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Abstract

1. 4-[2((1R,2R)-2-Hydroxycyclohexylamino)-benzothiazol-6-yloxyl]-pyridine-2-carboxylic acid
methylamide (BLZ945) is a small molecule inhibitor of CSF-1R kinase activity within
osteoclasts designed to prevent skeletal related events in metastatic disease. Key
metabolites were enzymatically and structurally characterized to understand the metabolic
fate of BLZ945 and pharmacological implications. The relative intrinsic clearances for
metabolites were derived from in vitro studies using human hepatocytes, microsomes and
phenotyped with recombinant P450 enzymes.

2. Formation of a pharmacologically active metabolite (M9) was observed in human
hepatocytes. The M9 metabolite is a structural isomer (diastereomer) of BLZ945 and is
about 4-fold less potent. This isomer was enzymatically formed via P450 oxidation of the
BLZ945 hydroxyl group, followed by aldo–keto reduction to the alcohol (M9).

3. Two reaction phenotyping approaches based on fractional clearances were applied to
BLZ945 using hepatocytes and liver microsomes. The fraction metabolized (fm) or
contribution ratio was determined for each metabolic reaction type (oxidation, glucuronida-
tion or isomerization) as well as for each metabolite. The results quantitatively illustrate
contribution ratios of the involved enzymes and pathways, e.g. the isomerization to
metabolite M9 accounted for 24% intrinsic clearance in human hepatocytes. In summary,
contribution ratios for the Phase I and Phase II pathways can be determined in hepatocytes.
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Introduction

CSF-1R is the receptor for macrophage colony stimulating

factor (M-CSF) which mediates the biological effects of this

cytokine. The main biological effects of CSF-1R signaling

are differentiation, proliferation, migration and survival of

precursor macrophages and osteoclasts from the monocytic

lineage (Stanley et al., 1997). Inhibition of CSF-1R using a

small molecule inhibitor such as 4-[2((1R,2R)-2-hydroxycy-

clohexylamino)-benzothiazol-6-yloxyl]-pyridine-2-carboxylic

acid methylamide (BLZ945) has the potential to treat an array

of diseases associated with normal and deregulated function

of precursor macrophages and osteoclasts from the monocytic

lineage (Pyonteck et al., 2013; Sutton et al., 2010; Wang et al.,

2011; Wiesmann et al., 2010).

CSF-1R signaling in osteoclastogenesis, bone resorption

and osteolytic bone lesions provides a rationale for inhibition

of CSF signaling through M-CSF/CSF-1R at metastatic sites

in bone. Breast, kidney and lung cancers have been found to

metastasize to the bone and cause clinically significant

osteolytic bone disease resulting in skeletal complications.

Inhibition of CSF-1R kinase activity within osteoclasts

is likely to prevent skeletal related events in metastatic

disease. The primary indication for this target is therefore

prevention of skeletal-related events (e.g. pathologic fracture,

spinal cord compression, bone pain requiring radiotherapy) in

patients with solid tumors and bone metastases and in patients

with multiple myeloma.

The majority of the drugs are eliminated by metabolism

through one or more of the various biotransformation

pathways in the liver, and in some cases in extra-hepatic

tissues. Thus, a thorough understanding of a metabolic fate of

a drug, i.e. identification of physiologically relevant metab-

olites (pharmacologically active or toxic), elucidation of

metabolite structures and metabolic pathways and drug–drug

interactions (DDI) have become increasingly important for

drug development and registration (EMA, 2012; FDA, 2008,

2012; ICH, 2009). Identification of key biotransformation

pathways and responsible enyzmes (reaction phenotyping) are

typically determined using in vitro model systems such as
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human liver microsomes (HLM), recombinant enzymes,

hepatocytes, etc.

Cytochrome P450 enzymes are recognized as clinically

relevant for xenobiotics metabolism. Human liver contains

most abundantly CYP3A4, although the levels can vary

significantly (>10-fold) among individuals (Shimada et al.,

1994; Yeo et al., 2004). The CYP3A subfamily plays a

predominant role in the metabolism of drugs (Guengerich,

1996). CYP3A4/5 metabolizes around 50% of the drugs

known to be metabolized by cytochrome P450 enzymes.

Among other important CYPs are the CYP 2C subfamily

(CYP2C8, CYP2C9 and CYP2C19) as well as CYP1A2,

CYP2D6, CYP2B6 etc. There has been an increasing

awareness of the role that CYP2C8 plays in the disposition

of therapeutic agents (Totah & Rettie, 2005; Yeo et al., 2004).

Genetic polymorphisms have been reported in various ethnic

populations (Rowbotham et al., 2010; Totah & Rettie, 2005).

CYP enzymes can be phenotyped using either specific

chemical inhibitors or inhibitory antibodies, recombinant

cytochrome P450s and correlation analysis. These three CYP

enzyme phenotyping approaches are reported in the scientific

literature and recognized by the FDA (Bjornsson et al., 2003;

Ogilvie et al., 2008). Each approach has advantages as well

as certain disadvantages, which could potentially lead to

only partial or limited information (Ogilvie et al., 2008).

Therefore, a combination of approaches is highly recom-

mended to ensure validity of results.

[14C]BLZ945 metabolites were kinetically and structurally

characterized from an in vitro across species comparison

study using human hepatocytes and microsomes. One

particular metabolite (M9) was found to be pharmacologically

active with about 4-fold less potency in cell-based assays. The

presence and impact of pharmacologically active metabolites

should be considered in defining human dose.

The main focus of this work was 2-fold, i.e. characterize

and further understand the metabolic isomerization mechan-

ism of M9 in human, and introduce two alternative reaction

phenotyping methods based on selective metabolite formation

in hepatocytes and human liver microsomes, respectively.

Materials and methods

Materials

Pooled human hepatocytes were purchased at Celsis

(Baltimore, MD), and pooled human liver microsomes,

pooled human liver cytosol, flavin-containing mono-oxyge-

nase enzymes and recombinant CYP450 enzymes were

purchased at BD Biosciences (Woburn, MA).

Chemicals and standards

Authentic non-labeled standards were synthesized for

BLZ945, BLZ945* (opposing enantiomer of BLZ945)

metabolites M6, M9, M9* (opposing enantiomer of M9)

and M10. Refer to Figure 1 for chemical structures of test

substance and metabolites.

Standard chemicals and solvents unless otherwise stated

were of analytical grade and were obtained from commercial

sources (Fisher). Acetonitrile, formic acid, ethanol purchased

from Fisher (Wohlen, Switzerland) were used for HPLC

mobile phases. Irgasafe Plus liquid scintillation cocktail

(Zinsser Analytic, Frankfurt, Germany) and Soluene-350

(PerkinElmer Life and Analytical Sciences, Boston, MA)

were used for sample digestion and liquid scintillation

counting, respectively. RiaLuma (Lumac-LSC, Groningen,

the Netherlands) was used for on-line radiodetection.

Deuterium oxide was purchased at Aldrich (St. Louis, MO).

Radiolabeled drug

For the in vitro experiments, [14C]BLZ945, 4-[2((1R,2R)-2-

Hydroxycyclohexylamino)-benzothiazol-6-yloxyl]-pyridine-

2-carboxylic acid methylamide with a specific radioactivity at

least 2.056 GBq/mmol (�89% 14C-labeled) and a radiochem-

ical purity of >99% was synthesized by the Novartis Isotope

Laboratory (Basel, Switzerland). Subsequent solutions

of [14C]BLZ945 were prepared and appropriate serial dilu-

tions were made for the in vitro incubations. The structure

and the position of the radiolabel for [14C]BLZ945 is shown

in Figure 1.

Figure 1. Chemical structures of
[14C]BLZ945 and metabolite standards.

2 J. A. Krauser et al. Xenobiotica, Early Online: 1–17
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Microsome and CYP450 incubations

For all incubations, final concentrations of organic solvent

were maximally 0.5% (v/v). For some experiments, higher

incubation volumes were prepared by keeping the quantity

of all solutions in proportion. Samples were incubated

in duplicate for defined incubation times at 37 �C in a

thermomixer comfort (Eppendorf 5355) with agitation at

300 rpm. Reactions were quenched, worked and analyzed

according to procedures using standard procedures outlined in

the ‘‘Materials and methods’’ section.

Substrate kinetics using human liver microsomes consisted

of a 800 mL total incubation volume with the following

conditions: 0.1 M phosphate buffer, pH 7.4 at 37 �C; 5 mM

MgCl2, [14C]BLZ945: 1, 2, 4, 6, 8, 10, 15, 20, 40, 60, 80 mM for

20-min incubation time; 100, 150, 200, 250, 300, 400 and

500mM for 30-min incubation time) and pooled human liver

microsomes (0.3 mg/mL) were added to an appropriate volume

of the buffer and pre-incubated for 3 min at 37 �C. The reaction

was started by the addition of 10% total volume of a fresh

10 mM solution of b-NADPH (1 mM final concentration).

Correlation analysis with reaction phenotyping kit (Kit

Xenotech H0500) consisted of a 250 mL total incubation

volume with the following: 0.1 M phosphate buffer, pH 7.4 at

37 �C; 5 mM MgCl2, [14C]BLZ945 (20 mM for 20-min

incubation time) and human liver microsomes (0.3 mg/mL)

were added to an appropriate volume of the buffer and pre-

incubated for 3 min at 37 �C. The reaction was started by the

addition of 10% total volume of a fresh 10 mM solution of

b-NADPH (1 mM final concentration).

Enzyme mapping with recombinant CYPs 1A1, 1A2, 1B1,

2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 2J2, 3A4, 3A5,

4A11, 4F2, 4F12, pooled human liver microsomes, FMO1,

FMO3 and FMO5 consisted of 600 mL total incubation volume

with following: 0.1 M Tris, pH 7.4 containing 5 mM MgCl2 for

HLM pool and CYPs 2A6, 2C9, 2C18 and 4A11 or 50 mM

Glycine, pH 9.5 containing 5 mM MgCL2 for HLM pool and

FMOs or 0.1 M phosphate buffer, pH 7.4 at 37 �C and 5 mM

MgCl2 for CYPs (1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9 and

2C18), [14C]BLZ945 (10 and 100 mM for 20-min incubation)

and pooled human liver microsomes, FMO1, FMO3 and

FMO5 (0.3 mg/mL) or recombinant CYPs (20 pmol/mL) were

added to an appropriate volume of the buffer and pre-

incubated for 3 min at 37 �C. The reaction was started by the

addition of 10% total volume of a fresh 10 mM solution of

b-NADPH (1 mM final concentration).

Substrate kinetics using CYPs 2C8, 2D6 and 3A4 consisted

of 500mL total incubation volume with the following: 0.1 M

Tris, pH 7.4 containing 5 mM MgCl2 for CYP2D6 and

CYP2C8 or 0.1 M phosphate buffer, pH 7.4 at 37 �C and 5 mM

MgCl2 for CYP3A4, [14C]BLZ945: 10, 20, 30, 50, 75, 100,

150, 200, 250, 300, 400 and 500mM with 15, 25 and 20-min

incubation times for CYPs 2C8, 2D6 and 3A4, respectively),

recombinant CYPs (2C8 at 50 pmol/mL, 2D6 at 80 pmol/mL

or 3A4 at 25 pmol/mL) were added to an appropriate volume

of the buffer and pre-incubated for 3 min at 37 �C. The reaction

was started by the addition of 10% total volume of a fresh

10 mM solution of b-NADPH (1 mM final concentration).

Chemical inhibition was conducted under similar condi-

tions as for human liver microsomes with the following

modifications: total volume 1000 mL, [14C]BLZ945 (10 mM),

inhibitor concentrations and pre-incubation times: furafylline

(CYP1A2 inhibitor pre-incubated for 15 min at 37 �C): 0.156,

0.313, 0.625, 1.25, 2.5, 5 and 10 mM montelukast (CYP2C8

inhibitor pre-incubated for 3 min at 37 �C): 0.00781, 0.0156,

0.0313, 0.0625, 0.125, 0.25, 0.5, 1 and 2 mM, sulfaphenazole

(CYP2C9 inhibitor pre-incubated for 3 min at 37 �C): 0.0781,

0.156, 0.313, 0.625, 1.25, 2.5 and 5 mM, ticlopidine

(CYP2C19 inhibitor pre-incubated for 15 min at 37 �C):

0.156, 0.313, 0.625, 1.25, 2.5, 5 and 10 mM, quinidine

(CYP2D6 inhibitor pre-incubated for 3 min at 37 �C):

0.00781, 0.0156, 0.0313, 0.0625, 0.125, 0.25, 0.5, 1 and

2 mM, ketoconazole (CYP3A inhibitor pre-incubated for 3 min

at 37 �C): 0.00781, 0.0156, 0.0313, 0.0625, 0.125, 0.25, 0.5

and 1 mM, azamulin (CYP3A inhibitor pre-incubated for

15 min at 37 �C): 0.0391, 0.0781, 0.156, 0.313, 0.625, 1.25,

2.5 and 5 mM. Control reactions were also conducted in

parallel without inhibitors (same incubation conditions as the

corresponding inhibitor samples). The reactions were started

by the addition of 10% total volume of a fresh 10 mM solution

of b-NADPH (1 mM final concentration).

All above enzyme reactions were stopped and the protein

was precipitated by the addition of an equal volume of ice-

cold solution of 0.8% formic acid in acetonitrile. After 30 min

at �80 �C (or overnight at �20 �C) the samples were

centrifuged at 30 000� g for 15 min. The supernatant was

withdrawn. Aliquots were analyzed by LSC (20 mL) and the

supernatant was diluted with water to obtain a final solution

containing 20% of the organic solvent. For samples with low

substrate concentration, supernatants were evaporated to

dryness under nitrogen at room temperature with a Liebisch

Evaporator (Fisher Scientific, Wohlen, Switzerland) or under

reduced pressure at 40 �C with SpeedVac concentrator (model

AES 2010, Savant Inc., Holbrook, NY) then re-suspended in

water containing 20% acetonitrile. Samples were analyzed by

HPLC combined with radiodetection.

The residual pellets from some typical samples were rinsed

twice with 0.5 mL of a mixture of water/acetonitrile (1:1, v/v)

and then dissolved (about 1 h under shaking at 20 �C) in

0.5 mL of a mixture containing 50% (v/v) Soluene-350

(PerkinElmer Life and Analytical Sciences, Boston, MA)

and 50% isopropanol (v/v). Radiometry of aliquots of the

supernatants and of the total amount of dissolved pellet was

performed on a liquid scintillation counter (Tri-Carb 2500

TR, Packard Canberra Instruments Co. Meriden, CT) after

mixing with 10 mL liquid scintillation counting cocktail and

0.25 mL HCl (1 M). The radioactivity found in the pellet of

most samples was less than 1% of the total amount.

Hepatocyte incubations

Cryopreserved hepatocytes (human pooled) were thawed and

viable cells were enriched by centrifugation in the presence of

PercollTM (Amersham Biosciences, Uppsala, Sweden) as

defined by vendor’s accompanying instructions. Cells were

added to a 37 �C pre-warmed mixture [9:1:17 (v/v/v)] of

Percoll, Hanks’ Balanced Salt solution [HBSS (10�) with

CaCl2 and MgCl2, Gibco Invitrogen, Carlsbad, CA] and

HepatoZYMETM cell culture medium (Gibco Invitrogen).

After gentle mixing, the cells were centrifuged at 25 �C and
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174� g for 20 min. The supernatant that contains the dead

cells was discarded and the pellet, which contains the live

cells, was re-suspended in HepatoZYMETM. Viability of the

re-suspended cells was determined using the ViaCount� assay

on a Guava EasyCyteTM Mini system (Guava Technologies,

Hayward, CA). Total cell concentration was then adjusted to

about 0.5 million viable cells/mL with addition of

HepatoZYMETM. Finally, [14C]BLZ945 either at 1.5mM

(3.1 kBq/mL) or 10 mM (3.1 kBq/mL) in DMSO was added

to the cells with a final DMSO concentration of 0.1% (v/v).

All hepatocytes were incubated at 37 �C under a humidified

atmosphere of 95% air (N2 and O2) and 5% CO2 in a Heraeus

incubator/cytoperm (Kendro Laboratory Products AG,

Zürich, Switzerland). The viability of the hepatocytes was

monitored at 0, 0.5, 1, 2, 4 and 8 h and 0, 2 and 8 h for 1.5 and

10 mM BLZ945, respectively. [14C]BLZ945 chemical stability

was monitored by incubating in HepatoZYMETM buffer in the

absence of hepatocytes. For all incubates, aliquots were

removed at the pre-defined time points and volumes. The

aliquot was subsequently added to two volumes of ice-cold

acetonitrile and vortexed to quench the reaction.

After quenching with acetonitrile, all incubated samples

were chilled at �20 �C for at least 4 h to complete protein

precipitation. Samples were thawed and centrifuged (Alegra

64R, Beckman Coulter, Fullerton, CA) at 20 000� g for

5 min. The supernatant (S1) was removed and the remaining

pellet (P1) was re-suspended with intermittent vortexing and

sonication in 400mL of a water:acetonitrile mixture (1:2, v/v).

The suspension was centrifuged at 20 000� g for 5 min and

the supernatant (S2) was removed. Both the S1 and S2

supernatants were combined and concentrated in a Speedvac

(Savant, Holbrook, NY) for 4 h at 30 �C. The remaining

sample reconstituted with 0.2% formic acid in H2O (pH¼ 2.6)

to a final volume of 500mL, which was either injected for

metabolite profile analysis by HPLC or structural character-

ization by LC-MS.

Radioactivity in biological samples and recoveries of

radioactivity after sample preparation were determined by

liquid scintillation counting based on reported methods (Botta

et al., 1985) with modifications as follows: radioactivity

recoveries were measured in aliquots of the combined super-

natants S1 and S2 (before and after reconstitution) as described

in the previous ‘‘Hepatocyte incubation’’ section by LSC using

Irgasafe Plus liquid scintillation cocktail (Zinsser Analytic,

Frankfurt, Germany). Protein pellets were solubilized with

Soluene-350 (Perkin Elmer Life and Analytical Sciences,

Boston, MA) and mixed with Irgasafe Plus before LSC. The

measurements were performed in a Tri-Carb 2200CA liquid

scintillation counter (Packard Instruments, Meriden, CT). For

quench correction, an external standard ratio method was used.

Quench correction curves were established by means of sealed

standards (Packard Instruments).

Cytosolic incubations with aldo–keto reductase,
alcohol dehydrogenase and carbonyl reductase
inhibitors

Cytosol incubations were carried out in 0.1 M phosphate

buffer, pH 7.4 at 37 �C. Typical incubations of 1500 mL total

volume were prepared as follows: MgCl2 at 5 mM final

concentration, substrate (M10) at 50 mM and pooled human

liver cytosol (2 mg/mL) in 100 mM potassium phosphate

buffer, pH 7.4. Chemical inhibitors indomethacin (dissolved

in ethanol), 4-methylpyrazole (dissolved in 9% DMSO in

water) and phenolphthalein (dissolved in ethanol/water 1:1)

were added to yield a final concentration range of 30–300 mM

using five selected concentrations. The reaction was started

by the addition of 20 mL of a fresh 10 mM solution of

b-NADPH (1 mM final concentration) and incubated for 1 h.

The final concentrations of organic solvent were maximally

0.5% (v/v). Samples were incubated at 37 �C in a thermo-

mixer comfort (Eppendorf 5355) with agitation at 300 rpm.

After the addition of acetonitrile, each incubate was mixed

by vortexing and kept at �20 �C for at least 4 h to complete

the protein precipitation. Subsequently, the sample was

thawed and centrifuged at 20 000� g for 10 min, followed

by removal of the supernatant S1. The supernatants S1 were

evaporated to a volume �200 mL using a stream of nitrogen

and supplemented with 40 mL acetonitrile and diluted with

water to a final volume of 200 mL. Resulted in 20% organic

solvent in the final mixture. The mixture was named R1.

Aliquots of 100 mL R1 were injected onto the HPLC column.

Plasma protein binding assay

In vitro plasma protein binding (PPB) in human for the

BLZ945 and the M9 metabolite were evaluated by equilib-

rium dialysis method using Rapid Equilibrium Dialysis

(RED). Warfarin, propranolol and metoprolol were used as

references for high (>95%), medium (51–95%) and low

(550%) plasma protein binding. The references and test

compounds were incubated at 37 �C in triplicates at 10 mM for

4 h, then quenched with the internal standard (100 ng/mL

Glyburide in 50:50 methanol:acetonitrile) and centrifuged to

remove proteins. Supernatant was diluted 1:1 with water and

samples were analyzed and quantified using LC-MS/MS.

CSF-1R dependent cellular proliferation
(pharmacology assays)

To determine the effects of compounds on cell viability and

proliferation due to inhibition of CSF-1R phosphorylation,

M-NFS-60, a murine AML cell-line dependent on M-CSF

for growth and survival was used. Cells were washed prior

to seeding into black-walled tissue culture plates (Nunc) at

50 000 cells per well in 50 mL complete growth medium

(RPMI, 10% FBS, 30 ng/mL M-CSF). An additional 50 mL of

complete medium containing serial dilutions of test com-

pounds (BLZ945 and M9) were added and incubated for 72 h

(37 �C, 5% CO2). Cells treated with equivalent DMSO were

used as a positive growth control and cells without M-CSF as

a no growth control. Cell growth was assessed using a

luminescent cell viability assay kit (CellTiter-Glo, Promega)

to measure the amount of ATP present in a well after lysis of

the cells. After incubation, cells were brought to room

temperature and 100 mL of CellTiter-Glo� reagent (mixed

from kit components) added to the 100 mL cells in each well.

Plates were shaken for 2 min and incubated at room

temperature for 10 min prior to reading luminescence on a

Perkin Elmer Trilux instrument. The ATP released upon lysis

is used in an enzymatic reaction, which includes Luciferase

4 J. A. Krauser et al. Xenobiotica, Early Online: 1–17
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and its substrate Luciferin. The amount of light emitted is

proportional to the amount of ATP, which in turn is

proportional to the number of live cells in the well. IC50

values were determined from the dose response curves by

graphical extrapolation.

Quantification and characterization of metabolite
from hepatocytes and microsomes

Hepatocyte samples

For chromatographic peak quantification of metabolites, a

Jasco HPLC system (Jasco Corp., Tokyo, Japan) consisting of

an AS-1550 autosampler, two PU-1580 pumps, a CO-1560

column oven set at 40 �C, and a MD-1550 multi wavelength

UV-detector set at 254 nm was coupled with a Berthold LB

506C-1 radioactivity monitor (Berthold GmBH, Wildbad,

Germany) equipped with a 500 mL cell Z-500-4. The column

effluent was mixed with liquid scintillation cocktail Rialuma

(3 mL/min) and directed to the above described radioactivity

monitor. The online radiochromatograms were processed using

Radiostar HPLC evaluation software version 4.6.0.0

(Regensdorf, Switzerland) from Berthold. The system was

operated by Chrompass chromatographic data system soft-

ware, version 1.7.403.1 (Jasco).

Samples (140–450 mL) were injected on a 2 mL loop, and

separated on a gradient at 1 mL/min using a Phenomenex Luna

PFP (5mm) a 4� 3.0 mm I.D. (No: A50-8327) pre-column, and

Phenomenex Luna PFP (5mm), 250� 4.6 mm I.D. (No:

430453-8) column. Mobile phase A consisted of 0.2% formic

acid in water; pH 2.6, and mobile phase B consisted of 0.2%

formic acid in acetonitrile. The gradient was set as the

following: 0–5 min at 5% B (isocratic), 5–55 min at 5–55% B

(linear gradient), 55–60 min at 55–100% B (linear gradient),

60–70 min at 100% B (isocratic), 70–75 min at 100–5% B

(linear gradient), 75–90 min at 5% B (isocratic).

For separation of metabolites, a Jasco HPLC system (Jasco

Corp., Tokyo, Japan) consisted of an AS-2059 autosampler

Plus, two PU-2085 HPLC pumps Plus, a CO-2065 Plus

column oven set at 40 �C, and a MD-2010 Plus multi

wavelength UV-detector set at 254 nm. The HPLC system was

operated by Chrompass chromatographic data system soft-

ware, version 1.8.6.1 (Jasco).

Samples (140–450 mL) were injected on a 2 mL loop, and

separated on a gradient at 1 mL/min using a Phenomenex Luna

PFP (5mm) a 4� 3.0 mm I.D. (No: A50-8327) pre-column, and

Phenomenex Luna PFP (5mm), 250� 4.6 mm I.D. (No:

430453-8) column. The effluent from the HPLC system was

split to a Berthold LB 507 A radioactivity monitor (Berthold

GmBH, Wildbad, Germany) equipped with a 500 mL cell

Z-500-4, and an LTQ mass spectrometer (Thermo Fisher

Scientific, Waltham, MA) for structural characterization of

metabolites. The LTQ mass spectrometer used electrospray in

positive ionization mode (ESI+). Mass spectra (MS) were

scanned in the mass range from m/z 100 to 800. A relative

collision energy of 35% was applied for MSn. The heated

capillary temperature was set to 300 �C, sheath gas flow was

40 U, auxiliary gas flow was 10 U, spray voltage was 4 kV and

capillary voltage 19 kV. The instrument was operated under

Xcalibur software, version 1.4 SR1 (Thermo Fisher Scientific,

Waltham, MA). The other column effluent split was mixed

with liquid scintillation cocktail Rialuma (3 mL/min) and

directed to the radioactivity monitor LB 507 A (Berthold,

Wildbad, Germany) equipped with a 500 mL cell Z-500-4.

In addition, the synthetic reference compounds for

BLZ945, BLZ945*, M6, M9 and M10 (Figure 1) were

analyzed by LC-MS and LC-MSn for comparison of retention

times and mass spectra with those of metabolites.

Metabolite M9 was collected manually from multiple

injections (3–5 times) for the human hepatocyte incubations.

The fractions were combined, dried and reconstituted in

methanol, and re-injected for the chiral separation described

below.

For chiral separation of M9 metabolite, the same HPLC

system was used as described in the hepatocyte section.

Samples (50–100 mL) were injected on a 2 mL loop, and

separated on a gradient at 1 mL/min. A single mobile phase

consisted of 100% ethanol. The gradient was isocratic and set

as the following: 0–30 min at 100% ethanol (isocratic).

Liver microsomes, cytosol and recombinant P450 enzyme

incubation samples

For chromatographic peak quantification of metabolites, an

analogous Jasco HPLC system was used as described in the

hepatocyte section.

Samples (140–450 mL) were injected on a 2 mL loop, and

separated on a gradient at 1 mL/min using a Phenomenex

Luna PFP (5 mm) a 4� 3.0 mm I.D. (No: A50-8327) pre-

column, and Phenomenex Luna PFP (5 mm), 250� 4.6 mm

I.D. (No: 430453-8) column. Mobile phase A consisted of

0.2% formic acid in water; pH 2.6, and mobile phase B

consisted of 0.2% formic acid in acetonitrile. The gradient

was set as the following: 0–5 min at 15% B (isocratic), 5–

45 min at 15–35% B (linear gradient), 45–47 min at 35–100%

B (linear gradient), 47–50 min at 100% B (isocratic), 50–

55 min at 100–15% B (linear gradient).

Deuterium exchange experiments

Deuterium exchange experiments were performed (by repla-

cing the aqueous mobile phase with deuterium oxide) to

determine the number of exchangeable protons.

Enzymatic digestion experiments

The chemical structure of the Phase II metabolite M6 was

confirmed by enzymatic hydrolysis experiments by incubating

selected samples (900mL) with and without the addition of

b-glucuronidase from Escherichia coli K12 (Roche

Diagnostics GmbH, Penzberg, Germany) and b-glucuroni-

dase/arylsulfatase from Helix pomatia (Roche Diagnostics

GmbH, Penzberg, Germany).

Chromatogram data processing

Peaks detected in the online radiochromatograms were

automatically integrated using the radio-flow detector soft-

ware. Incubate concentrations of BLZ945 and its metabolites

were expressed as percent of total radioactivity, and were

calculated as follows:

Ci ð%Þ ¼ RPAi �
RAs

RAs þ RAp
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with Ci (%), Concentration of radiolabeled component i in

incubate (% of total radioactivity concentration in incubate),

RPAi Relative peak area of radiolabeled component i in

radiochromatogram (% of total area under the radiochroma-

togram), RAS, Total radioactivity in combined supernatants

S1 and S2, RAP, Total radioactivity in pellet P2.

Note that minor losses of radioactivity upon concentrating

the combined supernatants S1 and S2 by partial evaporation

were assumed to be consistent for all radiolabeled compo-

nents and thus not considered in the calculations.

Calculation of kinetic parameters

Enzyme kinetic parameters Vmax and Km of the biotrans-

formation by human liver microsomes (HLM) and major

metabolizing enzymes were calculated by using SigmaPlot

Version 8.0, Enzyme Kinetics module Version 1.1 software

(SPSS Science Inc., Chicago, IL). The intrinsic clearance

was calculated by the equation: CLint¼Vmax/Km. Enzyme

inhibition parameters (IC50 values) were calculated using

the kinetic equation ‘‘IC50 0–100%’’ of the GraFit software

(Horley, UK).

Method of reaction phenotyping based on
enzyme-specific metabolites

Enzyme kinetics for the formation of each metabolite were

performed in HLM to determine Km and Vmax for the formation

of each metabolites. When several metabolites are formed in

HLM, the total intrinsic clearance can be calculated as:

Total CLint¼CLint (met a) + CLint (met b) + CLint (met c)+

CLint (met d) + � � �+ CLint (met z)

If one metabolite (met x) is predominantly or exclusively

catalyzed by a specific enzyme, then the fraction metabolized

(fm) by this enzyme can be calculated by the relative

fractional CLint (%):

fm ¼
CLint ðmet xÞ
total CLint

Method to determine the fractional contribution ratio
of defined pathways in hepatocytes

Substrate disappearance was differentiated and divided into

several components using a simple mathematical trans-

formation (100% � % of the defined pathway ‘‘X’’, where

‘‘X’’ denotes the isomerization, oxidation, glucuronidation

metabolism pathways at each time point for the incuba-

tion). The half-lives of drug disappearance due to each

metabolic pathway of BLZ945 were calculated by log-

linear regression of concentration versus time using data

from first few sampling points of the 1.5 mM BLZ945

incubates. This process can be characterized by the

equation T1/2¼ ln 2/k, where k is the first-order rate

constant of metabolism rate decrease (Bousquet-Melou

et al., 2002; Obach, 1999). Intrinsic clearances in hepato-

cytes for each pathway were calculated by the half-life

method using the equation CLint¼ 0.693/in vitro half-life/

viable cell density (Obach, 1999). The relative fractional

CLint (ratio to that of the sum of all metabolite pathways)

of each pathway represents the contribution ratio by that

metabolic pathway:

Total CLint ¼ CLint ðoxidationÞ þ CLint ðdirectGlucÞ
þ CLint ðIsomerÞ þ � � � þ CLint ðundefinedÞ

Contribution ratioðpathway XÞ ¼ CLintðpathway XÞ=total CLint

Results

Hepatocyte viability

After enrichment of viable hepatocytes by centrifugation in

the presence of PercollTM, the concentration of viable cells

was determined by the Guava EasyCyteTM Mini system using

the ViaCount� assay. The number of viable cells in hepato-

cyte incubations at time zero was adjusted to approximately

5� 105 cells/mL. The hepatocytes used for the [14C]BLZ945

incubates were viable and metabolism activity was confirmed

using a terfinadine substrate as a test control. The percent

viability decreased at different rates for different species

through the course of incubation with [14C]BLZ945, the

concentrations of viable cells decreased at different rates.

Identification of metabolites from hepatocytes,
microsomal and cytosolic incubations

Human liver microsome, hepatocyte incubations, and recom-

binant P450 incubations were used for both kinetic (pheno-

typing and clearance contributions) and metabolite structural

characterization. [14C]BLZ945 metabolites in human hepato-

cyte or microsomal incubations were structurally character-

ized by radio-HPLC coupled with mass spectrometry, and

further validated with co-injection of authentic standards

(M6, M9 and M10). Molecular structures of BLZ945

including label position, and authentic standards are shown

in Figure 1. A slightly modified chromatographic separation

gradient (same mobile phases and column) was optimized for

the P450 recombinant incubations. Metabolites between

different incubation studies were compared and correlated

with co-injection of authentic standards (M6, M9 and M10) as

well as the matching of MS spectra and fragmentation.

Metabolites are numbered in order of chromatographic

appearance based on the complete collection of chromato-

grams for all studies. Representative chromatograms for

human hepatocytes, microsomes and recombinant cyto-

chrome P450’s are found in Figures 2 and 3. The stereo-

chemistry of M9 was assigned by chiral chromatography and

comparison with authentic standards M9 and M9* (Figure 4).

[14C]BLZ945 and the corresponding metabolites (M1-

M10) generated from in vitro human hepatic, microsomal and

recombinant enzyme incubations were structurally character-

ized by LC-MS and compared with synthetic reference

compounds whenever applicable. A summary of MS data is

shown in Table 1 and Figure 5. The metabolite structures with

the proposed metabolic pathway are shown in Figure 6.

Intrinsic clearances (mL/min/million cells) and contributions

from each pathway were determined using the modified half-

life method.

LC-MSn was performed with electrospray ionization in the

positive ion mode Fragment ions were generated with a linear

ion trap instrument as described above, (MS2 and MS3). The

6 J. A. Krauser et al. Xenobiotica, Early Online: 1–17
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14C-labeled BLZ945 was diluted with non-radiolabeled

BLZ945 to give an equal ratio of 14C and 12C. Thus, all ions

in the mass spectra of the parent or parent-related compounds

appeared as doublets separated by two mass units. All masses

reported below refer to the 12C peak unless otherwise noted.

Representative mass spectra are presented in Figure 5. Results

of H/D exchange experiments are given in Table 1. Proposed

metabolite structures and metabolic pathways resulting from

LC-MS characterization are shown in Figures 6 and 7.

[14C]BLZ945 (parent)

The mass spectrum of [14C]BLZ945 characterized within the

incubates was analogous to the authentic unlabeled BLZ945

standard in regards to chromatographic retention time as well

as its mass spectra (Figure 5). The only difference arose from

the two mass unit difference from 14C-labeling. The mass

spectrum of [14C]BLZ945 showed predominantly the intact

protonated molecule at m/z 399 and the sodiated molecule to a

lesser extent ([M + H]+ and [M + Na]+, respectively). The ms2

spectrum showed a major fragment ion at m/z 381, which is

consistent with a loss of water. Further loss of water led to

fragment ion at m/z 363. A minor fragment ion was also

observed at m/z 301, which is consistent with cleavage of the

cyclohexanol group. Loss of water from this fragment led to the

fragment ion at m/z 283. Loss of carbamate moiety without and

with water led to fragment ions at m/z 340 and 322. The H/D

exchange data showed four exchangeable positions on the

intact molecule (Table 1). Based on the aforementioned MS

data and co-chromatography of synthetic standard, the parent

structure is consistent with BLZ945 (Table 1).

Metabolite M1–M4

The mass spectra of M1–M4 were essentially identical. All

spectra showed predominantly the intact sodiated molecule at

m/z 437 and the protonated molecule at m/z 415 to a lesser

extent and ([M + Na]+ and [M + H]+, respectively; Figure 5).

The ms2 spectrum showed a major fragment ion at m/z 397,

which is consistent with a loss of water. A minor fragment

observed at m/z 379 and 361 (M2 only) is consistent with

additional losses of water. An additional minor fragment ion

was also observed at m/z 301, which is consistent with

cleavage of the cyclohexanol group which indicated that

hydroxylation must have occurred on cyclohexanol group.

The presence of fragment at m/z 356 and 228 (detected for

M3 only) excludes that hydroxylation occurred on carbamate

moiety. Further uncharacteristic fragments are listed in

Table 1. The H/D exchange data showed five exchangeable

positions on the intact molecule (Table 1). Based on the

aforementioned data, the metabolite structures are consistent

with hydroxylation of M1–M4 on the cyclohexanol ring

(Table 1).

Metabolite M5

The mass spectra of M5 showed predominantly the intact

sodiated molecule at m/z 437 and the protonated molecule at

m/z 415 to a lesser extent ([M + Na]+ and [M + H]+,

respectively) (Figure 5) which is consistent with a hydroxyl-

ation of BLZ945. As no MS/MS could be acquired, the

position of hydroxylation could not be further specified.

Metabolite M6

The LC MS data of M6 within incubates was identical to the

authentic unlabeled standard in regards to chromatographic

retention time as well as its mass spectra (Figure 5). The only

difference arose from the two mass unit difference from
14C-labeling. The mass spectrum of M6 showed predomin-

antly the intact protonated molecule at m/z 577. The ms2

spectrum showed a major fragment ion at m/z 399, which is

Figure 2. Metabolite profiles of [14C]BLZ945 incubations in human liver microsomes and cryopreserved hepatocytes (metabolite characterization
profiles).
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Figure 3. Metabolite profiles of [14C]BLZ945 incubations in human liver microsomes and recombinant P450s (CYP3A4, CYP 2C8, CYP 2D6 and
CYP 2J2).

8 J. A. Krauser et al. Xenobiotica, Early Online: 1–17
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consistent with a loss of the anhydroglucuronic acid moiety.

The ms3 spectrum showed a minor fragment ion at 381 and

301, which is consistent with loss of water and cleavage of the

cyclohexanol group, respectively. The H/D exchange data

showed seven exchangeable positions on the intact molecule

(Table 1). Based on the aforementioned MS data and co-

chromatography of synthetic standard, the metabolite struc-

ture is consistent with M6, which is a direct glucuronide of

BLZ945 (Table 1).

Metabolites M7

The mass spectrum of M7 showed predominantly the intact

protonated molecule at m/z 415 and the sodiated molecule at

m/z 437 to a lesser extent ([M + Na]+ and [M + H]+,

respectively) (Figure 5). The ms2 spectrum showed a major

fragment ion at m/z 397, which is consistent with a loss of

water. Further fragment ions were detected at m/z 385, 358,

340 and 324. Cleavage of the CN bond of carbamate moiety

led to fragment ion at m/z 385 and excludes that hydroxylation

occurred on carbamate moiety. The H/D exchange data

showed five exchangeable positions on the intact molecule

(Table 1). Based on the aforementioned MS data, the

metabolite structure is consistent with a hydroxylation of

BLZ945 (Table 1). The position of hydroxylation could not be

specified with available MS data.

Metabolite M8

The mass spectrum of M8 showed predominantly the intact

protonated molecule at m/z 385 and the sodiated molecule at

m/z 407 at a similar quantity ([M + Na]+ and [M + H]+,

Figure 4. Chiral separation of isolated M9.

Table 1. Mass spectral data of protonated BLZ945 and its metabolites as well as hydrogen/deuterium exchange data.

Name full-MSa) Type of ion
Elemental

composition
Mass shift

(metabolite -Parent)
Fragments observed

in MS/MS (Based on [M+H]+)a

Number of (H/D)
exchangeable protonsb

(m/z) (Da) (m/z) [M + H]+ [M + Na]+

BLZ945 (399) 421 [M+H]+ [M+Na]+ C20H22N4O3S 0 (381)/363/340/322/301 4 3
M1 (415) 437 [M+H]+ [M+Na]+ C20H22N4O4S +16 (397)/379/668/301/283 5 4
M2 (415) 437 [M+H]+ [M+Na]+ C20H22N4O4S +16 (397)/379/361/301/283 5 4
M3 (415) 437 [M+H]+ [M+Na]+ C20H22N4O4S +16 (397)/379/366/356/338/317/301/283 5 4
M4 (415) 437 [M+H]+ [M+Na]+ C20H22N4O4S +16 (397)/379/301/283 5 4
M5 (415) 437 [M+H]+ [M+Na]+ C20H22N4O4S +16 nd nd nd
M6 (575) [M+H]+ C26H30N4O +176 (399)/381/301 7 nd
M7 (415) 437 [M+H]+ [M+Na]+ C20H22N4O4S +16 (397)/385/358/340/324 5 nd
M8 (385) 407 [M+H]+ [M+Na]+ C19H20N4O3S �14 (367)/340/322/287/242 5 nd
M9 (399) 421 [M+H]+ [M+Na]+ C20H22N4O3S 0 (381)/363/340/322/301/283 4 3
M10 (397) 419 [M+H]+ [M+Na]+ C20H20N4O3S �2 379/338/(301)/283/260/242 nd nd

Nd, not detected.
aMass (m/z) used for MSn fragmentation are shown in brackets.
bMass shift (Da) upon hydrogen–deuterium exchange.
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respectively; Figure 5). The ms2 spectrum showed a major

fragment ion at m/z 367, which is consistent with a loss of

water. The ms3 spectrum showed a minor fragment ion at m/z

287 which is consistent with loss of water and cleavage of the

cyclohexanol group, respectively. The H/D exchange data

showed five exchangeable positions on the intact molecule

(Table 1). Based on the aforementioned MS data, the

metabolite structure is consistent with a demethylation of

BLZ945 (Table 1). The position of hydroxylation could not be

specified with available MS data.

Metabolite M9

The LC-MS data for M9 was identical to the authentic

unlabeled BLZ945 standard in regards to chromatographic

retention time as well as its mass spectra (Figure 5). The

only difference arose from the two mass unit difference from
14C-labeling. The mass spectrum of M9 showed

predominantly the intact protonated molecule at m/z 399.

The ms2 spectrum showed a major fragment ion at m/z 381,

which is consistent with a loss of water. A minor fragment ion

was also observed at m/z 301, which is consistent with

cleavage of the cyclohexanol group. The H/D exchange data

showed four exchangeable positions on the intact molecule

(Table 1). Based on the aforementioned MS data and co-

chromatography of synthetic standard, the parent structure is

consistent with M9 (Table 1). The absolute stereochemistry

was assigned via injection on a chiral column and comparing

with authentic standards M9 and M9* (Figure 1).

Metabolite M10

The LC-MS for M10 was identical to the authentic unlabeled

BLZ945 standard in regards to chromatographic retention

time as well as its mass spectra (Figure 5). The only

difference arose from the two mass unit difference from

Figure 5. Representative mass spectra of
[14C]BLZ945 and selected metabolites.

10 J. A. Krauser et al. Xenobiotica, Early Online: 1–17
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14C-labeling. The mass spectrum of M10 showed predomin-

antly the intact protonated molecule at m/z 397. The ms2

spectrum showed a major fragment ion at m/z 379, which is

consistent with a loss of water. A minor fragment ion was also

observed at m/z 301, which is consistent with cleavage of the

oxidized cyclohexyl group indicating that biotransformation

occurred on cyclohexanol moiety. Based on the aforemen-

tioned MS data and co-chromatography of synthetic standard,

the parent structure is consistent with M10 (Table 1).

Human hepatocytes, liver cytosol, liver microsomes,
recombinant P450 and flavin containing
mono-oxygenase metabolism

Kinetic rates and biotransformation pathways for BLZ945

were investigated in hepatocytes, HLM and in recombinant

human CYPs in the presence of NADPH. The objective was

to determine the enzymes involved in the oxidative metab-

olism of the test compound. The in vitro systems, metabolite

profiles and peak identification are described, followed by the

results of the different approaches used for the enzyme

phenotyping.

Cryopreserved hepatocytes from human were used to

collectively assess Phase I (oxidative) and Phase II (conju-

gation). The M6 glucuronide was the predominant

conjugative metabolite in human hepatocytes. Oxidative

metabolites (M1–M5, M7, M9 and M10) were formed in

varying amounts after different incubation times in human

hepatocytes. The M1, M2 metabolites were found to be

formed to a larger extent, whereas M3, M7 and M5 were

formed to a smaller extent. The M8 metabolite appeared to

be formed via oxidative N-dealkylation, and M9 is

formed likely via an oxidative-reductive process. The micro-

somal and CYP450 data are in alignment with the hepatocyte

observations.

To further investigate the reductive enzyme responsible for

M9, selective inhibitors of aldo–keto reductases, carbonyl

reductases and alcohol dehydrogenases were evaluated in

human liver cytosol. Phenolphthalein, a chemical enzyme

inhibitor of the aldo–keto reductases and carbonyl reductases,

inhibited the carbonyl reduction from M10 to M9 (100% after

1 h incubation at 300 mM). Indomethacin, a specific inhibitor

of aldo–keto reductases, inhibited the carbonyl reduction

from M10 to M9 (93% after 1 h incubation at 300 mM).

4-Methylpyrazole, an inhibitor of the alcohol dehydrogenases,

was found to be less potent towards M10 carbonyl reduction

(15% inhibition after 1 h incubation at 300 mM). As phenol-

phthalein inhibits both aldo–keto reductase and carbonyl

reductase enzymes, and indomethacin inhibits selectively the

aldo–keto reductases, the predominant enzymes involved in

Figure 6. Putative in vitro biotransformation pathway of [14C]BLZ945 (hepatocytes and microsomes).
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the carbonyl reduction from M10 to M9 are most likely the

aldo–keto reductases.

The biotransformation rates in the incubates of

[14C]BLZ945 (100mM initial concentration) with recombin-

ant human enzymes are shown in Figure 8 and representative

radiochromatograms are shown in Figure 3.

Microsomes prepared from baculovirus-infected insect

cells (BTI-TN-5B1-4) expressing one single human cyto-

chrome P450 and FMO isoenzyme were used to assess the

involvement of specific enzymes in the biotransformation of

[14C]BLZ945. Incubation experiments with a panel of 17

recombinant human CYPs (1A1, 1A2, 1B1, 2A6, 2B6, 2C8,

2C9*1, 2C18, 2C19, 2D6*1, 2E1, 2J2, 3A4, 3A5, 4A11, 4F2

and 4F12) and three recombinant FMOs (FMO-1, FMO-3 and

FMO-5) were conducted for each isoenzyme with 100 mM

BLZ945 and 20 pmol CYP/mL or 0.3 mg FMO/mL).

CYP2C8, CYP2D6 and CYP3A4 showed significant turnover

under the experimental conditions used (Figure 8). Low

metabolic activities were also observed in incubations with

CYP2J2, while only trace or no metabolism was detected with

other CYP isoenzymes. Comparing to HLM, the metabolic

activities observed in incubations with the three recombinant

FMOs were very low or negligible (data not shown). Below,

only the biotransformation of BLZ945 by the major enzymes

involved are discussed in detail.

Recombinant CYP3A4 catalyzed the biotransformation of

BLZ945 mainly to the formation of metabolites M3, M4, M5

and M7 (Figure 3). Recombinant CYP2C8 converted BLZ945

mainly to the human specific metabolites M1 and M2, as well

as the ketone derivative M10 (Figure 3). Recombinant

CYP2D6 and CYP2J2 converted BLZ945 to metabolite M7

which was also detected in HLM. The hepatic abundances of

these enzymes are relatively low.

In vitro experiments using selective chemical inhibitors

(Newton et al., 1995; Tucker et al., 2001) to attenuate the

microsomal metabolism of BLZ945 by specific CYP enzymes

in human liver microsomes were carried out as well. The

biotransformation of BLZ945 was tested at 10 mM substrate

concentration in the presence of seven individual chemical

inhibitors (Table 2). The experimental concentration ranges

used were selected to encompass reported apparent Ki values

(median and ranges) for inhibition of specific CYP (Table 2).

Strong inhibition was shown with montelukast (CYP2C8

inhibitor) and ketoconazole (CYP3A4 inhibitor), up to 62

and 59%, respectively. The apparent IC50 values were

around 0.5 mM, which are higher than the median reported

Ki for CYP2C8 and CYP3A4 inhibition (Table 2). Maximal

inhibition up to 37% was obtained with azamulin, a more

specific inhibitor of CYP3A4 (Stresser et al., 2004). Other

chemical inhibitors tested did not show significant inhibitory

effects (Table 2). The partial inhibition by montelukast,

ketoconazole and azamulin suggest the predominant role of

CYP2C8 and CYP3A4 in the oxidative metabolism

of BLZ945.

Montelukast is a potent and selective competitive inhibitor

of CYP2C8 (Totah & Rettie 2005). Among the eight major

metabolites of BLZ945 formed by HLM, four peaks M1, M2,

M9 and M10 were strongly inhibited by montelukast with

IC50 values close to the reported Ki (data not shown).

Therefore, about half of the metabolite formation is derived

from the CYP2C8 activity in HLM.

Ketoconazole is a well-known potent and selective

CYP3A4 inhibitor. Azamulin is a highly selective and

irreversible CYP3A4 inhibitor (Stresser et al., 2004).

Among the eight major metabolites of BLZ945 formed by

HLM, four metabolites M3, M4, M5 and M7 are strongly

inhibited by azamulin with IC50 values close to the reported

values for CYP3A4 (data not shown). There was no signifi-

cant inhibition by azamulin on formation of the other four

major metabolites (M1, M2, M9, M10, data not shown).

Figure 7. Metabolic pathways of [14C]BLZ945 and major contributing enzymes. The predominant enzyme contribution to the formation of individual
metabolites were based on correlation analysis and supported by chemical inhibition with CYP-specific inhibitors.
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Therefore, another half of the metabolites formation in HLM

is derived from the CYP3A4 activity.

The chemical inhibitors approach suggested equally

important contribution of both CYP2C8 and CYP3A4 in the

oxidative metabolism of BLZ945 biotransformation in

HLM (Table 2).

Correlation analyses were conducted with one set of

human liver microsomes from 16 individual donors to further

identify and characterize the major metabolizing CYPs or

FMOs in human liver microsomes. For this aim,

[14C]BLZ945 (20 mM) metabolism rates in HLM from the

16 different individuals were correlated with CYP and FMO

marker enzyme activity levels (Table 3).

Correlation analysis by linear regression for [14C]BLZ945

total metabolism and specific marker activities showed some

correlation for CYP2C8 and CYP3A4/5 with correlation

coefficient (R) of 0.868 and 0.870 (Table 3), while all the

other isoenzyme specific marker activities scored much

lower R value and thus could be considered to have no

correlation with [14C]BLZ945 metabolism in these micro-

somes (Table 3).

Correlation analysis of specific marker activities with the

individual metabolite formation rate of [14C]BLZ945 was also

carried out. The linear regression coefficients with each major

metabolite in HLM are listed in Table 3. The high correlation

of testosterone 6b-hydroxylation was obtained with four of the

eight metabolites M3, M4, M7 and M5 with correlation

coefficient (R) of 0.960, 0.983, 0.945 and 0.981, respectively

(Table 3). The correlation results are in agreement with the

inhibition data and confirmed that M3, M4, M5 and M7

formation are mainly catalyzed by CYP3A4.

The high correlation of paclitaxel-6a-hydroxylation was

obtained with the metabolites M1/M2, M9 and M10 with

correlation coefficient (R) of 0.967, 0.925 and 0.958,

respectively (Table 3). The correlation results are in agree-

ment with the inhibition data by montelukast and confirmed

that M1, M2, M9 and M10 formation are mainly catalyzed by

CYP2C8.

All the correlation results are in perfect agreement with the

inhibitor data. Thus, providing additional information that

both CYP2C8 and CYP3A may be equally involved in the

hepatic microsomal metabolism of [14C]BLZ945.

Figure 8. Comparative biotransformation
rates for BLZ945 metabolism by recombin-
ant P450 enzymes. [14C]BLZ945 (100 mM)
was incubated with 20 pmol enzyme/mL for
20 min.

Table 2. Inhibition of [14C]BLZ945 metabolism by CYP inhibitors.

Inhibitor (CYP) Concentration range (mM) Reported Ki or IC50 values (mM)ab IC50 (mM) Maximal inhibition

Furafylline (1A2) 0.156–10 2 (0.045–361.1) 0.6–0.73 >10 No
Sulfaphenazole (2C9) 0.08–5 0.51 (0.06–47) 0.3 >5 No
Montelukast (2C8) 0.008–2 0.014 (0.009–0.15) 0.5 62%
Ticlopidine (2C19) 0.156–10 1.7 (0.184–10) 1.20 10 No
Quinidine (2D6) 0.008–2 0.0605 (0.00078–53) 0.027–0.4 >2 No
Ketoconazole (3A) 0.008–1 0.1 (0.001–32) 0.004–0.18 0.5 59%
Azamulin (3A) 0.04–5 0.15 (0.12–0.24) >5 37%

The IC50 values of CYP inhibitors on BLZ945 metabolism in HLM were compared with the reported Ki values with CYP-specific substrates.
aValues determined from internal benchmark studies, median (and range).
bValues from FDA (2006).
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In HLM, the metabolite pathway yielding the formation of

M1, M2, M9 and M10 are selective due to the contribution of

hepatic CYP2C8, whereas the formation of other four

metabolites (M3, M4, M5 and M7) is predominantly due to

the contribution of hepatic CYP3A4. The intrinsic clearances

(Vmax/Km) of each metabolite/pathway were determined by

enzymes kinetics in HLM (Table 4). The relative CLint (%) of

each metabolite represents the fraction metabolized by

CYP2C8 or CYP3A4 (Table 4). According to this model,

55% of the oxidative metabolism in HLM resulted from the

contribution of CYP3A4 and 45% of the oxidative metabol-

ism in HLM is resulted from the contribution of CYP2C8.

The conclusion of this phenotyping approach for BLZ945 is

in close agreement with selective chemical inhibitors and with

the correlation analysis using the reaction phenotyping kit.

In human hepatocytes, the half-life (Figure 9) and intrinsic

clearance derived from each metabolic pathway were used to

determine its contribution to the total metabolism. According

to this novel methodology, 47% of the clearance in human

hepatocytes resulted from the contribution of oxidative

metabolism and 24% each of the hepatic clearance are

resulted from the contribution of isomerization and phase II

direct glucuronidation, respectively (Table 5).

Plasma protein binding

In vitro human plasma protein binding was evaluated using

equilibrium dialysis and comparison values between M9 and

BLZ945 were overall relatively comparable. Percent plasma

binding for M9 (96.9% ± 0.24) was slightly higher than

BLZ945 (96.3% ± 0.18). Recoveries for M9 and BLZ945

Table 3. Correlation of [14C]BLZ945 metabolism with the marker enzyme activities in a bank of individual human liver microsomes.

Linear regression coefficient (R)

Marker reaction Enzyme M1+M2 M3 M4 M7 M9 M10 M5 All metabolites

7-Ethoxyresorufin O-dealkylation CYP1A2 0.151 0.101 0.115 �0.046 0.133 0.176 0.053 0.120
Phenacetin O-deethylation CYP1A2 0.306 0.293 0.304 0.091 0.251 0.356 0.236 0.304
Coumarin 7-hydroxylation CYP2A6 0.449 0.378 0.362 0.263 0.409 0.382 0.442 0.434
S-Mephenytoin N-demethylation CYP2B6 0.635 0.636 0.563 0.516 0.566 0.630 0.645 0.673
Bupropion hydroxylation CYP2B6 0.288 0.309 0.246 0.200 0.165 0.357 0.345 0.314
Paclitaxel 6a-hydroxylation CYP2C8 0.967 0.727 0.590 0.536 0.925 0.958 0.566 0.868
Diclofenac 40-hydroxylation CYP2C9 0.415 0.347 0.328 0.362 0.594 0.292 0.264 0.408
S-Mephenytoin 40-hydroxylation CYP2C19 �0.064 0.182 0.196 0.193 �0.038 0.01 0.264 0.098
Dextromethorphan O-demethylation CYP2D6 0.183 0.362 0.416 0.362 0.137 0.170 0.426 0.309
Chlorzoxazone 6-hydroxylation CYP2E1 0.408 0.207 0.138 0.207 0.442 0.399 0.044 0.312
Testosterone 6b-hydroxylation CYP3A4/5 0.587 0.960 0.983 0.945 0.560 0.654 0.981 0.870
Midazolam 1-hydroxylation CYP3A4/5 0.692 0.896 0.924 0.789 0.635 0.734 0.887 0.870
Lauric acid 12-hydroxylation CYP4A11 0.217 0.092 0.035 0.101 0.278 0.232 �0.024 0.157
Benzydamine N-Oxidation FMO �0.149 �0.167 �0.153 �0.274 �0.234 �0.073 �0.220 �0.190

Individual human liver microsomes (n ¼ 16) was incubated with 20 mM [14C]BLZ945. The enzymatic rates of different metabolic pathways were
correlated with known activity of enzymes in the same bank of HLM. Data shown are linear regression coefficient (R).

Table 4. Determination of enzyme contributions (fm) by kinetic analysis of CYP-selective metabolites of
[14C]BLZ945 in HLM.

Metabolite Enzyme Vmax (pmol/min/mg) Km (mM) CLint (mL/min/mg) fm (Rel.CLint)

M1 CYP2C8 81.7 20.5 3.99 15%
M2 CYP2C8 62.5 20.4 3.06 12%
M3 CYP3A4 144.1 22.8 6.32 24%
M4 CYP3A4 69 22 3.14 12%
M5 CYP3A4 69.1 31.1 2.22 8%
M7 CYP3A4 152.4 55.3 2.76 10%
M9 *CYP2C8 75.8 22.1 3.43 13%
M10 CYP2C8 144.3 98 1.47 6%
Sum 26.39 100%
Total metabolism HLM 800.8 40.8 19.63
BLZ945 depletion HLM 745.4 32.4 23.01
CYP2C8 total HLM – – 11.95 45%
CYP3A4 total HLM – – 14.43 55%

*M9 was formed predominantly by CYP2C8 to M10 followed by reduction. M8 was not enzymatically
characterized as its detection was 52% of total BLZ45 parent related contribution. The significance in bold
indicates the most important numbers for conclusion of fm of the 2 enzymes.

Figure 9. Pathway differentiated disappearance (calculated %) in human
hepatocytes for each individual metabolite pathways.
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were high, 96 and 103%, respectively. The corresponding

fraction unbound M9 and BLZ945 was comparable and in

range, 3.1 and 3.7%, respectively.

CSF-1R pharmacological activity

BLZ945 and the M9 metabolite inhibit CSF-1R with IC50s of

1.2 and 5.5 nM, respectively, as determined in an in vitro

kinase assay with the recombinant CSF-1R kinase domain.

BLZ945 and M9 are selective against related Class III

Receptor Tyrosine Kinases (RTKs), Tyrosine Protein Kinase

Kit (cKit) and Platelet-Derived Growth Factor Receptor beta

(PDGFRb), with measured IC50 of >3 mM. M9 is also

selective against the PDGFRb kinase with a measured IC50 of

13 mM. Selectivity against cKIT kinase was not determined.

Both compounds BLZ945 and M9 have significant anti-

proliferative activity against the M-CSF dependent cell line

MNFS-60 with EC50 of 71 and 140 mM, respectively.

Discussion

Overall, oxidative metabolism was the predominant pathway

accounting for about half of the total metabolism. In human

hepatocytes, M1–M9 metabolites were observed in the

incubations. Total oxidative metabolites (M1–M5 and M7–

M8) accounted for 47% of total metabolism. Total isomeriza-

tion (oxidative–reductive process) of BLZ945 to M9 via M10

(intermediate not observed in hepatocytes) accounted for 24%

of the total metabolism. Metabolite M6 is formed by direct

glucuronidation (Phase II metabolism) of BLZ945 hydroxyl

group which accounts for 24% total metabolism.

The M9 metabolite is a diastereomer of BLZ945, which is

formed via metabolism of the M10 ketone intermediate.

Presence of M10 was confirmed from human liver micro-

somal incubations as a possible intermediate (Figure 2).

Recombinant CYP2C8 and CYP3A4 were able to catalyze

this oxidation (Figure 3). The formation of the M9 isomer

proceeds via oxidation of BLZ945, followed by reduction of

M10 (Figure 7). Aldo–keto reductases, carbonyl reductases

and alcohol dehydrogenase have been reported to catalyze

such reductions (Atalla et al., 2000; Atalla & Maser 2001;

Bauman et al., 2005; Gebel & Maser 1992; Jamieson et al.,

2014; Malatkova et al., 2010; Oppermann, 2007; Palackal

et al., 2002; Tong et al., 2010; Varatharajan et al., 2012; Zhu

& Hua 2010). Based on inhibition data, aldo–keto cytosolic

reductases are the main class of enzymes responsible for this

reduction. In addition, both M9 as well as BLZ945 were

formed from the enzymatic reduction, which means that the

reduction is not stereoselective.

Mechanistically, all data support that BLZ945 undergoes

direct oxidation of the hydroxyl group to the subsequent

ketone M10. Formation of M10 was catalyzed in HLM,

mainly by CYP2C8 and CYP3A4 (Figure 3). M10 was

subsequently reduced to the alcohol M9 by aldo–keto

reductase. Metabolite M10 (precursor of M9) is formed

predominantly in the human liver microsomes by CYP2C8

with partial contribution from CYP3A4. Thus, M9 was most

likely formed via an aldo–keto reductive enzyme present in

the human liver.

The biotransformation of BLZ945 in human liver micro-

somes and recombinant cytochromes occurred predominantly

via oxidative routes with also a secondary reductive pathway.

Residual reductase activity can be observed in liver micro-

somal incubations as some cytosol may carry over during the

preparation process (verbal communication from the HLM

supplier). The proposed biotransformation pathways observed

in vitro are shown in Figure 7.

Results with selective inhibitors of P450 enzymes are in

agreement with the results from the correlation analysis in

HLM from individual donors. Although the results with

recombinant enzyme kinetics indicated 86% contribution by

CYP3A4 (data not shown), our conclusion is further

supported by the enzyme phenotyping method based on

CYP-specific metabolites (Table 4). The overall conclusion

from the majority of in vitro approaches suggested that

Table 6. Metabolic patterns of BLZ945 in human hepatocytes and pathway contribution at different incubation times.

Metabolite
formed M1 M2 M3 M4 M6 M8 M9

Relative Contribution
of Pathways

Reaction type Oxid. Oxid. Oxid. Oxid. Direct Gluc. Oxid. Isomer. BLZ945 Total � metab. Total oxid. Oxid. Ph. II Isomer.

Time
0.5 h 0.17 0.18 99.22 99.57 0.35 0.00 0.0% 48.6% 51.4%
1 h 0.25 0.19 0.18 0.13 98.62 99.37 0.75 0.43 57.3% 25.3% 17.3%
2 h 0.67 0.32 0.31 0.14 0.64 0.1 0.64 95.91 98.73 2.82 1.54 54.6% 22.7% 22.7%
4 h 1.36 0.88 0.89 0.45 1.51 0.48 2.01 90.82 98.40 7.58 4.06 53.6% 19.9% 26.5%
8 h 2.79 0.57 2.16 0.19 3.61 0.74 3.46 79.11 92.63 13.52 6.45 47.7% 26.7% 25.6%

Table 5. Determination of metabolism contribution ratios in human hepatocytes.

In vitro
half life (h)

CLint

(mL/h/million cells)
CLint

(mL/min/million cells)
Viable hepatocytes

(million/mL)
% Contribution to
total metabolism

Direct glucuronidation 148.9 11.75 0.196 0.396 24.4%
Isomerization 149.2 11.73 0.195 0.396 24.3%
Total oxidative Met 77.5 22.57 0.376 0.396 46.8%
Undefined – – 0.036 0.396 4.4%
Sum all metabolites 36.3 48.18 0.803 0.396 100.0%

Contribution of different metabolic pathways to [14C]BLZ945 clearance in human hepatocytes based on half-life determination of each pathways.
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CYP2C8 and CYP3A4 are the major enzymes involved. The

two enzymes have similar contribution ratio to the hepatic

oxidative metabolism of BLZ945 in HLM. The contribution

of both CYP3A4 and CYP2C8 were also reported for the

biotransformation of 7-epi-paclitaxel (Zhang et al., 2009).

The enzyme phenotyping data provide useful information for

in silico DDI and PK predictions (using modeling and

simulation tools such as Simcyp and DDI Predict) and for

planning future clinical DDI studies. It is possible that

inhibitors and/or inducers of CYP2C8 and CYP3A4 will

influence the hepatic oxidative metabolic clearance of

BLZ945 in humans.

CYP enzyme phenotyping are traditionally performed by

three basic approaches (specific chemical inhibitors or

inhibitory antibodies, recombinant cytochrome P450s and

correlation analysis) documented in the scientific literature

and recognized by the FDA (Bjornsson et al., 2003; Ogilvie

et al., 2008). Each of these approaches has not only

advantages but also limitations, which can occasionally

provide incomplete or misleading information (Ogilvie

et al., 2008). Therefore, a combination of approaches is

highly recommended (at least two should be used, provided

the results of both methods are similar). For BLZ945, four

selective metabolites (M1, M2, M9 and M10) for CYP2C8

and another four selective metabolites (M3, M4, M5 and M7)

for CYP3A4 were identified and used to estimate the fraction

metabolized from the relative CLint of these CYP-specific

metabolites formed in HLM (Table 4). M8 was not

enzymatically characterized as its formed amount in hepato-

cytes was not significant, i.e. 52% of total BLZ45 or

BLZ945-related contribution. Application of enzyme-specific

metabolites represents an alternative approach as a fourth

alternative method for the reaction phenotyping of

xenobiotics.

One of the key objectives of the in vitro biotransformation

is to demonstrate, and quantify if possible, the major

metabolic pathways (oxidation, direct conjugation, etc.), in

human hepatocytes. The in vitro biotransformation in human

hepatocytes is a key study to illustrate the major hepatic

clearance pathway and to make decisions on further enzyme

phenotyping strategies. BLZ945 was metabolized through

three major pathways (oxidation, direct glucuronidation and

isomerization). In order to estimate the relative contribution

of each pathway, metabolite patterns in human hepatocytes

are quantified using radiolabeled compound (Table 6). The

relative contribution can be calculated using the radioactivity

percentage of each metabolite/pathway divided by the radio-

activity percentage of total metabolites. However, the results

of this method are inconsistent for hepatocytes depending on

the different incubation time points taken or selected (Table

6), and therefore can be misleading in some cases. The new

method with the concept of half-life for calculating the

intrinsic clearance related to each metabolic pathway over-

comes the shortcoming of this time dependence. Using the

novel approach, isomerization and direct glucuronidation

account each for about one quarter of the total clearance in

hepatocytes (Table 5). The remaining half of the clearance

(by oxidative metabolism) is predominantly catalyzed by

CYP2C8 and CYP3A4 at comparable proportion (Table 4).

Since the hepatic clearance of BLZ945 involves the

4 pathways (isomerization, glucuronidation, CYP2C8 and

CYP3A4 oxidation) with comparable contribution ratios,

BLZ945 represents an ideal drug candidate with reduced drug

interaction potential (as victim drug) from a DDI perspective.

From the reaction phenotyping perspective, the hepatocytes

approach discussed above can also be applied to enzyme

phenotyping. If a metabolic pathway is specifically or select-

ively catalyzed by one single enzyme, the fractional clearance

of this pathway should be equal to the fraction metabolized

(fm) by the specific enzyme. The hepatocytes clearance

method can be considered as the fifth approach in the enzyme

reaction phenotyping, which differentiates from the four other

methods by its unique nature that the results are derived from

human hepatocytes. Alternatively, the same approach would

also be applicable to in vitro biotransformation data in human

liver homogenate or S9 fraction. The S9 or liver homogenate

fraction offers similar metabolism capacity to hepatocytes, and

additional advantages on its availability, cost, reproducibility,

storage and easy handling, but carries some limitations in

terms of loss of compartments, high dilution of P450 and other

drug metabolizing enzymes, etc. This presented new approach

is under internal evaluation for further systematic application

in our drug development process.

In human hepatocytes, the intrinsic clearances (mL/min/

million cells) of each pathway were determined using the

modified half-life method as described in the method section

(Table 5). The incubations were performed at substrate

concentration of 1.5 mM, which was significantly below the

Km of BLZ945 in HLM (41 mM, Novartis internal unpub-

lished data). Therefore, the CLint calculation with the half-life

values should be approximately equal to that from the enzyme

kinetics method with Km and Vmax determination. For total

metabolism, the oxidative route (M1, M2, M3, M4 and M8)

accounted for about half the metabolism, and the conjugative

route (direct glucuronidation, M6) accounted for about 24%.

The isomerization to M9 accounted for about 24%, which is a

significant amount.

The M9 metabolite also exhibits activity and selectivity

against CSF-1R and PDGFRb as well as M-CSF anti-

proliferative activity. The CSF-1R inhibition potency for the

M9 metabolite is about 4-fold lower compared to BLZ945.

The plasma protein binding indicates a fraction unbound for

the M9 metabolite within comparable range of BLZ945.

Thus, correction for fraction unbound should not significantly

alter the exposure of BLZ945 and M9 relative to each other.

Although, pharmacological activity is predominantly driven

by BLZ945, pharmacological contributions from the active

M9 metabolite should still be considered as well.

Acknowledgements

We gratefully acknowledge the Novartis Isotope Lab

Synthesis and Analytics groups (Ines Rodriguez, Albrecht

Glaenzel, Yves Metz, Raphael Ruetsch and Patrick Bross), for

the synthesis and release of BLZ945, Frederick Lozach &

Christine Douglas von Daeniken for their supportive work on

metabolism, Song Lin for supporting the discovery phase

metabolism identification work while at Novartis, and

Matthias Kittelmann for the biochemical preparation of the

glucuronide metabolite standard M6.

16 J. A. Krauser et al. Xenobiotica, Early Online: 1–17

X
en

ob
io

tic
a 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

N
ov

ar
tis

 P
ha

rm
a 

on
 0

9/
02

/1
4

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Declaration of interest

Krauser, Jin, Walles, Pfaar, Sutton, Wiesmann, Wolf,

Camenisch and Swart participated in research study design

and data interpretation. Graf, Pflimlin-Fritschy and Wolf

conducted experiments and data interpretation. Krauser, Jin,

Walles, Pfaar, Wiesmann and Sutton contributed in the

preparation of this article. The authors report no conflict of

interests.

References

Atalla A, Breyer-Pfaff U, Maser E. (2000). Purification and character-
ization of oxidoreductases-catalyzing carbonyl reduction of the
tobacco-specific nitrosamine 4-methylnitrosamino-1-(3-pyridyl)-1-
butanone (NNK) in human liver cytosol. Xenobiotica 30:755–69.

Atalla A, Maser E. (2001). Characterization of enzymes participating in
carbonyl reduction of 4-methylnitrosamino-1-(3-pyridyl)-1-butanone
(NNK) in human placenta. Chem Biol Interact 130:737–48.

Bauman DR, Rudnick SI, Szewczuk LM, et al. (2005). Development of
nonsteroidal anti-inflammatory drug analogs and steroid carboxylates
selective for human aldo-keto reductase isoforms: potential anti-
neoplastic agents that work independently of cyclooxygenase iso-
zymes. Mol Pharmacol 67:60–8.

Bjornsson TD, Callaghan JT, Einolf HJ, et al. (2003). The conduct of
in vitro and in vivo drug-drug interaction studies: a pharmaceutical
research and manufacturers of America (PhRMA) perspective. Drug
Metab Dispos 31:815–32.

Botta L, Gerber HU, Schmid K. (1985). Measurement of radioactivity in
biological experiments. In: Garrett ER, Hirtz JL, eds. Drug fate and
metabolism, methods and techniques. New York: Marcel Dekker Inc.,
99–134.

Bousquet-Melou A, Laffont CM, Laroute V, Toutain PL. (2002).
Modelling the loss of metabolic capacities of cultured hepatocytes:
application to measurement of Michaelis–Menten kinetic parameters
in in vitro systems. Xenobiotica 32:895–906.

EMA. (2012). Guideline on the investigation of drug interactions.
London, UK: European Medicines Agency, Committee for Human
Medicinal Products (CHMP).

FDA. (2008). Guidance for industry: safety testing of drug metabolites.
Silver Spring (MD): U.S. Department of Health and Human Services,
Food and Drug Administration, Center for Drug Evaluation and
Research (CDER).

FDA. (2012). Drug interaction studies – study design, data analysis,
implications for dosing, and labeling recommendations. Silver Spring:
U.S. Department of Health and Human Services, Food and Drug
Administration, Center for Drug Evaluation and Research (CDER).

Gebel T, Maser E. (1992). Characterization of carbonyl reducing activity
in continuous cell-lines of human and rodent origin. Biochem
Pharmacol 44:2005–12.

Guengerich FP. (1996). In vitro techniques for studying drug metabol-
ism. J Pharmacokinet Biopharm 24:521–33.

ICH. (2009). Guidance on nonclinical safety studies for the conduct of
human clinical trials and marketing authorization for pharmaceuticals.
Geneva, Switzerland: International Conference on Harmonisation
(ICH).

Jamieson SMF, Gu Y, Manesh DM, et al. (2014). A novel fluorometric
assay for aldo-keto reductase 1C3 predicts metabolic activation of the
nitrogen mustard prodrug PR-104A in human leukaemia cells.
Biochem Pharmacol 88:36–45.

Malatkova P, Maser E, Wsol V. (2010). Human carbonyl reductases.
Curr Drug Metab 11:639–58.

Newton DJ, Wang RW, Lu AYH. (1995). Cytochrome-P450 inhibitors
– evaluation of specificities in the in vitro metabolism of
therapeutic agents by human liver-microsomes. Drug Metab
Dispos 23:154–8.

Obach RS. (1999). Prediction of human clearance of twenty-nine drugs
from hepatic microsomal intrinsic clearance data: an examination of
in vitro half-life approach and nonspecific binding to microsomes.
Drug Metab Dispos 27:1350–9.

Ogilvie BW, Usuki E, Yerino P, Parkinson A. (2008). In vitro approaches
for studying the inhibition of drug-metabolizing enzymes and
identifying the drug-metabolizing enzymes responsible for the
metabolism of drugs (Reaction phenotyping) with emphasis on
cytochrome P450. In: Rodrigues AD, ed. Drug-drug interactions.
2nd ed. New York: Informa Healthcare, 231–358.

Oppermann U. (2007). Carbonyl reductases: the complex relationships of
mammalian carbonyland quinone-reducing enzymes and their role in
physiology. Annu Rev Pharmacol 47:293–322.

Palackal NT, Lee SH, Harvey RG, et al. (2002). Activation of polycyclic
aromatic hydrocarbon trans-dihydrodiol proximate carcinogens by
human aldo-keto reductase (AKR1C) enzymes and their functional
overexpression in human lung carcinoma (A549) cells. J Biol Chem
277:24799–808.

Pyonteck SM, Akkari L, Schuhmacher AJ, et al. (2013). CSF-1R
inhibition alters macrophage polarization and blocks glioma progres-
sion. Nat Med 19:1264–72.

Rowbotham SE, Boddy AV, Redfern CPF, et al. (2010). Relevance of
nonsynonymous CYP2C8 polymorphisms to 13-cis retinoic acid and
paclitaxel hydroxylation. Drug Metab Dispos 38:1261–6.

Shimada T, Yamazaki H, Mimura M, et al. (1994). Interindividual
variations in human liver cytochrome-P-450 enzymes involved in the
oxidation of drugs, carcinogens and toxic-chemicals – studies with
liver-microsomes of 30 Japanese and 30 caucasians. J Pharmacol Exp
Ther 270:414–23.

Stanley ER, Berg KL, Einstein DB, et al. (1997). Biology and action of
colony-stimulating factor-1. Mol Reprod Dev 46:4–10.

Stresser DM, Broudy MI, Ho T, et al. (2004). Highly selective inhibition
of human CYP3A in vitro by azamulin and evidence that inhibition is
irreversible. Drug Metab Dispos 32:105–12.

Sutton J, Wiesmann M, Huh K, et al. (2010). Discovery of a selective
CSF-1R inhibitor. Abstracts of Papers, 239th ACS National Meeting;
MEDI-33; 2010 March 21–25; San Francisco (CA).

Tong Z, Chandrasekaran A, Li HS, et al. (2010). In vitro metabolism and
identification of human enzymes involved in the metabolism of
methylnaltrexone. Drug Metab Dispos 38:801–7.

Totah RA, Rettie AE. (2005). Cytochrome P450 2C8: substrates,
inhibitors, pharmacogenetics, and clinical relevance (vol 77, p 341,
2005). Clin Pharmacol Ther 78:153 [Erratum].

Tucker GT, Houston JB, Huang SM. (2001). Optimizing drug develop-
ment: strategies to assess drug metabolism/transporter interaction
potential – towards a consensus. Br J Clin Pharmacol 52:107–17.

Varatharajan S, Abraham A, Zhang W, et al. (2012). Carbonyl reductase
1 expression influences daunorubicin metabolism in acute myeloid
leukemia. Eur J Clin Pharmacol 68:1577–86.

Wang T, Papoutsi M, Wiesmann M, et al. (2011). Investigation of
correlation among safety biomarkers in serum, histopathological
examination, and toxicogenomics. Int J Toxicol 30:300–12.

Wiesmann M, Daniel DL, Pryer N, et al. (2010). Abstract 3629:
BLZ945, a selective c-fms (CSF-1R) kinase inhibitor for the
suppression of tumor-induced osteolytic lesions in bone.
Proceedings of the 101st Annual Meeting of the American
Association for Cancer Research (AACR), Apr 17–21, 2010,
Washington, DC, United States. Cancer Res 70(8 Suppl):Abstract
number 3629.

Yeo KR, Rostami-Hodjegan A, Tucker GT. (2004). Abundance of
cytochromes P450 in human liver: a meta-analysis. Br J Clin
Pharmacol 57:687–8.

Zhang YY, Liu Y, Zhang JW, et al. (2009). Characterization of
human cytochrome P450 isoforms involved in the metabolism of
7-epi-paclitaxel. Xenobiotica 39:283–92.

Zhu DM, Hua L. (2010). How carbonyl reductases control stereoselect-
ivity: approaching the goal of rational design. Pure Appl Chem 82:
117–28.

DOI: 10.3109/00498254.2014.945988 Metabolism and phenotyping of a CSF-1R inhibitor (BLZ945) 17

X
en

ob
io

tic
a 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

N
ov

ar
tis

 P
ha

rm
a 

on
 0

9/
02

/1
4

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.

View publication stats

https://www.researchgate.net/publication/265256331

	Phenotypic and metabolic investigation of a CSF-1R kinase receptor inhibitor (BLZ945) and its pharmacologically active metabolite
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Declaration of interest
	References



<<
	/PreserveCopyPage true
	/MonoImageDownsampleType /Bicubic
	/MonoImageDict <<
		/K -1
	>>
	/ParseICCProfilesInComments true
	/PreserveHalftoneInfo false
	/TransferFunctionInfo /Preserve
	/GrayImageMinResolution 150
	/EncodeColorImages true
	/AutoFilterGrayImages true
	/ImageMemory 1048576
	/PDFXRegistryName ()
	/EmbedJobOptions true
	/MonoImageFilter /CCITTFaxEncode
	/PDFXNoTrimBoxError true
	/ASCII85EncodePages false
	/DefaultRenderingIntent /Default
	/GrayImageAutoFilterStrategy /JPEG
	/PDFXCompliantPDFOnly false
	/ColorImageResolution 150
	/GrayImageFilter /DCTEncode
	/DownsampleMonoImages true
	/PreserveDICMYKValues false
	/ColorImageFilter /DCTEncode
	/EncodeGrayImages true
	/GrayImageMinDownsampleDepth 2
	/ParseDSCComments true
	/ColorImageAutoFilterStrategy /JPEG
	/EmbedOpenType false
	/AntiAliasMonoImages false
	/JPEG2000ColorImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/CreateJDFFile false
	/PreserveEPSInfo false
	/PDFXSetBleedBoxToMediaBox true
	/DSCReportingLevel 0
	/NeverEmbed [
	]
	/Optimize true
	/Description <<
		/DEU <>
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/NOR <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/ESP <>
		/FRA <>
		/SUO <>
		/JPN <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/DAN <>
		/PTB <>
		/SVE <>
	>>
	/CreateJobTicket false
	/EndPage -1
	/MonoImageDepth -1
	/GrayImageResolution 150
	/AutoFilterColorImages true
	/AlwaysEmbed [
	]
	/ColorImageMinResolution 150
	/ParseDSCCommentsForDocInfo true
	/sRGBProfile (sRGB IEC61966-2.1)
	/AutoRotatePages /All
	/MonoImageResolution 600
	/AllowTransparency false
	/GrayACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DoThumbnails false
	/GrayImageDepth -1
	/CompressObjects /Tags
	/ColorImageDownsampleThreshold 1.5
	/AntiAliasGrayImages false
	/AntiAliasColorImages false
	/EmbedAllFonts true
	/ColorImageMinResolutionPolicy /OK
	/PDFXOutputConditionIdentifier ()
	/PreserveFlatness true
	/DownsampleColorImages true
	/MonoImageDownsampleThreshold 1.5
	/PDFXOutputIntentProfile ()
	/GrayImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/UsePrologue false
	/ColorACSImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/JPEG2000GrayACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/ColorConversionStrategy /sRGB
	/EmitDSCWarnings false
	/MonoImageMinResolutionPolicy /OK
	/UCRandBGInfo /Remove
	/DetectCurves 0.1
	/ColorSettingsFile (None)
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/GrayImageDownsampleThreshold 1.5
	/CropColorImages true
	/JPEG2000ColorACSImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/MonoImageMinResolution 600
	/CalRGBProfile (sRGB IEC61966-2.1)
	/CompressPages true
	/Binding /Left
	/PDFXTrapped /False
	/PDFX3Check false
	/DetectBlends true
	/JPEG2000GrayImageDict <<
		/Quality 15
		/TileHeight 256
		/TileWidth 256
	>>
	/CompatibilityLevel 1.6
	/GrayImageDownsampleType /Bicubic
	/PDFXOutputCondition ()
	/PassThroughJPEGImages false
	/CannotEmbedFontPolicy /Warning
	/AllowPSXObjects true
	/LockDistillerParams true
	/ConvertImagesToIndexed true
	/GrayImageMinResolutionPolicy /OK
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoPositionEPSFiles true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/DownsampleGrayImages true
	/PDFX1aCheck false
	/CropGrayImages true
	/CalGrayProfile (Gray Gamma 2.2)
	/CropMonoImages true
	/SubsetFonts true
	/ColorImageDownsampleType /Bicubic
	/CheckCompliance [
		/None
	]
	/PreserveOPIComments false
	/PreserveOverprintSettings true
	/EncodeMonoImages true
	/MaxSubsetPct 100
	/ColorImageMinDownsampleDepth 1
	/ColorImageDict <<
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/OPM 1
	/StartPage 1
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


