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Abstract

Nitrile group biotransformation is an unusual or minor metabolic pathway for most nitrile-containing
drugs. However, for some cyanopyrrolidine dipeptidyl peptidase-4 (DPP-4) inhibitors (vildagliptin,
anagliptin, and besigliptin, not saxagliptin), the conversion of nitrile group into carboxylic acid is
their major metabolic pathway in vivo. DPP-4 was reported to be partly involved in the metabolism.
In our pilot study, it was also observed that saxagliptin, a DPP-4 specific inhibitor, decreased the
plasma exposures of besigliptin carboxylic acid in rats by only 20%. Therefore, it is speculated that
some other enzymes may participate in nitrile group hydrolysis. After incubating gliptins with the
cytosol, microsomes, and mitochondria of liver and kidney, carboxylic acid metabolites could all be
formed. In recombinant DPP family such as DPP-4, DPP-2, DPP-8, DPP-9, and fibroblast activation
protein-a, more hydrolytic metabolites were found. Among them, DPP-2 had the highest hydrolytic
capacity besides DPP-4. And DPP-4 inhibitor saxagliptin and DPP-2 inhibitor AX8819 can both
inhibit the hydrolysis of gliptins. Western blot results showed that DPP-2 and DPP-4 existed in the
above subcellular organelles at varying amounts. In rats, AX8819 decreased the plasma exposures of
besigliptin carboxylic acid by 40%. The amide intermediates of gliptins were detected in vivo and in
vitro. When the amide derivatives of gliptins were incubated with DPP-4, they were completely
hydrolyzed at a rate far more than that from the parent drug, including saxagliptin-amide. Therefore,
it was proposed that gliptins, except saxagliptin, were initially hydrolyzed to their amides by DPPs,

which was the rate-limiting step in generating the carboxylic end-product.
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Introduction

The nitrile (CN) group is introduced as an efficacious pharmacophore into the increasing number of
therapeutic drugs. It can enhance the selectivity and binding affinity of these drugs to target proteins
via hydrogen bond, covalent, polar, and n-n interactions. Moreover, nitrile is introduced to block
metabolically labile sites because nitrile biotransformation is rather rare and, when observed, is a
minor metabolic pathway (Fleming et al., 2010). However, the nitrile group is not stable as it was
expected for cyanopyrrolidine dipeptidyl peptidase-4 (DPP-4) inhibitors, namely, vildagliptin (He et
al., 2009a) (Novartis, Switzerland), anagliptin (Furuta et al., 2013) (Sanwa Kagaku Kenkyusho Co.,
Ltd., Japan), and besigliptin (Jiangsu Hansoh Pharmaceutical Co., Ltd., China, under clinical phases)
(Fig. 1). The hydrolysis of the nitrile group to a carboxyl group is their major metabolic pathway in
vivo. However, there is an obvious exception to this; the nitrile group of saxagliptin (a
cyanopyrrolidine DPP-4 inhibitor on the market, Bristol-Myers Squibb, USA) cannot be hydrolyzed
(Suetal., 2012).

It has been reported that DPP-4 could mediate the CN hydrolysis of vildagliptin (He et al.,
2009a; Asakura et al., 2015) and anagliptin (Furuta et al., 2013). However, in DPP-4-knockout rats,
the formation of vildagliptin carboxylic acid metabolite (vildagliptin-COOH) was only decreased by
approximately 20%. Therefore, it is speculated that some other enzymes may participate in CN
hydrolysis. DPP-4 (EC 3.4.14.5), also known as CD26, is a serine peptidase that cleaves off N-
terminal dipeptides containing proline, hydroxyproline, or alanine at the penultimate position, such
as glucagon-like peptide-1 and glucose-dependent insulinotropic polypeptide (Gautier et al., 2005).

DPP-4 activity and/or structure homologue (DASH) proteins include some other DPPs, such as DPP-
4

%202 ‘0T [1dy uo Sfeulnor 134SY e B1o's jeuuno fiadse pwip wo.y papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 10, 2018 as DOI: 10.1124/dmd.118.084640
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 84640

2, DPP-8, DPP-9, and fibroblast activation protein-a (FAP). They all belong to the serine peptidase
family with a common catalytic triad of Ser, Asp, and His residues in sequence and share similar
substrate specificity (Matteucci and Giampietro, 2009), indicating that they might also have the
potential hydrolysis ability of the nitrile group. Some severe side effects caused by DPP-4 inhibitors,
such as anemia, thrombocytopenia, splenomegaly, lymphadenopathy, lung histiocytosis, mortality
with multiple organ pathology, and gastrointestinal and central nervous system toxicity, were
reported to be the probable result of the nonspecific inhibition of DPP-8 and DPP-9 (Matteucci and
Giampietro, 2009). Thus, to avoid off-target effects in the development of DPP-4 inhibitors, DPP-2,
DPP-8, DPP-9, and FAP are often selected for screening specific DPP-4 inhibitors. In the present
study, the roles of other dipeptidyl peptidases except DPP-4 were investigated during CN hydrolysis
metabolism of gliptins. Moreover, the possible mechanism of why saxagliptin could not be
hydrolyzed was also discussed.

Besigliptin was employed as a model drug to conduct in vivo pharmacokinetic experiments in
rats and combined with vildagliptin, anagliptin, and saxagliptin to investigate the enzymes involved
in the hydrolysis of the nitrile group. Besigliptin is a cyanopyrrolidine DPP-4 inhibitor that is in
clinical development. Its main metabolite in humans is also the carboxylic acid metabolite
(besigliptin-COOH) hydrolyzed from the nitrile group. The plasma exposure of besigliptin-COOH

was about eightfold of the parent drug after an oral dose of besigliptin in humans (unpublished data).
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Materials and methods

Chemicals and reagents. Besigliptin, its carboxylic acid metabolite, and its amide derivative were
all kindly provided by Jiangsu Hansoh Pharmaceutical Co., Ltd. (Lianyungang, China). Saxagliptin
and vildagliptin were purchased from Meilun Biology Technology Co., Ltd. (Dalian, China).
Anagliptin was obtained from Chengdu Novel Biochemical Technology Co., Ltd. (Chengdu, China).
Amide derivatives of saxagliptin and vildagliptin were purchased from Phystandard Bio-Tech Co.,
Ltd. (Shenzhen, China). AX8819 was synthesized as previously described (Danilova et al., 2007).
Tris was purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Bicinchoninic acid (BCA)
protein assay kit was obtained from Beyotime (Shanghai, China). Human liver homogenate, cytosol,
mitochondria, microsomes, and kidney homogenate were purchased from BD Gentest (Woburn, MA,
USA). Recombinant DPP-4 and DPP-2 were obtained from GenScript Corporation (Nanjing, China).
DPP-8, DPP-9, and FAP were kindly provided by Dr. Jingya Li in the National Center for Drug
Screening, Shanghai, China. All solvents for LC-MS/MS analysis were of high-performance liquid
chromatography (HPLC) grade (Merck, Darmstadt, Germany). Other reagents were of analytical
grade.

Isolation of rat hepatic and renal subcellular organelles. Male Sprague-Dawley (SD) rats
weighing 180-220 g were sacrificed via exsanguination of the abdominal aorta under anesthesia, and
the livers or kidneys were promptly removed. One portion of rat liver or kidney sample was
homogenized with the five-fold volume of ice-cold phosphate buffer (250 mM sucrose, 10 mM Tris-
HCL, 1 mM EDTA-2Na, pH 7.4) before centrifuging at 600 g for 10 min at 4°C to remove tissue

debris and nuclei. The supernatant was spun at 9000 g for 20 min to obtain the S9 fraction. The
6
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resulting pellet comprised mitochondria and was washed once before analysis. The S9 fraction was
further centrifuged at 100 000 g for 60 min at 4°C to separate the cytosolic and microsomes
components. Each pellet was dissolved in adequate homogenization buffer and stored at —80°C. The
protein content was determined using the BCA protein assay Kkit.

Subcellular organelle incubations. Besigliptin (0.25 uM), vildagliptin (0.50 uM), and anagliptin
(0.50 uM) were respectively incubated with different organelles (protein concentration: 4 mg/mL) at
37°C for 3 h, including microsomes, mitochondria, and cytosol of rat liver, rat kidney, and human
liver. The hydrolysis was also investigated in homogenates (protein concentration: 4 mg/mL) of the
liver and kidney in rats and humans. The incubation system comprised phosphate-buffered saline
(PBS, 100 mM, pH 7.5) with 0.5 mM MgCl,. The time and protein concentration had been
investigated in a pre-study to avoid saturation. The total volume was 200 pL. Reactions were
terminated with an equal volume of ice-cold acetonitrile. Samples were stored at —80°C until LC-
MS/MS analysis.

Immunoblot analysis of kidney and liver homogenate and their subcellular organelles. The liver
homogenate, mitochondria, microsomes, and cytosol were diluted to the desired protein
concentration with 4X Lithium dodecyl sulfate buffer after the measurement of protein
concentrations using BCA protein assay kit. Samples were separated by 4%-20% Bis-Tris
polyacrylamide gel electrophoresis (GenScript, Nanjing, Jiangsu, China) and transferred to a PVDF
membrane. Blots were probed with the primary antibody of 1: 100 dilution of rabbit anti-DPP-2
polyclonal antibody (Thermo Fisher Scientific, Cambridge, MA, USA; PA5-54369) and 1: 1000

dilution of rabbit anti-DPP-4 monoclonal antibody (Abcam, Cambridge, MA, USA; ab28340). -
7
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actin (1: 500 dilution) (Santa Cruz Biotechnology, Dallas, TX, USA; sc-517576) was selected as the
loading control for homogenates. No proper endogenous protein was evenly distributed in the
cytosol, mitochondria, and microsomes. Thus, the same loading amounts were roughly ensured by
loading the same amount of proteins measured through the BCA method. The signal was visualized
by adding chemiluminescent agent (Millipore, Billerica, MA, USA) after incubating with a 1: 2000
dilution of the secondary horseradish peroxidase-labeled antibody (goat anti-rabbit IgG) (KPL,
Gaithersburg, MD, USA; 04-15-06).

Hydrolysis of gliptins and amide derivatives in recombinant DPPs. Besigliptin, vildagliptin,
anagliptin, saxagliptin, and their amide derivatives, except anagliptin (terminal concentration: 100
uM), were respectively incubated with DPP-4, DPP-2, DPP-8, DPP-9, and FAP in PBS with their
optimum pH (DPP-4: pH 7.5; DPP-2: pH 5.5; DPP-8/9 and FAP: pH 8.0) at 37°C for 3 h. The
concentration of DPPs was set at the same hydrolytic activity of serine according to the National
Center for Drug Screening (Shanghai, China). Each treatment was performed in duplicate.

To compare the reaction rate of gliptin as substrate with amide derivative as substrate,
besigliptin (100 uM) and its amide (100 uM) were separately incubated at 37°C in the recombinant
DPP-4 (5.00 pg/mL) incubation system at designated time points.

The reaction rates from three gliptin amide derivatives to the corresponding carboxylic acid
metabolites were further compared. Amide derivatives (50.0 uM) of besigliptin, vildagliptin, and
saxagliptin were separately incubated with DPP-4 (5.00 pg/mL) at 37°C and designated time points
to investigate the rate of carboxylic acid formation.

Reactions were terminated with an equal volume of ice-cold acetonitrile. Samples were stored at
8
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—80°C until UPLC/Triple TOF 5600" MS Analysis.

Inhibition of nitrile group hydrolysis in recombinant DPP-4 and DPP-2. To verify the
involvement of DPP-2 and DPP-4 in the hydrolysis of gliptins, besigliptin (10.0 uM), vildagliptin
(10.0 uM), and anagliptin (10.0 uM) were separately incubated with recombinant DPP-4 (5.00
pg/mL) and DPP-2 (5.00 pg/mL) at 37°C for 3 h in the presence or absence of DPP-4 inhibitor,
saxagliptin (50.0 uM), or DPP-2 inhibitor, AX8819 (50.0 uM). Reactions were terminated with an
equal volume of ice-cold acetonitrile. Samples were stored at —80°C until LC-MS/MS analysis.
Animal experiments. All procedures involving animals were performed in accordance with the
Guide for the Care and Use of Laboratory Animals of the Shanghai Institute of Materia Medica,
Chinese Academy of Sciences. The animals were fasted for 12 h with free access to water before the
experiments. Male SD rats weighing 180-220 g were acclimatized for at least seven days before the
experiments.

To investigate the effects of saxagliptin (DPP-4 inhibitor) on besigliptin metabolism, rats were
randomly divided into control and saxagliptin-treated groups. The saxagliptin-treated rats were orally
administered with 100 mg/kg/day saxagliptin formulated in 0.5% sodium carboxymethyl cellulose
(CMC-Na) for four successive days, and the control group of rats was orally administered with the
corresponding vehicle control. At 15 min after the last dose, the two groups of rats were orally
administered with 3 mg/kg besigliptin dissolved in 0.5% CMC-Na. Blood samples were collected at
10, 20, and 40 min, as well as 1.0, 1.5, 2.0, 3.0, 5.0, 7.0, and 10 h after besigliptin dosage in tubes
containing an anticoagulant (EDTA-2K) and 100 uM saxagliptin (to avoid further hydrolysis of

besigliptin by DPP-4 in the blood). Plasma samples were centrifuged at 11 000 rpm for 5 min at 4°C
9
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and then stored at —80°C until analysis.

The effects of AX8819 (DPP-2 inhibitor) on besigliptin metabolism were evaluated using the

method above. The dosage of AX8819 was 50 mg/kg, whereas the dosage of besigliptin was 1
mg/kg.
Sample pretreatment. The samples from rat pharmacokinetic study were prepared as follows. A
25.0 pL aliquot plasma sample and 25.0 uL of internal standard (15.0 ng/mL SHR116022) were
mixed with 150 pL of acetonitrile. After the samples were vortexed and centrifugated at 14 000 rpm
for 5 min, the supernatants were used to measure besigliptin and its carboxylic acid with LC-MS/MS
analysis.

The samples from subcellular organelle incubation experiments and inhibition experiments on
DPP-2 and DPP-4 were pretreated as follows. A 50.0 uL aliquot of samples and 25.0 pL of internal
standard (15.0 ng/mL SHR116022) were mixed with 125 pL of acetonitrile. After vortexing and
centrifugation at 14 000 rpm for 5 min, the supernatants were used to measure gliptins and their
carboxylic acid by LC-MS/MS method.

Samples from the hydrolysis experiments of gliptins and amide derivatives in recombinant
DPPs for verification of the mechanism of hydrolysis were vortexed for 1 min and centrifuged at 14
000 rpm and 4°C for 5 min. The supernatants were evaporated to dryness at 40°C in a nitrogen steam
and then reconstituted in 100 pL of water/methanol (90: 10, v/v). A 10.0 pL aliquot of the
reconstituted solution was injected into the UPLC/Triple TOF 5600+ system for analysis.
UPLC/Triple TOF 5600 MS Analysis. Metabolite identification was performed using an Acquity

UPLC system (Waters Corp, Milford, MA, USA) and a Triple TOF 5600" system (Applied
10
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Biosystems, Ontario, Canada). Chromatographic separation was achieved on UPLC HSS T3 (100
mm x 2.1 mm id, 1.8 um; Waters) at 40°C. The mobile phase was a mixture of 5 mM ammonium
acetate containing 0.1% formic acid (A) and acetonitrile (B) at a flow rate of 0.400 mL/min. The
gradient elution program began from 1% B and maintained for 1 min, then increased linearly to 99%
B in the next 15 min, and maintained for 1 min; in the next 0.5 min, the gradient was reduced to 1%
B linearly and maintained at 1% B until the gradient was stopped at 20 min.

MS detection was performed on a Triple TOF 5600" mass spectrometer. The mass range was set
at m/z 50—1000, and the other parameters were set as follows: ion spray voltage, 5500 V; declustering
potential, 80 V; ion source heater, 550°C; curtain gas, 35 psi; ion source gas 1, 60 psi; and ion source
gas 2, 60 psi. For TOF MS scans, the collision energy was 10 eV; for product scans, the collision
energy was 25 eV, and the collision energy spread was 15 eV. Information-dependent acquisition,
together with real-time multiple mass defect filter, was used to trigger the acquisition of MS/MS
spectra. The compounds were detected in positive electrospray ionization (ESI+) mode. The
extracted ions were 384.2411 (besigliptin-amide), 385.2251 (besigliptin-COOH), 322.2131
(vildagliptin-amide), 323.1971 (vildagliptin-COOH), 402.2254 (anagliptin-amide), 403.2094
(anagliptin-COOH), 335.1971 (saxagliptin-amide), and 334.2131 (saxagliptin-COOH).

LC-MS/MS analysis. The parent drugs and their carboxylic acid metabolites were determined on a
Shimadzu LC-30AD HPLC system (Kyoto, Japan) tandem with an API 5500 triple-quadrupole MS
(Applied Biosystems, Ontario, Canada). The Analyst 1.6.3 software (Applied Biosystems) was used
for data acquisition and processing. The mobile phase was a mixture of 5 mM ammonium acetate

containing 0.1% formic acid (A) and acetonitrile (B).
1
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The chromatographic separation of besigliptin and its carboxylic acid metabolite was achieved
on Venusil ASB-C18 (50 mm x 4.6 mm id, 5 um; Angela Technologies Inc., Newark, DE, USA) at
40°C. The mobile phase was set at A and B (6: 4, v/v) at a flow rate of 0.65 mL/min. Multiple
reaction monitoring (m/z 366 — 195 for besigliptin, m/z 385 — 195 for besigliptin-COOH, m/z 334
— 165 for SHR116022 as internal standard) was used in the ESI+ mode with an ion spray voltage of
4500 V and a source temperature of 500°C. The nebulizer gas, heater gas, and curtain gas were set to
50, 50, and 20 psi, respectively. The standard curve ranges ranged from 1 nM to 1000 nM.

Chromatographic separation of vildagliptin and its carboxylic acid metabolite was achieved on a
HILIC (100 mm x 3.0 mm id, 3 pm; Phenomenex, Inc., Torrance, CA, USA) at 40°C. The flow rate
was 0.80 mL/min. The gradient elution program began from 90% B and maintained for 0.8 min, then
decreased linearly to 75% B in the next 0.5 min, and maintained for 0.9 min; in the next 0.1 min, the
gradient was increased to 90% B linearly and maintained until the gradient was stopped at 4.2 min.
Multiple reaction monitoring (m/z 304 — 154 for vildagliptin, m/z 323 — 116 for vildagliptin-
COOH, m/z 334 — 165 for SHR116022 as internal standard) was used in the ESI+ mode. Other
conditions were the same as above.

Chromatographic separation of anagliptin and its carboxylic acid metabolite was achieved on
UPLC HSS T3 (50 mm x 2.1 mm id, 1.8 um; Waters) at 40°C. The flow was 0.50 mL/min. The
gradient elution program began from 90% B and maintained for 0.5 min, then decreased linearly to
80% B in the next 0.5 min, and maintained for 0.5 min; in the next 0.5 min, the gradient was
increased to 90% B linearly and maintained until the gradient was stopped at 4.0 min. Multiple

reaction monitoring (m/z 384 — 231 for anagliptin and m/z 403 — 231 for anagliptin-COOH) was
12
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used in the ESI+ mode. Other conditions were the same as above.

Data analysis. Data are presented as the mean + standard deviation (n > 3) or mean of duplicate.
WinNonlin (version 6.1, Pharsight Corp, Cary, NC, USA) was used to calculate the pharmacokinetic
parameters in a non-compartmental model. Student’s two-tailed unpaired #-test in SPSS (version
20.0, SPSS Inc., Chicago, IL, USA) was used to determine the difference. The level of statistical

significance was set at p < 0.05.

13
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Results

Identification of besigliptin carboxylic acid and amide metabolites in human plasma and urine
samples. Figs. 2A and 2B show the metabolic profiles in human plasma sample (2 h post-dose) and
urine sample (0—24 h) after an oral dose of 100 mg besigliptin, respectively. M2 was a major
metabolite in both plasma and urine samples with a protonated molecule at m/z 385.225, which has
an identical chromatographic behavior and product ions with the besigliptin-COOH standard. The
typical ion spectra of M2 (besigliptin-COOH) are shown in Supplemental Fig. S1B. Trace amount of
MS-2 was detected in the human urine sample with a protonated molecule at m/z 384.241, which has
the same chromatographic retention and product ions with besigliptin-amide standard (Supplemental
Fig. S1C).

Hydrolysis of gliptins in liver and kidney subcellular organelles. Besigliptin, vildagliptin, and
anagliptin were hydrolyzed to their corresponding carboxylic acid metabolites in rat and human liver,
kidney, and plasma. In addition, the production of carboxylic acid metabolites was in descending
order in the hepatic mitochondria, microsomes, and cytosol (Fig. 3). Because it was difficult to
obtain human kidney subcellular organelles, only rat kidney organelles were used to investigate the
hydrolysis. Carboxylic acid metabolites of besigliptin, vildagliptin, and anagliptin were also
produced in the mitochondria, microsomes, and cytosol of rat kidney in descending order (Fig. 3).
Hydrolysis of gliptins in recombinant DPPs. The hydrolysis of four gliptins was investigated in
DPPs, including DPP-4, DPP-2, DPP-8, DPP-9, and FAP (Fig. 4). Except saxagliptin, the carboxylic
acid metabolites of three gliptins were detected in all DPP-included systems (Figs. 4A—4C). Among

them, the DPP-2 incubation system generated the most carboxylic acid metabolites, and DPP-9
14
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formed the least. Saxagliptin could not be hydrolyzed in any DPP (Fig. 4D). Additionally, the amide
metabolites of gliptins were detected in all of the incubation system, including the buffer of pH 5.5
and pH 8.0. Moreover, the amount of amide metabolites formed in alkaline buffer was larger than
that formed in acidic buffer. In the buffer with pH 5.5, the produced amide metabolites in the buffer
alone were less than those in the buffer with DPP-2, indicating the DPPs (DPP-2 in particular) were
involved in the formation of amide metabolites.

Inhibition of gliptin hydrolysis in recombinant DPP-4 and DPP-2. The effect of selective
inhibitors (saxagliptin and AX8819) on the production of carboxylic acid metabolites was
investigated. In recombinant human DPP-4, besigliptin, vildagliptin, and anagliptin were hydrolyzed
to their carboxylic acid metabolites (Figs. 5A, 5C, and 5E). Saxagliptin almost entirely inhibited the
hydrolysis of gliptins, up to 84.6% for besigliptin, 93.5% for vildagliptin, and 96.0% for anagliptin,
but AX8819 did not.

Recombinant human DPP-2 was also able to hydrolyze besigliptin, vildagliptin, and anagliptin
to their carboxylic acid metabolites, and the hydrolysis was inhibited by AX8819 up to 91.7% for
besigliptin, 64.6% for vildagliptin, and 92.4% for anagliptin, but not by saxagliptin (Figs. 5B, 5D,
and 5F).

Hydrolysis of gliptin amide derivatives in recombinant DPPs. Fig. 6 shows that the amide
derivatives were stable in buffers, but they could be hydrolyzed to carboxylic acid metabolites
(including saxagliptin-amide) in DPP incubation system. Unlike in cases where gliptins were used as
the substrates, the amide derivatives that hydrolyzed to carboxylic acid in DPP-2 were less than those

in DPP-4, DPP-8, and FAP.
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In Fig. 7, the formation rates of besigliptin-COOH from besigliptin and from besigliptin-amide

were compared in DPP-4. Besigliptin-amide (100 uM) could be hydrolyzed to carboxylic acid
completely in 15 min. The formation rate from besigliptin-amide to the carboxylic acid (399
nmol/mg protein/min) was 3380-fold faster than that from besigliptin (0.118 nmol/mg protein/min).
The consuming rate of amide into carboxylic acid (Fig. 8) was similar among besigliptin-amide
(0.79), vildagliptin-amide (1.21), and saxagliptin-amide (1.76).
Distribution of DPP-2 and DPP-4 protein in the human/rat liver and kidney or corresponding
subcellular organelles. Inmunoblot analysis showed that the amount of DPP-2 in rat kidney was
much higher than that in rat liver (Fig. 9A). Likely, the abundance of DPP-4 in rat kidney was also
more than that in rat liver. However, the abundance of DPP-2 in human liver was comparable with
that in the human kidney. Different from the distribution of DPP-2 in the human liver and kidney, the
abundance of DPP-4 in the human kidney was higher than that in the human liver.

The subcellular localization of DPP-2 and DPP-4 in the liver and kidney was also detected (Fig.

9B). DPP-2 and DPP-4 were distributed in the mitochondria, microsomes, and cytosol in descending
order in rat liver, human liver, and rat kidney.
Pharmacokinetics of besigliptin. The plasma concentration—time curves of besigliptin and its
carboxylic acid metabolite after an oral administration of 3 mg/kg besigliptin to control and
saxagliptin-treated rats are shown in Fig. 10. The AUCo value for besigliptin in saxagliptin-treated
rats was 21% higher than that of control rats. The AUCo. value for besigliptin-COOH in saxagliptin-
treated rats was 20% lower than that of control rats.

The pharmacokinetic characters of besigliptin were also changed by AX8819, an inhibitor of
16
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DPP-2 (Fig. 11). After an oral administration of AX8819, the AUCy value for besigliptin was

increased to 2.23-fold, and the AUCy-¢ value for besigliptin-COOH was decreased to 62% compared

with control rats.
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Discussion

The nitrile group of cyanopyrrolidine DPP-4 inhibitors vildagliptin, anagliptin, and besigliptin could
be hydrolyzed to the carboxylic acid, which were their major metabolites in vivo, accounting for
56.5% (He et al., 2009a), 29.2% (Furuta et al., 2013), and 31.6% (unpublished data) of the
administered doses in humans, respectively. However, the nitrile group of saxagliptin could not be
hydrolyzed. Thus, it is necessary to confirm the main enzymes involved in the formation of
carboxylic acid metabolites of these cyanopyrrolidine DPP-4 inhibitors for proper combination of
drugs to avoid drug—drug interaction. DPP-4 was reported to participate in the partial hydrolysis of
vildagliptin (He et al., 2009a; Asakura et al., 2015) and anagliptin (Furuta et al., 2013). Asakura et al.
demonstrated that DPP-4 is expressed in liver microsomes (Asakura et al., 2015). However, in the
pre-study, we found that the carboxylic acid metabolites of gliptins could be also formed by the
mitochondria and cytosol of liver and kidney. Therefore, we supposed that some other enzymes
participated in the CN hydrolysis. At the same protein concentration, subcellular organelles of kidney
produced more carboxylic acid metabolites than those of the liver, in rats and humans, indicating that
the kidney is also an important organ for the hydrolytic metabolism of gliptins. The soluble form of
DPP-4 was reported to also exist in the serum (Durinx et al., 2000). In Fig. 3, the hydrolysis of nitrile
group in plasma was also observed, but much less than that in the liver and kidney, which would
influence the detection accuracy of gliptins in the low plasma concentration. In our pre-study, the
hydrolysis of besigliptin (5 uM) in plasma could be inhibited by saxagliptin (100 pM) by more than
90% (Supplemental Fig. S2), indicating that DPP-4 is the main participated isoform of hydrolysis in

plasma. As a result, it is suggested that DPP-4 inhibitors are added to the plasma samples to avoid
18
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hydrolysis by the DPP-4 in pharmacokinetic investigations of these cyanopyrrolidine DPP-4
inhibitors.

In DPP-4-knockout rats, the formation of vildagliptin carboxylic acid metabolite was only
decreased by approximately 20% (He et al., 2009b). DPP-4 belongs to the serine peptidase family.
Therefore, the hydrolysis activity of its homologous enzymes, including DPP-2, DPP-8, DPP-9, and
FAP, to the nitrile group was also investigated. Besides DPP-4, DPP-2 showed the most turnover
capacity of the hydrolytic metabolism of gliptins, followed by DPP-8, FAP, and DPP-9 (Figs. 4A—
4C). Although the generation of carboxylic acid metabolites in DPP-4, DPP-8, DPP-9 and FAP was
similar, it should not be neglected that the gliptins were all strong DPP-4 inhibitors. In this present
study, a high concentration (100 uM) of gliptins was used so that the amide concentration could be
detected clearly. The high level of gliptins also inhibited the catalytic ability of DPP-4 powerfully.
When 250 nM besigliptin was incubated in DPPs, only DPP-4 and DPP-2 showed a significant
turnover ability of besigliptin to its carboxylic acid but no other DPPs (Supplemental Fig. S3). It was
suggested that the affinity of gliptins to DPP-2 and DPP-4 was much greater than that to other DPPs.
Lower concentration of gliptins preferred to enter the pocket of DPP-2 and DPP-4, whereas only
much higher concentration of gliptins could get into the pocket of other DPPs. Considering the
concentration of gliptins in vivo was not as high as 100 uM, therefore, DPP-4 and DPP-2 were
considered to have more contribution to the gliptin hydrolysis.

It was reported that the expression and activity of DPP-8 and DPP-9 are lower than those of
DPP-4 in rats, monkeys and humans (Harstad et al., 2013; Fagerberg et al., 2014), combining with

their limited hydrolysis ability, therefore, they were not chosen for the in vitro and in vivo inhibition
19
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studies. Considering the stronger hydrolysis activity of DPP-2 and DPP-4 for both low and high
concentration of gliptins, their protein expressions were determined in the liver and kidney
subcellular organelles. Western blot results indicated that the expressions of DPP-2 and DPP-4 were
higher in the mitochondria and microsomes of rat liver and kidney and human liver. In the cytosol,
very low expressions of DPP-2 and DPP-4 (Fig. 9) were found, which also accorded with the
hydrolytic activity results in the subcellular organelles (Fig. 3).

To further confirm the hydrolysis of gliptins catalyzed by DPP-4 and DPP-2, inhibition
experiments were launched in vitro and in vivo. In the DPP-4 incubation system, the hydrolysis of
besigliptin, vildagliptin, and anagliptin could be almost completely inhibited by the DPP-4 inhibitor,
saxagliptin (Fig. 5). However, in the rats pretreated with saxagliptin, the AUCo- value of besigliptin-
COOH was only decreased by 20%. In the DPP-2 incubation system with the physiological pH, the
hydrolysis of three gliptins could be inhibited by DPP-2 inhibitor, AX8819 (Danilova et al., 2007). In
the rats pretreated with AX8819, the AUCo-+ and Cmax of besigliptin-COOH metabolite significantly
decreased to 56.7% and 63.9%, respectively, whereas the AUCy-+ of the parent drug increased to
2.23-fold compared with the control rats. Using the docking method, we found that similar to DPP-4,
besigliptin is located in the active triad of DPP-2 and bound to DPP-2 through hydrogen bonds to
Glu-78, stabilizing the complex. By comparing the score between DPP-2 and DPP-4, we found that
the score of DPP-2 for the metabolism of besigliptin is better than that of DPP-4, suggesting that the
binding to DPP-2 is stronger (unpublished data). These results indicated that DPP-2 possibly made a
greater contribution to the hydrolysis of gliptins than DPP-4. However, as the content of DPP-2 in

vivo has not been confirmed so far, the contribution of DPP-2 needs further research.
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In the incubation of besigliptin, vildagliptin, and anagliptin with DPPs, their corresponding
amide metabolites could be detected (Fig. 4) and could also be detected in the human urine after an
oral administration of besigliptin (Fig. 2). When the amide metabolite standards were incubated as
substrates, a large amount of carboxylic acid metabolites were detected, with the most production in
DPP-4, DPP-8, and FAP and the least in DPP-2 and DPP-9 incubation systems (Fig. 6). No
carboxylic acid was detected in the buffer without enzymes. Unlike the case with amides as
substrates, when the gliptins were used as substrates, carboxylic acid metabolites were generated
mainly during DPP-2 incubation, but more amide metabolites were produced in DPP-8 incubation
(Fig. 4). So it is supposed that there may be different hydrolysis metabolisms between DPP-2 and
other DPPs. Surprisingly different from saxagliptin, the saxagliptin-amide could be hydrolyzed to
carboxylic acid by DPPs (Fig. 6). In DPP-4 incubation, the formation rate from amide derivatives to
carboxylic acid was much faster than that from gliptins to carboxylic acid (Figs. 7 and 8). These
results indicated that DPP-4, DPP-2, and DPP-8 mainly participated in the CN hydrolysis of gliptins,
and the formation of amide metabolites was the initial step of hydrolytic metabolism, which is also
the rate-limiting step in generating the carboxylic end-products. Saxagliptin cannot be hydrolyzed to
carboxylic acid possibly because its amide cannot be formed in the first step.

To test whether other compounds containing nitrile groups could also be hydrolyzed by DPP-4,
lacosamide, finasteride, niclosamide, bicalutamide, and flutamide were incubated with DPP-4. None
of them could be metabolized to amide or carboxylic acid metabolite (data not shown). The catalytic
triad of human DPP-4 comprises Ser630, Asp708, and His740, which are located in a large cavity at

the interface of the two domains of the protein (Thoma et al., 2003). To cyanopyrrolidine DPP-4
21
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inhibitors, pyrrolidine was appended to an amino acid or the surrogate group to mimic proline, and
the nitrile group was most likely covalently bound to Ser630 and within hydrogen bonding distance
of Tyr547 (Oefner et al., 2003; Augeri et al., 2005). Thus, cyanopyrrolidine could bind to the active
site of catalysis, providing the inhibitory activity and the potential of hydrolysis. Therefore, it is
assumed that the precondition of the hydrolysis was that the nitrile group should enter the catalytic
site of DPPs (Matteucci and Giampietro, 2009). The mechanism of nitrile group hydrolysis by DPP-4
was speculated (Fig. 12). The serine protease catalysis included the acylation of the active site serine,
subsequent release of the amine leaving group, and hydrolysis of the acyl intermediate. The oxyanion
of serine nucleophilic attacked nitrile carbon with the assistance from histidine. The electronegative
nitrogen took the hydrogen of tyrosine and became imine. The first H>O participated, and the imine
was bound with a hydroxyl, which was so unstable that it transformed to the amide intermediate
(Kim et al., 2006). The amide intermediate still positioned in the catalytic triad of Asp-His-Ser by
hydrogen bonding and was also attacked by the oxyanion of serine to form a tetrahedral intermediate.
The next step was the reconstruction of the carbonyl double bond with the expulsion of the leaving
ammonia. The second molecule of water took part in the restoration of the carbonyl double bond, and
finally, the catalytic triad was released to the beginning state. However, for DPP-2, the hydrolysis
mechanism may be different because two molecules of water entered into the active site in one step.
Therefore, the amide intermediate was hydrolyzed to the carboxylic acid more rapidly, so the number
of carboxylic end-products was higher than that of the amide intermediate (Fig. 4).

In conclusion, this study found that besides DPP-4, cyanopyrrolidine gliptins could also be

hydrolyzed to the amide metabolites and end-product carboxylic acid metabolites by other serine
22
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peptidases in the DPP family, especially DPP-2. The effects of the above DPPs and their contribution
of metabolism in vivo should be further evaluated. The study may also provide some useful

information for drug design and metabolism investigation of nitrile-containing compounds.
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Figure Legends:

Fig. 1. Structures of typical cyanopyrrolidine DPP-4 inhibitors.

Fig. 2. Extracted ion chromatograms of metabolites in human plasma sample 2 h post-dose (A) and
0—24 h urine sample (B) after 100 mg oral dose of besigliptin.

Fig. 3. Hydrolysis of vildagliptin (0.50 uM) (A and B), besigliptin (0.25 uM) (C and D), and
anagliptin (E and F) in subcellular organelles of rat liver and kidney and human liver (n = 3).

Fig. 4. Hydrolysis of besigliptin (A), vildagliptin (B), anagliptin (C), and saxagliptin (D) in DPP-4,
DPP-2, DPP-8, DPP-9, FAP, and their corresponding incubation buffer. Data are displayed as the
mean of two separate samples.

Fig. 5. Hydrolysis of besigliptin (10 uM) (A: DPP-4; B: DPP-2), vildagliptin (10 uM) (C: DPP-4; D:
DPP-2), anagliptin (10 uM) (E: DPP-4; F: DPP-2) in the presence or absence of saxagliptin (50 uM)
or AX8819 (50 uM) (n =3) in PBS (pH 7.4). *** p <0.001 compared with control.

Fig. 6. Hydrolysis of besigliptin-amide (A), vildagliptin-amide (B), and saxagliptin-amide (C) in
DPP-4, DPP-2, DPP-8, DPP-9, FAP, and their corresponding incubation buffer. Data are displayed as
the mean of two separate samples.

Fig. 7. Formation rate of besigliptin-COOH from besigliptin (100 uM) (A) and besigliptin-amide
(100 uM) (B) in DPP-4 incubation system (n = 3).

Fig. 8. Formation rate from besigliptin-amide (kg), vildagliptin-amide (kv), and saxagliptin-amide
(ks) to their corresponding carboxylic acid (n = 3).

Fig. 9. Immunoblot analysis of DPP-2 and DPP-4 in the rat or human liver and kidney homogenates

(A) or corresponding subcellular organelles (B). Homogenates or different intracellular fractions
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were subjected to 4% — 20% Bis-Tris polyacrylamide gel and probed with anti-DPP-2 or anti-DPP-4
antibody.

Fig. 10. Mean plasma concentration-time profiles of besigliptin (A) and its carboxylic acid
metabolite (B) following an oral administration of besigliptin (3 mg/kg) to control and saxagliptin-
treated rats.

Fig. 11. Mean plasma concentration-time profiles of besigliptin (A) and its carboxylic acid
metabolite (B) following an oral administration of besigliptin (1 mg/kg) to control and AX8819-
treated rats.

Fig. 12. Hydrolysis mechanism of nitrile group by the catalytic triad of Asp-His-Ser with the amide

intermediate.
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