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Abstract

Sunitinib is a multitargeted tyrosine kinase inhibitor associated with idiosyncratic hepatotoxicity. 

The mechanisms of this toxicity are unknown. We hypothesized that sunitinib undergoes 

metabolic activation to form chemically reactive, potentially toxic metabolites which may 

contribute to development of sunitinib-induced hepatotoxicity. The purpose of this study was to 

define the role of cytochrome P450 (P450) enzymes in sunitinib bioactivation. Metabolic 

incubations were performed using individual recombinant P450s, human liver microsomal 

fractions, and P450-selective chemical inhibitors. Glutathione (GSH) and dansylated GSH were 

used as trapping agents to detect reactive metabolite formation. Sunitinib metabolites were 

analyzed by liquid chromatography–tandem mass spectrometry. A putative quinoneimine–GSH 

conjugate (M5) of sunitinib was detected from trapping studies with GSH and dansyl–GSH in 

human liver microsomal incubations, and M5 was formed in an NADPH-dependent manner. 

Recombinant P450 1A2 generated the highest levels of defluorinated sunitinib (M3) and M5, with 

less formation by P450 3A4 and 2D6. P450 3A4 was the major enzyme forming the primary active 

metabolite N-desethylsunitinib (M1). In human liver microsomal incubations, P450 3A inhibitor 

ketoconazole reduced formation of M1 by 88%, while P450 1A2 inhibitor furafylline decreased 

generation of M5 by 62% compared to control levels. P450 2D6 and P450 3A inhibition also 

decreased M5 by 54 and 52%, respectively, compared to control. In kinetic assays, recombinant 

P450 1A2 showed greater efficiency for generation of M3 and M5 compared to that of P450 3A4 

and 2D6. Moreover, M5 formation was 2.7-fold more efficient in human liver microsomal 

preparations from an individual donor with high P450 1A2 activity compared to a donor with low 
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P450 1A2 activity. Collectively, these data suggest that P450 1A2 and 3A4 contribute to oxidative 

defluorination of sunitinib to generate a reactive, potentially toxic quinoneimine. Factors that alter 

P450 1A2 and 3A activity may affect patient risk for sunitinib toxicity.

Graphical abstract

INTRODUCTION

Sunitinib malate (Sutent; Pfizer) is an orally administered small molecule tyrosine kinase 

inhibitor approved for the treatment of metastatic renal cell carcinoma, imatinib-resistant 

gastro-intestinal stromal tumor, and pancreatic neuroendocrine tumors.1–3 Sunitinib inhibits 

multiple receptor tyrosine kinases, including vascular endothelial growth factor receptors, 

platelet-derived growth factor receptors, Fms-like tyrosine kinase 3, and stem cell factor 

receptor KIT.4,5 Sunitinib exhibits potent antitumor and antiangiogenic activity.4

Mechanism-based adverse events associated with sunitinib include hypertension, fatigue, 

skin toxicities, thrombocytopenia, neutropenia, and hypothyroidism.6,7 These toxicities are 

thought to be related to the interaction of sunitinib or its active metabolite with 

pharmacological targets.6 Moreover, sunitinib carries a black box warning for rare but 

potentially life-threatening idiosyncratic hepatotoxicity.3 Clinically significant liver injury 

was reported to occur in 3–4% of patients taking sunitinib, and liver failure occurred in 0.3% 

of patients.3 The underlying mechanisms for sunitinib-induced liver injury remain unknown.

Sunitinib is primarily metabolized in vitro and in vivo via N-deethylation by cytochrome 

P450 3A4 to the active metabolite N-desethylsunitinib (M1).1,6,8,9 M1 has activity equal to 

that of the parent drug, and M1 is the major circulating metabolite of sunitinib in humans.
1,3,6,9 Other P450 enzymes, including P450 3A5, 1A2, and 1A1, have also been suggested to 

play a role in sunitinib metabolism; however, their relative contributions have not been 

established.10–12 Additional metabolic pathways identified for sunitinib include aromatic 

and aliphatic hydroxylation, N-oxidation, and oxidative defluorination.9 Recent evidence 

suggests that sunitinib may undergo metabolic activation to form chemically reactive, 

potentially toxic metabolites, similar to other tyrosine kinase inhibitors.13–17 The 

bioactivation pathways of sunitinib have not been characterized.

Understanding the metabolic pathways of sunitinib is important to gain insight into the 

potential mechanisms and risk factors of drug toxicity. The goals of this investigation were 

to (1) characterize the metabolism and bioactivation pathways of sunitinib in vitro and (2) 

identify which enzymes are involved. We present evidence that sunitinib undergoes P450 
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1A2 and 3A4-mediated bioactivation to form a reactive quinoneimine trapped as a GSH 

conjugate.

MATERIALS AND METHODS

General Reagents

Sunitinib free base (S-8877) and sunitinib malate (S-8803) were purchased from LC 

Laboratories (Woburn, MA). Deuterium-labeled sunitinib (N-[2-diethylamino(ethyl-d4)]-5-

[(Z)-(5-fluoro-1,2-dihydro-2-oxo-3H-indo-3-yldiene)methyl]-2,4-di-methyl-1H-pyrrole-3-

carboxamide, sunitinib-d4, S820003), N-desethyl-sunitinib (D289650), sunitinib N-oxide 

(S820005), furafylline, (+)-N-3-benzylnirvanol, 2-phenyl-2-(1-piperidinyl)propane (PPP), 

and CY-P3cide were purchased from Toronto Research Chemicals (Toronto, Canada). GSH, 

α-naphthoflavone (7,8-benzoflavone), ticlopidine·HCl, sulfaphenazole, quinidine, 4-

methylpyrazole·HCl, and ketoconazole were purchased from Sigma Aldrich (St. Louis, 

MO). All other chemicals and reagents were of analytical grade or higher and were 

purchased from standard commercial sources. Stock solutions of sunitinib, sunitinib-d4 

(internal standard), N-desethylsunitinib, and chemical inhibitors were prepared in dimethyl 

sulfoxide (DMSO) and diluted into acetonitrile to make up a working solution in 1/9 

DMSO/acetonitrile (v/v), unless otherwise stated.

Recombinantly expressed P450 enzymes and human liver microsomal preparations used in 

this study were similar to those described by Towles et al.18 Briefly, Supersomes 

(baculovirus-infected insect cell microsomes) containing cDNA-expressed human P450 

1A1, 1A2, 1B1, 2B6, 2C8, 2C9*1, 2C19, 2D6*1, 2E1, 2J2, 3A4, and 3A5 coexpressed with 

P450 reductase and cytochrome b5, except P450 1A2 and 2D6*1 (expressed without 

cytochrome b5), were purchased from Corning Discovery Labware (Woburn, MA). Pooled 

(150-Donor Ultra Pooled, mixed gender) and single-donor human liver microsomes (Lots 

HH741 and HH581) were purchased from Corning Discovery Labware. The NADPH-

regenerating system (Solution A: 26 mM NADP+, 66 mM glucose 6-phosphate, 66 mM 

MgCl2 in water; Solution B: 40 U/mL glucose 6-phosphate dehydrogenase in 5 mM sodium 

citrate) and UDP-glucuronic acid, with alamethacin (UDP-glucuronosyltransferase, UGT 

solutions A and B), were purchased from Corning Discovery Labware.

Human Liver Microsomal Incubations for Metabolite Identification

Sunitinib (10 μM) was incubated with pooled human liver microsomes (0.5 mg/mL) in 100 

mM potassium phosphate buffer, pH 7.4, in the presence of an NADPH-regenerating system 

for 30 min at 37 °C in a shaking temperature-controlled water bath. Control experiments 

were performed without the cofactor. The final reaction volume was 0.2 mL. After the 

incubation period, reactions were quenched with the addition of 2 volumes (0.4 mL) of ice-

cold acetonitrile containing sunitinib-d4 (100 ng/mL) and 0.2% formic acid (v/v). Samples 

were mixed with a vortex device for 10 s, placed on ice for 5–10 min, and centrifuged for 20 

min at 20000g at 4 °C. The supernatant was transferred to a clean microcentrifuge tube, and 

the solvent was dried under a gentle stream of nitrogen gas using a Biotage TurboVap 

system (Charlotte, NC) to concentrate the samples. Samples were then redissolved in 100 μL 
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of 3/7 acetonitrile/water (v/v), mixed using a vortex device, and centrifuged for 5 min. The 

clear supernatant was transferred to vials for LC–MS and LC–MS/MS analysis.

GSH trapping experiments were conducted to determine the potential for sunitinib to form 

reactive electrophilic metabolites. For these studies, sunitinib (10–50 μM) was incubated 

with pooled human liver microsomes (0.5 mg/mL) in 100 mM potassium phosphate buffer, 

pH 7.4, in the presence of an NADPH-regenerating system and supplemented with GSH (5 

mM) for 30–60 min. Samples were prepared for LC–MS/MS analysis as described above. 

Control experiments were performed without NADPH-regenerating system.

To examine sunitinib glucuronidation, sunitinib (10 μM) was incubated with pooled human 

liver microsomes (0.5 mg/mL) in 100 mM potassium phosphate buffer, pH 7.4, in the 

presence of UDP-glucuronic acid with alamethacin (UGT solutions A and B) for 30 min at 

37 °C in a shaking temperature-controlled water bath. Control experiments were performed 

without cofactor. The final reaction volume was 0.2 mL. After the incubation period, 

reactions were quenched with the addition of 2 volumes (0.4 mL) of ice-cold acetonitrile 

containing sunitinib-d4 (100 ng/mL) and 0.2% formic acid (v/v). Samples were mixed using 

a vortex device for 10 s, placed on ice for 5–10 min, and centrifuged for 20 min at 20000g at 

4 °C. The supernatant was subjected to LC–MS/MS analysis.

Reaction Phenotyping with Recombinant P450s

An initial screen of recombinant human P450 Supersomes was performed with sunitinib (25 

μM). Subsequent screening was conducted with sunitinib (10 μM) using a panel of human 

P450 Supersomes: P450s 1A2, 2B6, 2C8, 2C9*1, 2C19, 2D6*1, 2E1, 3A4, and 3A5. For 

each screen, sunitinib was incubated with individual recombinant P450s (20 nM each) in 

100 mM potassium phosphate buffer, pH 7.4, in the presence of an NADPH-regenerating 

system and supplemented with GSH (5 mM) for 10 min in a final reaction volume of 0.2 

mL. Additional experiments were performed to evaluate sunitinib product formation by 

extrahepatic P450s 1A1, 1B1, and 2J2 along with P450s 3A4 and 3A5. For these 

experiments, sunitinib (25 μM) was incubated with recombinant P450s 1A1, 1B1, 2J2, 3A4, 

and 3A5 (20 nM) in the presence of an NADPH regenerating system and supplemented with 

GSH (5 mM) for 10 min in a final reaction volume of 0.2 mL. Control experiments were 

performed without NADPH-regenerating system. Samples were prepared for LC–MS/MS 

analysis as described above. Relative levels of sunitinib metabolites were measured by LC–

MS/MS analysis.

Reaction Phenotyping with P450 Chemical Inhibitors

Because P450s 1A2 and 3A4 appeared to be involved in sunitinib product formation from 

phenotyping screens using recombinant enzymes, inhibition of sunitinib metabolism was 

initially evaluated by coincubation of sunitinib with α-naphthoflavone (P450 1A inhibitor), 

furafylline (P450 1A2 inhibitor), or ketoconazole (P450 3A inhibitor). Control experiments 

were performed with vehicle control (1/9 DMSO/acetonitrile) without inhibitor. Sunitinib 

(10 μM) was incubated with pooled human liver microsomes (0.1 mg protein/mL) in 100 

mM potassium phosphate buffer, pH 7.4, supplemented with an NADPH-regenerating 
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system and GSH (5 mM) in the presence or absence of P450 chemical inhibitors for 10 min 

in a final reaction volume of 0.2 mL.

Next, inhibition assays were performed with a panel of chemical inhibitors of P450 1A2, 

2B6, 2C9, 2C19, 2D6, 2E1, and 3A to determine the effect of P450 inhibition on metabolite 

formation, similar to the methods described previously.18 Co-incubation of sunitinib (10 

μM) in pooled human liver microsomes (0.1 mg protein/mL) was carried out with the 

following P450 chemical inhibitors: 1 μM α-naphthoflavone (P450 1A2), 25 μM furafylline 

(P450 1A2), 15 μM phenyl-piperidinyl propane (PPP) (P450 2B6), 5 μM ticlopidine (P450 

2B6 and 2C19), 5 μM sulfaphenazole (P450 2C9), 5 μM (+)-N-3-benzylnirvanol (P450 

2C19), 2 μM quinidine (P450 2D6), 100 μM 4-methylpyrazole (P450 2E1), 1 μM 

ketoconazole (P450 3A), and 2 μM CYP3cide (P450 3A4). Working solutions of each 

inhibitor were prepared in 1/9 DMSO/acetonitrile, except CYP3cide, which was prepared as 

a solution in methanol. Control incubations were carried out with vehicle (1/9 DMSO/

acetonitrile, v/v, or methanol) in the absence of inhibitor.

Final organic solvent concentrations for each incubation were ≤1% (v/v). Reactions were 

initiated by addition of the NADPH-regenerating system (final reaction volume 0.2 mL) and 

continued for 10 min. After the incubation period, reactions were quenched by addition of 2 

volumes (0.4 mL) of ice-cold acetonitrile containing 10 ng/mL of sunitinib-d4 (internal 

standard). Samples were mixed using a vortex device for 10 s, placed on ice for 5–10 min, 

and centrifuged for 20 min at 20000g at 4 °C. The clear supernatant was transferred to LC–

MS vials, and aliquots (10 μL) were injected for LC–MS/MS analysis of metabolites.

Kinetic Determinations of Sunitinib Metabolite Formation

For kinetic assays with recombinant P450 enzymes, preliminary experiments were 

conducted to determine the linearity of product formation with respect to P450 concentration 

(5–20 nM) and incubation time (2.5–20 min). Product formation was found to be linear with 

P450 concentration 20 nM up to 10 min. Recombinant P450s 1A1, 1A2, 2D6, and 3A4 (20 

nM) were incubated with a range of 10 sunitinib concentrations (final concentrations 0.05–

50 μM) in the presence of GSH (5 mM) in 100 mM potassium phosphate buffer, pH 7.4. 

Reactions were initiated with addition of an NADPH-regenerating system. The total 

incubation volume was 0.2 mL. Incubations were carried out for 10 min. Reactions were 

quenched by the addition of 2 volumes (0.4 mL) of cold acetonitrile containing 10 ng/mL 

sunitinib-d4 (internal standard) with 0.2% formic acid (v/v). Formation of N-

desethylsunitinib (M1) was quantified by LC–MS/MS MRM analysis using a standard 

curve. Relative levels of defluorosunitinib (M3) and quinoneimine–GSH conjugates (M5) 

were measured by LC–MS/MS analysis.

For kinetic assays with human liver microsomal preparations, preliminary experiments were 

conducted to determine the linearity of product formation with respect to microsomal 

protein concentration (0.05–0.25 mg/mL) and incubation time (2.5–20 min). Product 

formation was found to be linear with protein concentration 0.25 mg/mL up to 10 min. To 

determine the relative kinetic parameters (Km, Vmax) of metabolite formation in pooled 

human liver microsomes, a range of 10 sunitinib concentrations (final concentrations 0.05–

50 μM) was incubated with pooled human liver microsomes (0.25 mg/mL) in 100 mM 
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potassium phosphate buffer, pH 7.4, in the presence of GSH (5 mM). Reactions were 

initiated with addition of an NADPH-regenerating system. The total incubation volume was 

0.2 mL. Following a 10 min incubation period, reactions were quenched by the addition of 2 

volumes (0.4 mL) of cold acetonitrile containing 10 ng/mL sunitinib-d4 (internal standard) 

with 0.2% formic acid (v/v). As described above, formation of M1 was quantified by LC–

MS/MS MRM analysis using a standard curve, and relative levels of M3 and M5 were 

measured by LC–MS/MS analysis.

In a second series of experiments, the kinetic parameters of sunitinib metabolite formation 

were determined with human liver microsomes from two individual donors characterized for 

high vs low P450 1A2 activity. P450 activities in single donor lots were characterized by 

Corning-Gentest using probe substrates: P450 1A2 (phenacetin O-deethylase) and P450 3A4 

(testosterone 6β-hydroxylase). Lot HH581 (male, age 58) had a phenacetin O-deethylase 

activity of 2100 pmol/min/mg protein and testosterone 6β-hydroxylase activity of 5400 

pmol/min/mg protein; lot HH741 (male, age 68) had a phenacetin O-deethylase activity of 

240 pmol/min/mg protein and testosterone 6β-hydroxylase activity of 7400 pmol/min/mg 

protein (Corning Gentest inventory datasheet). Similar to the method described above, 

human liver microsomes from donor HH581 and HH741 (0.25 mg/mL) were incubated with 

a range of 10 sunitinib concentrations (final concentrations 0.05–50 μM) in the presence of 

GSH (5 mM). Reactions were initiated with addition of an NADPH-regenerating system. 

The total incubation volume was 0.2 mL. Incubations were carried out for 10 min. Reactions 

were quenched by the addition of 2 volumes (0.4 mL) of cold acetonitrile containing 10 

ng/mL sunitinib-d4 (internal standard) with 0.2% formic acid (v/v). Levels of M1, M3, and 

M5 were measured by LC–MS/MS analysis.

Quantitation of N-Desethylsunitinib (M1)

A commercially available authentic standard of M1 (Toronto Research Chemicals) was used 

for the quantitation of M1 using a standard curve. A 10- to 12-point standard curve was 

prepared by adding known concentrations of M1 (final concentrations 1.2 ng/mL to 5000 

ng/mL; final concentration of organic solvent, 0.1% DMSO, 0.9% acetonitrile, v/v) to 100 

mM potassium phosphate buffer (pH 7.4) with pooled human liver microsomes (0.25 

mg/mL) or recombinant P450 3A4 (20 nM). This standard mix was prepared in duplicate for 

each concentration with a final volume of 0.2 mL. Then, 2 volumes (0.4 mL) of cold 

acetonitrile containing 10 ng/mL sunitinib-d4 (internal standard) with 0.2% formic acid (v/v) 

were added to each sample. Calibration standards of M1 were prepared on three independent 

days to assess accuracy and intra- and interday variability. Authentic chemical standards of 

M3 and M5 were not available; therefore, relative levels of metabolite formation were 

measured by calculating the peak area ratio of metabolite to internal standard.

Synthesis and Characterization of Dansyl-Glutathione (dGSH)

The synthesis of dansyl–glutathione (dGSH) was similar to the methods described by Gan et 

al.19 Briefly, first, dansylated oxidized glutathione (dGSSG) was prepared by reaction of 

GSSG with dansyl chloride. The product was purified by preparative HPLC. Next, the 

disulfide bond of dGSSG was reduced to yield dGSH. The product was purified by 

preparative HPLC, and the identify was confirmed by LC–UV–MS analysis and 
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fluorescence detection (excitation 340 nm, emission 525 nm).19 The dried preparation of 

dGSH was redissolved in methanol to prepare a 100 mM solution. LC–MS characterization 

of dGSH was performed using positive electrospray ionization. The precursor ion (m/z 541) 

of dGSH was confirmed by LC–MS full scan analysis (m/z 300–1100). MS/MS 

fragmentation of the precursor ion m/z 541 utilizing collision-induced dissociation yielded 

the major product ions m/z 466 (loss of glycine), 438, 363 (cleavage of the pyroglutamic 

acid-dansyl moiety), and 234 (cleavage of the dansyl moiety). This fragmentation pattern is 

consistent with the structure of dGSH.19,20

Identification of Dansyl–GSH Reactive Metabolite Conjugates

To evaluate the generation of reactive metabolite–dGSH conjugates, sunitinib (25 and 50 

μM) was incubated with recombinant P450 1A2 Supersomes (20 nM) or pooled human liver 

microsomes (1 mg/mL) in the presence of 1 mM dGSH in 100 mM potassium phosphate 

buffer, pH 7.4. Reactions were initiated by addition of the NADPH-regenerating system and 

continued for 30 min. The final reaction volume was 0.2 mL, and the final concentration of 

organic solvent in each incubation was 0.05% DMSO, 0.45% acetonitrile (v/v). Following 

the 30 min incubation, reactions were terminated by addition of 2 volumes (0.4 mL) of ice-

cold acetonitrile containing 10 ng/mL of sunitinib-d4 (internal standard) with 0.1% formic 

acid (v/v). Samples were mixed with a vortex device for 10 s, placed on ice 5–10 min, and 

centrifuged for 20 min at 20000g at 4 °C. The supernatant was transferred to separate vials, 

and 10–20 μL was analyzed by LC–MS/MS for detection of reactive metabolite–dGSH 

conjugates. Control incubations were without NADPH-regenerating system, dGSH, or 

substrate.

UPLC–UV–Fluorescence Analysis of Metabolic Incubations with Dansyl–GSH

Additional experiments were conducted to quantify the formation of dGSH conjugates of the 

putative sunitinib quinoneimine based on the methods described by Gan et al. with slight 

modifications.19,20 Briefly, sunitinib (25 μM) was incubated with pooled human liver 

microsomes (1 mg/mL) in the presence of dGSH (1 mM, containing 0.01 mM tris(2-

carboxyethyl)phosphine hydrochloride, TCEP). The reaction mixture was prewarmed for 5 

min at 37 °C. Reactions were initiated by the addition of an NADPH regenerating system, 

and incubations were carried out for 30 min at 37 °C in a shaking water-bath. The final 

reaction volume was 0.2 mL. Control incubations were without NADPH, without dGSH, or 

without drug substrate (blank). Each reaction condition was performed in triplicate. 

Reactions were terminated after 30 min by the addition of 2 volumes of ice-cold acetonitrile 

containing 10 ng/mL sunitinib-d4, and 5 mM dithiothreitol (DTT). Samples were mixed 

using a vortex mixer, placed on ice for 5–10 min, and centrifuged for 20 min at 14000 rpm. 

The supernatant was transferred to separate LC–MS vials for UPLC–UV–fluorescence 

analysis. Samples were analyzed using a Waters Acquity ultra performance liquid 

chromatography (UPLC)–UV–fluorescence system equipped with a Binary Solvent 

Manager, a Sample Manager autosampler, a photodiode array (PDA) detector, and a 

fluorescence (FLR) detector. The PDA was operated over the wavelength range 200–500 

nm, and fluorescence detection was carried out at excitation 340 nm, emission 525 nm. 

Analyte separation was achieved using a Waters Acquity UPLC BEH C18 octadecylsilane 

column (1.7 μm, 2.1 × 100 mm) with a flow rate of 0.3 mL/min. Mobile phases were (A) 
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0.1% formic acid in LC/MS-grade water and (B) 0.1% formic acid in LC/MS-grade 

acetonitrile (all v/v). The following LC gradient program was used: 15% B (0–4.0 min), 

linear gradient from 15 to 40% B (4.0–14.0 min), 40 to 95% B (14.0–15.0 min), 95% B (15–

16.0 min), and returned to 15% B (16.0–16.5 min) (all v/v). The total run time was 20 min. 

The sample injection volume was 20 μL. An external standard of dansyl–GSH (0.0098–10 

μM) was prepared and analyzed by UPLC–UV–fluorescence. The limit of detection for 

dGSH above the background was 0.313 μM dGSH using this method.

Analysis of Sunitinib and Metabolites by LC–MS/MS

Analysis of sunitinib and sunitinib metabolites was carried out by LC–MS/MS using similar 

methods on two different systems. System A consisted of a Thermo Accela ultrahigh 

performance liquid chromatography (UHPLC) system equipped with a Thermo PAL 

autoinjector and a column oven coupled to a Thermo TSQ Quantum Triple Quadrupole mass 

spectrometer (Thermo Fisher Scientific, Waltham, MA), as described previously.18 Analyte 

separation was achieved using a Kinetex C18 or EVO C18 octadecylsilane column (2.6 μm, 

50 mm × 2.1 mm, 100 Å) (Phenomenex, Torrance, CA) with a flow rate of 0.3 mL/min and 

column oven temperature 30 °C. Mobile phases were (A) 0.1% formic acid in LC/MS-grade 

water and (B) 0.1% formic acid in LC/MS-grade acetonitrile (all v/v). The following LC 

gradient program was used: 5% B (0–1.0 min), linear gradient from 5 to 95% B (1.0–3.5 

min), 95% B (4.0–4.5 min), and returned to 5% B (4.5–5.0 min) (all v/v). The sample 

injection volume was 10–20 μL, and the eluent was introduced directly into the mass 

spectrometer via electrospray ionization in the positive ion mode (ESI+). The MS spectral 

data were analyzed and deconvoluted using Thermo Xcalibur software 2.0.

System B consisted of a Shimadzu Prominence XR UHPLC system, equipped with two 

Shimadzu LC-20ADXR pumps, a SIL-20ACXR autosampler, and a CTO-20A column oven, 

coupled to a Shimadzu LC–MS/MS 8030 triple quadrupole mass spectrometer (Shimadzu, 

Columbia, MD), similar to that described previously.21 As described above, analyte 

separation was achieved using a Kinetex C18 or EVO C18 octadecylsilane column (2.6 μm, 

50 × 2.1 mm, 100 Å) (Phenomenex) with a flow rate of 0.3 mL/min and column oven 

temperature 32 °C. The following LC gradient program was used: 5% B (0–1.0 min), linear 

gradient from 5 to 95% B (1.0–2.0 min), 95% B (2.0–3.0 min), 95 to 5% B (3.0–3.5 min), 

and returned to 5% B (3.5–5.0 min) until the end of the run (all v/v). The injection volume 

was 10–20 μL, and the eluent was introduced directly into the mass spectrometer via ESI in 

positive ion mode. MS data were acquired and analyzed using Shimadzu LabSolutions 

software.

Structural Analysis and Quantitation

Sunitinib was initially subjected to LC–MS/MS analysis to observe its characteristic 

fragmentation. When analyzed by ESI in positive mode, sunitinib had the expected 

molecular ion m/z 399.22 The major product ions generated were m/z 326 and m/z 283, 

which correspond to loss of the diethylamine moiety and cleavage of the aliphatic amide 

bond, respectively.9 In the initial LC–MS method development for sunitinib, 2 

chromatographic peaks were detected at retention times 3.02 and 3.86 min, with the same 

molecular ion at m/z 399 and similar fragmentation patterns (product ions m/z 326 and m/z 
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283). The observation of two chromatographic peaks suggested two isomers of sunitinib. 

Previous studies have described light-induced isomerization of sunitinib from the Z- to E-

isomer.9,23 Thus, all subsequent experiments were performed under light protection.

Sunitinib metabolites were analyzed by LC–MS/MS in the product ion scan mode to permit 

structural elucidation. The predicted metabolites and corresponding precursor ions were as 

follows: M1 (m/z 371), M3 (m/z 397), monooxygenated metabolites (M2) (m/z 415), and 

glucuronide conjugate (M4) (m/z 575). Detection of M5 was performed by LC–MS/MS 

analysis using neutral loss scans for loss of 129 Da, corresponding to loss of the 

pyroglutamate portion of GSH.24 Structural characterization of M5 was conducted in 

product ion scan mode for the precursor ion m/z 702, corresponding to the predicted 

structure. MS/MS analysis of precursor ion m/z 935 was performed for characterization of 

quinoneimine–dGSH conjugates. In addition, MS/MS analysis of the precursor ions m/z 706 

and m/z 573 was used for detection and structural elucidation of direct sunitinib–GSH 

conjugates and quinoneimine cysteinyl–glycine conjugates, respectively.

Relative levels of sunitinib metabolites were measured by LC–MS/MS analysis utilizing 

multiple reaction monitoring (MRM). The MRM transitions for the metabolites indicated 

were as follows: M1 (m/z 371 > 283), M2 (m/z 415 > 299), M3 (m/z 397 > 281), M5 (m/z 
702 > 586), direct sunitinib–GSH conjugates (Sun–SG) (m/z 706 > 577), quinoneimine–

dGSH conjugate(s) (m/z 935 > 862 and m/z 935 > 313), sunitinib–dGSH conjugate(s) (m/z 
939 > 399), and M1–dGSH conjugate(s) (m/z 911 > 371).

High Resolution Mass Spectrometric Analysis of Sunitinib GSH Conjugates

GSH conjugates of sunitinib (Sun–SG) and the putative quinoneimine reactive metabolite 

(M5) were analyzed by high resolution mass spectrometry (HRMS) to confirm the predicted 

structures. HRMS analysis was performed using a Waters Acquity UPLC system coupled to 

an LTQ Orbitrap XL (Thermo). Analyte separation was achieved with a Kinetex EVO C18 

octadecylsilane column (2.6 μm, 50 × 2.1 mm, 100 Å) (Phenomenex) with a flow rate of 0.3 

mL/min and column oven temperature 32 °C. Mobile phases were (A) 0.1% formic acid in 

LC/MS-grade water and (B) 0.1% formic acid in LC/MS-grade acetonitrile (all v/v). Two 

UPLC gradient programs were used: one with a total run time of 5 min, and one with a total 

run time of 10 min. The 5 min UPLC gradient program was as follows: 5% B (0–1.0 min), 

linear gradient from 5 to 95% B (1.0–2.0 min), 95% B (2.0–3.0 min), 95 to 5% B (3.0–3.5 

min), and returned to 5% B (3.5–5.0 min) (all v/v). The 10 min UPLC gradient program was 

as follows: 5% B (0–1.0 min), linear gradient from 5 to 95% B (1.0–6.0 min), 95% B (6.0–

6.5 min), 95 to 5% B (6.5–7.0 min), and returned to 5% B (7.0–10.0 min) (all v/v). For both 

methods, the injection volume was 20 μL, and the eluent was introduced directly into the 

mass spectrometer via ESI in positive ion mode. Full scan HRMS spectra were obtained in 

positive ion ESI mode over the mass range m/z 150–800. HRMS spectra were collected with 

a resolution of 60000. MS/MS analysis was performed by ion trap mass spectrometry 

(ITMS) using higher energy collisional dissociation (collision energy 25 V). The following 

precursor ions were analyzed by MS/MS: m/z 702.29, 704.29, and 706.30.
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Data Analysis

Kinetic parameters (Km, Vmax, kcat) were estimated by nonlinear regression analysis using 

GraphPad Prism Software 7.0. Data were fit to the Michaelis–Menten equation for 

estimation of Km, Vmax, kcat. Comparison of the effect of P450 inhibitors on metabolite 

formation vs control incubations without inhibitor was performed using a two-tailed 

unpaired t test. Each experiment was performed in triplicate, and at least three independent 

experiments were performed for each assay unless otherwise stated. Data are reported as 

mean ± standard deviation (SD) or standard error of the mean (SEM) where indicated. 

Statistical analysis was performed using GraphPad Prism Software 7.0. Statistical 

significance was defined as p < 0.05.

RESULTS

Sunitinib Metabolite Identification

Incubation of sunitinib (10 μM) with human liver microsomal preparations generated drug 

products similar to the metabolites described in vivo9 based on LC–MS/MS analysis. The N-

desethyl metabolite of sunitinib (M1) has a molecular ion at m/z 371, which is 28 Da lower 

than that of the parent drug, indicating loss of one ethyl group (Figure S1A). The major 

product ions of M1 were m/z 326 and 283, which are similar to the fragment ions produced 

from sunitinib itself. Assignment of this metabolite as M1 was confirmed by LC–MS/MS 

analysis of an authentic chemical standard. Multiple mono-oxygenated metabolites of 

sunitinib (M2) were detected, each having a molecular ion at m/z 415 (Figure S1B), 16 Da 

higher than the parent drug and corresponding to addition of oxygen. The major product ions 

of m/z 415 were m/z 342 and 299, which indicate oxidation of the indolylidene/

dimethylpyrrole moiety of sunitinib.9 LC–MS/MS analysis of additional metabolites with 

the precursor ion m/z 415 generated the product ions m/z 326 and 283 (data not shown). The 

difference in fragmentation pattern indicates addition of oxygen within the diethylamine 

portion of the molecule.9

Evidence for a defluorinated metabolite of sunitinib (M3) was also observed from 

incubations with human liver microsomes. The precursor ion for this metabolite was m/z 
397, 2 Da lower than sunitinib (Figure S1C). The major product ions generated from m/z 
397 were m/z 324 and 281. This fragmentation pattern is consistent with a defluorinated 

metabolite of sunitinib formed via oxidative defluorination and substitution with oxygen, as 

reported by Speed et al.9 The identity of M3 (C22H29N4O3
+) was confirmed by HRMS 

analysis; the observed accurate mass was m/z 397.2239 (data not shown). A glucuronide 

conjugate of sunitinib (M4) was detected following incubation of human liver microsomes 

with sunitinib in the presence of the glucuronidation cofactor UDP-glucuronic acid. The 

precursor ion was m/z 575, which is 176 Da higher than sunitinib (Figure S1D). This 

corresponds to the addition of a glucuronic acid moiety. The major product ions of m/z 575 

were m/z 502, 459, and 326. This metabolite and its MS/MS fragmentation pattern were 

reported in vivo by Speed et al.9

Other minor products observed from human liver microsomal incubations with sunitinib had 

molecular ions at m/z 343, 387, and 401 (data not shown). These likely represent bis-
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desethylsunitinib, monooxygenated N-desethylsunitinib, and dihydrosunitinib, respectively, 

as described previously.9

Detection of GSH Conjugates of Sunitinib

GSH trapping studies were performed to assess formation of electrophilic metabolites. 

Incubation of sunitinib (10–50 μM) with pooled human liver microsomes supplemented with 

GSH and the NADPH-regenerating system yielded a product consistent with a GSH 

conjugate of a putative quinoneimine metabolite (M5) (Figure 1A). When analyzed by LC–

MS/MS in positive ion mode, this metabolite had a molecular ion at m/z 702, which is 305 

Da higher than that of M3.13 The major product ions of m/z 702 were m/z 629 and 586, 

consistent with cleavage of the diethylamine moiety and the aliphatic amide bond of the 

drug portion of the molecule, respectively. Other fragment ions were m/z 573 (loss of 129 

Da, characteristic of neutral loss of the pyroglutamic acid moiety of GSH)24 and m/z 500 

(cleavage of the diethyl amine moiety on the drug portion of molecule and loss of the 

pyroglutamic acid moiety of GSH). M5 was formed in an NADPH-dependent manner, in 

that no GSH conjugates with the m/z 702 were detected in control incubations without the 

NADPH-generating system. A product consistent with a cysteinyl–glycine conjugate was 

also observed from incubation of sunitinib with human liver microsomes. The precursor ion 

was m/z 573, and the observed product ions were m/z 500 and m/z 457, corresponding to 

loss of the diethylamine moiety and cleavage of the amine bond of sunitinib, respectively 

(data not shown).

In addition to detection of M5, evidence for the direct conjugation of GSH to the parent drug 

sunitinib (Sun–SG) was found from microsomal incubations in the absence of NADPH 

supplementation. The predicted precursor ion of the Sun–SG is m/z 706 (399 + 307). A 

major product ion of m/z 706 was m/z 577 (neutral loss of 129 Da, the pyroglutamic acid 

moiety, characteristic of GSH adducts)24 (Figure 1B).

HRMS Analysis of Sunitinib GSH Conjugates

HRMS analysis was used to confirm the identities of GSH conjugates derived from the 

putative quinoneimine metabolite and the parent drug sunitinib, M5 and Sun–SG, 

respectively. The calculated exact mass of the protonated quinoneimine–GSH conjugate 

(M5) is 702.2916 (C32H44N7O9S+). The observed mass was m/z 702.2911 (Δ0.7 ppm) 

(Figure S2A). The calculated exact mass of protonated product ions of M5 are 629.2024 

(C28H33N6O9S+), 586.1602 (C26H28N5O9S+), and 573.2490 (C27H37N6O6S+). MS/MS 

analysis of m/z 702.29 yielded the product ions: m/z 684.20 (loss of water), 629.20 

(cleavage of the diethylamine), 586.17 (cleavage of the aliphatic amide bond of the drug 

portion of the molecule), 573.25 (neutral loss of 129 Da, corresponding to the pyroglutamic 

acid moiety of GSH),24 and 500.28 (cleavage of the diethylamine and neutral loss of 129) 

(Figure 1A). The calculated exact mass of the protonated sunitinib–GSH conjugate (Sun–

SG) is 706.3029 (C32H45FN7O8S+). The observed mass was m/z 706.3023 (Δ0.8 ppm) 

(Figure S2A). The calculated exact mass of major product ions of Sun–SG are 633.2137 

(C28H34FN6O8S+), 577.2603 (C27H38FN6O5S+), 504.1711 (C23H27FN5O5S+), and 

399.2191 (C22H28FN4O2
+). MS/MS analysis of m/z 706.30 yielded the product ions: m/z 

688.24 (loss of water), 633.23 (cleavage of the diethylamine), 577.29 (neutral loss of 129 
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Da, corresponding to the pyroglutamic acid moiety of GSH),24 504.20 (cleavage of the 

diethylamine and neutral loss of 129), 461.24 (cleavage of the aliphatic amide bond and 

neutral loss of 129), and 399.23 (cleavage of GSH) (Figure 1B).

During HRMS analysis of GSH conjugates, an additional molecular ion at m/z 704.2874 

was observed (Figure S2A). This is 2 mass units lower than Sun–SG, and like Sun–SG, m/z 
704 was present in incubations with and without NADPH (Figure S2B). MS/MS analysis of 

m/z 704.29 yielded the product ions: m/z 686.26, 631.20, 575.22, 502.17, and 459.12. This 

fragmentation pattern is similar to the product ions of Sun–SG but 2 Da lower (Figure S2C). 

This suggests that the compound at m/z 704 is a GSH conjugate structurally similar to Sun–

SG. Common product ions from MS/MS analysis of m/z 704 and 706 were m/z 299, 255, 

and 238. The accurate mass m/z 704.2874 is consistent with a GSH conjugate of sunitinib in 

which the sunitinib portion of the molecule has undergone loss of −2H (C32H43FN7O8S+, 

Δ0.3 ppm); however, the exact identity of this product is unknown.

Multiple chromatographic peaks were observed from LC–MRM analysis of the precursor-to-

product transition m/z 706 > 577, corresponding to Sun–SG (Figure S3). M5 was observed 

as a single chromatographic peak by LC–MRM analysis of the precursor-to-product 

transition m/z 702 > 586 (Figure S3).

Reaction Phenotyping with Recombinant P450 Enzymes

Reaction phenotyping experiments were performed with recombinant P450s (Supersomes) 

to determine which enzymes are responsible for sunitinib metabolite formation. Levels of 

M1, M3, and M5 were determined by LC–MS/MS analysis utilizing MRM. Representative 

LC–MRM chromatograms from metabolite detection are shown in Figure 2. In screens with 

recombinant P450 enzymes, P450 3A4 exhibited the highest activity for formation of M1 

(Figure 3A). Lower levels of M1 were formed by P450 1A2 and 3A5. Incubations with 

recombinant P450 1A2 generated the highest levels of M3 and M5 (Figures 3B and C). 

Lower levels of M5 were also formed by P450 3A4 and 2D6.

Among selected extrahepatic P450 enzymes, P450 1A1 showed activity toward formation of 

M3 and M5 (Figure S5). P450 2J2 and 1B1 were also capable of forming M3 and M5, 

although to a markedly less extent compared to P450 1A1.

Effect of P450 Chemical Inhibitors on Metabolite Formation

Inhibition of P450 enzymes using selective chemical inhibitors in pooled human liver 

microsomal incubations confirmed the results from experiments with recombinant P450 

enzymes. Co-incubation with ketoconazole (P450 3A inhibitor) and CYP3cide (P450 3A4-

selective inactivator) decreased M1 levels by 88 ± 5% (mean ± SD, n = 3, p < 0.0001) and 

88% ± 5% (n = 3, p < 0.0001), respectively, compared to those of the vehicle control (Figure 

4A).

In initial experiments, coincubation with the P450 1A inhibitor and P450 3A4 activator α-

naphthoflavone25 significantly increased formation of M3 and M5 (data not shown). In 

subsequent experiments, α-naphthoflavone increased levels of M3 by 41 ± 17% (mean ± 

SD, n = 3, p = 0.0156) (Figure 4B). This increase in metabolite formation was likely due to 
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the ability of α-naphthoflavone to activate P450 3A4 rather than from inhibition of P450 

1A2.25 Ketoconazole (P450 3A inhibitor) reduced M3 levels by 40 ± 9% (n = 3, p = 0.0018), 

and CYP3cide (P450 3A4 inactivator) decreased M3 by 45 ± 13% (n = 3, p = 0.0038) 

compared to control.

In analysis of quinoneimine–GSH formation, the P450 1A2 inhibitor furafylline26,27 

reduced M5 by 62 ± 17% (mean ± SD, n = 3, p = 0.0030), compared to vehicle (Figure 4C). 

The P450 2D6 inhibitor quinidine decreased M5 formation by 54 ± 14% (n = 3, p = 0.0026). 

Ketoconazole reduced M5 levels by 52 ± 4% (n = 3, p < 0.0001), and CYP3cide decreased 

M5 by 48 ± 27% (n = 3, p = 0.0371), compared to the control values.

Kinetic Analysis of Sunitinib Metabolite Formation with Recombinant P450 Enzymes

In kinetic analysis of sunitinib N-deethylation (M1 formation), the reaction did not reach 

saturation at substrate concentrations up to 50 μM (Table 1, Figure S5A). However, the 

estimated kcat/Km, calculated by the slope of the rate vs. substrate concentration graph, for 

P450 3A4 was 2.1 ± 0.58 min−1 μM−1 (n = 3). The kcat/Km for P450 1A2 was 0.45 ± 0.02 

min−1 μM−1 (n = 3). This indicates that P450 3A4 was ∼5-fold more efficient in sunitinib N-

deethylation compared to P450 1A2. The results from kinetic assays with recombinant P450 

1A2 and 3A4 are summarized in Table 1.

For sunitinib defluorination (M3 formation), the mean apparent Km and kcat values for P450 

1A2 were 22 ± 5 μM and 3.6 ± 0.4 (peak area ratio, n = 3), and the mean apparent Km and 

kcat values for P450 3A4 were 42 ± 9.7 μM and 1.2 ± 0.2 (peak area ratio, n = 3) (Table 1, 

Figure S5B). These data indicate that P450 1A2 was ∼6-fold more efficient in sunitinib 

defluorination compared to P450 3A4, as determined by relative kcat/Km (P450 1A2 kcat/Km 

= 0.17 ± 0.05 vs P450 3A4 kcat/Km = 0.03 ± 0.01). Generation of M5 was also more 

efficient by recombinant P450 1A2 compared to P450 3A4 (Table 1, Figure S5C). The 

relative maximal M5 formation (kcat) was measured as the peak area ratio of M5 to 

sunitinib-d4 internal standard. The apparent Km and kcat values for P450 1A2 were 9.4 ± 5.3 

μM and 0.09 ± 0.02 (peak area ratio, n = 3), respectively. The apparent Km and kcat for P450 

3A4 were 26 ± 17 μM and 0.01 ± 0.003 (peak area ratio, n = 3), respectively (Table 1, Figure 

S5C). The overall catalytic efficiency (kcat/Km) for forming the quinoneimine trapped as a 

GSH conjugate (M5) was ∼25-fold higher for P450 1A2 (relative kcat/Km = 0.01 ± 0.001) 

compared to P450 3A4 (relative kcat/Km = 0.0004 ± 0.0002). Kinetic assays were also 

performed with P450 2D6 to examine M3 and M5 formation; however, the efficiency for 

metabolite formation by P450 2D6 was much lower compared to P450s 1A2 and 3A4 (data 

not shown). In a separate experiment, kinetic assays were performed to examine M3 and M5 

formation by P450 1A1 compared to P450 1A2. P450 1A1 formed M3 with higher affinity 

(apparent Km = 3.1 ± 1.3) and lower capacity (kcat = 0.27 ± 0.03) than P450 1A2 (Figure 

S6A). The overall catalytic efficiency for M3 formation by P450 1A1 was kcat/Km = 0.09. 

Formation of M5 by P450 1A1 demonstrated biphasic kinetics, in which M5 generation 

increased with increasing concentrations of sunitinib up to 5 μM; however, lower levels of 

M5 were formed from 10–50 μM sunitinib (Figure S6B).
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Kinetic Analysis of Sunitinib Metabolite Formation with Human Liver Microsomes

To further investigate the roles of P450 1A2 and 3A4 in sunitinib bioactivation, kinetic 

experiments were performed using human liver microsomes from single donors 

characterized for having “high” vs “low” P450 1A2 activity (characterization provided by 

supplier). Human liver microsomes from Lot HH581 was reported to have high P450 1A2 

activity, as measured by phenacetin O-deethylase activity (2100 pmol/min/mg protein), and 

Lot HH741 was characterized as having low P450 1A2 activity (phenacetin O-deethylase 

activity 240 pmol/min/mg protein). The P450 3A4 activity was similar between the two 

donors, with slightly higher activity for Lot HH741 compared to HH581, as measured by 

testosterone 6β-hydroxylase activity (7400 pmol/min/mg protein for HH741 vs 5400 

pmol/min/mg protein for HH581).

Again, in kinetic analysis of sunitinib N-deethylation (M1 formation), the reaction did not 

reach saturation at substrate concentrations up to 50 μM (Table 2, Figure S7A). Nonetheless, 

the estimated Vmax/Km, measured by the slope of the rate vs. substrate concentration graph, 

for HH741 was 32 ± 4.2 μL min−1 mg−1 protein, compared to an estimated Vmax/Km of 23 

± 1.7 μL min1 mg−1 protein for HH581 (n = 3). This indicates that the catalytic efficiency 

for sunitinib N-deethylation was 1.4-fold higher by HH741 compared to HH581 human liver 

microsomes.

The relative kinetic parameters were also determined for M3 and M5 formation from 

microsomal incubations (Table 2, Figures S7B and S7C). The mean apparent Km for 

sunitinib defluorination was 13 ± 3 μM (n = 3) for HH581, although the reaction did not 

reach saturation for HH741. The estimated maximal M3 formation (Vmax), as measured by 

peak area ratios between M3 and internal standard, was 0.4 ± 0.04 for HH581. The overall 

catalytic efficiency (Vmax/Km) for sunitinib defluorination, estimated from the linear slope 

of the M3 peak area ratio vs substrate concentration graph, was ∼6-fold higher by HH581 

compared to HH741 (HH581 Vmax/Km = 0.022 ± 0.008 vs HH741 Vmax/Km = 0.004 

± 0.001). The apparent Km for M5 formation was 7.5 ± 3.4 μM (n = 3) for HH581 and 12 

± 8.8 μM (n = 3) for HH741. The relative maximal M5 formation (Vmax), as measured by 

peak area ratios between M5 and internal standard, was 0.006 ± 0.0008 (n = 3) for HH581 

and 0.003 ± 0.0009 (n = 3) for HH741. Thus, the overall catalytic efficiency (Vmax/Km) for 

formation of M5 was 2.7-fold higher by HH581 (Vmax/Km = 0.0008 ± 0.0005) compared to 

HH741 (Vmax/Km = 0.0003 ± 0.0003).

Identification of Putative Quinoneimine–dGSH Conjugates

In addition to trapping studies with GSH, dansylated GSH was used as a trapping agent to 

assess formation of reactive metabolites from sunitinib. Dansyl GSH was synthesized 

according to procedures described previously,19 and product formation was confirmed by 

LC-UV-MS analysis and fluorescence detection. LC–MS/MS analysis using ESI in positive 

ion mode verified the presence of the precursor ion m/z 541 for dGSH, as in the literature.19

Because recombinant P450 1A2 was found to generate the highest levels of the reactive 

metabolite–GSH conjugate (M5), sunitinib was incubated with dGSH and recombinant P450 

1A2 to test whether reactive metabolite–dGSH conjugates are also generated. Putative 
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quinoneimine–dGSH conjugates of sunitinib were detected by LC–MS/MS analysis 

following incubation of sunitinib (25 μM) with recombinant P450 1A2 in the presence of 

dGSH (Figure 5). Moreover, quinoneimine–dGSH conjugates were detected from incubation 

of sunitinib (50 μM) with pooled human liver microsomal fractions. In both systems, dGSH 

conjugates were formed in an NADPH-dependent manner.

When analyzed by ESI in positive ion mode, the predicted precursor ion for a sunitinib 

quinoneimine–dGSH conjugate is m/z 935, which is 540 mass units higher than the putative 

quinoneimine metabolite, consistent with addition of the dansyl–GSH moiety (Figure 5). 

MS/MS fragmentation of m/z 935 in positive mode generated major product ions at m/z 862 

(loss of the diethylamine moiety) and m/z 819 (cleavage of the aliphatic amide bond on the 

drug portion of the molecule). Additionally, secondary fragment ions were observed at m/z 
457 (cleavage of the amide bond of the drug portion and loss of the pyroglutamic acid-

dansyl moiety), m/z 285 (fragmentation about the amide bond and cleavage of the thioether 

moiety of dGSH), and m/z 177 (fragmentation of the cysteinyl–glycine portion of the 

adduct).

Danysl–GSH was originally utilized to quantify formation of dansyl–GSH conjugates using 

the fluorescence properties of the dansyl group based on the methods described by Gan et al.
19,20 Microsomal incubations of sunitinib (25 μM) with dGSH were analyzed by UPLC–

UV–fluorescence. The following controls were used for these experiments: (1) without 

NADPH, (2) without dGSH, and (3) without substrate. Unfortunately, dansyl–GSH 

conjugates of the sunitinib quinoneimine metabolite were not readily detected by UPLC–

fluorescence analysis. This may be due to a lack of sensitivity of our method to detect 

quinoneimine–dGSH conjugates above the background fluorescence interference or 

insufficient chromatographic separation. However, dGSH conjugates were readily detectable 

by LC–MS/MS analysis utilizing MRM for the precursor-to-product transition m/z 935 > 

862, corresponding to the quinoneimine–dGSH conjugate of sunitinib. As shown, the 

quinoneimine–dGSH conjugate was formed in an NADPH-dependent manner (Figure 6A).

Evidence for Direct dGSH Conjugation of Sunitinib and M1

Dansyl–GSH conjugates of sunitinib and M1 were also detected via LC–MS/MS analysis of 

microsomal incubations with sunitinib and dGSH. The predicted direct sunitinib–dGSH 

conjugate had a m/z of 939, and the M1–dGSH conjugate had a m/z of 911 (data not 

shown). HRMS analysis of microsomal incubations with sunitinib containing dGSH and 

NADPH regenerating system confirmed the formation of the M1–dGSH conjugate. The 

accurate mass detected was m/z 911.3222 (C42H52FN8O10S +2, Δ0.4 ppm). Sunitinib–dGSH 

was detected by LC–MRM analysis of the precursor-to-product ion m/z 939 > 399, likely 

corresponding to cleavage of the dGSH moiety (M + H − 540). LC–MS/MS product ion 

analysis of m/z 911 for the M1–dGSH conjugate yielded a fragment ion at m/z 371, which 

also corresponds to cleavage of the dGSH moiety (M + H − 540). Sunitinib–dGSH 

conjugates were detected in microsomal incubations with and without NADPH-regenerating 

system (Figure 6B), while M1–dGSH conjugates were solely detected in incubations with 

NADPH, as expected because formation of M1 requires P450-mediated metabolism (Figure 

6C). After M1 is formed, this metabolite may undergo conjugation with GSH due to the 
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presence of an electrophilic α,β-unsaturated carbonyl moiety in the metabolite’s chemical 

structure, leading to formation of an M1–dGSH conjugate. To investigate this possibility, we 

analyzed the levels of M1 in incubations with dGSH compared to without dGSH. As shown 

in Figure 6D, levels of M1 were 2.5-fold higher in the absence of dGSH compared to M1 

levels in the presence of dGSH (n = 2-3, p = 0.0043) based on the UV absorbance peak area 

at 430 nm. Further, analysis of UV data permitted estimation of the % sunitinib turnover via 

the N-deethylation pathway in microsomal incubations.20 In the presence of dGSH, the ratio 

of M1 to sunitinib (as measured by UV peak area at 420–440 nm) was 0.41, indicating that 

M1 accounted for 41% of the metabolic turnover of sunitinib. In the absence of dGSH, the 

ratio of M1 to sunitinib UV peak area increased to 0.70 (70%). Collectively, these data 

suggest that conjugation with glutathione may contribute to clearance of M1 under the 

experimental conditions tested. Other oxidative metabolites of sunitinib accounted for an 

estimated 5–10% of substrate turnover based on UV peak area.

DISCUSSION

In the present investigation, we identified the P450 enzymes involved in sunitinib metabolic 

activation. The results of this study demonstrated that sunitinib undergoes P450-mediated 

bioactivation to form a putative reactive quinoneimine, which was trapped as a GSH 

conjugate (M5). Reaction phenotyping studies using recombinant P450 enzymes, selective 

chemical inhibitors, and kinetic assays indicate that P450 1A2 is a major contributor to the 

bioactivation of sunitinib; P450 3A4 may also play an important role (Scheme 1). The 

mechanism of sunitinib metabolic activation is proposed to involve epoxidation and/or 

quinoneimine formation and oxidative defluorination, as described for the tyrosine kinase 

inhibitors gefitinib14 and famitinib.13

The primary products of sunitinib identified from human liver microsomal incubations are 

consistent with the metabolites reported in vivo by Speed et al.9 Findings in this study and 

previous studies indicate that sunitinib undergoes extensive biotransformation.9 The major 

routes of oxidative metabolism include N-deethylation, N-oxidation, hydroxylation, 

oxidative defluorination, and conjugative metabolism by direct glucuronidation; sulfation of 

hydroxylated metabolites has also been described.9 Products of sunitinib biotransformation 

identified herein were N-desethylsunitinib (M1), monooxygenated metabolites (M2), 

defluorinated sunitinib (M3), and glucuronide conjugates (M4). The defluorinated 

metabolite contains a para-hydroxyaniline moiety, which can be further oxidized to an 

electrophilic quinoneimine.14,16,28,29

A GSH conjugate of the putative quinoneimine product of sunitinib (M5) was detected by 

LC–MS/MS from incubations with recombinant P450 enzymes and human liver microsomal 

fractions. M5 was generated in an NADPH-dependent manner, indicative of cytochrome 

P450-mediated bioactivation. The detection of dansyl–GSH conjugates provided further 

confirmation for the formation of electrophilic metabolites of sunitinib. An attempt was 

made to quantify dansyl–GSH conjugates of the putative quinoneimine metabolite based on 

the fluorescence-based method described by Gan et al.19,20 However, dansyl–GSH 

conjugates of the sunitinib reactive metabolite were not readily quantifiable by fluorescence 

above the background. Previous studies have suggested the generation of reactive 
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metabolites from sunitinib in vitro based on detection of GSH conjugates by LC–MS 

analysis. Kenny et al. reported identification of two GSH conjugates of sunitinib.30 Xie et al. 

demonstrated formation of reactive metabolite–GSH conjugates from sunitinib and its 

structural analogue famitinib in human liver microsomal incubations.13 P450 1A1/2 was 

shown to catalyze famitinib bioactivation in vitro.13 Cysteine conjugates of famitinib were 

also identified in primary human hepatocytes incubated with famitinib.13

P450s 1A2 and 3A4 were the main enzymes involved in sunitinib oxidative defluorination 

and formation of quinoneimine–GSH conjugates. Kinetic assays with recombinant enzymes 

demonstrated that P450 1A2 had greater efficiency for M3 and M5 formation compared to 

P450 3A4. Moreover, higher levels of M3 and M5 were generated in human liver 

microsomal incubations from an individual donor with high P450 1A2 activity (HH581) 

compared to the donor with low P450 1A2 activity (HH741). Taken together, these data 

support the contention that P450 1A2 may play an important role in the bioactivation of 

sunitinib in vivo. It is worth noting that the product information for human liver microsomes 

HH581 (high P450 1A2 activity) indicated that this donor was a smoker (1 pack per day for 

40 years; Corning Gentest inventory datasheet), while the donor for HH741 (low P450 1A2 

activity) was listed as a nonsmoker. This is relevant because cigarette smoking is known to 

induce P450 1A.31 P450 2D6 was capable of generating M5 in vitro, as demonstrated from 

incubations with recombinant enzyme and human liver microsomal fractions; however, P450 

2D6 is likely not a significant contributor to sunitinib reactive metabolite generation based 

on its low catalytic efficiency observed in kinetic assays. M3 and M5 were also formed by 

the extrahepatic P450s 1A1 and 2J2. Studies are currently underway to further investigate 

the impact of smoking on the generation of sunitinib reactive metabolites in hepatic and 

extrahepatic tissues (i.e., lung).

Our results confirm that P450 3A4 is the primary enzyme responsible for formation of the 

major active metabolite of sunitinib, M1. Other P450 enzymes, including P450s 3A5 and 

1A2, were shown to have less activity toward sunitinib N-deethylation. This finding is 

consistent with a previous report showing that recombinant P450 3A4 was approximately 

10-fold more efficient at sunitinib N-deethylation compared to P450 3A5.32 Narjoz et al. 

previously showed that sunitinib can also be metabolized by P450s 1A1, 1B1, and 2J2, 

leading to formation of M1.12

Identification of the enzymes involved in sunitinib metabolism and disposition provides 

insight into the potential risk factors for drug toxicity. The current study supports ongoing 

work to define factors that contribute to the large interindividual variability in sunitinib 

response and toxicity.33–35 A number of reports suggest that genetic variation in genes 

related to sunitinib metabolism and transport significantly impact drug exposure and the risk 

for sunitinib-related toxicities.10,11,34–37 Single nucleotide polymorphisms in CYP3A4, 

CYP3A5, and CYP1A1 have been associated with sunitinib pharmacokinetics, response, and 

toxicities.10,11,38 In addition, polymorphisms in genes encoding nuclear receptors, NR1I2 

(PXR) and NR1I3 (CAR), which regulate P450 expression, and variations in ATP binding 

cassette (ABC) transporters, have been implicated to affect sunitinib drug exposure and 

toxicity.10,11,37,39–44 Other factors such as cigarette smoking, gender, body weight, and age 

have also been associated with sunitinib toxicity and treatment outcomes.33,42,43,45–47 
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Individualization of sunitinib treatment based on genetic and nongenetic factors has been 

proposed to help improve sunitinib efficacy and reduce toxicity.10,48,49

The mechanisms and risk factors of sunitinib-induced liver injury remain largely undefined, 

although one study has begun to investigate the pharmacogenetics related to liver toxicity.37 

Hepatotoxicity associated with sunitinib is characterized by marked elevations in alanine 

aminotransferase, aspartate aminotransferase, and hyperbilirubinemia.3,50,51 The onset of 

liver injury is delayed and predominately resembles hepatocellular necrosis.50,51 In one case, 

fatal hepatotoxicity from sunitinib was reported with concomitant use of acetaminophen at 

therapeutic doses.51 Clinically significant hepatotoxicity has been reported with several 

other tyrosine kinase inhibitors, including lapatinib, pazopanib, regorafenib, imatinib, 

gefitinib, and erlotinib.52,53 Metabolic activation by cytochrome P450 enzymes is proposed 

to play a role in initiating tyrosine kinase inhibitor-mediated liver injury for some agents; 

however, the link between metabolism and drug toxicity is unclear and is the subject of 

ongoing investigations.14–16,54,55 Paech et al. recently reported an investigation on the 

mechanisms of hepatocellular toxicity of sunitinib and other tyrosine kinase inhibitors 

(imatinib, erlotinib, and lapatinib) in HepG2 and HepaRG cells.56 Treatment of HepG2 cells 

with sunitinib was shown to increase the production of reactive oxygen species, disrupt the 

mitochondrial membrane potential, deplete glutathione content, and induce apoptosis in a 

concentration-dependent manner.56 In the metabolically competent cell line Hep-aRG,57,58 

the cytotoxic effects of sunitinib increased following induction by rifampin, compared with 

sunitinib treatment alone.56 This finding suggests that formation of toxic metabolite(s) may 

be involved in sunitinib-induced hepatotoxicity, but the parent drug itself may also be 

involved in mediating some of the hepatotoxic effects associated with sunitinib.

We report for the first time the identification of GSH conjugates formed directly from 

sunitinib and M1 in vitro. Sunitinib contains an α,β-unsaturated carbonyl moiety which can 

undergo Michael addition with cellular thiols. The identification of GSH and dGSH 

conjugates of sunitinib provides evidence of direct thiol conjugation to the electrophilic 

moiety of the parent drug, independent of metabolic activation. Sunitinib–GSH and dGSH 

conjugates were detected with the precursor ions m/z 706 and 939, respectively, consistent 

with addition of GSH (+307) and dGSH (+540) to sunitinib. Formation of Sun–SG (m/z 
706) was observed in microsomal incubations in the absence of NADPH. Moreover, 

metabolites of sunitinib, which retain the electrophilic α,β-unsaturated carbonyl moiety, are 

also expected to be susceptible to nucleophilic addition with GSH and dGSH. As 

anticipated, dGSH conjugates of M1 were detected in microsomal incubations supplemented 

with dGSH and NADPH. This suggests that M1, a major metabolite of sunitinib formed in 

vivo, may be susceptible to covalent binding to cellular nucleophiles and/or may contribute 

to GSH depletion. Stable GSH adducts of sunitinib or M1 have not yet been reported in 

vivo; however, urinary excretion of a cysteine conjugate of sunitinib in monkey was reported 

in the NDA document of sunitinib, suggesting in vivo metabolism of sunitinib via the 

mercapturic acid pathway (sunitinib NDA document). The toxicological consequences of the 

α,β-unsaturated carbonyl moiety within the structure of sunitinib warrant further 

investigation. An additional GSH conjugate was observed by HRMS analysis at m/z 704. 

The exact identity of this compound is unknown; however, the observed accurate mass m/z 
704.2874 and MS/MS fragmentation pattern are consistent with a GSH conjugate of 
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sunitinib in which the sunitinib portion of the molecule has undergone desaturation 

(C32H43FN7O8S+, Δ0.3 ppm). An alternative possibility is that the compound at m/z 704 is 

derived from GSH conjugation of an oxidative defluorination product of sunitinib or a 

reduced derivative of M5 (704.3072, C32H46N7O9S+, Δ28 ppm). However, the observation 

that m/z 704 was also present in incubations without NADPH suggests this potential GSH 

conjugate is not derived from P450-mediated metabolism of sunitinib.

The in vivo exposure to sunitinib reactive metabolites remains unknown. An important 

remaining question is what fraction of sunitinib undergoes bioactivation via the oxidative 

defluorination pathway vs what fraction of sunitinib is metabolized via the major N-

deethylation pathway. Based on mass balance studies in humans reported by Speed et al., 

sunitinib metabolites accounted for 41% out of 61% of the total recoverable radioactivity 

(∼67%), and the N-desethyl metabolite (M1) accounted for 32–52% of the total dose.9 Our 

in vitro finding that M1 accounted for 41% or greater of sunitinib metabolic turnover in 

human liver microsomes is consistent with the results reported in vivo. In monkeys 

administered [14C] sunitinib L-malate, the defluorinated metabolite of sunitinib accounted 

for 6–8% of the total radioactivity recovered in feces, while N-desethylsunitinib (M1) 

accounted for 20–40% of the total radioactivity in feces in monkey (sunitinib NDA 

document).9 Additional studies are needed to determine what fraction of sunitinib 

metabolism is accounted for by the defluorination pathway in vivo in humans.

In summary, our findings support the conclusion that P450s 1A2 and 3A4 play a 

predominate role in the formation of a reactive, potentially toxic metabolite of sunitinib. 

Further, the chemical reactivity of sunitinib itself may account for some of the drug’s 

biological and toxicological properties. Future studies are needed to better understand the 

mechanisms of sunitinib-induced liver injury and examine the impact of genetic variations 

and environmental factors on sunitinib metabolism and toxicity.
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ABBREVIATIONS

ABC ATP binding cassette
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dGSH dansyl–glutathione

ESI electrospray ionization

HRMS high resolution mass spectrometry

ITMS ion trap mass spectrometry

MRM multiple reaction monitoring

PXR pregnane X receptor

TCEP tris(2-carboxylethyl)phosphine hydrochloride

UGT UDP-glucuro-nosyltransferase

UHPLC ultrahigh performance liquid chromatography
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Figure 1. 
LC–MS/MS analysis of sunitinib GSH conjugates. Sunitinib (50 μM) was incubated with 

pooled human liver microsomes (0.5 mg/mL) in the presence of an NADPH-regenerating 

system and supplemented with GSH (5 mM) for 30 min. LC–MS/MS analysis using 

electrospray ionization was performed in positive ion mode. Shown are representative 

product ion spectra from UPLC–MS/MS analysis of (A) the putative quinoneimine–GSH 

conjugate of sunitinib (M5) with precursor ion m/z 702.29 and (B) the direct sunitinib–GSH 

conjugate (Sun–SG) with precursor ion m/z 706.30. Higher-energy collisional dissociation 

MS/MS analysis was performed using an LTQ Oribitrap XL (Thermo) in ESI positive ion 

mode (collision energy 25 V). The predicted structures of (A) M5 and (B) Sun–SG are 

shown.
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Figure 2. 
LC–MS/MS chromatograms of selected sunitinib metabolites. Sunitinib metabolites were 

analyzed by LC–MS/MS utilizing MRM. Shown are representative LC–MRM 

chromatograms of M1 (m/z 371 > 283), M3 (m/z 397 > 281), M5 (m/z 702 > 586), and 

sunitinib-d4 (internal standard). Metabolites were generated from incubation of sunitinib (10 

μM) with recombinant P450 1A2.
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Figure 3. 
Relative P450 enzyme contribution to sunitinib metabolism. (A) M1, (B) M3, and (C) M5. 

Sunitinib (10 μM) was incubated with a panel of recombinant human P450 Supersomes (20 

nM) in the presence of an NADPH regenerating system and supplemented with GSH (5 

mM) for 10 min. Sunitinib metabolites were analyzed by LC–MS/MS analysis utilizing 

MRM. The MRM transitions for the metabolites indicated were as follows: M1(m/z 371 > 

283), M3 (m/z 397 > 281), M5 (m/z 702 > 586). The MRM peak areas are shown for each 

metabolite. The results are shown as the means ± SD from four independent experiments (n 
= 4) performed in triplicate each.
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Figure 4. 
Effect of P450 inhibitors on sunitinib metabolite formation: (A) M1, (B) M3, and (C) M5. 

Sunitinib (10 μM) was incubated with pooled human liver microsomes (0.1 mg/mL) 

supplemented with 5 mM GSH in the presence or absence of P450-selective chemical 

inhibitors. The following chemical inhibitors were used to block the respective P450: α-

naphthoflavone (1 μM, P540 1A2); furafylline (25 μM, P450 1A2); PPP, phenyl-piperidinyl 

propane (15 μM, P450 2B6); ticlopidine (5 μM, P450 2B6/2C19); sulfaphenazole (5 μM, 

P450 2C9); (+)-N-3-benzylnirvanol (5 μM, P450 2C19); quinidine (2 μM, P450 2D6); 4-
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methylpyrazole (100 μM, P450 2E1); ketoconazole (1 μM, P450 3A); and CYP3cide (2 μM, 

P450 3A4). Control incubations were carried out with the appropriate vehicle solvent control 

in the absence of inhibitor. Relative levels of metabolite formed were measured by LC–

MS/MS. Metabolite levels (expressed as peak area ratio) under control conditions were: (A) 

6.6 ± 1.4 for M1, (B) 0.04 ± 0.02 for M3, and (C) 0.01 ± 0.008 for M5. Percent (%) 

metabolite formation was based on comparison to vehicle control. The results are shown as 

the means ± SD from three independent experiments (n = 3) performed in triplicate each. 

Comparisons of inhibitor vs vehicle control were performed by unpaired two-tailed t test. *P 
< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5. 
LC–MS/MS analysis of the putative sunitinib quinoneimine dansyl–GSH conjugate. 

Sunitinib (25 μM) was incubated with recombinant P450 1A2 Supersomes (20 nM) in the 

presence of an NADPH-regenerating system and supplemented with dansyl–GSH (1 mM) 

for 30 min. Shown is a representative product ion spectrum from LC–MS/MS analysis of the 

precursor ion m/z 935, corresponding to the quinoneimine dansyl–GSH conjugate. The 

predicted structure of the sunitinib quinoneimine dansyl–GSH conjugate is shown above.
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Figure 6. 
Analysis of dansyl–GSH Conjugates and M1 by LC–MS/MS and UPLC–UV Detection. 

Sunitinib (25 μM) was incubated with pooled human liver microsomes (1 mg/mL) in the 

presence of dGSH (1 mM) and an NADPH-regenerating system for 30 min. Control 

incubations were without NADPH, without dGSH, or without substrate (blank sample). 

Each reaction condition was performed in triplicate. Samples were analyzed by LC–MS/MS 

utilizing MRM for the (A) quinoneimine–dGSH conjugate of sunitinib: m/z 935 > 862, (B) 

M1–dGSH conjugate: m/z 911 > 371, and sunitinib–dGSH conjugate(s): m/z 939 > 399. (D) 

Relative levels of M1 measured by UPLC–UV absorbance at 430 nm. Levels of M1 were 

compared from incubations with and without dGSH by unpaired two-tailed t test (n = 2-3).

Amaya et al. Page 30

Chem Res Toxicol. Author manuscript; available in PMC 2018 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. Proposed Metabolism and Bioactivation Pathway of Sunitiniba

aThe metabolic scheme is based on pathways proposed by Speed et al.9 and Xie et al.13 The 

enzymes indicated for each route of metabolism are based on evidence from the literature as 

well as results from the studies described herein. Bold indicates the major enzymes involved.
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Table 1

Kinetic Parameters of Sunitinib Metabolite Formation by Recombinant P450 1A2 and P450 3A4a

kinetic parameter M1b M3 M5

P450 1A2

Km, μM – 22 ± 5 9.4 ± 5.3

kcat
c – 3.6 ± 0.4 0.09 ± 0.02

kcat/Km
d 0.45 ± 0.02 0.17 ± 0.05 0.01 ± 0.001

P450 3A4

Km, μM – 42 ± 9.7 26 ± 17

kcat
c – 1.2 ± 0.2 0.01 ± 0.003

kcat/Km
d 2.1 ± 0.58 0.03 ± 0.01 0.0004 ± 0.0002

a
Kinetic parameters were estimated using GraphPad Prism software. The results are shown as the means ± SD from three independent experiments 

(n = 3) performed in triplicate each.

b
Formation of M1 did not saturate at substrate concentrations up to 50 μM; therefore, the Km and kcat values for M1 were not determined; the 

linear slope of the rate vs substrate concentration graph was used to estimate catalytic efficiency of M1 formation (kcat/Km).

c
kcat for M3 and M5 is shown as the maximum peak area ratio for metabolite to internal standard.

d
kcat/Km for M1 is in units of min−1 μM−1 based on calculation of M1 formation using an authentic standard. kcat/Km for M3 and M5 is in units 

of peak area ratio/μM.
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Table 2

Kinetic Parameters of Sunitinib Metabolite Formation in Single Donor Human Liver Microsomes (HH581 and 

HH741)a

kinetic parameter M1b M3e M5

HH581

Km, μM – 13 ± 3.0 7.5 ± 3.4

Vmax
c – 0.4 ± 0.04 0.006 ± 0.0008

Vmax/Km
d 23 ± 1.7 0.022 ± 0.008 0.0008 ± 0.0005

HH741

Km, μM – – 12 ± 8.8

Vmax
c – – 0.003 ± 0.0009

Vmax/Km
d 32 ± 4.2 0.004 ± 0.001 0.0003 ± 0.0003

a
Kinetic parameters were estimated using GraphPad Prism software. The results are shown as the means ± SD from three independent experiments 

(n = 3) performed in triplicate each.

b
Formation of M1 did not saturate at substrate concentrations up to 50 μM; therefore, the Km and Vmax values for M1 were not determined, and 

the linear slope of the rate vs substrate concentration graph was used to estimate catalytic efficiency of M1 formation (Vmax/Km).

c
Vmax for M3 and M5 is shown as the maximum peak area ratio for metabolite to internal standard.

d
Vmax/Km for M1 is in units of μL min−1 μM−1 based on calculation of M1 formation using an authentic standard. Vmax/Km for M3 and M5 is 

in units of peak area ratio/μM.

e
Formation of M3 did not saturate at substrate concentrations up to 50 μM for HH741; therefore, the linear slopes of the M3 peak area ratio vs 

substrate concentration graphs were calculated to estimate Vmax/Km for both HH741 and HH581 for comparison.
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