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ABSTRACT

Racemic proton pump inhibitors (PPIs) have been developed into
pure enantiomers given superior pharmacokinetic profiles. How-
ever, after doses of single enantiomer PPIs, different degrees of
chiral inversion were observed. We investigated the relationship
between chiral inversion and reductive metabolism of PPIs, as well
as the mechanism of reductive metabolism. In liver microsomes and
Sprague-Dawley rats, PPI thioethers were stereoselectively oxi-
dized to (R)- and (S)-PPIs, indicating that thioethers could be the
intermediates of chiral inversion. By comparing the area under the
plasma concentration-time curve ratios of thioether to rabeprazole
under different routes of administration and blood sampling site, it
was determined that thioether was mainly formed in the liver rather
than the intestine. The formation rate of PPI thioethers in liver
subcellular fractions was significantly higher than that in buffers.

Sulfhydryl-blocking agents, such as N-ethylmaleimide, menadione,
and ethacrynic acid, inhibited the reductive metabolism of PPIs
in vitro, and their corresponding glutathione conjugates were
observed. Similar amounts of thioethers were formed in glutathione
solutions as in liver subcellular fractions, indicating that biologic
reducing agents, instead of reductases, accelerated the reductive
metabolism of PPIs. The reduction rates in glutathione solutions
were ordered as follows: rabeprazole > omeprazole> lansoprazole>
pantoprazole, which was consistent with the natural bond orbital
charges of sulfur atoms in these compounds. In conclusion, PPIs
were transformed into thioethers by biologic reducing agents in
liver, and thioethers continued to be oxidized to two enantiomers,
leading to chiral inversion. Furthermore, inhibiting oxidative metab-
olism of PPIs enhanced reductive metabolism and chiral inversion.

Introduction

Benzimidazole proton pump inhibitors (PPIs) are used for the
treatment of acid-related diseases such as gastric ulcers and nonerosive
gastroesophageal reflux disease (Freedberg et al., 2017). Their molec-
ular skeletons contain chiral sulfoxide groups. The early marketed
PPIs, including omeprazole (OME), lansoprazole (LAN), pantoprazole
(PAN), and rabeprazole (RAB), are all racemic mixtures with two
enantiomers exhibiting different pharmacokinetic and/or pharmacody-
namic properties (Freedberg et al., 2017). For example, (R)-OME and
(R)-PAN show extensive variability in pharmacokinetics in humans due
to CYP2C19 genetic polymorphism, but the metabolic clearance of
(S)-OME and (S)-PAN is independent of CYP2C19 (Ishizaki and Horai,
1999; Horn, 2004). Researchers have gradually realized the therapeutic
advantages of single enantiomer forms of PPIs, including reducing
the metabolic load on the body, simplifying pharmacokinetics, pro-
viding benefit to nonresponders to standard dose of racemate, more

homogenous response to treatment, and better efficacy with equal safety
(Zhou et al., 2008). Developing single enantiomer PPIs has become a
trend (Agranat et al., 2002). (S)-OME, (R)-LAN, (S)-PAN, and (R)-RAB
have already been marketed in different countries (Shin and Kim, 2013).
For single enantiomer drugs, good in vitro and in vivo chiral stability

is required (Williams et al., 1998). The US Food and Drug Adminis-
tration states that if a racemate has beenmarketed and the sponsor wishes
to develop the single enantiomer, evaluation should include determina-
tion of whether there is significant conversion to the other isomer
(Tomaszewski and Rumore, 1994). If the pure enantiomer is chirally
unstable, readily converting to a mixture of two enantiomers, then the
stereoselective synthesis, chiral separation, and quality control would be
in vain. Single enantiomers may undergo enzymatic or nonenzymatic
chiral inversion. For example, 2-arylpropionic acid undergoes unidirec-
tional chiral inversion of the inactive (R)-enantiomer to the active
(S)-enantiomer (Ikuta et al., 2017). Thalidomide was marketed in
racemic form to treat morning sickness in pregnant women, and strong
embryotoxicity and teratogenicity of (S)-thalidomide were found.
(R)-enantiomer was considered to be brought into the market at one
point in time, but subsequent studies have proven that the chiral center in
thalidomide was unstable in protonated media and underwent rapid
chiral inversion. Therefore, (R)-thalidomide could still cause toxic
reactions due to in vivo chiral inversion (Reist et al., 1998).
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Cases of chiral inversion of single enantiomer PPIs in clinical
pharmacokinetic studies have been reported (Andersson et al., 2001;
Xie et al., 2004). After oral administration of 40 mg (S)-OME, the chiral
inversion based on the area under the plasma concentration-time curve
(AUC) exposure (AUCR/AUCS) reached 0.4% in humans. After oral
administration of (R)-PAN, the average AUC from time 0 to the last
quantifiable time point (AUC0–t) of (S)-PAN accounted for 1.5% of the
total PAN. A phase I clinical trial in our laboratory found that after a
single oral dose of 80 mg of (R)-anaprazole, the chiral inversion ratio
reached 6.3% 6 5.7% (unpublished data). To date, the mechanism of
chiral inversion in vivo and the reasons for the differences in chiral
inversion of PPIs have not been reported.
The chemical racemization of sulfoxides occurred at approximately

200�C through pyramidal inversion (Rayner et al., 1968; Marom et al.,
2007); therefore, the sulfoxide groups were considered chirally stable
in vivo. We speculated that the chiral inversion of PPIs was related
to their metabolic transformation. Oxidative metabolism and reduc-
tive metabolism of PPIs could both occur in vivo to form sulfone and
thioether, respectively. According to our early results, PPI sulfone could
not be remetabolized to sulfoxide, whereas thioethers could be easily
oxidized to sulfoxides. Consequently, a hypothesis was proposed that
thioether metabolites of PPIs were the intermediate of chiral inversion.
In this study, we investigated the relationship between chiral inversion
and reductive metabolism of PPIs, as well as themechanism of reductive
metabolism.

Materials and Methods

Chemicals and Reagents. Pooled human liver microsomes (HLMs), human
liver cytosolic (HLC) fractions, and recombinant flavin-containing monooxygenases

[(FMOs), including FMO1, FMO3, and FMO5] were supplied by BD Gentest
(Woburn, MA). Fresh rat liver homogenate and rat liver S9 were prepared
according to the reported methods (Esterbauer et al., 1985; Bourland et al.,
1998). (R)-LAN, (S)-LAN, (S)-OME, and (R)-PAN were purchased from
TRC Chemicals (Toronto, Canada). (S)-PAN was bought from Sun-Wise
Pharmaceutical (Hefei, China). (R)-OME was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). (R)-RAB and (S)-RAB were kindly pro-
vided by Aosaikang Pharmaceutical (Jiangsu, China). The racemic forms of
OME, LAN, PAN, and RAB and their thioether metabolites, (R)-LAN-d4,
1-aminobenzotriazole (ABT), reduced glutathione (GSH), NADPH, NADH,
ethacrynic acid (EA), menadione (MD), N-ethylmaleimide (NEM), cysteine,
and DMSO, were purchased from Meilunbio (Dalian, China).

Animal Experiments. All procedures in the animal studies were performed in
accordance with the Guide for the Care and Use of Laboratory Animals of
Shanghai Institute of Materia Medica, Chinese Academy of Sciences. Male
Sprague-Dawley (SD) rats weighing 180–220 g were acclimatized for at least
7 days. Portal vein–cannulated male SD rats were purchased from Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). Animals were fasted
for 12 hours with free access to water before the experiments. Blood samples were
collected predosage (0 hour) and 0.083, 0.25, 0.5, 1, 1.5, 2, 3, and 4 hours
postdosage in tubes containing heparin; additionally, two blood samples were also
collected at 6 and 8 hours postdosage in the experiment to investigate the effect of
inhibiting cytochrome P450 (P450) enzymes on chiral inversion. Plasma was
acquired after centrifugation of blood samples at 14,000 rpm for 5 minutes. The
isolated plasma samples (50 ml) were placed in covered storage tubes containing
1% diethylamine solution (2 ml) as a stabilizer (Uno et al., 2005) and stored
at 280�C until analysis.

Biotransformation of RAB Thioether in SD Rats. RAB thioether was
dissolved in DMSO and then diluted with normal saline to 200 mg/ml. The final
concentration of DMSO was 1%. RAB thioether was administered intravenously
via the tail vein to five male SD rats at a dose of 1 mg/kg. Plasma samples were
collected, prepared, and stored as mentioned previously.

Pharmacokinetic Study of (R)-RAB in SD Rats via Various Routes of
Administration and Blood Sampling Site. This experiment aimed to determine
whether the intestine was the main site of PPI reductive metabolism. The portal
vein–cannulated SD rats (n = 5) were orally administered 3 mg/kg (R)-RAB. The
normal male SD rats were divided into two groups (n = 4 in each) and
administered the same dose of (R)-RAB via intravenous and portal vein
administration. Rats in the portal vein administration group were anesthetized
by intraperitoneal injection of Nembutal (30 mg/kg), and then the hepatic portal
vein was exposed by abdominal incision for administration. (R)-RAB was
dissolved in sodium bicarbonate buffer (pH 10). In the portal vein–cannulated
rats, blood samples were taken from the portal vein and retro-orbital venous
plexus at the same time. In the other two groups, blood samples were collected
only from the retro-orbital venous plexus.

Effect of Inhibiting P450 Enzymes on Chiral Inversion. Rats were divided
into the ABT group (n = 4) and control group (n = 4). In the ABT group, rats were
orally administered 100 mg/kg of ABT 16 hours prior to the experiment, and the
rats in the control group were given the same volume of normal saline. Then, rats
were intravenously injected with 3 mg/kg of (R)-RAB. Plasma samples were
collected, stored, and prepared as mentioned previously.

Incubation of RAB in Liver Subcellular Fractions. RAB was dissolved in
DMSO to obtain stock solutions (100 mM), which were then diluted with PBS
solution to the desired concentration, and the final system contained a DMSO

Fig. 1. Average plasma concentration of RAB thioether, (R)-RAB, and (S)-RAB vs.
time curves after intravenous administration of RAB thioether (1 mg/kg) in SD rats.
Data are presented as mean 6 S.D. (n = 5).

TABLE 1

Kinetic parameters for the formation of (R)- and (S)-PPIs from PPI thioethers in HLMs

Values are mean 6 S.D., n = 3.

Parameter
OME LAN PAN RAB

R S R S R S R S

Vmax (nmol/min per
milligram protein)

1.1 6 0.0 0.95 6 0.03 0.12 6 0.01 0.032 6 0.002 0.051 6 0.002 0.16 6 0.01 0.27 6 0.01 0.18 6 0.01

Km (mM) 36 6 3 74 6 6 77 6 14 78 6 13 6.1 6 1.2 11 6 1.8 18 6 1 72 6 4
Vmax/Km (ml/min per

milligram protein)
31 6 2 13 6 1 1.7 6 0.2 0.41 6 0.04 8.4 6 1.4 14 6 2 15 6 1 2.5 6 0.1

658 Tang et al.

 at A
SPE

T
 Journals on M

arch 20, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


concentration of 0.1% (v/v). RAB (1.5 mM) was incubated in several kinds of
liver subcellular components [HLMs, HLC fractions, heated HLC fractions,
freshly prepared rat liver homogenate, and acetonitrile extract of freshly prepared
rat liver homogenates (5:1, v/v)] at 37�C for 1 hour. Reduced coenzymes such as
NADPH (1 mM) and NADH (0.1 mM) were added to the HLC fraction
incubations to evaluate whether reductases were involved in the reductive
metabolism. (R)-RAB (10 mM) was also incubated in rat liver S9 (1mg/ml) in
the absence (2) and presence (+) of NADPH (1 mM) or GSH (1 mM), either
individually or in combination. After incubation, 100 ml of ice-cold acetonitrile
containing 0.1% diethylamine was added to terminate the reaction, and the
mixture was stored at280�C until the analysis of RAB thioether. The results are
presented as the mean 6 S.D. from three triplicate experiments. The main
metabolites in the rat liver S9 incubations were detected using ultra-performance
liquid chromatography/quadrupole time-of-flight (Q-TOF) mass spectrometry
(MS).

Inhibition of the Reductive Metabolism of RAB. HLC fractions were
preincubated with different concentrations (25, 100, and 1000 mM) of sulfhydryl-
blocking agents, such as NEM, EA, and MD, for 15 minutes. Then, RAB was
added to initiate the reaction. After 1-hour incubation, ice-cold acetonitrile
containing 0.1% diethylamine was added to terminate the reaction, and stored
at 280�C until analysis of RAB thioether.

Incubation of PPIs in GSH and Cysteine Solutions. Four PPIs were
incubated with GSH to confirm whether the thiol-containing molecules in liver
subcellular fractions could accelerate the reduction of PPIs and to evaluate the
effect of thiol concentration on the reduction of PPIs. GSH and cysteine were
prepared in deionized water to obtain 10 mM stock solutions, which were then
gradually diluted to different concentrations (5, 10, 25, 50, 100, 500, and
1000 mM) with PBS or potassium phosphate (a stronger capacity buffer used to
avoid a change in acidity due to increased GSH or cysteine concentration). RAB
(1.5 mM) was incubated with GSH or cysteine solutions for 1 hour at 37�C. After
incubation, the reaction was stopped with cold acetonitrile solution containing
1 mMNEM. Equal concentrations of OME, LAN, PAN, and RAB (1.5mM)were
incubated with HLC fractions (1 mg/ml) and GSH (1000 mM) under the same
conditions. At predetermined time intervals (0, 5, 15, 30, and 60minutes) ice-cold
acetonitrile containing 1 mM NEM was added to terminate the reactions. All
terminated samples were stored at 280�C until the quantitative determination
of thioether metabolites by liquid chromatography–tandem mass spectrometry
(LC-MS/MS).

Incubation of PPI Thioethers in HLMs and FMOs. The conditions for
incubation in HLMs were optimized to be linear with respect to incubation time
and protein concentrations. The final incubation mixture contained substrate,
HLMs (0.1 mg/ml), and NADPH (1 mM) in a final volume of 200 ml of 100 mM
PBS (pH 7.4). The mixtures were preincubated for 5 minutes at 37�C, and each
reaction was initiated by adding various concentrations of PPI thioethers (0.4, 2, 4,
8, 16, 32, 48, 80, and 200mM). The control HLMwas heat inactivated at 45�C for
2 minutes, wherein the FMO activity was abolished but not the P450s. After
incubation at 37�C for 10 minutes, 400 ml of acetonitrile containing 0.1%
diethylamine and an internal standard [200 ng/ml (R)-LAN-d4] was added to
terminate the reaction. Themixtureswere vortexed for 1 minute and centrifuged at

13,000g at 4�C for 5 minutes. A 100 ml aliquot of the supernatant was diluted
10-fold with the mobile phase, and then 5 ml of the resulting solution was injected
into the LC-MS/MS system to determine the concentrations of (R)- and (S)-PPIs.
The experiments were performed in duplicate. Incubations of PPI thioethers were
also conducted in recombinant FMOs. The PPI thioethers were added at a final
concentration of 3 mM (DMSO 0.1%) to a final volume of 100 ml of PBS
(100 mM, pH 7.4). A stock solution of FMOs (FMO1, FMO3, and FMO5) or
HLMs was also added at final concentrations of 1.0 mg/ml. The mixtures were
preincubated at 37�C for 3 minutes, and then the reactions were initiated by the
addition of NADPH at a final protein concentration of 1 mM. The mixtures were
incubated at 37�C for 60 minutes and quenched by the addition of an equal
volume of acetonitrile containing 0.1% diethylamine. All terminated samples
were stored at280�C until the quantitative determination of (R)- and (S)-PPIs by
chiral LC-MS/MS.

Sample Preparation. (R)-LAN-d4 (25ml) in methanol (200 ng/ml) was added
as an internal standard to mixtures of 25 ml of plasma or incubation samples and
200 ml of acetonitrile containing 0.1% diethylamine. The mixtures were vortexed
for 1 minute and centrifuged at 13,000g at 4�C for 5 minutes. Then, 1 ml of the
supernatant was injected into the LC-MS/MS system.

Determination of PPI Enantiomers and Thioether Metabolites in Plasma
or Incubation Samples by Chiral LC-MS/MS. The high-performance liquid

TABLE 2

AUCs of the RAB thioether and (R)-RAB after three administration routes of 3 mg/
kg of (R)-RAB

The administration routes included oral administration (n = 5) in portal vein–cannulated rats,
portal vein administration (n = 4), and intravenous administration (n = 4) in normal SD rats.
Results are expressed as mean 6 S.D.

Administration Route
AUC0–t of Thioether

(ng×h/ml)
AUC0–t of (R)-RAB

(ng×h/ml)
AUC Ratioa

%

Oralb 3.75 6 1.09 12.8 6 5.3 30.6
Oralc 15.5 6 3.0 137 6 64 11.8
Portal vein 25.0 6 3.38 91.3 6 34.2 28.6
Intravenous 73.9 6 8.75 500 6 46.7 15.5

aMRAB � AUC0–t thioether/Mthioether � AUC0–t RAB, where M represents the average molecular
weight.

bFrom the systemic plasma concentration in circulation.
cFrom the portal vein plasma concentration.

Fig. 2. Amount of formed RAB thioether after incubation of RAB (1.5 mM) in
different liver subcellular fractions. Results are expressed as mean 6 S.D. (n = 3).

Fig. 3. Amount of formed RAB thioether after incubation of RAB (1.5 mM) in HLC
fractions treated with different concentrations of NEM, EA, and MD. Results are
expressed as mean 6 S.D. (n = 3).
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chromatography system consisted of an LC-30AD pump equipped with an SIL-
30AC autosampler (Shimadzu, Kyoto, Japan). Chiral separation of PPI enantio-
mers was performed on Lux Cellulose-4 chiral columns (150 � 4.6 mm, 5 mM)
from Phenomenex (Torrance, CA) at 40�C with a flow rate of 0.8 ml/min. The
separation was carried out using a gradient elution procedure. The mobile phase A
(5 mM ammonium acetate) and B [acetonitrile/isopropanol (30:70, v/v)] ratios
linearly changed as follows: 0–0.8 minutes, 25% B; 0.8–2.1 minutes, 25%–43%
B; 2.1–3.6 minutes, 43%–55% B; 3.6–4.6 minutes, 55%–95% B; and 4.6–
4.8 minutes, 95% B. Then, the column was equilibrated with the initial mobile
phase. When analyzing PAN enantiomers, the gradient elution procedure was
slightly modified to obtain better resolution. The total run time was 6.5 minutes.

MS detection was performed using an AB Sciex Triple Quad 6500 System
(Applied Biosystems, Concord, ON, Canada) equipped with a TurboIonSpray ion
source. Multiple reactions monitoring was used to quantify compounds in the
positive ion mode [mass-to-charge ratio (m/z) 330.1→ 182.1 for OME thioether,
m/z 346.1→ 198.1 for OME,m/z 354.2→ 236.2 for LAN thioether,m/z 370.2→
252.2 for LAN, m/z 368.2 → 184.2 for PAN thioether, m/z 384.2 → 200.2 for
PAN, m/z 344.2 → 226.2 for RAB thioether, and m/z 360.2 → 242.2 for RAB].

Sample Preparation and Ultra-Performance Liquid Chromatography/Q-
TOF MS Analysis. The reductive metabolism of PPIs in HLC fractions was
significantly inhibited by sulfhydryl-blocking agents (NEM, EA, and MD).
Supposedly, certain reductive agents were depleted by these compounds.
Acetonitrile (800 ml) was added to a 200 ml aliquot of the HLC fraction
incubations that were treated with NEM, EA, or MD and GSH incubations. These
samples were vortex mixed and centrifuged at 14,000g for 5 minutes. The
supernatant was transferred into a plastic tube, evaporated to dryness under a
stream of nitrogen at 40�C, and then reconstituted in 120 ml of water/methanol
(98:2, v/v) solution. A 7 ml aliquot of the reconstituted solution was injected into
the ultra-performance liquid chromatography Q-TOF Synapt G2 system (Waters,
Milford,MA) for analysis. The rat liver S9 incubations were prepared as described
previously, except that the reconstitution reagent was replaced with acetonitrile
containing 0.1% diethylamine as a stabilizer.

The analytes in the GSH incubations and inhibitor-treated HLC fraction
incubations were separated with a mobile phase consisting of deionized water
containing 0.1% formic acid as the aqueous phase and methanol as the organic
phase by using an Acquity HSS T3 column (100� 2.1 mm, 1.8 mM) equilibrated
at 40�C. The column was eluted with a linear gradient of 2%–50% B over an
initial time to 6.0 minutes, 50%–70% B over 2.0–7.0 minutes, and 70%–99% B
over 7.0–11.0 minutes, and then held at 99% B for 1.0 minute, returned to 1% B
for 0.5 minutes, and held for 1.5 minutes at an eluent flow rate of 0.40ml/min. The
chromatographic separation of analyte in rat liver S9 incubations was conducted
using Lux Cellulose-4 chiral columns (150 � 4.6 mm, 5 mM) from Phenomenex
at 40�C with a flow rate of 0.8 ml/min. The mobile phase was a mixture of 5 mM
ammonium acetate (A) and acetonitrile/isopropanol (30: 70, v/v) (B). The gradient
was started from 30% B, maintained for 3 minutes, and then increased linearly to
50% B over the next 11 minutes. Afterward, the gradient was rapidly increased to
99% B, maintained for 1 minute, reduced to 30% B for 1 minute, and then finally
maintained at 30% B for 2.5 minutes to equilibrate the column. For Q-TOF MS
analysis, the optimal conditions were as follows: capillary voltage of 3000 V,
desolvation temperature of 450�C, sample cone voltage of 35 V, source
temperature of 120�C, cone gas flow of 50 l/h, and desolvation gas flow of
800 l/h. The mass spectrometric MSE data were acquired in the positive ion mode
from 50 to 1200 Da with a 0.15 second scan time at a constant collision energy
setting of 2 V during the low-energyMSmode (function 1) for precursor ion data,
and then dynamically from 15 to 40 V collision energy during the high-energy
MSE mode (function 2) for optimal fragmentation data. Mass was corrected
during acquisition using an external reference (LockSpray) consisting of a
40 ng/ml solution of leucine enkephalin infused at a flow rate of 10 ml/min via a
LockSpray interface, generating a reference ion for positive ion mode ([M+H]+ =
556.2771) to ensure accuracy during the MS analysis.

Data Analysis. WinNonlin (version 6.1; Pharsight Corp., Cary, NC) was used
to calculate the pharmacokinetic parameters in a noncompartmental model.
GraphPad Prism (version 5.0; GraphPad Software Inc., San Diego, CA) was used
to generate the Km and Vmax values. All data are expressed as mean 6 S.D.

Fig. 4. Amount of formed RAB thioether after incubation of racemic RAB (1.5 mM) with different concentrations of GSH and cysteine in PBS and potassium phosphate
(KPi) solutions. Results are expressed as mean 6 S.D. (n = 3).

Fig. 5. Formation of thioether metabolites after incubation of four racemic PPIs (1.5 mM) in GSH solution (1000 mM) (A) and HLC fractions (B). Results are expressed as
mean 6 S.D. (n = 3).
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Results

Stereoselective Oxidation of RAB Thioether in SD Rats. To test
whether RAB thioether could be oxidized to parent drug, rats were
administered intravenously with 1 mg/kg RAB thioether. The average
concentration-time profiles are shown in Fig. 1. (R)-RAB and (S)-RAB
were observed in rat plasma from the first blood sampling time. RAB
thioether andRAB enantiomers were all eliminated rapidly from plasma.
The biotransformation of RAB thioether to (R)- and (S)-enantiomers was
stereoselective. The plasma concentration of (R)-RAB was significantly
higher than that of (S)-RAB.
Stereoselective Oxidation of PPI Thioethers in HLMs and

FMOs. Thioether metabolites of OME, LAN, PAN, and RAB were
incubated with HLMs, and the concentrations of the corresponding
(R)- and (S)-enantiomers were determined by LC-MS/MS. Nonlinear
regression analysis was used to calculate the kinetic parameters (Km and
Vmax), as shown in Table 1. The oxidative metabolisms of PPI thioethers
to form sulfoxides were all stereoselective. In addition to PAN thioether,
three other PPI thioethers were preferentially metabolized to their
(R)-enantiomers. (R)-PPIs and (S)-PPIs were also detected in thioether-
fortified incubated samples with FMO1, FMO3, and FMO5; however,
the yields were significantly lower than those in the HLM incubations
(Supplemental Fig. 1), and the formation in FMO-deactivated liver
microsomes (by heating) showed no difference from that in the untreated
liver microsomes. Therefore, P450s were considered as the main
enzymes involved in the oxidation of thioethers to PPIs.
Formation Region of RAB Thioether In Vivo. The AUC data

obtained for the parent drug and RAB thioether after administration of
(R)-RAB to rats via different routes are given in Table 2. Following oral
administration, the concentrations of RAB and RAB thioether in portal
vein were both higher than those in systemic circulation; however, the
molar AUC0–t ratios of thioether to RAB in the portal vein were
significantly lower than those in systemic circulation (11.8% vs. 30.6%).
The molar AUC0–t ratios were 15.5% and 28.6% in rats administered
via intravenous and portal vein routes, respectively. These data
indicated that RAB thioether was mainly formed in the liver instead
of the intestine.
Metabolism of (R)-RAB in Liver Subcellular Fractions. To

elucidate the formation pathway of RAB thioether, (R)-RAB was
incubated with liver subcellular fractions and PBS. The amount of
produced RAB thioether is shown in Fig. 2. After 1-hour incubation,
approximately 13.3% of RAB was transformed into thioether in HLC
fractions, a similar amount of thioether was formed in rat liver
homogenate, and a slightly lower amount was found in HLMs.
However, only 2.35%was found in PBS. The formation of thioether was
not increased with the addition of NADPH or NADH to HLC fraction
incubations. Heat-deactivated HLC fractions (in which HLC fractions
were heated for 10minutes in a 100�Cwater bath) had the same reducing
capacity. These data indicated that the reductive metabolism of RAB in
liver subcellular fractions was not mediated by liver reductases.
Further studies were conducted to confirm the dominant components

that were involved in the reductive metabolism of PPIs. As shown in
Fig. 3, concentration-dependent inhibition of reductive metabolism was

observed when sulfhydryl-blocking agents (NEM, EA, and MD)
were added to the HLC fraction incubations. The amount of produced
thioether was reduced to 64.9%, 52.3%, and 63.7% at 100 mM of NEM,
EA, and MD, respectively. With further increasing concentrations of
the three inhibitors, the reductive metabolism was nearly completely
inhibited.
Reductive Reaction of RAB in GSH and Cysteine Solutions.

RAB thioether was detected after the incubation of RAB in GSH and
cysteine solutions for 1 hour. It was formed in a GSH or cysteine
concentration-dependent manner (Fig. 4) when the concentration of GSH
or cysteine was less than 10-fold of the substrate. However, the formation
did not continue to increase when the GSH or cysteine concentration was
increased to normal intracellular levels (1 mM). In addition, there was no
significant difference in the rate of reduction of RAB in PBS and
potassium phosphate solutions containing GSH or cysteine.
The formation rates of thioether metabolites of the four PPIs were

measured in GSH solution and HLC fractions. As shown in Fig. 5, the
formation of all four thioethers in both incubation systems was time
dependent within 60 minutes, and the formation rate of the four PPI
thioethers differed. In both incubation systems, the formation rate of
RAB was the fastest. The rank order of reduction rates in GSH was
RAB.OME. LAN. PAN (Table 3). In the incubation of RAB with
GSH, the two GSH conjugates identified as benzimidazole-GSH and
[RAB-H2O]-GSH were observed in a GSH concentration-dependent
manner (Supplemental Fig. 2).
Reductive Metabolism and Chiral Inversion in Rat Liver S9

Fractions. The main metabolic profiles of (R)-RAB in rat liver S9
incubations are shown in Fig. 6. (R)-RAB, (S)-RAB, and RAB thioether
were confirmed using reference standards. The results showed that
(R)-RAB can be converted to thioether regardless of whether GSH was
added in rat liver S9. The formation rate of RAB thioether is similar to

TABLE 3

Formation rate (nmol/l per minute) of PPI thioethers in GSH and HLC fractions

Results are expressed as mean 6 S.D. (n = 3).

Incubation
System

PAN LAN OME RAB

GSH 0.281 6 0.025 0.460 6 0.094 0.573 6 0.028 4.33 6 0.37
HLC fractions 0.218 6 0.019 0.354 6 0.012 0.377 6 0.016 3.78 6 0.02

Fig. 6. MS detection of the main metabolic profiles of (R)-RAB in rat liver S9 in the
absence of both NADPH and GSH (A), in the presence of GSH but not NADPH (B),
in the presence of GSH but not NADPH (C), and in the presence of both NADPH
and GSH (D). A chromatogram of the mixture solution of racemic RAB (50 nM) and
RAB thioether (10 nM) iss provided in (E).
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that of other liver subcellular fractions. In the incubation of (R)-RAB
with NADPH-supplemented rat S9, chiral inversionmetabolite (S)-RAB
and other thioether-related metabolites such as desmethyl thioether and
thioether carboxylic acid were observed.
Effect of Inhibition of P450 Enzymes on Reductive Metabolism

and Chiral Inversion. The average concentration-time profiles of
(R)-RAB, (S)-RAB, and RAB thioether after intravenous administration
of (R)-RAB are shown in Fig. 7, and the noncompartmental pharmaco-
kinetic parameters of (R)-RAB, (S)-RAB, and RAB thioether are given in
Table 4. In theABT group, theAUC of (R)-RABwas 4.6 times higher than
that of the control group, and the AUCs of the reductive metabolite and
chiral inversion product in the ABT group were 12.0 and 14.7 higher than
those of the control group, respectively. TheAUC0–t ratio of RAB thioether
to RAB was 22.3%; however, only 8.6% was found in the control group.

Discussion

PPIs show varied extent of chiral inversion in vivo. Under most
circumstances, the chiral inversion degree of PPIs is small or even

negligible (Andersson et al., 2001; Xie et al., 2004; Gao et al., 2013).
However, obvious chiral inversion caught our attention in the phase I
clinical trial of (R)-anaprazole, a novel PPI with chemical properties and
metabolic profiles similar to RAB (Fig. 8).
Thioether drugs such as cimetidine, sulindac thioether, and flose-

quinan thioether can all be oxidized to sulfoxide form by flavin
monooxygenase or P450 enzymes (Mitchell et al., 1982; Kashiyama
et al., 1997; Hamman et al., 2000). In our research, all of the four PPI
thioethers were stereoselectively oxidized to (R)-PPIs and (S)-PPIs after
incubation in HLMs. After the intravenous administration of RAB
thioether, (R)-RAB and (S)-RAB were both detected in rat plasma.
Based on the in vivo and in vitro results, thioether metabolites of PPIs
may be the intermediate of chiral inversion of PPIs.
Xenobiotics containing a sulfoxide moiety such as sulindac and

fenthion sulfoxide can be reduced by several reductases, including
aldehyde oxidase and methionine sulfoxide reductase, in the liver
(Tatsumi et al., 1982; Tarrago et al., 2018). The sulfoxide reduction of
flosequinan is mediated by intestinal bacteria in the small intestine
(Kashiyama et al., 1994). Reductive metabolism to form thioether is also
a common metabolic pathway of PPIs; however, the main organ and
reductases of the reductive metabolism have not been reported (Fuhr and
Jetter, 2002; Pu et al., 2018). By injection via the portal vein, drugs can
enter into systemic circulation without undergoing first-pass metabolism
in the intestine (Kunta et al., 2004; Shin et al., 2014). Rats were
administered (R)-RAB via different routes, and the molar AUC0–t ratios
of thioether to RAB in the portal vein were significantly lower than those
in systemic circulation after oral administration. The AUC0–t ratio in rats
administered via portal vein was also higher than that of the intravenous
group, respectively. These data indicated that RAB thioether was mainly
formed in the liver instead of the intestine.
RAB was chemically transformed into thioether spontaneously in

PBS, while a higher reaction rate in liver subcellular fractions was
observed, indicating that reductases or reducing agents were involved in
the reductive pathway of PPIs. However, NADPH and NADH were not
essential in the reductive process, and even the heat-deactivated HLC
fractions also possessed the same reductive capacity as normal HLC
fractions. The reduction rate in the extract of freshly prepared rat liver
homogenates by acetonitrile was higher than that in PBS. These results
proved that RAB was converted into RAB thioether mainly via
nonenzymatic metabolism, and some biologic reducing agents might
be involved in the reductive metabolism of PPIs. Sulfhydryl-blocking
agents (NEM,MD, and EA) inhibited the reductive metabolism of RAB
in liver subcellular fractions in a concentration-dependent manner.
Moreover, a-b-unsaturated ketones/amides were contained in these

Fig. 7. Mean plasma concentration-time profiles of (R)-RAB (A), RAB thioether
(B), and (S)-RAB (C) of ABT-treated (100 mg/kg) rats and control rats
after intravenous doses of (R)-RAB (3 mg/kg). Data are presented as mean 6
S.D. (n = 4).

TABLE 4

Pharmacokinetic parameters of (R)-RAB, (S)-RAB, and RAB thioether obtained
after intravenous injection of (R)-RAB (3 mg/kg) in ABT-treated and control rats

Results are expressed as mean6 S.D. (n = 4). The em dashes indicate no value because of the
lack of time points to calculate.

Component AUC0–t AUC0–‘ t1/2 MRT

ng×h/ml ng×h/ml h h

(R)-RAB
ABT 2858 6 325 2891 6 354 0.273 6 0.052 0.360 6 0.008
Control 621 6 72 621 6 73 0.122 6 0.009 0.165 6 0.007

Thioether
ABT 609 6 146 610 6 147 1.02 6 0.08 1.55 6 0.13
Control 50.8 6 2.8 50.9 6 2.8 1.01 6 0.11 0.656 6 0.043

(S)-RAB
ABT 4.57 6 1.10 — 0.913 6 0.070 1.19 6 0.08
Control 0.31 6 0.08 — — 0.159 6 0.015

AUC0–‘, AUC from time 0 to infinity; MRT, mean residence time; t1/2, half-life.
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compounds. Michael addition products between these compounds and
GSH were detected in inhibitor-treated HLC fractions (Supplemental
Fig. 3), suggesting that the inhibition of reduction reaction may be
caused by the depletion of the thiols in liver subcellular fractions.
In addition to GSH, other thiol compounds such as cysteine and

dithiothreitol accelerated the reduction rate of PPIs in PBS to the same
degree as HLC fractions. Thiol depletors such as iodoacetamide also
inhibited the reductive metabolism of PPIs in HLC fractions (data not
shown). These results revealed that the reductive metabolism of PPIs
in vivo and in subcellular fractions was mediated by endogenous
biologic reducing agents such as GSH and cysteine.
A marked difference exists between the in vivo concentrations of

GSH and PPIs. The Cmax value of PPIs in human plasma after oral
administration of OME (20 or 40 mg), LAN (30 mg), PAN (40 mg), and
RAB (20 mg) was only approximately 0.534–9.28 mM (Huber et al.,
1995; Andersson et al., 2001; Miura et al., 2005; Dash et al., 2018).
However, the physiologic concentrations of GSH in hepatocytes reached
10 mM, and the levels of other endogenous thiol compounds were also
significantly higher than those of PPIs (L}orincz and Szarka, 2017; Zarka
and Bridge, 2017). The present study showed that when the concentra-
tion of GSH increased to more than 10 times that of PPIs, the formation
rate of thioethers no longer increased. Therefore, as long as PPIs enter
the liver, they are transformed into thioethers at a constant andmaximum
rate, and the reductive metabolism of PPIs is not influenced by the
physiologic fluctuation of GSH concentrations. Although moderate
levels of GSH were observed in whole blood (Zarka and Bridge, 2017),
PPIs were not reduced to thioether in fresh rat and human whole blood,
probably because of the high degree of binding with plasma protein.
The degree of chiral inversion was directly affected by the degree of

reductive metabolism of PPIs. The formation rate of RAB thioether in
GSH solutions and HLC fractions was significantly higher than that of
other PPIs. The plasma exposure of RAB thioether in humans accounted
for approximately 50% of the parent drugs (Shirai et al., 2001; Miura
et al., 2006); however, the plasma concentrations of OME thioether and
LAN thioether were low, which could explain why the chiral inversion
of OME and LAN in humans was negligible. Meanwhile, a positive
correlation was found between the natural bond orbital charges (Reed
et al., 1985, 1988) of sulfur atoms in these compounds and the reaction
rate (Cheshmedzhieva et al., 2009) in GSH (Supplemental Table 1). The
change of substituents affected the oxidation-reduction properties of
PPIs and their elimination pathways in vivo.
PPIs were eliminated from the circulation by extensive metabolism

(Horn, 2004). Oxidative metabolismwas themain clearance pathway for
OME, LAN, and PAN, whereas reductive metabolism was the minor
pathway for them (Li et al., 1992; Rezk et al., 2006). However, a new
class of PPIs, includingRAB and ilaprazole, wasmainlymetabolized via
reduction to thioether (Dash et al., 2018; Pu et al., 2018). Amass balance

study showed that after oral dosing of [14C] RAB, the main radioac-
tive components were thioether carboxylic acid and mercapturic acid
conjugate metabolites in urine and thioether carboxylic acid in the feces,
suggesting that oxidative metabolism was also needed for the final
clearance of RAB (Setoyama et al., 2006). The plasma exposure of RAB
thioether in humans was influenced by the activity of oxidative enzymes
(Uno et al., 2006). In poor metabolizers of CYP2C19, the mean AUC
values of RAB thioether were found to be 2.68 times higher than those in
extensive metabolizers (Miura et al., 2005). Therefore, we evaluated the
influence of P450 activities on the degree of reductive metabolism and
chiral inversion of PPIs. After the inhibition of P450s byABT in SD rats,
the AUCs of RAB thioether and chiral inversion product were both
markedly increased. On the one hand, further metabolism of thioether to
form thioether carboxylic acid was inhibited and the direct oxidative
metabolism of (R)-RAB was also blocked. Therefore, more RAB were
reduced to thioether as compensation. Chemical inhibition or activity
reduction of oxidative enzymes increased the plasma exposure of RAB
thioether and then the degree of chiral inversion.
The mechanism of chiral inversion of PPIs in vivo was elucidated in

our study. PPIs were metabolized to thioethers in the liver by biologic
reducing agents such as GSH and cysteine, and then thioethermetabolites
were stereoselectively oxidized to (R)- and (S)-PPIs to cause chiral
inversion (Fig. 8). The study is instructive for the development of single
enantiomer PPIs and avoiding drug-drug interactions in clinical use due
to increased plasma exposure of thioether metabolites.
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Formation of PPIs from PPI-thioethers in FMOs. (R)- and (S)-PPIs were also 

detected in thioether-fortified incubated samples with FMO1, FMO3, and FMO5, but 

the yields were significantly lower than those in HLM incubations (Supplemental Fig. 

1). And the formation in FMO-deactivated liver microsomes (by heating) showed no 

difference with that in the untreated liver microsomes.  

Characterization of GSH conjugates by Q-TOF MS. In the incubation of RAB with 

GSH, the two GSH conjugates were detected by UPLC-Q-TOF. Based on the accurate 

molecular weight and related fragmentation information, the components were 

speculated as benzimidazole-GSH conjugate and [RAB-H2O]-GSH conjugate. The 

detailed information including chromatograms, low collision energy mass spectra, and 

MS2 mass spectra are provided in supplemental materials (Supplemental Fig. 2). 

To prove that the inhibition of reductive metabolism in liver subcellular fractions 

by NEM, EA, and MD was caused by the depletion of thiols, GSH conjugates of each 

inhibitor were detected by a Waters Synapt Q-TOF system. In positive ion mode, the 

singly charged [M+H]+ ions at m/z 433.137 (NEM-GSH), 610.103 (EA-GSH), and 

478.216 (MD-GSH) were observed in a low collision energy spectrum. The MS/MS 

spectrum showed the indicative characteristic fragment ions associated with the 
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cleavage of the GSH moiety (Supplemental Fig. 3-C, F, and I).  

The product ions at m/z 358.106 and 304.095 were derived from the neutral loss of 

glycine portion (75.032 Da) and pyroglutamic acid portion (129.043 Da) and from 

NEM-GSH conjugate’s parent ion m/z 433.137, respectively (Supplemental Fig. 3-C). 

The cleavage of the cysteinyl C-S bond of the GSH moiety attributes to the formation 

of m/z 158.028. The fragmentation pathway of the EA-GSH conjugate was similar to 

that of the NEM-GSH conjugate (Supplemental Fig. 3-F). The conjugate of MD and 

GSH underwent a two-electron oxidation, so its [M+H]+ was m/z 478.126. The high-

abundance product ion m/z 331.074 was formed by the neutral loss of glycine and water 

(Supplemental Fig. 3-I). These results confirmed the hypothesis that NEM, EA, and 

MD inhibit the transformation of PPIs to PPI-thioethers through the depletion of the 

PPI-thioethers biological reducing agents such as reduced GSH and cysteine. 

DFT calculations and NBO analysis. The structures of four PPIs (OME, PAN, LAN, 

and RAB) were optimized by the M06-2X method at the 6-31g(d) level basis set. To 

confirm that the optimized conformation is indeed a minimum on the potential energy 

surface, normal-mode vibrational frequencies were calculated at the same level. NBO 

charge populations demonstrated the optimized conformations. All of these calculations 

were performed using the Gaussian 09 suite program. 

The detailed NBO charge population is shown in Supplemental Table 1, which 

indicates a positive correlation between the NBO charges of sulfur atoms in these 

compounds and the reaction rate. 
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Supplemental Fig. 1. Formation of (R)- and (S)-PPIs after incubations of PPI thioethers 

(3 μM) in HLM (1 mg/mL) and 1 mg/mL three isoforms of recombinant FMOs (FMO1, 

FMO3 and FMO5). (A): (R)-OME. (B): (R)-PAN. (C): (R)-LAN. (D): (R)-RAB. (E): 

(S)-OME. (F): (S)-PAN. (G): (S)-LAN (H): (S)-RAB 

Supplemental Fig. 2. Extracted ion chromatogram (EIC) of benzimidazole-GSH 

conjugate and [RAB-H2O]-GSH conjugate in the incubations of GSH solution (1 mM) 

and RAB in positive mode with the following MS2 spectra. (A) EIC of benzimidazole-

GSH (m/z 424.13). (B) low collision energy mass spectra of benzimidazole-GSH (m/z 

424.13). (C) MS2 mass spectra of benzimidazole-GSH (m/z 424.13). (D) EIC of [RAB-

H2O]-GSH (m/z 649.21). (E) low collision energy mass spectra of [RAB-H2O]-GSH 

(m/z 649.21). (F) MS2 mass spectra of [RAB-H2O]-GSH (m/z 649.21). 

Supplemental Fig. 3. Extracted ion chromatogram (EIC) of NEM-GSH, EA-GSH, 

and MD-GSH conjugates in HLCs (1 mg/mL of protein) and GSH solution (1 mM) 

incubations in positive mode with the following MS2 spectra. (A) EIC of NEM-GSH 

(m/z 433.14) in NEM-treated HLCs. (B) EIC of NEM-GSH (m/z 433.14) in NEM-

treated GSH solutions. (C) MS2 spectra of NEM-GSH (m/z 433.14) in NEM-treated 

GSH solutions. (D) EIC of EA-GSH (m/z 610.10) in EA-treated HLCs. (E) EIC of 

EA-GSH (m/z 610.10) in EA-treated GSH solutions. (F) MS2 spectra of EA-GSH (m/z 

610.10) in EA-treated GSH solutions. (G) EIC of MD-GSH (m/z 478.13) in MD-

treated HLCs. (H) EIC of MD-GSH (m/z 478.13) in MD-treated GSH solutions. (I) 

MS2 spectra of MD-GSH (m/z 478.13) in MD-treated GSH solutions. 
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Supplemental Table 1. 

The selected NBO charge of important atoms in four PPIsa. 

Atom PAN LAN OME RAB 

q(S) 1.317 1.319 1.326 1.339 

q(O) -1.004 -0.994 -0.989 -0.998 

aAll charges are given in au. 
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Supplemental Fig. 2 
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