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Abstract 

The metabolism of [14C]pioglitazone was studied in vitro in incubations with 

freshly isolated human, rat, and monkey hepatocytes.  Radioactivity detection 

high-performance liquid chromatography analysis of incubation extracts showed the 

detection of thirteen metabolites (M1–M13) formed in incubations with human 

hepatocytes.  An identical set of metabolites (M1–M13) was also detected in monkey 

hepatocytes.  However, in rat hepatocytes, M1–M3, M5–M7, M9–M11, and M13 

were also detected, but M4, M8, and M12 were not detected.  The structures of the 

metabolites were elucidated by liquid chromatography/tandem mass spectrometry 

using electrospray ionization.  Novel metabolites of pioglitazone detected using these 

methods included thiazolidinedione ring-opened methyl sulfoxide amide (M1), 

thiazolidinedione ring-opened N-glucuronide (M2), thiazolidinedione ring-opened 

methyl sulfone amide (M3), thiazolidinedione ring N-glucuronide (M7), 

thiazolidinedione ring-opened methylmercapto amide (M8), and thiazolidinedione 

ring-opened methylmercapto carboxylic acid (M11).  In summary, based on the 

results from these studies, two novel metabolic pathways for pioglitazone in 

hepatocytes are proposed to be: 1) N-glucuronidation of the thiazolidinedione ring of 

pioglitazone to form M7 followed by hydrolysis to M2, and methylation of the 

mercapto group of the thiazolidinedione ring-opened mercapto carboxylic acid to form 

M11; and 2) methylation of the mercapto group of the thiazolidinedione ring-opened 

mercapto amide to form M8, oxidation of M8 to form M1, and oxidation of M1 to 

form M3. 
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Introduction 

The thiazolidinedione-containing drug, pioglitazone (Fig. 1) is used in the 

treatment of type 2 diabetes mellitus (Chilcott et al., 2001).  Pioglitazone is a member 

of the thiazolidinedione class agents, glitazones, and increases insulin sensitivity in 

target tissues by way of interaction with the peroxisome proliferator-activated receptor 

gamma (PPARγ) (Sood et al., 2000).  Several metabolites of pioglitazone in animals 

and humans have been reported (Krieter et al., 1994; Kiyota et al., 1997; Maeshiba et 

al., 1997; Shen et al., 2003).  Five primary metabolic pathways are involved and the 

most important cytochrome P-450 isoenzymes appear to be CYP2C8/9 and CYP3A4 

(Eckland and Danhof, 2000; Baba, 2001; Jaakkola et al., 2006; Muschler et al., 2009).   

Another thiazolidinedione-containing drug, troglitazone, was withdrawn from the 

market because of rare but serious cases of idiosyncratic hepatotoxicity (Gale, 2001; 

Graham et al., 2003).  The generation of many reactive metabolites has been proposed 

in the in vitro metabolic experiments with troglitazone to investigate the relationship to 

the hepatotoxicity (Kassahun et al., 2001; Tettey et al., 2001; Yamamoto et al., 2002; 

Smith, 2003; He et al., 2004; Alvarez-Sanchez et al., 2006).  By liquid 

chromatography/tandem mass spectrometry (LC/MS/MS) analysis, Kassahun et al. 

found that a sulfoxide, an α-ketoisocyanate, and a sulfenic acid of troglitazone were 

generated as reactive intermediates that easily react with glutathione in human liver 

microsomes or a human recombinant CYP3A4 system.  Based on the discovery of the 

reactive metabolites and the presumed metabolic pathway, Kassahun et al. also 

reported the possible contribution of the reactive metabolites to the hepatotoxicity of 

troglitazone.   
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For pioglitazone, the reactive intermediates of pioglitazone and their presumed 

metabolic pathway, which is similar to that of troglitazone, were also reported 

(Baughman et al., 2005).  They have identified the oxidative thiazolidinedione 

ring-opened products of pioglitazone (M-X) in rat and human liver microsomes.  In 

addition, they have identified its ring-opened glutathione conjugates of pioglitazone 

(M-A and M-B) in rat and human liver microsomes and suspensions of freshly isolated 

rat hepatocytes.   

In this study, we performed a detailed characterization of the metabolites of 

pioglitazone by employing hepatocyte incubation, radioactivity detection 

high-performance liquid chromatography (radio-HPLC), and LC/MS/MS techniques in 

order to understand further the potential metabolic pathways of the drug. 
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Materials and Methods  

Materials. 

Radiolabeled [thiazolidinedione-5-14C]pioglitazone (specific radioactivity: 20 

mCi/mmol, radiochemical purity: >98%) was synthesized by Blychem Ltd. 

(Billingham, UK).  Collagenase H was purchased from Roche Diagnostics GmbH 

(Indianapolis, IN).  Hank’s balanced salt solution (HBSS) was purchased from 

Mediatech, Inc. (Manassas, VA).  

Ethyleneglycol-bis-aminoethylether-N,N,N',N'-tetraacetic acid (EGTA), 

S-adenosyl-L-methionine (SAM), dimethyl sulfoxide (DMSO), and 

acetobromo-α-D-glucuronic acid methyl ester were purchased from Sigma-Aldrich (St. 

Louis, MO).  N-2-hydroxy ethylpiperadine-N'-2-ethanosulfonic acid (HEPES) was 

purchased from Dojindo Laboratories (Kumamoto, Japan).  Pooled human liver S9 

from 15 donors was purchased from BD (Woburn, MA).  All other chemicals and 

solvents were of analytical or high-performance liquid chromatography (HPLC) grade. 

 

Synthesis of authentic standards of thiazolidinedione ring N-glucuronide M7 and 

thiazolidinedione ring-opened N-glucuronide M2. 

The authentic standards of M7 and M2 were synthesized as outlined in Fig. 2, 

using the procedure described below. 

Mass spectra were recorded using a JEOL JMS-700V, JEOL JMS-700QQ, or 

JEOL JMS-BU30 mass spectrometer (JEOL Ltd., Tokyo, Japan).  Proton nuclear 

magnetic resonance (1H NMR) spectra were recorded using a JEOL JNM-AL400 

(JEOL Ltd.), VARIAN Mercury 400, or VARIAN Mercury 400Vx spectrometer 
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(Varian, Inc., Palo Alto, CA) and were reported in parts per million (δ) downfield from 

the internal standard tetramethylsilane (Me4Si).  All NMR spectra were consistent 

with the assigned structures.  Column chromatography was performed by using 

Kishida reagent, silica gel SK-34 (Kishida Chemical Co., Ltd., Osaka, Japan) with 

solvents as described below.  Thin-layer chromatography (TLC) analyses were 

performed with Merck reagent silica gel 60 F254 (0.25 mm thickness).  Spots were 

visualized by either ultraviolet (UV) light or iodine.  

 

3-((2R,3R,4S,5S,6S)-3,4,5-triacetoxy-6-methoxycarbonyl-tetrahydropyran-2-yl)-5-{4-

[2-(5-ethyl-2-pyridinyl)ethoxy]benzyl}-thiazolidine-2,4-dione (2).  

Acetobromo-α-D-glucuronic acid methyl ester (6.07 g, 15.3 mmol) was dissolved in 

acetonitrile (60 ml) and added to a solution containing pioglitazone hydrochloride (1; 

3.00 g, 7.64 mmol), cesium carbonate (4.98 g, 15.3 mmol), and acetonitrile (90 ml) at 

70°C (Baba and Yoshioka, 2007).  The combined mixture was stirred for 3 h at 70°C.  

The reaction mixture was filtered with a silica gel short column (60 g, 70 × 300 mm; 

using a 1:1 by volume mixture of ethyl acetate and acetonitrile) and the filtrate was 

concentrated by evaporation under reduced pressure.  The residue was purified by 

column chromatography with silica gel (300 g, 70 × 300 mm) using a gradient elution 

method, where a mixture of hexane and ethyl acetate (volume ratios ranging from 1:1 

to 1:4, respectively) was used by increasing the percentage of ethyl acetate gradually, 

to give 4.27 g (6.35 mmol) of 2: yield 83%; mass spectrometry (MS) m/z 673 [M + 

H]+; 1H NMR (400 MHz, CDCl3) δ 1.24 (3H, t, J = 7.5 Hz, PyCH2CH3), 1.9–2.1 (9H, 

m, OCOCH3), 2.63 (2H, q, J = 7.5 Hz, PyCH2CH3), 2.93 (1H, t, J = 12.7 Hz, 

ArCH2CH), 3.22 (2H, dt, J = 3.2 and 9.5 Hz, PyCH2CH2O), 3.4–3.6 (1H, m, 
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ArCH2CH), 3.75 (3H, d, J = 3.5 Hz, CO2CH3), 4.12 (1H, t, J = 7.2 Hz, C5-H), 4.3–4.4 

(3H, m, PyCH2CH2O, C1-H), 5.3–5.4 (3H, m, C2-H, C3-H, C4-H), 5.9–6.0 (1H, m, 

ArCH2CH), 6.85 (2H, dd, J = 4.9 and 8.6 Hz, Ar-H), 7.10 (2H, dd, J = 1.6 and 8.6 Hz, 

Ar-H), 7.18 (1H, d, J = 7.8 Hz, Py-H), 7.45 (1H, dd, J = 1.9 and 7.8 Hz, Py-H), 8.39 

(1H, d, J = 1.9 Hz, Py-H). 

 

3-((2R,3R,4S,5S,6S)-6-allyloxycarbonyl-3,4,5-trihydroxy-tetrahydropyran-2-yl)-5-{4-

[2-(5-ethyl-2-pyridinyl)ethoxy]benzyl}-thiazolidine-2,4-dione (3).  A solution of 2 

(4.26 g, 6.33 mmol), allyl alcohol (80 ml), and 4 N hydrogen chloride–dioxane (80 ml) 

was stirred for 4 h at room temperature and left standing for 3 days at room 

temperature.  The reaction mixture was evaporated to dryness under reduced pressure.  

The residue was diluted with a 5:1 by volume mixture of methylene chloride and 

2-propanol (150 ml), added to water (150 ml), and treated with 1 N NaOH solution 

until the aqueous layer was neutralized to pH 4.  The organic layer was separated and 

the water layer was extracted with a 5:1 by volume mixture of methylene chloride and 

2-propanol.  The combined organic layers were washed with brine and dried over 

anhydrous sodium sulfate, after which the solvent was removed by evaporation under 

reduced pressure.  The residue was purified by column chromatography with silica 

gel (200 g, 70 × 300 mm) using a gradient elution method, where a mixture of 

methylene chloride and methanol (volume ratios ranging from 30:1 to 10:1, 

respectively) was used by increasing the percentage of methanol gradually, to give 3.10 

g (5.41 mmol) of 3: yield 85%; MS m/z 573 [M + H]+; 1H NMR (400 MHz, CDCl3) δ 

1.24 (3H, dt, J = 3.8 and 10.7 Hz, PyCH2CH3), 2.62 (2H, q, J = 7.6 Hz, PyCH2CH3), 

3.12 (1H, br s, ArCH2CH), 3.1–3.3 (2H, m, PyCH2CH2O), 3.33 (1H, br s, ArCH2CH), 
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3.4–4.0 (4H, m, C2-H, C3-H, C4-H, C5-H), 4.3–4.4 (2H, m, PyCH2CH2O), 4.4–4.5 (1H, 

m, C1-H), 4.6–4.8 (2H, m, OCH2CH=CH2), 5.0–5.2 (1H, m, ArCH2CH), 5.2–5.3 (1H, 

m, OCH2CH=CH2), 5.3–5.4 (1H, m, OCH2CH=CH2), 5.8–6.0 (1H, m, OCH2CH=CH2), 

6.83 (2H, dd, J = 8.6 and 16.0 Hz, Ar-H), 7.11 (2H, dd, J = 8.6 and 21.9 Hz, Ar-H), 

7.20 (1H, d, J = 7.8 Hz, Py-H), 7.48 (1H, dd, J = 1.8 and 7.8 Hz, Py-H), 8.3–8.4 (1H, 

m, Py-H).   

 

3-((2R,3R,4S,5S,6S)-6-carboxy-3,4,5-trihydroxy-tetrahydropyran-2-yl)-5-{4-[2-(5-et-

hyl-2-pyridinyl)ethoxy]benzyl}-thiazolidine-2,4-dione (M7).  A mixture of 3 (1.00 g, 

1.75 mmol), morpholine (0.20 ml, 2.29 mmol), tetrakis(triphenylphosphine)palladium 

(0.40 g, 0.35 mmol), and methylene chloride (30 ml) was stirred for 4 h at room 

temperature.  The reaction mixture was evaporated under reduced pressure.  The 

residue was purified by column chromatography with silica gel (50 g, 70 × 300 mm) 

using a gradient elution method, where a mixture of ethyl acetate, methanol, and water 

(volume ratios ranging from 30:2:1 to 5:2:1, respectively) were used by increasing the 

percentage of methanol and water gradually, to give 0.60 g of yellow solid.  This solid 

was purified using an SCL-10A HPLC system (Shimadzu Co. Kyoto, Japan).  

Separation was performed on an Inertosil ODS-3 column (50 × 500 mm, 5 μm; GL 

Sciences, Inc., Tokyo, Japan) and UV detection was carried out at 254 nm.  The 

mobile phase, consisting of water containing 0.1% trifluoroacetic acid (TFA, solvent 

A) and acetonitrile (solvent B), was delivered at a flow rate of 50 ml/min.  The 

gradient started at 10% solvent B and increased linearly to 35% solvent B for 60 min.  

The HPLC purification gave 0.53 g of TFA salt M7: yield 47%; MS m/z 533 [M + H]+; 

MS/MS (product ions) m/z 134, 357; 1H NMR (400 MHz, DMSO-d6) δ 1.23 (3H, t, J = 
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7.5 Hz, PyCH2CH3), 2.73 (2H, q, J = 7.5 Hz, PyCH2CH3), 2.9–3.2 (1H, m, ArCH2CH), 

3.2–3.5 (5H, m, PyCH2CH2O, ArCH2CH, C3-H, C4-H), 3.71 (1H, dd, J = 9.6 and 16.5 

Hz, C2-H), 4.0–4.3 (1H, m, C5-H), 4.34 (2H, t, J = 6.1 Hz, PyCH2CH2O), 4.7–5.1 (2H, 

m, ArCH2CH, C1-H), 5.42 (3H, br s, OH), 6.8–6.9 (2H, m, Ar-H), 7.1–7.2 (2H, m, 

Ar-H), 7.79 (1H, dd, J = 1.7 and 8.2 Hz, Py-H), 8.19 (1H, d, J = 8.2 Hz, Py-H), 8.64 

(1H, d, J = 1.7 Hz, Py-H), 12.9 (1H, br s, CO2H). 

 

(2S,3S,4S,5R,6R)-6-(1-carboxy-2-{4-[2-(5-ethyl-2-pyridinyl)ethoxy]phenyl}-ethylsul-

fanylcarbonylamino)-3,4,5-trihydroxy-tetrahydropyran-2-carboxylic acid (M2).  A 

solution of M7 (1.00 g, 1.88 mmol), sodium acetate (2.00 g, 24.4 mmol), and 3:1 

mixture of water and acetonitrile (20 ml) was stirred for 8 h at room temperature.  

The reaction mixture was left standing for 12 days at room temperature.  The reaction 

mixture was acidified to pH 3 by the addition of TFA.  This mixture was purified 

using an SCL-10A HPLC system.  Separation was performed on an Inertosil ODS-3 

column (50 × 500 mm, 5 μm) and UV detection was carried out at 254 nm.  The 

mobile phase, consisting of water containing 0.1% TFA (solvent A) and acetonitrile 

(solvent B), was delivered at a flow rate of 50 ml/min.  The gradient started at 10% 

solvent B and increased linearly to 30% solvent B for 60 min.  The HPLC purification 

gave 0.48 g of TFA salt M2: yield 38%; MS m/z 551 [M + H]+; MS/MS (product ions) 

m/z 134, 286, 332, 358, 375, 417; 1H NMR (400 MHz, DMSO-d6) δ 1.22 (3H, t, J = 

7.6 Hz, PyCH2CH3), 2.74 (2H, q, J = 7.6 Hz, PyCH2CH3), 2.89 (1H, dd, J = 6.4 and 

13.7 Hz, ArCH2CH), 3.0–3.3 (3H, m, C2-H, C3-H, C4-H), 3.15–3.25 (1H, m, 

ArCH2CH), 3.34 (2H, t, J = 6.2 Hz, PyCH2CH2O), 3.62 (1H, d, J = 9.3 Hz, C5-H), 4.09 

(1H, dd, J = 6.4 and 8.8 Hz, ArCH2CH), 4.34 (2H, t, J = 6.2 Hz, PyCH2CH2O), 4.7–4.8 
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(1H, m, C1-H), 5.17 (3H, br s, OH), 6.84 (2H, d, J = 8.6 Hz, Ar-H), 7.11 (2H, d, J = 

8.6 Hz, Ar-H), 7.80 (1H, d, J = 8.1 Hz, Py-H), 8.20 (1H, d, J = 8.1 Hz, Py-H), 8.65 

(1H, d, J = 1.7 Hz, Py-H), 9.00 (1H, dd, J = 4.5 and 8.8 Hz, NH), 12.7 (2H, br s, 

CO2H).   

 

Preparation of freshly isolated human hepatocytes. 

Human liver tissues from 3 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 (HTCR, 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 HTCR 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 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.  Freshly isolated rat and monkey hepatocytes were obtained by the standard 
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method (Moldeus 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 93%, as determined by 

the trypan blue dye exclusion method.  The monkey hepatocytes were prepared from 

2 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]pioglitazone with freshly isolated human, rat, and monkey 

hepatocytes. 

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

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 

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

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

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

initial activity.  For rat and monkey hepatocytes, the initial viabilities were 93% and 

91–94%, respectively.  The reactions were terminated by the addition of acetonitrile 

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

hepatocytes were stored at approximately –80°C until use.  For each species (humans, 

rat, or monkeys), the samples were pooled and centrifuged at 21,600 g for 5 min at 4°C 

(himac CF15D; Hitachi Koki Co., Ltd., Tokyo, Japan) and each supernatant was 
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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 the 

analysis of the metabolites by radioactivity detection-HPLC (radio-HPLC), LC/MS, 

and LC/MS/MS. 

 

Incubation of M7 with human liver S9.   

Incubation of M7 (authentic standard) with pooled human liver S9 was performed 

as follows.  The incubation mixture contained 10 μM M7 (dissolved in methanol) and 

1 mg/ml protein from human liver S9 in 500 μl of 50 mM potassium phosphate (pH 

7.4) in the presence or absence of 2 mM SAM.  The incubations were carried out for 

2 h at 37°C in a shaking water bath.  Control incubation without human liver S9 and 

with SAM alone was carried out under otherwise similar conditions.  Of the 500 μl 

incubation outtake, 50 μl aliquots were taken and quenched by adding acetonitrile (100 

μl).  After centrifugation at 21,600 g for 5 min at 4°C, the supernatant was collected 

and diluted with 50 μl of water and analyzed by LC/MS and LC/MS/MS. 

 

Radio-HPLC analysis.  

Samples from the hepatocyte incubations were analyzed by radio-HPLC.  The 

radio-HPLC analysis was conducted using an L-6000 HPLC system (Hitachi, Ltd., 

Tokyo, Japan) combined with a radiomatic 525TR radioactivity detector (PerkinElmer 

Life and Analytical Sciences, Boston, 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% TFA (solvent A) and acetonitrile containing 0.01% TFA (solvent B), 
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was delivered at a flow rate of 1 ml/min.  The gradient started at 15% solvent B, 

increased linearly to 50% solvent B for 30 min, increased linearly to 90% solvent B for 

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

using an L-4000 UV detector (UV at 225 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 analyses.  

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

analyses of pioglitazone metabolites formed during incubation with human, rat, and 

monkey hepatocytes.  These analyses were performed using a Q-Tof 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 

chromato-integrator (model D-7500), and a UV detector (model L-7400S).  The 

LC/MS analysis was conducted using electrospray ionization (ESI) in the positive ion 

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

respectively.  The source temperature and desolvation gas temperature were 120°C 

and 300°C, respectively.  The mass range from m/z 50 to 1000 was acquired with an 

integration time of 1 sec.  The LC/MS/MS analyses were 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); the column 

temperature was maintained at 30°C, and UV detection was carried out at 225 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 15% solvent B, 
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increased linearly to 50% solvent B for 30 min, increased linearly to 90% solvent B for 

5 min, and was then held at 90% solvent B for 5 min.  The flow rate was set at 0.1 

ml/min and the elution flow from HPLC was introduced into the Q-Tof mass 

spectrometer ionization source through an ESI interface. 

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

analyses of the generated products of M7 in human liver S9.  These analyses were 

performed using a Waters Q-Tof Premier mass spectrometter (Waters, Manchester, 

UK) with a Waters ACQUITY UPLC system (Waters, Milford, MA) consisting of a 

binary solvent manager, a sample manager, a photodiode array (PDA) detector, and a 

column heater.  The LC/MS analysis was conducted using ESI in the positive ion 

mode.  The capillary voltage and cone voltage were set at 3300 V and 40 V, 

respectively.  The source temperature and desolvation gas temperature were 120°C 

and 300°C, respectively.  The mass range from m/z 50 to 1000 was acquired with an 

integration time of 0.5 sec.  The LC/MS/MS analysis was performed using a collision 

energy of 25 eV and argon as the collision gas.  Chromatographic separation was 

performed on a YMC-UltraHT Pro C18 column (2.0 × 50 mm, 2 μm); the column 

temperature was maintained at 40°C, and UV detection was carried out at 225 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 10% solvent B 

and increased linearly to 20% solvent B for 9 min.  The flow rate was set at 0.2 

ml/min, and the elution flow from UPLC was introduced into the Q-Tof ionization 

source through an ESI interface. 
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Results  

Metabolic profiles of pioglitazone in freshly isolated human, rat, and monkey 

hepatocytes. 

Representative radiochromatograms after incubation of [14C]pioglitazone with 

freshly isolated human, rat, and monkey hepatocytes are shown in Fig. 3.  Thirteen 

metabolites peaks in human hepatocytes were detected and designated as M1–M13 

according to their order of retention time in HPLC.  An identical set of metabolites 

(M1–M13) was also detected in monkey hepatocytes.  In rat hepatocytes, M1–M3, 

M5–M7, M9–M11, and M13 were also detected.  M4, M8, and M12 were not 

detected in rat hepatocytes in this study.  M1, M2, M3, M7, M8, and M11 were novel 

metabolites of pioglitazone, while M4, M5, M6, M9, M10, M12, and M13 were 

previously reported metabolites as M-VI, M-IV, M-V, M-VII, M-II, M-IX, and M-III, 

respectively (Krieter et al., 1994; Kiyota et al., 1997; Maeshiba et al., 1997; Shen et al., 

2003) (Table 1).   

 

Structure analysis of M8. 

The positive ion LC/MS spectrum of M8 showed a protonated molecule [M + H]+ 

at m/z 345.  The positive ion LC/MS/MS spectrum of the precursor ion [M + H]+ at 

m/z 345 and the proposed fragmentation scheme of M8 are shown in Fig. 4.  Product 

ions at m/z 119, 134, 240, 254, 280, and 328 were obtained.  The most intense product 

ion at m/z 134 was formed via the loss of 211 Da from the ion [M + H]+ at m/z 345.  

The product ions at m/z 119 and 134 indicated that the 2-(5-ethyl-2-pyridine)ethyl 

moiety was not modified.  On the other hand, the product ions at m/z 254, 280, and 
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328 from the ion [M + H]+ at m/z 345 suggested a thiazolidinedione ring metabolism.  

The product ion at m/z 254 was formed via the elimination of the methylmercapto and 

the amide groups from the ion [M + H]+ at m/z 345.  Based on these results, M8 was 

proposed to be a thiazolidinedione ring-opened methylmercapto amide (Fig. 4). 

 

Structure analysis of M1. 

The positive ion LC/MS spectrum of M1 showed a protonated molecule [M + H]+ 

at m/z 361, which was 16 Da higher than that of M8.  The positive ion LC/MS/MS 

spectrum of M1, which was obtained by collision-induced dissociation (CID) of the 

ion [M + H]+ at m/z 361, and the proposed fragmentation scheme are shown in Fig. 5.  

Product ions at m/z 119, 134, 254, 280, and 297 were obtained.  The most intense 

product ion at m/z 254 was formed via the loss of 107 Da from the ion [M + H]+ at m/z 

361.  The product ions at m/z 119 and 134 indicated that the 

2-(5-ethyl-2-pyridine)ethyl moiety was not modified.  On the other hand, the product 

ions at m/z 254, 280, and 297 provided strong evidence for metabolic transformation of 

the thiazolidinedione ring.  The product ion at m/z 297 was formed via the elimination 

of the methyl sulfoxide group from the ion [M + H]+ at m/z 361.  The product ion at 

m/z 254 was formed via the elimination of the methyl sulfoxide and the amide groups 

from the ion [M + H]+ at m/z 361.  Based on these results, M1 was proposed to be a 

thiazolidinedione ring-opened methyl sulfoxide amide produced by the oxidation of the 

sulfur atom of M8 (Fig. 5). 

 

Structure analysis of M3. 

The positive ion LC/MS spectrum of M3 showed a protonated molecule [M + H]+ 
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at m/z 377, which was 16 Da higher than that of M1.  The positive ion LC/MS/MS 

spectrum of the precursor ion [M + H]+ at m/z 377 and the proposed fragmentation 

scheme of M3 are shown in Fig. 6.  Product ions at m/z 119, 134, 254, 280, and 297 

were obtained.  The most intense product ion at m/z 254 was formed via the loss of 

123 Da from the ion [M + H]+ at m/z 377.  The product ions at m/z 119 and 134 

indicated that the 2-(5-ethyl-2-pyridine)ethyl moiety was not modified.  On the other 

hand, the product ions at m/z 254, 280, and 297 from the ion [M + H]+ at m/z 377 

suggested a thiazolidinedione ring metabolism.  The product ion at m/z 297 was 

formed via the elimination of the methyl sulfone group from the ion [M + H]+ at m/z 

377.  The product ion at m/z 254 was formed via the elimination of the methyl sulfone 

and the amide groups from the ion [M + H]+ at m/z 377.  Based on these results, M3 

was proposed to be a thiazolidinedione ring-opened methyl sulfone amide produced by 

further oxidation of the sulfur atom of the metabolite M1 (Fig. 6). 

 

Structure analysis of M7. 

The positive ion LC/MS spectrum of M7 showed a protonated molecule [M + H]+ 

at m/z 533.  The positive ion LC/MS/MS spectrum of the precursor ion [M + H]+ at 

m/z 533 and the proposed fragmentation scheme of M7 are shown in Fig. 7.  Product 

ions at m/z 134 and 357 were obtained.  The most intense product ion at m/z 357 was 

formed via the loss of 176 Da from the ion [M + H]+ at m/z 533, corresponding to the 

glucuronic acid moiety.  The product ion at m/z 134 was formed via the elimination of 

the 2-(5-ethyl-2-pyridine)ethyl moiety from the ion at m/z 357.  Furthermore, the 

positive ion LC/MS/MS spectrum (Fig. 7a) and HPLC retention time (Fig. 7b) of M7 

were identical to those of the authentic standard M7 (Figs. 7c and 7d).  Based on 
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these results, M7 was identified as a thiazolidinedione ring N-glucuronide (Fig. 7e). 

 

Structure analysis of M2. 

The positive ion LC/MS spectrum of M2 showed a protonated molecule [M + H]+ 

at m/z 551, which was 18 Da higher than that of the thiazolidinedione ring 

N-glucuronide M7.  The positive ion LC/MS/MS spectrum of the ion [M + H]+ at m/z 

551 and the proposed fragmentation scheme of M2 are shown in Fig. 8.  Product ions 

at m/z 134, 286, 332, 358, 375, and 417 were obtained.  The product ion at m/z 375 

was formed via the loss of 176 Da from the ion [M + H]+ at m/z 551, corresponding to 

the glucuronic acid moiety.  Therefore, it was suggested that M2 was a glucuronide 

metabolite.  The product ion at m/z 417 was formed via the elimination of a part of 

the glucuronic acid moiety from the ion [M + H]+ at m/z 551.  The product ions at m/z 

286, 332, and 358 suggested a thiazolidinedione ring metabolism.  Furthermore, the 

positive ion LC/MS/MS spectrum (Fig. 8a) and HPLC retention time (Fig. 8b) of M2 

were identical to those of the authentic standard M2 (Figs. 8c and 8d).  Based on 

these results, M2 was identified as a thiazolidinedione ring-opened N-glucuronide, a 

hydrolyzed metabolite of the thiazolidinedione ring N-glucuronide M7 (Fig. 8e). 

 

Structure analysis of M11. 

The positive ion LC/MS spectrum of M11 showed a protonated molecule [M + 

H]+ at m/z 346.  The positive ion LC/MS/MS spectrum of the precursor ion [M + H]+ 

at m/z 346 and the proposed fragmentation scheme of M11 are shown in Fig. 9.  

Product ions at m/z 119, 134, 254, 270, and 286 were obtained.  The most intense 

product ion at m/z 134 was formed via the loss of 212 Da from the ion [M + H]+ at m/z 
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346.  The product ions at m/z 119 and 134 indicated that the 

2-(5-ethyl-2-pyridine)ethyl moiety was not modified.  On the other hand, the product 

ions at m/z 254 and 286 from the ion [M + H]+ at m/z 346 suggested a 

thiazolidinedione ring metabolism.  The product ion at m/z 286 was formed via the 

elimination of the methyl and the carboxylic acid groups from the ion [M + H]+ at m/z 

346.  The product ion at m/z 254 was formed via the elimination of the 

methylmercapto and the carboxylic acid groups from the ion [M + H]+ at m/z 346.  

Based on these results, M11 was proposed to be a thiazolidinedione ring-opened 

methylmercapto carboxylic acid (Fig. 9). 

 

Metabolism of M7 in human liver S9.   

The metabolism of M7 was studied using human liver S9.  Incubation of M7 

with human liver S9 in the presence of SAM yielded a thiazolidinedione ring-opened 

N-glucuronide M2, a newly generated product in human liver S9 (S9P1), and a 

thiazolidinedione ring-opened methylmercapto carboxylic acid M11 (Fig. 10).  

Incubation of M7 with human liver S9 in the absence of SAM yielded M2 and S9P1 

(data not shown).  M2 and S9P1 also resulted from incubation of M7 without human 

liver S9 and with SAM alone (data not shown). 

 

Structure analysis of S9P1. 

The positive ion LC/MS spectrum of S9P1 showed a protonated molecule [M + 

H]+ at m/z 332.  The positive ion LC/MS/MS spectrum of the precursor ion [M + H]+ 

at m/z 332 and the proposed fragmentation scheme of S9P1 are shown in Fig. 11.  

Product ions at m/z 119, 134, 254, 270, and 286 were obtained.  The most intense 
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product ion at m/z 134 was formed via the loss of 198 Da from the ion [M + H]+ at m/z 

332.  The product ions at m/z 119 and 134 indicated that the 

2-(5-ethyl-2-pyridine)ethyl moiety was not modified.  On the other hand, the product 

ions at m/z 254 and 286 from the ion [M + H]+ at m/z 332 suggested thiazolidinedione 

ring metabolism.  The product ion at m/z 286 was formed via the elimination of the 

carboxylic acid group from the ion [M + H]+ at m/z 332.  The product ion at m/z 254 

was formed via the elimination of the mercapto and the carboxylic acid groups from 

the ion [M + H]+ at m/z 332.  Based on these results, S9P1 was proposed to be a 

thiazolidinedione ring-opened mercapto carboxylic acid (Fig. 11).   
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Discussion 

In this study, we detected thirteen metabolites (M1–M13) in an in vitro metabolic 

system of pioglitazone with freshly isolated human, rat, and monkey hepatocytes, and 

their structures were elucidated by LC/MS/MS.  Furthermore, metabolites M2, S9P1, 

and M11 were detected in an in vitro metabolic system with human liver S9 using M7 

(authentic standard) as a substrate.  Based on the structures of the elucidated 

metabolites, the in vitro metabolic pathways for pioglitazone are proposed, as shown in 

Fig. 12. 

Novel metabolic pathways for pioglitazone, N-glucuronidation of the 

thiazolidinedione ring of pioglitazone to form M7 and hydrolysis of M7 to form M2, 

were observed in hepatocytes.  As a result of the presence of these metabolites, the 

metabolic pathway via the thiazolidinedione ring N-glucuronide M7 and subsequent 

hydrolysis to the thiazolidinedione ring-opened N-glucuronide M2 is proposed.  This 

thiazolidinedione ring opening pathway is distinct from the known oxidative 

thiazolidinedione ring opening pathway for troglitazone (Kassahun et al., 2001) and 

pioglitazone (Baughman et al., 2005).  Baughman group has investigated the 

metabolites related to reactive metabolite formation using non-labeled pioglitazone (10 

μM) in freshly isolated human hepatocytes by the detection method of a generic 

neutral loss method of 129 amu.  However, they have not found N-glucuronide of 

pioglitazone.  On the other hand, we have focused on the exhaustive investigation to 

find minor metabolites in freshly isolated hepatocytes using [14C]pioglitazone (30 μM).  

Moreover, in the human liver S9 study using M7, we inferred that M7 is 

metabolized to S9P1 via M2 and consequent S-methylation to M11 immediately in the 
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presence of SAM.  These are also novel metabolic pathways for pioglitazone.  We 

have recently reported similar metabolic pathways in another thiazolidinedione 

ring-containing drug, rosiglitazone (Uchiyama et al., 2010).  Thus, the metabolic 

pathways of ring opening via N-glucuronidation of the thiazolidinedione ring are 

assumed to be common metabolic reactions to the thiazolidinedione ring. 

As examples of N-glucuronidation to analogs related to thiazolidinediones, 

N-glucuronides of MaxiPost (BMS-204352) (Zhang et al., 2005), Bucolome (Mohri et 

al., 1985), 5-ethyl-5-phenylhydantoin (Nirvanol) (Maguire et al., 1982) for 

N-glucuonidation of cyclic amide compounds, and that of PNU-107859 for 

N-glucuonidation of cyclic thioamide compound (Kuo et al., 1999) have been reported.  

For all cases, N-glucuronides were found to be major metabolites and stable.  The 

non-enzymatic hydrolysis of synthetic M7 to M2 was observed (half-life of about 0.7 

h) in buffer solution (pH 7.4) during incubation at 37°C (data not shown).  The 

chemical mechanism of ring-opening of thiazolidinedione of pioglitazone is unknown.  

However, after N-glucuronidation of the thiazolidinedione 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 thiazolidinedione ring would be 

proposed.  As a result, the thiazolidinedione ring may increase electrophilicity, 

become to be easily attacked by nucleophile and hydrolyzed.  In addition, if the 

chemical reactivity of M7 is very high, there is the possibility of detecting glutathione 

conjugates, but no glutathione conjugates were observed in this study.  

The known oxidative thiazolidinedione ring opening and subsequent pathways via 

reactive intermediates generation of troglitazone have been proposed on the basis of 

identification of glutathione conjugate metabolites using human liver microsomes and 
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cDNA-expressed cytochrome P450 isoforms (Kassahun et al., 2001).  Similar 

metabolic pathways have been reported for pioglitazone (Baughman et al., 2005) and 

the thiazolidinedione derivatives MK-0767 (Karanam et al., 2004; Liu et al., 2004; 

Kochnsky et al., 2006) and MRL-A (Reddy et al., 2005).  In this study, we have 

identified M8, M1, and M3 as new metabolites of pioglitazone via the 

thiazolidinedione ring-opened mercapto amide.  We estimate that these metabolites 

are sequentially generated by the oxidative thiazolidinedione ring opening and 

subsequent pathways, which agree well with the previous proposed metabolic 

activation scheme of pioglitazone (Baughman et al., 2005).  

Besides those described above, the known metabolic pathways for pioglitazone 

(Krieter et al., 1994; Kiyota et al., 1997; Maeshiba et al., 1997; Shen et al., 2003) were 

also confirmed in this study: the generation of M4 (M-VI), M5 (M-IV), M6 (M-V), M9 

(M-VII), M10 (M-II), M12 (M-IX), and M13 (M-III).  Thus, since these known 

metabolites observed in vivo have been determined in this study, these hepatocytes 

systems seem to reflect the in vivo metabolism of pioglitazone.  However, since the 

ratios of the peak area of M7 and M2 to M5, a major metabolite in Fig. 3, were 0.06 

and 0.12 for human hepatocytes, there may be a low amount of these metabolites 

formed in vivo. 

Some toxicological concerns have been expressed regarding the oxidative 

thiazolidinedione ring opening reaction of thiazolidinedione-containing drugs 

(Kassahun et al., 2001; Tettey et al., 2001; Smith, 2003; He et al., 2004; Baughman et 

al., 2005; Alvarez-Sanchez et al., 2006).  For this new ring opening reaction via 

N-glucuonidation of pioglitazone, further studies are needed to investigate the 

toxicological evaluation. 
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Figure Legends 

Figure 1  Chemical structure of [14C]pioglitazone. 

Figure 2  Synthetic scheme of thiazolidinedione ring N-glucuronide M7 and 

thiazolidinedione ring-opened N-glucuronide M2. 

Figure 3  Representative radiochromatograms after incubation of [14C]pioglitazone 

with freshly isolated human, rat, and monkey hepatocytes.  [14C]pioglitazone (30 μM) 

was incubated with freshly isolated human, rat, and monkey hepatocytes for 3 h at 37° 

C.  Radio-HPLC analysis was conducted as described in Materials and Methods. 

Figure 4  Positive ion LC/MS/MS spectrum of the ion [M + H]+ at m/z 345 and the 

proposed fragmentation scheme of M8. 

Figure 5  Positive ion LC/MS/MS spectrum of the ion [M + H]+ at m/z 361 and the 

proposed fragmentation scheme of M1. 

Figure 6  Positive ion LC/MS/MS spectrum of the ion [M + H]+ at m/z 377 and the 

proposed fragmentation scheme of M3. 

Figure 7  Mass spectrometric comparison of M7 and the authentic standard M7:  (a) 

positive ion LC/MS/MS spectrum of M7, (b) extracted ion chromatogram of the ion 

[M + H]+ at m/z 533 of M7, (c) positive ion LC/MS/MS spectrum of authentic standard 

M7, (d) extracted ion chromatogram of the ion [M + H]+ at m/z 533 of the authentic 

standard M7, and (e) the proposed fragmentation scheme of M7. 

Figure 8  Mass spectrometric comparison of M2 and the authentic standard M2:  (a) 

positive ion LC/MS/MS spectrum of M2, (b) extracted ion chromatogram of the ion 

[M + H]+ at m/z 551 of M2, (c) positive ion LC/MS/MS spectrum of authentic standard 

M2, (d) extracted ion chromatogram of the ion [M + H]+ at m/z 551 of the authentic 
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standard M2, and (e) the proposed fragmentation scheme of M2. 

Figure 9  Positive ion LC/MS/MS spectrum of the ion [M + H]+ at m/z 346 and the 

proposed fragmentation scheme of M11. 

Figure 10  Extracted ion chromatograms of the metabolites after incubation of M7 

with human liver S9 in the presence of SAM.  (a) [M + H]+ at m/z 551 of 

thiazolidinedione ring-opened N-glucuronide M2, (b) [M + H]+ at 332 of S9P1, and (c) 

[M + H]+ at m/z 346 of thiazolidinedione ring-opened methylmercapto carboxylic acid 

M11.  Positive ion LC/MS analysis was conducted as described in Materials and 

Methods. 

Figure 11  Positive ion LC/MS/MS spectrum of the ion [M + H]+ at m/z 332 and the 

proposed fragmentation scheme of S9P1. 

Figure 12  Proposed in vitro metabolic pathways for pioglitazone.  Bold indicates 

that metabolites M1, M2, M3, M7, M8, M11, and S9P1 were novel metabolites of 

pioglitazone.  
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Table 1  Positive ion LC/MS/MS data of metabolites of pioglitazone in freshly isolated 

human, rat, and monkey hepatocytes. 

Human Rat Monkey

M1  7.8 361 119, 134, 254 (B)a , 280, 297   +b + +
M2 12.2 551 134, 286, 332 (B), 358, 375, 417 + + +
M3 13.2 377 119, 134, 254 (B), 280, 297 + + +
M4 14.5 373 132, 150 (B), 240, 256 +   NDc +
M5 15.0 373 132, 135, 150 (B), 238, 355 + + +
M6 15.2 387 146, 164 (B) + + +
M7 16.8 533 134, 357 (B) + + +
M8 17.8 345 119, 134 (B), 240, 254, 280, 328 + ND +
M9 18.2 373 119, 134, 150, 240, 268 (B), 284, 313, 355 + + +

  M10 19.4 373 133, 150, 210 (B), 222, 238, 239, 284, 355 + + +
  M11 23.3 346 119, 134 (B), 254, 270, 286, + + +
  M12 23.9 355 132 (B), 210, 238, 239, 284 + ND +
  M13 30.1 371 106, 148 (B), 254 + + +

[M + H]+

m/z
Product ions

m/z
Metabolites

Freshly isolated hepatocytesRetention time
(min)

 

aB: base peak. 

b+: metabolite detected. 

cND: not detected. 
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