly b e valid for those cel ls which can be cultured in vi tro , it 

l ead s to no v aluable predictive assay which may be o f help to qua n ti f y 
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antitumour effects of cytostatic drugs ~ vitro in those cells which 

cannot be cultured, such as in this BNML leukaemia and most human 

acute leukaemias. Therefore, in the present study , the relatively less 

valid assay for DNA synthesis inhibition has been compared with clono­

genic assays for l eukaem ic and haemopoietic cel l s , which were previ­

ously show n to yield reliable data on the reduction in blast cells 

following chemotherapy. With this rat leukaemia , LCFU-s data can be 

well compared with data concerning the inhibition of DNA synthesis but 

not with data from the eosin staining method which prove to be inaccu­

rate for monitoring cytotoxic drug effects. Furthermore, LCFU-S and 

CFU-S data agree with data concerning the inhibition of DNA synthesis 

of leukaemic and normal bone marrow cells, respectively. One restric­

tion in the interpretation of data from the DNA synthesis is the fact 
- 7 

of Adriamycin ( 110 µg.10 that, at high concentrations 
3 

cells), the 

inhibition of H-TdR uptake is not complete while the reduction in 

LCFU-S and CFU-S is. BNML and BN cells at these drug concentrations 

may synthesize DNA, but are no longer able to divide . 

In the lower concentration range, however, data on the inhibition 

of DNA synthesis may be considered to r epr esen t the actual drug in­

duced cell kill. Using this assay as an indicator for the effects of 

Adriamycin in vitro, seve r al interesting differences can be observed 

between the sensitivity of BNML and normal bone marrow cells. Both 

BNML ce lls from both spleen and bone marrow exhibit Adriamycin induced 
-7 

inhibition of DNA synthesis at concentrations of 0.01 - 1.0 ug.10 

cells, while normal haemopoietic cells are not sensitive. This implies 

that in this concentration range Adriamycin is not myelotoxic but ex­

erts s ignificant cytotoxic ity on leukaemic cells . Higher concentra­

tions lead to cell kill of both BNML and haemopoietic cells. These 

killed cells are in the S phase of the cell cycle at the time of drug 

induced death, as can be concluded from analysis of DNA histograms , 

which show an accumulation of dead cells in the s phase. On the con-

trary, 

buted on 

cells which are not killed by Adriamycin are normally distri­

the DNA histogram. Pulse cytophotometric analysis of BNML 

spleen and bone marrow cells incubated with Adriamycin shows an accu­

mulation of dead cells in S phase at concentrations of 1.0 and 10 µg. 
-7 

10 cells, while normal bone marrow cells 
-7 

only at 10 µg.10 

show such an accumu lation 

cells. Obviously, the same drug concentration de-

pendent difference in sensitivity as found with the inhibition of DNA 

synthesis can be detected between normal and leukaemic cells with this 

procedure. The observed differences might be attributed to specific 

properties of BNML cells and normal bone marrow cells with respect to 

the uptake of Adriamycin into the cell. With both cell types in-
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creasing extracellular drug concentrations lead to an increas ing 

intracellular drug content, which is, however, more prono unced in BNML 

cells. The two cell types do not differ in their properties of re­

taining intracellula r Adriamycin when placed in a drug-free incubation 

medium . 

It may be concluded from these data that mainly S phase ce ll s are 

sensitive to the action of Adr iamycin . Previous exper iments by o ther 

investigators using human lymphoma cells had demonstrated a selective 

accumulation in the G phase of the cel l cycle after treatment with 
2 

Adriamycin in vitro (Barlogie et al., 1976; Krishan et al., 1975). Ap -

parently, the BNML cell line exhibits a different sensitivity to the 

cytokinetic action of Adriamycin; this had already been concluded by 

Colly (1980) and may be the result o f the proliferation character­

istics of BNML cells, which exhibit a long S phase duration. Pretreat­

ment with ara-C increases the Adriamycin induced death of BNML and 

normal bone marrow cells. Still the S phase sensitivity is o n ly valid 

in the presence of low concentrations of Adriamycin, since, according 
-7 

the LCFU-S and CFU -S data, high concentrations ( ~ 10 µg.10 cells) 

kill all clonogenic cells and consequently also act on cells in the 

G and G phases. 
0 2 

Therefore , the drug induced cell kill at high con-
3 

centrations can not be accuratel~ determined with the H- TdR uptake 

assay . 

When the se in vitro observations are translated to the in vivo 

treatment of acute myelocytic leukaemia, it may be cautiously con-

eluded that th e establi shment of l ow tissue concentrations 
-7 

(0.1 - 1.0 

µg.10 cells) in bone marrow and spleen will r esult in Adriamycin in-

duced kill of leukaemic cells without severe harmful effects to normal 

bone marrow cells. However, 

bone marrow of BNML rat s , 

in vivo concentrations of Adriamycin in 

which are obtained following a dose of 

Adriamycin which is presently emp l oyed in most AML clinical protocols, 

are in a range which produces death of both leukaemic and haemopoietic 

cells. Probably, the in vivo bone marrow concentrations of Adriamycin 

can be lowered by modification of drug dose. Therefore , the present 

results may indicate that the clinically observed haematological toxi­

city of Adriamycin can be reduced by employment o f l ower dosages with­

out reduction in the antileukaemic activity of the drug. 
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CHAPTER 5 

A MULTICOMPARTMENT MATHEMATICAL MODEL 
FOR THE DISTRIBUTION OF ADRIAMYCIN IN VIVO 

5.1 INTRODUCTION 

The development of chemotherapy into a va l uable branch in th e 

fram ework of cance r treatme nt has introduced the ser ious problem of 

extreme toxicity to the host, both general a nd specif ic. The harm f u l 

effects of in tens i ve chemotherapy t o rapidly d i viding tissue s are li­

mi ting factor s in achieving the desired therapeutic result and occur 

t o an extent wh i ch is gene r al l y unpredictable in the individual pa­

tient. Since the in troduction of d rug monitoring techniques , the as ­

sump tion has been made that toxicity can be correlated with and even­

tua ll y predicted from the plasma concentration (Wagner , 1975) . Later 

experience showed that, for a number of cytotoxic agents , the plasma 

concent ration poor l y r eflects drug concent r ations in either target 

tissues or organs (Chen and Gross , 1979) . Therefore, a more extended 

description of the drug kinet ics, which should also regard the distri­

bution characteristics in severa l tissues i s required . Pharmacokinetic 

models represent a ra tional approach to this problem. As po in ted out 

by Bisschoff (1975), thes e models should be based on quantitative pre­

dictive a im s , e.g ., th ey should be able to pred ict unknown concentra­

tions i n inacces s ible tissues from known concentrations in plasma and 

other easily approachable f l uids. Recent advances have been made with 

thi s approach for a number of cytotoxic agents (Harris and Gross , 

19 75; Cha n et al. , 197 8 ; Dedrick et a l., 1972 , 1973a, 1978; Morrison 

et al. , 1975; Bisschof et al., 1970, 1971; Dedri ck et a l., 1973b, 

197 8) . As discussed by Chan and Gross (1979) , these pharmacokinetic 

models ar e based on several assumptions: 1) flow limitation, which 

mean s that the tissue drug concentration is proportional to the arte­

rial and venous d r ug l eve l s ; 2) the concentration in each subd ivisi on 

of the model is homogeneous; 3) drug prote in binding is linear in 

plasma and tissues. Correlati ons between p lasma and tissue concentra­

tions following different schedules of adm inistr at i on are invest i gated 

pr imar i l y in animal sys t ems . Late r applicat i on in man can be done by 

simpl e tran s lation of the blood flow and organ vo lume par amete rs. How-
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ever, there is extensive variation in the accuracy of these models, 

due to the number of subd i visions included. 

One, two and multicompartimental models can be identified. In the 

one compartment open model (Fig. 5 .1 ) , the body is represented by a 

single compartment with volume V, assuming a homogeneous disposition 

at any moment during the observation period. There is no distribution 

phase and excretion from the body is assumed to be first order. In 

view of the unrealistic representation of the physiological situa tion 

(where most drugs are not equally distributed over the body), this 

model is not attractive for investigation of the disposition of ant i­

cancer drugs. 

volume 
dosis at t = 0 e l imination 

concentration 

Figure 5.1: 

The one-compartment open model with rapid bolus intravenous injection. 

The two compartment oper. model assumes the existence of a concen ­

tration gradient between two separate regions of the body, gene rally 

the well and the poorly perfused tissues (centra l and peripheral com­

partment) (Teorel l, 1937). Elimination from the system can occur from 

either compartment or both (Fig . 5.2). The rate of drug tr ansport is a 

function of the drug concentration in both compartments (first o rder 

linear transport). If this postulate is not entirely valid, for ex­

ample in the case of active membrane transport , then mathematical e­

guat ions may be formulated for nonlinear drug transport. From the two 

compartment ope n model valuable information can be obta ined such as 

dos is at t = 0 t----- e limination 

Figure 5. 2: 

Th e two c ompar t me nt ope n mode l with rapid bolus intravenous injection where elimina­
t i on o ccur s from Compar tme nt no. 1. 
A = dr ug amoun t; C = drug concentration; V = com pa rtment volume; k = drug transfer . 
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the volume di s t ribution and the ha l f li fe of the drug. The vo l ume 

distribut i on is simpl y ca l cu l ated by : 

i n wh i ch C 
0 

dose 
Vd= - ­

CO 

i s the conce ntr ation of th e d r ug 

(5 . 1) 

i n the b l ood at time 

ze r o . This g i ves an ind i c a tion of the vo l ume of the centra l, well per-

fu sed comp ar tme nt. After a distribution phase represe nt i ng drug trans ­

por t t o t he per i phe r a l compartmen t, an stationary phase during whi c h 

the dr uq i s excreted from t he body i s r eached. From the equilibr iu m 

ph a se t he t 1 /2 (ti me n eeded for h a lving of the drug concentration in 

th e central compar t ment) can be ca lcu l a t ed and emp l oyed for the esti ­

mati o n of the du r at i on of effective drug leve l s (Wag ner , 1975) . Al ­

thoug h t hi s mo d e l i s ofte n sufficient for poorly d i ffusable and non ­

toxic dr ugs , th e c omp l e x pharmacoki net i cs of many anticancer dr ugs de ­

mand the deve l opment of mul t i comp a r tment mode l s (Fig . 5 . 3) , whic h in 

con trast to the t wo compartme n t model , differentiate between the vari ­

o us subdiv i s i ons of we ll and poor l y pe r fused t i ssues . Anticancer 

ag e n ts have t he i r specif i c act i on based not o nl y on effective blood 

a nd ti ss ue level s but al so o n ce ll kin e ti c in teract i ons , wh i ch is 

cl ear fro m the spec i fic t oxicity to rapidly dividing tiss u e s. An ef ­

fec ti ve dru g l eve l is essent i al in the tumour region , wh i c h may be 

s i tuated anywhere i n the c e ntr a l or peripheral compartment . These con­

s i dera t ion s have l ed to t he des i gn of restricted multicompartment 

mod e l s fo r Met hotre xate , Cy t osi n- arabi nos i de and Adriamycin (Bisschoff 

e t al. , 1971; Morrison et a l. , 1975 ; Chan et a l., 1978) . Including the 

we l l - k no wn assumpt i ons of 1) flow limitation ; 2) l i near protein 

b i ndi ng ; a nd 3 ) a homogeneous concentration in each compartment , the 

t i me h i stor y of drug conce n tration in any compartment of such a model 

i s t he n : 

vdc = QC - Q~ - K~ - VmC 
dt R R Km + C 

(5 . 2) 

wh e r e C a nd Cp are the drug concentrations in the compartment and in 

the p l asma , V a nd Q are the volume and the blood flow rate , R is the 

distri b u t i o n rati o betwee n plasma and t i ssue , K is the appare n t f i rst 

ord e r c l earance r ate and Vm and Km are the Michaelis - Ment e n constants 

f o r the metabolism in tha t compartment (Wagner , 197 5) . The model is 

de scribed by a number of these equations from time t=O till the end of 

the observa ti o n period . Thus , the solutio n of a set o f diffe r ential 

equa t i o n s f or one compartment is : 

dC 
dt 

c(t) = Ac (t) (5 . 3) 

i n which ~ ( t ) denotes a vec t or of the compartment drug concentrations 
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are considerable. Some of these problems can be overcome by including 

in the mod el a representation of the degree of uncertainty with which 

values for the transport rate co nstant s are defined in specific phy ­

siologic or pathophys iologic s tates (Car son and Jones, 1979). Factors 

responsi b l e for uncertainty in c lude interindi v i d ual variability, time 

variation of the sys tem and variation due to drug effects and e nviron­

ment. Th us , values for a rate constant are assumed to be probalistic 

more than det erministic. With this approach spec ific variable s like 

blood flow do not have to be determined separately but are assumed to 

be as contributing factors to the distribution parameters. 

In the case of Adr iamycin the usefulness of a multicompartmental 

model is clearly suppor ted by the toxicity, the triphasic plasma dis­

appearance pattern and the long persistence of the drug (Chapter 3). 

Thi s indicates that many fact o r s are of influence on the pharmaco­

kinetics of this drug and that the concentration-time history of the 

drug in each compartment is the result of the particular quality of 

that compartmen t such as membrane properties, blood flow,volume and 

eliminati on as well as var iations in concentration-time histories in 

all other compartments. This means that the solution of a multicom­

partmental distribution by a set of independen t equations does not ap­

proximate the actual situation. 

Therefore , a new approach was taken for development of a multicom­

partment model for the disposition of Adriamycin in the rat, based on 

parts of the concept of intrinsic biomathe matics. This approach as­

sumes the co nstr uction of the mod e l to be known, while the numerical 

va lues of the drug transfer parameters between compartments are as ­

sumed to d epe nd in a complex way on interindividua l variability and 

specific physiologic and pathologic processes. No effort is made to 

deduce the exact form of these dependencies. In the present case, the 

drug transfer parameters are interpreted as a set of unknown para­

meters of a dynamic system (Campello and Cobelli, 1978). When drug 

concentration time histories of different compartme nt s are experimen-

tally determined, th ese measurement s are interpreted as the respon se 

of the dynamic system. Consequen tl y c lass ical system identification 

techniques may be applied for the estimat ion of the drug transfer pa­

rameter s (Eykhoff , 1974). The main objectives of thi s model are: 1) to 

ident ify the actual number of compartments for Adriamycin and to pre­

dict the drug disappearance in each of them f rom kn own concentrations; 

2) to ob t ai n informati o n about drug transfer in the body and to re­

so l ve inconsistencies betwe en theory and expe rimental results; 3) to 

investigat e correlations of drug pertubation of a system and its ef­

fects; and 4) to construct it in a way which makes it e mp l oyable in 

humans. 
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5.2 THEORET I CAL CONSIDERATIONS 

5 . 2.l Development of a multicompartment mode l for Adriamycin 

The co nstruction of a pharmacokinetic model is characte ri zed by 

several assumptions and restr i ctions which generally determine the 

complexity a nd accuracy of the predicted concentration-time h i stor i es 

(Teorell, 1937). A concept which represents physio l ogical s ignificance 

should include bas i c physical prin ciples as such , for instance , co n­

servation of drug mass , as well as a ref l ection of the physio l ogy a nd 

anato my of th e subject under consideration. 

In view of the major aim of a pharmacokinet ic model , which is to 

predict concentration- time histori es in those organs wh i ch are not an 

exact replica of the corresponding time-history in the blood p l asma , 

it i s generally composed of a set of i nterconnected compartments each 

represe ntin g o ne o r mor e organs or tissues (Wagner, 1975; Campello and 

Cobel li, 1978) . In the model, each compartment represents a particu lar 

organ or tissue which is uniqu e with respec t t o drug uptake a nd excre­

t i on. Howeve r, organs and tissues which respond in a more o r less si­

mil ar way to drug administration may be as well modeled by one com­

partment. 

Th e number of compartments of the model and the way in wh ic h they 

are inter co nnect e d determines the so-called structure of the model. 

An examp le of a compartmenta l model as developed in the course of 

th e present inve st igation for the distribu ti on of Adriamycin in the 

rat fo llowing in travenous adm inistration is presented in Fig . 5.4. The 

model consists of 10 separate compartments . The lines represe nt the 

pathways of dru g tra nsport be tween individual compartments . Elimina­

tion of drug i s restr i cted to the urinary and b iliary pathways and as­

sum ed to be d epe ndent on the d r ug quantity in kidneys and li ver , re ­

spectively. A poss ibl e role of the enterohepatic recircu l at i o n has 

been suggested fo r the di sposition of Adriamyc in (Benjamin et a l., 

197 3) . Thi s phys i o l ogica l redistribution mechanism is not presen t l y 

includ e d in the model, 

relatively s hort time 

s ince it represents 

periods after drug 

a rather small ef fect and 

adm ini stra tion are con-

s i dered . Longer time intervals , however , may dictate the implemen ta­

ti on o f recirculation in the model . Since in the rat no signif icant 

breakdown of Ad ri amycin t o it s metabolites occurs , a conserva tion of 

parent dru g mass i s considered (Chen and Gross , 1979) . When t hi s co n­

cept is app lied , however, to other species or differe nt drugs , meta ­

bolic processes should be included by add ing additional compar tments 

t o th e mod e l. 
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Figure 5 .4: 

Schematic diagram of the multicompartment open model with rapid intravenous single 
injection of Adriamyci n (7.5 mg .kg- I) in the rat. Arrows represent drug mass trans ­
fer. 

As argued above, the number of compartments is to a certain extent 

dictated by the uniqueness of the drug concentration- time histo ries of 

individual organs or tissues. This is illustrated by the experimental 

results discussed in Chapter 3. It should not be concluded , however, 

that each compartment is equally important for the accuracy of the 

predicted concentration- time histories of the remaining compartments . 

Th e structure of the compartmental model implies a mathematical 

description once a physical law for the elimination of drug from one 

to the adjacent compartment has been postulated. 

It is postulated that the transport of drug is adequately des-

cr ibed by a 1 inear law, i.e., the rate of elimination of drug from a 

particular compartment to an adjacent compartment is linearly depen­

dent on the quantity of drug in that particular compartment. When 

taking as an example the kidney compartment , thi s results directly in 
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the following differential equation: 

As= k5,1 Al-kl,S AS-k9, S As 

where 

A rate of change of 
5 

drug quantity in the kidney 

A drug quantity in plasma 
1 

A drug quantity in kidney 
5 

k drug transfer parameter from plasma to kidney 
5,1 

k drug transfer parameter from kidney to plasma 
1, 5 

k drug transfer parameter from kidney to urine 
9,5 

Eq. ( 5. 5) can be written in terms of drug concentl'."ations 

where 

x rate of change of drug concentration in the kidney 
5 

x 
1 

x 
5 

v 
1 

v 

drug concentration in plasma 

drug concentration in kidney 

volume of plasma compartment 

volume of kidney compartment 

(S. S) 

according to: 

(5 . 6) 

5 
Eq. (5.6) is a linear constant differential equation for the concen-

tration of drug in the kidney. Corresponding equations can be derived 

for the remaining compartments of the model. The complete set of equa­

tions has been listed in the appendix. 

In those cases where metaboli sm of Adriamycin is of serious in­

fluence on its elimation, constant transfer parameters are not suffi­

cient to adequately describe the distribution of the drug. A satura-

tion model as proposed by Michalis and Menten 

sential. 

(1913) may then be es-

The complete set of differential equations can be interpreted as 

representing a dynamic system with system state vector 

x =col [x ,x , .•.. x ] and system matrix A according to 
1 2 10 

Eq. ( 5. 7) 

system and 

dx 
dt = Ax (5. 7) 

can be solved when x(t ), the initial state vector of the 
0 

the system matrix A are known. The solution would consist 

of the trajectory of the system state vector x, i.e., the time histo­

ries of the drug concentration in all of the compartments of the sys-

tern model. In the present investigations, Adriamycin was administered 

via a single intravenous bolus injection. A few seconds after adminis-

tration of the drug in the plasma compartment, it i s homogeneously 

distributed through the plasma, while the concentration in the other 

compartments is still very close to zero. As a good approximation, 

therefore all components of the initial state vector are taken as 
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zero , except that for the fir s t compartment representing the conce n-

trati on in plasma. The initial plasma concentration can be calculated 

from the drug dos e D and the volume of the plasma compartment V : 
D l 

x 1 ( t 0 )=~ (5.8) 

The elements of the system matrix A are constituted of the compart ­

menta l volumes v. and the rate cons t ants k. In thi s inv es tigation, the 
l 

compartmental volumes wer e experimentally determined. This leaves the 

rate constants as unknown. 

It is shown in the appendix that the rate constan t s may be esti­

mated from measurements of the drug concentration in severa l, but not 

necessarily all, compartments of the model a t discrete instants of 

time after drug administration. The basis of the technique is the so­

called model matching principle in which the output o f the math emati­

cal model is fitted as wel l as possible to the experimentally obta in ed 

measurement s of the system response by se l ecting an "op t imal " set of 

values for the unknown rate constants k. 

Even in the rather hypothetical case of an exact mathematica l 

model, the fit of the model to the measurements will not be perfect 

due to mea surement errors. When these measurement errors are assumed 

to be random variables, the se lection of the "optimal" values for the 

unknown rat e constants may be interpreted as a s t at i stica l es timation 

problem . I n the present case, maximum likelihood est imat ion th eor y has 

been app li ed resulting in maximum like li hood estimates o f the unknown 

rate constants. Once the estimated values of the rate constants are 

known, the response of the pharmacokinetic system can be calcu l ated 

and results in: 

a) smoothed concentration-time curves of measu r ed drug concentrations 

a t discrete instants of time; 

b) predicted concentrat ion-time curves for those compartments from 

which no drug concentration measurements could be obtained. 

An important result is also the estimated varia nce -covariance matr i x 

of rate constant estimation errors and the variance-covariance matrix 

of est imation errors of the concent rati on-t ime curves as a function of 

time . Results are presented in the fo llowing sec ti on. 

It should be noted, however , that these results are based upon the 

followin g assumptions which are in fact certainly not fully satisfied : 

1 ) the mathematical model is an exact description of real ity; and 

2) the difference between model output and drug concentration measure­

ments is due only to random, gaussian measurement errors. These as­

sumptions are certainly not fully satisfied due to the following: 

a) the mathematical model i s on ly a fairly rough app roxi mation of 

reality. 
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b) for drug concentrat i on measurements at each instant of time , a dif­

ferent animal is used: because of biological variation between dif­

ferent animals, the corresponding values o f the rate constants will 

be diff erent and consequent l y one se t of values for the whole set 

of animals used for the experiments will consequently result in 

mode l errors (se e section 5.3) . 

5.3 EXPERIMENTAL INVESTIGATIONS AND MODEL ASSUMPTIONS 

The experimental data used for the mathematical modelling of 

Adriamycin pharmacokinetics were obtained in the female BN rat fol-
-1 

lowing a single i.v. bolus injection of 7.5 mg.kg and are listed in 

Table 5.1. Thus distribution data were used of the plasma, the 

heart, the lungs, the liver, the kidneys, the spleen, the bone marrow 

and of the biliary and urinary routes of el iminati on . All data were 

obta ined in rats weighing 165 grams . Since 3 separate experiments 

failed to demonstrate any drug accumulation in either skeleton or 

skin , two organs which are poor l y diffused , these two organs were sub­

tracted from the tissue compartment which includes those parts of the 

body in which no determinations of Adriamycin were performed. Wet 

volumes of organs were defined experimentally in 50 female BN rats 

aged 12 weeks and are listed in Table 5 . 1. (see also Table 3.3) . 

Adriamycin was assumed to be universally dispersed throughout the 

p l asma at the time of administration , which is in fact not e ntirely 

valid . No binding of drug to cellular structures or plasma proteins 

was bu ilt into the model a nd the transport of Adriamycin to other com­

partments was assumed to be a first order reaction. Since Thin Laye r 

Chromatographic stud i es demonstrated no metabolic product of Adria­

mycin dur ing the 8 hours observation period , the drug wa s supposed to 

remain unchanged, and a 100 percent recovery from the body was assumed 

(Chapter 3.3.5). 

5.4 RESULTS 

Application of the system identification technique as described in 

the appendix results in maximum l ikelihood estimates of the rate con­

stants k as well as of the s moothed and predicted concentration time 

historie~jof the drug concentration. These results are shown in Figs. 

5.5 through 5. 14. In these Figs. the curves of + 1 estimation errors 

derived from the corresponding diagonal e lements of the varia nce-
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Figure 5. 5: 

Smoothed disappearance curve and estimat i o n error for Adriamyc in in th e li ver. The 
actually measured values are indicated in the figure . 
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Figure 5 . 6: 

Smoothed disappearance curve and estimat ion error for Adriamycin in the kidneys . The 
actually measured values are indicated in the figure. 
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Fiaure 5 . 7: 

Smoothed disappearance curve and estimation error for Adriamycin in the heart . The 
actually measured values a re indicated in the figure. 
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F iqu re 5 . 8 : 

Smoothed disappearance curve and estimation error for Adriamycin in the lungs. The 
actually measured values are indicated in the figure. 
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Fioure 5 . 9: 
Smoothed accumulated urinary e liminat ion curve and est imati on error for Adriamyci n. 
The actually measured va lu es are indicated in the figure . 
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Figure 5.10: 

Smoothed disappearance curve and estimation er ror for Adriamycin in the sp leen . The 
actually measured values are indicated i n the figure. 
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Figure 5.11: 

Smoothed disappeara nce curve and estimatio n e rro r f or Adriamycin in the bone marrow 
The actually measured values are indicated in th e fig ure . 
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Fioure 5. 1 2: 

Smoothed disappea r ance curve and estima tion error for Adriamycin in the plasma. The 
actua ll y measured values are ind icated in the figure . 
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in the b l ood is ind eed bound to some percentage to ce llu lar blood 

struc tures . These findings imply that the blood cells have a drug re-

servoir function , e .g ., in the ea rl y phase following injection in the 

plasma drug transfer takes place from the plasma to b l ood structures , 

i . e . plasma drug concentrations are higher tha n whol e b l ood concentra­

tions . Later the situation is reversed : while Adriamyc i n is released 

from blood struc tures to plasma , the p l asma concentrat ion is eve~ 

l ower than th e whole blood concentration. Since , in the math e matical 

mod e l no b i nding of drug to b l ood cells o r p l asma proteins was initi ­

al l y assume d, the predicted plasma disappearance curve in fact re­

presents the wh o l e blood disappearance . If the blood cell compartmen t 

is separately modeled , a bet ter fit of the smoothed plasma curve to 

t he measured one might be obta ined . 

Initially the measureme n ts of Adriamycin elimination via the bi -

liary route wer e no t taken into account . Neverthe l ess , the model pre-

diction compares su rprisingly well with what was actua lly mea s~ red 

(Fig . 5 . 13). A poss ible cause for the sl ight und e restima ti on could be 

found in a still hypothetical ro l e of the enterohepatic circ l e which 

was not included in the model . As stated in Chapter 5.2 , the model 

smoo t hes the concentra tion-time history in those compartment s from 

which experimental data are availa ble. This approach l eaves the other , 

not actually measured drug partic l es t o be present in the tissue corn-
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Fioure 5 .1 3: 

Predicted accumulated biliary elimination curve and est i mation error for Adriamycin. 
The actually measured values , which were not used for the calculation of the model 
response , are indicated in the figur e . 
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partme nt which includes the remaining part of the body , or to be e li­

min ated via the b ill. The rates of elimination in urine and b ile are 

assumed t o be dependent o n t h e drug co ncentration in kidne y a nd liver , 

respectively . In the present case , experimental data are avai l able o n 

the Adriamyc in concentration in urine , leading to a predicted distri-

buti on of t h e remaining drug q uantit y over the b il e and t he tissue 

compartment (F i g . 5 . 14) . 

The s moo th ed curves of the Adriamycin d i sappearance in spleen a nd 

bone marrow , the two organs of the haemopoietic system , show a patter n 

which i s different from that in other compartments. In spleen, the 

maximum concentration is reached after 60 min utes , while the drug con­

centrat i on in bone mar row in creases until the end of the observation 

period. Apparently, this approach for identifying the drug transport 

parameters permits the existence of compartments in which th e drug 

g rad ua lly or even not disappears as would be expected f rom a p harmaco­

kinetic p o int of view. This i s a r e l ev ant characteristic of the mode l, 

since cellular and kine tic properti es which often differ between com­

partments, are of influence o n th e drug behav i our. 

Figure 5 .14: 
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Predicted disappearance curve and estimation error for Adriamycin in the tissue. 
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5.5 DISCUSSION 

Perhaps the major utility of a physiologic mode l is the potential 

to predict drug levels in tissues which cannot be readily sampled. A 

good predictive fit of tissue data would also lend support to the ap­

propriateness of the model design and choice o f parameters. Especially 

if tumo urs are involved, variations in tissue condition, blood flow 

and tissue binding in and around the tumour can be expected (see 

Chapter 3 and Chapter 4). Since the relative contribution of these 

factors to drug disposition is not easy t o determine, new methods of 

predicting models have to be applied. 

Pharmacokinetic models which predict the uptake in and the elimi­

nation of a cytostatic agent from a tissue either by the concepts of 

limited membrane transport or by limited blood flow (Chen and Gross, 

1979; Reich et al., 1979) often fail either to predict or to recognize 

the complex disappearance pattern in rapidly proliferating tissues. In 

fact these tissues are of special interest with respect to prediction 

and prevention of toxic drug levels. If special kinetic or cellular 

characteristics of various tissues are not included in a mathematical 

model, it appears that predicti o n only from pharmacokinetic parameters 

l eads t o substantial problems. On the contrary , prediction from ex­

perimental data b y means o f identificati o n o f the drug transport pa­

rameters of all compartments is based on the implementation of all 

var iables contributing to these parameters, thereby revealing the 

existence of compartments which differ mutually. 

As indicated earlier, drug transport from the plasma to other 

compartments depends partly on the number o f drug particles availabl e 

for uptake. Thus, limitations of the arterial blood flow may limit the 

uptake of Adriamycin more than do other mechanisms. However, in well 

perfused organs like the heart, the lungs, the liver and the kidneys, 

blood flow limitations probably play only a minor role in the drug 

transport into the cell. This can be concluded from the fact that the 

concentration-time histories in these organs resemble the plasma curve 

very much, all exhibiting a triphasic disappearance pattern. Apparent­

ly, drug uptake in these organs is either free or is determined by 

limited membrane transport mechanisms. However, it is possible that 

other mechanisms, such as diffusion between compartments attribute to 

drug transport. Without determining the relative contribution of all 

of these drug transfer factors to the drug uptake, the present model 

produces an adequate fit in the well-perfused organs. 

In comparison t o other pharmacokinetic distribution 

present approach offers new possibilities and problems. 
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jective is not the s imulation of conce ntrati o n-tim e histories in vari ­

ous compartments but the identification and inte rpret a tion of th e drug 

transfer rate parameters between compartments from experimental data . 

This l e ads to absolute information on · drug transport between compart­

ment s and the drug concentration - time histories. Because the l umped 

drug transfer parameters are derived from experimental ly obta ined drug 

concentrations, they can be assumed to be composed of all factors 

attributing to drug transport . In this respect this model can be con­

sidered to be a more compl ete and adequate description of reality than 

models which try to simu l ate the drug transpor t by only one or mor e 

limitations such as flow, membrane capacities and protein binding . Up­

permore it avoids the need to apply rough data on blood flow and mem­

brane transport, which tend to vary interindividually. Application of 

this concept to the pharmacokinetics of Adriamycin in the rat by maxi­

mum likelihood estimation th eory results in the most accurate data 

having the strongest impact on the compartmental system , while less 

accurate data (having a considerable variation), such as those from 

spleen and bone marrow , influence the parameter estimation to a lesser 

extent. Still, any var iation in the concentration of Adriamyc in in a 

compartment has an immediate in flu ence o n all compartments. It was 

found, for example, that o n purpose reduction of bone marrow numerica l 

values for the Adriamycin concentration leads directly to an increase 

in pred icted biliary excretion . Although it is impossible to exclude 

biological var i ations , their impact on prediction of drug concentra­

tion is reduced in this way. 

Under these co nditions and assuming linear kinetics , an organ con­

centration can be calculated directly from the plasma concentration , 

e.g ., from the model response to an initial dose if the drug transfer 

parameters have been identified. It is clear that the relation between 

plasma and organ concentration will be different for each compartment . 

This i s especia ll y evident from the concentration time his tories f or 

spleen and bone marrow, which are quite different from those in other 

compartments . 

As stated in Chapter 3 pathological conditions may alter this re ­

lationship to unknown proportions. To determine the altered relation­

ship , drug measurements in some compartments and new estimatio ns on 

the volume of patho logicall y deteriorated o rgans are needed to find 

the n e w drug transfer parameter s and to estimate the new state trajec­

tory. This can be performed with the same mathematical approach by 

estimation of the drug transfer parameter s which are expected to be 

changed , for example by altered vascularization or tumour cel l infil ­

tration. Subsequently , some measured concentrations of Adriamycin in 
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easily accessible compartments like blood, urine and bone marrow are 

introduced and the drug disappearance curves (new state trajectory) 

can be found. 

Especially the influence of tumours on distribution ratios 

(Hoeschele and van Camp, 1972) s hould be implemented by simulati on and 

identification of drug transfer rates obtained fr o m experimental data 

of tumour bearing animals and man. 

Application of this concept to clinical pharmacokinetics i s pos­

sible if limitations are made. As for all mathematical models de­

veloped in animals, the rate of equivalence between animals and man is 

speculative (Wagner, 1975). However, the ultimate response of the 

mathematical mode l described here is not dependent on technical data 

on blood flow a nd can be easily checked for reliability, since all 

compartments together determine the state trajectory . Thus, systematic 

mistakes are readily recognized . 

When assuming no basic differences to exist between rat and man, 

application may be performed by s imple supplementation of the values 

for weight and volume. However , the occurrence of metabolic degrada ­

tion of Adriamycin in humans (Benjamin et al. , 1973; Watson and Chan , 

1976) urges the implemention of mathematical formulati ons for thi s way 

of drug e limination, for example , with the Michaelis-Menten constants 

(Michaelis and Menten, 1913). Introduction of these constants into the 

model a l so allows its application to drugs which are known to be 

heavily metabolized. 

Regard ing the validation of pharmacokinetic modeling in the cli­

nical context , additional procedures may be worth to be undertaken. Of 

special significance to the clinician are features like delays and 

overshoots in the drug distribution rather than a detailed study of 

the entire model response . Where alternative hypotheses arise as to 

the structure of the compartmental system, crucial e xperiments should 

then be des i gned to reject a structure by its fa il ure to reproduce the 

expected patterns of response . 

It may be concl0ded that the present approach for the determ ina­

ti on of drug tr ansfe r parameters offers s ignificant advantages in the 

description and analysis of drug distribution . Application of maximum 

likelihood theories avoids the implemention of unaccurate physiologi ­

cal data and facilitates the so lution of differential equations for 

dr ug transfer. Uppermore , it allows the op timal use o f information 

being present in pharmacokine tic data. 
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5.6 APPENDIX 

MAXIMUM LIKELIHOOD ESTIMATION OF SYSTEM PARAMETERS AND SYSTEM RESPONSE 

The assumption that drug excretion into a compartment i i s proportion­

al in a 10 compartment model to the drug quantity or concentration in 

th e adjacent compartment j leads with the structure of the compart­

mental model as shown in Fig. 5.4 , directly to the fol l owing set of 

linear constant first order differentia l equations : 

x 1 = - tk 2 ,1 + k3,1 + k4,1 

v4 vs 

kl,4 ~ x4 + kl, 5 ~ xl (PLASMA ) 

(LIVER ) 

x 3 k 3 ' 1 

vl 
k2 , 3 (SPLEEN) - x x 3 v

3 
1 

x4 k4 ,l 
vl 

- kl , 4 (HEART) v x1 x4 
4 

xs kS , l 
vl 

(k l , 5 + k9 , 5) (KIDNEY) - x - xs vs 1 

\ k6 , 1 
vl 

kl , 6 (LUNG) - x x6 v
6 

1 

x7 k7,l 
vl 

- kl ' 7 (TISSUE) v;- xl x7 

x B 
v 2 

(BILE) kB , 2 - x 
v

8 
2 

xg k9 , 5 

v s 
(URINE) - x 

v
9 

s 

x 10= kl O, 1 

vl 
- kl , 10 xlO (BONE MARROW) -- x 

vl O 1 

i n which: 

x 
i 

u 

v 
i 

k 
i,j 

drug concentration in compartment i; 

intravenous drug adm i nistration; 

vo lum e of comparment i; 

rate constant of drug concentration from compartment j to 

compartment i. 
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Because Adriamycin is adm ini stered during a relatively short time 

interval, th e inpu t s ignal can be adequately approximated by an impuls 

at tim e t = 0. Con sequently, ~he response o f the above 

ential equations with initial co nditi on xi(O) = 0 for 

is id entical to the response o n initial condition 

x i (O) = 0 for i = 2, ... , 10 and u(t) = 0 for t)O. 

set of 

i = 1, 

x 1 ( 0) 

d iff e r-

... , 10 

= u( O) 

vl 

The rat e constants k i , j in the system of differential equat i o ns listed 

above are in principle unknown. When a set of arbitrary va lu es for the 

rate cons tant s such that ki, j f 0, all i, all j and x i (t) ~ O, all i, 

all t are substituted, the sys tem of differential equations can be 

solved resulting in drug concentration vs time curves of the consti ­

tuting compartments. At a given set of discrete instants of time after 

drug administration these calculated concentrations are compared to 

corresponding measured concentrations of the real system response. 

Subsequently a performance index for the fit of the mod el to the mea­

surements is defined as a weighted sum of the squares of the model­

real system differences. As a last step "optimal" values of the rate 

constants are calculated by minimizing the performance index with re­

spect to the rate con5tants. Thus the differences between model and 

real system response are minimized in the least squares sense. The re­

sulting nonlinear optimization problem has been solved by applying 

different numerical optimization schemes as Newton Raphson (Eijkhoff, 

1974) and the direct optimization method of Powell (Brent, 1973). The 

applied "mod e l matching" procedure can also be interpreted in terms of 

maximum likel ihood estimation theory. This leads to not only "es ti­

mated" v alue s of the rate constants but also to the possibility to 

calculate th e corresponding estimation errors of the rate constant 

as well as of the resulting model concentration time histories (Mul­

der et ai., 1979). Results are shown in Figs . S. S - S.14 and Table SA. 

Table SA 

ESTIMATED RATE CONSTANTS (min-1 ) AND ESTIMATION ERRORS (SO%) 

k 0.2816 + 0. 1 k 0.0074 + 27. 8 
2, 1 

0.0073 3.8 
1, s 

0.0104 + 1 2 . 4 k3 1 + kl, 6 k , 0. 0114 + 3.3 k8,2 0.0023 + 42. s 
4, 1 

O.OS33 8.0 1. 1960 + 0 . 02 ks , l + k7 l 
k6,l 0.0343 + S.8 kl:7 0.0066 + 9. 2 

k3, 2 0.0064 +l 0. 3 k9, s 0.0076 + 11. 4 

kl 2 0.0294 + 3.6 klO,l 
0.1327 + 0. 2 

k 1
1 

4 0.0106 + 9.0 kl,10 0.00001 + 3299. 4 
, 
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CHAPTER 6 

GENERAL DISCUSSION 

Human society in the Western World is at present greatly influ­

enced by the calculat ion of risk factors and the economic relevance of 

avoiding them. This situation i s the result of both increasing scien­

tific information and the economical power which permit the avoidance 

of dangerous situations . Still, in medicine, there is a daily confron­

tation with risk factors, which cannot be avoided . The outcome of th e­

rapeutic approaches often is determined by side effects, which up to 

now have been mor e frequently antagonized with empiri s m than with 

calculation. Generally research on side effects of a treatment modali­

ty starts shortly after its introduction. However, much of the infor­

mation is empir i cal , e.g ., patient symptoms are used to judge the 

intrinsic va lue of the treatme nt. This is especially true for cancer 

chemotherapy, where the major obstruction in establishing better the­

rapeutic reg imens is toxicity. Extensive investigations on the molecu ­

l ar basis and the in vivo characteristics of cytotoxic agen ts did not 

start before the sevent ies. Pharmacokinetics of these drugs are mostly 

unknown or not employed to design better dose schedules. Still, the 

only way to decrease toxi city and to increase the therapeutic ind ex of 

cytostatic drug starts with obtaining information on their character­

istics. 

The cytotoxic activity of Adriamycin expla ins its severe harmful 

effcts on several normal tissues. This problem, also existi ng with 

many other anticancer drugs , fo rces to investigate the distribution 

kinetics of the agent in order to learn whether the efficacy and the 

toxicity of the drug is concentration-dependent and whether manipula­

tions of the dosage regimen may alter the therapeutic index. Although 

the clinical manifestations of toxicity are easi ly recognizable, it i s 

impossible to investigate the underlying pharmacokinetic phe nomena in 

patients without life-threatening manipulations. Therefore , animal 

models are considered su itable to investigate drug kinetics in all 

parts of the body in vitro and in vivo. Up to now, there have been 

several studies on the distribution of Adriamycin in a nimals and fe w 

human autopsy tissue data are available. These animal studies have 

mainly been carried ou t in normal rats and mice, a lthough Adriamycin 
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is restrictively administered to tumour bearing patients. The observed 

differences in tissue distribution betwee n BN and BNML rats indicate 

that the presence of a rapidly proliferating tumour cell compartment 

essent iall y alters drug kinetics , a phenomenon which natural l y is of 

influence on toxicity. In fact , the concentrations of Adriamycin in 

leukaemia infiltrated ti ss ues are significantly lower when compared 

with those in the same tissues when no leukaem i a cells are involved, 

probably as a function of tumour load. Simultaneously, the urinary 

e l imination of Adriamycin is decreased due to impair ed kidney excre-

tory functions, 

reduced uptake 

as can be concluded from plasma creatinin levels. The 

of Adriamycin in l eukaemia infiltrated organs conse-

quently results in higher drug concentrations in other tissues for a 

prolonged period, as can, for example, easi ly be observed from the 

plasma disappearance curve . On this account , plasma drug levels can not 

merely be considered to be representive of tissue concentrations as is 

presently done in some clinics. From the distribution stud ies it ap­

pears that especially information on bone marrow concentrations may 

not be gained from plasma sample analysis . This illustrates a poten­

tial clinical risk of u nd erestimating haematological toxicity from the 

plasma drug disappearance . 

Basic information is needed on the dose - effect 

tween Adriamycin and bone marrow ce ll s . The in vitro 

relationship be­

data from the 

present study , emphasizing the different sensitiv ity of leu~aemic and 

normal bone marrow cells , indicate the harmful effects of high concen­

trations of Adriamycin. As dis c ussed BNML cells take up the drug to a 

greater extent and are more se nsit ive than haemopoietic cells . How-

ever , in vivo Adriamycin accumulates in normal bone marrow more 

than in leuka emic bone marrow , although in both cases to an extent 

wh i ch equally harms leukaemic and haemopoietic ce ll s . Apparently , the 

histological structure of leukaemia infiltrated bone marrow tissue 

inhi b it s free penetration of Adriamycin , which leads to l ower intra­

cellular drug concentrations in spite of the super ior properties of 

BNML cells regarding the uptake of Adriamycin . Essential l y the same 

ob3ervations are made in sp l ee n. Evaluation and combination of in vivo 

and in vitro data leads to the conclusion that in the BNM L rat the 
~ ~~-

present l y employed in vivo dose of Adriamycin is too high and should 

be halved, if toxi city is t o be avoided . In view of the resemb l ance of 

t his model t o human AML , these find i ngs may serve to justify decreases 

in clinical dosages of Adriamycin . 

Fig. 6.1 summarizes some important physiologica l mechanisms con­

tributing to the ultimate drug effect. From this figure , it appears 

clearly that an estimation of the drug effect cannot be made by simple 
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determination of just one of the causa l factors. However, clinical 

practice insufficiently inve~tigates these parameters in patients, due 

to several problems including anatomical inaccessibility of the body 

region under consideration. In recent years, some early attempts have 

been made to approach this problem in a mathematica l way. These simu­

lations were designed to predict response to ara-C, from pharmaco­

kinetic and cell kinetic data in the Ll210 mouse leukaemia (Morr iso n 

et al., 197 5). At present, however, it is still not yet possible to 

incorporate too many variables in mathematical simulation models due 

to insufficiency of computer programs. Therefore, in this study, a 

start was made with an alternative approach which analyzes biological 

data and thereafter derives the unknown drug transfer parameters from 

them. The . pharmacokinetics of Adriamycin in normal animals were sub­

jected to analysis and a next step will be the distribution in leukae­

mic animals, which is, of course, more realistic for comparison with 

AML patients. The same approach might be e mp l oyed for the analysis of 

cell kinetic parameters especially how they change after therapy. 

Although the concept of the application of maximum likelihood 

theories to the solution of unknown transfer parameters is sti ll in a 

developmental stage, it can be conclud ed that it offers a new possibi­

lity t o analyze biological data. A great advantage is its capacity to 

separate hard and soft data by comparing both in one sys tem. Addition­

ally, it clearly indicates its limitations by a consequent lack of 

fitting results if wrong assumptions are made. The relevance of such 

an approach is illu s trated by the problems enco untered in comparing 

predicted and experimental results. For examp le, in the present study 

it appeared that the mathematical model could not predict bone marrow 

concentrations adequately when the organ concentration was assumed to 

be solely dependent on drug levels of arter ial and venous blood. It 

proved necessary to assume that the output of Adriamycin from the bone 

marrow could be neglected in order to simulate the actual situation 

where the drug remains acc umulated in kill e d cel l s . Th erefore , it may 

be concluded that the major power of the model is its physiological 

resemblan ce to AML and its capacity to maximize the information that 

can be drawn from drug distribution data. 

The observation that the spleen and bone marrow which, are the 

major haemopoietic organs, show a concentration-time history different 

fr om that in all other organs indicates that it is probably unrealis­

tic to investigate the pharmacokinetics of cytostatic drugs in plasma 

only, except in those clinical situations where a clear relationship 

exists between plasma levels and toxicity. At present, such relation­

ships with this drug have not yet been found in humans. This study 
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indi cates that th e concent r ation-time histor i es i n severa l organs are 

differently related to that in p la sma and are subject to var i ations 

wh e r e leukaemi a is involved . Co nseq uentl y , plasma sampl es on l y are 

insufficient for monitoring the 

body and should be emp l oyed to 

disappearance o f Adriamycin from the 

avo id toxicity only if add i tiona l in-

formatio n from tis sue acc umul a ti o n is availahle. 

Furth ermo r e , invit ro assessment of the drug sensitivity of normal 

and l euka e mic bone marrow cells may serve to d e t e rmine opt im a l concen­

trations in the haemopoietic compartment. Combination of these in 

vitro d a ta and in v i vo drug distribution affords a rational basis for 

che motherapy. Thi s may be performed wit h little effort s in ce th e tech-
3 

nique described here for measuring the H- TdR uptake i s easy and 

rapid . Such an approach l imits chances for to xi city and consequently 

improves the therapeutic index to a higher degree than might be with 

randomization of th e dos age of Adriamycin , as done in c linical proto­

cols . 

105 



SUM MARY 

The optimal protocol for the tre atment o f acute myeloid leuk aem ia 

prese ntly consists of comb ination chemo ther apy includino one of the 

anthracyclin cytostatic drug s Adriamycin o r Daunomycin. One of th e 

most se ri o us draw backs of these drugs , however, i s the fact that the y 

exh ibit toxicity to the h aemopo i etic system, which may l ead to prema­

ture termination o f the treatment . The haemato t oxicity of Adri amycin 

i s a di sadvantage especially when applied in patients with acute mye­

l o id leuk aem ia, wh o of ten s h o w ha e mopoietic disorders due to infiltra­

tio n and s uppre ss ion of the bone marrow by l eukaemi c cells. Clinical­

l y , it has been found that inhibition of th e haemopoietic activity by 

Adriamycin dep e nds o n th e dos e and the fre q uency of administration. 

Th e refore, i t is necessa r y to ga in insight into the distribution of 

Adriamycin in the bod y and to investigate its effect on normal ha e mo ­

p o ietic and on l eukaemi c cells , as described in th e introductory 

Chap t er 1 . 

Although a considerable amount of pharmacokinetic kn ow l edge of 

Adriamycin is already available , it is main l y restricted to healthy 

animals. Thi s was a ma j o r reason to initiate this study wh i ch aims at 

e lucidating the pharmacokinetics of the drug in rats bear ing an e xper­

imental acute (pro )mye l ocytic leukaemia. As an introduction to the 

vast literature on the in vivo and in vitro effects of Adriamycin, the 

most relevant dat a are s ummarized in Chapter 2 . 

Adriamyc in i s a product of Streptomyces peucetius and exerts its 

cytostatic ac t ion by be ing irreversibly bound to nu c l ear DNA and inhi­

b iti o n of the enzymes DNA a nd RNA polymerase which are essent i a l for 

cell replication . It is clear that these effects depend on th e b i o ­

availabili ty of Adriamycin, which is dete rmin ed by the dose, th e rout e 

of administration a nd th e metabolism, whi c h vary between spec i es . 

Th erefor e , several analytical p r ocedur es have been deve l oped in o rder 

to make it possible t o determine the content of Adria myc i n in bio l ogi ­

cal fluids and ti ssues . Applicat ion of these procedures has demon­

stra t ed that the drug i s rapidly cl ea red from the p l as ma and accumu­

lat e s in the tissues for more tha n 24 h, in both anima l s and man. The 

ques ti o n whether the toxicity of Ad riamyc in is the result of se l ec ti ve 

accu mula ti on in some ti ssues is investigated and discussed in Chapter 

3 . 

Th e pharmacokinetics of th e drug foll~wing a cl ini cal dose d iffer 

consid e ra b l y between healthy a nd leuka e mi c animals, especial l y in 
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those organs which have been infiltrated by leukaemic cells. These 

differences lead to a different pattern i.n leukaemic animals when com­

pared with their healthy equivalents . A possible explanation for the 

severe haematotoxicity of the drug is found in the extremely high drug 

conce ntrations found during more than 8 h in bone marrow . It is re­

markable that the concentrations reached in normal bone marrow are 

twice those in leukaemic bone marrow. This difference may be the re -

sult of at least two phenomena , the specif ic characteristics of hae-

mopoietic and leukaemic cells regardina the uptake of Adriamycin and a 

change in the penetration of the drug into the bone marrow s~ace . 

Based on these observations it may be concluded that an estimation o f 

the concentration in bone marrow cannot be made from the plasma co n­

centration if no information is available on the relative number o f 

leukaemic cells in the bone marrow. 

In Chapter 4 in vitro exper iments which focus on the effects of 

Adr i amycin on haemopoietic bone marrow cel l s and l eukaem ic cel l s iso­

lated from bone marrow and spleen of leukaemic rats are discussed. The 

DNA and RNA syntheses in leukaemic cells are inhibited with 40 % by low 

concentrations of Adriamycin which do not inhibit these cell functions 

in normal bone marrow cell s , · w~ile high drug concentra ti ons have equa l 

effects on the two ce ll types . These differences ar e also found if the 

clonogenic bioassays Leukaemia Co l o ny Forming Unit s pleen (for leukae­

mic cells) and Co lon y Formina Unit spleen (for haemopoie tic cell s) are 

used as criteria for the cytostatic action of Adriamycin . Both exper i­

mental procedures demonstrate that low concentrations of the drug 
-7 

(0 . 01 - 1.0 ug.10 cells) harm mainly leukaemic cells , while higher 
7 

concentrations (5 . 0 - 50 . 0 ug . 10 cells) kill normal haemopoietic and 

leuk aem ic cells at the same rate . It should be noted that the latter 

concentration s are in a rang e which is obtained in viva in bone marrow 

if a clinical dosage of Adriamycin is administered. 

In Chapter 5, the development of a mathematical model for the in 

viva distribution of Adriamycin in the rat is discussed . Such a model 

is required to analyse the concen tration time histo ries of the drug in 

various organs (compartments) and the relationships among them. For 

this purpose , a 10-compartment model has been constructed in which a ll 

compartments are assumed to be pa rt of a system which receives an in-

put signal (drug adm ini stra tion) of which the course is ide ntified 

with implementation of experimen tal data. With thi s approach , optima l 

concentrat ion time histories and their accuracy are obta ined for all 

compartments of the model , including those for which either no or on l y 

few biological data are kn o wn. A major advantage of this model is the 

close agreement between smoothed and e xperimental data. Secondly , it 
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offers a new possibility to compare expe rime ntal and clinical drug 

distribution d a ta which may l ead to more accurate in te r pre tati o n o f 

drug kinet i cs in individual patients. 

In Chapte r 6 , the re su lts are discussed in cohere nce and p rom isi ng 

l eads are tentati ve ly e x trapo la ted to man . 
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SAMENVATTING 

De opt imale behande ling van acute myeloide leuk em ie bestaat u it 

een gecomhineerde therapie me t meerdere cytostatica, waarvan Adria­

mycine of het verwante Daun o myc ine deel uitmaken. Een nade e l va n deze 

zogenaamde combinatie- chemotherapie is e chter het feit dat bij ee n 

groot aantal van de patienten ernst i ge bijwerkingen opt reden, die kun­

nen leiden tot voort ijdige beeindiging van de behande ling . Met na me 

een snelde l e nd wee fsel als h e t bee nmerg, waar de normale hemopoiese 

plaats vindt , i s zeer qevoe li g voo r de cyto toxi sche werkinq van Adr i a ­

mycine. Hierdoor treedt tijdens de behandeling vaak een sterke remming 

op va n de hemopoiese, die bij l eukemiepatienten toch al verstoord is 

tijdens het s pontane verloop van de z i ekte . Deze beenmergremming i s 

afhankel ijk van de toeqediend e dos i s Adriamycine. Daarom i s het nood­

zakelijk, zoals ook in Hoofd st uk l beschreve n wordt , om inz icht te 

verkrij gen in de distribut i e van Adriamyc i ne in het lichaam en het ef ­

fect er van o p beenmergcellen te kwantificeren. 

Hoofd st uk 2 geeft ee n overz icht va n de huidiqe k e nni s inzake het 

werkingsmechanisme e n d e farmacokinetiek van Adriamycine . Dit door d e 

schimmel Streptomyces peucet i us geproduceerde cytostaticum oefe nt z ijn 

remmende werking op de celde ling uit door de tot standkomi ng va n een 

irreve r sibele b i ndinq me t de base pare n, die deel uitmaken van het DNA 

molecuul. Hierdoor wordt indi e n voldoende Adriamycine aanwez i g is de 

replicatie en splitsing van DNA , die essentieel z ijn voor de cel ­

deling, voorkomen. Het is duid e lijk dat de beschikbaarheid van Adria­

myc ine hiervoor ee n k r itische fact o r is, hetgeen duide li j k blijkt uit 

het feit dat het uiteindelijke effect zich omgekeerd verhoudt t o t de 

snelheid waarmee de stof aeme t abo liseerd word t. Dit metabolisme en de 

sne l heid er van va rieert met de toegedi ende dos i s en de diersoor t. 

Daarom z ijn verscheid ene methode s on twikkeld om het geha l te aan Adria ­

mycine in di er lijke weefsels te bepa len. Toepass ing hi ervan heeft aan­

getoond dat Adriamycine z ich sne l in de weefsels verspreidt en daar 

gedurende minstens 24 uur aantoonbaar blijft . Het ontbreekt echter aan 

gedetaill ee rde waarnemingen, betreffende de vraag of de se lecti eve 

toxiciteit van dit midde l gecorre l eerd i s met de concentraties die in 

sommige weefsels bere ikt worden. Deze vraagste lling wordt besproken en 

onderzocht in Hoofdstuk 3 . 

Tene ind e de werkel ijke s ituatie zo dicht mogelijk te benaderen, i s 

de farmaco kinetiek van Adriamycine bestudeerd in normale ratten, maar 

tevens in r a tten di e lijden aan een vorm van acute myeloide leuk e mi e 
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(BNML), die in vele opzichte n overee nk o ms ten vertoont met de mense­

lijke acute myeloide leuk e mie (Hagenbeek, 1977). Na toedi e ning van een 

dosis, die vergelijkbaar is met de klinisch gebruikte 

blijkt Adriamycine snel uit het bloed te verdwijnen en 

hoeveelheid, 

zich te sta-

pelen in o nder andere hart , longen, lever, milt , nieren en beenmerg. 

Met name in het beenmerg is gedurende lange tijd een zeer hoge concen­

trat ie aantoonbaar, hetgeen ee n verklaring kan zijn voor de waargeno­

men toxische verschijnselen in dit orgaan. Een significant verschil in 

concentratie blijkt aanweziq te zijn tussen organen afkomstig van nor ­

male en van leukemische ratten, met name als het organen betre ft 

(lever, milt, beenmerg) die in het geval van leukemische dieren ster k 

geinf iltreerd zijn door tumorcellen. Dit verschil kent twee belang­

rijke oorzaken , n.l. de specifieke eigenschappen va n leukemische cel­

l en betre ffend e de opname van Adriamycine , en veranderingen in de 

hloedvoorziening van die organen , die als gevolg van infiltratie met 

leukemische cellen sterk toegenomen zijn in celdichtheid. Daarentegen 

zijn het concentratieverloop en de maximale concentratie gelijk in 

normale en leukemisch e ratten. Dit indicee rt dat een mogelijke con~lu ­

sie inzake de geschatte concentratie in ee n orgaan niet te trekken is 

op grond van gegevens betreffe nde de plasmaconcentratie, zolang niet 

bekend is of e n hoeveel leukemische cellen aanwezig zijn binnen dat 

orqaan. 

Als aanvullend onderzoek naar de oorzaken van genoemde verschillen 

zijn in vitro exper iment en verricht inzake de gevoeligheid van hemo­

poietische en l eukem ische beenmerg- en miltcellen voor Adriamycine . 

Zoals in Hoofdstuk 4 beschreven is , blijkt een dosis-afhankelijk ef­

fect van Adriamycine te kunnen warden waargenomen. In termen van rem­

ming van d e DNA- en RNA-s yn th ese en vermindering van het aantal clono­

gene cellen blijken leukemische cellen gevoel i g te zijn voor Adriamy­

cine bij lagere concentraties dan geldt voor bemopoietische cellen. 

Dat dit ver schil te wijten is aan de specifieke gevoeligheid van de 

beide celtypes, bli jkt uit het feit dat geringe verschillen bestaan 

inz a ke de hoevee lhe id opqenomen Adriamycine in de ce ll e n . De mogelijk ­

heid om de waargenomen verschillen te gebruiken om de therapeutische 

waarde van Adriamyci ne te verhogen, wordt besproken in het licht van 

de relatie tus sen in vitro gevoeligheid e n in vivo bereikte concentra­

ties. 

In Hoofdstuk 5 wordt de ontwikkelinq besproken van een math ema ­

tisch model voor de in vivo distributie van Adriamycine in de rat. Dit 

model is noodzakelijk gebleken aangezi e n complexe pharmacokinetische 

gegevens moeilijk te interprete ren zijn, indien geen indruk aanwezig 

is omtrent de onderlinge relaties van concentrat iever lopen in ver -
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sch ill e nde oroanen (= compartimenten). Het hier besproken model ke nt 

10 verschille nd e compartimente n, waarin het concentratiever loop va n 

Adriamycine berekend wordt vanuit de wiskundige benadering dat alle 

co mpartimenten met elkaar samenha ngen en elkaar beinvloeden. Dit 

nieuwe concept is uitgewerkt met be hul p van systeemidentificatie- en 

scha ttingstheorien op een digitale computer. De nauwkeurigheid van 

voorspelde concentraties, en hun ver loop in tijd, ten opzichte van de 

waarge nomen concentraties is met toepassing van genoemde technieken 

aanzienlijk groter dan met conventio nel e multi compartime ntenmodellen. 

De waarde van deze benadering li gt tevens in de ee nvoudi gere toepas­

sing in de klinische situatie en in het vergelijkbaar maken van proef­

diergegevens met die van de mens. 

In Hoofdstuk 6 worden de resultaten in samenhang besproken en 

wordt voorz ichtig gespeculeerd over de mogelijke klinische toepas­

sinqen. 
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