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ABSTRACT

Ilaprazole is a new proton pump inhibitor and is currently
marketed in China and South Korea for the treatment of gastric
and duodenal ulcer. Ilaprazole has a favorable long half-life and
minimal pharmacokinetic variability associated with CYP2C19
polymorphism. Sulfoxide oxidation of ilaprazole is catalyzed
mainly by CYP3A4. Thus, it has been widely accepted that
CYP3A4 plays a major role in the clearance of ilaprazole in
humans. However, absorption, distribution, metabolism, and
excretion data of radiolabeled ilaprazole in humans are not
available. The primary goal of this study was to determine if
sulfoxide oxidation is a major metabolic pathway of ilaprazole in
humans. Metabolite profiles of ilaprazole, ilaprazole sulfide,
and ilaprazole sulfone in human liver microsomes (HLMs)
were characterized and quantitively analyzed by liquid chroma-
tography (LC)/UV/high-resolution mass spectrometry (HRMS).

Moreover, metabolites of ilaprazole in human urine and feces
were detected and identified by LC-HRMS. The results revealed
that sulfoxide reduction to ilaprazole sulfide rather than sulfoxide
oxidation was the major biotransformation pathway in HLMs.
Sulfoxide reduction also occurred in HLMs without NADPH or in
deactivated HLMs. Ilaprazole sulfide and its multiple oxidative
metabolites were major drug-related components in human urine
and feces, where there were no ilaprazole sulfone and its
metabolites. A small amount of the parent drug was found in
feces. Thus, we propose that nonenzymatic sulfoxide reduction
rather than CYP3A4-medidated sulfoxide oxidation is the major
metabolic clearance pathway of ilaprazole in humans. Conse-
quently, it is predicted that ilaprazole has no significant drug-drug
interaction via CYP3A4 inhibition or induction by a coadministered
drug.

Introduction

Ilaprazole, the latest proton pump inhibitor (PPI), has been initially
approved for the treatment of gastric and duodenal ulcers in China and
South Korea, and has recently been approved for the treatment of erosive
esophagitis in South Korea (Savarino et al., 2016). PPIs are the mainstay
of the treatment of acid-related disease, such as gastro-esophageal reflux
disease and peptic ulcer disease. The prevalence of gastro-esophageal
reflux disease inWestern countries ranges from 10% to 20% (Dent et al.,
2005). The overall prevalence of peptic ulcer disease in China is 17.2%
(Li et al., 2010). Administration of 10 and 20 mg ilaprazole to gastro-
esophageal reflux disease patients has produced a greater and prolonged
suppression of gastric pH than 20 mg omeprazole (Periclou et al., 2000).
The efficacy and safety of ilaprazole in the treatment of reflux
esophagitis is similar to those of esomeprazole (Xue et al., 2016), while
ilaprazole provides significantly better pH control over 24 hours
compared with esomeprazole (Shin et al., 2014).
The pharmacodynamics and clinical outcomes of ilaprazole are

associated with its improved drug metabolism and pharmacokinetics

proprieties compared with other PPIs. A majority of PPIs are metabolized
mainly by CYP2C19 and partially by CYP3A4 (Klotz et al., 2004; Klotz,
2006; de Bortoli et al., 2013). The pharmacokinetics of PPIs such as
omeprazole can be significantly affected by CYP2C19 polymorphism
(Qiao et al., 2006; Hunfeld et al., 2008) and coadministered CYP2C19
inhibitors (Park et al., 2017). Ilaprazole overcomes the CYP2C19-related
limitations of other PPIs. The plasma area-under-curve (AUC) and the
peak concentration of ilaprazole are not affected by genetic polymor-
phisms of CYP2C19 (Li et al., 2008; Cho et al., 2012). Furthermore, the
extension of plasma half-life of ilaprazole contributes to more rapid
control of acid-related symptoms. The time to reach maximal plasma
concentration for ilaprazole is between 3.4 and 3.7 hours and the
elimination half-life ranges between 8.1 and 10.1 hours (de Bortoli
et al., 2013), which are far better results than those of other currently
available PPIs.
Sulfoxide oxidation to ilaprazole sulfone is observed in human liver

microsome (HLM) incubation with ilaprazole, which is primarily
catalyzed by CYP3A4 and partially by CYP3A5, while CYP1A2,
2A6, 2B6, 2C8, 2C9, 2C19, 2D6, and 2E1 have no sulfoxide oxidation
activity (Seo et al., 2012). Thus, it has been widely accepted that
CYP3A4 plays a major role in the clearance of ilaprazole in humans
(Seo et al., 2012; de Bortoli et al., 2013; Shin et al., 2014; Savarino et al.,
2016; Wang et al., 2016; Xuan et al., 2016). However, coadministered
clarithromycin, a potent CYP3A4 inhibitor, does not elevate the
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exposure of ilaprazole to human (Cao et al., 2012). The pharmacoki-
netics of ilaprazole was not affected byCYP3Aphenotypes in 24 healthy
subjects (Cao et al., 2015). On the other hand, major in vitro bio-
transformation reactions and metabolic clearance pathways of ilaprazole
in humans remain unknown. We postulated that the lack of in vitro-in
vivo correlation of the CYP3A-mediated metabolism of ilaprazole may
be due to the fact that the sulfoxide oxidation of ilaprazole is not a major
metabolic clearance pathway in humans.
To date, no absorption, distribution, metabolism and execration data

of radiolabeled ilaprazole in animals and humans have been reported in
the literature. Ilaprazole sulfone (M11) and ilaprazole sulfide (M12)
were formed as significant drug-related components in HLMs (Fig. 1)
(Seo et al., 2012). Four ilaprazole metabolites associated with sulfoxide
reduction, including ilaprazole sulfide (M12) and three oxidative
metabolites (M8, M6, and M20) of ilaprazole sulfide (Fig. 1), were
found in human urine (Zhou et al., 2010). Ilaprazole sulfone and
ilaprazole sulfide are also present in human and rat plasma (Myung et al.,
1999; Zhou et al., 2009). Sulfoxide is the common moiety of the
current PPIs, which undergoes cytochrome P450 (P450)–medicated
sulfoxide oxidation and nonenzymatic sulfoxide reduction (de Bortoli
et al., 2013). Unlike omeprazole, pantoprazole, and lansoprazole, which
are cleared mainly via CYP2C19- and CYP3A4-medicated metabolism,
rabeprazole undergoes extensive sulfoxide reduction in vitro (Ren et al.,
2008) and in humans, while P450-mediated biotransformation pathways
are not significant metabolic clearance pathways of rabeprazole in
humans (Setoyama et al., 2006). Consequently, rabeprazole as a victim
drug has no or minimal P450-mediated drug-drug interaction potentials
(Yasuda et al., 1995; Shimizu et al., 2006). The current study was
attempted to determine metabolic pathways of non-radiolabeled

ilaprazole in HLMs and humans. The results from the study can help
us to understand if CYP3A4-mediated sulfoxide oxidation to ilaprazole
sulfone is the major metabolic clearance pathway in humans.

Materials and Methods

Chemicals. Ilaprazole was purchased from Cato Research Chemicals Inc.
(Eugene, OR), and ilaprazole sulfide and ilaprazole sulfone were gifts from
Livzon Pharmaceutical Group Inc (Guangdong, China). All solvents, including
ethanol, acetonitrile, ethyl acetate, and water, were of high-performance liquid
chromatography (LC) grade. Pooled HLMs were obtained from BD Biosciences
(Woburn, MA).

Biotransformation of Ilaprazole in HLM Incubation. Ilaprazole (10 and
20 mM) was incubated with HLMs (1 mg protein/ml) and NADPH (2 mM) in
potassium phosphate buffer (100 mM, pH 7.4) with a total volume of 200 ml at
37�C for 45 minutes. Incubation reactions were initiated by adding 100 ml of
NADPH after preincubation for 5 minutes at 37�C and stopped by adding 40ml of
ammonium acetate (pH 9.5) and 600 ml of ethyl acetate. Then, incubation
mixtures were centrifuged at 14,000 rpm for 5 minutes. The upper organic phase
was collected and evaporated to dryness under nitrogen stream. The remaining
aqueous phasewasmixedwith 120ml of amethanol/water solution (7:3) followed
by centrifugation. Resultant supernatants were evaporated to dryness under
nitrogen stream. The dried samples were kept at220�C and reconstituted with a
methanol/water (1:3) solution containing 5 mM ammonium acetate prior to
analysis by LC/mass spectrometry (MS). Use of liquid-liquid extraction instead of
protein precipitation can effectively avoid the conversion of ilaprazole to
ilaprazole sulfide during the precessing. The recovery of this method was tested
to be very good. A control HLM incubation sample was prepared under the same
incubation conditions except for the absence of NADPH. In addition, ilaprazole
was incubated with inactivated HLMs (preheated at 80�C for 10 minutes) under
the same conditions. The purpose of preheating the HLMs is to deactivate
metabolizing enzyme activities.

Fig. 1. Proposed major metabolic pathways of ilaprazole in HLMs and humans.

1454 Pu et al.

 at A
SPE

T
 Journals on Septem

ber 12, 2018
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


Biotransformation of Ilaprazole Sulfide and Ilaprazole Sulfone in HLMs.
Ilaprazole sulfide and ilaprazole sulfone (20 mM) were incubated separately with
HLMs under the same conditions followed by the same sample treatment
processes described previously. Control incubation samples (without NADPH)
were also generated in the same way.

Determination of Metabolic Stability of Ilaprazole, Ilaprazole Sulfide,
and Ilaprazole Sulfone in HLMs. Ilaprazole, ilaprazole sulfide, and ilaprazole
sulfone (1 mM) were incubated separately with HLMs (0.75 mg protein/ml) and
NADPH (2 mM) in potassium phosphate buffer (100 mM, pH 7.4, 1.0 EDTA)
with a total volume of 200 ml at 37�C for 0, 5, 15, 30, and 45 minutes. The
incubation reactions were initiated by adding 30ml of NADPHafter preincubation
for 5 minutes and stopped by adding 270 ml of methanol containing omeprazole
(1 mM). Omeprazole was used as an interval standard for quantitative analysis by
LC/MS. After centrifugation at 14,000 rpm for 5 minutes, 100 ml of supernatant
was mixed with 100 ml of water followed by analysis of remaining ilaprazole,
ilaprazole sulfide, or ilaprazole sulfone by LC/MS.

Determination of Ilaprazole Stability in Human Plasma. Ilaprazole (4mM)
was incubated with pooled human plasma at 37�C for 0, 5, 15, 45, 90, 120, 180,
240, and 300minutes. The incubationwas initiated by adding 10ml of prewarmed
ilaprazole solution (0.5% bovine serum albumin) into 90 ml prewarmed plasma
and stopped by adding 270ml of methanol containing omeprazole. The incubation
mixtures were centrifuged at 14,000 rpm for 5 minutes and 50 ml of supernatants
was mixed with 100 ml of water for quantitative analysis of the remaining
ilaprazole using LC/MS.

Collection and Treatment of Human Urine and Feces after Oral Admin-
istration of Ilaprazole. Two healthy Chinese volunteers (subject A: female,
22 years old; subject B: female, 54 years old) received a single dose of ilaprazole
(10 mg) with an empty stomach. Urinary samples from the two subjects were
collected at 0–24 and 24–48 hours after dosing. Fecal sampleswere collected from
subject A after time periods of 0–4, 4–33, and 33–48.5 hours and from subject B
after time periods of 0–24 and 24–49 hours. In addition, control urine and feces
samples were collected from the two subjects prior to dosing. All urine and feces
collected were stored at approximately 220�C. In the urine sample process,
1200ml methanol was mixed with 400ml urinary samples. After centrifugation at
14,000 rpm for 10 minutes, supernatant was evaporated to dryness under nitrogen
stream and then reconstituted with 70 ml of the methanol/water solution prior to
LC/MS analysis. In the feces sample process, each sample was weighted around
330–350 mg. The same volume of water and twice the volume of methanol were
added into the feces samples, followed by vortexing. For example, if the feces
sample was 350 mg, then 350 ml of water and 700 ml of methanol were added.
After centrifugation at 14,000 rpm for 10 minutes, the supernatant was kept and
the remaining precipitation was extracted twice with the water/methanol solution.
All supernatants were combined and evaporated to dryness under nitrogen stream
and reconstituted with the methanol/water solution prior to LC/MS analysis.

Metabolite Detection and Characterization by LC/UV/High-Resolution
MS. LC/high-resolution MS (HRMS) consisted of an ACQUITY UPLC System
(Waters, Milford, MA) and a G2-S Q-Tof mass spectrometer (Waters). The
ACQUITYUPLC Systemwas equipped with an XBridge ACQUITYUPLCBEH
C18 column (2.1 � 50 mm, 1.7 mm; Waters), a photodiode array detector, and an
autosampler (Thermo Fisher Scientific, Waltham, MA). The LC/UV/HRMS
system was used for detection, quantitative estimation, and/or structural identifi-
cation of metabolites of ilaprazole, ilaprazole sulfide, and ilaprazole sulfone in
HLMs as well as ilaprazole metabolites in human urine and feces. Relative
concentrations of ilaprazole metabolites in HLM incubation were determined by
comparing UV peak intensity of metabolites. In addition, LC/HRMS was
employed to measure relative concentrations of testing compounds in the HLM
metabolic and human plasma stability experiments.

For detection and characterization of metabolites in HLMs and quantitative
analysis of testing compounds in HLM metabolic and human plasma stability
studies, an LC gradient system consisting of solvent A (5 mM ammonium acetate
in water) and solvent B (methanol) was set up as follows. A linear gradient of
solvent B started at 2% for 1.5 minutes, and then went to 95% from 7 minutes for
1.5 minutes. After that, it dropped back to 2% at 8.6 minutes for 1.4 minutes. The
total run time was 10 minutes and the flow rate was 400 ml/min. An on-line UV
detector was set up with absorbance at 230–240 nm. For profiling and
identification of metabolites in human urine and feces, the same solvents (A)
and (B) as described previously were employed and an LC gradient system was
set up as follows: A linear gradient of solvent B started at 2%, then went to

5% from 3 minutes. After being raised to 40% at 11 minutes and kept for
6 minutes, the gradient went to 90% from 17 to 20 minutes, and then finally
returned to 2%. All compounds were detected by UV absorbance at 230–240 nm.
The total run time was 22 minutes and the flow rate was 400 ml/min. HRMS was
set up in positive ion mode with capillary of 2.00 kV, source temperature of
120�C, desolvation temperature of 500�C, cone gas of 50 l/h, and desolvation gas
of 800 l/h. Fragment and product ion spectra of metabolites were recorded by
simultaneous acquisition of exact mass at high and low collision energy (MSE)
(20–40 V rump collision energy) and targeted MS/MS acquisition, respectively.
Comprehensive detection of metabolites was carried out by processing full MS
and fragment ion or product spectral data sets using mass defect filter, extracted
ion chromatographic analysis, and product ion filter (Zhu et al., 2006; Ruan et al.,
2008; Ma and Chowdhury, 2013). Determination of metabolite structures was
accomplished based on spectral interpretation and/or comparisons with synthetic
standards (M11 and M12) as well as previously reported metabolites (M6, M8,
and M20), whose structures were determined by nuclear magnetic resonance
(Zhou et al., 2010).

Metabolite Detection and Characterization by LC/Ion Trap MS. A
LC/ion trap MS system that consisted of an Accela high-performance liquid
chromatography system equipped with an Xbridge C18 column (2.1 � 150 mm,
5 mm) (Waters), a photodiode array detector, and a LTQ XL ion trap mass
spectrometer (Thermo Fisher Scientific) was employed for profiling and
quantitative analysis of ilaprazole metabolites, mainly sulfide, in HLM incubations
under various conditions. Relative concentrations of ilaprazolemetabolites inHLM
incubation were accomplished by direct analysis using LC/UV. The photodiode
array detector was set up with UV absorbance at 230–240 nm. A linear high-
performance liquid chromatography gradient system was developed with mobile
phases consisting of solvent A (5 mM ammonium acetate in water) and solvent B
(methanol). A linear gradient of solvent B start at 2%, and then went to 5% from
0.34 minutes. After being raised to 40% at 9 minutes and kept for 5.5 minutes, the
gradient went to 90% from 14.5 to 18minutes, and then finally returned to 2%. The
total run time was 22 minutes and the flow rate was 300 ml/min. The mass
spectrometer was operating in the positive electrospray ionization mode. The
capillary temperature was at 275�C and the capillary voltage was at 38 V. Product
ion spectra of metabolites were acquired using a data-dependent scanning method.

Results

Metabolite Profiles of Ilaprazole in HLMs. The LC/HRMS
analysis of HLM incubation samples with ilaprazole (10 and 20 mM,
45 minutes) found a total of 11 ilaprazole metabolites: M1, M2, and
M4–M12 (Fig. 2B and Table 1). The proposed structures of these
metabolites and their accurate product ion spectra or fragment ion
spectra are displayed in Figs. 1 and 3 and Supplemental Fig. 1 and 2.
Based on quantitative estimation using LC/UV (Fig. 2A), it was
determined that about 30% of ilaprazole was converted to these
metabolites, mainly, M4, M5, M7–M9, M11, and M12. M11 had a
UV peak area 3-fold or greater than those of the other metabolites. M4
and M5 were overlapped in the LC/UV (Fig. 2A) and LC/MS profile
(Fig. 2B). Two minor metabolites, M1 and M6, were only detected by
LC/MS (Fig. 2B).
Metabolite Profiles of Ilaprazole Sulfide in HLMs. Ilaprazole

sulfide (M12) (20mM)was incubated in HLMs for 45minutes, followed
by analysis using LC/UV/HRMS. As shown in Fig. 2, C and D and
Table 1, ilaprazole sulfide generated 12 oxidative metabolites in HLMs.
All of the ilaprazole metabolites were found in the HLM incubation of
ilaprazole sulfide. Additionally, the ilaprazole sulfide metabolites, M13
andM15, were not observed in the HLM incubation with ilaprazole. The
proposed structures and accurate mass spectral data ofM13 andM15 are
presented in Supplemental Fig. 1. An LC/UV metabolite profile of the
same incubation sample showed that M2, M6, M8, M9, and ilaprazole
were major metabolites of ilaprazole sulfide in HLMs (Fig. 2C).
Metabolite Profiles of Ilaprazole Sulfone in HLMs. The

LC/HRMS analysis of the HLM incubation sample with ilaprazole
sulfone (20 mM, 45 minutes) revealed four metabolites: M16–M19

Biotransformation of Ilaprazole in HLM and Human 1455
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(Fig. 2F). The concentrations of these metabolites were very low, as
shown in the LC/UV profile of the same incubation sample (Fig. 2E).
The proposed structures of these metabolites and their product spectral
data are displayed in Supplemental Fig. 1. M17 was identified as
O-demethyl ilaprazole sulfone. M15, M17, and M18 were characterized
as monooxidation metabolites of ilaprazole sulfone. Interestingly, these
ilaprazole sulfone metabolites were not observed in the HLM incuba-
tions of ilaprazole or ilaprazole sulfide (Table 1).
Structural Elucidation of HLM Metabolites of Ilaprazole and

Ilaprazole Sulfide. M12 and M11 were determined to be ilaprazole
sulfide and ilaprazole sulfone (Fig. 1), respectively, by comparing their
LC/MS data with ilaprazole sulfide and ilaprazole sulfone standards. As
shown in the product or fragment ion spectra of ilaprazole (Supplemental

Fig. 1), ilaprazole, ilaprazole sulfide, and ilaprazole sulfone (Fig. 3)
shared the same major fragmentation pathways: the cleavage of the C–S
bond between the benzimidazole and sulfur atom leading to a substituted
benzimidazole ion [such as an ion at mass-to-charge ratio (m/z) 184.0882
from M11 in Fig. 3] and an ion corresponding to the S–CH2 containing
pyridine derivative (such as an ion at m/z 184.0447 from ilaprazole in
Supplemental Fig. 1). Ilaprazole sulfide has a unique fragmentation
associated with the sulfide structure: a loss of SH from the protonated
molecule atm/z 351.1281 leading to a product ion atm/z 318.1480 (Fig. 3).
Those diagnostic fragmentations were used to facilitate spectral interpre-
tation of unknown metabolites from ilaprazole, ilaprazole sulfide, and
ilaprazole sulfone. M5 had a protonated molecule at m/z 383.1173, which
was 16 Da greater than ilaprazole. The cleavage of the benzimidazole and

Fig. 2. LC/UV/MS analysis of metabolites of ilaprazole, ilaprazole sulfide, and ilaprazole sulfone in HLMs (20 mM for 45 minutes). LC/UV profiles of metabolites of
ilaprazole (A), ilaprazole sulfide (C), and ilaprazole sulfone (E). Extracted ion chromatograms of metabolites of ilaprazole (B), ilaprazole sulfide (D), and ilaprazole sulfone
(F). The similar metabolite profile of ilaprazole was generated with HLM incubation of ilapraozle at 10 mM (data not shown).

TABLE 1

Summary of metabolites found in human urine and feces following an oral dose of ilaprazole as well as observed in HLM incubations with ilaprazole, ilaprazole sulfide, and
ilaprazole sulfone

Metabolite [M+H]+ Identitya Product ion or fragment ionb
HLM incubation Human

Ilaprazole Ilaprazole sulfide Ilaprazole sulfone Urine Feces

P (Ilaprazole) 367.1234 P (M12+O) 184, 166, 137, 136, 122, 106 + + +
M1 353.1073 P–CH2 (M12–CH2+O) 320, 200, 154, 123, 122 + + +
M2 383.1193 P+O (M12+2O) 365, 200, 184, 166, 152 + + + +
M4c 383.1151 P+O (M12+2O) + +
M5 383.1173 P+O (M12+2O) 365, 200, 184, 166, 137, 122, 106 + + +
M6 383.1158 P+O (M12+2O) 350, 216, 168, 137, 136, 106 + + + +
M7c 383.1158 P+O (M12+2O) + +
M8 367.1227 P–O+O (M12+O) 334, 200, 168, 137, 136, 106 + + +
M9 337.1124 P–O–CH2 (M12-CH2) 304, 287, 184, 154, 122 + + + +
M10 399.1528 P–O+3O (M12+3O) 366, 232, 168, 137, 136, 122, 106 + +
M11 (Ilaprazole sulfone) 383.1178 P+O (M12+2O) 200, 184, 137, 136, 122, 106 + + +
M12 (Ilaprazole sulfide) 351.1266 P–O 318, 184, 168, 137, 136, 122, 106 + + + +
M13 301.1125 M12–C4H2 268, 168, 137, 134, 122, 106 +
M15c 367.123 M12+O 349, 317, 184, 152 +
M16 399.1128 M11+O 200, 136, 122, 106 +
M17 369.1018 M11–CH2 186, 184,122 +
M18 399.1136 M11+O 381, 216, 184 +
M19 399.1147 M11+O 216, 184, 152 +
M20 343.124 P–O–C+4H (M12–C+4H) 310, 176, 168, 137, 106 +

aIdentified or proposed metabolite structures are shown in Fig. 1 and Supplemental Figs. 1 and 2.
bAccurate mass product ion spectra (M1, M2, M4–M12, and M15) and fragment ion spectra (M13 and M16-M2) were acquired, which are displayed in Fig. 3 and Supplemental Figs. 1 and 2.
cNo reliable or interpretable fragment ion spectral data were acquired.
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sulfur atom led to an ion at m/z 200.0833 (substituted benzimidazole + O)
and m/z 184.0411 (S–CH2 containing pyridine derivative), suggesting the
oxygen atom was added in the substituted benzimidazole moiety. Thus,
M5was determined to be amonooxidation product of ilaprazole (see Fig. 3
as well as Fig. 5). Most likely, the oxygen atom was attached to one of the
nitrogen atoms since a product ion atm/z 365.1086 corresponding to a loss
of water from the protonated molecule was very significant. M4 and M7
had the same protonated molecule corresponding to the addition of an
oxygen atom to ilaprazole such that M4 and M7 were determined to be
monooxidation products of ilaprazole (Table 1). However, since both
metabolites had no high-quality fragment ion spectral data, the defined
structures of M4 and M7 remain to be determined.
M8 and M6 were assigned as monohydroxyl and dihydroxyl

ilaprazole sulfide, respectively, in which hydroxyl groups are on the
pyrrole ring, The product ion spectra of M8 (Fig. 3) and M6
(Supplemental Fig. 1) were almost identical to those of the same
metabolites reported in the literature, in which structures of these two
metabolites were determined by nuclear magnetic resonance analysis
(Zhou et al., 2010). M9 had a protonated molecule at m/z 337.1133,
which was 14 Da smaller than that of ilaprazole sulfide. Both shared the
same fragmentation pattern (Fig. 3). Thus, M9 was characterized as
dimethyl ilaprazole sulfide. In the same manner, M1 was assigned to be
desmethyl M8. M13 was a product formed via dealkylation of the
pyrrole ring of ilaprazole (Supplemental Fig. 1). M2 was characterized
as a monooxidation product of M8 (Fig. 3).
Role of HLM Enzymes in Sulfoxide Reduction of Ilaprazole. To

determine the roles of P450 and othermetabolizing enzymes in sulfoxide
reduction of ilaprazole, ilaprazole was incubated with HLMs under
various conductions, followed by quantitative analysis of ilaprazole
sulfide by LC/UV/MS (Fig. 4). Compared with the HLM incubation
control sample (without zero time) (Fig. 4A), HLM incubation of

ilaprazole (10mM, 45minutes) with NADPH generated ilaprazole sulfide
(M12), ilaprazole sulfone (M11), M9, and M8 (Fig. 4C), among which
M12 was the major metabolite. The HLM incubation of ilaprazole in
the absence of NADPH also led to the formation of M12, but not other
oxidative metabolites, M11, M8, andM9 (Fig. 4B), indicating that P450
was responsible for the formation of M12, M8, and M9, but not
sulfoxide reduction of ilaprazole. Moreover, incubation of ilaprazole
with deactivated HLMs (preheated at 80�C for 10 minutes) and NADPH
generatedM12 but notM11,M8, andM9 (Fig. 4D). Relative amounts of
M12 formed in the incubations with HLMs and deactivated HLMs were
comparable (Fig. 4, C and D). These observations further indicate that
sulfoxide reduction to ilaprazole sulfide was mainly a chemical reaction
with no involvement of P450 enzymes or significant contributions by
other metabolizing enzymes in HLMs.
Metabolic Stability of Ilaprazole, Ilaprazole Sulfide, and Ilaprazole

Sulfone in HLMs. Metabolic stability of ilaprazole, ilaprazole sulfide,
and ilaprazole sulfone (1 mM) was determined by measuring their
disappearances in HLM incubations for up to 45 minutes using LC/MS.
As shown in Fig. 5A, the half-life values of the disappearances for
ilaprazole, ilaprazole sulfide, and ilaprazole sulfone were 33.8, 8.0, and
143.5 minutes, respectively, indicating that metabolism of ilaprazole
sulfide was much faster than ilaprazole, while ilaprazole sulfone was
metabolically stable in HLMs.
Stability of Ilaprazole in Human Plasma. Stability of ilaprazole

(4 mM) in human plasma was determined by measuring the relative
concentrations of ilaprazole atmultiple time points using LC/MS.As shown
in Fig. 5B, the disappearance of ilaprazole after incubation for 120 minutes
was minimal, indicating ilaprazole was very stable in human plasma.
Detection and Structural Characterization of Ilaprazole Metab-

olites in Human Urine and Feces. Human urine and feces samples
collected from two healthy female subjects after oral administration of

Fig. 3. MS/MS spectra and fragmentation of selected ilaprazole metabolites found in HLMs, urine, and feces. Product ion spectra of M5, M8, M9, M11, and M12 were
acquired by product ion scanning analysis. Fragment ion spectrum of M20 was recorded by simultaneous acquisition of exact mass at high and low collision energy (MSE).
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10 mg ilaprazole were subjected to analysis by LC/UV/HRMS.
Detection of potential ilaprazole metabolites was performed by search-
ing for metabolites observed in the HLM incubations with ilaprazole,
ilaprazole sulfide, and ilaprazole sulfone (Table 1). In addition, predicted

common glucuronide and sulfate conjugates of all metabolites listed in
Table 1 were searched. Furthermore, mass defect and product ion filters
were employed to process full MS and fragment ion LC/MS data sets to
discover unpredictable metabolites of ilaprazole and ilaprazole sulfone.
As a result, eight significant drug-related components, M1,M2,M5,M6,
M8, M9, M12, and M20, were detected and structurally characterized in
the human urine (Fig. 6, B and D). Four metabolites, M2, M6, M9, and
M12, were found in the human feces (Fig. 6, A and C). The ilaprazole
metabolite profiles in urine and feces from the two subjects were the
same. All of the metabolites found in human urine and feces except for
M5 were either ilaprazole sulfide (M12) or metabolites of ilaprazole
sulfide. In addition, all of the in vivo human metabolites except for M20
were formed in the HLM incubation with ilaprazole (Table 1).M20was a
metabolite derived from N-dealkylation of the pyrrole ring of ilaprazole
sulfide (Fig. 3). M13, a downstream metabolite of M20, was seen in the
HLM incubation with ilaprazole sulfide (Fig. 2D). It is worth noting that
neither ilaprazole sulfone (M11) nor its metabolites formed in HLMs
(M16–M19) or predicted by common biotransformation pathways were
detected in human urine or feces (Table 1). A small amount of ilaprazole
was found in human feces, but not in human urine (Fig. 6).

Discussion

It has been widely accepted that CYP3A4-mediated metabolism plays
a major role in ilaprazole clearance in humans (Seo et al., 2012; de
Bortoli et al., 2013; Shin et al., 2014; Savarino et al., 2016; Wang et al.,
2016; Xuan et al., 2016). The key experimental evidence to support this
consideration is that sulfoxide oxidation to ilaprazole sulfone is observed
in HLMs and CYP3A4 mainly catalyzes the formation of ilaprazole
sulfone (Seo et al., 2012). Inhibition or induction of CYP3A4 by a
coadministered drug may lead to very significant changes (5- to 10-fold)
in exposure of a victim drug that is mainly cleaned by a CYP3A4-
mediated metabolic pathway in humans (Hisaka et al., 2009; Fenneteau
et al., 2010). Thus, good understanding of the drug-drug interaction
potential of ilaprazole as a victim of a CYP3A4 inhibitor or inductor is

Fig. 4. LC/UV profiles of incubation samples of ilaprazole
(10 mM) with HLMs under various conductions. (A) Ilaprazole
mixed with HLMs and NADPH without incubation (negative
control). (B) Incubation of ilaprazole in HLMs without NADPH for
45 minutes. (C) Incubation of ilaprazole in HLMs with NADPH for
45 minutes. (D) Incubation of ilaprazole with deactivated HLMs
and NADPH for 45 minutes.

Fig. 5. (A) Disappearance of ilaprazole, ilaprazole sulfide, and ilaprazole sulfone in
HLM incubation with NADPH. (B) Disappearance of ilaprazole in incubation with
human. Individual test compounds were incubated in HLMs or human plasma at
37�C in triplicate. Remaining test compounds in the incubations were measured by
LC/HRMS.
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very important in the clinical use of ilaprazole. Omeprazole, lansopra-
zole, and esomeprazole are metabolized mainly by CYPC19 and
partially by CYP3A. Exposures of these PPIs to humans are increased
by 1.3- to 2-fold by administered clarithromycin, a potent CYP3A
inhibitor (Mainz et al., 2002; Ushiama et al., 2002; Calabresi et al.,
2004). In contrast, rabeprazole is mainly cleaned via nonenzymatic
sulfoxide reduction (Setoyama et al., 2006). Therefore, the exposure of
rabeprazole to humans is not elevated when clarithromycin is coad-
ministered (Yasuda et al., 1995; Shimizu et al., 2006). We speculated
that sulfoxide oxidation to ilaprazole sulfide instead of CYP3A4-
mediated nonenzymetic sulfoxide reduction to ilaprazole sulfone is the
major clearance pathway of ilaprazole in humans, which would explain
the observation that the inhibition of CYP3A4 by clarithromycin has not
elevated the exposure of ilaprazole to humans (Cao et al., 2012).
The primary goal of this study was to determine if sulfoxide oxidation

is a major metabolic clearance pathway of ilaprazole in humans.
LC/HRMS analysis of ilaprazole metabolites in HLMs (Fig. 2B)
releveled that ilaprazole underwent three primary metabolic pathways
in HLMs: sulfoxide reduction to ilaprazole sulfide; monooxidation to
M4, M5, and M7; and sulfoxide oxidation to ilaprazole sulfone (Figs. 1
and 2; Table 1). Quantitative analysis of ilaprazolemetabolites by LC/UV
showed that the formation of ilaprazole sulfone was a relatively minor
metabolic pathway compared with the sulfoxide reduction of ilaprazole
in HLMs (Fig. 2, A and B). Moreover, LC/HRMS analysis of human
urine and feces did not find ilaprazole sulfone and its metabolites
(M16–M19) observed inHLMs (Table 1) as well as potential glucuronide
and sulfate conjugates of those ilaprazole sulfone-related metabolites
(Fig. 6; Table 1), although ilaprazole sulfone was previously found in
human plasma (Zhou et al., 2009; Cao et al., 2015). Most likely, a small
amount of ilaprazole sulfone is formed in human liver via CYP3A4-
mediated sulfoxide oxidation and then slowly converted to a few oxidative
metabolites (M16–M19) (Fig. 2, E and F; Fig. 5A). Ilaprazole sulfone and
itsmetabolites (M16–M19) could be directly eliminated via kidney and/or
liver. However, due to very low abundances in feces and/or urine,
LC/HRMS analysis was not able to find them. Collectively, the results
from the in vitro and in vivo biotransformation experiments provide

strong evidence that CYP3A4-mediated sulfoxide oxidation to ilaprazole
sulfone is not a major metabolic clearance pathway in humans.
Although ilaprazole sulfide was previously found in HLM incubation

(Seo et al., 2012) and human plasma and urine (Zhou et al., 2009, 2010),
the important role of sulfoxide reduction to the metabolic clearance of
ilaprazole has not been investigated or has been underestimated. In this
study, comprehensive profiling of ilaprazole metabolites (Fig. 1 and 2, A
and B; Supplemental Fig. 2) and ilaprazole sulfide metabolites (Fig. 2, C
and D) in HLMs was conducted using LC/UV/HRMS. In addition to the
previously reported metabolites (ilaprazole sulfone, ilaprazole sulfide,
and three monooxidation products) (Seo et al., 2012), several new
metabolites of ilaprazole, including metabolites of ilaprazole sulfide
(M1, M2, M6, M8, and M9), were detected and structurally character-
ized in HLMs. Moreover, quantitative analysis using LC/UV revealed
that ilaprazole sulfide was the most abundant product and ilaprazole
sulfide metabolites, M2, M8, and M9, were the major metabolites in the
HLM incubation with ilaprazole (Fig. 2, A and B). Additionally, the
HLM metabolic stability experiment showed that ilaprazole sulfide at a
low concentration was rapidly metabolized in HLMs (Fig. 5A). The
results demonstrated that sulfoxide reduction is the dominant metabolic
pathway of ilaprazole in HLMs (Fig. 1), while the formation of other
ilaprazole metabolites, ilaprazole sulfone and monooxidation products
(M4, M5, and M7), were minor metabolic pathways.
The role of sulfoxide reduction in the clearance of ilaprazole in

humans was further examined by the comprehensive detection and
characterization of ilaprazole metabolites in human urine and feces using
LC/HRMS and various metabolite data-mining methods, such as mass
defect filter. As shown in Fig. 6, all of the ilaprazole metabolites detected
and characterized in human urine and feces except for M5 were either
ilaprazole sulfide (M12) or its metabolites (M1, M2, M6, M8, M9, and
M20). The LC/MS peak areas of these ilaprazole sulfide–related
components in the urine or feces samples were either higher than or
equivalent to M5 or the parent drug suggesting that ilaprazole sulfide–
derived metabolites were major drug-related components in human
excretes. M5 was a relatively minor metabolite in urine, but was not
found in feces.

Fig. 6. Extracted ion chromatograms of ilaprazole and its metabolites in human urine and feces. (A) Feces collected postdose 33–48.5 hours from subject A. (B) Urine
collected postdose 0–48 hours from subject A; (C) Feces collected postdose 24–49 hours from subject B; (D) Urine collected postdose 0–48 hours from subject B.
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It is also important to understand the role of direct elimination of
ilaprazole via liver and kidney in the clearance of ilaprazole in humans.
Ilaprazole was found in human feces samples, but it was not detected in
human urine in the current investigation (Fig. 6), consistent with a
previous observation (Zhou et al., 2010). The abundance of ilaprazole in
feces was comparable to or lower than ilaprazole sulfide or its
metabolites (M1, M2, M6, M8, M9, and M20) based on their peak
intensities in the LC/MS profiles (Fig. 6, A and C). Ilaprazole in feces
can be unabsorbed ilaprazole and/or ilaprazole excreted from liver.
Apparently, the direct elimination of the parent drug via either kidney or
liver is not a significant clearance pathway of ilaprazole in humans.
Based on the results from in vitro and in vivo biotransformation
experiments we propose that sulfoxide reduction to ilaprazole sulfide,
followed by its rapid oxidation of ilaprazole sulfide to M8, M9, and
M20, is the dominant metabolic clearance pathway of ilaprazole in
humans. M8 and M9 undergo further biotransformation to M1, M2, and
M6 (Fig. 1). A human radiolabeled absorption, distribution, metabolism,
and excretion study or quantitative analysis of ilaprazole and its
metabolites in human urine and feces using synthetic standards in the
future would to confirm the proposed metabolic clearance pathways of
ilaprazole in humans.
Sulfoxide reduction of PPIs has been considered as a nonenzymatic

chemical reaction (Setoyama et al., 2006; Ren et al., 2008; de Bortoli
et al., 2013). In the current study, ilaprazole sulfide was formed in HLM
incubation without NADPH (Fig. 4B), suggesting that P450 is not
involved in the sulfoxide reduction. The formation of ilaprazole sulfide
in the incubation with deactivated HLMs (preheated at 80�C for
10 minutes) and NADPH (Fig. 4D) further confirmed that sulfoxide
reduction of ilaprazole in HLMs is mainly a chemical reaction with no or
minimal involvement of P450 or other common metabolizing enzymes
inHLMs. Interestingly, ilaprazole was very stable in human plasma (Fig.
5B), which may be associated with the high protein binding of ilaprazole
in plasma. In addition, the incubation of ilaprazole in buffer without
HLMs only generated about 30% of ilaprazole sulfide compared with
that in HLM incubations (data now shown), which happened in a
similar HLM incubation with rabeprazole (Ren et al., 2008). These
observations suggest that some unknown nonenzymatic factors in
HLMs may enhance the sulfoxide reduction reaction. For example,
components in HLMs may increase the solvability of ilaprazole in the
incubation medium, resulting in faster ilaprazole reduction. The
chemical mechanism of the sulfoxide reduction of PPIs remains to
be investigated.
In summary, biotransformation of ilaprazole in HLMs and humans

was investigated in this study. The in vitro results suggest that ilaprazole
undergoes three primary metabolic pathways in HLMs: sulfoxide
reduction to ilaprazole sulfide, sulfoxide oxidation to ilaprazole sulfone,
and monooxidation to multiple metabolites. Ilaprazole sulfide is further
rapidly converted to multiple oxidative metabolites. Sulfoxide reduction
is the major metabolic pathway, while sulfoxide oxidation and mono-
oxidation of ilaprazole are minor metabolic pathways in HLMs.
Furthermore, all ilaprazole metabolites found in human urine and feces
except for a minor monooxidation product (M5) in urine were ilaprazole
sulfide and its metabolites. Collectively, we propose that sulfoxide
reduction to ilaprazole sulfide, followed by its further oxidative metab-
olism, plays a dominant role in the clearance of ilaprazole in humans,
while CYP3A-mediated sulfoxide oxidation is a relatively minor
metabolic clearance pathway. Sulfoxide reduction of ilaprazole is most
likely a nonenzymatic reaction, although its mechanism remains to be
investigated. Consequently, we predict that the exposure of ilaprazole to
humans will not be significantly affected by a coadministered inhibitor
or inductor of CYP3A4, other P450 enzymes, and common phase I and
II enzymes as well as polymorphism of these metabolizing enzymes.
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