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Abstract

Purpose The metabolism of bendamustine (BM)
hydrochloride, a bifunctional alkylator containing a
heterocyclic ring, was investigated in vitro and in vivo
for identification of cytochromes P450 (CYP) involved
in the formation of two phase I metabolites, structural
confirmation of these previously unidentified metabo-
lites and assessment of their cytotoxic effect in relation
to the parent compound.

Methods Potential metabolites of BM were synthe-
sized and structurally characterized by nuclear magnetic
resonance (NMR) and liquid chromatography-mass
spectrometry (LC-MS) analysis. In vitro metabolism of
BM hydrochloride in human hepatic microsomes was
conducted to identify the CYP450 isoenzymes involved
in the oxidative metabolism of BM. Samples from can-
cer patients after treatment with BM hydrochloride and
microsomal preparations were analyzed by LC-MS and
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HPLC with fluorescence detection. The cytotoxic effect
of the metabolites was analyzed in several lymphoma
cell lines and peripheral blood lymphocytes and com-
pared with that of the parent compound using an MTT
assay.

Results LC-MS as well as HPLC with fluorescence
detection revealed hydroxylation of the methylene car-
bon at the C-4 position of the butanoic acid side chain
and N-demethylation of the benzimidazole skeleton as
the main metabolic pathways in human liver micro-
somes. Isoform-specific chemical inhibitors and corre-
lation analysis pointed to CYP1A2 as the prominent
enzyme in BM oxidation. The rate of formation for
both metabolites correlated (r = 0.931 and 0.933) with
the activity of CYP1A2 and there were no other nota-
ble correlations with any of the other CYPs. In addi-
tion, both metabolites were identified in plasma, urine,
and bile samples from cancer patients under BM
hydrochloride therapy as shown by comparison with
chromatograms obtained from the authentic reference
standards. Cytotoxic activity observed for y-hydroxy
BM was approximately equivalent to that obtained for
the parental compound BM. N-demethyl BM displays
five to tenfold less cytotoxic activity than BM.
Conclusion The results indicate that CYP1A2-cata-
lyzed N-dealkylation and gamma hydroxylation are the
major routes for BM phase I metabolism producing
two metabolites less or similarly toxic than the parent
compound. In contrast to the metabolic pathways of
the structurally related chlorambucil, no B-oxidation of
the butanoic acid side chain leading to enhanced toxic-
ity was detected for BM.

Keywords Bendamustine - Metabolism -
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Introduction

Bendamustine (BM, 4-{5-[bis(2-chloro-ethyl)-amino]-
1-methyl-1H-benzoimidazol-2-yl}-butanoic acid) is a
cytotoxic agent containing the bifunctionally alkylating
nitrogen mustard group and the purine-like benzimid-
azole heterocyclus. The substance was designed with
anticipated antimetabolic activity that has not yet been
demonstrated [10]. Since its introduction as a pharma-
ceutical composition (Cytostasan) in 1971, it has been
preferentially used in the treatment of hematologic
malignancies such as NHL including CLL and multiple
myeloma. Various preclinical and clinical trials have
been conducted with BM hydrochloride as a single
agent as well as in combination with other anti-cancer
agents, which showed high anti-cancer activity and
improved toxicity profile, as indicated by enhanced
response rates and mild side effects, respectively [1, 2,
5, 14]. Moreover, BM demonstrated anti-tumor activity
in the treatment of selected solid tumors [6, 13, 19] and
has been shown to be active in vitro against a variety of
alkylator-resistant cell lines [3, 8, 16].

The BM is chemically strongly related to chlorambu-
cil, with the benzene ring in the chlorambucil molecule
replaced by the heterocyclic 1-methyl-benzimidazole
nucleus. The butyric acid side chain of chlorambucil is
extensively metabolized by rapid mitochondrial B-oxi-
dation yielding phenylacetic acid mustard as the main
circulating metabolite both in rats and in humans [9].
Similar or higher acute toxicity compared with the par-
ent drug was demonstrated for phenylacetic acid mus-
tard [7]. The structural similarity between BM and
chlorambucil suggests that BM may undergo similar
metabolic pathways to those revealed for chlorambu-
cil. Accordingly, the analogous reaction of the butyric
acid side chain was proposed for degradation of BM, as
indicated by the formation of B-hydroxy bendamustine
(B-OH-BM), a possible intermediate in the B-oxidation
pathways [18]. In contrast to degradation of chloram-
bucil, the analogous heterocyclic acetic acid mustard
was not detected after BM administration. Seven
metabolites, or hydrolysis products, have been identi-
fied from in vivo studies [11, 17]. Based on the
[M + H]* ions observed in the liquid chromatography-
mass spectrometry (LC-MS) spectra, two phase I
metabolites among them were proposed to be an oxi-
dized and an N-demethylated metabolite of BM, but
their structure was not previously identified. The possi-
ble oxidizing positions of BM are N-methyl and the
butanoic acid side chain. An N-hydroxymethyl group
on benzimidazole is not stable and it would quickly
lose formaldehyde to form N-unsubstituted BM. Con-
sequently, the most likely oxidized position should be

@ Springer

on one of three methylene groups of the butanoic acid
side chain. If no microsomal B-oxidation takes place,
oxidation of the alkyl on an aromatic ring would mostly
occur at the position adjacent to the aromatic ring.
Therefore, the most likely structure of oxidized BM
is y-hydroxy-bendamustine (y-OH-BM), 4-{5-[bis(2-
chloroethyl)amino]-1-methyl-1H-benzimidazol-2-yl}-4-
hydroxy-butanoic acid. In the present study, we primarily
sought to confirm the structure of both oxidized and
N-demethylated metabolites, and to characterize the
cytochromes P450 (CYP) isoform(s) involved in their
formation.

Materials and methods
Drugs and chemicals

Acetonitrile, water for HPLC, ammonium acetate, per-
chloric acid, and acetic acid were obtained from J. T.
Baker (Deventer, The Netherlands). Bufuralol was
supplied by Roche Discovery (Welwyn Garden City
Herts, UK). The 0.1 M HClI was obtained from
Griissing GmbH Diagnostika (Filsum, Germany).
The D4g-DMSO was purchased from Chemotrade
Chemiehandelsgesellschaft mbH, (Leipzig, Germany).
All other chemicals were supplied by Sigma-Aldrich
(St. Louis, MO, USA) or Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany). All reagents were of
analytical grade and the solvents were of HPLC grade.
The BM hydrochloride, monohydroxy bendamustine
(OH-BM), dihydroxy bendamustine (DiOH-BM), and
the internal standard (IS) were generous gifts from
ribosepharm GmbH (Munich, Germany). Synthetic
standards of the potential metabolites y-OH-BM and
Nor-BM were synthesized and supplied by Salmedix
Inc. (San Diego, CA, USA). Reference -OH-BM was
prepared by SYNTHON Dr. Krawielitzki (Augsburg,
Germany).

Samples from tumor patients

Samples were obtained from five patients (two males
and three females) with cholangiocarcinoma who have
been on treatment with BM hydrochloride. The intra-
venous dose received by each patient on day 1 of the
first of altogether four cycles was 140 mg/m?; the aver-
age age of the patients was 69.0 & 3.4 years. Twenty
blood samples (4.5 ml) including a pre-dose blank sam-
ple were drawn from the cubital vein of the arm contra-
lateral to that used for the administration of BM
hydrochloride up to 8 h after starting the i.v. infusion.
After centrifugation, the supernatant plasma was
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withdrawn and immediately frozen at —70°C. Ten
milliliter aliquots of the urine samples collected prior
to dosing and during six sampling intervals up to 24 h
postdose were stored in polypropylene tubes at —70°C.
The tubes were pre-treated with HCI and NaCl to pre-
vent chemical hydrolysis. For bile sampling, two tem-
porary external nasobiliary drainages (7F, 290 cm,
eight holes; Endo-Flex®, Voerde, Germany) were
placed into the right and left hepatic duct, each via
endoscopic retrograde cholangiography, and left in
place for the entire collection period. After placement,
the complete biliary secretion was collected without
any loss during the collection period. After collecting
the bile samples, the nasobiliary drainages were
removed and permanent endoscopic stenting was per-
formed. Bile aliquots were stored as described for
plasma and urine samples before dosing and during 16
intervals up to 24 h after starting the 30 min infusion.
The Ethics Committee of the Faculty of Medicine of
the University of Leipzig issued approval for this study.

Cell lines and microsomal preparations

The SU-DHL-1 and SU-DHL-9 are control cell lines
obtained from Rebecca and John Moores UCSD Can-
cer Center. Daudi cells were obtained from ATCC
(Rockville, MD, USA). Peripheral Blood Leukocytes
(PBLs) were isolated from a buffy coat obtained from
San Diego Blood Bank.

Commercial human liver microsomes (HLMs) from
16 individual human donors (12 males and four
females), previously characterized, were used for the
correlation analysis. The individual HLMs were part of
the Reaction Phenotyping Kit (RPK, Product No.
HO0500, Version 4) supplied by XenoTechLLC (Kansas
City, KS, USA). The HLMs were supplied at a protein
concentration of 20 mg/ml. Sufficient aliquots of the
microsomal stock solutions required to perform the
experiment were thawed and diluted with 0.1 M phos-
phate buffer pH 7.4 to give the appropriate protein
concentration. These solutions were freshly prepared
on the day of use, stored on ice, and discarded after
use.

Incubation conditions

The BM was incubated in 0.1 M potassium phosphate
buffer, pH 7.4, at 37°C in two different concentrations
(20 and 200 pM) in a final volume of 0.5 ml. Incuba-
tions contained 40 pl of microsomal protein, 450 pl of
0.1 M potassium phosphate buffer, pH 7.4 (containing
glucose-6-phosphate solution, MgCl,, EDTA, glucose-
6-phosphate dehydrogenase, and 4% BSA), and 5 ul of

BM. The incubations were performed in an oscillating
water bath at 37°C and were started by the addition of
BM and NADP after preincubation for 5 min. All reac-
tions were stopped by adding 100 pl of 15% perchloric
acid and then immediately vortexed and placed on ice.
The samples were centrifuged at 10,000 rpm for 5 min
at room temperature and the supernatant transferred
to clean Eppendorf tubes and stored at —20°C until
analysis.

HPLC assay for BM and its metabolites

Instruments used in this study were: alliance 2695 and
fluorescence detector 2475 (Germany Waters GmbH,
Eschborn). A SYNERGI 4 p MAX-RP 80A column
(250 x 2 mm? i.d.) equipped with a guard cartridge
4 x 2mm? (Phenomenex, Torrance, CA, USA) was
used to identify metabolites. The mobile phase con-
sisted of 0.1 ml 12 M HCl in 1 1 water (A) and acetoni-
trile/water/12M HCI 800:200:0.02 (v/v/v) (B). The
gradient was 5-40% B in 70 min at a flow rate of
0.3 ml/min. The excitation wavelength of the fluores-
cence detector was set to 328 nm and the emission
wavelength to 420 nm to monitor eluted components.
For quantitative analysis of BM, OH-BM, DiOH-BM,
v-OH-BM, and Nor-BM, a six-point calibration curve
was constructed for each compound according to an IS
method. 5-{5-[bis(2-chloro-ethyl)-amino]-1-methyl-1H-
benzoimidazol-2-yl}-pentanoic acid was used as IS.

NMR analysis

'H and *C nuclear magnetic resonance (NMR) spectra
were obtained on Varian Gemini 200 (Palo Alto, CA,
USA) and Bruker DRX-600 (Bruker BioSpin GmbH,
Rheinstetten, Germany) spectrometers at 26°C, with
DMSO-d, as the solvent. Residual solvent signals were
used as internal chemical shift references for proton
(Opmso =249 ppm) and carbon (Spygo = 39.52 ppm)
spectra. J-values are given in Hz. Signals were assigned
by means of 2D proton—proton (COSY) and proton—
carbon (HMQC, HMBC) shift-correlation spectra.

LC-MS analysis

A ConstaMetric 4100 MS Series pump with a SCM 1000
Vacuum Membrane Degasser, an autosampler AS 3000
and a model spectromonitor 3200 programmable wave-
length detector (Thermo Separation Products, Riviera
Beach, FL, USA) were interfaced to a Finnigan (Finni-
gan MAT, Bremen, Germany, now Thermo Electron
Corporation) SSQ-7000 single quadrupole mass spec-
trometer equipped with an electrospray ionization
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(ESI)/APCI interface and coupled to a Digital Personal
DEC 5000/25 workstation. The LC was carried out on a
narrow bore column (125 x 2.0 mm? i.d.) packed with
Ultrasep ES PHARM RP18 5 um (Separation Service,
Berlin, Germany). The mobile phase consisted of two
components, namely solvent A (water with 5 mM
ammonium acetate and 0.1% acetic acid, v/v) and sol-
vent B (80% acetonitrile with 5 mM ammonium acetate
and 0.1% acetic acid, v/v). Samples were separated
using a slow gradient from 5-80% B in 60 min at a flow
rate of 0.3 ml/min. The flow was split 5:1 into the mass
spectrometer. Positive-ion electrospray-mass spectro-
metric analysis was carried out with a capillary tempera-
ture of 220°C and a capillary voltage of 4.5kV. The
value of the CID offset voltage was 10.0 V. The sheath
gas and auxiliary gas, both of nitrogen 4.6 (Messer
Griesheim GmbH, now Air Liquide Deutschland
GmbH, Krefeld, Germany), were set to 60 and 10psi,
respectively. Mass spectra were recorded at an electron
multiplier voltage of 1,300 V. Peaks were detected
either by single ion recording or by scanning over an
appropriate mass range. Data acquisition, reduction,
selected ion monitoring, and peak area calculations
were performed under software control by Alpha AXP
DEC 3000 Data System (Digital Equipment Corp,
Maynard, MA, USA).

Correlation experiments in a panel of liver microsomes

In order to determine which isoform(s) of cytochrome
P450 are primarily responsible for the metabolism of
BM in humans, BM hydrochloride was incubated with
HLMs from 14 individual human donors. These micro-
somes were previously individually characterized (data
supplied by XenoTech) for the following P450 enzyme
activities: CYPs 1A2, 2A6, 2B6, 2C8, 2C9/10, 2C19,
2D6, 2E1, 3A4/5, and 4A9/11. These activities were
tested for correlation with the production of both
phase I metabolites measured in incubations with the
same microsomes. All the incubations were performed
at a single microsomal protein concentration of 1 mg/
ml and a single substrate concentration of 200 uM. The
incubations were performed in triplicate and pro-
ceeded for 40 min. The rates of metabolism measured
by the production of the respective metabolites were
compared against the known cytochrome P450 iso-
form-selective activities from the same individual
HLMs.

Inhibition studies

In order to aid identification of the major CYP450
isoenzyme(s) involved in BM metabolism, BM was
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incubated with HLMs in the presence of specific
CYP450 inhibitors. BM at a single concentration
(200 pM) was incubated in triplicate for 40 min in the
presence and absence of the specific inhibitors furafyl-
line, tranylcypromine, sulfaphenazole, quinidine, 4-
methylpyrazole and ketoconazole for the CYP iso-
forms 1A2, 2C19, 2C9/10, 2D6, 2E1, and 3A4. Three
concentrations (0.1, 1, and 50 pM) of each inhibitor
were used. The incubations were started with the co-
administration of BM and CYP450 inhibitor, except
for furafylline, which was incubated for 20 min before
the addition of BM. The effect of the specific inhibitor
was measured with respect to both oxidized and N-
demethylated metabolite production.

Inhibition of CYP enzymes by BM

The potential of BM to act as an inhibitor of human
CYPs was evaluated by co-incubation of the test com-
pound BM with the CYP450 selected substrates. Incu-
bations were conducted with HLMs from each of three
individual donors, in the presence of NADPH, buffer
(pH 7.4) and each of five selective substrates. The sub-
strates used were phenacetin, tolbutamide, bufuralol,
chlorzoxazone, and testosterone, which are known to
be specific substrates for the CYP isoforms 1A2, 2C9/
10, 2D6, 2E1, and 3A4, respectively. The incubations
were performed in triplicate at each of two BM con-
centrations (20 and 200 pM). Furthermore, incubations
with known specific inhibitors for each CYP450 iso-
form were conducted.

In vitro testing of toxic activity in human cells

Inhibitory Concentrations (IC50) of BM, y-OH-BM
and Nor-BM on human lymphoma tumor cells and
normal human lymphocytes in vitro were determined
using an MTT cell viability assay. Therefore, SU-DHL-
1 cells, an anaplastic large cell lymphoma cell line,
SU-DHL-9 (EBV-negative diffuse large B-cell lym-
phoma), Daudi cells (human Burkitt lymphoma cell
line), and human PBLs (10 x 10° per well) were grown
in standard cell culture medium and incubated in a
96-well plate overnight at 37°C in 5% CO,. Serial dilu-
tions of the compounds (final concentrations 0.1-500 uM)
were added and after an incubation period of 72 h, a
standard MTT assay was performed. When the Forma-
zan crystals were dissolved, the absorbance was
measured at 595 nm on a 96-well multiscanner auto-
reader. The cytotoxic effect was expressed as the rela-
tive viability and calculated by dividing the absorbance
of the treated wells by the average of absorbance of
the untreated control wells. The IC50 was defined as
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the concentration that inhibited cell growth by 50%
and was extrapolated from the cytotoxicity curve of
each compound utilizing GraphPad Prism Version 3.00
(GraphPad Software, San Diego, CA, USA).

Pharmacokinetic evaluation and data analysis

The pharmacokinetic evaluation for BM and its metab-
olites as well as both hydrolysis products was per-
formed with model-independent methods using the
WinNonlin pharmacokinetic software package (Phar-
sight Corporation, Mountain View, CA, USA). The
peak plasma concentration (C,,,) and the time to
reach C,,, (t,,c) Were read directly from the concen-
tration-time data. The area under the plasma concen-
tration-time curve (AUC) was calculated by the
trapezoidal method from the first to last measurable
concentration and extrapolated to infinity (AUCinf)
using the ratio of the last measured concentration to
the terminal slope. The latter was determined by log-
linear regression analysis of the terminal phase. The
total amount of BM and its related compounds
excreted in urine (Aeyy,.) Or bile (Aegy,.), as a per-
centage of the total dose given, was determined. Renal
clearance (Cly) and biliary clearance (Clg) were calcu-
lated from the total urinary excretion, divided by the
plasma AUC and from the total biliary excretion,
divided by the plasma AUC for the interval 0-24 h
after dosing. Correlation analysis was performed using
a Spearman’s rank correlation test using SigmaStat
Version 3.10 (Systat Software GmbH, Erkrath, Ger-
many). Data are presented as mean £ SD.

Results

Structural confirmation of synthetic reference
standards

The structure of 4-{5-[bis(2-chloroethyl)amino]-1-
methyl-1H-benzimidazol-2-yl}-3-hydroxy-butanoic acid
(B-OH-BM), 4-{5-[bis(2-chloroethyl)amino]-1-methyl-1H-
benzimidazol-2-yl}-4-hydroxy-butanoic acid (y-OH-BM),
and 4-{5-[bis(2-chloroethyl)amino]-1H-benzimidazol-2-
yl}-butanoic acid (Nor-BM) was confirmed by their 'H
NMR and >C NMR spectra as well as MS, and is
depicted in Fig. 1. Mass spectra of the isomeric f-OH-
BM and y-OH-BM are identical and showed a proton-
ated molecular ion at m/z 374 and a major fragment
ion at m/z 356, indicating a loss of water. NMR spectra
are consistent with the structure of B-OH-BM, y-OH-
BM, and Nor-BM, and are listed in Table 1. Complete
analysis of the '*C NMR spectra of the benzimidazole
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Cl
H R, COOH
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+-OH-BM | H OH CH,
NorBM | H H H

Fig. 1 Chemical structure of the reference compounds, including
numbering of aromatic protons and carbon atoms. Numbering of
the carbon skeleton was done according to the NMR data pre-
sented in Table 1 and does not correspond to the rules of chemi-
cal nomenclature

ring system was complicated for Nor-BM by the time
averaging of the signals for the 1-C, 3-C, 4-C, 5-C, and
7-C signals as a result of rapid tautomeric exchange of
the NH proton. Therefore, no signals for these carbon
atoms could be detected in the '*C NMR spectrum and
structural lability was revealed due to the formation of
several tautomeric forms of Nor-BM, as shown in Fig. 2.
After addition of 0.1 M HCI, NMR signals of these C-
atoms appeared due to protonation at the bischloroeth-
ylamino nitrogen.

Phase I metabolites of BM in microsomal preparations
and human samples from tumor patients

Incubation of BM with human microsomes produced
the two phase I metabolites that were found in plasma,
urine, and bile from patients. However, the major com-
ponent of microsomal incubation was identified as OH-
BM, which was produced to approximately the same
extent in the absence of NADPH due to a non-enzy-
matic hydrolysis step replacing one chlorine atom of
the chloroethyl moiety by a hydroxy group. The HLMs
treated with BM produced y-OH-BM and Nor-BM
only when NADPH was present in the incubation.
However, OH-BM was detected as the major product
in incubations due to rapid chemical hydrolysis of the
parental compound. The metabolite peaks were identi-
fied and confirmed by comparing the LC-MS as well as
fluorescence chromatograms of microsomal incuba-
tions with authentic reference standards previously
characterized by LC-MS and NMR analyses. y-OH-
BM, Nor-BM, and OH-BM exhibited the protonated
molecular ion [M + H]J" at m/z 374, 344, and 340,
respectively. The isomeric form of y-OH-BM, B-OH-
BM, was detected neither in microsomal incubations
nor in any sample from the patients, as demonstrated
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Table 1 Nuclear magnetic resonance (NMR) spectral data of the synthetic reference standards f-OH-BM, y-OH-BM, and Nor-BM

Proton B-OH-BM v-OH-BM Nor-BM

3 (DMSO-dy) J (Hz) 3 (DMSO-dy) J (Hz) 3 (DMSO-dy) J (Hz)
'H NMR DATA (200 MHz, 600 MHz, 'H, H,H COSY)?
COOH b 12.02 (1H, br) b
H3 7.45 (1H, d) 5 7.37 (1H, d) 8.8 7.32 (1H, d) 8.7
H? 6.90 (1H, dd) 5,2.4 6.84 (1H, dd) 88,22 6.68 (1H, dd) 8.7,2.3
H! 6.92 (1H, d) 4 6.96 (1H, d) 22 6.77 (1H, d) 2.3
het-CHOH - 5.60 (1H, br) -
het-CH, CHOH b - -
het-CHOH - 4.81 (1H, dd) 6.3,6.4 -
het-CH, CHOH 434 (1H, ABX) - -
N-CH;, 3.76 (3H, s) 3.77 (3H, s) -
NH - - b
N-CH, 3.73 (2H, AA'XX") 3.72 (2H, AA'XX') 3.71 (2H, AA'XX")
CH,—CI 3.73 (2H, AA'XX") 3.72 (2H, AA'XX') 3.71 (2H, AA'XX’)
Het-CH, 3.03/3.08 (2H, ABX) - 2.77 (2H, t) 7.4
CH,~COOH 2.39/2.57 (2H, ABX) - 2.30(2H, t) 7.4
het-CH,-CH, - - 1.96 (2H, dt) 7.4
CHOH-CH,-CH, - 2.12/2.16 (2H, ABX) -
Carbon B-OH-BM v-OH-BM Nor-BM

3 (DMSO-dy) 3 (DMSO-dy) 3 (DMSO-dy)
13C NMR Data (50 MHz, 150 MHz, APT, HMQC, HMBC)
CH,-COOH 173.48 174.39 174.11 174.51°
C-6 152.99 155.39 153.42 (br) 153.17°
C-2 144.49 142.41 (HMBC) 142.24 144.48°
C-7 140.51 142.91 b 135.77°
C-5 128.69 129.66 b 127.73¢
C4 112.32 110.68 b 115.53¢
Cc3 111.82 110.36 109.26 111.64¢
C-1 100.72 102.67 b 96.33¢
CH,-CHOH 67.13 - - -
het-CHOH - 65.02 - -
N-CH, 54.04 53.47 53.38 53.32°
CH,-Cl 021 4145 41.37 41.76°
CHOH-CH, - 30.22 - -
CH,-COOH 478 30.08 33.00 33.16°
N-CH;, 31.14 29.88 - -
het-CH, 34.58 - 27.68 26.79°
CH,-CH,—-CH, - - 22.88 22.77°

# s singlet, d doublet, dd doublet-doublet, ¢ triplet, dt double triplet, m multiplet, br broadened, het heterocyclus

® Not observed

¢ After protonation at the bischloroethylamino nitrogen by 0.1 M HCI

by a significantly different retention time for both iso-

mers (Figs. 3,4,5,6,7).

The relative contribution of y-OH-BM and Nor-BM

to total urinary excretion of BM and seven identified
metabolites as well as hydrolysis products was 3.0 £ 1.5
and 0.6 £ 0.2%, respectively. The parent compound
accounted for 29.8 + 19.9% of total urinary excretion
in the five patients examined and was the most promi-
nent species. The OH-BM and DiOH-BM, both pro-
duced by chemical hydrolysis, were the next most
prevalent products at 24.6 + 11.1% and 16.0 & 9.8%,
respectively. When the amounts of the seven metabo-

@ Springer

lites, including both hydrolysis products and parent
drug, were summed, 8.3 +52% of the administered
BM dose was recovered in the urine during the 0-24 h
interval. In contrast to the abundance in urine, Nor-
BM was more prevalent than y-OH-BM in bile. A typi-
cal profile in bile is shown in Fig. 6. However, biliary
concentrations of y-OH-BM and Nor-BM accounted
for only 2% of the total BM-related compounds in bile.
Both phase I metabolites were detectable in plasma
samples obtained from cancer patients treated with
BM hydrochloride. Mean maximum concentrations for
v-OH-BM and Nor-BM circulating in plasma and the
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Fig. 2 Tautomeric structures
of 4-{5-[bis(2-chloroeth-
yl)amino]-1H-benzimidazol-
2-yl}-butanoic acid (Nor-BM)
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Fig. 3 Chromatogram of the reference standards
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Fig. 5 Chromatogram of a microsomal incubation of BM in presence of NADPH
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Fig. 6 Chromatogram of a bile sample from a cancer patient collected 90 min after administration of BM hydrochloride

AUCs were estimated to be < 6.7 and < 1.1%, respec-
tively, of the parent drug in the five patients examined.
Pharmacokinetic parameters of BM and its metabolites
are presented in Table 2.

Activity correlation, chemical inhibition studies
and cytotoxic assay

Correlations between the apparent formation rates of
each BM metabolite determined in microsomes from
different human liver donors and the isoform-specific
CYP-catalytic activity were tested. There was a signifi-
cant positive correlation between 7-Ethoxyresorufin
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O-dealkylation and the apparent formation rate of
v-OH-BM as well as Nor-BM (Table 3).

The effects of inhibitors on the formation of both
metabolites are presented in Table 4. One micromolar
solution of furafylline inhibited the formation of y-OH-
BM and Nor-BM by 86.4 and 85.7%, respectively. No
other inhibitor had a significant inhibitory effect at this
concentration. Ketoconazole and tranylcypromine
showed some inhibitory effect on y-OH-BM and Nor-
BM production at the highest concentration.

Inhibition of CYP activity was investigated after
incubation with BM at 20 and 200 uM as well as co-
incubation with specific inhibitors by measuring the
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Fig. 7 Chromatogram of a plasma sample from a cancer patient collected 60 min after administration of BM hydrochloride

Table 2 Pharmacokinetic parameters of BM and its metabolites in plasma during i.v. administration of BM hydrochloride 140 mg/m”
in five patients with cholangiocarcinoma

Parameter BM OH-BM DiOH-BM Nor-BM v-OH-BM
Cnax (ng/ml) 16.81 +7.89 0.49 £0.21 0.77 £ 0.49 0.08 £ 0.04 0.33 £0.19
AUC;; (ng'min/ml) 750.6 & 288.7 302 +4.7 84.0 £ 72.9 78 +£3.7 22.44+10.6
fmax (Min) 33+9 38+ 16 58+5 57+13 51+16
T;,, (min) 38.8+7.4 38451 81.4 +40.6 438 +10.1 32152
Aeyyine (% dose) 3.23 +£3.69 1.77 £0.79 0.94 +0.13 0.05 +0.03 0.30 +0.31
Clg (ml/min) 2154322 360.5 & 326.0 61.7 + 63.2 63.2 & 86.1 58595
Aeg;, (% dose) 0.02 +0.01 0.01 £0.01 0.02 £ 0.01 0.04 + 0.04 0.01 £ 0.01
Clg (ml/min) 0.1+0.1 84+53 0.18 £ 0.12 24.72 & 37.77 1.76 £2.21
Cpnax maximum observed concentration, AUC,; area under the concentration-time curve from the time of dosing extrapolated to infin-

ity, t,.x time of maximum observed concentration, f;, terminal half-life, Aey;;,. amount excreted in urine; Cly renal clearance, Aeg;,
amount excreted in bile, Cly biliary clearance. Data are presented as mean values &= SD

Table 3 Correlation between

. Marker activity CYP Isoform Correlation coefficient (r)
the rate of formation of the
phase I metabolites y-OH-BM y-OH-BM Nor-BM
and Nor-BM and CYP marker
activities 7-Ethoxyresorufin O-dealkylation 1A2 0.9309%* 0.9335%
Coumarin 7-hydroxylation 2A6 —0.0200 —0.0964
7-Ethoxy-4-trifluoromethylcoumarin 2B6 0.1212 0.0938
O-deethylation
Paclataxel (taxol) 6a-hydroxylation 2C8 —0.1304 —0.1568
Tolbutamide methyl-hydroxylation 2C9 —0.6310 —0.6391
S-Mephenytoin 4’-hydroxylation 2C19 0.2769 0.2733
Dextrometorphan O-demethylation 2D6 0.1676 0.1446
y L. Lo Chlorzoxazone 6-hydroxylation 2E1 —0.4965 —0.4793
The statistical significance o pogiosterone 6p-hydroxylation 3A4/5 ~0.0854 ~0.1025
correlation was denoted by Lauric acid 12-hydroxylation 4A9/11 0.0332 0.0346
P<0.01
activity of substrates shown to be specific for CYP450. The cytotoxic activity of the metabolic products of
The extent of interaction is given in Table 5 as percent- BM was compared to the parental compound BM in
age of the control rate of metabolite production deter-  the lymphoma cell lines SU-DHL-1, SU-DHL-9, and
mined in the absence of the test compound. Daudi, and healthy PBLs at various concentrations and

@ Springer



768

Cancer Chemother Pharmacol (2007) 59:759-770

Table 4 Effect of CYP450 specific inhibitors on the microsomal
metabolism of BM by human liver microsomes

Inhibitor Inhibitor % Activity + SD
conc (uM)
v-OH-BM Nor-BM
Furafylline 0.1 56.1+7.2 56.3+7.5
1 13.6 +3.8 143 +42
50 14+£02 NQ
Tranylcypromine 0.1 92.7 £12.5 89.2+15.2
1 80.0+1.4 774124
50 145+ 0.6 124+ 0.6
Sulphaphenazole 0.1 90.7 £ 7.8 86.0 £ 9.5
1 96.2 £2.0 928 £33
50 101.6 £ 1.5 98.7+£1.5
Quinidine 0.1 993 +£2.7 102.6 £4.2
1 972+24 99.7+£2.7
50 741 £5.5 703 +£42
4-Methylpyrazole 0.1 96.0 £ 4.3 99.5+7.6
1 94.8 £ 8.1 941+ 8.8
50 755 +6.1 724+ 64
Ketoconazole 0.1 82.1+49 81.2+45
1 86.7£4.9 86.7+54
50 448 £4.6 437+£5.0

Values expressed as percentage of control incubations (no inhib-
itor present)

SD standard deviation, NQ not quantifiable due to concentra-
tions below the lower limit of quantification

Table 5 Effects of bendamustine on CYP marker activities com-
pared to those of a specific inhibitor

Marker activity Compound  Concentration (%) Activity
added (M) S SE—
Mean SD
Phenacetin Bendamustine 20 103.6 32
O-deethylation Bendamustine 200 89.7 89
Furafylline 1 632 42
Tolbutamide Bendamustine 20 93.0 28
methyl Bendamustine 200 916 54
hydroxylation  Sulfaphenazole 1 55.7 53
Bufuralol Bendamustine 20 100.0 7.9
1’-hydroxylation Bendamustine 200 125.0 249
Quinidine 1 72 05
Chlorzoxazone  Bendamustine 20 714 20.1
6-hydroxylation Bendamustine 200 63.9 15.0
Testosterone Bendamustine 20 1015 112
6B-hydroxylationBendamustine 200 9.1 75
Ketoconazole 1 40 69

Mean activity was calculated from determinations of three sub-
jects. Values expressed as percentage of control incubations (no
inhibitor present). For chlorzoxazone, no co-incubation with a
selective inhibitor was conducted

SD standard deviation

is shown in Fig. 8. The IC50 values obtained with BM
ranging from 10 to 23 pM were similar to those
obtained with y-OH-BM ranging from 10 to 31 puM, but
ranged from 45 to 320 uM for Nor-BM and are listed in
Table 6.
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Discussion

In this study, for a thorough structural confirmation of
the main phase I metabolites of BM and to character-
ize the CYP450 isoform(s) involved in their formation,
reference standards of potential metabolites character-
ized by NMR and MS analyses were compared with the
metabolites produced in vitro by HLMs and in vivo in
patients who received BM hydrochloride by means of
LC-MS and HPLC with fluorescence detection. The
results of this study confirmed the existence of two
phase I metabolites of BM and allowed their first-time
characterization based on the following findings: in
vitro, the formation of y-OH-BM and Nor-BM was
observed when BM hydrochloride was incubated in the
presence of NADPH with liver microsomes; according
to their retention times and mass spectra, the same
metabolites were observed in blood, urine, and bile
samples from cancer patients treated with BM hydro-
chloride and matched with the synthetic reference
compounds y-OH-BM and Nor-BM structurally con-
firmed by MS and NMR data. On the other hand, B-
OH-BM was not detected in any sample, either from
liver microsomes or from patient samples. Thus, there
is currently no evidence to support the assumption that
BM is metabolized by B-oxidation, as suggested by the
results of previous studies [11, 12]. The BM is y-
hydroxylated in HLMs to produce y-OH-BM, which is
the major circulating phase I metabolite of BM in
humans. The results of this study provide evidence that
phase I metabolism of BM in humans completely
differs from degradation of the structurally related
chlorambucil and is probably caused by the benzimid-
azole nucleus.

Several lines of evidence suggest that the N-dealky-
lation and hydroxylation of BM are predominantly cat-
alyzed by CYP1A2. First, apparent formation rates of
BM metabolites correlated significantly with each
other and with that of CYP1A2 activity in HLMs. Sec-
ond, formation of both BM metabolites was potently
inhibited by the CYP1A2 specific inhibitor furafylline
and, finally, human CYP1A2 catalyzed BM hydroxyl-
ation and N-dealkylation at a higher rate than the
other CYPs tested. The inhibition observed at the
highest concentration of ketoconazole and tranylcy-
promine (50 uM) may be attributable to the nonselec-
tive inhibition of CYP1A2. We found no evidence of
the involvement of other isoforms in our inhibition or
correlation studies in HLMs and, therefore, these data
provide strong evidence that CYP1A2 is the major
enzyme responsible for BM metabolism, and the con-
tribution of other isoforms, if any, is minimal. CYP1A2
is one of the important cytochrome P450 enzymes in
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Fig. 8 Mean concentration-effect curves of various lymphoma cells and healthy lymphocytes (PBLs) following 72 h exposure to BM
and its hydroxylated and dealkylated phase I metabolites as estimated by MTT assay

Table 6 IC50 values obtained following continuous 72 h expo-
sure of various lymphoma cells and healthy lymphocytes (PBLs)
to BM and its hydroxylated and dealkylated phase I metabolites
using the MTT assay

Cell lines BM (uM) v-OH-BM (uM) Nor-BM (uM)
SU-DHL-1 18 28 270
SU-DHL-9 20 30 170
Daudi 11 20 120
PBL 9.5 10 45

the liver responsible for phase I metabolism of a broad
range of different drugs, including acetaminophen,
antipyrine, bufuralol, clozapine, ondansetron, phenac-
etin, tacrine, and tamoxiphen. Among them, numerous
drugs containing the purine moiety, e.g., caffeine, furaf-
ylline, theophylline or lisofylline, as well as other het-
eroindene derivatives such as riluzole or clopidogrel,
are predominantly metabolized by CYP1A2 in human
hepatic microsomes either by N-dealkylation or
hydroxylation. Therefore, we conclude that the purine-
like benzimidazole nucleus is responsible for phase I
metabolism of BM catalyzed by CYP1A2. On the
other hand, the structural similarity between BM and
chlorambucil, attributable to the bischloroethylamino

moiety, results in similar GST-mediated phase II
metabolism, as indicated by the occurrence of cysteine
S-conjugates [17].

In addition, the effect of BM itself on the activity of
five drug-metabolizing enzymes (CYP1A2, CYP2C9,
CYP2D6, CYP2E1, and CYP3A4) was investigated.
There was no evidence that BM acts as a specific inhib-
itor of these enzymes.

The results obtained from the MTT assay indicate
that the metabolite y-OH-BM is approximately equiva-
lent to or slightly less toxic than the parental com-
pound BM and suggest that this agent may have
therapeutic potential. However, the metabolite Nor-
BM displays five to tenfold less cytotoxic activity than
BM. This pattern was observed for each cell line or cell
sample tested. Hence, there is no evidence of enhanced
toxicity of y-OH-BM, the major circulating phase I
metabolite of BM, as it has been demonstrated for
phenylacetic acid mustard, the major metabolite of
chlorambucil. Moreover, in comparison to the parent
drug, phenylacetic mustard exhibits a longer half-live
and an equivalent or greater AUC [4, 7, 15]. In con-
trast, we found a similar half-life and a significantly
lower AUC for y-OH-BM compared with the parent
compound in this study.
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