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Abstract

Carbonyl reduction is a main but undesired metabolic pathway of the anti-cancer drug daunorubicin (DRC).
The resulting alcohol metabolite daunorubicinol has a far less anti-tumor potency and, in addition, is responsible
for the life-threatening cardiac toxicity that limits the clinical use of DRC. Elevated levels of carbonyl-reducing
enzymes in cancer cells may therefore contribute to the development of DRC chemoresistance and affect the clinical
outcome. In the present investigation, human pancreas carcinoma cells were transfected with three important DRC
reductases, namely carbonyl reductase (CBR1), aldehyde reductase (AKR1A1) and aldose reductase (AKR1B1), and
levels of resistance towards DCR determined. Overexpression of all three reductases lead to a higher DRC
inactivation and to an elevation of chemoresistance (7-fold for CBR1, 4.5-fold for AKR1A1 and 3.7-fold for
AKR1B1), when IC50-values were considered. Coadministration of DRC reductase inhibitors in DRC chemotherapy
may be desirable since this would reduce the formation of the cardiotoxic alcohol metabolite and prevent drug
resistance.
� 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Resistance towards anticancer drugs is a major
problem in the chemotherapy of malignant tumors.
The development of classical multidrug-resistance
(MDR) is generally associated with a decrease
of intracellular drug concentrations through an

0304-3835/$ - see front matter � 2007 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.canlet.2007.03.018

Abbreviations: AKR1A1, human aldehyde reductase; AKR1B1,
human aldose reductase; CBR1, human carbonyl reductase;
DRC, daunorubicin; DRCOL, daunorubicinol.

* Corresponding author. Address: Institute of Toxicology and
Pharmacology for Natural Scientists, University Medical School
Schleswig-Holstein, Campus Kiel, Brunswiker Strasse 10, 24105
Kiel, Germany. Tel.: +49 431 597 3540; fax: +49 431 597 3558.

E-mail address: maser@toxi.uni-kiel.de (E. Maser).

Cancer Letters 255 (2007) 49–56

www.elsevier.com/locate/canlet

mailto:maser@toxi.uni-kiel.de


ATP-dependent efflux of the unmodified drug from
the cell [1]. This form of MDR is the result of, at
least in part, the activity of efflux transporters of
the ATP-binding cassette (ABC) family such as
ABCB1 (P-glycoprotein 170, P-gp), the ABCC
(multidrug resistance-related protein, MRP) family
and ABCG2 (breast cancer resistance protein,
BCRP) [2–5]. Another mechanism of resistance
towards chemotherapeutic drugs is the induced
expression of drug metabolizing enzymes, like alde-
hyde dehydrogenase [6] or the phase II conjugating
enzymes glucuronyl transferase and glutathione
transferase [7–10].

Anthracycline antibiotics such as daunorubicin
(DRC) and doxorubicin are among the most effec-
tive anti-cancer drugs ever developed [11]. Their
main antineoplastic effect is topoisomerase II inhibi-
tion, DNA intercalation, and RNA synthesis inhibi-
tion [12,13]. Other proposed mechanisms of
anthracycline action include generation of free rad-
icals and induction of apoptosis [13]. As with any
other anticancer agent, however, the clinical use of
both doxorubicin and DRC soon proved to be ham-
pered by such serious problems as the development
of resistance in tumor cells or toxicity in healthy tis-
sues, most notably in the form of chronic cardiomy-
opathy and congestive heart failure [13,14].

In addition to ATP-driven effluxes, metabolic
inactivation by carbonyl reduction contributes to
an acquired resistance of potent anthracycline che-
motherapeutics like doxorubicin and DRC [15–20].
Carbonyl reduction is a phase I biotransformation
reaction and takes place on the side chain C-13 car-
bonyl moiety of doxorubicin and DRC, resulting in
the formation of the secondary alcohol metabolites
doxorubicinol and daunorubicinol (DRCOL),
respectively [21–23].

Since the 13-hydroxy metabolites doxorubicinol
and DRCOL are significantly less potent than the
parent drug in terms of inhibiting tumor cell growth
in vitro [18–23], carbonyl-reducing enzymes are
considered to constitute an important mechanism
in the development of resistance towards these
drugs. Moreover, doxorubicinol and DRCOL, but
not doxorubicin and DRC, are thought to be
responsible for the cardiotoxicity observed upon
chemotherapy [19,24–26]. As a consequence, the
pharmacologic inhibition of anthracycline carbonyl
reduction may be cardioprotective without a loss of
antineoplastic potency.

Responses to pharmacological agents in the
human population are highly variable, owing in

part to variations in gene expression. These differ-
ences require identification and characterization of
the candidate protein. An important group of
enzymes has been described, acting as carbonyl
reductases towards the carbonyl group of doxoru-
bicin and DRC. These enzymes belong to two
protein superfamilies, the short-chain dehydroge-
nase/reductases (SDR) [27] and the aldo–keto
reductases (AKR) [28]. SDR and AKR enzymes
have overlapping substrate specificities including
many endogenous and xenobiotic compounds
[29–32]. Enzymes that are important for DRC car-
bonyl reduction to DRCOL have previously been
identified in in vitro studies as being carbonyl
reductase (CBR1; EC 1.1.1.184), aldehyde reduc-
tase (AKR1A1; EC 1.1.1.2) [33] and aldose reduc-
tase (AKR1B1; EC 1.1.1.21) [34]. Whereas human
CBR1 is a member of the SDRs [29,30], AKR1A1
and AKR1B1 are important human AKRs
[31,32].

For the present investigation, CBR1, AKR1A1
and AKR1B1 were cloned from a human liver geno-
mic library and transiently expressed in pancreas
carcinoma cells. The overexpression of these DRC
reductases resulted in a higher DRC carbonyl
reducing activity, which was paralleled by a several
fold increase in resistance of the pancreas carcinoma
cells towards DRC.

2. Materials and methods

2.1. Chemicals

DRC was supplied by Rhône-Poulenc Pharma GmbH
and DRCOL was donated by Farmitalia Carlo Erba
GmbH. All other chemicals were of highest commercially
available grade.

2.2. Cell lines and culture conditions

The DRC-sensitive human pancreas adenocarcinoma
cell line EPP85-181P was kindly provided by Prof.
M. Dietel. The tumor cell line was grown as monolayer
culture in Leibovitz L15 medium (PAA Laboratories)
completed with the following supplements: 10% fetal
bovine serum, 1 mM L-glutamine, 6.25 mg/l fetuin, 80
IE/l insulin, 2.5 mg/l transferrin, 1 g/l glucose, 1.1 g/l
NaHCO3, 1% minimal essential vitamins, 20,000 KIU
(Kallikrein-Inhibitor-Units)/l Trasylol, 5 mg/l gentamicin
and 200 mg/l piperacillin (Wyeth-Pharma) in a humidified
atmosphere of 5% CO2 at 37�. Mean population doubling
times were approximately 10 h. The cells were free of
mycoplasma as judged by staining with 4,6-diamino-2-
phenylindole-dihydrochloride.
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