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and hydroxylation of the pyrazole-propyl groups [13-15]. Con-
sidering the potential therapeutic value of TPN171, its metabolic
profiles in plasma, urine and stool samples should be assessed dur-
ing early-stage drug development.

2. Materials and methods
2.1. Chemicals and reagents

TPN171 hydrochloride (TPN171H; purity 99.79%) and the
synthesized reference standards for amide hydrolyzed metabo-
lite (M1), O-depropyl metabolite (M3), N-demethyl metabolite
(M4), dehydrogenation metabolite (M5-3), N-oxidative metabo-
lite (M7-2) and hydroxylated metabolite (M7-1 and M7-3) were
kindly provided by the laboratory of Dr. Jingshan Shen, Shang-
hai Institute of Materia Medica, Chinese Academy of Sciences.
High-performance liquid chromatography (HPLC)-grade ammo-
nium acetate was purchased from Roe Scientific Inc. (Newark,
USA), while HPLC-grade acetonitrile and methanol were obtained
from Merck (Darmstadt, Germany). Ammonia was supplied from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Milli-Q
gradient water purification system (Millipore, Molsheim, France)
was used for water purification and deionization. All chemicals and
reagents used were of analytical grade.

2.2. Sample collection

Phase | clinical trial was conducted in Shanghai Xuhui Central
Hospital (Shanghai, China) in accordance with the Declaration of

separately. Each pooled plasma or urine sample (500 p.L) was mixed
with 1mL of acetonitrile, and then vortexed for 1min to ensure
homogeneous mixing. After that, the mixtures were centrifuged for
5min at 14,000 rpm, and the supernatant was placed into a clean
10mL tube. After evaporation to dryness at 40°C under nitrogen,
the residues were reconstituted with 150 pL water/acetonitrile
(9:1, v/v). Finally, 7 pL resultant solution was injected and ana-
lyzed using ultra-performance liquid chromatography/quadrupole
time-of-flight mass spectrometry (UPLC/Q-TOF MS).

Allstool samples collected from 11 subjects at each time interval
were ground and weighed. Then, 2 g of stool sample was mixed with
10mL water/methanol (1:1, v/v). The mixture was then vortexed
for 10 min and sonicated for another 20 min. Equal percentages of
fecal homogenates from each time interval were pooled across all
subjects, and the samples of male and female subjects were pooled
separately. After pooling, 500 pL of fecal homogenate was mixed
with 1mL acetonitrile. The mixture was vortexed for 1min, and
then centrifuged for 5min at 14,000 rpm. After centrifugation, the
supernatant was placed into a clean 10 mL tube and subsequently
evaporated to dryness at 40 °C under nitrogen. Prior to injection, the
residues were reconstituted with 150 L water/acetonitrile (9:1,
vIv).

2.4. Instrumentation

Acquity UPLC system (Waters Corporation, MA, USA) and Triple
TOF 5600 system (AB SCIEX, USA) equipped with an electrospray
ionization source and automated calibrant delivery system (CDS)
were used for sample analysis. The UPLC system was supplied with
a set of binary solvent manager, column manager, degasser, sam-
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ple manager, and Tunable UV detector. All data were acquired with
Masslynx V4.1 software (Waters Corporation, MA, USA) and Analyst
(ABSCIEX, USA), and analyzed using PeakView™ V1.2 and Metabo-
litePilot V1.5 software (AB SCIEX, USA).

Effective chromatographic separation was performed on a
1.7pm ACQUITY UPLC BEH Cjg column (50 x 2.1 mm; Waters
Corporation, MA, USA) at 45°C, with 10mM ammonium acetate
containing 0.01% ammonia (A) and acetonitrile (B) as the mobile
phase in gradient elution mode. The gradient elution began from 5%
B for 1 min, linearly elevated to 36% B in the following 7 min, then
sharply increased to 98% B in the next 2 min, held for 1min, and
ultimately shifted to 5% B for 4 min to achieve an equilibration. The
overall flow rate was 0.35 mL/min. The eluent from the column was
measured by UV detection at 254 nm. MS determination was car-
ried out in positive electrospray ionization mode at 500 °C source
temperature, and scanned over the m/z range of 60-1200Da in a
high sensitivity mode. The optimized ion source parameters were
as follows: 55 psi ion source gas 1, 50 psi ion source gas 2, 40 psi
curtain gas, 4000V ion spray voltage floating, and 140V decluster-
ing potential, The collision energies were 10eV in MS full scan and
60+ 25 eV during Information Dependent Acquisition product ion
scan. Automatic correction system solution was injected every five
samples, in order to calibrate MS during sample acquisition.

3. Results
3.1. UPLC/Q-TOF MS analysis of TPN171

First, the parent compound TPN171 was subjected to UPLC/Q-
TOF MS analysis, in order to determine its mass fragmentation
behavior and chromatographic retention time. This approach may
lay a solid foundation for the characterization of unknown metabo-
lites. TPN171 yielded a protonated molecular ion [M+H]* at m/z
442.2790 with the retention time of 8.46 min under the present
experimental conditions. Main fragment ions were obtained at
m(z 314.1879, 300.1329, 286.1178, 272.1375, 244.1087, 113.1069,
98.0833 and 70.0654 in product ion scan mode. As shown in Fig. 2,
the proposed fragmentation pathways of TPN171 were illustrated

through high resolution mass spectrometry (HRMS). The identi-
ties of the 7 proposed metabolites were verified with reference
standards.

3.2.1. Metabolite M1

M1 was eluted at 8.:20min and showed a [M+H]* ion at m/z
302.1865. Its elemental composition was inferred as Cy7H,3N30,.
The comparison between M1 and MO revealed that the former
had lost C;Hy3N,0. The loss of C;Hy2N,0 from MO indicated that
the parent drug had undergone amide hydrolysis. The MS? frag-
mentation spectrum of this metabolite displayed several product
ions at mfz 259.1312, 244.1084, 135.0540 and 110.0594. Similar
to MO, M1 presented fragment ions at m/z 244.1084. Based on the
diagnostic ion (at m/z 113.1069), the metabolic site of M1 was fur-
ther corroborated by the absence of piperazine ring. Ultimately,
M1 was confirmed as amide-hydrolyzed metabolite by comparing
its chromatographic and mass spectral behavior with the synthetic
reference standard. Fig. 4A shows the tentative fragmentation path-
ways.

3.2.2. Metabolites M2-M4

The elemental composition of M3 was Cy; HyoNsOs, reflecting
the dealkylation of C3Hg from MO. The protonated ion [M+H]* of
m(z 400.2347 was detected at a retention time of 5.74 min. The
fragment ions produced by M3 at m/z 300.1349, 113.1053, 98.0832,
and 70.0654 were similar to those produced by MO (Fig. 4B). M3
was confirmed as the O-depropylation metabolite of TPN171 by
comparing its chromatographic and fragmentation behaviors with
reference standard.

Metabolite M4 (formula: C3H33Ns503) demonstrated a reten-
tion time of 7.27 min, and was formed by the loss of CH; from MO.
Fragment ions obtained in product ion scan mode were found at
mfz 302.1861, 272.1391, 244.1081, 99.0917 and 70.0654 (Fig. 4C).
The absence of characteristic fragment ion at m/z 113.1069 indi-
cated that the main metabolic reaction occurred on piperazine ring.
The fragment ion (m/z 99.0917) was generated after the piper-
azine ring lost a methyl moiety. M4 was ultimately confirmed as a
N-demethylation metabolite of TPN171 by comparing its mass frag-
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with the guidance of previous studies regarding the detection and
structure elucidation of PDE5 inhibitors [17]. The product ion at
m(z 314.1879 was formed through the breakage of C-N bond with
neutral loss of CO. Similarly, the product ions of TPN729, another
PDES inhibitor, also undergo CO loss [9]. Besides, the product ion at
m/2300.1329 was produced by cleaving C-N bond and losing propyl
side chain. The product ion at m/z 286.1178 was generated through
the breakage of C-C bond and loss of propyl side chain. There-
fore, the metabolic changes in the ethyl or propoxy side chain of
TPN171 could be identified through the three fragment ions at m/z
314.1879, 300.1329 and 286.1178. The main fragment ion at m/z
113.1069 was generated through C-C bond cleavage. It is a char-
acteristic fragment of piperazine ring that can be used to rapidly
identify the metabolic reactions occurred on piperazine ring.

3.2. Characterization of TPN171 metabolites

UPLC/Q-TOF MS data were processed using PeakView™ V1.2
and MetabolitePilot V1.5 software. The plasma metabolic profiles
of healthy subjects treated with single-dose TPN171 (30 mg), and
the urine and fecal metabolic profiles of healthy subjects continu-
ously treated with 5 mg TPN171 are presented in Fig. 3. In addition,
Table 1 summarizes the detailed information on the metabolites
detected in plasma, urine and stool samples. Notably, 13, 13, and
11 metabolites were identified in the plasma, urine and stool sam-
ples, respectively, on the basis of chromatographic retention times,
MS? fragments after collision and elemental composition inferred

mentation patterns and retention time with reference standard.

Metabolite M2 displayed a [M+H]* ion at m/z 386.2195, with an
elemental composition of CaoHy7NsOs. The comparison between
M2 and MO revealed that the former had lost C;Hg. MS? spectrum of
M2 demonstrated several fragment ions at m/z 260.1302, 99.0892
and 70.0650. The fragment ion of M2 at m/z 99.0892 was similar to
that of M4, which was formed after the demethylation of piperazine
ring. Therefore, M2 was identified as a N-demethylation and O-
depropylation metabolite of TPN171, which could also be generated
through M3 or M4 metabolism.

3.2.3. Metabolites M5-1-M5-3

The elemental composition of metabolite M5 was found to be
Cy4H33N503, suggesting that M5 is a dehydrogenated metabolite of
MO. The chromatographic retention times of M5-1, M5-2 and M5-3
were 7.99, 8.26 and 8.79 min, respectively.

MS? fragmentation pattern of M5-1demonstrated several prod-
uct ions at m/z 328.1606, 286.1169, 111.0925 and 98.0824. The
presence of ions at m/z 111.0925 suggested that two hydrogen
atoms were lost from MO fragment ion at m/z 113.1069. Notably,
both MO and M5-1 shared the same fragment ion at m/z 286.1169.
Hence, the metabolic site of this metabolite was inferred to be on
its piperazine ring.

The product ion scanning of M5-2 revealed several product
ions at m/z 312.1675, 300.1621, 244.1121, 113.1063, 98.0821 and
70.0646. It was noted that the fragment ion of M5-2 (m/z 312.1675)
was 2.0204 Da lower than that of MO (m/z 314.1879), and the exis-
tence of another M5-2 fragment ion (m/z 300.1621) was similar to
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Fig. 2. MS? spectrum and proposed fragmentation pathways of TPN171

that found in MO. These results suggested that the ethyl group was
not a dehydrogenation site. Accordingly, the propoxy group was
speculated as a dehydrogenation position of M5-2.

Most M5-3 fragment ions were found at m/z284.1020,270.1206,
242.0976, 113.1062, 98.0841 and 70.0648 (Fig. 4D). The fragment
ions at mjz 113.1062, 98.0841 and 70.0648 were the same as
those observed in MO. These similarities indicated that the piper-
azine ring did not undergo metabolic modification. The fragment
ions of M5-3 at m/z 284.1020, 270.1206 and 242.0976 were each
2.0098 Da lower than those of MO. In addition, M5-3 was confirmed
as an ethyl-dehydrogenated metabolite of MO by comparing its
chromatographic and mass spectrometric behaviors with reference
standard.

3.2.4. Metabolites M6-1-M6-3

Metabolite M6 displayed an elemental composition of
C24H33N504. This composition was suggestive to the addition
of an oxygen atom with dehydrogenation. M6-1, M6-2 and M6-3

were eluted at 6.75, 7.46 and 7.85min, respectively. The frag-
mentation patterns of M6-1 were similar to those of MO, with
the same characteristic ions of piperazine ring at m/z 1131077,
98.0827 and 70.0643. The presence of these ions revealed that
no metabolic reaction occurred on this moiety. The fragment
ions of M6 (m/z 284.1038 and 270.1320) were 2.0140Da lower
compared to those of MO. Thus, M6-1 was speculated to be a
metabolite resulting from ethyl dehydrogenation and propoxy
oxidation.

The MS? fragmentation patterns of M6-2 and M6-3 presented
diagnostic product ions at m/z127.0848 and 127.0859, respectively.
These ions were 13,9779 Da (+0-2 H) higher compared to the char-
acteristic ion of piperazine ring. The fragmentation patterns of the
other fragment ions generated by M6-2 and M6-3 were similar
to those of the fragment ions generated by MO. Therefore, M6-
2 and M6-3 were both designated as oxidative dehydrogenation
metabolites based on their fragmentation patterns and lack of the
characteristic ion of piperazine ring.
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Fig. 3. Metabolic profiles of TPN171 in pooled plasma samples collected at 0-24 h post-dose (A), pooled male urine samples collected at 0-24h post-dose (B), and pooled
male stool samples collected at 072 h post-dose (C). Left: metabolic data generated by MS detection. Right: metabolic data generated by UV detection at 254 nm.
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Table 1
Characterization of TPN171 metabolites in humans by UPLC/Q-TOF MS.

Metabolite | Retention Elemental Observed Calculated Error (ppmy MY Mass area (*10°)
8 time (min)  composition  mass(m/z)  mass (mfz) product ions
Plasma Urine Feces
Parent 846 CosHisNsO; 4422813 4422813 00 70.0643, 1131056, 286.1185,314.1887 202 750 1490
M1 820 Ci7HzN30; 3021861 302.1863 5 259.1312,244.1084, 1350540, 1100594 523 30
M2 460 CaoHzpNs0; 3862195 3862187 20 260.1302,99.0892, 70.0650 0891
M3 574 CoHaoNsO3 4002341 400.2343 05 3001349, 113.1053,98.0832, 700654 616 149 207
M4 727 CpsHyNsO; 4282653 428.2656 -07 302.1861,272.1391,259.1331,99.0917 495 364 152
799 CoHygNsO; 4402632 4402656 -56 328.1606, 286.1169, 111.0925,98.0824  2.46
826 CosHyNsO; 4402644 440.2656 -27 312.1675, 113.1063, 98.0821, 70.0646 138
879 Co4H3aNsO3 4402651 4402656 -12 284.1020,270.1206,113.1062,70.0648 ~ 7.53 648 754
675 CosHysNsOy 4562587 456.2605 -39 284.1038,270.1320, 1131077, 70.0643 0371 447
746 CoH3aNsOy 4562605 456.2605 00 286.1158,259.1321,127.0848,99.0904 0605 643 771
785 CosHNsOy 4562608 456.2605 06 286.1183,272.1375,127.0859,99.0911 175 132 112
644 Co4HysNsO; 4582763 4582762 02 284.1051,257.1122, 113.1052, 98.0845 196
654 CosHisNsOy 4582746 4582762 -34 328.1633,286.1178, 115.0849,70.0636 369 616
669 CasHysNsO5 4582757 4582762 -10 330.1698,286.1175, 1131046700646 0.738  9.14  14.1
714 CoHisNsOy 4582763 4582762 03 440.2650,270.1221,113.1060,70.0639  0.868 269 218
809 CysHysNsO4 4702761 4702762 -03 428.2654,300.1334, 1411005, 99.0899 13
422 CyHyNsOy 5762667 576.2664 05 400.2332,113.1066,98.0836,70.0648 084 216 0805
580 C27H37N509 5762654 5762664 17 400.2314,113.1065, 70.0647 333 357

* Confirmed using references

3.2.5. Metabolites M7-1-M7-4

M7 was a mono-oxidized metabolite of TPN171, as revealed by
its elemental composition (Co4H35N504). The retention times of
M7-1, M7-2, M7-3 and M7-4 were 6.44, 6.54, 6.69, and 7.14 min,
respectively.

MS? spectrum of M7-1 demonstrated several major fragment
ions at m(z 344.1550, 284.1051, 257.1122, 113.1052, 98.0845 and
70.0652 (Fig. 4E). The presence of a fragment ion at m/z 113.1052

indicated that no metabolic reaction occurred on piperazine ring.
Besides, the presence of a fragment ion at m/z284.1051 implied that
the loss of 2 hydrogen atoms from m/z 286.1178 could be attributed
to hydroxylation and dehydration. Therefore, M7-1 that eluted
earlier than MO was shown to be a hydroxylated metabolite of
TPN171,and its ethyl side chain was identified as the hydroxylation
site. The comparison of chromatographic and mass spectrometric
behaviors between M7-1 and reference standard verified that M7-
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Fig.4. MS? spectra and tentative fragmentation profiles of M1 (A), M3
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Fig. 5. Proposed metabolic pathways of TPN171 in humans.

1 was a hydroxylated metabolite with a hydroxylation site at the
w-position of ethyl side chain.

The main M7-2 fragment ions were found at m/z 328.1633,
286.1178, 115.0849, 113.1063, 98.0828 and 70.0636 (Fig. 4F). The
formation of fragment ion at m/z 328.1633 after C-C bond cleav-
age indicated that this substructure did not undergo metabolism
and its metabolic reaction tended to occur in piperazine ring. The
existence of the fragment ion at m/z 115.0849 verified this spec-
ulation. This fragment ion was generated after the occurrence of
N-oxidation at piperazine ring. Additionally, the fragment ion at
mfz 113.1063 was a characteristic fragment ion of piperazine ring,
which was produced after the breakage of N-O of M7-2. The com-
parison between N-oxidized metabolite and M7-2 confirmed that
M7-2 was a product of N-oxidation.
ent

330.1698, 300.1302,

The fragment ion of M8 (141.1005) was increased by 42.0088 Da
compared to that of M4 (99.0917). Such increase was an indica-
tive of acetylation on piperazine ring. Hence, M8 was identified
as a metabolite produced through N-demethylation followed by
N-acetylation.

3.2.7. Metabolites M9-1-M9-2

The elemental composition of metabolite M9 was Cy7Hs7NsOg.
M9 was 176.0320Da higher compared to the protonated ion of
M3. The increase in M9 was an indicative of the glucuronidation of
M3. In addition, M9-1 and M9-2 were eluted at 4.22 and 5.80 min,
respectively. MS? spectrum of M9-1 revealed different productions
atm/z400.2332,113.1066, 98.0836, and 70.0648. Meanwhile, most
M9-2 fragment ions were found at m/z 400.2314, 113.1065 and
700647 Notablv M9-1 and M9-2 exhibited relativelv similar ions
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286.1175, 113.1046, 98.0825 and 70.0646 (Fig. 4G). The presence
of fragment ions at m/z 300.1302 and 286.1175 indicated that
the ethyl group did not undergo oxidation. Besides, the m/z of
M?7-3 fragment ion (330.1698) was increased by 15.9820 Da com-
pared to that of TPN171 product ion (314.1879). Thus, oxidation
tended to occur at the propoxy side chain. The comparison of
chromatographic and mass spectrometric behaviors between M7-
3 and reference standard confirmed that M7-3 was a hydroxylated
metabolite that underwent oxidation at propoxy w-1 position.

Product ion scanning revealed the fragment ions of M7-4 at
m|z 440.2650, 298.1164, 270.1221, 242.0976, 113.1060, 98.0824
and 70.0639. The diagnostic ions at m/z 270.1221 and 242.0976
were 1.9917 Da lower compared to those of TPN171(272.1375 and
244.1087). These differences may be attributed to hydroxylation
and dehydration.

3.2.6. Metabolite M8

Metabolite M8 was eluted at 8.09 min and displayed a [M+H]*
ion at m/z470.2761. The elemental composition of M8 was inferred
as Cy5H35N504. Noticeably, the protonated molecule of M8 was
27.9971Da higher than that of M0. MS? spectrum of M8 demon-
strated some major product ions at mfz 428.2654, 300.1334,
286.1214,141.1005, 99.0899, and 70.0899. The fragment ion of M8
atm/z99.0899 was similar to that of M4 at m/z 99.0917, which was
resulted from N-demethylation. Considering this information and
the existence of the fragment ion at m/z 428.2654, we speculated
that M8 was generated through the subsequent acetylation of M4.

AUUDRL INULADLY, Vig=1 a0 VIg=e CATNDILEUE TEaLIVELY SHIaL 1D
at mjz 400.2332 and 400.2314, respectively. These ions were gen-
erated through the neutral loss of glucuronic acid. Other fragment
ions of M9-1 and M9-2 were similar to those of M3. Thus, both M9-1
and M9-2 were considered as the glucuronide conjugates of M3.

4. Metabolite profile and metabolic pathways of TPN171 in
humans

The continuous development of LC-MS technology has allowed
the extensive use of HRMS for the identification of drug metabo-
lites [18,19]. The advances in LC-MS technology involving a broad
range of data acquisition and data mining techniques have dras-
tically improved metabolite identification process and changed
the landscape of drug metabolism research. Based on the valuable
data of structurally-related fragment ions and elemental com-
position generated by high-resolution analytical techniques, the
position of metabolic reactions can be easily identified [20-22].
In this study, a rapid and reliable UPLC/Q-TOF MS-based analyt-
ical method was established for the characterization of TPN171
metabolic profiles in human plasma, urine and fecal samples. Par-
ent drug generated several characteristic fragment ions, such as
piperazine ring fragment ions, which provided essential informa-
tion for elucidating metabolic sites and accelerated metabolite
identification. Thus, metabolically modified sites could be rea-
sonably predicted with high confidence through high-resolution
analytical techniques [23,24].
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Considering that the common metabolic reactions often do not
cause a drastic change in original chromophore, the peak area of
UV detection is believed to reflect the relative amount of metabo-
lites in referencing to the parent drug. In this work, 17 metabolites,
including 14 from phase I and 3 from phase Il metabolic reac-
tions, were detected in the samples after an oral administration
of TPN171 hydrochloride tablet. All the metabolites, except for
dehydrogenated metabolites, were more polar than their par-
ent compound. The parent drug was identified as a prominent
drug-related compound of systemic circulation in human plasma
samples collected at 0-24 h post-dose. The metabolites identified
in plasma were mainly the substances of dehydrogenation (M5-3)
and O-depropylation (M3). In human urine, the main components
were found to be the parent drug, followed by dehydrogenated
metabolite (M5-3) and N-oxidative metabolite (M7-2). The major
components in fecal samples were the parent drug, O-dpropyl
metabolite (M3) and N-demethyl metabolite (M4). The structures
of these metabolites were verified by comparing with synthesized
reference standards. The urine and fecal metabolite profiles of male
and female subjects exhibited no significant differences.

The proposed metabolic pathways of TPN171 are presented
in Fig. 5. TPN171 is moderately metabolized in humans, and
its active metabolic sites include piperazine ring, side chain
propoxy group and side chain ethyl group. The metabolic pathways
of TPN171 involve O-depropylation, N-depropylation, hydroxyla-
tion, N-oxidation, amide hydrolysis, dehydrogenation, piperazine
monooxidation and dehydrogenation. Phase II biotransformation
pathways, such as glucuronidation and acetylation, have also been
detected. Besides, N-demethylation, O-depropylation, N-oxidation
and dehydrogenation have been considered as the major metabolic
pathways of TPN171 in humans based on its in vivo metabolic char-
acteristics. N-demethylation, O-depropylation, N-oxidation and
dehydrogenation yielded M4, M3, M7-2 and M5-3, respectively.
Our previous work has shown that TPN171 is a principal drug-
related compound in rat plasma, urine and stool, followed by

Metabolism of TPN171 is prerequisite before evaluating
drug-drug interactions potentials. Since TPN171 was slightly
metabolized, its plasma concentration and corresponding AUC are
less likely to change significantly when used together with a drug-
metabolizing enzyme inhibitor or inducer.

Drug metabolism might be different under the healthy and
pathogenic states. Therefore, the metabolism investigation done in
healthy volunteers would facilitate us to study the metabolism of
TPN171 in patients in phase Il clinical trial and compare if different
from healthy subjects.

5. Conclusion

Human metabolism of TPN171, a PDES5 inhibitor, was assessed
for the first time in plasma, urine and stool samples via UPLC/Q-
TOF MS approach. A total of 17 metabolites, including 14 from
phase I and 3 from phase Il metabolic reactions, were identified
and characterized according to accurate mass measurement, MS?
fragment patterns and chromatographic retention times. The iden-
tities of 7 proposed metabolites were verified by comparing with
reference standards. TPN171 is moderately metabolized mainly
through N-demethylation, O-depropylation, N-oxidation and dehy-
drogenation. In addition, TPN171 does not exert a strong first-pass
effect. TPN171 and its metabolites are excreted in both urine
and feces. This study is the first to elucidate the metabolic fate
of TPN171 in humans, which may guide subsequent studies on
TPN171 metabolism and development of other PDE5 inhibitors.
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monooxidized metabolite M7-3, which could also be detected in
humans. It is noted that fecal excretion represents the main excre-
tion route for TPN171 in rats.

Considering that TPN171 structure is relatively similar to silde-
nafil, the comparison between biotransformations of TPN171 and
sildenafil was carried out (Fig. 1). Interestingly, as similar to
TPN171, sildenafil contains a piperazine ring, and its major metabo-
lite is N-desmethyl sildenafil [1]. Moreover, sildenafil undergoes
piperazine N-demethylation, hydroxylation and N,N-deethylation,
pyrazole N-demethylation, and pyrazole-propyl hydroxylation in
humans [13-15]. TPN171 shares the same metabolic pathways
with sildenafil, and produces a N-demethyl metabolite. In contrast
to sildenafil, the propoxy group and ethyl side chain of TPN171
are susceptible to metabolic reactions, such as hydroxylation at
the w-1-position of side chain and dehydrogenation. In addition,
the structure of TPN171 contains an amide bond. Consequently,
an amide-hydrolyzed metabolite was also detected in this study.
As opposed to TPN171, sildenafil undergoes piperazine opening in
humans.

Although many drugs require metabolism to be cleared from
the body, many drugs can also be converted to chemically reactive
molecules through metabolism. Only with the metabolite identifi-
cation data would we know whether generated metabolites have
toxicity structure alerts, thereby providing a basis for toxicity and
safety evaluation. As for TPN171, it was moderately metabolized
mainly through N-demethylation, O-depropylation, N-oxidation
and dehydrogenation. The metabolites have no obvious warning
structures. With slight metabolism, the half-life of TPN171 will be
longer and therefore lower down the dosage and reduce toxicity
potential.
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TPN171 is a novel potent pyrimidinone phosphodiesterase type 5 (PDES) inhibitor with high selectivity
and long duration of action. It has been used to treat patients suffering from pulmonary arterial hyper-
tension and entered phase I clinical trials in 2016. Considering the potential therapeutic value of TPN171,
its metabolism in humans is necessary to be elucidated during early-stage of drug development. This
study aimed to establish a rapid and reliable method based on ultra-performance liquid chromatog-
raphy/quadrupole time-of-flight mass spectrometry for the characterization of TPN171 metabolites in
human plasma, urine and stool samples. A total of 17 metabolites, including 14 from phase 1 and 3 from
phase Il metabolic reactions, were identified and characterized. TPN171 was found to be the predom-
inant component in all plasma, urine and stool samples. Seven proposed metabolites were validated
by comparing with synthetic reference standards. N-demethylation, O-depropylation, N-oxidation and
dehydrogenation were demonstrated to be the main metabolic pathways of TPN171 in humans, yielding
metabolites M4, M3, M7-2 and M5-3, respectively. Notably, M5-3 (a dehydrogenation product) and M3
(an 0-depropylation product) were the main metabolites in human plasma while M5-3 (produced via
dehydrogenation) and M7-2 (produced via N-oxidation) were the major metabolites in human urine.
Besides, O-depropylation product M3 and N-demethylation product M4 were the main metabolites in
human stool. In overall, this study assessed the metabolic fate of TPN171 in humans, which may yield
considerably benefits for subsequent studies focusing on TPN171 metabolism and development of other
PDES inhibitors.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Pulmonary arterial hypertension (PAH) is a progressive disor-
der that affects small pulmonary arteries. It is associated with a
poor prognosis and can lead to cardiac dysfunction. The mortality
rate of this devastating disease remains as high as approximately
10% per year [1-4]. A major and effective treatment of PAH is the
targeted inhibitors of cyclic nucleotide phosphodiesterase type 5
(PDES), which mainly distributes in pulmonary vasculature and
could cleave cyclic guanosine monophosphate (cGMP). Pulmonary
pressure could be decreased by the regulation of NO/cGMP signal-

* Corresponding authors at: 501 Haike Road, Shanghai 201203, China.
E-mail addresses: xxdiao@simm.ac.cn (X. Diao), wangzhen@simm.ac.cn
(z.Wang), dizhong@simm.ac.cn (D. Zhong).
! Lulu Pan and Shuang Guo contributed equally to this article.

https: /doi.org/10.1016/j jpba.2019.05.001
0731-7085/© 2019 Elsevier B.V. All rights reserved.

ing pathway with PDES inhibitors [5]. However, the human PDEs
contain eleven sub-families (PDE1 - 11), which could hydrolyze
cGMP or cyclic adenosine monophosphate (cAMP). The low inhibi-
tion selectivity between PDES5 and other PDE isozymes may lead to
off-target-based adverse effects.

Both sildenafil and tadalafil (Fig. 1) have been approved by the
FDA (Food and Drug Administration) for the treatment of PAH [6,7].
They not only show a high inhibition to PDES5, but also exhibit
inhibitory activity to PDE6 and PDE11. The unsatisfactory selectiv-
ity across multiple PDEs causes some excessive side effects which
limit their clinical use. The selectivity of sildenafil is only 10-
fold more potent against PDE5 than PDE6, an enzyme that mainly
originates from the retina and participates in retinal phototrans-
duction pathway. Such low selectivity is believed to be associated
with abnormal color vision [1]. Tadalafil exerts minimal inhibitory
effects on PDES, and the ICs values of PDE11 and PDE5 demon-
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strate a 5-fold difference. Moreover, tadalafil can potentially cause
backache and myalgia [1,8,9]. Therefore, novel PDE5 inhibitors with
high efficiency and low toxicity may confer tremendous application
prospects to PAH treatment.

TPN171 (Fig. 1) is a novel highly selective PDE5 inhibitor
intended for the treatment of PAH [10]. It was designed by
computer-aided drug design with epimedium flavonoid and
sophoflavescenol as the lead compounds [11,12]. Epimedium
flavonoid was initially identified from the herbal extracts of the
genus Epimedium and was found to be with high inhibitory activ-
ity against PDES. In 2016, TPN171 entered phase I clinical trials in
China. TPN171 is a more potent and selective PDES inhibitor com-
pared to sildenafil and tadalafil. The in vitro inhibitory activity of
PDE5 (ICs0: 0.62 40.13nM) is approximately 7- and 4-fold higher
compared to sildenafil (ICs: 4.310.46nM) and tadalafil (ICso:
2.35+0.28nM), respectively. The selectivity of TPN171 against
PDEG is 4 times higher than that of sildenafil, while the selectivity
of TPN171 against PDE11 is 178 times higher than that of tadalafil.
Inanimal models, TPN171 has a longer duration of effect compared
to sildenafil (DOI: 10.1021/acs.jmedchem.9b00123). In humans,
sildenafil undergoes N-demethylation, hydroxylation and N,N-
deethylation of the piperazine, N-demethylation of the pyrazole,

303

Tadalafil

Sildenafil

Fig. 1. Structures of TPN171, sildenafil and tadalafil

Helsinki. The hospital ethics committee approved the research pro-
tocol. All healthy volunteers provided written informed consent
before participating in this study. After an overnight fast, 30 mg
TPN171 hydrochloride tablet was orally administered to 6 subjects
for plasma sample collection. For urine and stool sample collec-
tion, 5mg TPN171 hydrochloride tablet was administered orally as
a single dose on day 1 and resumed on days 3-9 after breakfast.
Plasma samples were collected at pre-dose, 0.16, 0.33, 0.5, 0.75, 1,
1.5,2,4,6,8,10, 12, 24 and 48 h post-dose. Urine samples were
collected at pre-dose, 0-6, 6-12, and 12-24 h post-dose on day 9,
while stool samples were collected at pre-dose and 0-72h post-
dose on day 7. Al the collected samples were stored at —70°C until
further analyses.

23, Sample preparation

All plasma samples (pre-dose and 0-24h post-dose) from 6
subjects were pooled at equal volumes. Subsequently, the plasma
samples collected at 0-24h post-dose were pooled across time
intervals according to plasma-pooling method [16]. Equal per-
centages of urine from each time interval were pooled across all
subjects, and the samples of male and female subjects were pooled
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