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Abstract--We have studied the growth inhibition, DNA synthesis inhibition and cell incorporation of 
five 13-dihydrometabolites of anthracyclines in a model of doxorubicin-sensitive and -resistant rat C6 
glioblastoma cells. These compounds were major metabolites for doxorubicin, epirubicin, daunorubicin, 
idarubicin and the new anthracycline 4'-deoxy-4'-iododoxorubicin and are known to be present in 
appreciable amounts in the plasma of patients treated with these drugs. We have shown that in vitro 
growth inhibition in sensitive cells was either much lower than that of the parent drug (doxorubicinol, 
epirubicinol, daunorubicinol), or similar to it (idarubicinol, 4'-iodoxorubicinol). In resistant ceils, growth 
inhibition was about 100 times lower than in wild cells, and was always lower than that of the parent 
anthracycline. DNA synthesis inhibition occurred in sensitive cells for doses about 100 times higher 
than those required for growth inhibition, but in resistant cells, similar doses provided growth inhibition 
and DNA synthesis inhibition. Metabolite incorporation was always lower than that of the corresponding 
parent anthracycline; it was greatly reduced in resistant cells as compared to sensitive ones. The 
calculated intracellular concentrations obtained for the same growth inhibition are higher in resistant 
cells than in sensitive cells; in contrast, the calculated intracellular concentrations obtained for the same 
DNA synthesis inhibition are similar in resistant and sensitive cells, and similar for all the metabolites 
studied. These results suggest that the amount of drug incorporated is primarily responsible for DNA 
synthesis inhibition, which is directly correlated to growth inhibition in resistant cells, but not in sensitive 
cells. 

Most anthracyclines undergo in humans and exper-  
imental  animals a reductive biotransformat ion of  
carbon 13, replacing thus a carbonyle by a hydroxyle 
(see Fig. 1). These  metabol i tes  have been named 
after the name of the anthracycline by adding the 
suffix -ol. The  a ldoketoreductase  responsible for this 
reduction is a ubiquitous cytoplasmic enzyme present  
in most organs [1] and having a higher activity for 
anthracyclines of the daunorubicin  series than for 
those of  the doxorubicin series. As  a result of this 
common metabol ic  pathway,  13-dihydroderivatives 
can be found in the plasma, urine and bile of  patients 
t reated with anthracycline [2]. The  circulating levels 
of these metabol i tes  are somet imes  relatively low, 
barely reaching those of  the unchanged drug in the 
case of  doxorubicin and epirubicin,  and somet imes 
much higher than those of  the unchanged drug in the 
case of daunorubicin and idarubicin [3-6]. 

These 13-dihydrometaboli tes  are generally con- 
sidered as "act ive"  in contrast  to the inactive agly- 
cones or  glucuronides;  however ,  very few data are 
available on the activity of these compounds,  in 
terms of  cytotoxicity,  D N A  synthesis inhibition or  
cell incorporat ion.  Concerning doxorubicinol ,  an 
activity ten t imes lower in vitro than that of  doxoru- 
bicin against human ovarian cancer cells [7] and bone 
marrow progeni tors  in vitro [8] has been reported.  
Daunorubicinol  cytotoxicity was also evaluated on 
in vitro systems [9-12] and this compound  entered  
thereaf ter  a clinical trial several years ago [13]. It 
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Fig. 1. Structural formulas of the anthracycline metabolites 
used in this study. Carbon 13 is indicated by an arrow. 

R1 R2 R3 R4 Name 
OH OCH 3 OH H Doxombicinol. 
OH OCH 3 H OH Epirubicinol. 
H OCH3 OH H Daunorubicinol. 
H H OH H Idambicinol. 

OH OCH3 I H 4'-Iododoxorubicinol. 

has been also shown that idarubicinol had a cytotoxic 
activity against H e L a  cells similar to that of idaru- 
bicin [14]. 

We have investigated the activities of several 13- 
dihydrometabol i tes  of anthracyclines on an in vitro 
model  we had already developed.  Growth  inhibition, 
D N A  synthesis inhibition, as well as drug intra- 
cellular incorporation,  have been evaluated and com- 
pared to the data previously obtained on the same 
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model with eight anthracyclines [15]. The cellular 
model is a rat glioblastoma and its multidrug-resist- 
ant variant selected with doxorubicin [16]. The multi- 
drug-resistant variant presented an overexpression 
of the gene responsible for the synthesis of P-gly- 
coprotein, as tested with a cDNA probe originating 
from colchicine-resistant Chinese Hamster  ovary 
cells [17]. The anthracycline metabolites studied 
were doxorubicinol (adriamycinol), epirubicinol, 
daunorubicinol, idarubicinol; all of them are deriva- 
tives of clinically used anthracyclines. To this panel 
was added the 13-dihydroderivative of a new anthra- 
cycline presently in development,  4 '-iodo-4'-deoxy- 
doxorubicin. 

MATERIAL AND METHODS 

Material. The following metabolites were obtained 
from Farmitalia-Carlo Erba (Milan, Italy): epi- 
rubicinol, idarubicinol and 4'- iodo-4'-deoxydoxo- 
rubicinol; and from Rh6ne-Poulenc-Sant6 (Vitry- 
sur-Seine, France): doxorubicinol and daunorubi- 
cinol. They were dissolved in distilled water at 
a concentration of 1-10 mg/ml and stored at - 2 0  °. 

Media and sera for cell cultures originated from 
Seromed, and Petri dishes from Nunc. [3H- 
methyl]thymidine was purchased from Amersham 
France (Les Ulis, France). 

Cell cultures. The C6 clone originated from a rat 
brain tumor induced by N-nitrosomethylurea [18] 
and its doxorubicin-resistant counterpart  was 
obtained in our laboratory by continuous exposure 
to stepwise increasing amounts of doxorubicin [16]. 
It was able to grow permanently in the presence of 
0.5/~g/ml of doxorubicin (clone C6 0.5 E). The cells 
were routinely cultivated as monolayers in Petri 
dishes with Dulbecco's modified Eagle medium sup- 
plemented with 10% fetal calf serum and 1% anti- 
biotic mixture, at 37 °, in a humidified atmosphere 
containing 5% CO2. The cultures were replicated 
each week and the medium was changed one or two 
times in between. Growth curves of both cell lines 
have been described [16] and were used for the 
evaluation of growth inhibition. 

Evaluation of growth inhibition. Adequate  num- 
bers of cells were seeded in 10 or 20 cm 2 Petri dishes 
in order to obtain 5 × 105 cells three days later. 
Incubations of the monolayers were then performed 
for 2 h in the presence of various amounts of the 
metabolite considered (generally 0.01-1/~g/ml for 
sensitive cells and 1-100/~g/ml for resistant cells). 
After rinsing the monolayers, the cells were further 
incubated for 2.5 complete cell cycles as evaluated 
from growth curves. At  this time, cells were har- 
vested in fresh medium with the help of trypsin, and 
counted in an automatic hemocytometer (Royco Cell 
Crit 920 A).  

All measurements were performed in triplicate, 
and two or three independent evaluations were per- 
formed. We expressed the cytotoxicity as GICs0, i.e. 
the concentration causing 50% growth inhibition as 
compared to controls grown and incubated simul- 
taneously without drug. 

Evaluation of drug incorporation and DNA syn- 
thesis inhibition. Appropr ia te  numbers of cells were 

seeded in 10 or 20 cm 2 Petri dishes, in order to obtain 
2 × 106 cells in an exponential phase of growth 4 
days later. Incubation of the monolayers were then 
performed for 2 hr in the presence of various 
amounts of the metabolite considered (generally 0.1- 
10~g/ml for sensitive cells and 1-100~g/ml for 
resistant cells); during the last hour of incubation, 
1/~Ci of [3H-methyl]thymidine was added in each 
dish. The cells were then harvested in 0.15 M NaCl 
after two rinses, and pelleted at 3000 rpm for 5 min; 
0.5 ml of water and 0.5 ml of 40% trichloroacetic 
acid were successively added, and the samples were 
kept overnight at 4 °, then centrifuged for 30 min at 
3000 rpm. The acid-soluble part was used to evaluate 
the intracellular concentration of the drug by 
fluorometry (Jobin-Yvon NE 1 spectrofluorometer) 
with excitation and emission wavelengths set at the 
maximum fluorescence of each drug in the tri- 
chloroacetic solution (ca. 470 nm for excitation and 
550 nm for emission). The acid-insoluble pellet was 
solubilized in 1 M NaOH and used to evaluate both 
the protein content [19] and the [3H] radioactivity in 
a Beckman LS 1207 liquid scintillation spectrometer. 

All incubations were performed in triplicate and 
two or three independent experiments were per- 
formed. In all cases, the incorporation of [3H- 
methyl]thymidine was referred to controls realized 
in the same conditions and incubated without drug. 
It was possible to define a TIC50 value, i.e. the con- 
centration of drug providing a 50% decrease of [3H- 
methyl]thymidine incorporation. 

RESULTS 

Growth inhibition of wild and doxorubicin-resist- 
ant ceils in the presence of the 13-dihydroderivatives 
studied is presented in Table 1. By comparison, the 
GICs0 of the parent anthracyclines measured in the 
same conditions [15] have been indicated. It appears 
in this table that the cytotoxic activity of the metab- 
olite in wild cells may vary in important proportions; 
idarubicinol and 4'-iodo-4'-deoxydoxorubicinol are 
as active as idarubicin and 4'-iodo-4'-deoxydeoxy- 
doxorubicin in sensitive cells, whereas doxorubi- 
cinol, epirubicinol and daunorubicinol are 10-30 
times less cytotoxic than the corresponding parent 
drug. 

The doses required for 50% growth inhibition of 
doxorubicin-resistant cells are 100-200 times higher 
than for wild cells, and the differences observed from 
one metabolite to the other in wild ceils are also 
found in resistant cells, with markedly lower GIC50 
for idarubicinol and 4'-iododoxorubicinol than for 
doxorubicinol, epirubicinol and daunorubicinol. In 
the resistant line, metabolites are always less active 
than the original drugs in approximately constant 
proportions (2-3 times). 

The inhibition of DNA synthesis was evaluated by 
inhibition of tritiated thymidine incorporation (Table 
2). In sensitive cells, TIC50 was 60-80 times higher 
t h a n  GICs0 , whereas the two parameters were much 
closer in resistant cells. 

Incorporation of the metabolites in the cells were 
evaluated after 2 hr exposures to doses ranging over 
2 or 3 logs. A good linearity was always observed 
between exposure dose and intracellular concen- 
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Table 1. Growth inhibition of C6 and C6 0.5 E cells by anthracycline metabolites 
(compared with that obtained by the corresponding parent drug) 

otcs0 (~g/ml) 
C6 ceils C6 0.5 E cells 

Doxorubicinoi 2.47 -+ 1.10 (0.076) >100 (30.3) 
Epirubicinol 1.05 --- 0.07 (0.123) >100 (>100) 
Daunorubicinol 0.32 -+ 0.10 (0.028) 51.3 -+ 6.7 (21.7) 
Idarubicinoi 0.011 - 0.001 (0.010) 2.43 + 0.98 (0.78) 
4'-Iododoxorubicinol 0.014 -+ 0.005 (0.012) 1.30 -+ 0.28 (0.81) 

GICs0 values are evaluated as the drug extracellular concentration providing a 
decrease of 50% of cell survival after 2-hr exposure to the compound and 2.5 cell 
cycles further growth of the cells. Results are means --+ SE of two to three experiments 
performed in triplicate. The values obtained for original anthracyclines are indicated 
in brackets. 
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Table 2. DNA synthesis inhibition of C6 and C6 0.5 E cells by anthracycline 
metabolites (compared with that obtained by the corresponding parent drug) 

anc~0 (~g/ml) 
C6 cells C6 0.5 E cells 

Doxorubicinol >100 (1.15) >100 (33.5) 
Epirubicinol 62.7 -+ 14.6 (1.37) >100 (>100) 
Daunorubicinol 2.25 -+ 0.65 (0.53) 38.5 -- 1.5 (12.3) 
Idaruhicinoi 0.76 -+ 0.20 (0.33) 10.5 -+ 0.5 (1.43) 
4'-Iododoxorubicinol 1.11 -+ 0.39 (0.93) 3.7-+ 0.2 (1.90) 

TiCs0 values are evaluated as the drug extracellular concentration providing 
a decrease of 50% of [aH-methyl]thymidine incorporation after 2-hr exposure 
to the compound and 1-hr exposure to thymidine. Results are mean -+ SE of 
two to three experiments performed in triplicate. The values obtained for the 
original anthracyclines are indicated in brackets. 

Table 3. Incorporation of anthracycline metabolites in C6 and C6 0.5 E cells for 
an exposure dose of 1 #g/ml (compared to that obtained with the corresponding 

parent drug) 

Cell incorporation (gg/mg prot) 
C6 cells C6 0.5 E cells 

Doxorubicinol 
Epirubicinol 
Daunorubicinol 
Idarubicinol 
4'-Iododoxorubicinol 

0.020 --- 0.006 (1.64) 
0.073 --- 0.013 (2.19) 

1.47 --- 0.52 (4.08) 
3.73 -+ 0.08 (5.00) 
1.78 -+ 0.08 (3.85) 

0 (0.15) 
0.020 - 0.010 (0.20) 
0.187 -+ 0.021 (0.24) 
0.329 - 0.025 (3.05) 
0.143 +-- 0.038 (3.07) 

Cell incorporation was evaluated by spectrofluorometry after 2-hr exposure to 
the compounds. Values are means -+ SE of two to three experiments performed in 
triplicate. The values obtained for original anthracyclines are indicated in brackets. 

tration. We have selected for presenta t ion (Table 3) 
the levels obta ined for exposure doses of  I #g /ml .  In 
all cases, the incorporat ion was lower  than that of  
the original drug, the difference being especially 
important  in sensitive cells for doxorubicinol  and 
epirubicinol as compared  to doxorubicin and epi- 
rubicin. A reduct ion of  drug incorporat ion by resist- 
ant cells as compared  to sensitive cells was exhibited 
for all metaboli tes.  We have evaluated what would 
be the incorporat ion of  drugs in cells exposed to 
similarly cytotoxic concentrat ions,  i.e. to con- 
centrations equal  to GiCs0 and TIC50 as defined before  

(Table 4). For  a similar growth inhibition, resistant 
cells incorporated much higher levels of  compound  
than sensitive cells; in contrast,  for a similar D N A  
synthesis inhibition, resistant and sensitive cells 
incorporated similar amounts  of compound.  

DISCUSSION 

We have shown in this paper  that the activity 
of  anthracycline 13-dihydrometabolites cannot be 
predicted f rom the structure of their parent  drug; 
doxorubicinol  and epirubicinol appear  as completely  
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Table 4. Incorporation of anthracycline metabolites in C6 and C6 0.5 E cells for exposure 
doses corresponding to Gl%0 or TiCs0 

Cell incorporation (~g/mg prot) 
Exposure to GIC50 Exposure to TICs0 

C6 cells C6 0.5 E C6 cells C6 0.5 E 

Doxorubicinol 0.115 >0.70 >2 >2 
Epirubicinol 0.092 >0.63 2.69 >2 
Daunorubicinol 0.054 4.74 3.15 3.65 
Idarubicinol 0.035 1.11 2.98 5.42 
4'-Iodo doxorubicinol 0.036 0.30 2.59 1.36 

Cell incorporation at GIC50 or TIC5I I was evaluated by interpolation between two actual 
drug concentrations to which the incorporations of drugs by the cells were determined. 
Linearity of intracellular concentration as a function of exposure dose was assessed to 
validate this procedure. 

inactive at the concentrations they can reach in vivo; 
idarubicinol and 4'-iododoxorubicinol are in contrast 
as active as the parent compounds; and dauno- 
rubicinol appears a~ intermediate. Neither the struc- 
ture of the side chain, nor the modifications at the 
4' position can be used as a rational guide to predict 
the cytotoxic activity of the metabolites. It had 
already been shown in vitro that doxorubicinol was 
about 10 times less active than doxorubicin against 
human ovarian cancers [7] and bone marrow pro- 
genitors [8]. Daunorubicinol also displays a cytotoxic 
activity, which was shown to be much lower than 
that of daunorubicin, both on normal CFU cells [9] 
and on tumoral cells in culture [10-12]. It was shown 
in a preliminary communication that idarubicinol 
was as cytotoxic as idarubicin against HeLa cells in 
vitro [14]. 

It must be kept in mind that doxorubicinol and 
epirubicinol reach relatively low concentrations in 
humans treated with doxorubicin or epirubicin: the 
ratios of the total AUC (0-:¢) metabolite/parent 
compound are respectively about 0.3 for doxorubicin 
[3] and 0.25 for epirubicin [4]. In contrast, the three 
other 13-dihydroderivatives are major metabolites 
of the corresponding anthracycline, with AUC ratios 
of 2-5 for daunorubicin [5], idarubicin [6] and 4'- 
iododoxorubicin (personal unpublished results). The 
very high in vitro cytotoxic activity of idarubicinol 
and 4'-iododoxorubicinol may be an important factor 
in the clinical efficacy of these drugs; the relatively 
lower activity of daunorubicinol (10 times less than 
its parent drug) might explain in contrast why dau- 
norubicin displays only a marginal activity in most 
solid tumors. 

No 13-dehydroderivative of the series presented a 
significant activity against doxorubicin-resistant 
cells. Whereas idarubicinol and 4'-iododoxoru- 
bicinol were as active against sensitive cells as idaru- 
bicin and 4'-iododoxorubicin, they appeared two to 
three times less active than their parent drugs against 
doxorubicin-resistant cells. However, the most active 
compounds against sensitive cells remain the most 
active against resistant cells (idarubicinol and 4'- 
iododoxorubicinol), but the cytotoxic concentrations 
are still high and are barely reached after an injection 
of the parent drug in humans. 

Drug incorporation for a similar drug exposure is 
correlated with growth and DNA synthesis 

inhibition, both in sensitive and resistant cells. This 
is generally the case for anthracyclines, as previously 
discussed [15]. When the cells are exposed to the 
same extracellular dose, the incorporation of all 
metabolites is reduced by a factor of 2-80 when 
compared to the parent drug, both for sensitive and 
resistant cells. Moreover, the incorporation of 
metabolites is reduced by a factor 5-10 in doxorub- 
icin-resistant cells when compared to the wild line; 
this reduction had been observed for doxorubicin, 
epirubicin and daunorubicin, but not for idarubicin 
and 4'-iododoxorubicin [15]; this can probably 
explain why the metabolites of these two drugs have 
a lower activity than parent drugs against resistant 
cells. 

Evaluation of drug incorporation could be done 
for drug exposures corresponding to GIC50. The intra- 
cellular concentration providing 50% growth inhi- 
bition in sensitive cells are relatively close to each 
other (maximal ratio = 3.3) for exposure doses vary- 
ing with a maximal ratio of 220. This had been 
observed in the parent anthracyclines [15] and sug- 
gests that cytotoxicity occurs for each drug at similar 
intracellular doses. In sensitive cells, these incor- 
porations at GIC50 are slightly lower for each metab- 
olite than for its parent anthracycline, whereas they 
are much lower in resistant cells. This would suggest 
that metabolites are at least as effective as the parent 
drug once they have entered the cell. 

Similarly, evaluation of drug incorporation could 
be done for drug exposures corresponding to TIC50. 
These incorporations are very close to each other 
both in sensitive and resistant cells, and they are 
also very close to the values obtained for parent 
anthracyclines [15]. This suggests that the level of 
drug incorporated is responsible for DNA synthesis 
inhibition, and that this effect is similar for all com- 
pounds and both lines. 

There is a relationship between GIC50 and TIC50, 
both in sensitive and resistant cells; however, the 
ratio TICs0//GICs0 is high in sensitive cells (8-80) but 
remains close to 1 in resistant cells. This had been 
observed for the parent anthracyclines [15] and sug- 
gests that DNA synthesis inhibition might be respon- 
sible for growth inhibition in resistant ceils, but not 
in sensitive ones. Siegfried et al. [20] had also 
emphasized the lack of direct relationship between 
inhibition of nucleic acid synthesis and cytotoxicity 
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of doxorubicin. In addition, the incorporations 
obtained at TICs0 in sensitive cells are very close to 
those obtained at ancs0 and GICs0 in resistant cells, 
whereas the incorporations obtained at GICs0 in sen- 
sitive cells remain much lower. 

As for parent anthracyclines, it appears that resist- 
ant cells can still proliferate with intracellular con- 
centrations of metabolites which are lethal to 
sensitive cells. This raises the question of the mech- 
anism of doxorubicin resistance. The widely accepted 
theory of drug extrusion through a glycoprotein 
pump as primary mechanism for resistance cannot 
explain this observation, which has been made by 
other authors [21-24[. Since the resistant cells stud- 
ied do overexpress the mdr gene (personal unpub- 
lished results), it must be admitted that other 
supplementary mechanisms may be developed dur- 
ing selection of cellular variants resistant to doxoru- 
bicin. 

It is generally admitted that anthracycline cyto- 
toxicity occurs via the interaction of the intercalated 
drug with DNA topoisomerase II [25]. Resistance 
could be then due to an inhibition of this enzyme 
activity, rendering the DNA of the cells more resist- 
ant to protein associated strand breaks, as shown by 
Capranico et al. [22] in P388 cells. If this mechanism 
of resistance occurred in our cells, it would be 
expected in resistant cells higher intracellular drug 
levels than in sensitive cells for a similar DNA syn- 
thesis inhibition, which we never observed. Tritton 
and Yee [26] have proposed a completely different 
mechanism for doxorubicin cytotoxicity, showing 
that this drug can be cytotoxic without entering the 
cells. The link we observed between drug incor- 
poration and cytotoxicity is not in favour of such a 
mechanism. Another hypothesis, developed in 1987 
by Beck [27] has related the resistance to a modi- 
fication of the subcellular distribution of the drug, 
allowing only a small percentage of the drug to reach 
its targets. In our model, the high incorporation 
observed in resistant cells at GIC50 agrees with this 
hypothesis; however, the similarity of the drug incor- 
porations at TIC50 in sensitive and resistant cells 
remains unexplained. A selective effect of anthra- 
cycline drugs on enzymes involved in thymidine 
uptake, phosphorylation and utilization cannot be 
excluded and could explain the apparent change of 
target between sensitive and resistant cells. Other 
explanations of our observations can also be made; 
an increase in the DNA repair activity occurring 
between drug exposure and cell counting could 
explain why resistant cells can proliferate with intra- 
cellular drug concentrations which are lethal to sen- 
sitive cells; modifications of detoxication systems or 
of drug targets could also be involved in our resistant 
cells. 

In addition to the involvement of P-glycoprotein 
overexpression, several mechanisms responsible for 
resistance probably occur in our cellular model of 
glioblastoma cells. In this respect, the 13-dihydro- 
metabolites behave similarly to the parent anthra- 
cyclines. The study of other resistant cell models by 
the same approaches is now necessary. 
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