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proliferator-activated receptor γ; HPLC, high-performance liquid chromatography; 

TFA, trifluoroacetic acid; UGT, UDP-glucuronosyltransferase; CYP, cytochrome 

P450; SAM, S-adenosyl-L-methionine; UDPGA, uridine 5'-diphosphate glucronic acid; 

HBSS, Hanks’ balanced salt solution; radio-HPLC, radioactivity detection 

high-performance liquid chromatography; LC, liquid chromatography; MS, mass 

spectrometry; MS/MS, tandem mass spectrometry; ESI, electrospray ionization.  
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Abstract 

 

The in vitro metabolism of rivoglitazone, 

(RS)-5-{4-[(6-methoxy-1-methyl-1H-benzimidazol-2-yl)methoxy]benzyl}-1,3-thiazoli

dine-2,4-dione monohydrochloride, a novel thiazolidinedione (TZD) peroxisome 

proliferator-activated receptor γ selective agonist, was studied in liver microsomes and 

freshly isolated hepatocytes of rat, monkey, and human as well as cDNA-expressed 

human cytochrome P450 (CYP) and UDP-glucuronosyltransferase (UGT) enzymes.  

Fourteen metabolites were detected and these structures were elucidated by liquid 

chromatography-tandem mass spectrometry.  Five initial metabolic pathways of 

rivoglitazone consisting of four oxidation pathways and one N-glucuronidation 

pathway were predicted in correspondence with those proposed for in vivo studies 

using rats and monkeys.  In metabolization using liver microsomes, the TZD 

ring-opened mercapto amide (M22) and TZD ring-opened mercapto carboxylic acid 

(M23) were identified as the primary metabolite of TZD ring-opening pathway and its 

sequential metabolite, which have not been detected previously from in vivo studies.  

Combination with S-adenosyl-L-methionine was useful to obtain the sequential 

S-methylated metabolites from the oxidative metabolites.  N-Glucuronide and 

sequential TZD ring-opened metabolites were also found in liver microsomes in the 

presence of UDPGA.  The O-demethyl-O-sulfate (M11), which is the major in vivo 

metabolite in rats and monkeys, was detected in all species of hepatocytes.  In 

addition, TZD ring-opened S-cysteine conjugate (M15) was detected in human 

hepatocytes.  From these results, the in vivo metabolic pathways in humans were 

predicted to be the four oxidation and one N-glucuronidation pathways.  The four 
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oxidative metabolites were formed by multiple human CYP enzymes and 

N-glucuronide formed by UGT1A3 and UGT2B7, respectively. 
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Introduction 

 

Rivoglitazone, 

(RS)-5-{4-[(6-methoxy-1-methyl-1H-benzimidazol-2-yl)methoxy]benzyl}-1,3-thiazoli

dine-2,4-dione monohydrochloride (Fig. 1), is a novel thiazolidinedione (TZD) that 

selectively activates the nuclear receptor peroxisome proliferator-activated receptor γ 

(PPARγ) (Kanda et al., 2009).  TZD-containing drugs, pioglitazone and rosiglitazone, 

are a clinically important new class of oral antidiabetic agents for the treatment of type 

2 diabetes mellitus.  TZD-containing drugs increase insulin sensitivity in target 

tissues through interaction with the PPARγ (Sood et al., 2000).  PPARγ regulates the 

expression of genes involved in glucose and lipid metabolism, and TZD-containing 

drugs are thought to exert their antidiabetic effects via the activation of PPARγ 

(Diamant and Heine, 2003; Semple et al., 2006).  

Pharmacokinetics, metabolism, and disposition studies of rivoglitazone after oral 

administration of [14C]rivoglitazone to rats and monkeys have been reported 

(Uchiyama et al., 2011).  Rivoglitazone exhibits low clearance, which is mainly the 

result of metabolism.  Twenty metabolites of rivoglitazone in rats and monkeys were 

identified by liquid chromatography (LC)-tandem mass spectrometry (MS/MS) using 

electrospray ionization (ESI).  Based on the structures of the metabolites, five initial 

metabolic pathways consisting of four oxidation pathways and one N-glucuronidation 

pathway for rivoglitazone have been proposed: 1) O-demethylation to form 

O-demethyl rivoglitazone (M12); 2) TZD ring opening to form TZD ring-opened 

methylmercapto amide (M20) via TZD ring-opened mercapto amide (intermediate I); 

3) N-demethylation to form N-demethyl rivoglitazone (M17); 4) TZD ring 
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hydroxylation to form TZD ring 5-hydroxy rivoglitazone (M18); and 5) 

N-glucuronidation to form N-glucuronide (M13).  

The objective of this study was to elucidate the in vitro metabolic pathways of 

rivoglitazone using rat, monkey, and human liver microsomes and freshly isolated 

hepatocytes and then compare the pathways based on the in vivo data.  Furthermore, 

the qualitative identification of the predominant human cytochrome P450 (CYP) and 

UDP-glucuronosyltransferase (UGT) enzymes for the in vitro metabolism of 

rivoglitazone was conducted using cDNA-expressed enzymes.  Metabolite detection 

and identification was performed using radioactivity detection high-performance liquid 

chromatography (radio-HPLC), LC-mass spectrometry (MS), and LC-MS/MS.  
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Materials and Methods  

 

Materials. 

Radiolabeled [TZD-5-14C]rivoglitazone (specific radioactivity, 35.4 µCi/mg; 

radiochemical purity, >98%) was synthesized by GE Healthcare (Little Chalfont, 

Buckinghamshire, UK).  Rivoglitazone and the synthetic standards of its metabolites, 

TZD ring-opened methyl sulfoxide amide (M6), TZD ring-opened N-glucuronide (M9), 

TZD ring-opened methyl sulfone amide (M10), O-demethyl-O-sulfate (M11), 

O-demethyl rivoglitazone (M12), N-glucuronide (M13), TZD ring-opened S-cysteine 

conjugate (M15), N-demethyl rivoglitazone (M17), TZD ring 5-hydroxy rivoglitazone 

(M18), TZD ring-opened methylmercapto carboxylic acid (M19), TZD ring-opened 

methylmercapto amide (M20), TZD ring-opened mercapto amide (M22), and TZD 

ring-opened mercapto carboxylic acid (M23) were synthesized by Daiichi Sankyo Co., 

Ltd. or Daiichi Sankyo RD Associe Co., Ltd. (Tokyo, Japan).  Collagenase H was 

purchased from Roche Diagnostics GmbH (Indianapolis, IN).  Hanks’ balanced salt 

solution (HBSS) was purchased from Mediatech (Herndon, VA).  EGTA, 

S-adenosyl-L-methionine (SAM), NADP+, glucose 6-phosphate, glucose-6-phosphate 

dehydrogenase, uridine 5'-diphosphate glucronic acid (UDPGA), and alamethicin were 

purchased from Sigma-Aldrich (St. Louis, MO).  HEPES was purchased from 

Dojindo Laboratories (Kumamoto, Japan).  Pooled male rat liver microsomes 

(prepared from 94 Sprague-Dawley rats, 20 mg/ml), pooled male monkey liver 

microsomes (prepared from 8 cynomolgus monkey, 20 mg/ml), and pooled human 

liver microsomes (prepared from 23 donors, 20 mg/ml) were purchased from BD 

Biosciences (Franklin Lakes, NJ).  Microsomes prepared from baculovirus-infected 
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insect cells expressing human CYP1A2, CYP2C8, CYP2C9, CYP2C19, CYP2D6, 

CYP3A4, and CYP3A5 (Supersomes) as well as the insect cell control supersomes 

were purchased from BD (Woburn, MA).  Microsomes prepared from 

baculovirus-infected insect cells expressing human UGT1A1, UGT1A3, UGT1A4, 

UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7, UGT2B15, 

and UGT2B17 (Supersomes) as well as the UGT insect cell control supersomes were 

also purchased from BD Biosciences.  All other reagents and solvents used were 

commercially available and either of analytical or high-performance liquid 

chromatography (HPLC) grade. 

 

Preparation of freshly isolated human hepatocytes. 

Human liver tissues from three donors were obtained from patients undergoing 

partial hepatectomy for metastatic liver tumors of colorectal cancer.  Experimental 

procedures were performed according to the guidelines of the charitable 

state-controlled foundation Human Tissue and Cell Research (Regensburg, Germany) 

with informed patient’s consent and approved by the local ethics committee of the 

University of Regensburg, Germany (Thasler et al., 2003).  The liver samples were 

made anonymous.  The human hepatocytes used were isolated and provided by 

Hepacult GmbH (Regensburg, Germany) after being commissioned by Human Tissue 

and Cell Research and Daiichi Sankyo Europe GmbH (Martinsried, Germany).  Cells 

were isolated using a modified two-step EGTA-collagenase perfusion procedure 

(Weiss et al., 2003).  The human hepatocytes were washed twice with HBSS and 

suspended in HBSS at a viable cell density of 2 × 106 cells/ml.  As determined by the 

trypan blue dye exclusion method, the cellular viabilities of the human hepatocytes 
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were 66, 73, and 81%.  

 

Preparation of freshly isolated rat and monkey hepatocytes. 

All experimental procedures were performed in accordance with the in-house 

guidance of the Institutional Animal Care and Use Committee of Daiichi Sankyo Co., 

Ltd. (Tokyo, Japan).  Freshly isolated rat and monkey hepatocytes were obtained by 

the standard method (Moldéus et al., 1978).  The rat hepatocytes were prepared from 

a male Sprague-Dawley rat (Crl:CD; 7 weeks old; body weight, 170 g).  The rat 

hepatocytes were washed twice with HBSS and suspended in HBSS at a viable cell 

density of 2 × 106 cells/ml.  The cellular viability of the rat hepatocytes was 88%, as 

determined by the trypan blue dye exclusion method.  The monkey hepatocytes were 

prepared from two male cynomolgus monkeys (Macaca fasicularis; 5 years old as the 

estimated age).  The monkey hepatocytes were washed twice with HBSS and 

suspended in HBSS at a viable cell density of 2 × 106 cells/ml.  As determined by the 

trypan blue dye exclusion method, the cellular viabilities of the monkey hepatocytes 

were 91 and 94%. 

 

Incubation of [14C]rivoglitazone with rat, monkey, and human liver microsomes in 

the presence of NADPH-generating system and SAM. 

Incubation of [14C]rivoglitazone with pooled rat, monkey, or human liver 

microsomes was performed as follows.  The incubation mixture contained 10 mM 

potassium phosphate buffer (pH 7.4), NADPH-generating system (2 mM NADP+, 20 

mM glucose 6-phosphate, 2 units/ml glucose-6-phosphate dehydrogenase, 10 mM 

MgCl2), 1 mg/ml microsomal protein from rat, monkey or human liver, and 
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[14C]rivoglitazone (20 µM) at a final volume of 1 ml in the presence or absence of 2 

mM SAM.  The reaction mixture was incubated for 2 h at 37°C in a shaking water 

bath.  Control incubation without NADPH-generating system and SAM alone was 

carried out under otherwise similar conditions.  The each reaction was terminated by 

the addition of acetonitrile (2 ml).  After centrifugation at 21,600 g for 5 min at 4°C 

(himac CF15D, Hitachi Koki Co., Ltd., Tokyo, Japan), each supernatant was carefully 

collected and evaporated under a nitrogen stream to an approximate final volume of 

0.5 ml.  Each concentrated sample was used for analysis of the metabolites by 

radio-HPLC, LC-MS, and LC-MS/MS. 

 

Incubation of [14C]rivoglitazone with rat, monkey, and human liver microsomes in 

the presence of UDPGA and SAM. 

Incubation of [14C]rivoglitazone with pooled rat, monkey, or human liver 

microsomes was performed as follows.  The incubation mixture contained 100 mM 

Tris-HCl buffer (pH 7.5), 10 mM MgCl2, 1 mg/ml microsomal protein from rat, 

monkey or human liver, 5 mM UDPGA, and [14C]rivoglitazone (20 µM) at a final 

volume of 0.5 ml in the presence or absence of 2 mM SAM.  Before starting 

incubation, the microsomes were treated with alamethicin (50 µg/mg protein) on ice 

for 15 min.  The reaction was started by the addition of UDPGA.  The reaction 

mixture was incubated for 4 h at 37°C in a shaking water bath.  Control incubation 

without UDPGA and SAM alone was carried out under otherwise similar conditions.  

The reaction was terminated by the addition of acetonitrile (1 ml).  After 

centrifugation at 21,600 g for 5 min at 4°C, the supernatant was carefully collected and 

evaporated under a nitrogen stream to an approximate final volume of 0.3 ml.  Each 
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concentrated sample was used for analysis of the metabolites by radio-HPLC, LC-MS, 

and LC-MS/MS. 

 

Incubation of [14C]rivoglitazone with freshly isolated hepatocytes. 

[14C]Rivoglitazone (30 µM) was incubated with viable rat, monkey, or human 

hepatocytes suspended with HBSS (2 × 106 cells/ml) for 3 h at 37°C under 95 % O2 

and 5% CO2 in an incubator (incubation volume, 2.5 ml each; incubation numbers for 

rat, n = 1; monkeys, n = 2; humans, n = 3, as collected in the above section).  For 

human hepatocytes, the initial viabilities were 66 to 81%, and the remaining CYP3A4 

activities (testosterone 6β-hydroxylation) after incubation for 3 h were 60 to 100% of 

the initial activity.  For rat and monkey hepatocytes, the initial viabilities were 88% 

and 91 to 94%, respectively.  The reactions were terminated by the addition of 

acetonitrile (5 ml).  The cells were homogenized by sonication and samples of the 

incubated hepatocytes were stored at approximately –80°C until use.  For each 

species (rat, monkeys, or humans), the samples were pooled and centrifuged at 21,600 

g for 5 min at 4°C, and each supernatant was carefully collected.  Each supernatant 

was evaporated under a nitrogen stream to an approximate final volume of 1.5 ml.  

Each concentrated sample was used for analysis of the metabolites by radio-HPLC, 

LC-MS, and LC-MS/MS. 

 

Incubation of [14C]rivoglitazone with cDNA-expressed human CYP enzymes in the 

presence of NADPH-generating system.  

The incubation mixture contained 50 mM potassium phosphate buffer (pH 7.4) or 

100 mM Tris-HCl buffer (pH 7.5), NADPH-generating system (2 mM NADP+, 20 mM 
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glucose 6-phosphate, 2 units/ml glucose-6-phosphate dehydrogenase, 10 mM MgCl2), 

1 mg/ml microsomal protein from CYP1A2, CYP2C8, CYP2C9, CYP2C19, CYP2D6, 

CYP3A4, or CYP3A5, and [14C]rivoglitazone (20 µM) at a final volume of 0.5 ml.  

The reaction mixture was incubated for 2 h at 37°C in a shaking water bath.  Control 

incubation with NADPH-generating system and insect cell control supersomes was 

carried out under otherwise similar conditions.  The reaction was terminated by the 

addition of acetonitrile (1 ml).  After centrifugation at 21,600 g for 5 min at 4°C, the 

supernatant was carefully collected and concentrated under a nitrogen stream to an 

approximate final volume of 0.3 ml.  Each concentrated sample was used for analysis 

of the metabolites by radio-HPLC, LC-MS, and LC-MS/MS. 

 

Incubation of [14C]rivoglitazone with cDNA-expressed human UGT enzymes in the 

presence of UDPGA. 

The incubation mixture contained 100 mM Tris-HCl buffer (pH 7.5), 10 mM 

MgCl2, 5 mM UDPGA, 1 mg/ml microsomal protein from UGT1A1, UGT1A3, 

UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7, 

UGT2B15, or UGT2B17, and [14C]rivoglitazone (20 µM) at a final volume of 0.5 ml.  

Before starting incubation, the microsomes were treated with alamethicin (50 µg/mg 

protein) on ice for 15 min.  The reaction was started by the addition of UDPGA.  

The reaction mixture was incubated for 4 h at 37°C in a shaking water bath.  Control 

incubation with UDPGA and UGT insect cell control supersomes was carried out 

under otherwise similar conditions.  The reaction was terminated by the addition of 

acetonitrile (1 ml).  After centrifugation at 21,600 g for 5 min at 4°C, the supernatant 

was carefully collected and concentrated under a nitrogen stream to an approximate 
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final volume of 0.3 ml.  Each concentrated sample was used for analysis of the 

metabolites by radio-HPLC, LC-MS, and LC-MS/MS. 

 

Radio-HPLC.  

Samples from all incubations were analyzed by radio-HPLC.  The radio-HPLC 

was conducted using an L-6000 HPLC system (Hitachi, Ltd., Tokyo, Japan) combined 

with a Radiomatic 525TR radioactivity detector (PerkinElmer Life and Analytical 

Sciences, Waltham, MA).  Chromatographic separation was performed on a 

YMC-Pack ODS-A column (6.0 × 150 mm, 5 μm; YMC Co., Ltd., Kyoto, Japan) at 

ambient temperature.  The mobile phase, consisting of water containing 0.01% 

trifluoroacetic acid (TFA) (solvent A) and acetonitrile containing 0.01% TFA (solvent 

B), was delivered at a flow rate of 1 ml/min.  The gradient started at 12% solvent B, 

increased linearly to 60% solvent B for 30 min, increased linearly to 90% solvent B for 

5 min, and then was held at 90% solvent B for 5 min.  The column effluent was 

monitored using an L-4000 UV detector (UV at 220 nm; Hitachi, Ltd.) and a 

radioactivity detector with a 3 ml/min flow rate for the Ultima-Flo M liquid scintillator 

(PerkinElmer Life and Analytical Sciences). 

 

LC-MS and LC-MS/MS.  

The conditions described below were used for the LC-MS and LC-MS/MS of the 

rivoglitazone metabolites.  These analyses were performed using a quadrupole 

time-of-flight mass spectrometer (Waters, Manchester, UK) with an L-7000 HPLC 

system (Hitachi, Ltd.) consisting of an intelligent pump (model L-7100), a column 

oven (model L-7300), a chromatointegrator (model D-7500), and a UV detector (model 
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L-7400S).  The LC-MS was conducted using ESI in the positive ion mode.  The 

capillary voltage and cone voltage were set at 3300 and 45 V, respectively.  The 

source temperature and desolvation gas temperature were 120 and 300°C, respectively.  

The mass range from m/z 50 to 1000 was acquired with an integration time of 1 s.  

The LC-MS/MS was performed using a collision energy of 20 eV and xenon as the 

collision gas.  Chromatographic separation was performed on a YMC-Pack ODS-A 

column (1.5 × 150 mm, 5 μm; YMC Co., Ltd.).  The column temperature was 

maintained at 30°C, and UV detection was at 220 nm.  The mobile phase consisted of 

water containing 0.01% TFA (solvent A) and acetonitrile containing 0.01% TFA 

(solvent B).  The gradient started at 12% solvent B, increased linearly to 60% solvent 

B for 30 min, increased linearly to 90% solvent B for 5 min, and then was held at 90% 

solvent B for 5 min.  The flow rate was set at 0.1 ml/min, and the elution flow from 

the HPLC system was introduced into the quadrupole time-of-flight mass spectrometer 

ionization source through an ESI interface. 
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Results 

 

Metabolism of rivoglitazone in rat, monkey, and human liver microsomes in the 

presence of NADPH-generating system and SAM. 

After incubation of [14C]rivoglitazone with liver microsomes in the presence of 

NADPH-generating system alone yielded qualitatively similar metabolic profiles in rat, 

monkey, and human liver microsomes (Fig. 2, a–c; Table 1).  Three oxidative 

metabolites formed in these incubations, O-demethyl rivoglitazone (M12), N-demethyl 

rivoglitazone (M17), and TZD ring 5-hydroxy rivoglitazone (M18), and were 

identified by comparison of their HPLC retention times and LC-MS/MS spectra with 

those of synthetic standards (Table 2), including those that have been identified 

previously by in vivo studies in rats and monkeys (Uchiyama et al., 2011).  Moreover, 

three novel metabolites, that have not been identified before, TZD ring-opened 

hydroxy amide (M21), TZD ring-opened mercapto amide (M22), and TZD 

ring-opened mercapto carboxylic acid (M23), were also elucidated by LC-MS/MS 

(Table 2).  Formation of these metabolites was NADPH-dependent.  In the presence 

of both the NADPH-generating system and SAM, four additional S-methylated 

metabolites, TZD ring-opened methylmercapto amide (M20), TZD ring-opened methyl 

sulfoxide amide (M6), TZD ring-opened methyl sulfone amide (M10), and TZD 

ring-opened methylmercapto carboxylic acid (M19), were also identified (Fig. 2, d–f; 

Table 2).   

 

Metabolism of rivoglitazone in rat, monkey, and human liver microsomes in the 

presence of UDPGA and SAM. 
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After incubation of [14C]rivoglitazone with liver microsomes in the presence of 

UDPGA, qualitatively similar metabolic profiles were observed in rat, monkey, and 

human liver microsomes (Fig. 3, a–c; Table 1).  Three metabolites formed in these 

incubations, N-glucuronide (M13), TZD ring-opened N-glucuronide (M9), and TZD 

ring-opened mercapto carboxylic acid (M23), and were identified by comparison of 

their HPLC retention times and LC-MS/MS spectra with those of synthetic standards 

(Table 2).  Moreover, in the presence of both UDPGA and SAM, an additional 

S-methylated metabolite of M23, TZD ring-opened methylmercapto carboxylic acid 

(M19), was detected (Fig. 3, d–f; Table 2).   

 

Metabolism of [14C]rivoglitazone in freshly isolated rat, monkey, and human 

hepatocytes. 

Representative radiochromatograms after incubation of [14C]rivoglitazone with 

freshly isolated rat, monkey, and human hepatocytes are shown in Fig. 4.  Ten 

metabolites, M6, M9, M10, M12, M13, M17, M18, and M20, including two phase II 

conjugated metabolites O-demethyl-O-sulfate (M11) and TZD ring-opened S-cysteine 

conjugate (M15), were detected in human hepatocytes (Tables 1 and 2).  M11 and 

M15 were not detected in liver microsomal incubations.  In rat hepatocytes, nine 

metabolites, M6, M9, M10, M11, M12, M13, M17, M18, and M20, were also detected, 

but M15 was not detected (Table 1).  In monkey hepatocyes, six metabolites, M9, 

M11, M12, M13, M18, and M20, were also detected, but M6, M10, M15, and M17 

were not detected (Table 1).  Thus, M15 was a unique human metabolite in 

hepatocytes. 
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Metabolism of [14C]rivoglitazone with cDNA-expressed human CYP enzymes in the 

presence of NADPH-generating system.  

After incubation of [14C]rivoglitazone with cDNA-expressed human CYP1A2, 

CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3A5 in the presence of 

NADPH-generating system, four metabolites, M12, M17, M18, and M22, were formed 

by these CYP enzymes (Table 1).  In addition, sequential metabolites M21 and M23 

were also detected (Table 1). 

 

Incubation of [14C]rivoglitazone with cDNA-expressed human UGT enzymes in the 

presence of UDPGA. 

After incubation of [14C]rivoglitazone with cDNA-expressed human UGT1A1, 

UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4, 

UGT2B7, UGT2B15, and UGT2B17 in the presence of UDPGA, two N-glucuronide 

metabolites, M13 and M9, were formed by UGT1A3 and UGT2B7 (Table 1).  In 

addition, sequential metabolite M23 was observed at a trace level (Table 1).  However, 

in UGT1A1, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, 

UGT2B4, UGT2B15, and UGT2B17, M13, M9, and M23 were not detected (data not 

shown). 

 

Identification of rivoglitazone metabolites by LC-MS/MS 

The structures of the 14 metabolites were identified by LC-MS/MS (Table 2).  

The 11 metabolites M6, M9 to M13, M15, and M17 to M20 were further identified by 

comparing their mass spectra and retention times on HPLC with those of synthetic 

standards (Uchiyama et al., 2011).  Similarly, the novel metabolites M23 and M22 
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were also identified by comparing with those of synthetic standards (Supplemental 

Figs. S1 and S2). 

 

Structure analysis of M21. 

The positive ion LC-MS spectrum of M21 showed a protonated molecule [M + 

H]+ at m/z 356.  The LC-MS/MS spectrum of M21, which was obtained by 

collision-induced dissociation of the ion [M + H]+ at m/z 356, and the proposed 

fragmentation scheme are shown in Fig. 5.  Product ions at m/z 161, 176, 282, and 

311 were obtained.  The most intense product ion at m/z 176 formed via the loss of 

180 Da from the ion [M + H]+ at m/z 356.  The product ions at m/z 161 and 176 

indicated that the 6-methoxy-1-methyl-benzimidazole moiety was not metabolized.  

The product ion at m/z 311 was formed via the elimination of the carbamoyl group 

from the ion [M + H]+ at m/z 356.  The product ion at m/z 282 was formed via the 

elimination of the hydroxyl and carbamoyl groups from the ion [M + H]+ at m/z 356.  

Based on these results, M21 was proposed to be a TZD ring-opened hydroxy amide 

(Table 2).   

 

Structure analysis of M22. 

The positive ion LC-MS spectrum of M22 showed a protonated molecule [M + 

H]+ at m/z 372.  The LC-MS/MS spectrum of the precursor ion [M + H]+ at m/z 372 

and the proposed fragmentation scheme of M22 are shown in Fig. 6.  Product ions at 

m/z 161, 176, 268, 282, 294, and 327 were obtained.  The most intense product ion at 

m/z 176 formed via the loss of 196 Da from the ion [M + H]+ at m/z 372 indicated that 

the 6-methoxy-1-methyl-benzimidazole moiety was not modified.  The product ion at 
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m/z 327 was formed via the elimination of the carbamoyl group from the ion [M + H]+ 

at m/z 372.  The product ion at m/z 294 was formed via the elimination of the 

mercapto and carbamoyl groups from the ion [M + H]+ at m/z 372.  Furthermore, the 

LC-MS/MS spectrum and HPLC retention time of M22 were identical to those of the 

synthetic standard.  Based on these results, M22 was identified as a TZD ring-opened 

mercapto amide (Table 2).   

 

Structure analysis of M23. 

The positive ion LC-MS spectrum of M23 showed a protonated molecule [M + 

H]+ at m/z 373, which was 1 Da higher than that of M22.  The LC-MS/MS spectrum 

of the precursor ion [M + H]+ at m/z 373 and the proposed fragmentation scheme of 

M23 are shown in Fig. 7.  Similar to M22, product ions at m/z 161, 176, 268, 282, 

295, and 327 were obtained.  The most intense product ion at m/z 176 formed via the 

loss of 197 Da from the ion [M + H]+ at m/z 373 indicated that the 

6-methoxy-1-methyl-benzimidazole moiety was not metabolized.  The product ion at 

m/z 327 was formed via the elimination of the carboxylic acid group from the ion [M + 

H]+ at m/z 373.  The product ion at m/z 295 was formed via the elimination of the 

mercapto and carboxylic acid groups from the ion [M + H]+ at m/z 373.  Furthermore, 

the LC-MS/MS spectrum and HPLC retention time of M23 were identical to those of 

the synthetic standard.  Based on these results, M23 was identified as a TZD 

ring-opened mercapto carboxylic acid (Table 2).   

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 21, 2011 as DOI: 10.1124/dmd.111.038729

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #38729 

21 

Discussion 

 

The present evaluation of the in vitrol metabolism of rivoglitazone in rat, monkey, 

and human liver microsomes and hepatocytes led to the identification of 14 metabolites 

by LC-MS/MS.  Rats and monkeys used for toxicity and pharmacology testing of 

rivoglitazone were used for these metabolism studies.  The objective of this study was 

to elucidate the in vitro metabolic pathways of rivoglitazone (Fig. 8) and compare the 

pathways with in vivo data (Uchiyama et al., 2011). 

After incubation of [14C]rivoglitazone with liver microsomes in the presence of 

NADPH-generating system, 6 metabolites were detected in all species.  Four oxidative 

metabolites were detected: O-demethyl rivoglitazone (M12), N-demethyl rivoglitazone 

(M17), TZD ring 5-hydroxy rivoglitazone (M18), and TZD ring-opened mercapto 

amide (M22).  These metabolites correspond to the proposed primary oxidative 

metabolic pathways of rivoglitazone in vivo study: O-demethylation, N-demethylation, 

TZD ring hydroxylation, and TZD ring opening, respectively.  In particular, M22 was 

not detected in in vivo study in rats and monkeys, but was speculated as intermediate I 

based on the structure of TZD ring-opened methylmercapto amide (M20).  In addition, 

TZD ring-opened mercapto carboxylic acid (M23) was also identified, which was 

estimated as intermediate II to be metabolized from M22 in in vivo study.  In this study, 

we could confirm the chemical structure of M22 as the primary metabolite for TZD 

ring-opening pathway and M23 as its sequential metabolite.  Furthermore, after 

incubation with liver microsomes in the presence of both NADPH-generating system 

and SAM, M22 was metabolized to TZD ring-opened methyl sulfone amide (M10) via 

M20 and its sequential oxidative metabolite, TZD ring-opened methyl sulfoxide amide 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 21, 2011 as DOI: 10.1124/dmd.111.038729

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #38729 

22 

(M6) by S-methylation and further oxidation.  M22 was also metabolized via M23 to 

TZD ring-opened methylmercapto carboxylic acid (M19).  These metabolites after 

incubation with liver microsomes in the presence of NADPH-generating system and 

SAM were observed in in vivo study.  Thus, the combination system of 

NADPH-generating system and SAM was useful to obtain metabolites related to 

oxidation and sequential S-methylation and accurately reflected the metabolite profiles 

of rivoglitazone in vivo.   

After incubation with liver microsomes in the presence of UDPGA, N-glucuronide 

(M13), TZD ring-opened N-glucuronide (M9), and M23 were formed.  M9 was 

thought to be formed by nonenzymatic hydrolysis from M13 (Uchiyama et al., 2011).  

The chemical mechanism of the ring opening of TZD ring of rivoglitazone is unknown.  

However, after N-glucuronidation of the TZD ring, the formation of hydrogen bonding 

between the hydroxyl group at 2-position of the glucuronic acid moiety and the 

carbonyl group at 4-position of the TZD ring would be proposed.  As a result, the 

increase of the electrophilicity of the TZD ring may be easily attacked by a nucleophile 

and sequentially hydrolyzed.  In addition, if the chemical reactivity of M13 is very 

high, there may be the possibility of detecting glutathione conjugates, but no glutathione 

conjugates were observed in this study.  

Interestingly, M23 was formed via two different pathways: oxidative TZD 

ring-opening pathway (hydrolysis of carbamoyl group of M22) and N-glucuronidation 

pathway (cleavage of S-carbamoyl moiety of M9).  However, we have found that the 

formation of M23 from N-glucuronidation pathway is more common than that from 

oxidative TZD ring-opening pathway based on the in vitro study using synthetic 

standards of M9 and M22 (Uchiyama et al., 2011). 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 21, 2011 as DOI: 10.1124/dmd.111.038729

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #38729 

23 

From in vitro and in vivo study of rivoglitazone in rats and monkeys, we have 

reported two types of TZD ring-opening pathways: oxidative pathway and intermediate 

N-glucuronidation pathway.  For an oxidative pathway, the cleavage of S-C bond 

between 1-position and 2-position of the TZD ring formed M22 via sulfoxide 

intermediate.  This oxidative TZD ring-opening pathway of troglitazone has been 

considered to be related to hepatotoxicity (Kassahun et al., 2001; Smith, 2003).  

However, pioglitazone and rosiglitazone, which have been observed as similar to 

oxidative TZD ring-opening pathways (Baughman et al., 2005; Uchiyama et al., 

2010a; Uchiyama et al., 2010b), have not caused serious hepatotoxicity.  One of the 

reasons for the difference may be due to that of daily doses: troglitazone, 400–600 mg; 

piogiltazone, 15–45 mg; and rosiglitazone, 4–8 mg (Nakayama et al., 2009; Usui et al., 

2009).  The efficacy of rivoglitazone have been observed at less than 5 mg/day in the 

clinical study (Rohatagi et al., 2008).  For intermediate N-glucuronidation pathway, 

the cleavage of N-C bond between 3-position and 4-position of TZD ring by hydrolysis 

formed M23 via M9.  The similar dual TZD ring-opening pathways have been 

observed for pioglitazone (Uchiyama et al., 2010a) and rosiglitazone (Uchiyama et al., 

2010b).  However, the contribution of N-glucuronidation, which was present in both 

drugs and observed in the in vitro study using hepatocytes, did not occur in the in vivo 

study.  While, the contribution of the in vivo N-glucuronidation pathway of 

rivoglitazone was predicted to be 3.3 to 4.7% for rats and 13% for monkeys (Uchiyama 

et al., 2011).  Thus, the contribution of intermediate N-glucuronidation to TZD ring 

opening of rivoglitazone was estimated to be high compared to pioglitazone and 

rosiglitazone. 

After incubation with freshly isolated rat, monkey, and human hepatocytes, 9, 6, 
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and 10 metabolites were detected, respectively.  Primary or secondary metabolites 

involving five metabolic pathways have been observed in rat and human hepatocytes, 

but four metabolic pathways were observed in monkeys with the exclusion of the 

N-demethylation pathway.  On the other hand, we have observed the formation of 

M17 in monkey liver microsomes, plasma and bile after oral dosing of 

[14C]rivoglitazone.  The reasons for the difference are not known at this time.   

The primary metabolite for TZD ring-opening pathway, M22, was not observed, 

but the sequential metabolite M20 was observed in all species.  In addition, the 

sequential metabolites from M20, M6 and M10 were formed in rat and human 

hepatocytes.  This suggests that oxidation and sequential S-methylation system have 

contributed to the metabolism of rivoglitazone in hepatocytes.  

O-Demethyl-O-sulfate (M11) is the sequential metabolite of M12, which is 

responsible for the major metabolic pathway in rats and monkeys and was formed in 

all species of hepatocytes.  M11 is thought to be a sulfate of M12.  Similar metabolic 

pathways of oxidative O-demethylation and sequential O-sulfation were observed for 

apixaban.  O-Demethyl apixaban sulfate was detected in in vivo as a major metabolite 

in animals and human and also in vitro major metabolite in hepatocytes (Zhang et al., 

2009). 

In addition, TZD ring-opened S-cysteine conjugate (M15), which has been 

observed in monkey plasma as a minor metabolite (Uchiyama et al., 2011), was 

observed in human hepatocytes.  There are thought to be two formation pathways of 

M15: sequential metabolism from glutathione conjugate via cysteinyl glycine 

conjugate of M23 or non-glutathione mediated cysteine conjugation.  The 

non-glutathione mediated cysteine conjugation pathway was also reported for 
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prasugrel (Smith et al., 2007; Farid et al., 2007) while the pathway via glutathione 

conjugate in hepatocytes was reported for para-aminophenol (Yan et al., 2000) and 

brevetoxin (Radwan and Ramsdell, 2006).  For rivoglitazone, the nonenzymatic 

transformation of M23 to M15 was observed in buffer solution (pH 7.4) during 

incubation with M23 (synthetic standard) and cysteine at 37°C (data not shown).  

Additionally, the S-glutathione conjugate or sequential cysteinyl glycine conjugate of 

M23 was not observed in in vitro or in vivo studies.  Therefore, the formation 

pathway of M15 was speculated as a non-glutathione mediated cysteine conjugation 

pathway.  Thus, the in vitro metabolism study of rivoglitazone using hepatocytes has 

provided us the useful information about in vivo metabolites such as M11 and M15. 

The metabolic pathways proposed from the in vitro study using liver microsomes 

and hepatocytes in rat and monkey accurately reflected those based on in vivo 

metabolic pathways.  Therefore, the in vivo metabolic pathways in human studies are 

also speculated to involve the four oxidation pathways and one N-glucuronidation 

pathway.  The U.S. Food and Drug Administration (Guidance for Industry: 

Metabolites in Safety Testing, 2008, http://www.fda.gov/cder/guidance) and 

International Conference on Harminisation (Guidance on nonclinical safety studies for 

the conduct of human clinical trials and marketing authorization for pharmaceuticals, 

2009, http://www.ich.org/LOB/media/MEDIA5544.pdf.) have recently issued a formal 

guidance on the safety testing of drug metabolites.  To address the above guidances, 

the in vitro study using human tissues (Dalvie et al., 2009) and the comparison 

between in vivo and in vitro study in animals (Yu et al., 2010) will be useful 

information to predict the human metabolite profiles in vivo.  

Qualitative identification using cDNA-expressed CYPs and UGTs suggested that 
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the four oxidative pathways will be contributed by multiple CYP enzymes and 

N-glucuronidation pathway will be contributed by UGT1A3 and UGT2B7, respectively, 

but a detailed quantitative contribution will be necessary for enzyme kinetic study and 

inhibition by a specific antibody and inhibitor for each CYP and UGT. 

In conclusion, five initial metabolic pathways involving four oxidation pathways 

and one N-glucuronidation pathway were observed in all species.  These metabolic 

pathways were consistent with those observed in vivo following administration of 

rivoglitazone in rats and monkeys.  Based on these data, the metabolic pathways of 

rivoglitazone in human were predicted to be similar to those of animals.  In addition, 

rivoglitazone was predicted to be metabolized by mulitple CYP-mediated oxidation 

and two UGT-mediated N-glucuronidation, sequential several conjugation and further 

oxidation.  
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Figure Legends 

 

Fig. 1  Chemical structure of [14C]rivoglitazone.  *, indicates position of 14C label. 

 

Fig. 2  Representative radiochromatograms after incubation of [14C]rivoglitazone (20 

µM) with liver microsomes for 2 h at 37°C.  [14C]rivoglitazone was incubated with rat 

(a), monkey (b), and human (c) liver microsomes in the presence of 

NADPH-generating system.  [14C]rivoglitazone was incubated with rat (d), monkey 

(e), and human (f) liver microsomes in the presence of NADPH-generating system and 

SAM. 

 

Fig. 3  Representative radiochromatograms after incubation of [14C]rivoglitazone (20 

µM) with liver microsomes for 4 h at 37°C.  [14C]rivoglitazone was incubated with rat 

(a), monkey (b), and human (c) liver microsomes in the presence of UDPGA.  

[14C]rivoglitazone was incubated with rat (d), monkey (e), and human (f) in the 

presence of UDPGA and SAM. 

 

Fig. 4  Representative radiochromatograms after incubation of [14C]rivoglitazone (30 

µM) with freshly isolated rat (a), monkey (b), and human (c) hepatocytes for 3 h at 

37°C. 

 

Fig. 5  LC-MS/MS spectrum of the ion [M + H]+ at m/z 356 and the proposed 

fragmentation scheme of M21. 
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Fig. 6  LC-MS/MS spectrum of the ion [M + H]+ at m/z 372 and the proposed 

fragmentation scheme of M22. 

 

Fig. 7  LC-MS/MS spectrum of the ion [M + H]+ at m/z 373 and the proposed 

fragmentation scheme of M23. 

 

Fig. 8  Proposed in vitro metabolic pathways of rivoglitazone in rat, monkey, and 

human. 
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Table 1  Detection of rivoglitazone metabolites in incubations with liver microsomes, 

freshly isolated hepatocytes, and cDNA-expressed human CYP and UGT isoforms. 

 

 

Metabolite Occurrence 

 RLM MLM HLM RH MH HH CYP1A2 CYP2C8 CYP2C9 CYP2C19 CYP2D6 CYP3A4 CYP3A5 UGT1A3 UGT2B7 

M6b +
 

+
 

+
 

+
 

− + − − − − − − − − − 

M9c, d +
 

+
 

+
 

+
 

+
 

+
 

− − − − − − − 

+ + 

M10b +
 

+
 

+
 

+
 

− + − − − − − − − − − 

M11 − − − 

+
 

+
 

+
 

−
 

− − − − − − − − 

M12a, b +
 

+
 

+
 

+
 

+
 

+
 

+ + + + + + + − − 

M13c, d +
 

+
 

+
 

+
 

+
 

+
 

− − − − − − − 

+ + 

M15 − − − − − 

+ − − − − − − − − − 

M17a, b +
 

+
 

+
 

+
 

− + +
 

+
 

+
 

+
 

+
 

+
 

+
 

− − 

M18a, b +
 

+
 

+
 

+
 

+
 

+
 

+
 

+
 

+
 

+
 

+
 

+
 

+
 

− − 

M19b, d +
 

+
 

+
 

− − − − − − − − − − − − 

M20b +
 

+
 

+
 

+
 

+
 

+
 

− − − − − − − − − 

M21a, b +
 

+
 

+
 

− − − 

+ + + + + + + − − 

M22a, b +
 

+
 

+
 

− − − 

+ + + + + + + − − 

M23a, c, d +
 

+
 

+
 

− − − 

+ + + + + + + + + 

 

 

 

RLM, MLM, and HLM represent rat, monkey, and human liver microsomes, 

respectively; RH, MH, and HH represent rat, monkey, and human hepatocytes, 

respectively. 

+, metabolite detected; −, not detected. 

a Metabolites formed in liver microsomes in the presence of NADPH-generating 

system.  

b Metabolites formed in liver microsomes in the presence of NADPH-generating 

system and SAM.  

c Metabolites formed in liver microsomes in the presence of UDPGA.  

d Metabolites formed in liver microsomes in the presence of UDPGA and SAM.  
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Table 2  Identification of in vitro metabolites of rivoglitazone by LC-MS/MS. 

 

 

Metabolite Retention Time [M+H]+ Identity Product Ions 

 min m/z  m/z 

   M6 16.1–16.2  402 TZD ring-opened methyl sulfoxide amide 161, 176 (B), 295, 321 

   M9 17.3–17.8 592 TZD ring-opened N-glucuronide 161, 176 (B), 282, 327, 373, 399, 416, 458 

M10 18.1–18.6 418 TZD ring-opened methyl sulfone amide 161, 176 (B), 295, 321, 338 

M11 18.9–19.1 464 O-Demethyl-O-sulfate 147, 162 (B), 242, 268, 384 

M12 19.2–19.4 384 O-Demethyl rivoglitazone 147, 162 (B), 268, 313 

M13 19.8 574 N-Glucuronide 161, 176 (B), 282, 398 

M15 17.1 492 TZD ring-opened S-cysteine conjugate 161, 176 (B), 295, 340 

M17 20.9–21.3 384 N-Demethyl rivoglitazone 147, 162 (B), 268, 313 

M18 21.5–21.8 414 TZD ring 5-hydroxy rivoglitazone 161, 176 (B), 309, 354 

M19 24.2–24.4 387 TZD ring-opened methylmercapto carboxylic acid 161, 176 (B), 282, 295 

M20 20.4–20.9 386 TZD ring-opened methylmercapto amide 161, 176 (B), 281, 282, 294, 295 

M21 16.3–16.6 356 TZD ring-opened hydroxy amide 161, 176 (B), 282, 311 

M22 20.2 372 TZD ring-opened mercapto amide 161, 176 (B), 268, 282, 294, 327 

M23 23.9 373 TZD ring-opened mercapto carboxylic acid 161, 176 (B), 268, 282, 295, 327 

  
 

B, base peak. 
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