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Abstract: Laromustine (VNP40101M; 1,2-bis(methylsulfonyl)-1-(2-chloroethyl)-2-(methylamino) carbonylhydrazine) is 

a novel sulfonylhydrazine alkylating agent. For the first time In vitro profiling and mass balance of [
14

C]-VNP40101M in 

rat, dog, monkey and human liver microsomes was investigated. Also, the role of human cytochrome P450 (CYP) and 

flavin-containing monooxygenase (FMO) enzymes in the conversion of [
14

C]-VNP40101M by NADPH-fortified human 

liver microsomes was determined. In this study, [
14

C]-VNP40101M was converted to five radioactive components (C-1, 

C-2, C-3, C-4 and C-7) after 60 min of incubation with dog, monkey and human liver microsomes. With the exception of 

C-3, the same components were detected with rat liver microsomes. In the presence of NADPH, after 60 min of incuba-

tion, the loss of substrate for rat, dog, monkey and human was 63, 82, 76 and 64%, respectively and mass balance ranged 

from 91.0 – 99.3%. In the absence of NADPH, after 60 min of incubation with [
14

C]-VNP40101M (100 M), the loss of 

substrate for rat, dog, monkey and human liver microsomes was 59, 53, 61 and 59%, respectively and mass balance 

ranged from 100.6 – 116.4%. The profiles of metabolites were similar. The relative abundance of individual metabolites 

was not species dependent. The formation of C-7 was not observed in zero-cofactor (no NADPH) or zero-protein samples, 

suggesting that its formation was enzymatic. The formation of C-1, C-2, C-3, and C-4 increased with respect to incubation 

time. Using a panel of CYP enzymes including rCYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6 and 3A4, it was shown that C-

7 formation was catalyzed by CYP2B6 and CYP3A4/5. The results of this study suggest that (1) P450 plays a role in C-7 

formation but plays little or no role in the conversion of [
14

C]-VNP40101M to C-1 through C-4, and (2) the relative abun-

dance of individual degradation/metabolite products were not species dependent. These findings provide a comprehensive 

understanding of the metabolism of this new agent. 

Keywords: O6-alkylguanine-DNA-alkyltransferase, Acute myelogenous leukemia, Cloretazine (a.k.a. as Laromustine), Cyto-
chrome P450, IC50, Liquid Chromatography/Tandem Mass Spectrometry. 

INTRODUCTION 

 Laromustine (VNP40101M; 1,2-bis(methylsulfonyl)-1-
(2-chloroethyl)-2-(methylamino)carbonylhydrazine) is an 
active member of a relatively new class of sulfonylhydrazine 
prodrugs under development as antineoplastic alkylating 
agents [1]. Laromustine generates two distinct types of reac-
tive intermediates: 90CE and methyl isocyanate. 90CE gen-
erates hard chloroethylating (DNA-reactive) species that 
alkylate DNA at the O6-position of guanine residues and 
rearrange to form G-C interstrand crosslinks [1-3]. Methyl 
isocyanate, a soft electrophilic carbamoylating agent, binds 
preferentially and stoichiometrically to sulfhydryl groups 
and inhibits a number of enzymes, including O6-
alkylguanine-DNA-alkyltransferase (AGT), a DNA-repair 
enzyme. Methyl isocyanate has been shown to augment the 
cytotoxic effect of laromustine in in vitro studies by enhanc-
ing DNA-cross link formation and apoptosis in cell lines 
exposed to 90CE [1]. Chemical structures of (A) laromustine 
(VNP40101M) and (B) VNP40107 (C-7) are shown in Fig. 
(1). The average human plasma Cmax for laromustine is 
approximately 25 μM [4]. 
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Fig. (1). Chemical structures of (A) laromustine (VNP40101M) and 

(B) VNP40107 (C-7). 

 

 The data generated from in vitro profiling and mass bal-
ance are critical in planning and interpretation of drug safety 
studies. The use of in vitro comparative studies, using tissues 
or enzymes from humans and experimental species, it is pos-
sible to better extrapolate the risk assessment information 
obtained in the toxicology studies to the patient [5-7]. Reac-
tion phenotyping (enzyme identification) studies are con-
ducted to identify the specific enzymes responsible for the 
metabolism of a drug. In vitro P450 phenotyping has proven 
to be very successful in predicting the potential of drug in-
teractions and the polymorphic impact on drug disposition 
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[8-14]. To characterize the metabolic clearance of a drug 
candidate, the relative contribution of CYP450 enzymes to 
the overall elimination process is required along with identi-
fication of the enzymes responsible for the oxidative reac-
tions. Reaction phenotyping generally involves three types of 
analysis: correlation analysis, antibody and chemical inhibi-
tion, and metabolism by recombinant human CYP enzymes. 
Each has its advantages and disadvantages, and a combina-
tion of approaches is highly recommended.  

 Recently we reported, an in vitro evaluation of the victim 
and perpetrator potential of the anti-cancer agent laromustine 
[4]. In the present communication, we report the in vitro me-
tabolite profiling and mass balance of [

14
C]-VNP40101M in 

rat, dog, monkey and human liver microsomes. This study 
showed that there is no significance differences between 
species in the in vitro decomposition and metabolism of 
[

14
C]-VNP40101M. Cytochrome P450 3A4 and 2B6 play a 

role in C-7 formation but cytochrome P450s are not involved 
in the conversion of [

14
C]-VNP40101M to C-1 through C-4. 

MATERIALS AND METHODS 

Chemicals 

 Ammonium acetate, dimethyl sulfoxide (DMSO), ethyl-
ene-diaminetetraacetic acid tetrasodium salt (EDTA), glu-
cose-6-phosphate (G6P), glucose-6-phosphate dehydro-
genase (G6PDH), magnesium chloride, nicotinamide ade-
nine dinucleotide phosphate (NADP), sodium dodecyl sul-
fate (SDS), sucrose and urea were purchased from Sigma-
Aldrich Corporation (St. Louis, MO). Formic acid was pur-
chased from EM Science (Gibbstown, NJ). Potassium phos-
phate monobasic was purchased from J.T. Baker (Phil-
lipsburg, NJ). Methanol, acetonitrile and perchloric acid 
were purchased from Fisher Scientific (Pittsburgh, NJ). 
[

14
C]-VNP40101M, received from Moravek Biochemicals, 

Inc. EconoSafe™ was purchased from Research Products 
International Corporation (Mount Prospect, IL). Ultima Flo 
Scintillation fluid was purchased from Packard Biosciences 
(Boston, MA). High purity water was provided and all other 
reagents and solvents were of analytical grade. 

Test System 

 Sprague-Dawley rat liver microsomes from a pool of 
400, male (catalog no. R1000, lot no. 0710250, XenoTech, 
LLC, Lenexa, KS), Beagle dog liver microsomes from a pool 
of 14, male (catalog no. D1000, lot no. 0610399, XenoTech, 
LLC, Lenexa, KS), Cynomolgus monkey liver microsomes 
from a pool of 15, male (catalog no. P2000, lot no. 0610383, 
XenoTech, LLC, Lenexa, KS) and human liver microsomes 
from a pool of 50, mixed gender (catalog no. H0610, lot no. 
0610351, XenoTech, LLC, Lenexa, KS) were used for this 
study. These microsomes were characterized with respect to 
the activities of various CYP enzymes. Reaction Phenotyp-
ing Kit version 7 (16 samples of human liver microsomes) 
were used for this study (XenoTech, LLC, Lenexa, KS). 
These microsomes were prepared at XenoTech and charac-
terized with respect to the activities of various CYP en-
zymes. Recombinant human CYP enzymes (bactosomes) 
expressed in Escherichia coli, membrane protein from Es-
cherichia coli containing empty expression plasmid and hu-
man NADPH-cytochrome c reductase were obtained from 
Cypex, Ltd. (Scotland, UK). The Bactosomes were charac-

terized by the manufacturer with respect to the activities of 
various CYP enzymes. Recombinant human CYP enzymes 
co-expressed with cytochrome b5 (Supersomes), recombinant 
human FMO3 enzymes

 
and the corresponding control micro-

somes (from non-transfected insect cells co-expressed with 
cytochrome b5) were purchased from BD-Biosciences 
(Woburn, MA). The CYP and FMO3 Supersomes were 
characterized by the manufacturer with respect to the activi-
ties of CYP and FMO3 enzymes. 

HPLC METHOD SETUP AND PRELIMINARY 
EVALUATIONS 

HPLC Method Setup 

 An HPLC method with radiometric detection was used 
for the detection and separation of radioactive components 
from [

14
C]-VNP40101M. The analysis was carried out with a 

Shimadzu LC-10AVP HPLC system, which consisted of a 
SIL-10A autosampler (Shimadzu Scientific Instruments, 
Columbia, MD) and a -RAM radiometric detector (IN/US 
Systems Inc., Tampa, FL). To study the metabolism of [

14
C]-

VNP40101M to C-7, sample analysis was carried out using 
an HPLC system with equipped with a radioactivity detector 
and consisted of two Shimadzu LC-10ADvp pumps, a Shi-
madzu auto sampler, and a Shimadzu DGU-14A degasser 
(Columbia, MD) succeeded by an IN/US Systems -Ram 
radioactivity detector with a 500 μL UHP LiGl flow cell 
(Tampa, FL). 

 [
14

C]-VNP40101M and its radioactive components were 
resolved and monitored by a gradient reversed-phase 
method. The column used was a Prodigy C18, 5 m particle 
size, 250  2.0 mm column (Phenomenex Torrance, CA), 
which was preceded by a direct connection guard column 
with C8, 4.0 mm  2.0 mm cartridge (Phenomenex Torrance, 
CA). The column was maintained at 40 ± 5°C with a column 
heater, and the flow rate was 0.15 mL/min from 0-30 min 
and 0.25 mL/min from 30-60 min. The HPLC gradient pro-
gram was executed over a period of 60.0 min with water 
containing 5.0 mM ammonium acetate (mobile phase A) and 
methanol/0.1% formic acid (mobile phase B). A linear gradi-
ent used increasing proportions of 0.1% formic acid in 
methanol and aqueous ammonium acetate. The decomposi-
tion/metabolite products eluted between 5 and 42 min with 
adequate separation efficiency. Both [

14
C]-VNP40101M and 

C-7 were quantified with a calibration curve constructed 
using the radioactivity response of standard solutions of 
[

14
C]-VNP40101M.  

Establishment of Reaction Parameters 

 An initial experiment was performed to establish appro-
priate incubation conditions leading to ~50% loss of the par-
ent compound with liver microsomes from rat, dog, monkey 
and human. The purpose of achieving 50% loss of parent 
was to observe sufficient metabolism and/or decomposition 
of the parent. Liver microsomes (1 mg protein/mL) were 
incubated in duplicate with [

14
C]-VNP40101M (100 M, 

2.85 Ci/incubation) at 37 ± 1°C in 0.5 mL incubation mix-
tures containing potassium phosphate buffer (50 mM, pH 
7.4), MgCl2 (3 mM) and EDTA (1 mM, pH 7.4) with an 
NADPH-generating system for 0, 15, 30, 45 and 60 min. The 
NADPH-generating system consisted of NADP (1 mM, pH 
7.4), glucose-6-phosphate (5 mM, pH 7.4) and glucose-6-
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phosphate dehydrogenase (1 Unit/mL). [
14

C]-VNP40101M 
was added to each incubation in 0.1%(v/v) of DMSO; the 
concentration was based on the specific activity of 57 
mCi/mmol. Reactions were initiated by the addition of [

14
C]-

VNP40101M and were terminated at multiple time points by 
the addition of 500 L of 20%(v/v) perchloric acid. Precipi-
tated protein was removed by centrifugation at 920  g for 
10 min at 10°C. Zero-time incubations served as blanks. The 
supernatant fractions (20 L) were analyzed, by HPLC with 
Beta-RAM detection. In addition, an aliquot (100 L) of the 
supernatant fractions from the stopped incubation samples 
was counted by liquid scintillation counting (Packard Tri-
Carb

®
 Scintillation Analyzer [Packard Instrument, Meriden, 

CT]) to determine radioactivity and percent recovery. After 
removal of the supernatant fraction, protein pellets were 
solubilized in 1 mL of 4 M urea containing 1%(w/v) SDS 
and were added to scintillation fluid to determine the amount 
of radioactivity by liquid scintillation counting. 

 Another preliminary experiment was designed to estab-
lish initial rate conditions (conditions where metabolite for-
mation was proportional with respect to incubation time and 
protein concentration, and substrate loss was less than 20%, 
ideally less than 10%) for the formation of metabolite, C-7. 
Briefly, [

14
C]-VNP40101M (25 and 100 M) was incubated 

with pooled human liver microsomes (1 mg protein/mL) in 
0.25-mL incubation mixtures containing phosphate buffer 
(50 mM, pH 7.4), MgCl2 (3 mM), EDTA (1 mM, pH 7.4) 
and an NADPH-generating system. Incubation periods were 
0, 5, 10, 15 and 30 min. Reactions were initiated by the addi-
tion of [

14
C]-VNP40101M and were terminated by the addi-

tion of stop reagent (0.25 mL of 20% v/v perchloric acid). 
Incubations were performed in duplicate and were carried 
out at 37 ± 1

o
C. Precipitated protein was removed by cen-

trifugation (920 x g for 10 min at 10°C). The supernatant 
fractions were analyzed with an HPLC method equipped 
with radiometric detection as already described. Calibration 
standards of [

14
C]-VNP40101M were employed to quantify 

formation of C-7 and to quantify loss of parent compound 
based on radiometric response. Zero-time, zero-substrate, 
zero-protein and zero-cofactor incubations served as con-
trols. 

REACTION PHENOTYPING 

Recombinant Human CYP and FMO Enzymes 

 This experiment was conducted to assess the involvement 
of individual recombinant human CYP and flavin monooxy-
genase enzymes (namely FMO3) in the metabolism of 
[

14
C]-VNP40101M. Briefly, [

14
C]-VNP40101M (25 and 

100 μM) was incubated in duplicate with a panel of recom-
binant human CYP enzymes (rCYP1A2, 2A6, 2B6, 2C8, 
2C9, 2C19, 2D6 and 3A4) at 25 pmol P450/incubation and 
recombinant FMO3 at 1 mg protein/mL for 10 min at 37 ± 
1

o
C. Recombinant CYP enzymes obtained from BD-

Biosciences (rCYP2A6, rCYP2C8, rCYP2C9, rCYP2C19, 
and rCYP3A4) were co-expressed with cytochrome b5. All 
other recombinant CYP enzymes were obtained from Cypex 
Ltd. and were not co-expressed with cytochrome b5. FMO-3 
was obtained from BD-Biosciences. Calibration standards of 
[

14
C]-VNP40101M were employed to quantify formation of 

metabolite C-7 and to quantify loss of parent compound 
based on radiometric response. Zero-time and zero-protein 
incubations served as controls. 

Correlation Analysis 

 [
14

C]-VNP40101M (25 M) was incubated with a bank 
of human liver microsomes (n = 16) to determine the inter-
individual differences in metabolite (C-7) formation and 
substrate disappearance. The following individual samples of 
human liver microsomes were used: numbers 196, 245, 258, 
259, 273, 276, 277, 287, 288, 290, 292, 295, 297, 298, 300 
and 305. The 16 samples of human liver microsomes used in 
this experiment were characterized at the Testing Facility 
(Xenotech) to determine the sample-to-sample variation in 
the activity of several CYP enzymes (namely CYP1A2, 
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, 
CYP2D6, CYP2E1, CYP3A4/5 and CYP4A11) and FMO. 
Differences in the rate of formation of C-7 to [

14
C]-

VNP40101M were compared with the sample-to-sample 
variation on the following activities: CYP1A2 (phenacetin 
O-dealkylase), CYP2A6 (Coumarin 7-hydroxylase), 
CYP2B6 (Bupropion hydroxylase), CYP2C8(Paclitaxel 6 -
hydroxylase), CYP2C9 (Diclofenac 4´-hydroxylase), 
CYP2C19 (S-Mephenytoin 4´-hydroxylase), CYP2D6 (Dex-
tromethorphan O-demethylase), CYP2E1(Chlorzoxazone 6-
hydroxylase), CYP3A4/5 (Testosterone 6 -hydroxylase and 
Midazolam 1´-hydroxylase), CYP4A11 (Lauric acid 12-
hydroxylase), FMO (Benzydamine N-oxidase). Briefly, 
[

14
C]-VNP40101M (25 M) was incubated in duplicate for 

zero and 10 min at 37 ± 1°C with a single concentration of 
human liver microsomes (1 mg protein/mL) in 0.25-mL. 

Data Processing 

 Data were processed with the spreadsheet computer pro-
gram Microsoft Excel (Microsoft Excel 2003, Microsoft 
Corp., Redmond, WA). To quantify C-7 formation, calibra-
tion standards of the parent were employed to calculate con-
centration based on radiometric response (calibration curves 
included two replicates of six calibration standards) using 
Analyst 1.4.1 or higher MS System software. Unchanged 
amount of [

14
C]-VNP40101M was quantified with calibra-

tion standards of the parent compound to determine percent 
loss of substrate. Correlation analysis was performed with 
the computer software SigmaStat (Version 2.03, Systat 
Software Inc., Richmond, CA). Graphs were prepared using 
the computer software program, Microsoft Excel (Microsoft 
Excel 2003, Microsoft Corp., Redmond, WA). 

Additional Controls 

 In each reaction phenotyping experiment, additional in-
cubations were conducted at half and twice the normal pro-
tein concentration (1 mg protein/mL) and half and twice the 
normal incubation period (10 min) to ascertain whether me-
tabolite formation was directly proportional to protein con-
centration and incubation time from experiment to experi-
ment. Production of NADPH by the NADPH-generating 
system was verified spectrophotometrically. 

RESULTS AND DISCUSSION 

In Vitro Profiling of [
14

C]-VNP40101M by Rat, Dog, 
Monkey and Human Liver Microsomes 

 Results from the evaluation of the in vitro profile of 
[

14
C]-VNP40101M by rat, dog, monkey and human liver 

microsomes in the presence and absence of NADPH are 
summarized in Tables 1, 2 and 3. Five radioactive compo-
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Table 1. Percent Recovery of [
14

C]-VNP40101M from Incubations with Rat, Dog, Monkey and Human Liver Microsomes (1 mg 

Protein/mL) in the Presence and Absence of NADPH 

Species 
Cofactor  

(NADPH) 

Incubation Time  

(min) 

Supernatant Percent 

Recovery 

Pellet Percent 

Recovery 

Total Percent Recovery for 

Supernatant and Pellet 

0 98.6% 9.0% 107.6% 
+ 

60 95.1% 11.6% 106.7% 

0 99.9% 9.5% 109.4% 
Rat 

 
60 91.6% 12.2% 103.7% 

0 99.5% 9.3% 108.8% 
+ 

60 93.8% 11.2% 105.0% 

0 97.8% 10.1% 107.9% 
Dog 

 
60 90.8% 11.6% 102.4% 

0 98.6% 9.4% 108.0% 
+ 

60 94.0% 11.2% 105.2% 

0 99.6% 9.1% 108.7% 
Monkey 

 
60 91.7% 12.2% 103.9% 

0 97.8% 9.8% 107.6% 
+ 

60 97.8% 12.0% 109.8% 

0 97.2% 9.7% 106.9% 
Human 

 
60 92.1% 12.4% 104.5% 

+ NADPH present,  NADPH absent. 
Recovery determined by liquid scintillation counting. 

Percentages are the mean of duplicate determinations and are rounded to one decimal place. 
 

Table 2. Conversion of [
14

C]-VNP40101M (100 μM) to Radioactive Components (C-1, C-2, C-3, C-4 and C-7) by Rat, Dog, Monkey 

and Human Liver Microsomes (1 mg Protein/mL) in the Presence and Absence of NADPH 

Species 
Cofactor 

(NADPH) 

Incubation 

Time 

(min) 

C-1 Formed 

Per Incuba-

tion (pmol)
1
 

C-2 Formed 

Per Incuba-

tion (pmol)
1
 

C-3 Formed 

Per Incuba-

tion (pmol)
1
 

C-4 Formed 

Per Incuba-

tion (pmol)
1
 

C-7 Formed 

Per Incuba-

tion (pmol)
1
 

Mean Sub-

strate 

Per Incubation 

(pmol) 

Total pmol 

Per 

Incubation 

Percent 

Loss of 

Substrate 

(%) 

Mass 

Balance 

0 NC NC NC NC NC 54300 54300 NA 100.0 
+ 

60 9770 2320 NC 17300 199 20100 49600 63.0 91.4 

0 NC NC NC NC NC 50700 50700 NA 100.0 
Rat 

- 
60 10600 2370 NC 17000 NC 21000 50900 58.6 100.6 

0 NC NC NC NC NC 51900 51900 NA 100.0 
+ 

60 11500 2590 1640 22400 4070 9370 51500 81.9 99.3 

0 NC NC NC NC NC 53900 53900 NA 100.0 
Dog 

- 
60 11600 2640 861 22200 NC 25400 62700 52.8 116.4 

0 NC NC NC NC NC 56800 56800 NA 100.0 
+ 

60 12200 2290 2250 20800 2430 13700 53600 75.9 94.3 

0 NC NC NC NC NC 55500 55500 NA 100.0 
Monkey 

- 
60 12200 2620 1520 20500 NC 21600 58400 61.1 105.2 

0 NC NC NC NC NC 62400 62400 NA 100.0 
+ 

60 10200 3100 1410 19200 171 22700 56800 63.7 91.0 

0 NC NC NC NC NC 56500 56500 NA 100.0 
Human 

- 
60 10900 2700 1350 21200 NC 23300 59400 58.7 105.3 

+ NADPH present,  NADPH absent, NA: Not applicable, NC: Not calculated (represents a zero or negative value beyond the AUC level). 
1Values have been blank-corrected with appropriate zero-time sample. 
Values are the mean of duplicate determinations. 

Values are rounded to three significant figures. Percentages are rounded to one decimal place. 
Mass balance = Total pmol ÷ Total pmol at zero-time x 100%. 

Lower limit of quantitation was 0.25 M (2.5 pmol per injection). 
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Table 3. Percent Conversion of [
14

C]-VNP40101M (100 μM) to Radioactive Components (C-1, C-2, C-3, C-4 and C-7) by Rat, Dog, 

Monkey and Human Liver Microsomes (1 mg Protein/mL) in the Presence and Absence of NADPH 

Species 
Cofactor 

(NADPH) 

Incubation 

Time 

(min) 

Percent C-1 

 Formation (%) 

Percent C-2 

Formation (%) 

Percent C-3  

Formation (%) 

Percent C-4 

Formation (%) 

Percent C-7 

Formation (%) 

Total Formation 

(%) 

Percent Loss 

of Substrate 

(%) 

0 NC NC NC NC NC NC NA 
+ 

60 18.0 4.3 NC 31.8 0.4 54.4 63.0 

0 NC NC NC NC NC NC NA 

Rat 

- 
60 20.9 4.7 NC 33.7 NC 59.2 58.6 

0 NC NC NC NC NC NC NA 
+ 

60 22.2 5.0 3.2 43.1 7.8 81.2 81.9 

0 NC NC NC NC NC NC NA 
Dog 

- 
60 21.5 4.9 1.6 41.2 NC 69.2 52.8 

0 NC NC NC NC NC NC NA 
+ 

60 21.4 4.0 4.0 36.5 4.3 70.2 75.9 

0 NC NC NC NC NC NC NA 
Monkey 

- 
60 21.9 4.7 2.7 37.0 NC 66.4 61.1 

0 NC NC NC NC NC NC NA 
+ 

60 16.4 5.0 2.3 30.8 0.3 54.6 63.7 

0 NC NC NC NC NC NC NA 
Human 

- 
60 19.4 4.8 2.4 37.5 NC 64.0 58.7 

+ NADPH present,  NADPH absent. 
Values have been blank-corrected with appropriate zero-time sample. 

Values are the mean of duplicate determinations. 
Values and percentages are rounded to one decimal place. 

NA: Not applicable, NC: Not calculated (represents a zero or negative value beyond the AUC level). 
Percent Formation (%) = (Formation per Incubation (pmol) ÷ Mean Substrate per Incubation (pmol) at zero-time) x 100%. 

Total formation (%) = Sum of Percent Formation values. 

nents (C-1, C-2, C-3, C-4 and C-7) were detected after 60 
min of incubation. Chromatogram of [

14
C]-laromustine 

(100 M) with rat human liver microsomes in the presence 
of NADPH is shown in Fig. (2). [

14
C]-VNP40101M 

(100 M) was extensively metabolized and/or degraded in 
both the presence and absence of NADPH. C-7 was the only 
component whose formation was dependent on NADPH. 
Formation of the five components accounted for the loss of 
substrate as shown in Table 3. In the presence of NADPH, 
after 60 min of incubation, the loss of substrate for rat, dog, 
monkey and human was 63, 82, 76 and 64%, respectively 
and mass balance ranged from 91.0 – 99.3%. In the absence 
of NADPH, after 60 min of incubation with 
[

14
C]-VNP40101M (100 M), the loss of substrate for rat, 

dog, monkey and human liver microsomes was 59, 53, 61 
and 59%, respectively and mass balance ranged from 100.6 – 
116.4%. For rat, dog, monkey and human, the total forma-
tion (sum of C-1, C-2, C-3, C-4 and C-7) was 54, 81, 70 and 
55%, respectively in the presence of NADPH and 59, 69, 66 
and 64%, respectively, in the absence of NADPH. Formation 
of C-7 did not account for the loss of parent compound. The 
loss of substrate was largely caused by non-enzymatic 
chemical degradation. In contrast, formation of C-7 was not 
observed in zero-cofactor (no NADPH) and zero-protein 
samples suggesting its formation was enzymatic.  

 In vitro studies were designed to determine the role of 
P450 and other HLM enzymes on VNP40101M metabolism. 
Incubations of [

14
C]-VNP40101M were performed with and 

without human liver microsomes and with boiled (denatured) 
microsomes, with and without NADPH. The data suggested 
that [

14
C]-VNP40101M undergoes extensive chemical deg-

radation rather than metabolism by cytochrome P450s. It 
was also determined that reactions stopped with methanol, 
acetonitrile and perchloric acid generated similar degradation 
profiles. These results suggest that the sample preparation 
methods did not contributed to the degradation products.  

IDENTIFICATION OF HUMAN CYP ENZYMES IN-
VOLVED IN THE METABOLISM OF [

14
C]-

VNP40101M: REACTION PHENOTYPING  

Recombinant Human CYP and FMO Enzymes 

 [
14

C]-VNP40101M (25 and 100 M) was incubated with 
a panel of recombinant human CYP enzymes (rCYP1A2, 
2A6, 2B6, 2C8, 2C9, 2C19, 2D6 and 3A4) and recombinant 
human FMO3 for zero and 10 min. Results are summarized 
in Tables 4, 5 and 6 and Figs. (3 and 4). Among the panel of 
recombinant human CYP enzymes and FMO enzyme evalu-
ated, formation of C-7 was only observed in incubations with 
recombinant CYP2B6 and CYP3A4. Loss of parent com-
pound was observed in all incubations including the 
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Fig. (2). Chromatogram from incubations of [
14

C]-laromustine (100 M) with rat human liver microsomes in the presence of NADPH. 

 

Table 4. Formation of C-7 and Loss of Substrate in Incubations of [
14

C]-VNP40101M (25 and 100 M) with Various Recombinant 

Human CYP Enzymes (25 pmol/Incubation) Expressed in E. coli (Bactosomes) 

Recombinant Human CYP 

Enzyme 

Incubation Time 

(min) 

[
14

C]-VNP40101M 

( M) 

C-7 Formed Per  

Incubation (pmol) 

[
14

C]-VNP40101M Detected 

Per Incubation (pmol) 

Percent Loss of Sub-

strate (%)
1
 

Bactosome control NC 5380 17.9% 

Reductase control NC 5390 17.7% 

rCYP1A2 NC 5560 15.0% 

rCYP2B6 376 5270 19.5% 

rCYP2D6 

25 

NC 5470 16.5% 

Bactosome control NC 20100 14.7% 

Reductase control NC 20400 13.6% 

rCYP1A2 NC 20300 13.9% 

rCYP2B6 513 20000 15.3% 

rCYP2D6 

10 

100 

NC 20100 14.6% 

1Percent loss of substrate was determined based on the zero-minute microsomal sample. 
NC: Not calculated (represents a zero or negative value beyond the AUC level). 
Pmol values are the mean of duplicate determinations and are rounded to three significant figures. 

Percent values are rounded to one decimal place. 

 

control samples (i.e., samples containing membranes with no 
human CYP enzyme). Formation of C-7 was observed in 
incubations containing recombinant human CYP2B6 and 
CYP3A4 at both substrate concentrations. After 10-min in-
cubations of [

14
C]-VNP40101M at concentrations 25 and 

100 M with recombinant human CYP2B6, the [
14

C] 
amounts of C-7 were 376 and 513 pmol, respectively. After 
10-min incubations of [

14
C]-VNP40101M at concentrations 

25 and 100 M with recombinant human CYP3A4, the [
14

C] 
amounts of C-7 were 362 and 549 pmol, respectively. The 
formation of the radioactive components increased with re-
spect to incubation time with the exception of C-7. The for-
mation of C-7 tended to increase with increasing incubation 
time and protein concentration; however, formation of C-7 
was not linear with respect to either of these parameters. In 
addition, the formation of C-7 was not proportional to sub-
strate concentration. The non-linearity of C-7 formation sug-
gests that, once formed, this component was further metabo-
lized or degraded.  

Correlation Analysis 

Results are shown in Table 6 and Fig. (4). The sample-to-
sample variation in the formation of C-7 from [

14
C]-

VNP40101M (25 M e.g. 0.25 M (2.5 pmol per injection)) 
was evaluated among 16 individual samples. The formation 
of C-7 was not observed in four individuals all of which had 
low CYP2B6 activity. The data suggested that two individu-
als were outliers for CYP2C19 activity resulting in an artifi-
cially high correlation to CYP2C19 activity. Therefore, these 
two individuals were not included. The sample-to-sample 
variation (n = 10) in the formation of C-7 correlated strongly 
with CYP2B6 activity as measured by bupropion hydroxyla-
tion (r = 0.923). Formation of C-7 correlated to a lesser ex-
tent (i.e., r = 0.5 or greater) with three other CYP activities, 
namely CYP2A6 activity as measured by coumarin 
7-hydroxylation (r = 0.678), CYP2D6 activity as measured 
by dextromethorphan O-demethylation (r = 0.691) and 
CYP3A4 activity as measured by testosterone 6 -hydroxyl-
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Table 5. Formation of C-7 and Loss of Substrate in Incubations of [
14

C]-VNP40101M (25 and 100 M) with Various Recombinant 

Human CYP Enzymes (25 pmol/Incubation) Expressed in Insect Cells (Supersomes) 

Recombinant Human CYP 

Enzyme 

Incubation 

Time (min) 

[
14

C]-VNP40101M 

( M) 

C-7 Formed Per  

Incubation (pmol) 

[
14

C]-VNP40101M Detected Per 

Incubation (pmol) 

Percent Loss of  

Substrate (%)
1
 

Insect cell control NC 5440 17.0% 

rCYP2A6 + b5 
2 NC 6490 2 8.0% 2 

rCYP2C8 + b5 NC 5440 16.9% 

rCYP2C9 + b5 NC 5470 16.5% 

rCYP2C19 + b5 NC 5390 17.6% 

rCYP3A4 + b5 

25 

362 5150 21.3% 

Insect cell control NC 20100 14.6% 

rCYP2C8 + b5 NC 19600 16.8% 

rCYP2A6 + b5 
2 NC 21600 2 7.4% 2 

rCYP2C9 + b5 NC 19900 15.6% 

rCYP2C19 + b5 NC 19400 17.5% 

rCYP3A4 + b5 

10 

100 

549 18700 20.4% 

1Percent loss of substrate was determined based on the zero-minute microsomal sample. 
2rCYP2A6 incubations were performed as a separate experiment. 

NC: Not calculated (represents a zero or negative value beyond the AUC level). 
Pmol values are the mean of duplicate determinations and are rounded to three significant figures.  

Percent values are rounded to one decimal place with the exception of values at or above 100% which are rounded to three significant figures. 

 

Table 6. Analysis of the Correlation Between the Rate of Formation of C-7 from [
14

C]-VNP40101M (25 M) and Marker CYP and 

FMO Activities in a Bank of Human Liver Microsomes (n = 10) 

Activity/Enzyme C-7 Correlation Coefficient 

Phenacetin O-dealkylase CYP1A2 -0.0698 

Coumarin 7-hydroxylase CYP2A6 0.6781 

Bupropion hydroxylase CYP2B6 0.923 

Paclitaxel 6 -hydroxylase CYP2C8 0.452 

Diclofenac 4 -hydroxylase CYP2C9 -0.343 

S-Mephenytoin 4 -hydroxylase CYP2C19 -0.0231 

Dextromethorphan O-demethylase CYP2D6 0.6911 

Chlorzoxazone 6-hydroxylase CYP2E1 -0.442 

Testosterone 6 -hydroxylase CYP3A4/5 0.572 

Midazolam 1 -hydroxylase CYP3A4/5 0.461 

Lauric acid 12-hydroxylase CYP4A11 0.137 

Benzydamine N-oxidation FMO -0.113 

1The moderate correlation observed may be artifact due to the enzyme to enzyme correlation with CYP2B6 activity among the individual microsomal samples (i.e., r = 0.598 and r = 
0.401). 
Samples from 16 individuals were evaluated but only data from 10 individuals were used in the data processing.  

The highest correlation coefficient is bold. 

ation (r = 0.572). Although the correlation with CYP2A6 and 
CYP2D6 activity were moderate, it was possible that the 
correlation observed was an artifact due to the enzyme-to-
enzyme correlation with CYP2B6 activity among the indi-
vidual microsomal samples (i.e., r = 0.598 and r = 0.401). 

 The linear regression lines for the aforementioned en-
zymes did not pass through or near the origin, which sug-
gests that multiple enzymes are involved in the formation of 
C-7. Multivariate regression analysis was performed with 
CYP2B6 and CYP3A4 to further assess the contribution of 
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these enzymes to the formation of C-7. This approach can 
successfully identify enzymes involved when each enzyme 
contributes 25% or more to metabolite formation, but it will 
likely not identify an enzyme that contributes substantially 
less than 25% [15]. The sample-to-sample variation in the 
formation of C-7 correlated well with CYP2B6 activity (r = 
0.923), but the correlation improved when the variation in 
CYP3A4 activity (as measured by testosterone hydroxyla-
tion) was taken into consideration (r = 0.945). 

Additional Controls 

 In each reaction phenotyping experiment, additional in-
cubations were conducted at half and twice the normal pro-
tein concentration (1 mg protein/mL) and half and twice the 
normal incubation period (10 min) to ascertain whether me-
tabolite formation was directly proportional to protein con-
centration and incubation time from experiment to experi-
ment. In incubations with NADPH-fortified pooled human 
liver microsomes, the formation of C-7 tended to increase 
with increasing incubation time and protein concentration; 
however, formation of C-7 was not linear with respect to 
either of these parameters. In addition, the formation of C-7 
was not proportional to substrate concentration.  

CONCLUSION 

 Liver microsomes from dog, monkey and human con-
verted [

14
C]-VNP40101M to five components (C-1, C-2, C-

3, C-4 and C-7), four of which (all but C-3) were also 
formed by rat liver microsomes. Either C-3 was not formed 
or below the detection limit in rat liver microsomes. Only the 
formation of C-7 required the presence of NADPH. C-7 ap-
pears to be decomposed or metabolized further. These results 
suggest that cytochrome P450 plays a role in C-7 formation 
but plays little or no role in the conversion of [

14
C]-

VNP40101M to C-1 through C-4. The combined results 
from the correlation analysis and recombinant human CYP 
enzymes experiments point to a role for both CYP2B6 and 
CYP3A4 in the formation of metabolite C-7. The formation 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Effect of incubation time and substrate concentration on 

the conversion of [
14

C]-VNP40101M (25 and 100 M) to C-7 by 

NADPH-fortified human liver microsomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Analysis of the correlation between the rate of formation of C-7 from [
14

C]-VNP40101M (25 M) and marker CYP and FMO ac-

tivities in a bank of human liver microsomes (n = 10). 

Note: Only the highest Pearson product moment correlation r is shown on the appropriate graph above. 
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of C-7 correlated the strongest with CYP2B6 activity with 
moderate correlation to CYP2A6, CYP2D6 and CYP3A4 
activity in 10 individual samples of NADPH-fortified human 
liver microsomes. As shown by the recombinant human CYP 
data, rCYP3A4 and rCYP2B6 were capable of forming C-7, 
whereas formation of C-7 was not observed with rCYP2A6 
and rCYP2D6. VNP40101M was shown to be a competitive 
inhibitor for both CYP2B6 and CYP3A4, which is consistent 
with VNP40101M being a substrate for these enzymes (Nas-
sar et al., 2009 DMD). Combined, these findings provide an 
understanding of the metabolism of this new agent. The 
identification of the decomposition/metabolic products and 
in vitro phase II studies of laromustine are on-going. 
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