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Abstract

Doxorubicin cardiotoxicity is a multifactorial process in
which the alcohol metabolite doxorubicinol mediates the
transition from reversible to irreversible damage. We inves-
tigated whether the tubulin-active taxane paclitaxel in-
creases conversion of doxorubicin to doxorubicinol, thus
explaining the high incidence of congestive heart failure
when doxorubicin is used with paclitaxel. Specimens of hu-
man myocardium from patients undergoing bypass surgery
were processed to obtain cytosolic fractions in which doxo-
rubicin was converted to doxorubicinol by NADPH-depend-
ent aldo/keto or carbonyl reductases. In this model, clini-
cally relevant concentrations of paclitaxel (1-2.5pm)
increased doxorubicinol formation by mechanisms consist-
ent with allosteric modulation of the reductases. Stimulation
was observed over a broad range of basal enzymatic activity,
and was accompanied by a similar pattern of enhanced
formation of doxorubicinol aglycone, a metabolite poten-
tially involved in the reversible phase of cardiotoxicity. The
closely related analogue docetaxel had effects similar to
paclitaxel, but increased doxorubicinol formation over a
narrower range of enzymatic activity. The unrelated tubu-
lin-active alkaloid vinorelbine had no effect. These results
demonstrate that taxanes have a unique potential for en-
hancing doxorubicin metabolism to toxic species in human
myocardium. The effects on doxorubicinol formation pro-
vide clues to explain the clinical pattern of doxorubicin-
paclitaxel cardiotoxicity and also caution against the poten-
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tial toxicity of combining docetaxel with high cumulative
doses of doxorubicin.

Introduction

The anthracycline doxorubicin has outstanding activity in
several human tumors, but its use is limited by the risk of
developing cardiomyopathy and congestive heart failure when
patients receive a cumulative dose abev&00-550 mg/ra(1).
Trials conducted in women with breast cancer have shown that
congestive heart failure may occur at lower cumulative doses
when doxorubicin is combined with the tubulin-active taxane
paclitaxel (2, 3). On the basis of these findings, it has been
recommended that the cumulative dose of doxorubicin admin-
istered with paclitaxel should not exceed a threshold of 360
mg/n? (4, 5). The enhanced cardiotoxicity of doxorubicin-
paclitaxel combinations has been attributed to pharmacokinetic
interactions between the two drugs, resulting in a reduced elim-
ination of the anthracycline (6). Here we examined whether
paclitaxel may act also by facilitating conversion of doxorubicin
to the toxic secondary alcohol metabolite doxorubicinol, which
is formed by cytoplasmic aldo/keto or carbonyl reductases that
shunt electrons from NADPH to the carbonyl group in the side
chain of the anthracycline. The study was conducted by deter-
mining whether paclitaxel enhanced doxorubicin-to-doxorubici-
nol conversion in cytosolic fractions derived from human myo-
cardial samples. The specificity of such an effect was assessed
by comparing paclitaxel to its analogue docetaxel and to the
structurally unrelated, tubulin-activéncaalkaloid vinorelbine,
inasmuch as neither docetaxel (7, 8) nor vinorelbine (9) have
been reported to increase the incidence of congestive heart
failure when combined with doxorubicin.

Materials and Methods

Drugs. We used doxorubicin and (S-R) doxorubicinol
(Pharmacia-Upjohn, Milan, ltaly); doxorubicin and doxorubici-
nol aglycones (purified by us after thermoacid hydrolysis of
doxorubicin or doxorubicinol; Ref. 10); lyophilized paclitaxel
(Bristol Myers Squibb, Wallingford, CT) and docetaxel (Rieo
Poulenc Rorer, Vitry-sur-Seine Cedex, France); and vinorelbine
(formulated as Navelbine; Aquitaine Pharm International, Biza-
nos, France).

Human Myocardium. Small samples~0.1 g) of nor-
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Table 1 Paclitaxel and docetaxel stimulate doxorubicin and 8.9) and by reconstituting doxorubicin metabolism in 3
doxorubicin aglycone metabolism by dialysis-inhibitable interactions NaCl subjected to ion exchange chromatography on Chelex 100.
with human cardiac reductases These procedures prevent the recycling of doxorubicinol to

Cytosol (0.3 mg prot./ml) was incubatedrfbh with 1um taxanes 4y orbicin and allow for assessment of the net formation of
or equivalent volume of taxane-free ethanol in 8.3aCl (pH 7.0) at

4°C. Subsequently, cytosol was dialyzed overnight againsu\acl ~ doxorubicinol (11, 13_)-_ In the present ?tUde the addition C_’f
(pH 7.0) at 4°C and eventually reconstituted with 300 NADPH and NADPH and doxorubicin to human cardiac cytosol resulted in
25 um doxorubicin or doxorubicinol aglycone to assess the formation ofthe formation and detection of sizable amounts of doxorubici-
doxorubicinol or doxorubicinol aglycone, respectively. Where indi- 4| Each cytosol had a different level of activity, but omission

cated, 1um paclitaxel or docetaxel was reintroduced in the incubations -
containing dialyzed cytosol, NADPH, and the anthracycline. Values areOf NADPH or cytosol always blunted the detection of doxoru-

taken from representative experiments in a cytosol that metabolize®iCinol, indicating that the metabolite was formed through the
doxorubicin or doxorubicin aglycone with basal activities of 0.33 nmol NADPH-dependent activity of aldo/keto or carbonyl reductases
doxorubicinol/mg protein/4 h or 0.73 nmol doxorubicinol aglycone/mg present in the cytosol (data not shown). After these character-

prot./4 h, respectively. izations, doxorubicin metabolism was studied in the presence of

~ Doxorubicinol concentrations of paclitaxel or docetaxel that were in the range
Doxorubicinol - aglycone of those measured in plasma after standard doses of either
Experimental condition (nmolimg protein/4 h) taxane to humans (6, 14). As illustrated in Fig. 1, doxorubicin
metabolism was influenced by paclitaxel according to a bell-
Ethanol— Dialysis 0.35 0.69 shaped pattern in which 1-2)bv paclitaxel increased forma-
gachttaxell—> Igl_allys[s 8-22 8-6753 tion of doxorubicinol, whereas higher concentrations progres-
ocetaxel— Dialysis . . : .
Paclitaxel— Dialysis + Paclitaxel 0.59 11 sively decreased it _to the b._asal Iev_els. _Such aresponse was not
Docetaxel— Dialysis + Docetaxel 0.62 1.2 observed by replacing paclitaxel with vinorelbine (Fig. 1). Do-

cetaxel had the same bell-shaped effect as paclitaxel and, sim-
ilarly to paclitaxel, it elicited maximal or near-to-maximal stim-
ulation at 1pm (Fig. 1). However, the effects of paclitaxel and
docetaxel on doxorubicinol formation were influenced in a
nization, ultracentrifugation, and 65% ammonium sulfate pre-giferent fashion by the basal activity of the cytosol. Such a
cipitation of 105,000 g of supernatants (10). Next, cytosolic gifference was revealed by plotting the basal levels of doxoru-
proteins were treated with 100MDTT (pH 8.9), gel filtered on  picing| formation in a given preparation against the net stimu-
Sepharose 6B minicolumns and reprecipitated with 65% ammoration elicited by 1um paclitaxel or docetaxel in that particular
nium sulfate, precisely as described (11). Anthracycline mEtabpreparation. As shown in the inset of Fig. 1, stimulation by
olism was reconstituted in 0.5-ml incubations containing pro-paciitaxel increased and reached a plateau with increasing the
teins (0.15 mg), NADPH (10fm), and doxorubicin (2um), in - pasal activity of the cytosol. In contrast, the effect of docetaxel
0.3 M NaCl which had been chromatographed previously oneached a maximum in the preparations with intermediate ac-
Chelex 100 to remove trace metals and adjusted to pH 7.Gyyity, but decreased in those with higher activity. These results
Where indicated, 1-10l of 0.5 mm ethanolic stocks of pacli-  gyggested that paclitaxel stimulated doxorubicinol formation
taxel, docetaxel, or vinorelbine were included in the incubationsyyer a broader range of enzymatic activity than docetaxel.
to achieve a 1-1Qum range. To permit direct comparisons, Human cardiac cytosol also can form doxorubicinol agly-
taxane-free ethanol was included as appropriate to adjust itSone. The reaction is mediated by as-yet uncharacterized gly-
final volume to 10ul in all incubations. Because the vinorelbine -gsidases that remove the aminosugar of doxorubicin, releasing
formulation used in this study contained ditartrate, aliquots ofy qoxorubicin aglycone that goes undetected because of its rapid
vinorelbine-free ditartrate were also included as appropriate tQgnversion to doxorubicinol aglycone by carbonyl or aldo/keto
adjust its concentration to 35v in all incubations. Afte4 h of  yeqyctases (13). Whereas vinorelbine had no effect on doxoru-
incubation at 37°C, the reaction mixtures were analyzed foryicino| aglycone, paclitaxel and docetaxel modulated its forma-
doxorubicinol and doxorubicinol aglycone by previously vali- {jon through the same concentration-dependent, bell-shaped pat-
dated two-dimensional TLC (10, 11). After identification tern as that described for doxorubicinol, with both taxanes
against authentic standards, the metabolites were eluted a’lﬂiciting maximal or near-to-maximal stimulation a1 (Fig.
quantified fluorometrically (excitation 470 nm; emission 547 2). However, contrary to what was observed in the case of
nm). Other conditions are indicated in the legends to figures an‘aoxorubicinol, paclitaxel and docetaxel exhibited the same
Table 1. range of action in stimulating formation of doxorubicinol agly-
cone over the basal levels of the different cytosol samples (Fig.

Results 2, inse). To obtain additional information in this setting, we

In vitro measurements of the conversion of doxorubicin to monitored the formation of doxorubicinol aglycone in incuba-
doxorubicinol are made difficult by the ease with which doxo- tions in which doxorubicin was replaced by purified doxorubi-
rubicinol recycles to doxorubicin after reaction with the iron- cin aglycone. As shown in Fig. 3 aridset doxorubicin agly-
sulfur cluster of cytoplasmic aconitase (11). Other artifacts maycone was an excellent substrate for aldo/keto or carbonyl
be caused by nonspecific reaction of the anthracycline moleculeeductases, yielding very high amounts of doxorubicinol agly-
with laboratory buffers and adventitious iron possibly presentcone. The reaction was modulated by paclitaxel and docetaxel
therein (12, 13). These pitfalls were avoided by disassemblindy the usual bell-shaped pattern, maximal stimulation occurring
the iron-sulfur clusters of human cardiac cytosol with DTT (pH at 1 um of either taxane. Moreover, both paclitaxel and do-
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Fig. 1 Paclitaxel and docetaxel, but not vinorelbine, stimulate conversion of doxorubicin to doxorubicinol in human cardiac cytosol. Doxorubicinol
formation was measured in 0.5-ml incubations containing human cardiac cytosol (0.15 mg of protein), NADRt#}180d doxorubicin (25u.m)

in the absence or presence of paclitax®), (docetaxel ©), or vinorelbine /), as described in “Materials and Methods.” Values are those determined

at 4 h and are means SE of six to nine experiments for docetaxel or paclitaxel, respectively. Vinorelbine data are taken from a control experiment
in a cytosol with a basal activity of 0.48 nmol doxorubicinol/mg protein/4 h. The inset shows net stimulatiopnoypdaclitaxel @) or docetaxel

(O) as a function of the basal activity in doxorubicinol formation of the different cytosolic fractigrid.< 0.02versuscontrols (paired, one-tailed
Student’st test).
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Fig. 2 Paclitaxel and docetaxel, but not vinorelbine, stimulate conversion of doxorubicin to doxorubicinol aglycone in human cardiac cytosol.
Experimental conditions were as described in the legend to Fig. 1, except that incubations were assayed for doxorubicinol aglycone. Values a
meanst SE of five to seven experiments for docetaxe) or paclitaxel @), respectively. Vinorelbine data’] are taken from a control experiment
in a cytosol with a basal activity of 0.23 nmol doxorubicinol aglycone/mg protein/4 h. The inset shows net stimulatipnvbjyatlitaxel @) or
docetaxel Q) versusthe basal activity in doxorubicinol aglycone formation of the different cytosolic fractignB.< 0.05 versuscontrols.
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cetaxel were able to stimulate over the whole range of the basaion of 1 um paclitaxel or docetaxel in the cytosol exposed to the
activity of the different preparations. These results showed thataxane-dialysis sequence produced the usual enhanced conver-
paclitaxel and docetaxel were fully identical in stimulating the sion of doxorubicin and doxorubicin aglycone to doxorubicinol
reduction of doxorubicin aglycone to doxorubicinol aglycone, and doxorubicinol aglycone, respectively. These results indi-
which explains how they shared a similar range of action whercated that paclitaxel and docetaxel acted through reversible
doxorubicin aglycone was released by doxorubicin glycosidaseteractions with cytosolic reductases.
present in the cytosol.

In a final set of experiments, the anthracycline metabolism )
was studied by adding NADPH and doxorubicin or doxorubicin Discussion
aglycone to cytosolic fractions that had been preincubated with ~ Doxorubicin-induced chronic cardiomyopathy has been at-
taxanes or taxane-free ethanol and then subjected to dialysisiibuted to such different mechanisms aa). fiee radical reac-
These experiments were aimed at establishing whether taxanéisns; () alterations of calcium release/sequestration in mito-
enhanced doxorubicin metabolism through an irreversible bindehondria or in the sarcoplasmic reticulum; amg (educed
ing to cytosolic reductases or through reversible, dialysis-inhib-expression of energy metabolism enzymes and myofibrillar or
itable interactions with these enzymes. As shown in Table 1sarcoplasmic reticulum proteins (reviewed in Ref. 15). How-
cytosol exposed to the sequence taxane-dialysis did not produaver, pharmacological and structure-activity considerations sug-
more doxorubicinol or doxorubicinol aglycone than did cytosol gest that none of the above mechanisms may exceed the thresh-
exposed to the sequence ethanol-dialysis. However, reintrodu@ld of acute, reversible toxicity unless doxorubicin were
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Fig. 3 Paclitaxel and docetaxel, but not vinorelbine, stimulate conversion of doxorubicin aglycone to doxorubicinol aglycone in human cardiac
cytosol. Doxorubicinol aglycone was measured in incubations in whigim28oxorubicin was replaced by equimolar, purified doxorubicin aglycone,
usually dissolved 10—-1pl of ethanol. Values are means SE of five experiments for paclitaxe®] and docetaxel@). Vinorelbine data V) are

taken from a control experiment in a cytosol with a basal activity of 0.87 nmol doxorubicinol aglycone/mg protein/4 h. The inset shows net stimulation
by 1 um paclitaxel @) or docetaxel ©) versusthe basal activity in doxorubicinol aglycone formation of the different cytosolic fractigriz.< 0.02
versuscontrols.

converted to doxorubicinol (15, 16). This metabolite inhibits This shows that the effects of paclitaxel are specific and lends
several membrane ion pumps (16) and irreversibly inactivatesveight to their relevance for explaining the cardiotoxicity ob-
cytoplasmic aconitase/iron regulatory protein-1, a posttranscripserved with doxorubicin-paclitaxel combinations. Purification
tional regulator of iron uptake and storage proteins, of mito-and structure-activity characterizations of the carbonyl reducta-
chondrial aconitase, and perhaps of succinate dehydrogenases of human myocardium will help to elucidate further the
(11, 15). Because of its broad effects on cardiac homeostasisinique influence of paclitaxel on the metabolism of doxorubicin
doxorubicinol has the potential for synergizing other concomi-to toxic species.

tant mechanisms of toxicity beyond the threshold of reversible Previous attempts to elucidate the mechanisms of enhanced
damage, setting the stage for the development of irreversibleardiotoxicity by doxorubicin-paclitaxel combinations have fo-
cardiomyopathy and congestive heart failure (15). In this studycused on pharmacokinetic rather than metabolic interactions
we probed the hypothesis that paclitaxel increases the incidendeetween the two drugs. In particular, studies in breast cancer
or accelerates the course of the cardiomyopathy related to thpatients have shown that paclitaxel, perhaps in concert with its
cumulative dose of doxorubicin by facilitating its conversion to vehicle Cremophor EL, interferes with the elimination of the
doxorubicinol in the heart. For this purpose we exploited aanthracycline and consequently increases the plasma levels of
human model of cardiac tissue which avoids interpretation probdoxorubicin and especially of doxorubicinol (6). From a mech-
lems posed by the high variability of doxorubicin metabolism in anistic point of view, however, an elevation of doxorubicinol in
laboratory animals (11, 13, 15). The results demonstrate thgplasma cannot explain a greater incidence of cardiac events,
paclitaxel enhances the enzymatic conversion of doxorubicin tdecause doxorubicinol is too polar for partitioning from extra-
doxorubicinol, presumably through an allosteric modulation ofcellular fluids into cardiomyocytes (16). The increased plasma
carbonyl or aldo/keto reductases. The allosteric effect is sugexposure to doxorubicin caused by paclitaxel may result in a
gested by the bell-shaped response of doxorubicinol to increasommensurate elevation of the anthracycline in cardiac tissues,
ing concentrations of paclitaxel, and by the fact that paclitaxelbut chronic cardiomyopathy would only develop after the con-
stimulates doxorubicinol formation through reversible, dialysis-version of critical amounts of doxorubicin to doxorubicinol by
inhibitable mechanisms rather than through irreversible, covacardiac reductases. Here we have shown that paclifexedeis
lent-type binding to the cytosol. Similar mechanisms enableable to accelerate such a conversion, an effect that would be
paclitaxel to also enhance the reduction of doxorubicin aglyconesery unlikely to be shared by Cremophor EL because of its
to doxorubicinol aglycone, a metabolite that may contribute tolimited distribution in extravascular compartments (17). There-
the reversible phases of cardiotoxicity by partitioning from fore, our findings form the basis to recapitulate paclitaxel-
cytosol into mitochondria and by increasing oxygen radicaldoxorubicin interactions in a more comprehensive sequence of
formation by the respiratory chain (13). These findings showevents, according to which the clinical formulation of paclitaxel
that paclitaxel has broad effects on doxorubicin metabolismcauses slower elimination of doxorubicin and correspondingly
resulting in increased formation not only of doxorubicinol but increases its penetration into myocardial tissue, whereas pacli-
also of metabolites—such as doxorubicinol aglycone—whichtaxel per seeventually facilitates the metabolic conversion of
may act synergically with doxorubicinol in a unified pathway doxorubicin to toxic species inside cardiomyocytes.

leading to chronic cardiomyopathy. Importantly, such metabolic Recent trials in breast cancer patients suggest that do-
changes were not observed by replacing paclitaxel with vinorel-cetaxel does not enhance the cardiotoxicity of doxorubicin (7,
bine, which does not increase the cardiotoxicity of doxorubicin.8), presumably because it does not interfere with its elimination
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(18). However, an additional and confounding factor in inter- B. Cardiac function following combination therapy with Taxol® and

preting these trials may be represented by the lower cumulativ®oxorubicin for advanced breast cancer. Proc. Annu. Meet. Am. Soc.
dose of doxorubicin administered in combination with do- Clin- Oncol.,17: 115a, 1998.

cetaxel. As a matter of fact, relatively few patients in the 3 Hortobagyi, G. N., Willey, J., Rahman, Z., Holmes, F. A,, Theriault,

L . L., and Buzdar, A. U. Prospective assessment of cardiac toxicity
docetaxel-doxorubicin trials were exposed to more than 360_during a randomized Phase Il trial of doxorubicin and paclitaxel in

400 mg/nt of the anthracycline (7, 8), precluding direct com- metastatic breast cancer. Semin. Oncd4.(Suppl. 17) 65—68, 1997.
parison with the paclitaxel-doxorubicin trials in which conges- g, Gianni, L., Vigano L., Locatelli, A., Capri, G., Giani, A., Tarenzi,
tive heart failure occurred after 420-480 md/rof the E., and Bonadonna, G. Human pharmacokinetic characterizatiomand
anthracycline (6). Here we have shown that docetaxel anditro study of the interaction between doxorubicin and paclitaxel in
paclitaxel share the same effects and range of action ove?at;\jinstsse‘:‘”t‘? tl’_rea;itefzgcf;' JGEJ:: gncgsarliifs'lgli\l/ss;ic c
dlff(_ar_ent cytosol sar_n_ples In stimulating the conversion of do}.(o'Kalla, S. éozec: L., Bedzet;oc, P.,’Jas’min, Cg Au’sseI’, J. P, Ri\}a, A.,
rubicin to doxorubicinol aglycone, a metabolite of potential Azli, N., and Pouillart, P. Dose-finding study of docetaxel and doxoru-
relevance to the reversible phases of cardiotoxicity. Howeverbicin in first-line treatment of patients with metastatic breast cancer.
our data also show that docetaxel exhibits a narrower range ofnn. Oncol.,10: 553-560, 1999.
action in stimulating doxorubicinol formation. In view of the 8. Nabholtz, J. M., North, S., Smylie, M., Mackey, J., Au, H. J., Au, R.,
predominant role of doxorubicinol in advancing the course ofMorrish, D., Salter, E., and Tonkin, K. Docetaxel (Taxotere) in combi-
cardiomyc_)pathy (19), such a narrower range of_ action migh%ﬁé%?_’ggqsirgg[ag il'lrflss"nzégg_"eatmem of breast cancer. Semin.
concur with th_e lack of pharmgc_oklnetlc |nteract_|o_ns,_ and thegl Spielmann, M., Dorval, T., Turpin, F., Antoine, E., Jouve, M.,
lower cumulative dose of administered doxorubicin, in deter-pmaylevin, F., Lacombe, D., Rouesse, J., Pouillart, P., and Tursz, T.
mining the reported better cardiac safety of docetaxel-doxoruPhase I trial of vinorelbine/doxorubicin as first-line therapy of ad-
bicin combinations. On all other grounds, docetaxel and paclivanced breast cancer. J. Clin. OncdR; 1764-1770, 1994.
taxel have similar effects on the conversion of doxorubicin to10. Minotti, G., Cavaliere, A. F., Mordente, A., Rossi, M., Schiavello,
toxic species. This supports the concept of intensifying theR- Zamparelli, R., and Possati, G. F. Secondary alcohol metabolites
. . - L mediate iron delocalization in cytosolic fractions of myocardial biopsies
cardiac surveillance and follow-up of patients receiving doxo-gynosed to anticancer anthracyclines. J. Clin. Invesfi;. 1595-1605,
rubicin in combination with either taxane to assess the actuaiggs.
window of safety for clinical use. 11. Minotti, G., Recalcati, S., Liberi, G., Calafiore, A. M., Mancuso, C.,
In conclusion, we have shown that paclitaxel and do-Preziosi, P., and Cairo, G. The secondary alcohol metabolite of doxo-
cetaxel, but not the structurally unrelated tubulin-active drugrubicin‘irrever_sibly inactivates aconitasg/iron regulatory protein-1 in
vinorelbine, enhance doxorubicin metabolism to toxic speciesCytOSOIIC fractions from human myocardium. FASEB 12; 541-551,
These findings were obtaine_d in an ethically acceptab_le modeizl 'I;aatjes, D. J., Gaudiano, G., Resing, K., and Koch, T. H. Redox
of human myocardium, provide reliable correlates to interpretyathway leading to the alkylation of DNA by the anthracycline, antitu-
the clinical pattern of doxorubicin-paclitaxel cardiotoxicity, and mor drugs Adriamycin and daunomycin. J. Med. Che#a®; 1276—
caution against the potential toxicity of combining docetaxel 1286, 1997.
with cumulative doses of doxorubicin higher than 360—40013. Licata, S., Saponiero, A., Mordente, A., and Minotti, G. Doxoru-

mg/n? that were proved safe in available clinical studies. ThesePiCin metabolism and toxicity in human myocardium: role of cytoplas-
mic deglycosidation and carbonyl reduction. Chem. Res. Toxit8l.,

results also suggest that the human myocardium model is eX114_420 2000.
ploitable for screening novel taxanes. Such studies wouldis gruno. R.. Hille. D.. Riva. A. Vivier. N.. ten Bokkel Huinnink

promptly identify those new analogues devoid of effects onw. w., van Oosterom, A. T., Kaye, S. B., Verweij, J., Fossella, F. V.,
doxorubicin metabolism and eventually of the potential for Valero, V., Rigas, J. R., Seidman, A. D., Chevallier, B., Fumoleau, P.,

enhancing cardiotoxicity when used in combination with the BUrris, H. A, Ravdin, P. M., and Sheiner, L. B. Population pharmaco-

anthracvcline kinetics/pharmacodynamics of docetaxel in Phase Il studies in patients
Y ’ with cancer. J. Clin. Oncol16: 187-196, 1998.
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