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Summary. A direct comparison of the intracellular phar- 
macokinetics of 4'-epi-doxorubicin and doxorubicin was 
carried out in five patients with leukemia who were given 
weekly low doses of a combination of these drugs at 20 mg 
each in an i.v. injection. Blood samples were collected for 
48 h after administration and the drug concentrations in 
leukemic cells were determined by high-performance li- 
quid chromatography (HPLC). The intracellular peak 
concentrations of 4'-epi-doxorubicin were higher than 
those of doxorubicin in all patients. The AUC for the in- 
tracellular drug concentration vs time curve was signifi- 
cantly higher for 4'-epi-doxorubicin. The intracellular 
uptake and retention were also studied in vitro after incu- 
bation of isolated leukemic blast ceils with the two drugs; 
they showed the same pattern observed in vivo. We con- 
clude that 4'-epi-doxorubicin and doxorubicin exhibit dif- 
ferent pharmacokinetics in malignant cells. The therapeu- 
tic significance of this finding requires further evaluation. 

Introduction 

Anthracycline antibiotics are effective in the treatment of 
leukemia and many solid tumors. Their clinical use is re- 
stricted by acute bone marrow toxicity and chronic cumula- 
tive cardiotoxicity [8]. A number of analogues of daunoru- 
bicin and its 14-hydroxy derivative doxorubicin have been 
synthetized with the aim of reducing toxicity and thereby 
increasing the therapeutic index. One of these analogues, 
4'-epi-doxorubicin, is an epimer of doxorubicin in which 
the hydroxyl group at position 4 of the amino sugar has 
been rotated from the L-lyxo configuration of doxorubicin 
to the L-arabino configuration. 

Plasma pharmacokinetic studies [4, 5, 17, 21] have 
shown a similar pattern but suggest a higher distribution 
volume and faster elimination for 4'-epi-doxorubicin than 
for doxorubicin. Another difference is that higher concen- 
trations of glucuronides of 4'-epi-doxorubicin and its 
13-dihydro metabolite are found in plasma and urine com- 
pared with doxorubicin concentrations [5, 17, 21]. From 
studies in animals [6] and patients [3, 6, 7, 20], there are in- 
dications of lower myelotoxicity and chronic cardiotoxici- 
ty for 4'-epi-doxorubicin than for doxorubicin. It has also 
been reported that 4'-epi-doxorubicin may have clinical 
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activity in a wider spectrum of solid tumors [3, 7]. Clinical 
phase I-II  studies have shown activity for 4'-epi-doxorubi- 
cin against acute leukemias [18], but there have been no 
randomized studies comparing the antileukemic effect of 
this drug to that of doxorubicin. The effect of 4'-epi-doxo- 
rubicin on solid tumors appears to be comparable to that of 
doxorubicin, but some reports [3, 7] have indicated an ef- 
fect for the former on doxorubicin-resistant tumors as 
well. 

In previous studies [13] we have found that there is no 
simple relationship between the concentration of anthra- 
cyclines in plasma and that in tumor cells. The uptake and 
retention of cytostatic drugs in the malignant cells are 
probably decisive for the clinical effects. The objective of 
this study was therefore to compare simultaneously the in- 
tracellular pharmacokinetics of doxorubicin and 4'-epi- 
doxorubicin in tumor cells from patients with acute leuke- 
mia to investigate as to whether differences could be found 
that might be important for the clinical effects of the two 
drugs. 

Patients and methods 

Patients. After informed consent had been obtained, phar- 
macokinetic studies were carried out in five patients, four 
of whom had acute nonlymphoblastic leukemias that were 
not considered suitable for standard intensive chemothera- 
py. Two patients had undergone relapses after previous 
therapy that had included anthracyclines, one had leuke- 
mia secondary to alkylating agents, and one had a blast 
crisis of chronic myeloid leukemia. An additional patient 
was initially diagnosed as having acute lymphocytic leuke- 
mia, but after reevaluation the diagnosis was changed to 
chronic lymphocytic leukemia. The latter three patients 
had not previously received anthracyclines. No obvious 
hepatic or renal dysfunction was observed in any of the 
patients: mean serum alanine aminotransferase was 
0.33 txK/1 (range, 0.19-0.60 ~tK/1; ref: <0.70 IxK/1), and 
mean serum creatinine was 96 p, mol/1 (range, 
49-136 gmol/1; ref: < 115 p~mol/l). 

Drug treatment. One patient (number 2 in Table 1) re- 
ceived doxorubicin and 4'-epi-doxorubicin at 30 mg/m 2 
each as the starting dose in a reinduction therapy follow- 
ing relapse. The other four patients were treated with 
weekly injections of 20 mg doxorubicin (Adriamycin) 
mixed with 20mg 4'-epi-doxorubicin (Farmorubicin; 
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Farmitalia, Carlo Erba, Milan, Italy) followed by a flush 
with physiologic saline. All patients received at least two 
consecutive courses. 

Blood sampling. Peripheral blood was collected in heparin- 
ized vacuum tubes before, immediately after, and at 
1A, 1, 2, 4, 12, 24, and 48 h after the injections. The sam- 
ples were immediately put in an ice bath and thereafter 
handled at 4°C. Leukemic cells (80%-90% pure; >90% 
trypan blue-excluding) were separated (400 g for 20 rain) 
on Lymphoprep (Nyegaard & Co; Oslo, Norway: specific 
weight, 1.067) and then washed twice in phosphate-buf- 
fered saline [PBS (pH 7.4); 1000 g for 10 min). The plasma 
and the leukemic cells were frozen and stored at - 2 0 ° C  
until analyzed. 

In vivo anthracycline assay. Plasma and intracellular con- 
centrations of doxorubicin and 4'-epi-doxorubicin were 
determined by high-performance liquid chromatography 
(HPLC) [2]. Cell samples were thawed and sonicated for 
20 s at 50 W with a Branson B-12 sonicator (Branson Sonic 
Power Company; Danbury, Conn). A 0.4-ml aliquot of 
cell sample or plasma was added to 0.2 ml 0.1 M borate 
buffer (pH 9.3) containing 0.2 txM daunorubicin as an in- 
ternal standard. The anthracyclines were extracted with 
1.8ml chloroform/methanol (4:1 vol/vol). A 200- to 
500-~tl aliquot of the organic phase was injected into the 
model U6-K injector (Waters Associates; Milford, Mass). 
The Lichrosorb Si-60 column (Hibar, 25 cm x 4  mm; E. 
Merck, Darmstadt, FRG) was eluted by a mixture of 
chloroform, methanol, glacial acetic acid, and 0.3 m M  
MgC12 (720:210:20:30 by vol.) at a flow rate of 1.5 ml /  
rain. The flow rate was maintained with a Waters Asso- 
ciates chromatography pump. The column outlet was 
connected to a Gilson model FL-1B fluorometer (Gilson 
Medical Electronics; Middleton, Wis) and the fluores- 
cence (excitation and emission wavelengths, 480 and 
560 nm; respectively) signal, integrated by a Chromatopac 
data processor (Shimadzu Seisakusho Ltd; Kyoto, Japan). 
The retention times were 3.3 min for daunorubicin, 
3.9 min for 4'-epi-doxorubicin, and 4.3 min for doxorubi- 
cin. The detection limit of the system is about 0.2 pmol, 
corresponding to a sample concentration of 0.5 nM. Intra- 
cellular drug concentrations were related to the amount 
of cell protein in the sample, determined according to 
Lowry et al. [11]. 

In vitro incubation. After separation and washing, leuke- 
mic cells from three patients were separated and resuspend- 
ed to 5 × 105 cells/ml in RPMI 1640 supplemented with 
10% fetal calf serum and 1% glutamine. Doxorubicin and 
4'-epi-doxorubicin were diluted in PBS to 10 times the in- 
cubation concentrations. Then 1.8 ml cell suspension was 
incubated at 37 ° C with 0.2 ml anthracyclines to final con- 
centrations of 0.5 g M  (cells from three patients) and 
1.0 ttM (cells from two patients) in a gently shaking bath. 
After 3 h incubation, when steady-state concentrations 
were achieved, the cells were centrifuged (400 g for 10 
rain) and resuspended in the same (but fresh) culture me- 
dium. The cells were cultured in a humidified incubator at 
37°C and 5% CO2 (ASSAB, T-303); 2-ml samples were 
taken daily up to 3 days after incubation, washed twice in 
ice-cold PBS, and frozen until analyzed. All incubations 
were carried out in duplicate. 

In vitro anthraeycline assay. After thawing, the cells were 
sonicated as described above and the drugs were extracted 
with trichloroacetic acid (TCA) (27%). The drugs were 
assayed by photofluorometry using a Shimadzu spectroflu- 
orometer model RF-510 (excitation and emission wave- 
lengths, 485 and 560 nm, respectively). Anthracycline con- 
centrations in each sample were determined by compari- 
son with identically treated standard solutions and related 
to the amount of cell protein. 

Drug interaction study. Cells from two patients were incu- 
bated in duplicate as described above with doxorubicin 
and 4'-epi-doxorubicin at a concentration of 0.5 lxM sepa- 
rately and in combination. The intracellular drug concen- 
trations were determined by HPLC in samples taken im- 
mediately after the incubation. With cells from one of the 
patients, samples were also taken after 23 h further cultiva- 
tion in drug-free medium. 

Pharmacokinetic evaluation. The tl/2 for intracellular drug 
concentrations was obtained by least-squares linear regres- 
sion analysis of the terminal log intracellular concentra- 
tion vs time curves. The AUC for intracellular drug con- 
centrations vs time was calculated using the trapezoidal 
rule. 

Statistical evaluation. For statistical comparison of tl/2, 
peak concentrations, and AUC, Student's t-test for paired 
data was used. 

Results 

Pharmacokinetics. The pharmacokinetics of doxorubicin 
and 4'-epi-doxorubicin in leukemic cells are shown as the 
mean for all patients in Fig. 1 and for each patient in 
Table 1. No reduced metabolites were detected intracellu- 
lady. The mean intracellular peak concentration for all pa- 
tients was 0.042 nmol /mg cell protein for doxorubicin, 
compared with 0.065 nmol /mg cell protein for 4'-epi-doxo- 
rubicin. This difference was not statistically significant 
(P _< 0.1), although the maximal uptake of 4'-epi-doxorubi- 
cin was consistently higher in all patients. Mean tl/2 values 
for the decline in intracellular drug concentration were 
shorter for 4'-epi-doxorubicin than for doxorubicin, being 

nmol authracycline/ 
mg cellptotelu 

0.2 

0.04 

0.O2 

0.01 . 24 4~ h, 

Fig. 1. Intracellular uptake and retention of doxorubicin (doN, 
lower curve) and 4'-epi-doxorubicin (epi, upper curve) in vivo 
(mean + SD of five patients) 



Table 1. Intracellular in vivo pharmacokinetics of doxorubicin 
(dox) and 4'-epi-doxorubicin (epi) in five patients with leukemia 

Patient Peak concentration AUC/48 h 
(nmol/mg protein) (nmol/mg per hour) 

dox epi dox epi 

1 0.026 0.044 0.671 1.306 
2 0.038 0.054 0.944 1.612 
3 0.060 0.077 0.688 0.638 
4 0.050 0.068 1.078 1.736 
5 0.041 0.139 1.872 2.552 

51 and 115 h, respectively (P < 0.1). Since 4'-epi-doxorubi- 
cin exhibits higher peak concentrations, the intracellular 
concentrations of that drug remained consistently 
higher than those of doxorubicin in three patients through- 
out the 48-h study. In the remaining two patients the con- 
centrations of doxorubicin exceeded those of 4'-epi-doxo- 
rubicin within 8 and 20 h, respectively. 

The AUC for intracellular drug concentration vs time 
for the 48 h after injection was significantly higher for 
4'-epi-doxorubicin than for doxorubicin (P _< 0.025). The 
mean values for the AUC during 48h were 1.05 and 
1.57 nmol/mg cell protein per hour for doxorubicin and 
4'-epi-doxorubicin, respectively; when extrapolated to in- 
finity, this difference was eliminated. The mean values for 
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Fig. 2. Intracellular uptake and retention of doxorubicin (dox) 
and 4'-epi-doxorubicin (epi) in vitro [mean and range in cells 
from three (0.5 gM) and two patients (1.0 gM)] 
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total AUC were 3.49 and 2.86 nmol/mg cell protein per 
hour for doxorubicin and 4'-epi-doxorubicin, respectively 
(not significant). However, due to the very long tl/2 of the 
drugs, such extrapolation is hazardous, resulting in 62% of 
the total area for doxorubicin and 37% for 4'-epi-doxo- 
rubicin being under the extrapolated (not studied) curve. 
The plasma peak concentration was 0.36 + 0.34 ~tM (mean 
+ SD) for doxorubicin and 0.39 _+ 0.29 p~M for 4'-epi-doxo- 
rubicin; both drugs showed biphasic elimination kinetics. 
Due to the low drug concentrations in plasma, it was im- 
possible to make an accurate calculation of the [3-slope 
and thus of other plasma pharmacokinetic parameters. 

In vitro drug uptake and retention 

The accumulation and retention of doxorubicin and 
4'-epi-doxorubicin by leukemic cells incubated with either 
0.2 ~tM or 0.5 ttM drug is shown in Fig. 2 and Table 2. In- 
tracellular peak concentrations of 4'-epi-doxorubicin ex- 
ceeded those of doxorubicin. The mean uptake was 
0.82 nmol/mg cell protein for doxorubicin compared with 
1.23 nmol/mg cell protein for 4'-epi-doxorubicin at an in- 
cubation concentration of 0.5 ~tM and 1.46 compared with 
3.05 nmol/mg cell protein at 1.0 btM. Both anthracycline 
derivatives exhibited the same retention pattern in vitro as 
in vivo. The AUC for intracellular drug concentration vs 
time was 65% higher for 4'-epi-doxorubicin than for doxo- 
rubicin at both concentrations. 

Drug interaction 

The intracellular concentrations of doxorubicin in cells 
from two patients were 0.73 and 0.76 nmol/mg protein at 
the end of the cells' incubation with doxorubicin alone, 
compared with 0.72 and 0.76 nmol/mg protein after incu- 
bation with both drugs in combination. For 4'-epi-doxoru- 
bicin the corresponding values were 1.05 and 1.09 nmol/ 
mg protein when the cells were incubated with that drug 
alone, compared with 0.97 and 0.93 nmol/mg protein after 
incubation in combination with doxorubicin. After 23 h 
further cultivation in drug-free medium, the intracellular 
concentrations of doxorubicin and 4'-epi-doxorubicin 
were 0.33 and 0.64 nmol/mg protein, respectively, after in- 
cubation with the single drugs compared with 0.33 and 
0.53 nmol/mg cell protein after incubation with the drugs 
in combination. 

Discuss ion 

4'-Epi-doxorubicin is an anthracycline analogue that dif- 
fers from doxorubicin by an altered stereoisomeric config- 
uration of a hydroxyl group in the amino sugar moiety. 

Table 2. Intracellular in vitro pharmacokinetics of doxorubicin (dox) and 4'-epi-doxorubicin (epi) in cells from three patients with acute 
leukemia 

Patient Incubation concentration Peak concentration AUC/72 h 
(p.M) (nmol/mg protein) (nmol/mg per hour) 

do× epi dox epi 

6 0.5 1.25 
7 0.5 0.49 
8 0.5 0.73 
6 1.0 1.50 
8 1.0 1.42 

1.40 24.1 32.9 
0.85 17.5 31.2 
1.45 49.0 81.7 
3.60 54.1 94.9 
2.50 103.0 166.0 
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There are no conclusive results about the clinical effects of 
4'-epi-doxorubicin compared with doxorubicin in the 
treatment of acute leukemias [18]. In a previous study [10], 
a comparison of the plasma pharmacokinetics after simul- 
taneous injections of doxorubicin and 4'-epi-doxorubicin 
showed a reduced AUC and slightly reduced peak concen- 
trations for 4'-epi-doxorubicin. Other studies [4, 5, 17, 21] 
have also indicated differences between the two drugs, 
with a somewhat shorter terminal half-life and a higher ap- 
parent volume of distribution for 4'-epi-doxorubicin. 

The aim of the present study was to compare pharma- 
cokinetically the uptake and retention of 4'-epi-doxorubicin 
and doxorubicin by malignant cells. After mixtures of 
4'-epi-doxorubicin and doxorubicin had been injected into 
patients, blood samples were taken and the two drugs were 
separated and quantitated by HPLC. With this technique it 
was possible to offset interindividual as well as time-to- 
time variations, thus making full use of a limited patient 
material. On the other hand, there is a possibility that the 
results could be influenced by drug interaction. Because of 
the close similarity of the molecular structure of the two 
drugs, it is likely that they are transported in and out of 
cells by the same mechanisms. As the cellular uptake of 
anthracyclines in relation to surrounding concentration is 
linear within a wide range of concentrations [12], interac- 
tion of drug uptake is unlikely; this was supported by our 
in vitro uptake study. 

The intracellular drug concentrations in leukemic cells 
were around 200 times higher than plasma concentrations, 
which is in accordance with our previous findings for 
daunorubicin, assuming that a cell volume of 5 gl corre- 
sponds to 1 mg cell protein [15]. In leukemic cells 4'-epi- 
doxorubicin and doxorubicin appeared to differ in terms 
of their pharmacokinetic properties. The area under the in- 
tracellular drug concentration vs time curve during the 
48 h after drug administration was significantly higher for 
4'-epi-doxorubicin. We observed a tendency for cells to ac- 
cumulate 4'-epi-doxorubicin at higher concentrations 
(P < 0.1), and the intracellular retention time was shorter 
for this drug than for doxorubicin. 

To evaluate whether these in vivo findings were mainly 
due to differences in liver metabolism and excretion of the 
drugs, the accumulation and retention of 4'-epi-doxorubi- 
cin and doxorubicin in leukemic cells derived from two 
additional patients were studied in vitro. The retention 
curves obtained with cultured cells showed patterns simi- 
lar to the in vivo curves. These results indicate that the ob- 
served differences are most likely manifested at the cellu- 
lar level. The pKa of the amino group of doxorubicin is 
8.34 compared with 8.08 for 4'-epi-doxorubicin [9]; this 
can affect the membrane binding. 4'-Epi-doxorubicin has 
a higher lipid solubility (relative lipophilicity, 0.19, com- 
pared with 0.16 for doxorubicin [19], which can increase its 
transport across membranes. The affinity to DNA is some- 
what lower for 4'-epi-doxorubicin than for doxorubicin [9]. 
Altogether, these factors cause a higher initial uptake and 
a lower intracellular retention of drug; our results indicate 
that this is also the case under in vivo conditions. 

The initial uptake of 4'-epi-doxorubicin and doxorubi- 
cin in tumor cells was recently studied in patients with gas- 
trointestinal cancer who, prior to laparatomy, received 
10 mg doxorubicin immediately followed by the same 
amount of 4'-epi-doxorubicin [16]. Despite the intracellu- 
lar concentration of 4'-epi-doxorubicin being higher than 

that of doxorubicin in five of six biopsies, the authors did 
not conclude that there was a difference in accumulation 
between the two drugs. In contrast to the present study, 
their results were based on single biopsies and no conclu- 
sions about the retention or the AUC could be made. 

In a previous study we found pronounced differences 
in the in vivo pharmacokinetics of daunorubicin and doxo- 
rubicin in leukemic cells [15]. Daunorubicin had a much 
higher initial uptake and a quicker elimination from the 
tumor cells than doxorubicin. We proposed that these dif- 
ferences might be important for their differences in clini- 
cal spectrum. The long intracellular retention of doxorubi- 
cin might be a prerequisite for its activity against solid tu- 
mors; in this respect 4'-epi-doxorubicin behaves more like 
doxorubicin. Although there was a tendency toward a 
more rapid elimination of 4'-epi-doxorubicin during the 
first 48 h, the AUC for intracellular drug concentrations vs 
time was higher for 4'-epi-doxorubicin than for doxorubi- 
cin during this period. The therapeutic significance of this 
is not clear, but in vitro studies indicate that the cell-killing 
capacity of an anthracycline is proportional to the product 
of the drug concentration and time [1]. Furthermore, in a 
recent study [14] we showed that, compared with free doxo- 
rubicin, complex binding of doxorubicin to DNA gave 
higher intracellular concentrations and that this was corre- 
lated to significantly improved survival in patients with 
acute leukemia. However, it is feasible that the higher ini- 
tial AUC for 4'-epi-doxorubicin is offset by the tendency 
to a more rapid elimination of the drug from the leukemic 
cells. Due to the pronounced intracellular retention of 
both 4'-epi-doxorubicin and doxorubicin, it was impossi- 
ble to make an accurate estimation of the infinite area for 
the drugs. 

Our results suggest that there are differences in the 
pharmacokinetics of doxorubicin and its stereoisomer 
4'-epi-doxorubicin in malignant cells. The significance of 
this finding for the toxic and antitumor effects of 4'-epi- 
doxorubicin should be further evaluated. 
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