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Abstract

Benfluron (B, [5-(2-N-o0x0-2-N',N”-dimethylaminoethoxy)-7-oxo0-7H-benzo[c]fluorene)) is a potential benzo[c]fluorene antineoplastic
agent with high activity against a broad spectrum of experimental tumors in vitro and in vivo. The structure of B has been modified to
repress its rapid deactivation through carbonyl reduction on C7. 3,9-Dimethoxybenfluron (D, [3,9-dimethoxy-5-(2-N-o0x0-2-N',N"-
dimethylaminoethoxy)-7-oxo0-7H-benzo[c]fluorene]) is one of the B derivatives developed. The present paper was designed to compare
the C7 carbonyl reduction of B and D in microsomes, cytosol and hepatocytes from human liver. Two purified human enzymes,
microsomal 11B-hydroxysteroid dehydrogenase 1 (118-HSD 1) and cytosolic carbonyl reductase, were tested if they are responsible for B
and D carbonyl reduction in the respective fractions. Indeed, carbonyl reduction of D in comparison to that of B was 4 and 6-10 times less
extensive in human liver microsomes and cytosol, respectively. Moreover, about 10-20 times higher amounts of dihydro B than dihydro D
were detected in primary culture of human hepatocytes. 113-HSD 1 was shown to be able to reduce B and D. For this enzyme, about 10
times higher rates of carbonyl reduction were observed for B than for D. Likewise, CR participates in B and D carbonyl reduction,
although smaller amounts of both reduced metabolites were detected. In summary, carbonyl reduction of D was significantly less extensive
than that of B in all in vitro experiments. This lower rate of D inactivation was especially pronounced in hepatocytes which represent a
close to in vivo situation. Our results clearly demonstrate that dimethoxy substitution protects the carbonyl group of the benzo[c]fluorene
moiety against the deactivation by microsomal and cytosolic reductases. Detailed knowledge on the participating enzymes may serve as a
basis for the co-application of specific inhibitors in chemotherapy to further improve the pharmacokinetics of benzo[c]fluorene
derivatives. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction to their reductive metabolism, although it is now well
known that a variety of pharmacologically important sub-
stances undergo reductive reactions in their biotransforma-
tion [1]. Carbonyl reduction is a significant step in the phase
I biotransformation of a great variety of aromatic, alicyclic

and aliphatic carbonyl compounds, including pharmacolo-

The metabolism of drugs has been extensively studied
with regard to their oxidation. Less attention has been paid
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gically relevant substances [2,3]. Carbonyl reduction has
also been shown to be of significance in various inactivation
processes of drugs containing a carbonyl group, such as
warfarin, haloperidol, daunorubicin and doxorubicin [4,5].

Several enzymes mediating carbonyl reduction of com-
pounds from endogenous and exogenous origin have been
identified until now, and most of them are characterized on
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Fig. 1. Chemical structure of benfluron (B) and its metabolite 7-dihydrobenfluron (dhB).
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Fig. 2. Chemical structure of 3,9-dimethoxybenfluron (D) and its metabolite 7-dihydro-3,9-dimethoxybenfluron (dhD).

the biochemical and molecular level [6]. According to their
primary structure and conserved amino acid residue motifs,
these enzymes have been classified into two protein super-
families, the short-chain dehydrogenases (SDRs) [7] and
the aldo—keto reductases (AKRs) [8]. The enzymes occur
in every tissue and organism examined so far and some of
them appear to have their physiological role in the meta-
bolism of prostaglandins, sugars and steroids [7,9]. Inter-
estingly, some hydroxysteroid dehydrogenases exhibit
pluripotency in that they catalyze the carbonyl reduction
of xenobiotic aldehydes and ketones, in addition to being
specific towards their physiological steroid substrates [5].

Deactivation through carbonyl reduction is also consid-
ered to be the principle biotransformation way of the
potential cytostatic drug benfluron (Fig. 1). Benfluron
(B), an antineoplastic agent prepared in the Research
Institute for Pharmacy and Biochemistry in Prague, exhi-
bits a high activity against a broad spectrum of experi-
mental tumors in vitro and in vivo [10]. A DNA
intercalation mode of action was proposed (unpublished
data).

In the rat, the main metabolic pathways of B both in vivo
and in vitro are reduction of the carbonyl group at C7,
N-oxidation, N-demethylation, as well as hydroxylation on
C9 [11-13]. In human, dihydrobenfluron (dhB) formed by
carbonyl reduction represents the principle metabolite of B
(unpublished data). In recent years, the chemical structure
of B has been modified with the aim to repress its dis-
advantageous pharmacokinetic properties (rapid deactiva-
tion through carbonyl reduction on C7, low accessibility
from the gastrointestinal tract and strong binding to tissue
proteins). 3,9-Dimethoxybenfluron (D) is one of the B
derivatives developed (Fig. 2). High antineoplastic effi-
ciencies of D can be expected in vivo [14,15] and respective
studies are currently in progress.

Our study was designed to quantitatively evaluate and
compare the extent of B and D carbonyl reduction in
microsomes, cytosol and hepatocytes from human liver.
In a further approach, two enzymes isolated from human
liver, microsomal 113-HSD 1 (EC 1.1.1.146) and cytosolic
carbonyl reductase (CR, EC 1.1.1.184), were identified as
responsible for some B and D carbonyl reduction. The data
obtained are promising in that dimethoxy substitution at C3
and C9 considerably protects D from deactivation by
carbonyl reduction at C7.

2. Materials and methods
2.1. Chemicals

The alkylation reagent 2-chlorethyldimethylamine used
in benzo[c]fluorene synthesis was purchased from Sigma.
NADPH was from Boehringer and HPLC chemicals from
Merck. The B precursor, 5-hydroxy-7-oxo-7H-benzo[c]-
fluorene, was obtained from the Research Institute for
Pharmacy and Biochemistry, Prague (Czech Republic),
the phenolic precursor for D (5-hydroxy-3,9-dimethoxy-
7-ox0-7H-benzo[c]fluorene) was prepared in our labora-
tories. All other chemicals were of the highest purity
commercially available.

2.2. Syntheses of benzo[c]fluorene derivatives

The benzo[c]fluorene derivatives B and D were prepared
by the Williamson synthesis from corresponding phenols
and basic alkylation reagents. TLC and HPLC standards of
the corresponding C7 dihydro-metabolites were prepared
by a NaBH, mediated reduction of parent compounds in
methanol solution. The structure and the purity of the
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compounds were confirmed by NMR and by HPLC
coupled with spectra analysis.

2.3. Biological material

The human liver samples were obtained from the Cada-
ver Donor Programme of Transplant Centre of Faculty of
Medicine, Charles University, Hradec Kralové.

2.4. Preparation of subcellular fractions

The liver homogenate was prepared by homogenization
in a Potter and Elvehjem homogenizer in a ratio of 1:3
(w/v) in a 0.1 M sodium phosphate buffer, pH 7.4, and by
sonication with Sonopuls (Bandeline). The microsomal
and cytosolic fractions were isolated by fractional ultra-
centrifugation of the liver homogenate in the same buffer.
Microsomes were finally resuspended in a buffer contain-
ing 20% glycerol (v/v) and stored at —80°.

2.5. Preparation of hepatocytes

Hepatocytes from two donors (68-year-old male and
48-year-old male) were prepared in INSERM U128
laboratories (France). Hepatocytes from the third donor
(69-year-old female) were prepared in Faculty of Phar-
macy, Charles University (Czech republic). The two-step
collagenase perfusion method [16] modified according to
[17,18] was used. Three million cells, in a volume of 3 mL
culture medium, were placed into 60 mm plastic dishes
pre-coated with collagen. The culture medium consisted of
a 1:1 mixture of Ham’s F12 and William’s E, supplemented
as described in [19]. The fetal calf serum was added to
the culture medium (5%) to favor the attachment of the
cells during the first 4 hr after plating. Thereafter, the
medium was changed in the absence of serum. The cultures
were maintained at 37° in a humidified atmosphere of air
and 5% CO..

2.6. Activity assays with subcellular fractions
and hepatocytes

Suitable conditions for activity tests (substrate and
cosubstrate concentrations, time of incubation) were cho-
sen according to preliminary experiments. The microsomal
suspension or cytosol (0.1 mL corresponding to 1 mg of
protein in 0.1 M Na—phosphate buffer, pH 7.4) was incu-
bated with 0.6 pmol of co-substrates (a mixture of NADPH
and NADH) and with the substrates at a saturating con-
centration of 1.5 mM. The incubations (total volume of
0.3 mL) were carried out at 37° for 30 min under aeration
or argon atmosphere.

Hepatocyte monolayers, cultured on a Petri dish (dia-
meter 60 mm) at a density of 0.8—1 million cells/mL
medium as described by [20] were incubated with
100 uM of substrate dissolved in the culture medium. In

these cases, low substrate concentrations were used to
escape the toxic effects of the substrates on cells. Aliquots
of medium (0.5 mL) were collected in the intervals of 0, 1,
3,6 and 24 hr or 0, 2, 4, 8 and 24 hr.

All incubations were terminated by addition of 0.1 mL
of 26% aqueous ammonia solution or 1 M sodium hydro-
xide. The samples were extracted three times with 2 vol. of
distilled ethyl acetate and the combined extracts were
vacuum-evaporated to dryness. The evaporation residues
were dissolved in methanol prior to TLC analyses or in
mobile phase prior to HPLC injection.

2.7. Activity assays with purified 113-HSD 1 and CR

11B-HSD 1 was isolated from human liver according to
Maser et al. [21]. CR was a generous gift from Ursula
Breyer-Pfaff, University of Tiibingen (Germany) [22].
Standard incubation mixtures with 5, 10 or 20 pL of native
human 11B-HSD 1 (protein concentration: 71 pg/mL) or
native human CR (protein concentrations: 47 pg/mL) were
incubated with 10 pL. of a NADPH-regenerating system
(final concentrations: 0.8 mM NADP*, 6 mM glucose
6-phosphate, 0.35 U glucose 6-phosphate dehydrogenase,
3 mM MgCl,) in 100 mM sodium phosphate buffer, pH
7.4, and B or D (0.2 mM or 1.0 mM) as the substrate in a
total buffer volume of 50 pL (0.1 M Na—phosphate buffer,
pH 7.4). After a reaction time of 30 min at 37°, all
incubations were terminated by cooling to 0° and addition
of 20 pL of 26% aqueous ammonia solution. Metabolites
were extracted three times with 2 vol. of distilled ethyl
acetate, and the combined extracts were evaporated in
vacuum until dryness. The dry evaporation residues
were dissolved in the mobile phase prior to their HPLC
injection.

2.8. Protein determination

Protein concentration was determined using the Lowry
method with 0.1% SDS.

2.9. TLC analyses

Benfluron or dimethoxybenfluron and their correspond-
ing metabolites were separated on TLC plates (Si 60 F254,
Merck). The mobile phase consisted of methanol, chloro-
form, and triethylamine in the ratio of 10:75:4 (v/v/v).
Quantification of substances was carried out with the help
of a Camag TLC Scanner II, and the UV detection was
performed in dual wavelength mode (295 and 340 nm for B
and its metabolites; 315 and 365 nm for D and its meta-
bolites).

2.10. HPLC separation and detection

HPLC analyses were performed using a Thermo Separa-
tion Products (formerly Spectra Physics) chromatograph.
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The chromatographic system consisted of a SCM400
solvent degasser, P4000 quaternary gradient pump, AS
3500 autosampler with 100 uL. sample loop, SpectraFO-
CUS high-speed scanning UV-VIS detector, SN4000 sys-
tem controller and a data station with the analytical
software ChromQuest 2.1 (ThermoQuest Inc.). A LiChro-
CART 125-4 mm analytical column packed with Puro-
spher RP-18¢ (5 um) and a LiChroCART 4-4 mm
precolumn with the same stationary phase (Merck) were
used for the analyses. The mobile phase consisted of
0.01 M nonylamine buffer (pH 7.4), acetonitrile, and pro-
pan-2-ol (in the ratio of 2:2:1, v/v/v). The flow rate was
1 mL x min~'. The UV detection was performed either in
dual wavelength mode (295 and 340 nm for B and its
metabolites; 315 and 365 nm for D and its metabolites) or
in high-speed scanning mode (range 195-365 nm with
1 nm steps), used for UV spectra collection.

3. Results
3.1. Reduction of B and D in subcellular fractions

In vitro metabolism of B and D was studied in sub-
cellular fractions of human liver. Carbonyl reduction of B
and D was found to occur in both the microsomal as well as
the cytosolic fraction. The results are shown in Table 1.

Compared to substrate B, very low activities of carbonyl
reduction of D were found in both subcellular fractions.
For example, the formation of 7-dihydro-3,9-dimethoxy-
benfluron (dhD) was 4 and 6-10 times less extensive than
that of dhB in microsomes and cytosol, respectively.
Carbonyl reduction of B in human liver predominated in
cytosol as compared to microsomes. Higher amounts of
dihydro-metabolites were found in samples incubated
under anaerobic conditions than under aerobic conditions.

3.2. Reduction of B and D in human hepatocytes

Primary human hepatocytes from three donors were
used for investigating the formation of dihydro-metabolites
from B or D as substrates. Fig. 3 shows the yield of dhB and

Table 1
Specific activities of enzymes involved in carbonyl reduction of benfluron
(B) and dimethoxybenfluron (D) in subcellular fractions of human liver

1

Substrate Activity of reductases (nmol x mg~' x 30 min~")
Cytosol Microsomes
Aerobic Anaerobic Aerobic Anaerobic
B 51+£2 64 £5 23 £2 37+3
D S5+1 10+3 6+1 9+2

The values represent the mean £ SD of three samples. Both NADH
plus NADPH served as co-substrates. See Section 2 for experimental
procedures and details.

dhD in the culture medium during increasing time inter-
vals. Although absolute levels of metabolite formation
varied among the individual donors, the overall course
of substrate reduction was similar in all hepatocyte pre-
parations. Most interestingly, considerable differences
were found between levels of dhB and dhD formation.
In all the time intervals tested, 10-20 times higher rates of
carbonyl reduction were observed with B than with D as
the substrate.

3.3. 11B-HSD 1 and CR are responsible for
carbonyl reduction of B and D

Previous investigations have shown that microsomal
11B-HSD 1 and cytosolic CR are important enzymes in
the detoxification of xenobiotic carbonyl compounds.
Therefore, both enzymes isolated from human liver were
tested in their purified form if they can catalyze the
carbonyl reduction of B and D.

Substrates B and D (in 0.2 and 1 mM concentration)
were incubated with three different amounts of purified
human 11B-HSD 1. Fig. 4 shows the yield of dhB or dhD
formed by 11B-HSD 1 mediated carbonyl reduction. The
linear dependence between product formation and enzyme
amount proved the ability of 11B-HSD 1 to catalyze the
carbonyl reduction of both B and D. Interestingly, about 10
times higher rates of dhB production were observed com-
pared to dhD.

Likewise, substrates B and D (in 0.2 and 1 mM con-
centration) were tested with three different amounts of
purified human CR. The results are presented in Fig. 5.
Although the production of dihydro-metabolites was low
(5-10 times lower yields than those observed for 113-HSD
1), it could clearly been shown that CR is able to participate
in B and D carbonyl reduction. Comparing the two sub-
strates, a significantly higher formation of dhB than of dhD
by purified CR was observed, as was the case with purified
11B-HSD 1.

4. Discussion

Reduction of carbonyl group containing substances,
especially cytostatic drugs, is of great interest, since the
resulting hydroxy-metabolites are considered to be far less
toxic for the tumor cells [23-25]. Accordingly, the pre-
vention of carbonyl reduction may represent a potential
approach to enhance the safety and efficiency of cytostatics
in clinical chemotherapy [26]. Prevention of carbonyl
reduction could be achieved either by inhibiting the
enzymes responsible for drug inactivation or by chemically
modifying the chemotherapeutic molecule, such that it
loses its affinity for the inactivating enzymes.

Several examples of an altered reductive metabolism
after structural modification of the substrates have been
reported [4,6,27,28]. We previously studied the effects
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Fig. 3. Formation of dhB and dhD through carbonyl reduction of benfluron (B) and dimethoxybenfluron (D) in primary cultures of human hepatocytes from
three different donors. Concentrations of substrate (B or D) and the corresponding dihydro-metabolite (dhB or dhD) were measured in culture medium
aliquots. Each value represents the mean & SD of three samples. See Section 2 for experimental procedures and details.

of substituents on reduction of benzo[c]fluorene
N-oxides [29]. Based on a comparison of the amount
of dihydro-metabolites of individual N-oxides, an impor-
tant effect of dimethoxy substitution has been found.
As no dihydro-metabolites of dimethoxybenfluron N-oxide
were formed in rat microsomes, we suppose that the
dimethoxy substitution in the benzo[c]fluorene ring causes
the effective C7 carbonyl group protection in rat micro-
somes.

Rapid deactivation through carbonyl reduction repre-
sents one of the undesired properties of B. Its structure has
been modified with an effort to decrease the metabolic
conversion mainly to 7-dihydrobenfluron (dhB), as it is
considered to be the most important deactivation product
of B [10-12,30]. Our present study was aimed to verify this
hypothesis in human liver on several experimental levels.

At first, B and D carbonyl reduction was studied in
microsomes and cytosol from human liver. To provide
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Fig. 4. The amount of dhB and dhD formed by carbonyl reduction of benfluron (B) and dimethoxybenfluron (D) in incubation mixtures with purified human
11B-HSD 1 in the presence of a NADPH-regenerating system. Each value represents the mean of two samples. See Section 2 for experimental procedures and

details.

co-substrates for all reductases possibly involved, and to
minimize the usage of human material, a mixture of NADH
and NADPH was used. Experiments under anaerobic as
well as under aerobic conditions were carried out, because
of some reductase activities that could be affected by
oxygen [1]. In addition, anaerobic conditions simulate
hypoxic conditions in the central part of solid tumors
[31]. Our benzo[c]fluorene substrates were reduced in both
subcellular fractions, which is in contrast to daunorubicin
[26] and some other carbonyl containing drugs, e.g. nal-
trexone [32] and timiperone [33] that are reduced only in
cytosol. Our results indicate that at least two enzyme
systems (one microsomal and one cytosolic) catalyze
the carbonyl reduction of B and D. Both microsomal
and cytosolic enzyme systems unambiguously preferred
substrate B than substrate D. No dramatic increase of

reduction of B and D under anaerobic compared to aerobic
conditions was observed. These results agree with our
previous data obtained in rat liver subcellular fractions
(data not shown). However, in contrast to human liver,
carbonyl reduction of B predominated in rat liver micro-
somes compared to rat liver cytosol.

To study a close to in vivo situation, B and D carbonyl
reduction was then investigated in human hepatocytes with
low substrate concentrations and without NADH or
NADPH supplementation. The resulting kinetic data
are very promising. Whereas B carbonyl reduction in
hepatocytes was significant, that of D was largely negli-
gible. Dimethoxy substitution to protect the carbonyl
moiety of the benzo[c]fluorenes against deactivation by
reductases seems to be an important approach to improve
the pharmacokinetics of these chemotherapeutics. On
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Fig. 5. The amount of dhB and dhD formed by carbonyl reduction of benfluron (B) and dimethoxybenfluron (D) in incubation mixtures with purified
human CR in the presence of a NADPH-regenerating system. Each value represents the mean of two samples. See Section 2 for experimental procedures

and details.

the other hand, a partial role of possible lower cell
permeability for D than B (data are not available yet) to
decrease metabolism of D in hepatocytes cannot be
excluded.

Finally, two candidate enzymes for B and D carbonyl
reduction, isolated from human liver, were investigated.
The physiological role of microsomal 113-HSD 1 is the
reversible interconversion of active (cortisol) into inactive
(cortisone) glucocorticoids [34]. This enzyme was also
shown to be important for the microsomal carbonyl reduc-
tion of non-steroidal xenobiotics [35-37], and was there-
fore tested with B and D in the present study. A specific
physiological role for CR is currently not known, however,
this NADPH-dependent enzyme serves as the major car-
bonyl reducing enzyme in cytosolic fractions [38]. For
example, CR has been shown to catalyze the carbonyl

reduction of chemotherapeutics (daunorubicin, doxorubi-
cin) and a large number of other biologically and pharma-
cologically active carbonyl compounds [25].

In our experiments, both 113-HSD 1 and CR were
shown to metabolize B and D by carbonyl reduction.
Compared to 11B-HSD 1, the formation of dihydroxy-
metabolites by CR was low. The participation of other
cytosolic reductases in B and D biotransformation can
thus not be excluded, especially with respect to the high
reducing activities in human liver cytosol. Importantly,
in all cases, carbonyl reduction of B was higher than that
of D on the level of purified enzymes, thereby supporting
the concept of protecting benzo[c]fluorenes from inactiva-
tion by dimethoxy substitution. Moreover, the identi-
fication of the enzymes participating in D inactivation
may serve as a basis for the simultaneous application of
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specific inhibitors (e.g. glycyrrhetinic acid for 113-HSD
1 [39]; quercitrin for CR [38]) to further improve the
pharmacokinetics of benzo[c]fluorene derivatives in
chemotherapy.

5. Conclusions

The activities of enzymes reducing the carbonyl group
of B and D were compared on several experimental levels.
The formation of dhD was significantly less extensive than
formation of dhB in all in vitro experiments. These results
verify our hypothesis that dimethoxy substitution protects
the carbonyl group of the benzo[c]fluorene moiety against
the activity of reductases. A remarkable restriction of D
carbonyl reduction compared to that of B was especially
observed in the primary culture of human hepatocytes.
With regard to these observations, a low extent of carbonyl
reduction of D can be expected in vivo. Introduction of two
methoxy groups seems to be a promising way of preventing
the metabolic inactivation of B. The favorable pharmaco-
kinetic properties of D compared to B are advantageous in
the development of D as a potent chemotherapeutic, as are
information on the participating enzymes and their specific
inhibitors.
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