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THE ARTICLE of Kcycs e! al. [l] sets out to study 
in rlitro the nature of Adriamycin (ADR)-induced 

alterations in calcium homeostasis in L1210 
murine leukaemia cells. At drug concentrations of 
5 and 10 PM intracellular calcium concentrations 
were elevated by 29% and 46%, respectively, but 

only after continuous exposure with drug for 4 h. 
Less than 4 h (a 2 h exposure) no effect was evi- 
dent; greater than 4 h (a 6 h exposure) the effect 
appeared to be recovering back to baseline. Con- 
crntrations of 5 and 10 PM ADR were chosen 
brcausc they were considered to be in the pharma- 
cologically relevant cytotoxic range, albeit at the 
upper limits. I t n raccllular calcium may contribute 
to cytotoxicity when concentrations arc changed 
beyond tolerable thresholds [ 11. If intracellular cal- 
cium does have a role in the clinical pharmacolog) 
of ADR then clearly well defined levels of the drug 
must br maintained for a critical period of time 
close to or within actual deposits of tumour cells. 
Arc these concentrations achieved or achievable 
clinically? In this commentary we will address this 
question, with its broader implication for many of 
the pharmacologic effects of ADR described in uitro. 

and discuss the relationship between known phar- 
macokinctic behaviour and known pharmacologic 
effect where a reasonable link has been established 
clinicall).. 

METHODS OF ANALYSIS-PROBLEMS 
AND LIMITATIONS 

ADR presents many problems for the analyst 

because of unique physico-chemical properties and 

precautions must be taken in order to prevent 
serious loss of the drug and its metabolites during 
analysis. ADR is chemically reactive, chemically 
unstable, and is sensitive to photo-degradation by 
light, acid catalysed hydrolysis and rapid hasc 
catalyscd chemical decomposition. It can bind to 
inert materials such as glass vessels, tissue culture 

plastic, cellulose ester membranes and poly- 
tetrafluoroethylene (PTFE) filters [2] as well as 
forming chemical complexes with proteins, nucleic 
acids, phospholipids, amino acids, nucleotidcs, 
biogenic amines and itself. Repeated stability 
studies have consistently produced very diffcrcnt 
results, despite using similar experimental con- 
ditions (e.g. 35 min to 14 h for 5% decomposition 

at room lighting and tempcraturc) 121. One expla- 
nation for this large discrepancy is that diffcrcnt 
methods of analysis are used to mcasurc the drug 
[most commonly fluorcsccncc VS. U.V. absorption 
plus or minus high performance liquid chrotnatog- 
raphy (HPLC)]. Whilst ADR can hr drtrctcd with 
superb selectivity and sensitivity by fluorescence. 
it degrades to many non-fluorcsccnt products and 
intermediates, each with a unique u.v.-visible 
absorption spectrum. An extremely versatile ana- 
lytical technique is rcquircd to dctcrminc ADR 
accurately. 

WC have cxaminod drug purit) in patient spcci- 
mcns hy HPLC with computer-controlled diode 
array high speed scanning spcctrophotom~tric 
detection (DAD), a technique which is capahlr of 
measuring simultaneously ADR. non-Auorcsccnt 
degradation products, chemical intrrmcdiatcs and 
drug complexes [ 31. Blood (plasma or strum) con- 
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tained ADR in pure form, However in urine, tissue 
and tumour biopsy specimens, impurities were 
identified co-eluting with the drug and evidence of 
chemical complexation was apparent. 

Simple solutions of ADR require no sample 
preparation but complex mixtures including blood, 
urine, tissue/tumour biopsies, tumour cells, tissue 
culture medium and enzymic incubations require 
extraction of the drug to reduce or eliminate inter- 
fering impurities. Weak interactions between ADR 
and cellular macromolecules (protein and DNA) 
may be broken by pretreatment of specimens with 
silver nitrate [4]. However a varying fraction 
remains covalently bound to tissue components 
and can never be extracted under any conditions. 

HUMAN PHARMACOKINETICS-THE 
RELATIONSHIP TO RESPONSE AND 

TOXICITY 
After i.v. administration of a therapeutic dose of 

ADR to patients (30-60 mg/m2) plasma drug 
levels fall (by rapid exponential decline, 
t+< 10 min) from theoretically extrapolated zero 
time concentrations of 2-6 pM to level off at 
20-50 nM by 1-4 h as equilibration with tissues 
occurs. The drug then enters its slow elimination 
phase with terminal half life ranging from 20-40 h. 
Thus plasma concentrations of 5-10 pM are 
rarely achieved and never maintained clinically. 

Several factors are known to modulate the 
human pharmacokinetics of ADR, the most 
important of these being liver function status. With 
the hepatobiliary pathway generally being 
regarded as the major route of excretion of ADR 
and its metabolites in man, impaired liver function 
leads to deranged pharmacokinetics with the possi- 
bility of severe toxicity to the host due to an 
inability to clear the drug. Other modulating fac- 
tors include age, dose, concomitant drug treatment 
and prior exposure to drug, the latter resulting in 
marked alterations in blood concentrations. 

Bone marrow and GI-tract toxicity appear to be 
directly related to blood concentrations of ADR. 
Amelioration of these toxicities is achieved without 
loss of activity by either dose reduction to a 
6-20 mg/m2 weekly i.v. regime or rescheduling to 
a low dose infusion [5]. ADR-induced cardio- 
toxicity has been more closely linked to repeated 
drug treatment, limiting its administration to a 
recommended safe cumulative dose of 550 mg/m2. 
Dose alterations similar to those mentioned above 
are also effective in reducing this unique toxicity, 
making it possible to exceed the above limit. In all 
these cases the belief is that toxicity is more related 
to peak plasma ADR concentrations rather than 
long terminal half life or area under the curve. 

Clearly peak blood levels are important in deter- 
mining ADR cardiotoxicity but other factors 

a) Cl3 carbonyl reduction : alcohol 

b) Ouinone reduction : hydroquinone/seni-+inme 

c) Reductive CleeVeQe of c7 QlYCOSide bond : 7-deoxya~tyca 

d) Hydrolytic Cleavage Of c7 QfYCOSide bond : 7- hydroxyaglyccme 

Fig. 1. Pathways of Adriamycin metabolism in man. 

appear to be involved as well. Some patients show 
objective signs of cardiotoxicity after as low a 
cumulative dose as 200 mg/m2 whilst others can 
exceed the safe limit without any adverse effects 

[61. 
Attempts have also been made to relate ADR 

pharmacokinetics or blood concentrations at fixed 
time points to the outcome of response but these 
have been mostly unsuccessful [7, 81. 

HUMAN DRUG METABOLISM-THE 
RELATIONSHIP TO RESPONSE AND 

TOXICITY 
The major metabolite of ADR, which is consist- 

ently detected in patient plasma, is the Cl3 car- 
bony1 reduced alcohol referred to as adriamycinol 
(AOL, Fig. 1). F ormed by a ubiquitously distrib- 
uted group of cytoplasmic aldo-keto reductase 
enzymes (activity also present in erythrocytes), 
AOL retains cytotoxicity but to a lesser degree 
than ADR. However, it remains an important 
metabolite because of its longer apparent half life 
which is also more sensitive to liver function status 
than ADR. After a therapeutic dose of ADR, peak 
AOL levels occur early on (5-15 min) and rarely 
exceed 200 nM but terminal half lives can extend 
out to 50 h [9]. 

Conjugate metabolites (a 4-0-sulphate and 4- 
0-glucuronide) have been positively isolated and 
identified in patient urine using TLC [lo] but 
their presence in plasma awaits confirmation by 
newer, more sensitive HPLC methods. 

Removal of the daunosamine sugar group can 
occur at two points, by two different mechanisms, 
to produce aglycone metabolites of ADR (Fig. 1). 
7-Hydroxyaglycones are formed by hydrolytic 
cleavage which occurs in vitro by acid catalysed 
hydrolysis or, possibly, in uivo by microsomal 
hydrolyases. 7-Hydroxyaglycones of ADR can arte- 
factually appear on TLC plates due to the acidic 
action of the silica gel on the glycosidc bond [ 111. 
On the other hand 7-deoxyaglycones cannot be 
formed in vitro. They are produced by reductive 
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Table 1. Tissue and tumour concentration equivalents of Adriamycin in man 30 min after 25 mg/m2 i.v. 

Tumour (bmolesikg) Normal tissue (p,moles/kg) 

Breast carcinoma* 1.4 I.iver 9.6 

Gastric carcinoma 1.1 Gastric mucosa 2.3 
Colorectal carcinoma 0.3 Colorectal mucosa 0.6 
Axilla node tumour nodules 0.1 Lung 1.1 

Spleen 0.3 

Serum 0.3t 

*Data adapted from Ref. [131, S.D. not included for clarity (TI = 36 patients in total). 
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t)LMolar. 

glycosidic cleavage from either the semi-quinone 
free radical or fully reduced hydroquinone inter- 
mediate after one or two electron reduction of the 
quinone nucleus (Fig. 1). Both these intermediates 
plus further short lived radicals and reactive inter- 
mediates (including a superoxide free radical) 
evolved during intra-molecular chemical rc- 
arrangements can participate in the anti-cancer 
action and cardiotoxicity of the drug, if produced 
locally. 

Several pieces of circumstantial evidence suggest 
that the active cardiotoxic form of ADR is not the 
parent drug itself but these free radical products 
of quinone bioreduction. The presence of 7-deoxy- 
aglycone metabolites in patient urine has been 
cited as proof for the formation of ADR free rad- 
icals in man [ 121. From this point of view 7-deoxy- 
aglycones may be important markers of clinical 
pharmacologic activity. Two have recently been 
identified in patient serum and their pharmaco- 
kinetics described [9]. These are the 7-deoxyagly- 
cone of ADR (ADR-DONE) and AOL (AOL- 
DONE), and marked inter-patient variations are 
observed in their kinetic behaviour. In 4125 pati- 
ents peak serum concentrations of AOL-DONE 
(10-30 nM) occurred 4-8 h after drug adminis- 
tration. In 9/25 patients peak serum concen- 
trations of AOL-DONE (10-200 nM) occurred 
during the first hour, and in 12125 patients the 
metabolite was not detected. Only the two patients 
who had unexpectedly high levels of circulating 7- 
deoxyaglycones (AOL-DONE, 200 nM) experi- 
enced problems with early drug-induced heart 
failure (after less than a total cumulative dose of 
300 mg/m’), suggesting that their appearance in 
blood may herald the development of cardio- 
toxicity. 

DISPOSITION AND METABOLISM IN 
TARGET ORGANCTHE RELATIONSHIP 

OF TISSUE CONCENTRATIONS TO 
RESPONSE AND TOXICITY 

Table 1 contains the range of ADR concen- 
tration equivalents achieved in human tissues and 
turnouts 30 min after iv. administration of 25 mg/ 

m2 [ 131. These data require further clarification; 
the question being how close are these values to 
plateau levels? If a plateau is reached in different 
tissues and tumours at completely different times 
then the figures in Table 1 are not directly compar- 
able, nor representative of what can actually be 
attained. Human pharmacokinetic studies and 
animal disposition studies are in agreement that 
well perfused tissues (like liver, heart and lung) 
reach equilibrium with blood-borne drug quickly, 
whilst it takes l-3 h to reach equilibrium in solid 
tumours. Thirty minutes is the ideal time at which 
to monitor since both tissue and tumour drug con- 
centrations represent between 60-100% of their 
maximum values. 

Tumour biopsy drug levels at 30 min correlate 
strongly (T = 0.95) with known percentage 
response rates to single agent ADR chemotherapy 
[ 131. No convincing evidence has been found for 
ADR metabolism by human tumours. 

Returning to the central question of this com- 
mentary, are sustained levels of 5-10 p,M ADR 
possible in human tumour cell deposits after 
administration of a therapeutic dose? The answer 
is probably no, based on the figures in Table 1 
and accepting their validity as representing plateau 
concentrations. 

At this point a cautionary note is due regarding 
Table 1. ADR is well known to penetrate only 
poorly solid tumour cell masses. From studies of 
drug uptake into avascular ascites tumour cell 
colonies and tumour cell spheroids, the majority 
of ADR appears to be confined to the outermost 
4-6 layers of cells. Whilst the figures in Table 1 
represent a gross value for approx. 1 g of biopsy 
material, higher concentrations may exist within 
the biopsy in localized regions close to blood 
vessels. 

In human liver biopsies two metabolites are 
prominent: AOL-DONE and ADR-DONE, the 
two 7-deoxyaglycone mctabolitcs of ADR which 
also appear in serum. Interestingly enough adri- 
amycinol is never detected in liver. Consistent with 
the plasma/serum pharmacokinetics of 7-deoxya- 
glycones there is a marked inter-patient variation 
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in their liver concentrations (AOL-DONE, 
0.5 Fmoles/kg tissue + 0.9). These data support 
our contention that a genuine difference exists in 
the way in which individual patients biotransform 
ADR to 7-deoxyaglycones and that this difference 
also manifests itselfin plasma [9]. 

Murine models confirm that ADR cardiotoxicity 
is directly associated with the appearance of high 
levels of 7-deoxyaglycones in the heart itself. Here 
a close link between rate of formation and sub- 
sequent elimination from the heart and serum 
pharmacokinetics has been established [ 14, 151. 
From the same studies it is also evident that serum/ 
plasma pharmacokinetics of ADR do not reflect 
its rate of uptake into and elimination from solid 
tumour cell masses, which may explain the lack of 
success of clinical pharmacokinetic trials in trying 
to correlate response to plasma drug levels [7, 81. 
The uptake of ADR into and elimination from 
solid tumours occurs more slowly than in normal 
tissues like liver and heart (90 min to achieve 
maximum concentration compared with 10 min 
for liver and heart, tllP 30 h compared with 13 h 

for liver and 9 h for heart) [ 141. 

SUMMARY 
In attempting to describe the human pharma- 

cology of ADR, one is aware of the gaps in our 
knowledge and shortcomings of the available data. 
Nevertheless, such information is essential if we 
are ever to be able to convert rationally in vitro 

observations into clinical pharmacologic effect or, 
as is more often the case, explain why the desired 
effect has not been produced. 

Clinical pharmacokinetic studies to-date suggest 
that there is a clear relationship between ADR 
blood levels and toxicity. No such relationship 
between ADR blood levels and therapeutic 
response has been shown. The 7-deoxyaglycone 
tissue metabolites of ADR, which also appear in 
blood, may be more closely related to ADR cardio- 
toxicity and therefore may provide a better 
pharmacokinetic marker of its development. It 
appears that the only accurate pharmacokinetic 
indicator of response is the level of drug in the 
tumour itself. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

8. 

9. 

10. 

11. 

12 

13. 

14. 

15. 

REFERENCES 
Keyes SR, Hickman JA, Sartorelli AC. The effects of adriamycin on intracellular calcium 
concentrations of Ll210 murine leukaemia cells. Eur J Cancer Clin Oncol 1987, 23, 
295-302. 
Bosanquet AG. Stability of solutions of antineoplastic agents during preparation and 
storage for in vitro assays. II. Assay methods, adriamycin and the other antitumour 
antibiotics. Cancer Chemother Pharmacol 1986, 17, l-10. 
Cummings J, Morrison JG, Willmott N. Determination of anthracycline purity in patient 
samples and identification of in vitro chemical reduction products by application of 
a multi-diode array high-speed spectrophotometric detector. J Chromatogr 1986, 381, 
373-384. 
Schwartz HS. A fluorometric assay for daunomycin and adriamycin in animal tissues. 
Biochem Med 1973, 7, 396-404. 
Smith IE. Optimal schedule for anthracyclines. Eur J Cancer Clin Oncol 1985, 21, 159-161. 
Druck MN, Gulenchyn KY, Evans WK ct al. Radionuclide angiography and endomyo- 
cardial biopsy in the assessment of doxorubicin cardiotoxicity. Cancer 1984, 53, 
1667-1674. 
Roberts J, Illiadis A, Hoerni B, Cano J-P, Durand M, Lagarde C. Pharmacokinetics of 
adriamycin in patients with breast cancer: correlation between pharmacokinetic par- 
ameters and clinical short-term response. Eur J Cancer Clin Oncol 1982, 18,739-745. 
Preisler HD, Gessner T, Azarnia N et al. Relationship between plasma adriamycin levels 
and the outcome of remission induction therapy for acute non-lymphocytic leukaemia. 
Cancer Chemother Pharmacol 1984, 12, 125-130. 
Cummings J, Milstead R, Cunningham D, Kaye SB. Marked inter-patient variation in 
adriamycin biotransformation to 7-deoxyaglycones: evidence from metabolites identified 
in serum. Eur J Cancer Clin Oncol 1986, 22, 991-1001. 
Takanashi S, Bachur NR. Adriamycin metabolism in man: evidence from urinary metab- 
olites. Drug Met Dispos 1976, 4, 79-87. 
Israel M, Pegg WJ, Wilkinson PM, Garnick BM. Liquid chromatographic analysis of 
adriamycin and its metabolites in biological fluids. J Liquid Chromatogr 1978, 1, 795-809. 
Bachur NR. Anthracycline antibiotic pharmacology and metabolism. Cancer Treat Rep 
1979, 63, 817-820. 

Cummings J, McArdle CS. Studies on the in vivo disposition of adriamycin in human 
tumours which exhibit different responses to the drug. Br J Cancer 1986, 53, 835-838. 
Cummings J, Merry S, Willmott N. Disposition kinetics of adriamycin, adriamycinol 
and their 7-deoxyaglycones in AKR mice bearing a subcutaneously growing ridgeway 
osteogenic sarcoma. Eur J Cancer Clin Oncol 1986, 22, 451-460. 
Cummings J, Willmott N, More I, Kerr DJ, Morrison JG, Kaye SB. Comparati\,e 
cardiotoxicityandantitumouractivityofdoxorubicin(adriamycin)and4’-deoxydoxorubicin 
and the relationship to in vivo disposition and metabolism in the target tissues. Biochem 
Pharmacol 1987, 36, 521-526. 


