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Abstract-The metabolism of doxorubicin (A), 4’-epidoxorubicin (E) and 4’- 
deoxydoxorubicin (D) was studied in vitro by incubating the analogs with rat liver 
subcellular fractions and in vivo by chromatographic analysis of human urine. 
Metabolites were identified by high-pressure liquid chromatography, fluorescence 
spectroscopy and enzymatic conversion. Human urine contained unchanged drug 
as well as the corresponding alcohol netabolites in all cases; however, urine of 
patients who received E also contained two glucuronides which could not be 
detected in the urine of patients who received A or D. We have identified these 
glucuronides as 4’-epidoxorubicin glucuronide (E-Glu) and 4’-epidoxorubicinol 
glucuronide (Eol-Glu). It was concluded that the glucuronide moiety is linked to 
the daunosamine sugar at the C4’-OH position. A hypothesis is proposed that this 
glucuronidation pathway may explain the differences in pharmacokinetics and 
toxicity between E and A. Rat liver microsomes were found to convert all three 
drugs to the 7-deoxyaglycones at the same rate. Rat liver 100,000 gsupernatant war 
found to be capable of converting these drugs to their respective alcohol 
metabolites, doxorubicinol (Aol) being formed somewhat slower than 4’- 
epidoxorubicinol (Eel) and 4’-deoxydoxorubicinol (Dol). 

INTRODUCTION 
4’-EPIDOXORUBICIN and 4’-deoxydoxorubicin, 
although only slightly different in their molecular 
structure from doxorubicin, have been proposed 
as being less toxic than it but equally or more 
active. 4’-Epidoxorubicin showed reduced toxicity 
in mice [l ,2], while both 4’-epidoxorubicin and 
4’deoxydoxorubicin were less cardiotoxic in the 
rat [l, 31 than doxorubicin. Both 4’-modified 
doxorubicin analogs showed equal antitumor 
activity against L1210 in mice, 4’-epidoxorubicin 
being equally potent and 4’deoxydoxorubicin 
being more potent than doxorubicin [l]. Phase I 
and II clinical trials have indicated that 4’- 
epidoxorubicin has a pattern of acute toxicity 
including acute cardiotoxicity qualitatively 
similar to that of doxorubicin, but at equal doses, 
quantitatively lower gastrointestinal toxicity, 
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alopecia and myelosuppression, and possibly a 
broader spectrum of antitumor activity [4-71. As 
for chronic cardiotoxicity, to date only two mild- 
to-moderate and reversible congestive heart 
failures have been observed at doses of 
21100 mg/m’ in about 700 treated patients [7]. 
The difference in biological activity between 4’- 
epidoxorubicin and doxorubicin is not thought 
to be due to a difference in interaction with DNA 
[a], but may be caused by altered metabolic or 
pharmacokinetic properties [9]. Comparison of 
the pharmacokinetic and metabolic profiles of 4’- 
epidoxorubicin and doxorubicin in man revealed 
that 4’-epidoxorubicin is eliminated faster than 
doxorubicin, possibly due to a difference in 
metabolic conversion [lo]. To allow for accurate 
comparison of the metabolism of the three 4’- 
analogs, we have studied two major metabolic 
pathways, reductive deglycosidation and carbonyl 
reduction, by in vitro incubations with rat liver 
subcellular fractions. In addition we have 
analyzed urine samples of patients who received 
any one of the three drugs as single-agent therapy. 
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A: R,=H;R,=OH 

E: R,=OH; R,=H 

D: R,= H; R,=H 

MATERIALS AND METHODS 
E, Eel, D, Dol, Aol, 7-deoxydoxorubicinone 

(‘ld-Aone) and 7-deoxydoxorubicinol aglycone 
(7d-Aol) were kindly provided by Farmitalia 
Carlo Erba (Milan, Italy), doxorubicin (A), 
NADP, glycuronyl transferase (type II), 
glucuronidase (type VII) and arylsulfatase (type 
V) were obtained from Sigma Biochemicals (St. 
Louis, MO, U.S.A.) and all other chemicals were 
of analytical grade. Patients were treated in 
EORTC phase II clinical trials with A (60 mg/m2), 
E (75 and 90 mg/m2) or D (30 and 35 mg/m2) as a 
single agent by an i.v. push injection. Urine 
aliquots were collected six-hourly during 48 or 
96 hr and stored at -2O’C. 

High-pressure liquid chromatography 
A 3-pm spherical particles C-18 reverse-phase 

column (Chrompack, CPtm microspher C 18) was 
used with KHzP04 (0.05 M, pH 4,0)/CH&N, 
70:40 (v/v), as the eluent for analysis of the 
incubations (system I)[111 and with KH2P04 
(0.02 M, pH4.0)/CH,CN, 75:30 (v/v), as the 
eluent for analysis of urine samples (system II). 
The capacity factors in system I were 1.56 (Aol), 
1.76(Eo1),2.00(Do1),2.18(A),2.5(E),3.0(7d-Ao1), 
3.25 (D) and 5.6 (7d-Aone), and in system II 2.7 
(Eol-glucuronide), 4.4 (E-glucuronide), 4.7 (Aol), 
5.7 (Eol), 6.0 (Dol), 9.2 (A), 10.7 (E)and 12.3 (D). A 
fluorescence detector (Perkin Elmer, model 3000) 
was used at excitation wavelength 470 nm and 
emission wavelength 580 nm, in combination 
with an integrating system (Perkin Elmer, Sigma 
lo), for quantitation. Incubation mixtures 
(200 ~1) were extracted with 5 ml chloroform/ 
isopropanol (4:1, v/v), the organic layer was 
evaporated to dryness with air at 35°C and the 
residue redissolved in 100 ~1 methanol prior to 
injection (injection volume, 30 ~1). Urine samples 
were not extracted but heated to 37°C while 
shaking, to carefully dissolve urine precipitates, 
and injected into the HPLC system as such. All 
glassware was treated with dichlorodimethylsilane 
to minimize adsorption effects. 

Quantitation was based on integrated peak 

areas using external standards before and after 
each single series of measurements. Linear 
calibration curves were obtained for A, Aol, E, 
Eel, D and Do1 between 5 X IO-’ and 5 X IO-6 M 
with the HLPC fluorescence assay used in this 
study. The percentages of Aol, Eol and Do1 
formed were calculated for each run and the mean 
values determined for each time interval (n = 4), 
thus making the use of an internal standard 
unnecessary. Fluorescence of E-Glu and Eol-Glu 
were assumed to be equal to E and Eol 
respectively, based on the similarity of their 
fluorescence spectra and the proposed molecular 
structure of their chromophores. The extraction, 
chromatographic and fluorescent properties of 
the 7 deoxyaglycones are different than for the 
glycosides but equivalent for both ‘Id-A01 and 7d- 
Aone [ll], and do not allow linear calibration 
over a large enough concentration range. Their 
quantitation was therefore based on the parent 
drug concentration decrease and the relative 
integrated peak areas of 7d-Aol and 7d-Aone. For 
Example: 

C(t)7d-Aol = {C(O)& E or II - c(t)A, E or Ill ’ 

C(thd-Aol 

’ C(thd-Aol + c( thd-Aonel’ 

The extraction efficiencies of E and metabolites 
were found to be 72 f 1 l%, while extraction of the 
glucuronides was only 9 + 5% efficient. The 
rather low recovery of the glucuronides can be 
explained by the polarity of the glucuronide 
moiety, and hence hydrophilicity of the 
glucuronide conjugate. 

Isolation and identification of E-glucuronide (E- 
Glu) and Eol-glucuronide (Eol-Glu) 

E-Glu and Eol-Glu were isolated from human 
urine by gradient elution on a silanized silica gel 
gravitation column, followed by preparative 
HPLC separation on a reverse phase C-18 
column. Silanized silica gel 60 (Merck, 70-230 
mesh ASTM) was packed into a glass column as a 
slurry in methanol + water (1:2, v/v). After 
dilution with methanol (urine: methanol, 9:1, 
v/v) large volumes of urine of up to 2 1 could be 
brought into the column. After most impurities 
were washed away with methanol + water (9:1, 
v/v) the glucuronides could be eluted selectively 
with a gradient mixture, starting with methanol + 
water (8:2, v/v) and changing into pure methanol. 
The fractions which contained the glucuronides 
were pooled and evaporated to dryness under 
vacuum. The residue was redissolved in methanol, 
injected onto a semipreparative reverse-phase 
column (Chrompack, Lichrosorb 10 RP 18,250 X 
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12 mm) and eluted with water + acetonitrile 
(70:30, V/V). The capacity factor for E-Glu in this 
system was 5.3. The isolated glucuronides were 
pure on HPLC but decomposed on silica gel TLC 
(eluent: acetone + n-butanol + water, 5:4:1 V/V). 

Incubation of these metabolites with p-glucu- 
ronidase and arylsulfatase revealed that both 
compounds were glucuronides. 

HLPC analysis of both the glucuronides and 
their hydrolysis products showed that the more 
polar of the two is converted into Eol while the 
less polar glucuronide is hydrolyzed to E upon 
incubation with fl-glucuronidase (1000 U/ml, 
37°C). The fl-glucuronidase reaction was com- 
pleted within 1 hr at pH 6.8 and was inhibited by 
glucaro-1,4-lactone, a specific P-glucuronidase 
inhibitor [12], at a concentration of lO_’ M. 
Incubating with arylsulfatase had no effect. The 
fluorescence spectra of both glucuronides as well 
as their fi-glucuronidase hydrolysis products had 
an emission maximum at 585 mm and were 
identical with the fluorescence spectra of E and 
Eol. The nmr spectrum (Bruker, 250 MHz) of E- 
Glu in DMSO-d6 showed a doublet at 1.3 ppm 
(C5’-CH,) and a sharp singlet at 4.0 ppm 
(C4-OCH,) in addition to other peaks char- 
acteristic for E. 

In vitro experiments 
Adult male rats of the inbred strain R- 

Amsterdam were used (R/A). Their livers were 
homogenized in 1.15% KCl-0.01 M K,HPO,, pH 
7.4 (6 ml/g liver). Microsomes were prepared by 
centrifugation of the homogenate at 10,000 g for 
20 min and recentrifugation of the supernatant at 
100,000 g for 1 hr [13]. The microsomal pellet was 
washed by resuspension in fresh extraction buffer 
and recentrifugation at 100,OOOg for 1 hr. 
Incubations were carried out with 100,000 g 
supernatant and microsomes which were 
suspended in Hanks salt solution, pH 7.4, to 
obtain a protein concentration of 2.5 mg/ml, as 
determined by the Bio Rad protein assay [14]. As a 
cofactor system glucose-6-phosphate (4 mM), 
NADP (4.4 mM) and glucose-6-phosphate 
dehydrogenase (0.4 U/ml) was used. All ex- 
periments were carried out in four- or five-fold, 
and were stopped by cooling to 0°C and addition 
of the extraction medium. The total incubation 
volume was 200 ~1 per incubation and the 
concentration of anthracyclines was 2.5 X lo-6 M. 
Microsomal incubations were carried out under 
N?, since reductive glycosidic cleavage of 
anthracyclines takes place only in the absence of 
O2 [15,16]. Enzymatic reduction of the carbonyl 
moiety was mediated by the lOO,OOO-gsupernatant 
under O2 [17]. 

RESULTS 
Anthracyclines containing a carbonyl moiety at 

the 12 position are metabolized in mammals and 
by cell extracts to yield the corresponding alcohol 
metabolites. This enzymic reduction takes place 
in the cytosol and requires NADPH as a cofactor 
[17]. All three compounds studied showed 
significant ketone-alcohol metabolism in the in 
vitro rat liver incubation system used. Doxo- 

rubicin was converted into the corresponding 
alcohol 1.5 times slower than 4’-epidoxorubicin 
and 4’-deoxydoxorubicin (see Table 1). 

Reductive glycosidic cleavage of anthracyclines 
is also a major metabolic pathway in mammalian 
systems [18], but the enzymes responsible for this 
metabolic conversion are mainly localized in the 
microsomal subcellular fraction. This conversion 
is NADPH-dependent and requires anaerobic 
conditions. Thus rat liver microsomes were 
incubated with doxorubicin, 4’epidoxorubicin 
and 4’-deoxydoxorubicin in the presence of an 
NADPH generating system and in the absence of 
oxygen. Reductive glycosidic cleavage was quite 
significant, resulting in the formation of 7- 
deoxydoxorubicinone and 7-deoxydoxorubicinol 
(Table 2). No carbonyl-reduced glycosides could 
be detected, so 7-deoxydoxorubicinol must have 
been formed from 7-deoxydoxorubicinone rather 
than from the alcohol glycosides. Standard 
deviations were higher in these incubations than 
in the carbonyl reduction experiments, most 
likely because of very small amounts of oxygen 
still present in the system. 

HPLC analysis of urine of seven patients who 
received 4’-epidoxorubicin showed that in addi- 
tion to the parent drug, three major metabolites 
were present, while in urine of patients who 
received doxorubicin or 4’-deoxydoxorubicin (five 
samples each, t = 6-12 hr) only one major 
metabolite could be detected when analyzed in the 
same way (Fig. 1). The two compounds that were 
present in urine samples of all patients were 
identified as parent drug and the corresponding 
alcohol metabolite by chromatographic com- 
parison with standards. The two extra compounds 

Table 1. Formation of doxorubzcinol, ,I’-rpldoxo- 
rubicinol and 4’-deoxydoxorubiclnol aft?, lmubatzon 

of the 100,000-g supernatant of a rut lizIcy homogenate 

with 2.5 X 10m6M doxorubicin. 4’-epidoxorubiczn and 
4’-deoxydoxorubicin respectively 

Incubation 
time (min) A01 EC,1 Do1 

15 6.0 f 0.2* 8.7 + 0.1 9.5 + 0.5 
30 11.1 k 0.1 14.4 + 0.4 15.8 + 0.6 
60 20.1 + 0.2 29.5 It 0.3 29.0 t 2.0 

*Standard deviation (n ~4). 
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a 

Table 2. Formation of 7_deoxydoxorubicin, and 7-deoxy- 
doxorubicinol after incubation of rat liver microsomes with 
doxorubicin, 4’-epidoxorubicin and 4’-deoxydoxorubicin 

respectively, for 60 min under nitrogen 

Percentage of total of drug 
plus metabolites 

Compound Parent drug ‘id-Aone 7d-Aol 

Doxorubicin 5.1 + 2.0* 40.1 + 13.7 54.8 _+ 13.7 
4’-Epidoxorubicin 6.2 f 2.5 45.2 + 16.4 48.6 f 27.0 
4’-Deoxydoxorubicin 6.2 f 1.3 43.0 f 11.8 50.8 k 14.0 

*Standard deviation (n = 5). 

AOI 

A I I 
Lb?AJ 

b 

4 time 

Fig. 1. Ch~omatograms of urine (t = 6-l 2 hr) ofpatienls who 
mceiued A (a), E (b) and D (c). Explanation of the abbreviations 

and the chromatographic conditions are in the text. 

in urine of patients who received 4’-epidoxo- 
rubicin were isolated by reverse-phase gravitation 
column chromatography followed by reverse- 
phase HPLC. They were not stable on silica gel 
TLC but were pure by analytical reverse-phase 

HPLC. The nmr spectrum of the least polar of the 
two indicated that the C4-OCHJ and the C5’-CH, 
moieties were still present in the isolated 
compound. 

Incubation with fi-glucuronidase converted the 
compound with k’z2.7 (system II) to 4’- 
epidoxorubicinol and the compound with k’ = 4.4 
(system II) to 4’-epidoxorubicin, as shown by 
HPLC analysis. It was concluded that the 
metabolite with k’ = 4.4 is the glucuronic acid 
conjugate of 4’-epidoxorubicin (E-Glu) and the 
metabolite with k’z2.7 the glucuronic acid 
conjugate of 4’epidoxorubicinol. This assessment 
was in agreement with the fluorescence spectral 
identity of these glucuronides, their p-glucu- 
ronidase hydrolysis products, E and Eol. The 
glucuronidation pathway of 4’-epidoxorubicin is 
apparently different from doxorubicin, which has 
been reported to be converted to demethyl- 
deoxydoxorubicinol aglycone 4-0-P-glucuronide 
in man [19]. Incubations of rat liver microsomes 
or the 100,000-g fraction with 4’-epidoxorubicin 
(lo-’ M) in the presence of UDPGA (0.3-l .6 mM) 
and a NADPH generating system, with or 
without glucuronyl transferase (Sigma, type II, 
from rabbit liver, l-10 X lO_’ U/ml) and/or 
glucaro-1,4-lactone, did not give glucuronides in 
any significant amount. However, this may be 
due to differences in specificity depending on the 
species from which the enzyme originates. 

DISCUSSION 
Doxorubicin and the two 4’-analogs studied 

here are metabolized to the corresponding 
alcohols both in vitro (Table 1) and in zho (Fig. 1 
and Table 3). Enzymes present in the rat liver 
cytosol convert 4’-deoxydoxorubicin and 4’- 
epidoxorubicin into Do1 and Eol rspectively 1.5 
times faster than doxorubicin into Aol. Higher 
proportions of Eol were also seen in the rat in uiuo 
[9] but not in man, as reflected in the relative areas 
under the plasma concentration curves and 
cumulative urine excretion of patients receiving E 
or A (Table 3 and [lo]). Theapparent discrepancy 
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Table 3. Cumulative urine excretion (O-48 hr) as a percentage of the 
administered dose of patients receiving doxorubicin, 4’epidoxorubicin and 4’- 

deoxydoxorubicin respectively 

Percentage of the administered dose 
Aol, Eol 

Compound Parent drug and Do1 E-Glu Eol-Glu 

Doxorubicin (n = lo)* 7.5 f ‘2.57 1.8 k 0.8 - 
4’-Epidoxorubicin (n=7) 5.9 f 2.3 0.8 + 0.2 3.2 + 1.1 0.8 f 0.5 
4’-Deoxydoxorubicin (n = 6) 6.5 f 2.3 1.2 _+ 0.6 - 

*Data from Oosterbaan et al. [28]. 
Standard deviation. 

Table 4. Relative areas under the plasma concentration us time curve of 
13 patients receiving 4’-epidoxorubicin (t = 15 min-48 hr)* 

Eel-Glu E-Glu Eol 
7d-Aol a/o 

Aone E 7d-Aone 

20% 25% 13% 12% 25% 6% 

*Unpublished observations from this laboratory; see also [lo]. 

between rat and human metabolism may be due to 
differences in species-dependent specificity of the 
enzymes, in relative bile excretion rates and other 
metabolic routes complicating a direct com- 
parison of the metabolism and pharmacokinetics 
of laboratory animals and man. 

Also, the large interindividual variations in 
patient studies may mask small differences in 
metabolic conversion rates. 

All three compounds studied here are 
metabolized to ‘Id-Aone and 7d-Aol at the same 
rate under the conditions described. Unfortunarely 
only limited clinical data [lo] are available as yet 
to compare with these in uitro results, But it is 
obvious that reductive deglycosidation of 
anthracyclines is quite significant in uiuo as well 
(Table 4). The formation of 7-deoxyaglycones is 
especially interesting since they are supposed to 
be formed via the semiquinone radical [ZO, 211, 
which may in turn be responsible for the 
(cardio)toxicity of anthracyclines [22]. Thus the 
fact that all three analogs are converted to the 7- 
deoxyaglycones and thus to the semiquinone 
radical at the same rate implies that the 
cardiotoxicity of these analogs should be directly 
proportional to the intracellular concentration of 
cardiac cells. Uptake of 4’-epidoxorubicin into 
Ll210 cells in vitro is 14 times higher than for 
doxorubicin while 4’-epidoxorubicin is taken up 
2.4 times more than doxorubicin [l]. However, 
uptake of the 4’-analogs into mouse cardiac cells is 
practically equal in the a phase but is 

significantly less at 24 and48 hr [2,23]. After 24 hr 
concentrations of E and D in the heart are 
approximately 1.6 times less than for A [2,23], 
while the relative minimal cardiotoxic doses in 

rats [l ,3] are 1.4-l .5 times higher for E and D than 
for A, suggesting that the cardiotoxicity of the 4’- 
analogs is indeed directly proportional to the 
intracellular concentrations in the heart. How- 
ever, the data compared here are from different 
animal mode1 systems and different studies, and 
correlations based on such comparisons must be 
considered with great caution. 

Analysis of urine samples of at least five 
patients for each drug studies (Fig. 1) showed that 
only 4’-epidoxorubicin and 4’-epidoxorubicinol 
are directly glucuronidated to E-Glu and Eol- 
Glu. We propose that the glucuronic acid moiety 
is connected to the daunosamine sugar moiety via 
a C4’-0-glucuronide linkage (Fig. 2). The fact 
that 4’-deoxydoxorubicin does not form similar 
glucuronides makes the C3’-NH, an unlikely 
position as the site of conjugation. We attribute 
the lack of direct glucuronidation of doxorubicin 
to the steric hindrance of the 3’-NH, and 2’-CHJ 
groups, which are both on the same side of the 
hexose ring as the 4’-OH moiety in the case of A 
but on opposite site of the six-membered ring in 
the case of E. We have not seen other polar 
doxorubicin metabolites to any significant extent, 
such as demethyldeoxydoxorubicinol aglycone-4- 
0-P-glucuronide, which was reported by 
Takanashi and Bachur [19]. However, it is 
conceivable that such a polar metabolite was not 
detected in our chromatographic system, due to 
interference with other fluorescent urine com- 
pounds. The unique glucuronidation pathway 
for 4’-epidoxorubicin may have clinical 
significance, since the formation of very polar 
glucuronides usually enhances excretion 
processes. Glucuronidation is generally a major 
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Fig. 2. Glucuronidation pathway of E in relation to the structures of A, E and D. 

metabolic pathway not only in the liver but also 
in the kidney, spleen, adrenal glands, lung, 
gastrointestinal tract and heart [24]. Thus if 
glucuronidation of 4’-epidoxorubicin occurs in 
these organs, it may enhance drug excretion in 
general, but also locally. Both the favorable 
gastrointestinal toxicity of 4’-epidoxorubicin 
when compared with doxorubicin [4,6] and its 
shorter terminal half-life tXy (Table 5) seem to be 
in agreement with this hypothesis. 

When addressing the question if a quantitative 
correlation between the extent of glucuronidation 
and the shorter tx for E may exist, the following 
pharmacokinetic calculations should be con- 
sidered. First of all there is the question as to what 
the extent of glucuronidation may amount to, 
with respect to total drug elimination. 

Cumulative urine excretion of E-Glu is 3.2 f 1 .l% 
of the administered dose, or 33% of the total of 
drug and metabolites excreted via the urine 
(Table 3). Based on the contribution of the AUCs 
of drug and glycosidic metabolites to the total 
AUC (Table 4), an estimated contribution of 25% 
to the overall drug excretion due to glucuronida- 
tion seems reasonable. Assuming three- 
compartment linear pharmacokinetics, the 
following equation describes the relationship 
between the elimination rate constant /tee, (total 
body clearance) and the terminal time constant TV: 
Keel = D/(A r1 + I372 + Crj)[25]. Since glucuronida- 
tion can be considered as elimination of the 
parent compound, kc,,, will increase because of 
glucuronidation. This implies that if glucuronida- 
tion amounts to about 25% of drug elimination, 

Table 5. Pharmacokinetic parameters*for 4’-epidoxorubicin [lo], 
compared with doxorubicin parameters derived from [28] 

No. of No. of 
Et patients AS patients 

A (lOd M) 9.7 f 2.9§ 8 16.0 f 4.5 11 
B (l(r’ M) 1.2 + O.S§ 8 0.9 k 0.4 11 
C (l@ M) 3.0 f 1.45 8 2.8 k 0.7 11 

tx (min) 4.8 f 1.8 8 4.6 f 0.1 11 
1x (hr) 2.6 f 1.0 8 2.5 + 1.3 11 
tX (hr) 38+ 14 8 70 k 25 8 

tg (hr)V 27 -+ 9 7 50 f 5 11 

*The parameters for A and E in this table were obtained from patientsin the 
same institutes (Free University and Netherlands Cancer Institute) and 
should therefore be well comparable, although analyzed at different 
laboratories [lo, 281. 

tFor eight patients receiving a mean dose of 75 mg/m’. 
$For eight patients receiving a mean dose of 60 mg/m2, from ref. [28]. 
&Jnpublished data from this laboratory. 
(Based on urine excretion rates, P <O.OOl. 
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(Ar, + BT~ + CT~) will increase by 25% as well. 
Since CT, accounts for about half of (AT, + Br2 + 
CT,) (see Table5), TV can be predicted to be 
reduced by about 40%, assuming all other 
parameters are unchanged (Table5). In our 
comparative study on the pharmacokinetics of [‘- 
epidoxorubicin in man [lo], thy for E and A were 
found to be 38 &- 14 and 70 + 25 hr respectively 
(Table 5). This means that 73 for A is 46% longer 
than for E, which compares reasonably well with 
the above-calculated 40% considering the large 
variance of the parameters. 

One can only speculate about the antitumor 
properties and toxicity of these glucuronides. 
Structure-activity relationships [26,27] do not 
rule out their antitumor activity, but even if they 
are cytotoxic, they will probably not add 
significantly to the overall antitumor properties 
of the parent drug, since glucuronides are 
generally quickly eliminated. 

It must be emphasized that in addition to the 
three metabolic pathways investigated in the 
present study (Fig. 3), other metabolic routes are 
available to anthracyclines such as hydrolytic 
cleavage and demethylation [19]. However, the 
metabolic pathways investigated in this study are 
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E-Glu _ E _) ‘Id-Aone 
D- 

Ill 
Ad 

Eel-Glu _ Eol ‘Id-Aol 

Dol 

Fig. 3. Major metabolic pathways of A, E and D investigated 
in this study. 

of special importance since (i) carbonyl reduction 
leads to a product that still has antitumor activity; 
(ii) reductive deglycosidation is indicative for 
semiquinone radical formation [20,21]; and (iii) 
direct glucuronidation is unique for 4’-epidoxo- 
rubicin and 4’-epidoxorubicinol. 

Acknowledgements-The authors gratefully acknowledge the 
excellent assistance of Freek Varossieau, Godelaine Simonetti, 
Ria Dubbelman and Helen Gall, and the nursing staff of the 
clinical research unit. This work was supported by a grant 
from Farmitalia Carlo Erba (Milan, Italy) and the Queen 
Wilhelm& Fund (NKI 81-3). We thank F. J. J. de Kanter for 
recording the nmr spectra and Dr J. Lankelma for helpful 
discussions while preparing the manuscript. Finally, we 
thank M. J. M. Oosterbaan for his cooperation in generously 
providing the data on doxorubicin pharmacokinetics. 

REFERENCES 
Casazza AM. Experimental evaluation of anthracycline analogs. Cancer Treat Rep 
1979,63, 835-844. 
Casazza AM, Di Marco H, Berarelli C, Formelli F, Ginihiani F, Pratesi G. Antitumor 
activity, toxicity and pharmacological properties of 4’-epiadriamycin. In: Siegenthaler 
W, Luthy R, eds. Current Chemotherapy. Washington DC, American Society of 
Microbiology 1978, Vol. 2, 1257-1260. 
Zbinden G, Bachmann E, Holderegger C. Model systems for cardiotoxic effects of 
anthracyclines. Antibiot Chentother 1978, 23, 255-270. 
Bonfante V, Bonadonna G, Villani F, de Frairo G, Martini A, Casazza AM. Preliminary 
phase I study of 4’-epiadriamycin. Cancer Treat Rep 1979,63,915-918. 
Bonfante V, Bonadonna G, Villani F, Martini A. Preliminary clinical experience with 
4’-epidoxorubicin in advanced human neoplasia. Recent Results Cancer Res 1980,74, 
192-199. 
Bonfante V, Villani F, Bonadonna G. Toxic and therapeutic activity of 4’-epi- 
doxorubicin. Tumori 1982, 68, 105-l 11. 
Ganzina F. 4’-Epidoxorubicin, a new analogue of doxorubicin: a preliminary overview 
of preclinical and clinical data. Cancer Treat Reu 1983, 10, l-22. 
Plumbridge TW, Brown FR. Studies on the mode of interaction of 4’-epi-adriamycin 
and 4-demethoxydaunomycin with DNA. Biochem Pharmacol 1978,27, 1881-1882. 
Broggini H, Colombo T, Martini A, Donelli MG. Studies on the comparative 
distribution and biliary excretion of doxorubicin and 4’-epi-doxorubicin in mice and 
rats. Cancer Treat Rep 1980, 64, 897-904. 
Weenen H, Lankelma J. Penders PGM, McVie JG, ten Bokkel Huinink WW, de 
Planque MM, Pinedo HM. Pharmacokinetics of 4’-epi-doxorubicin in man. Invest New 
Drugs 1983, 1, 59-64. 
Weenen H, Lankelma J, McVie JG, Pinedo HM. Isocratic HPLC separation of 
doxorubicin, analogs and their metabolites, in combination with fluorescence 
detection. Proceedings of the 2nd European Conference on Clinical Oncology, 1983, 
Abstract No. 02-37, 18. 
Levvy GA. P-Glucuronidase and related enzymes. Biochem J 1952,52, 464-468. 
van Maanen JMS, van Oort WJ, Pinedo HM. In vitro and in uiuo metabolism of VP-16- 
213 in the rat. Eur J Cancer Clin Oncol 1982, 18, 885-890. 



926 H. Weenen et al. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

Bradford MM. A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 
1976, 72, 248-254. 
Oki T, Komiyama T, Tone H, Imi T, Takuchi T, Umezawa H. Reductive cleavage of 
anthracycline glycosides by microsomal NADPH-cytochrome C reductase. J Antibiot 
1977, 30, 613-615. 
Bullock FJ, Bruni RJ, Asbell MA. Identification of new metabolites of adriamycin and 
daunomycin. J Pharmacol Exp Ther 1972, 182, 70-76. 
Bachur NR, Cradock JC. Daunomycin metabolism in rat tissue slices. JPharmacol Exp 
The7 1970, 175, 331-337. 
Asbell MA, Schwartzbach E, Bullock FJ, Yesair DW. Daunomycin and adriamycin 
metabolism via reductive glycosidic cleavage. J Pharmacol Exp Ther 1972,183,63-69. 
Takanaski S, Bachur NR. Adriamycin metabolism in man. Evidence from urinary 
metabolites. Drug Metab Dispos 1976, 4, 79-87. 
Bachur NR. Anthracycline antibiotic pharmacology and metabolism. Cancer Treat 
Rep 1979, 63, 817-820. 
Messou RP. Free radical metabolites of foreign compounds and their toxicological 
significance In: Bend, Philpot, eds. Review of Biochemical Toxicology. New York, 
Elsevier, 1979, 15 l-200. 
Myers CE, McGuire WP, Liss RH, Ifrim I, Grotzinger K, Young RC. Role of lipid 
peroxidation in cardiac toxicity and tumor response. Science 1977, 197, 165-167. 
Formelli F, Pollini C, Casazza A, diMarco A, Mariani A. Fluorescence assays and 
pharmacokinetic studies of 4’-deoxydoxorubicin and doxorubicin in organs of mice 
bearing solid tumors. Cancer Chemother Pharmacol 1981, 5, 139-144. 
Duttar GJ, Burchel B. Newer aspects of glucuronidation. In: Bridges JW, Chasseaud 
LF, eds. Progress in Drug Metabolism. London, Wiley-Interscience, 1977, Vol. 2, l-70. 
van Rossum JM. Significance of pharmacokinetics for drug design and the planning of 
dosage regimens. In: Ariens, ed. Drug Design. New York, Academic Press, 1971, Vol. I, 
470-517. 
Arcamone F. Structure-activity relationships in doxorubicin related compounds. In: 
Reinhoudt DN, Connors TA, Pinedo HM, van de Poll, KW, eds. Structure-Activity 
Relationships of Anti-tumour Agents. The Hague, Martinus Nijhoff, 1983, 111-134. 
Naff MB, Plowman J, Marayanan VL. Anthracyclines in the National Cancer Institute 
program. In: El-Khadem H, ed. Anthracycline Antibiotics. New York, Academic Press, 

1982, Ch. 1. 
Gosterbaan MJM, Dirks MJM, Vree TB, van der Kleijn E, Simonetti GS, McVie JG. 
Klinische farmacokinetiek van adriamycine. J Drug Res 1982, 7, 1372-1378. 


