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Pharmacokinetics, mass balance, and metabolism of ['*C]
TPN171, a novel PDES5 inhibitor, in humans for the treatment
of pulmonary arterial hypertension
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Cheng-yin Yu®, Chen Yu®, Yan-mei Liu®, Gang-yi Liu®, Jing-shan Shen'?, Zhen Wang'® and Xing-xing Diao'

TPN171 is a novel phosphodiesterase-5 (PDE5) inhibitor used to treat pulmonary arterial hypertension (PAH) and erectile
dysfunction (ED), which currently is undergoing phase Il clinical trials in China. In this single-center, single-dose, nonrandomized,
and open design study, radiolabeled ['*CITPN171 was used to investigate the metabolic mechanism, pharmacokinetic
characteristics, and clearance pathways of TPN171 in 6 healthy Chinese male volunteers. Each volunteer was administered a single
oral suspension of 10 mg (100 pCi) of ['*CITPN171. We found that TPN171 was absorbed rapidly in humans with a peak time (Tray)
of 0.667 h and a half-life (t;,,) of approximately 9.89 h in plasma. Excretion of radiopharmaceutical-related components was
collected 216 h after administration, accounting for 95.21% of the dose (46.61% in urine and 48.60% in feces). TPN171 underwent
extensive metabolism in humans. Twenty-two metabolites were detected in human plasma, urine, and feces using a radioactive
detector combined with a high-resolution mass spectrometer. According to radiochromatograms, a glucuronide metabolite of O-
dealkylated TPN171 exceeded 10% of the total drug-related components in human plasma. However, according to the Food and
Drug Administration (FDA) guidelines, no further tests are needed to evaluate the safety of this metabolite because it is a phase Il
metabolite, but the compound is still worthy of attention. The main metabolic biotransformation of TPN171 was mono-oxidation
(hydroxylation and N-oxidation), dehydrogenation, N-dealkylation, O-dealkylation, amide hydrolysis, glucuronidation, and
acetylation. Cytochrome P450 3A4 (CYP3A4) mainly catalyzed the formation of metabolites, and CYP2E1 and CYP2D6 were involved
in the oxidative metabolism of TPN171 to a lesser extent. According to the incubation data, M1 was mainly metabolized to M1G by

UDP-glucuronosyltransferase 1A9 (UGT1A9), followed by UGT1A7 and UGT1A10.
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INTRODUCTION

TPN171 is a new pyrimidinone phosphodiesterase-5 (PDES5)
inhibitor jointly developed by Shanghai Institute of Materia
Medica, Chinese Academy of Sciences, and Vigonvita Life
Sciences Co., Ltd [1]. This compound is clinically intended to
treat pulmonary arterial hypertension (PAH) and male erectile
dysfunction (ED). TPN171 showed good safety and pharmaco-
kinetic profiles in phase | studies [2]. In China, a phase lla study
in patients with PAH (ClinicalTrials.gov Identifier: NCT04483115)
and a phase lll study in patients with ED (ClinicalTrials.gov
Identifier: NCT05188989) were underway at the time this paper
was written [3].

PAH is a progressive pulmonary vascular disease that may
involve various clinical conditions and the most complicated
cardiovascular and respiratory diseases [4], and its main patho-
physiological feature is an increase in pulmonary artery pressure in

the resting state. PAH causes the lips to appear blue-purple in
color, which are called “blue lips” [5, 6]. If not actively treated, most
patients with PAH will die of right heart failure within 2 to 3 years,
and thus the disease is also called a “malignant tumor of the
cardiovascular system” [7]. PAH is a rare disease in European and
American countries, and idiopathic pulmonary hypertension is
listed first in China’s rare disease list. In other words, PAH is a
severe chronic and life-threatening disease [8].

PDES5 is mainly distributed in the corpora cavernosa of the penis
and the pulmonary vascular system and is a major cGMP-
hydrolyzing enzyme expressed in all types of smooth muscle.
Selective PDE5 inhibitors potentiate the relaxant effect of the
neurotransmitter NO by increasing cGMP accumulation in smooth
muscle cells, thereby causing smooth muscle relaxation. In
addition, NO induces a large number of smooth muscle cells to
enter the corpus cavernosum of the penis, causing smooth muscle
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relaxation, the expansion of the corpus cavernosum, entry of a
large amount of blood entering the penis that produces an
erection, and curing male ED and other diseases [9]. However,
human PDE contains 11 subfamilies (PDE1-PDE11) that hydrolyze
the ubiquitous second messenger ¢cGMP or cyclic adenosine
monophosphate (cAMP) [10, 11].

Both sildenafil and tadalafil have been approved by the Food
and Drug Administration (FDA) as treatments for PAH [12]. These
drugs did not exert a greater inhibitory effect on PDE5 than on
PDE6 and PDE11. Unsatisfactory selectivity across multiple PDEs
may lead to excessive side effects, limiting their clinical application
[13, 14]. Therefore, new high-efficiency and low-toxicity PDE5
inhibitors may provide excellent application prospects for PAH
treatment.

The TPN171 research team discovered flavonoids with high
PDES5 inhibitory activity in the extract of the traditional Chinese
medicine Epimedium. After the evaluation of selectivity, liver
microsomal metabolic stability, and drug efficacy in animals,
TPN171 was finally determined to be a candidate drug [1].
TPN171 showed more robust PDE5 inhibitory activity (ICso = 0.62
nM) than sildenafil (ICso = 4.31 nM) and tadalafil (ICsq = 2.35 nM) in
an in vitro activity test. Compared with PDE6 (related to visual side
effects), the selectivity of TPN171 was 32 times higher, and was
better than sildenafil (8 times); compared with PDE11, the
selectivity of TPN171 reached 1610 times, which was significantly
better than tadalafil (9 times) [15, 16]. Oral TPN171 administration
substantially reduces the mean pulmonary artery pressure in rats
with monocrotaline-induced PAH, and the effective dose is much
lower than that of sildenafil [1].

Although TPN171 has shown potential as a first-line drug and
has been investigated in numerous studies, its metabolic fate in
humans is unclear. Determining the metabolites of TPN171,
evaluating the safety of its metabolites, understanding its
pharmacokinetics, and determining its clearance mechanism are
very important to understand its behavior in humans [17]. The use
of radiotracers, such as '“C-labeled compounds, in absorption,
distribution, metabolism, and excretion studies has enabled
researchers to determine the mass balance and main metabolic
pathways of drug candidates [18-22].

Radioisotope tracing technology has the obvious advantages of
strong specificity and the ability to fully track the in vivo behavior
of drugs. Radiolabeling technology is considered the “gold
standard” for the analysis of mass balance, tissue distribution,
and metabolite profiles. This technique quantitatively reflects the
proportions of metabolites, obtains the excretion pathways of
drugs, clarifies the main biotransformation pathways of medicines
in the body, effectively identifies whether disproportionate
metabolites are present in human blood circulation, and provides
robust evidence for evaluating potential drug—drug interactions.

The results from the completed clinical trial (ClinicalTrials.gov
Identifier: NCT04479917) and preliminary research data from this
product suggested that 10 mg was a potentially effective dose
and that the drug was safe and well-tolerated at this dose.
Therefore, in this study, 6 healthy Chinese male volunteers were
administered a suspension of 10 mg (100 uCi) of ['*CITPN171. By
measuring the radioactivity in the volunteers’ blood and plasma,
the pharmacokinetics of ["*CITPN171 in the blood and plasma
were investigated, and quantitative analysis was conducted. Mass
balance data and main excretion pathways were obtained by
measuring the radioactivity in urine and feces. In addition, various
in vitro metabolic models were used to investigate the mechanism
underlying the formation of primary metabolites.

MATERIALS AND METHODS

Chemicals and reagents

TPN171H tablets were provided by Vigonvita Life Sciences Co., Ltd
(Suzhou, China). ['*C] TPN171H (content: 97.49%) was provided by
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Wuxi Beta Pharmaceutical Technology Co., Ltd (Wuxi, China).
Reference substances of TPN171 (content: 99.79%) and its
metabolites M1 (content: 87.99%), M2 (content: 95.16%), M3-1
(content: 91.91%), M3-2 (content: 99.79%), M3-3 (content: 97.49%),
M6 (content: 98.96%), M7-3 (content: 88.33%) and TPN171M1G
(content: 95%) were synthesized in house, and their identities,
contents and purities were assessed using nuclear magnetic
resonance spectroscopy, mass spectrometry, and high-
performance liquid chromatography (Fig. 1).

Human liver microsomes (HLMs) and human kidney micro-
somes (HKMs) were purchased from SEKISUI Xenotech (Kansas
City, KS, USA). Human intestinal microsomes (HIMs) and human
smoked lung microsomes (HSLMs) were purchased from the
Research Institute for Liver Diseases Co., Ltd (Shanghai, China).
Recombinant human cytochrome P450 (CYP450) enzymes
(CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, CYP3A4, CYP3A5, and CYP4A11) and recombi-
nant human UDP-glucuronosyltransferase (UGT) enzymes
(UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9,
UGT1A10, UGT2B4, UGT2B7, UGT2B10, UGT2B15, and UGT2B17)
were all purchased from Corning Gentest (Glendale, AZ, USA).
Uridine 5'-diphosphoglucuronic acid (UDPGA) was purchased
from Merck Limited (Shanghai, China). Tris-HCl, niflumic acid,
and phenacetin were purchased from Meilunbio (Dalian, China),
and the liquid scintillation cocktail was obtained from Zhejiang
Dingxin Technology Co., Ltd (Zhuiji, China).

Instrumental conditions

In this study, high-resolution mass spectrometry (HR-MS) data
were acquired using a Vanquish ultrahigh-performance liquid
chromatography (UHPLC) system combined with a Q Exactive Plus
mass spectrometer (Thermo, Waltham, MA, USA). Chromato-
graphic separation was achieved on an ACE Excel 3 C18-AR
column (3um, 100mm x 2.1 mm) with a Phenomenex Krud-
Katcher Ultra HPLC In-Line Filter guard column (2 um, Depth
Filter x 0.004 ID). The column temperature was 40 °C, and the flow
rate was 0.45 mL/min. The mobile phase consisted of a 2 mM
agqueous ammonium acetate solution containing 0.1% formic acid
(A) and acetonitrile (B). The gradient elution procedure was as
follows: 0 min, 10% B; 2 min, 10% B; 42 min, 60% B; 44 min, 95% B;
47 min, 95% B; 47.1 min, 10% B; and 50 min, 10% B. The eluent was
monitored using ultraviolet (UV) spectroscopy at a wavelength of
254nm. The mass spectrometer was operated in positive
electrospray ionization (ESI) mode with an m/z 80-1000 Da
scanning range for detection. The optimized MS parameters were
as follows: sheath gas, 45 L/min; auxiliary gas, 10 L/min; normal-
ized collision energy, 30, 40, and 50; capillary temperature, 320 °C;
auxiliary gas heater temperature, 400 °C; and capillary voltage, 3.5
kV. Data were collected using Xcalibur software (Thermo) and
analyzed using Compound Discoverer software (Thermo).

Study design, dosing, and sample collection

This study employed a single-center, single-dose, nonrandomized
and open design (ClinicalTrials.gov Identifier: NCT04655872) with
the plan to enroll six healthy Chinese male volunteers at Shanghai
Xuhui Central Hospital (Shanghai, China). Based on the human
dosimetry analysis, a trial protocol was drafted together with the
hospital and was approved by the hospital ethics committee. Each
volunteer took a single oral suspension containing 10 mg (100 pCi)
of ["CITPN171 after an overnight fast. Pharmaceutical grade
saline was used to dissolve ['*CITPN171H. After aliquoting, each
volunteer’s dosing solution contained 100 uCi of ['*CJTPN171, and
then 10 mg of TPN171H tablets and ultrapure water were added
to a total volume of 40 mL.

Biological samples were collected from 6 healthy Chinese male
volunteers from 0 to 216 h, including blood, plasma, urine, and
feces. The specific sample collection time points or periods are
described below.

Acta Pharmacologica Sinica (2022) 0:1-13
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Fig. 1 Chemical structures of TPN171 and 8 reference metabolites.

Blood samples were collected within 1h before administration
and 0.5,0.75,1,1.5,2,4,6,8,10, 12, 24, 48,72, 96, 120, 168, and 216 h
after administration. Approximately 7 mL of venous blood was
collected at each time point in heparin anticoagulant-containing
blood collection tubes. The centrifugal separation of plasma was
mainly used for nonradioactive and radioactive pharmacokinetics
analyses and the biotransformation analysis. In addition, approxi-
mately 10 mL of additional venous blood was collected within 1h
before administration and 1, 4, 10, 12, 24, and 48h after
administration, of which 2 mL was aliquoted for the analysis of total
radioactivity in blood; the remaining blood was centrifuged to obtain
plasma and used for the biotransformation analysis. Blood and
plasma samples were frozen and stored at —90 °C to —60 °C.

A urine sample was randomly collected before drug administration
and all urine was collected at 0-4, 4-8, 8-24, 24-48, 48-72, 72-96,
96-120, 120-144, 144-168, 168-192, and 192-216 h after administra-
tion. A feces sample was randomly collected before drug administra-
tion and all feces were collected at 0-24, 24-48, 48-72, 72-96, 96-120,
120-144, 144-168, 168-192, and 192-216 h after administration.
When the total radioactivity of the biological sample (urine + feces)
collected by each volunteer exceeded 80% of the dose, the collected
radioactivity was less than 1% of the dose for two consecutive time
intervals, and the radioactivity of plasma at 2 consecutive time points

Acta Pharmacologica Sinica (2022) 0:1-13

was lower than 3 times the radioactivity at 0 h before administration,
we terminated the collection of urine and feces.

Analysis of total radioactivity

Levels of radioactivity in human plasma and urine samples was
determined by counting aliquots directly in a liquid scintillation
counter (LSC, Hidex, Finland). The evolved '*CO, from feces and
blood combusted in a biological sample oxidizer was captured in
15mL of alkaline liquid scintillation cocktail. Samples were
analyzed in duplicate to produce extraction data (direct counting).
Sample radioactivity was assayed with an LSC for 5 min or until the
2-sigma error was reached, whichever occurred first. The LSC was
programmed to automatically subtract the instrument back-
ground (including cocktail) and convert counts per minute
(CPM) to disintegrations per minute (DPM).

Sample preparation for metabolite radioprofiling

Plasma. According to the radiopharmacokinetic concentration
results, the plasma samples collected before drug administration
and 0.5, 0.75, 1, 1.5, 2, 4, 6, 8, 10, 12, and 24 h after administration
were pooled individually based on the AUC-pooling principle [23].
The plasma samples were mixed in equal volumes to obtain an
AUCy_»4 1 pooled plasma sample.

SPRINGER NATURE
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Table 1. Samples selection for radioprofiling and recovery of radioactivity from extracted and reconstituted samples.

Matrix Time points/intervals (h) Extraction/centrifugation recovery (%)? Reconstitution recovery (%)
Plasma® 0,0.5,0.75, 1,15, 2, 4,6, 8,10, 12, 24 111.14 90.15

Urine© 0-4, 4-8, 8-24, 24-48 94.87 98.64

Feces® 0-24, 24-48, 48-72, 72-96 97.21 90.17

pooled together.

“The plasma and fecal samples were extracted with methanol/acetonitrile (50:50, v/v) and water. The urine samples were centrifuged to remove solids.
The plasma samples were individually pooled according to the AUC-pooling principle, and then an equal volume from individuals of the same sex was

“An equal percentage of volume was pooled. Notably, 0-48 h urine radioactivity accounted for more than 90% of total urine radioactivity based on cumulative
radioactivity recorded at 0-216 h post-dose; thus, 0-48 h urine samples were pooled.

9Equal percentages of the weight of selected samples were pooled. In this experiment, 0-96 h feces radioactivity accounted for more than 90% of total fecal
radioactivity according to cumulative radioactivity measured for 0-216 h post-dose; thus, 0-96 h feces samples were pooled.

Urine. According to the cumulative radioactivity measured from
0-216 h post-dose, radioactivity in the 0-48h urine samples
accounted for more than 90% of total urine radioactivity. Based on
the urine sample volume collected from 6 subjects in each period,
the corresponding amounts of 0-4, 4-8, 8-24, and 24-48 h urine
samples were collected in equal percentages and pooled to obtain
0-48 h urine samples.

Feces. According to the cumulative radioactivity measured for
0-216 h post-dose, 0-96 h fecal radioactivity accounted for more
than 90% of the total fecal radioactivity. Based on the feces
sample weight of 6 subjects in each period, the corresponding
amounts of 0-24, 24-48, 48-72, and 72-96 h feces were collected
in equal percentages and pooled to obtain 0-96 h fecal samples.

The pooled plasma and fecal samples were extracted by adding
three volumes of methanol/acetonitrile (50:50, v/v). The mixture
was shaken (1 min) and sonicated (5min) three times before
centrifugation (5000 rpm, 10 min). The supernatant was trans-
ferred to a clean tube, and then 0.5 volume of water and one
volume of methanol/acetonitrile (50:50, v/v) were added to the
postextraction solid. The mixture was shaken (1 min) and
sonicated (5 min) three times before centrifugation (5000 rpm,
10 min). The two supernatants were combined, and the extraction
recovery was measured. The pooled urine sample was centrifuged
(5000 rpm, 10min), and the recovery was measured after
centrifugation.

Then, the supernatant was concentrated under nitrogen and
reconstituted with 0.1% formic acid in an ethanol-water (20:80, v/v)
solution. The reconstitution recovery was calculated after measuring
the radioactivity of the reconstituted solution. The recoveries of
pooled plasma, urine, and fecal samples are described in detail in
Table 1.

Radioprofiling

Due to the low radioactivity of human plasma and feces, fractions
were collected using a UHPLC fraction collector (Thermo) over
time (8 s/fraction) in Deepwell LumaPlate™ 96-well plates. After
evaporation, the radioactivity was determined with an offline
Sense Beta detector (Hidex). For the urine samples, the UHPLC
eluent was analyzed using an online radioactivity detector (B-
RAM).

Radioactive metabolite profiling was integrated to obtain the
radiochromatogram using Laura software (Lablogic, UK). The
percentage of each metabolite in urine and feces (% dose) and the
ratio of metabolites in the plasma after exposure (% area under
the curve, %AUC) were calculated.

Metabolite identification

The structures of metabolites were identified using UHPLC-Q
Exactive Plus MS. The mass spectral fragmentation patterns of
metabolites were compared with the precursor compound and
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other available reference substances, which provided a solid
foundation for the characterization of unknown metabolites. The
molecular ion peaks corresponding to the prominent radioactive
chromatographic peaks were analyzed. Fragment ions were
generated by performing a product ion scan.

Pharmacokinetics analysis

The total radioactive concentrations in blood and plasma were
measured with an oxidation combustor and LSC. Quantitative
determination of TPN171 levels in plasma and blood at different
time points was performed using a validated LC-MS/MS method.
TPN171 was quantitated on a Triple Quad 6500 mass spectro-
meter (Sciex, Framingham, MA, USA) coupled with a 30 A HPLC
system (Shimadzu, Kyoto, Japan). The quantitative transition ion
pairs were m/z 442 — 113. The calibration curves were linear over
the plasma concentration ranges of 0.500-1000ng/mL for
TPN171. The lower limit of quantification for TPN171 was 0.500
ng/mL. The pharmacokinetics parameters were estimated with
WinNonlin software based on the concentration of TPN171 in the
blood and plasma. The ratio of the total radioactive substance
concentration in blood and plasma was calculated to evaluate the
preferred distribution preference in blood and plasma.

Mass balance

The total radioactivity in urine and feces was measured using LSC
and an oxidation combustor. According to the weight of urine and
feces collected at each time interval and the measured radio-
activity concentration, the excretion of ["“CITPN171-related
components was calculated, and the excretion rate and main
excretion route were evaluated.

Incubation of TPN171 with HLMs and recombinant CPY450s

The volume of the incubation system was 200 pL, and the buffer
solution was 50 mM Tris-HCl (pH 7.4), including a final concentra-
tion of 3puM TPN171, 8mM MgCl, and 2mM NADPH. The
incubation was performed in a 37 °C water bath. After preincuba-
tion for 3 min, the recombinant protein or the chemical inhibitor
was added to the buffer-substrate-cofactor mixture to initiate the
reaction. The protein concentration of HLMs or recombinant
CYP450s was 0.5mg/mL. The chemical inhibitors were
1-aminobenzotriazole (ABT, inhibitor of all CYP450s) [24] and
ketoconazole (CYP3A4/5 inhibitor) [25]. After 60 min, the reaction
was terminated by adding 200 pL of ice-cold acetonitrile.

TPN171M1 O-glucuronidation by HLMs, HKMs, HIMs, HSLMs, and
recombinant UGTs

The volume of the incubation system was 200 pL, and the buffer
solution was 50mM Tris-HCl (pH 7.4), including a final
concentration of 3 uM M1, 8 mM MgCl,, 25 pg/mL alamethicin,
and 2mM UDPGA. The incubation was performed in a 37°C
water bath. After preincubation for 3 min, the recombinant

Acta Pharmacologica Sinica (2022) 0:1-13



protein or the chemical inhibitor was added to the buffer-
substrate-cofactor mixture to initiate the reaction. The protein
concentration of HLMs, HKMs, HIMs, HSLMs, and recombinant
UGTs was 0.5 mg/mL. The chemical inhibitors were niflumic acid
(UGT1A9 inhibitor) [26] and tolcapone (UGT1A7/UGT1A10
inhibitor) [27]. After 60 min, the reaction was terminated by
adding 200 pL of ice-cold acetonitrile.

Statistical analysis

The radioactive dose recovery, cumulative radioactive recovery in
urine, feces, and bile, and radioactive concentration in plasma
were performed using Microsoft” Excel. Pharmacokinetic para-
meters were performed with WinNonlin (Version 7.0, Certara, USA).
In the calculation of pharmacokinetic parameters, the concentra-
tion below the lower limit of quantification (BQL) before T,,,.x was
calculated as “0”, and after that, it was treated as a missing value.
In descriptive statistical analysis, it is calculated as “0”.

RESULTS

HR-MS analysis of reference standards of TPN171 and its
metabolites

First, HR-MS was performed on a solution of reference substances
of TPN171 and 8 metabolites (1.00 ug/mL) to determine their mass
fragmentation patterns and chromatographic behaviors.

TPN171. Under the experimental conditions used in this study,
the retention time of TPN171 (Cy4H35N505) was 37.88 min, and a
molecular ion ([M + H]™) at m/z 442.2804 was obtained in full-scan
MS. In the product ion scan, the primary fragment ions obtained
were m/z 314.1867, 286.1186, 259.1315, 244.1206, 113.1073,
98.0838, and 70.0651 (Fig. 2a). The fragment ion at m/z
314.1867 was formed by loss of the piperazine moiety and CO.
The fragment ion at m/z 259.1315 was produced through cleavage
of the amide bond. The fragment ion at m/z 113.1075 was the
removed piperazine moiety.

M1. M1 was the O-depropylated product of TPN171 and had a
retention time of 35.25min ([M + H]*™ m/z 400.2343). The major
fragment ions of M1 were m/z 113.1076, 98.0841, and 70.0657,
which were the same as those of TPN171 (Fig. 2b).

M2. M2 was the N-demethylated product of TPN171, and its
retention time was 35.12 min ([M + HI* m/z 428.2656). The major
fragment ions were m/z 99.0919 and 70.0657. The fragment ion at
m/z 99.0919 was the removed piperazine moiety. The fragment
ion m/z 70.0657 was the same as that of TPN171 (Fig. 2¢).

M3-1, M3-2, and M3-3. M3-1 to M3-3 were mono-oxidated
metabolites of TPN171 at different positions. Their molecular ion
[M + HI" was m/z 458.2751.

M3-1 was the product of TPN171 hydroxylated on the O-side
chain with a retention time of 29.09 min. The major fragment ions
of M3-1 were m/z 113.1075 and 70.0656, which were the same as
those of TPN171 (Fig. 2d).

M3-2 was the product of TPN171 N-oxidated on the piperazine
group, and its retention time was 33.55 min. The major fragment
ions of M3-2 were m/z 328.1651, 286.1183, 113.1075, 98.0841, and
70.0656. The fragment ion at m/z 328.1651 was formed by the loss
of the piperazine moiety and O atom. The other fragment ions
were the same as those of TPN171 (Fig. 2e).

M3-3 was the product of TPN171 hydroxylated on the side chain
of the pyrimidine moiety, and its retention time was 28.30 min.
The major fragment ions of M3-3 were m/z 113.1076 and 70.0657,
which were the same as those of TPN171 (Fig. 2f).

M6. M6 was the amide hydrolysis product of TPN171, and its
retention time was 35.01 min ([M + H]™ m/z 302.1857). The major
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fragment ion at m/z 259.1266 was produced through cleavage of
the amide bond (Fig. 2g).

M7-3. M7-3 was the reducted product of TPN171, and its
retention time was 39.56 min (M + HI™ m/z 440.2648). The major
fragment ions of M7-3 were m/z 113.1075 and 70.0657, which
were the same as those of TPN171 (Fig. 2h).

TPN171M1G. TPN171M1G was a glucuronide of M1 with a
retention time of 28.46 min (IM+ HI™ m/z 576.2656), and its
major fragment ions were m/z 400.2331, 113.1075, and 70.0656.
These fragment ions were the same as those of M1 (Fig. 2i).

Pharmacokinetics and mass balance of TPN171

As shown in Table 2, after a single oral administration of [*C]
TPN171 to 6 healthy Chinese male volunteers, TPN171 was
absorbed rapidly in humans, with a peak time (T,,,,) of 0.667 h and
a half-life (t;,,) of 9.89 h (Fig. 3a) in human plasma. The geometric
mean of plasma exposure (AUCq..) was 480h.:ng/mL. The
concentration of drug-related components began to fall below
the limit of quantification (BQL, which is three times the
radioactive concentration in plasma before administration) 48 h
after administration.

In humans, excreted radioactivity time profiles in urine and
feces were similar following a single oral administration of a 10 mg
(100 uCi) ["CITPN171 suspension (Fig. 3b). The majority of
radioactivity was excreted within 96 h after administration,
accounting for 92.05% of the dose. Within 216 h after administra-
tion, the cumulative excretion of radiopharmaceutical-related
components in urine and feces was 95.21% of the dose (46.61%
of the dose in urine and 48.60% of the dose in feces).

Radioprofiling and metabolite identification

Unmetabolized TPN171 was detected as a major component in
human plasma, urine, and feces. In addition, 22 metabolites were
identified. The radioactive distribution of TPN171 and its
metabolites in human plasma, urine, and feces and the percent
of the dose in urine and feces are shown in Table 3.

Plasma. In human plasma, the radioactivity of TPN171 and
identified metabolites accounted for 95.12% of the total exposure;
TPN171 accounted for 42.35% of exposure. Combined with the
HR-MS analysis, 12 metabolites were detected in plasma, of which
TPN171M1G was the most abundant metabolite, accounting for
14.14% of the total exposure; M457-1 was the second most
abundant metabolite, accounting for 7.05% of the total exposure
(Fig. 4a).

M457-1 was the third most abundant metabolite, accounting for
7.05% of the total exposure. The chromatographic retention time of
M457-1 was 31.29 min, and the molecular ion (M +H]") of m/z
458.2755 was obtained in full-scan MS. According to the exact mass,
the molecular formula was C,4H3sN50,, indicating that an O atom
was added to the parent drug. The major fragment ions were m/z
440.2650, 113.1076, and 70.0657. The fragment ion at m/z 440.2650
was obtained from the neutral loss of one molecule of water from the
precursor ion, and the other fragment ions were the same as those of
the parent drug. M457-1 was speculated to be the mono-oxidation
product of TPN171. M3-1, M3-2, M3-3, and M457-1 were isomers
(Fig. 5a).

Urine. The total radioactive components excreted in human
urine accounted for 46.61% of the dose, and TPN171 accounted
for 19.66% of the dose. Combined with the HR-MS analysis, 21
metabolites were detected, of which M575-1 was the most
abundant metabolite, accounting for 9.33% of the dose; M2 and
M6 (coeluting) were the second most abundant metabolites,
accounting for 4.95% of the dose. M455-1 and M455-2 (coeluting)
accounted for 2.90% of the dose (Fig. 4b).
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The retention time of M575-1 was 11.67 min, and the molecular
ion (IM+H]") m/z 576.2653 was obtained in full-scan MS.
According to the exact mass, the molecular formula of M575-1
was C,7H3;N500, which was M1 with the addition of CgHgOo. The
major fragment ions at m/z 400.2336, 113.1077, and 70.0658 were
the same as those of M1. M575-1 was speculated to be a
glucuronide of M1, an isomer of TPN171M1G (Fig. 5b).

The chromatographic retention time of M455-1 was 34.20 min.
The full-scan mass spectrum revealed a molecular ion ([M + H]™)
at m/z 456.2603. According to the exact mass, its molecular
formula was Cy4H33N504, which contained one additional O
atom and two fewer H atoms than the parent drug. The major
fragment ions at m/z 113.1076, 98.0842, and 70.0657 were the
same as those of the parent drug. M455-1 was speculated to be

SPRINGERNATURE

the mono-oxidated and dehydrogenated metabolite of TPN171
(Fig. 5¢).

Feces. The total radioactive components excreted in human
feces accounted for 48.60% of the dose, and TPN171 accounted
for 6.88% of the dose. Combined with the HR-MS analysis, 14
metabolites were detected, of which M469 was the most
abundant metabolite, accounting for 7.74% of the dose (Fig. 4c).

The retention time of M469 was 39.27 min, and the molecular
ion (IM+HI") at m/z 470.2753 was obtained in full-scan MS.
According to the exact mass, the molecular formula of M469 was
C55H35N50,4, which was attributed to the addition of C,H30 to M2.
Its major fragment ions were m/z 428.2648, 141.1019, 99.0919, and
70.0658. The fragment ion at m/z 141.1019 was the removed
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Table 2. Pharmacokinetics parameters of TPN171 and drug-related components in blood and plasma after a single oral administration of ['*C]
TPN171 suspension to 6 healthy Chinese male volunteers (means + SD), as analyzed using noncompartmental methods with Phoenix WinNonlin.

Parameter TPN171 ["*CITPN171-related components
Unit Blood Plasma Unit Plasma

ti/2 h 9.42 (0.910) 9.89 (1.50) h 16.2 (4.06)
Trnax h 1.00 (0.00) 0.667 (0.204) h 0.750 (0.274)
Crnax ng/mL 43.9 (8.20) 729 (20.4) ng eq./mL 150 (32.6)
AUCq h-ng/mL 344 (24.4) 476 (24.9) h-ng eq./mL 1720 (28.3)
AUCq._, h-ng/mL 352 (25.2) 480 (24.6) h-ng eq./mL 2090 (24.8)
MRTo. h 10.9 (1.33) 10.3 (1.36) h 21.5 (4.92)

Cmax and T,ax Were obtained from the quantified data. Based on a linear trapezoidal approximation, the area under the plasma concentration versus time
curve (AUC, _,) was calculated from O to the last measurable time point (t). The terminal elimination rate constant (k) was evaluated using the plasma
concentration log-linear regression equation during the elimination phase. The half-life (t,,,) was calculated as 0.693/k.. The AUC from 0 to infinity (AUCq..)
was estimated as the sum of (AUC,_,) and Ci/ke, where C; is the concentration at the last quantified time point.

—4— Total Radioactivity in Blood
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-4 TPN171 in Blood

-0 TPN171 in Plasma
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Fig. 3 Pharmacokinetics and mass balance of TPN171 following a single oral administration of 10 mg (100 uCi) ['*CITPN171. a The
concentration-time curve of ['*CJTPN171-derived radioactivity and TPN171 in human blood and plasma. b Total cumulative radioactive dose
recovered in urine and feces (%).

N-demethylated piperazine moiety. Other fragment ions were the ~ CYP3AS, and CYP4A11: M2 and M3-2. After the incubation with
same as those of M2. M469 was speculated to be the acetylated ~ CYP2E1, one metabolite, M2, was detected, and after the

product of M2 (Fig. 5d). incubation with CYP3A4, M1, M2, and M3-2 were detected
The HR-MS analysis of other metabolites is presented in (Table 4). According to the reduction of the parent drug and
the Supplementary Information. after normalization to the content in the human body, the total
percent contribution of each recombinant enzyme to the

Incubation of TPN171 with pooled HLMs and recombinant generation of metabolites was calculated (Fig. 6a).
CYP450s The peak area was used to calculate the slope (k) of the natural
In addition to the precursor drug, two metabolites were detected ~ 0garithm of the amount of test drug remaining after the
after incubation with the recombinant isoenzymes CYP2D6, incubation versus the incubation time. Based on the metabolic
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Table 3. The distribution of radioactivity from TPN171 and its major metabolites in human plasma, urine, and feces and the percent of the dose in
urine and feces (%).
Metabolites Retention time (min) Plasma Urine Feces Urine + Feces
46.61% of the dose 48.60% of the dose 95.21% of the dose
%AUC %Urine %Dose %Feces %Dose %Dose
TPN171 37.98-38.28 42.35 42.19 19.66 14.16 6.88 26.54
Unknown 3.64 - - - 14.46 7.03 7.03
M575-1 11.67-12.34 5.27 20.02 9.33 - - 9.33
M375 23.05-23.72 - 1.05 0.49 0.77 0.37 0.86
M473 23.65-27.46 - 1.75 0.82 1.91 0.93 1.75
TPN171M1G 27.97-28.04 14.14 2.02 0.94 - - 1.93
M3-3 28.47-28.64 - 2.04 0.99
M3-1 29.27-29.41 1.12 1.30 0.61 1.74 0.85 1.46
M439-1 31.23-31.52 - 3.05 1.42 7.45 3.62 7.53
M457-1 31.29-31.49 7.05 512 2.49
M415 31.62-32.17 233 3.86 1.80 - - 1.80
M457-2 32.72-32.81 - 1.72 0.80 3.70 1.80 2.60
M3-2 33.42-33.54 3.24 - -
M455-1 34.20 - 6.22 2.90 - - 2.90
M455-2 34.85-34.94 3.24 - -
M6 34.87-34.97 0.96 10.62 4.95 0.70 0.34 8.46
M2 35.25-35.77 3.95 6.53 3.17
M1 35.41-35.73 3.24 1.90 0.89 2.01 0.98 1.87
M439-2 36.64 - 0.94 0.44 - - 1.96
M455-3 36.94-36.98 - 3.13 1.52
M455-4 37.82-37.93 1.32 0.33 0.15 1.79 0.87 1.02
M439-3 38.55 2.42 - - - - -
M469 39.27 - 2.25 1.05 15.92 774 15.78
M7-3 39.69-39.97 4.49 14.38 6.99
Total 95.12 99.22 46.25 95.81 46.57 92.82
%AUC is derived from the AUCy_»4 1, pooled plasma; % urine is derived from the 0-48 h pooled urine sample; % feces is derived from the 0-96 h pooled fecal
sample; %Dose is derived from 0-216 h of urine and fecal excretion data; -, no prominent chromatographic peak was observed in the radioactive
chromatogram.

elimination of the test drug, the slope (k) was divided by the
concentration of a certain recombinase to calculate the intrinsic
clearance (CLj,; ,) of the test drug, and the clearance was
multiplied by the enzyme abundance in native human liver
microsomes to calculate the relative contribution [28, 29].

After adding ABT, a broad inhibitor of CYP450 enzymes, the
remaining amount of the precursor drug increased, and the
production of metabolites decreased significantly, indicating that
CYP450 enzymes catalyzed the production of most metabolites.
After adding ketoconazole, a CYP3A4/5 inhibitor, the amount of
the precursor remaining increased significantly and the produc-
tion of metabolites also decreased significantly, indicating that
CYP3A4/5 was the primary enzyme that catalyzed the production
of metabolites (Fig. 6b).

O-glucuronidation of TPN171 by pooled HLMs, HKMs, HIMs,
HSLMs, and recombinant UGTs

Multiple reaction monitoring (MRM) mode was used to monitor
the glucuronidated metabolites produced after the incubation of
TPN171M1 with 13 recombinant human UGT enzymes. UGT1A7
mainly catalyzed M1 to produce M1G, followed by UGT1A9 and
UGT1A10 (Fig. 7a). HSLMs, HLMs, HKMs, and HIMs were used to
investigate where M1 was mainly metabolized [30-32]. Niflumic
acid, an exclusive inhibitor of UGT1A9, was used for the chemical
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inhibition of HLMs and HKMs. Tolcapone, a broad inhibitor of
UGT1A7 and UGT1A10, was used for the chemical inhibition of
HIMs and HSLMs. According to the peak area of TPN171M1G
generated after incubation of microsomes with 3 uM M1, the
greatest amount of M1G was produced from M1 in HIMs, followed
by HKMs, HLMs, and HSLMs (Fig. 7b).

DISCUSSION

This study reports the pharmacokinetics, mass balance, and
metabolic pathway of ['*CITPN171 in humans and the primary
metabolic enzymes that catalyze the production of metabolites.
After oral administration of 10 mg (100 uCi) of ['*CITPN171 to 6
healthy Chinese male volunteers, TPN171 metabolites were
identified in plasma, urine, and feces. Within 216h after
administration, 95.21% of the total drug-related component
radioactivity was recovered in feces (48.60%) and urine (46.61%),
indicating that the proportion of TPN171 and related material
excreted through urine and feces was similar and that TPN171 was
nearly completely excreted in humans.

Based on the high radioactivity recovery, the UHPLC-HR-MS
analysis identified 22 metabolites of TPN171 in human plasma,
urine, and feces, 19 of which were phase | metabolites. The main
metabolic pathways were mono-oxidation, dehydrogenation, N-

Acta Pharmacologica Sinica (2022) 0:1-13
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Fig. 4 UHPLC radiochromatograms of ['*CITPN171 and its
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(AUCo_24 n), b urine (0-48 h), and c feces (0-48 h).

dealkylation, O-dealkylation, and amide hydrolysis. Additionally, 3
phase Il metabolites were identified, including two secondary
glucuronides and one secondary acetylated metabolite. While the
overall clearance pie was unchanged excretion (20%-26%),
oxidative metabolism (~70%), and hydrolysis (~8%), indeed, no
direct glucuronidation and acetylation of the parent drug played a
role in the clearance of TPN171. The susceptible metabolic sites
were the propyl side chain, piperazine, and diethyl pyrimidinone
moieties. The biotransformation pathway of TPN171 in humans is
shown in Fig. 8, and information on TPN171 metabolites detected
in human plasma, urine, and feces is provided in Table 5.

In human plasma, TPN171M1G was the second most abundant
metabolite, accounting for 12.14% of the total exposure to drug-
related components. According to the “Technical Guidelines for
Drug Metabolism Safety Tests (2020)” from the FDA, if the level of
metabolites in humans is higher than 10% of the total drug
exposure at a steady state, safety concerns are usually required
[33]. However, phase Il conjugation usually increases water
solubility and decreases pharmacological activity, and thus no
further evaluation is needed. Therefore, although this metabolite
was detected in human plasma for the first time and exceeded
10% of the total drug exposure in vivo, no further tests were
needed to evaluate the safety of this metabolite, but the
compound is still worthy of attention [34]. In most cases, an
evaluation of whether the metabolites reach 10% of the total
drug-related exposure using nonradioactive pharmacokinetics
studies is usually impossible, especially for drugs that produce
many metabolites. This study reveals the advantages of radi-
olabeling technology, which accurately reflects the content of any
metabolite and accurately reveals the biotransformation pathway
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Fig. 5 Product ion spectra and proposed fragmentation patterns
of metabolites. M457-1 (a), M575-1 (b), M455-1 (c), and M469 (d).

of the drug [35]. The '*C-labeled compound has constant
radioactivity, with a half-life of approximately 5730 years for
carbon-14 disintegration. The basic principle of radionuclide
tracing is to calculate the mass balance by detecting its
radioactivity.

In human urine, M575-1 was the most abundant metabolite,
accounting for 9.24% of the dose. M575-1 and TPN171M1G were
isomers, both of which were glucuronidation products of M1.
However, compared to the concentration in plasma, the content
of TPN171M1G in urine was low. According to the secondary
fragmentation spectrum of M575-1, only one fragment ion
generated from the loss of glucuronic acid (-176.03209 Da) was
observed (Fig. 5b), and we were unable to determine whether
glucuronic acid was bound to the O or N atom. Glucuronidation is
the most common phase Il conjugation involved in drug
metabolism. Generally, glucuronidated metabolites have good
water solubility and no biological activity and are easily excreted
from the body [36]. The amines involved in N-glucuronidation are
aromatic amines, fatty amines, amides, and sulfonamides. The
reactivity of aromatic amines is negligible, and relatively few
examples of conjugation are available. Among fatty amines,
primary and secondary amines, which are more basic than other
fatty amines, have a solid binding ability and more easily undergo
glucuronidation [37, 38]. In addition, pyridine nitrogen and tertiary
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Table 4. Information about the metabolites of TPN171 detected in various recombinant CYP incubation systems.
ID Mass spectrum peak area
1A2 1B1 2A6 2B6 2C8 2C9 2C19 2D6 2E1 3A4 3A5 4A11
Mo 1359.5 1204.6 11949 1415.6 12771 13274 1338.1 995.3 1052.2 662.1 660.1 1091.5
M1 - - - - - - - - - 37.7 - -
M2 - - - - - - - 104 18.0 97.4 143.5 23.2
M3-2 - - - - - - - 26.5 - 100.3 115.9 241
-, not detected.
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Fig. 6 Incubation of TPN171 with pooled HLMs and recombinant HSLMs, and recombinant UGTs. a Glucuronidation of 3 1M M1 by

CYP450s. a The ratio of the contribution of each recombinant
enzyme to TPN171 metabolism after normalization to the abun-
dance of each recombinant enzyme in humans. b Incubation of
TPN171 with pooled HLMs in the presence and absence of
inhibitors. The chemical inhibitors were 1-aminobenzotriazole
(ABT, inhibitor of all CYP450s) and ketoconazole (CYP3A4/5
inhibitor). The results were standardized to 100%. Each column
represents the average of repeated determinations.

amines with 1-2 methyl groups undergo glucuronidation to
generate highly polar quaternary ammonium compounds [39]. As
shown in the structure of M1, glucuronidation between the
aromatic amine and secondary amine was unlikely (Fig. 1). Instead,
the N with a methyl group attached to the piperazine ring
underwent glucuronidation to form a quaternary ammonium
compound with very high polarity. As shown in Fig. 4, the UHPLC
retention time of M575-1 was earlier than that of TPN171M1G, and
the polarity was higher, which validated this hypothesis.

In human feces, M469 was the most abundant metabolite,
accounting for 7.99% of the dose. M469 was the acetylation
product of M2. The acetylation metabolic pathway was not as
common as oxidation. Acetylation is an essential metabolic
pathway for drugs or metabolites containing primary amino

SPRINGERNATURE

13 human recombinant UGT enzymes. Each column represents the
average of repeated measurements. b The effect of 100 uM chemical
inhibitor on the glucuronidation of 3 uM M1 in HLMs, HKMs, HIMs,
and HSLMs. Niflumic acid, an exclusive inhibitor of UGT1A9, was
used for the chemical inhibition of HLMs and HKMs. Tolcapone, a
broad inhibitor of UGT1A7 and UGT1A10, was used for the chemical
inhibition of HIM and HSLM. Each column represents the average of
repeated determinations.

groups (including aliphatic amines and aromatic amines), amino
acids, sulfonamides, hydrazine, and hydrazides [40]. Most phase |I
conjugation reactions increase the hydrophilicity and polarity.
However, the polarity of M469 was reduced compared to that of
the parent drug. The acetylation reaction generally deactivates
foreign components in the body [41]. Most aromatic primary
amines easily undergo acetylation. The N atom was aromatic after
demethylation of the piperazine ring of M2, and it was speculated
to undergo acetylation easily. The high amount of M469 in feces
also validated this hypothesis.

Recombinase CYP450 experiments showed that CYP3A4 mainly
catalyzed the production of TPN171 metabolites, and CYP2E1 and
CYP2D6 were also involved in the metabolism of TPN171 to a
lesser extent. The effect of the addition of the CYP3A4/5-specific

Acta Pharmacologica Sinica (2022) 0:1-13
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Fig. 8 Pathway of TPN171 metabolism in healthy Chinese male volunteers. GluA glucuronic acid.

inhibitor ketoconazole to HLMs was also tested, revealing that
CYP3A4 mainly mediated the production of oxidated metabolites
of TPN171. In the UGT recombinase experiment, M1G was
primarily produced through metabolism mediated by UGT1A7,
UGT1A9, and UGT1A10. However, after comparing the metabolism
of M1 in HLMs, HLMs, HIMs, and HSLMs, M1G was mainly
metabolized in HIMs. The distribution and catalytic types of
various enzymes in multiple tissues are different. Since glucur-
onidation is the primary metabolic pathway of many compounds,
the structure and enzymes involved must be identified to provide
information for studies of gene polymorphisms and potential
clinical drug—drug interactions [42].

Acta Pharmacologica Sinica (2022) 0:1-13

In conclusion, after oral administration of 10 mg (100 pCi) of
['"*CITPN171 to 6 healthy Chinese male volunteers, TPN171 was
quickly absorbed with a T,,,a of 0.667 h. Moreover, 95.21% of the
administered dose of radiopharmaceutical-related components
was excreted within 216 h (46.61% in urine and 48.60% in feces).
In addition to the parent drug, TPN171M1G and M575-1 were the
most abundant metabolites detected in human plasma and urine.
M469 and M7-3 were the most abundant metabolites detected in
human feces. CYP3A4 was mainly responsible for the oxidative
metabolism of TPN171, and UGT1A7, UGT1A9, and UGT1A10 were
mainly responsible for subsequent glucuronidation. Our study
provides a better understanding of the absorption, metabolism,
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and excretion of TPN171 in humans. These data suggest that
TPN171 might become a first-line drug for the treatment of PAH.
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