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Abstract

Anthracycline cardiotoxicity represents the most unfavorable side effect of these highly efficient anticancer drugs. Several
biotransformation enzymes have been described to contribute to their cardiotoxicity. Besides the activities of CYP450
isoforms which lead to the generation of reactive oxygen species (ROS), the cytosolic reductases have attracted attention
nowadays. The reductases known to metabolize anthracyclines to C13-hydroxyanthracyclines are carbonyl reductase (CR,
1.1.1.184) and the aldo-keto reductases (AKR1C2, 1.3.1.20; AKR1A1, 1.1.1.2). Their participation in the formation of the
toxic C13-hydroxymetabolite has been investigated in rabbit using diagnostic inhibitors of CR and AKR1C2. The kinetics and
the type of reductase inhibition exerted by the two inhibitors have been described and it was found that CR was the main
daunorubicin reductase at both optimal and physiological pH with the kinetic parameters for daunorubicin reduction of
Ky =17.01 =1.98uM and Vi = 139.60 = 5.64 pcat/mg. The IC50 values for quercitrin and flufenamic acid were
5.45 £ 1.37 wM and 3.68 = 1.58 uM, respectively. The inhibition was uncompetitive for both inhibitors and irreversible in
the case of flufenamic acid.
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Introduction complicate therapy such as hair loss, nausea, vomiting
etc. but the most inconvenient and potentially life-
threatening effect of anthracyclines is their cardiotoxi-
city [6]. The cardiotoxicity can be observed at different
levels from acute to chronic and delayed toxicity [7], the
latter being especially serious for it can occur suddenly

many years after chemotherapy has finished. It is well

Anthracyclines are among the most efficient and widely
used antineoplastic agents [1]. It was about 50 years ago
that daunorubicin (DAU) and doxorubicin were first
isolated from the strain of bacteria Strepromyces and their
antibiotic and antimitotic effects described [2]. However,

the anthracyclines were found to be too toxic for the
therapy of human infectious diseases and they finally
found their place in the chemotherapy of cancer. Many
derivatives [3,4,5] have been synthetised but even now
none of them has actually replaced the first two parent
compounds of the class—daunorubicin and doxorubicin.

Like many other cancer chemotherapeutics the
anthracyclines possess a series of side effects which

known that anthracycline-induced cardiomyopathy is
most likely to develop upon administration of cumula-
tive doses of anthracyclines of about 550 mg/m? (the
exact value depends on the particular anthracycline) [8].
The cause of the cardiotoxicity has not yet been fully
explained. There are many hypotheses about its
development and several biotransformation enzymes
seem to be involved. According to the popular
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freeradical theory, the cardiac injury results from the
redox cycling of anthracyclines which leads to the
generation of reactive oxygen species (ROS) and
oxidative damage of the cell [9,10]. One-electron
redox cycling of a quinone moiety of the molecule is
catalyzed by CYP450 isoforms [11] but some other
enzymes have also been proposed to contribute to this
proccess (e.g. nitric oxide synthase, NADH dehydro-
genase) [12]. However, this free-radical mechanism can
hardly explain the development of the chronic toxicity.
Moreover, it has been shown (in vitro) that the
generation of ROS by anthracyclines can paradoxically
protect the cardiac cell against iron-mediated toxicity
[13]. The role of iron in a freeradical-independent
mechanism of cardiotoxicity has been studied inten-
sively and it was suggested that anthracyclines disturb
the homeostasis of iron by interferring with key iron
regulatory proteins [14,15].

Some investigators have shown that the cardiotoxi-
city correlates with the reduction of anthracyclines to
their C13-alcoholic metabolites [16,17,18] (Figure 1).
This metabolic conversion is catalyzed by cytosolic
reductases of the aldo—keto reductase class (AKR)
and short chain dehydrogenase class (SDR) [12]. The
reducing capacity of the heart was shown to be much
lower than that of the liver [19], however, the
cumulation of the metabolite in the heart has been
described [16] suggesting that the alcoholic metabo-
lites might be transported and selectively trapped by
cardiac cells. Three enzymes have actually been
described to metabolize anthracyclines to C13-
hydroxymetabolites [20]: Carbonyl reductase (CR,
1.1.1.184) [21,22], AKR1C2 (1.3.1.20) [23,24] and
AKRI1A1 (1.1.1.2.) [25]. (The latter two were
previously referred to as dihydrodiol dehydrogenase
DD2 and aldehyde reductase ALRI, respectively.)
Unfortunately not much is known about the partici-
pation of these particular reductases on C13-alcoholic
metabolite formation and it seems useful to know
which enzyme is the most active regarding anthracy-
cline reduction since this would allow the design of
appropriate cardioprotective drugs on the basis of

CR (EC 1.1.1.184)
CH
AKRI1C2 (EC1.3.1.20) ~ 3

AKRI1A1 (EC 1.1.1.2) H1—0

Figure 1. Scheme of metabolic conversion of daunorubicin to its
C13-hydroxymetabolite daunorubicinol. The cytosolic reductases
involved in this process are CR (EC 1.1.1.184), AKR1C2 (EC
1.3.1.20), and AKR1A1l (EC 1.1.1.2).

reductase inhibition. In this study we characterized
the activities of anthracycline reductases in rabbit liver
cytosol, the kinetics of daunorubicin reduction and
the parameters of the reductase inhibition.

Materials and methods
Animals

Male rabbits (Orycrolagus cuniculus var. Chinchilla, about
3 kg weight) were obtained from Velaz, Prague, Czech
Republic and kept on standard laboratory diet ad Libitum.
The animals were sacrificed by bleeding to death under
anaesthesia and their livers removed and stored at
—80°C. All the procedures were permitted and
supervised by the Ethics Committee of the Faculty of
Pharmacy, Charles University in Prague.

Chemicals and reagents

Daunorubicin (Cerubidine® inj.) was obtained from
Rhone-Poulenc, France. NADPH was obtained from
ICN Biochemicals Inc., California, USA. Quercitrin,
flufenamic acid and the protein assay reagents (BCA kit)
were obtained from Sigma-Aldrich. All other chemicals
and solvents used were of analytical grade and were
obtained from local commercial sources.

Isolation of liver cytosolic fractions

Rabbit livers stored at —80°C were thawed at room
temperature (all the following procedures took place
at 4°C). 20 g of liver tissue per rabbit were cut into
small pieces and homogenised in 100 mL of sodium-
phosphate buffer pH 7.4 using a Potter-Elvehjem’s
homogeniser. The homogenate was distributed in 8
cuvettes, buffer was added to a total volume of 50 ml
per cuvette and the homogenate was centrifuged at
5,000Xg. The supernatant was collected and centri-
fuged at 20,000Xg. After this, the supernatant was
ultracentrifuged at 100,000Xg for 1h. The super-
natant represented the cytosolic fraction and was
stored at —80°C for later use.

Reductase activiry assay

Activities of selected cytosolic reductases were
measured spectrophotometrically by monitoring the
oxidation rate of NADPH at 340nm [26,27].
Potassium-phosphate buffer 0.1 M, pH 6.0 was used
for CR and AKR1C2 assay and TRIS-HCI buffer
0.2M, pH 8.5 was used for AKR1A1l assay. The
incubation mixture (1mL) contained 930 pL. of
appropriate buffer, 50 pL of cytosolic fraction, 10 nLL
of 10 mM NADPH and 10 pL of 1 mM daunorubicin
by which the reaction was started. Absorbance at
340 nm was continuously recorded for 4 min (linear)
and enzymatic activity was calculated wusing
e =6270 M ! cm™! and expressed in cat/mg protein.
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Inhibition assays

Quercitrin [21,28], a specific inhibitor of CR and
flufenamic acid [23,24] (NSAID), a specific inhibitor
of AKR1C2 were used to separate the two enzymes’
activities at pH 6.0. Inhibitors were dissolved in
DMSO so that a series of stock solutions (1000-fold
concentrated) was prepared to give final concen-
trations within the range of 0.5-50 uM. The
concentration of DMSO in reaction mixture never
exceeded 0.1% which did not affect enzyme activity.
Dicoumarol was dissolved in 15mM NaOH to give
final concentrations of 1-50 wM. Typically, 50 pLL of
cytosolic fraction and 10 pLL of 10 mM NADPH were
put in 930 wL buffer, 1 wL of inhibitor stock solution
was added and the reaction mixture was preincubated
for 5min. The reaction was then started by adding
10l of 1mM DAU and the residual reductase
activity was determined as described above. Sodium-
phosphate buffer 0.1 M was used for measuring
activity at pH 7.4. The fraction of the total reductase
activity that was not inhibitable by quercitrin was
considered to be due to AKR1C2 activity whereas the
fraction of total activity that was not sensitive to
flufenamic acid was considered as due to CR activity;
these values allowed calculation of the CR/AKR1C2
ratios at pH 6.0 and 7.4.

Reversibiliry assay (dialysis)

Reversibility of inhibition was tested by comparing the
activities of inhibited reactions before and after
dialysis. Briefly, after the reductase activity of
inhibited sample was determined, the reaction
mixture was placed in dialysis tubing (Visking®,
MWCO 14000, Carl Roth GmbH) and dialysed
against PBS for 12h at 4°C with the buffer being
changed every 2h. After 12h the contents of each
dialysis tube was carefully moved to the cuvette and
the reductase activity was measured again after adding
10 L 10mM NADPH and 10 pL. 1 mM DAU. The
non-inhibited reaction was dialysed and measured
under the same conditions and served as a control to
eliminate the influence of spontaneous loss of
activity and/or minor changes in the enzyme concen-
tration due to the sample manipulation during the
experiment.

Protein determination

Protein was determined spectrophotometrically using
bicinchoninic acid [29], with bovine serum albumin as a
standard.

Data analysis

The data were analysed using Graph Pad Prism
v. 3.00. All values are given as means of at least
3 measurements = SD.
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Results

The reductase activities of CR, AKR1C2 and AKR1A1
were determined spectrophotometrically at their
respective optimal pH (Figure 2). However, the pH
optimum for CR and AKR1C2 is the same (pH 6.0) so
we were unable to distinguish the activities of the two
enzymes initially and for this purpose used quercitrin
and flufenamic acid, the diagnostic inhibitors of CR and
AKRI1C2, respectively. We measured the dependence of
residual reductase activity on increasing inhibitor
concentration and from the resulting inhibition
curves (Figure 3) estimated the IC50 wvalues as
5.45 = 1.37 uM for quercitrin and 3.68 £ 1.58 uM
for flufenamic acid. We also evaluated the contribution
of CRand AKR1C2 to the total activity at pH 6.0 which
was 3:1. The test of inhibitor sensitivity was repeated at
pH 7.4 as well to get closer to physiological conditions
and found that the difference between CR and AKR1C2
activity is then even more pronounced—in the ratio of
5:1. As the method for reductase activity determination
is based on measuring the rate of NADPH oxidation
instead of product determination (C13-OL) it could be
regarded as relatively non-specific. We therefore
investigated the possible interference of another
cytosolic NADPH-dependent reductase which is
known to metabolize daunorubicin, DT-diaphorase
(EC 1.6.99.2). DT-diaphorase reduces the quinone
moiety of the tetracyclic ring of daunorubicin and is not
involved in C13-OL formation but theoretically it could
interfere with our kinetic study. However, it was found
that dicoumarol, an inhibitor of D'T-diaphorase, had no
effect on NADPH-dependent reduction of dauno-
rubicin in our system indicating that the reduction the
of quinone moiety of daunorubicin did not interfere
with the determination of Cl3-carbonyl reduction
(data not shown).

As the next step we were interested in discovering the
mechanism of reductase inhibition exerted by quercitrin
and flufenamic acid (this was done at optimal pH 6.0).

60,0

50,0

40,0
30,0
20,0

10,0

specific activity (pcat/mg)

0,0 -
CR

AKR1C2 ALR1A1

Figure 2. The activities of the three cytosolic reductases measured
at their optimal pH. The first column represents the sum of activities
of CR and AKR1C2 with the pH optimum at 6.0. The activity of
AKRI1A1 could be measured separately at pH 8.5.
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Figure 3. The inhibition curves of quercitrin (A) and flufenamic acid (B) at pH 6.0 and pH 7.4 for comparison. The participation of CR and
AKRI1C2 to the total reductase activity was calculated to be 3:1 at pH 6.0 (optimal) and 5:1 at pH 7.4 (physiological). The IC50 values at pH
6.0 were estimated to be 5.45 = 1.37 uM for quercitrin and 3.68 * 1.58 pM for flufenamic acid.

Initially the kinetics of non-inhibited daunorubicin
reduction (Figure 4) were studied and gave K, =
17.01 = 1.98 uM and Ve = 139.60 = 5.64 pcat/mg.
Four different concentrations of substrate (5—30 M)
and two concentrations of inhibitor (the lower
concentration imitated the IC50 value and the other
one was 3 fold higher) were used. The kinetics of the
inhibited reactions were investigated (Figure 5), the data
were transformed according to Lineweaver and Burk
and the K; values were calculated (Table I).
An uncompetitive mechanism of inhibition was found
for both inhibitors (Figure 6). However, we are aware
that attempting to estimate the kinetics of the minor
component (AKR1C2) brought certain difficulties. The
differences between the inhibitors concentrations were
small and the error became relatively large so that the K;
value for flufenamic acid presented here did not come
out as accurate as desired.

The reversibility of inhibition was tested by
measuring the rate of inhibition before and after
dialysis and comparing these values with those of a
control (non-inhibited) sample to avoid misinterpre-
tation of irreversibility of inhibition due to possible
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Figure 4. Michaelis-Menten kinetics of daunorubicin reduction at
pH 6.0. The kinetic parameters calculated from the curve were:
K = 17.01 £1.98, Vi = 139.60 £ 5.64.

loss of activity during dialysis. The inhibition of CR by
quercitrin was found to be reversible while flufenamic
acid acted as an irreversible inhibitor of AKR1C2
(Figure 7).

Discussion

The cardiac toxicity of anthracyclines is the main
obstacle to their clinical use [6]. This is quite
unfortunate because anthracyclines are otherwise
very efficient for the chemotherapy of a number of
solid tumors as well as haematological malignancies
[1]. The mechanism of the cardiotoxicity development
is not clear but it is believed that it is different from
those toxic effects that anthracyclines exert against
cancer cells [36]. The generation of ROS during the
redox-cycling of anthracyclines has been well
described [9,10] and generally accepted as an
important factor that can contribute to the cardio-
toxicity but it is certainly not the only one. The role of
cytosolic reductases have also been implied [12,19,20]
and the cardiodepressive effects of the secondary
alcoholic metabolites have been described [16,17].
It has also been proved that the metabolites are
accumulated in the heart and moreover that they are
less potent cytostatics than the parent compounds
[20]. Three cytosolic reductases (CR, 1.1.1.184;
AKR1C2, 1.3.1.20; AKR1A1, 1.1.1.2) have been
described as participating in C13-carbonyl reduction
of anthracyclines [20], however, not much is known
about the contribution of the particular enzymes to
the formation of C13-OL. It was previously indicated
that AKR1A1 which has a pH optimum at 8.5 was not
sensitive to its specific inhibitor (phenobarbital) at pH
7.4 suggesting that it was not involved in the process
of C13-OL formation from daunorubicin under
physiological conditions [19]. In that study Propper
et al. also showed that carbonyl reductase
was inhibited by its inhibitor at physiological pH
and suggested that this single enzyme was responsible
for C13-OL formation [19]. However, the third
enzyme, AKR1C2, was not investigated. The authors
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Figure 5. Michaelis-Menten kinetics of daunorubicin reduction at pH 6.0 inhibited by quercitrin (A) and flufenamic acid (B) at two different

concentrations by comparison with the non-inhibited reduction.

TableI. IC50 values, K; constants and inhibition types of quercitrin
and flufenamic acid for rabbit liver carbonyl reductase and aldo-keto
reductase AKR1C2, respectively.

IC50 value K, constants
Inhibitor (pJM)Jr [i] (M) (M) Inhibition type
Quercitrin ~ 5.45 = 1.37 5 3.21 Uncompetitive/
Reversible
15 4.23
Flufenamic 3.68 * 1.58* 2.5 20.13*  Uncompetitive/

Acid Irreversible
7.5 14.06*

* see text; T DAU concentration = 10 wM.

formulated their conclusions on the basis of a kinetic
study at pH 7.4 which they indicated to be a single
enzyme kinetics. The slight deviations from this model
were explained as non-enzymatic daunorubicinol
formation. Therefore it was our interest to find out
whether it could be due to contribution of enzymatic
reduction by AKR1C2.

This study was designed to estimate the contribu-
tion of CR and AKR1C2 to the total reductase activity
at pH 6.0 (optimal) as well as at pH 7.4 (physio-
logical). Using diagnostic inhibitors of the two
enzymes it was found that the CR/AKRIC2 ratio

faYe)

was 3:1 at pH 6.0 and 5:1 at pH 7.4. These results
indicate that CR is the major enzyme of daunorubicin
reduction but there is still some residnal activity due to
AKRI1C2 even at physiological pH and this should not
be neglected. On the other hand the Propper group’s
observation was confirmed that AKR1A1l was not
active at pH 7.4 [19]. This is due to the fact that the
residual reductase activities in the presence of
quercitrin or flufenamic acid together accounted for
100% of activity so that it is then very unlikely that any
enzyme other than CR and AKR1C2 participates in
daunorubicinol formation at pH 7.4.

Uncompetitive inhibition was found for both
inhibitors of daunorubicin reduction in this study,
unfortunately with low accuracy in the case of
flufenamic acid which was unavoidable while working
with the whole cytosolic fraction and not using
purified enzymes. As for AKR1C2, it is evident that
the members of AKRI1C class have been much more
studied in relation to the oxidation of the rrans-
dihydrodiols of aromatic hydrocarbons and their role
in carcinogenesis [30,31]. The uncompetitive inhi-
bition of AKR1C2 by flufenamic acid has been
previously described with respect to NADP* (i.e. in
the direction of oxidation) [24]. Enzymes, however,
do not necessarily have to exert the same kinetic

* non-inhibited |
+ 5uM QUER

v 15 uM QUER [0.06 Y Y
2 0.045 "
0.0247 2

" non-inhibited
s 25uM FA 0.03-
v 7.5uM FA
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-03 -02 -01 -0.0 0.1 0.2 0.3
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T T T T
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Figure 6. Linearization of the inhibition data according to Lineweaver and Burk for of daunorubicin reduction by quercitrin and flufenamic

acid (at pH 6.0).
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Figure 7. Inhibition reversibility assay. The reduction was
inhibited by 10 pM quercitrin and 5 uM flufenamic acid to 35%
and 73% of control, respectively. After 12h of dialysis in PBS the
inhibition by quercitrin was reversed and the activity reached 86% of
control. In the case of flufenamic acid no significant changes in
activity were observed due to dialysis suggesting reversible inhibition
of CR by quercitrin and irreversible inhibition of AKR1C2 by
flufenamic acid.

properties for the reactions of oxidation and reduction
which is why we performed our own experiments
using daunorubicin as the substrate of interest and
examined its NADPH-dependent reduction.
No information about the mechanism of inhibition
of CR by quercitrin is available in the literature
where quercitrin was only described as a non-
competitive inhibitor of lens aldose reductase
(EC 1.1.1.21) [32].

In conclusion, we describe here how CR and
AKRI1C2 participated in C13-OL formation and that
CR was the more important enzyme in this process
and, moreover, characterised the mechanism of
inhibition of these enzymes by their specific inhibitors.
This information can be especially valuable for
designing new effective cardioprotective agents since
it is clear that the C13-OL metabolites are at least
partially responsible for the anthracycline-induced
cardiotoxicity. It is of interest that quercitrin which
belongs to a class of flavonoids is a potent inhibitor of
C13-OL formation from daunorubicin. Flavonoids
have been extensively studied as potential cardiopro-
tectors since they act as antioxidants and iron-
chelating agents [33]. With regard to the freeradical
theory and the involvement of iron in the development
of cardiotoxicity it seems that the flavonoids could
offer good multi-factorial protection. However, the
group of flavonoids (either natural or semi-synthetic)
is huge and while the relations between their structure
and their antioxidant, and iron-chelating properties
have been at least partially described in several studies
[34,35], very little is known about the correlation with
their inhibitory/induction effects which could perhaps
be crucial for their clinical efficacy in protecting the
heart from anthracycline-induced injury.
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