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This study investigates the pharmacokinetics and metabolic characteristics of three marine-
derived piericidins as potential drug leads for kidney disease: piericidin A (PA) and its two
glycosides (GPAs), glucopiericidin A (GPA) and 13-hydroxyglucopiericidin A (13-OH-GPA).
The research aims to facilitate lead selection and optimization for developing a viable preclin-
ical candidate. Rapid absorption of PA and GPAs in mice was observed, characterized by short
half-lives and low bioavailability. Glycosides and hydroxyl groups significantly enhanced the
absorption rate (13-OH-GPA > GPA > PA). PA and GPAs exhibited metabolic instability in liver
microsomes due to Cytochrome P450 enzymes (CYPs) and uridine diphosphoglucuronosyl
transferases (UGTs). Glucuronidation emerged as the primary metabolic pathway, with
UGT1A7, UGT1A8, UGT1A9, and UGT1A10 demonstrating high elimination rates (30%-70%)
for PA and GPAs. This rapid glucuronidation may contribute to the low bioavailability of GPAs.
Despite its low bioavailability (2.69%), 13-OH-GPA showed higher kidney distribution
(19.8%) compared to PA (10.0%) and GPA (7.3%), suggesting enhanced biological efficacy in
kidney diseases. Modifying the C-13 hydroxyl group appears to be a promising approach to
improve bioavailability. In conclusion, this study provides valuable metabolic insights for the
development and optimization of marine-derived piericidins as potential drug leads for kid-

ney disease.

1. Introduction

The significance of marine natural products (MNPs) in drug
discovery has been extensively documented. As of 2023, over 40
000 MNPs have been identified, with more than half demonstrat-
ing various biological activities or medicinal potential. Through
collaboration with pharmacologists, the number of reported drug
leads from marine sources is increasing, indicating a promising
trend in marine drug research '. However, it is important to note
that the number of marine-derived drug candidates in clinical
and preclinical pipelines remains limited, despite high expecta-
tions . Consequently, the careful selection and optimization of
lead compounds for developing promising preclinical candidates
is crucial in advancing marine drug research and development.

Our comprehensive research on marine-derived natural pier-
icidins and their medicinal potential has yielded significant res-
ults. We obtained and identified forty-three natural piericidins,
including twenty piericidin glycosides, from two marine-derived
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actinomycete strains. Notably, twenty-nine of these compounds
were reported as novel by our team *°. Activity screening and
pharmacological studies have indicated that several piericidin de-
rivatives, both glycosides and aglycones, show promise for kid-
ney disease treatment. The majority of piericidins exhibited sub-
stantial cytotoxicity against three renal carcinoma cell lines:
ACHN, 0S-RC-2, and 786-0. Some compounds, such as piericidin
A (PA), glucopiericidin A (GPA), and 13-hydroxyglucopiericidin A
(13-OH-GPA), demonstrated selective activity towards ACHN. PA
and its glycosides (GPAs) were found to induce cell apoptosis by
reducing reactive oxygen species levels, a process mediated by
upregulated PRDX1 mRNA and protein levels. These compounds
also demonstrated potent antitumor efficacy in nude mice bear-
ing ACHN xenografts °. 13-OH-GPA, characterized by low toxicity,
showed the ability to retard renal fibrosis and acute kidney in-
jury (AKI) by promoting autophagy and mitochondrial homeo-
stasis, acting as a novel liver kinase B1 (LKB1) activator °. Our re-
search further elucidated the mechanism of hepatotoxicity under
high cholesterol conditions caused by piericidins in vivo and in
vitro, highlighting a notable difference between the glycoside
(GPA) and aglycone (PA) forms ’. These findings suggest that PA
and GPAs (GPA and 13-OH-GPA), as potential drug leads for kid-
ney disease, could offer innovative therapeutic approaches for

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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kidney cancer or chronic kidney disease. However, further invest-
igation is required to fully understand how structural differences
in piericidins, such as glycosylation and hydroxyl substitution, af-
fect their druggability.

To advance piericidin derivatives as potential therapeutic
agents for kidney disease prevention and treatment, itis essen-
tial to identify a lead compound with optimal druggability for fur-
ther investigation. This process encompasses large-scale prepara-
tion and comprehensive preclinical studies. The selection of a
lead compound should not only focus on drug efficacy but also
enhance absorption, distribution, metabolism, excretion, and tox-
icity (ADME/T) profiles, as well as improve the chemical access-
ibility associated with natural leads °.

Characterizing the ADME/T properties of novel candidate
drugs is essential for successful drug development *'°. Metabolic
biotransformation of drugs can reduce their half-life, expedite
drug elimination, and significantly impact efficacy and safety '
Utilizing an in vitro hepatic microsomal incubation system to
screen the metabolic stability of drug candidates facilitates un-
derstanding their susceptibility to biotransformation . More-
over, identifying metabolites through high-resolution mass spec-
trometry (HRMS) analysis can elucidate the metabolic transform-
ation pathways and reaction types of drug candidates ">, Cyto-
chrome P450 enzymes (CYPs) are involved in the Phase I meta-
bolism of approximately 50% of clinically used drugs, and their
activity directly influences the biotransformation and metabol-
ism of multiple drugs . In experimental research, a cocktail ap-
proach employing multiple probe drugs is frequently used to effi-
ciently evaluate the impact of drugs on various CYP activities, en-
abling assessment of potential drug-drug interactions (DDIs) of
drug candidates *°.

This study aims to comprehensively elucidate the pharma-
cokinetic behavior and metabolic characteristics of three marine-
derived piericidins (PA, GPA, and 13-OH-GPA, Fig. 1) as potential
drug leads for kidney disease. It emphasizes the correlation
between chemical structure and drug properties, establishing a
comprehensive drug evaluation system. This approach is crucial
for elucidating the relationship between structure and efficacy,
thereby advancing the development of natural piericidins as po-
tential candidates for the treatment of nephropathy.

2. Results

2.1. Pharmacokinetics

To compare the in vivo processes following the administra-
tion of PA and GPAs, pharmacokinetic experiments were conduc-
ted in mice using both oral and tail vein administration routes
(Figs. 2A-2F). The pharmacokinetic parameters derived from the
data were calculated and expressed as mean * standard devi-
ation, as presented in Table 1.

The pharmacokinetic profiles revealed that the area under
the plasma concentration-time curve (AUC,.) for PA/GPA/
13-OH-GPA was 1679.499 + 184.558, 3023.653 + 561.785, and
2896.599 + 287.906 ug/L'min, respectively, following oral ad-
ministration. The time to reach peak concentration (Ty,,,) for PA,
GPA, and 13-OH-GPA was 30, 10, and 2 min, indicating rapid ab-
sorption into the circulatory system with absorption rates in the
order of 13-OH-GPA > GPA > PA. After reaching peak concentra-
tions, PA, GPA, and 13-OH-GPA were swiftly eliminated from
plasma, demonstrating rapid clearance (CL) of 3.232 * 0.393,
3.323 £ 0.598, and 3.384 + 0.382 L-min""-kg ", and short half-lives
(Ty,2) of 25.06 + 8.304, 19.034 + 6.063, and 22.551 + 10.539 min,
respectively. Moreover, the mean residence time (MRT,..) of GPA
and 13-OH-GPA was shorter than that of PA. All drugs were ef-
fectively eliminated within 100-150 min post-administration,
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13-Hydroxyglucopiericidin A (13-OH-GPA)

Fig. 1 Structure of the three marine-derived drug candidates.

falling below the detection limit.

According to the literature reports, the LD, values for mice
treated with intravenous PA injection were < 1.0 mg-kg™" . When
administered a tail vein dose of 0.8 mg-kg™, mice survived until
the experiment's conclusion. Due to the low dose, pharmacokin-
etic profiles could only be collected for the initial 15 minutes, pre-
venting the acquisition of relevant pharmacokinetic parameters.
Consequently, this study focused on comparing the in vivo beha-
vior of tail vein administration of GPA (2 mg-kg™) and 13-OH-
GPA (2 mg-kg™) in mice. Both GPA and 13-OH-GPA were rapidly
eliminated from plasma after tail vein injection, but their clear-
ance rates differed. The T/, of 13-OH-GPA (27.374 + 6.041 min)
was shorter than that of GPA (48.201 + 12.037 min). Additionally,
the CL of 13-OH-GPA (0.92 # 0.07 L-min"-kg™") was approxim-
ately six times that of GPA (0.154 # 0.017 L-min"-kg™"). These
parameters indicate that 13-OH-GPA was eliminated from plasma
more rapidly than GPA following tail vein administration. Fur-
thermore, the calculated absolute bioavailability (F%) of GPA and
13-OH-GPA was extremely low, at 5.06% and 2.69%, respectively.

2.2. Distribution

The concentrations of PA, GPA, and 13-OH-GPA in the
primary tissues of mice following gastric administration are
presented in Figs. 2G-21. The tissue distribution proportion is il-
lustrated in Fig. 2]. The drugs were distributed across all ex-
amined tissues in the mice. The tissue distribution order for PA
was liver > kidney > heart> lung > spleen, corresponding to
79.0%, 10.0%, 7.6%, 1.9%, and 1.4%, respectively. For GPA, the
order was liver > lung > heart > spleen > kidney, corresponding
to 50.2%, 22.9%, 11.0%, 8.6%, and 7.3%. The distribution order
for 13-OH-GPA was liver > kidney > heart > lung > spleen, corres-
ponding to 55.7%, 19.8%, 11.5%, 7.6%, and 5.3%. The distribu-
tion results indicated that post-administration, a significant pro-
portion of the drugs concentrated in the liver, particularly PA,
with nearly 80% of the drug proportion, followed by kidney, lung,
heart, and spleen. Among the three drugs, excluding the liver,
GPA showed the highest proportion in the lung, while 13-OH-GPA
had the largest proportion in the kidney. Additionally, PA was de-
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Fig. 2 Plasma concentration-time profile and tissue distribution plots after PA/GPA/13-OH-GPA administration in mice. The data are expressed as mean * SD (n = 5). (A-C)
Plasma concentration-time curves for PA (6 mg-kg™"), GPA (10 mg-kg™), and 13-OH-GPA (10 mg-kg™") after oral administration. (D-F) Plasma concentration-time curves for
PA (0.8 mg-kg™), GPA (2 mg-kg™), and 13-OH-GPA (2 mg-kg™") after intravenous administration. (G-I) Drug concentrations in each tissue in mice at 30 min and 60 min for
PA, GPA and 13-OH-GPA after oral administration. (J) Proportion (%) of PA/GPA/13-OH-GPA distribution in each tissue. Percentages in the figure are the mean of the pro-
portion of the tissue distribution at two time points. (K) Amount of GPA and PA in the liver after GPA administration.

tected in the liver following GPA administration (Fig. 2K), consist-
ent with previously reported findings ’. Over time, GPA was con-
verted to PA in the liver through the removal of glycoside groups
post-administration. However, this biotransformation was not
observed in the other four tissues or plasma.

2.3. Identification of CYP metabolites in rat liver microsomes
(RLMs) and human liver microsomes (HLMs)

The total ion flow chromatograms and metabolic pathways of
10 umol~L_1 PA, GPA, and 13-OH-GPA after 60 min incubation in
RLMs and HLMs containing nicotinamide adenine dinucleotide
phosphate (NADPH) are presented in Fig. 3. The primary MS2
spectra are illustrated in Figs. 4, while the MS2 spectra of all CYP
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metabolites are provided in the supporting information (Figs.
S§1-S3). Metabolites were identifiedt through analysis of chroma-
tographic behavior and ass spectral fragmentation patterns. Ta-
ble 2 summarizes the retention times and relevant mass spectral
information used for identification.

2.3.1. PA and its CYP metabolites

Eight CYP-mediated metabolites (M1-M8) were identified in
RLMs, whereas only four CYP-mediated metabolites (M2, M6, M7,
M8) were detected in HLMs (Fig. 3A). This observation demon-
strates significant inter-species variability in CYP-mediated meta-
bolism of PA in microsomes. The proposed metabolic pathways
are illustrated in Fig. 3B.

In the positive ion mode, the elution peak at 20.2 min corres-
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Table 1 Main pharmacokinetic parameters of PA/GPA/13-OH-GPA in mice after oral and tail vein administration. The data are expressed as mean + SD (n=5). " "P < 0.001

vs PA group; "P < 0.01,""P < 0.005, ***P < 0.001 vs GPA group.

Parameter PA (p.o 6 mg-kg™)

GPA (p.o 10 mg-kg™) 13-OH-GPA (p.o 10 mg-kg™)

AUCy. (ug/L*min) 1679.499 + 184.558

AUCy.o, (1g/L*min) 1877.105 £ 213.209

MRT,., (min) 39.481 + 1.674
Ty, (min) 25.06 + 8.304
Tinax (min) 300

CL (L/min/kg) 3.232 +0.393

Cinax (ng/L) 40.283 + 7.622

3023.653 £561.785 2896.599 + 287.906

3090.541 + 572.033 2983.836 + 325.973
24.388 +3.441"" 25.002 +3.142""
19.034 + 6.063 22.551 + 10.539
10£0 240
3.323 +0.598 3.384 + 0.382

113.232 £11.392 230.619 £31.026

Parameter PA (i.v 0.8 mg-kg™")

GPA (i.v 2 mgkg™) 13-0H-GPA (i.v 2 mg-kg™")

AUCy., (ug/L*min) -
AUCy o, (ug/L*min) -
MRT,; (min) -
T1/2 (min) -

CL (L/min/kg) -

Bioavailability (F%) -

11957.283 + 744.242 21526.654 + 1769.188""*

13149.272 + 1446.485 21827.284 + 1714284
31.985 + 3.282 21.463 + 2.355""*
48.201 + 12.037 27.374 + 6.041%
0.154  0.017 0.92 + 0.07"**

5.06 2.69

ponded to unmodified PA (m/z 416.2787, confirmed as
C,sH37NO, + HY). The MS2 spectrum of the protonated molecular
ion [M + H]" yielded four characteristic fragment ions at m/z 398,
332, 208, and 182, which provided valuable fragmentation in-
formation for metabolite identification.

M1 (m/z 448.2667, confirmed as C,sH;,NO, + H) exhibited a
retention time of 11 min. The protonated molecular ion [M +
H]"was 32 Da (20) greater than PA, and the diagnostic ions
at m/z 430 were 32 Da higher than fragment ions at m/z 398 of
PA, indicating that M1 was a dioxygenated metabolite of PA.

The retention times of metabolites M2-M7 (m/z 432.2722,
432.2719, 432.2786, 432.2709, 432.2758, and 432.2725, con-
firmed as C,sH3,NOs + H") were 14.9, 15.5, 15.9, 16.5, 17.2, and
17.9 min, respectively. The protonated molecular ion [M + H]" ex-
hibited a 16 Da (0) increase compared to PA, and the fragment
ions at m/z 414 were 16 Da higher than the fragmentation ions
atm/z 398 of PA, indicating that these were monooxygenated
metabolites of PA. Metabolites M2-M7 were determined to be
isomers of each other, with varying oxidation sites. Considering
the biosynthetic effects and structural characteristics, potential
oxidation types include hydroxylation, epoxidation, and N-oxida-
tion of the pyridine ring, with hydroxylation being the most prob-
able. Due to the multiple potential oxidation sites within the
structure, the precise location of the mono-/di-oxygenated meta-
bolites could not be definitively characterized.

M8 (m/z 414.2635, confirmed as C,5H35NO,4 + H') exhibited a
retention time of 20.6 min, with its [M + H]" ion being 2 Da (2H)
lower than PA. Consequently, M8 was identified as a dehydrogen-
ated metabolite of PA. Based on structural characteristics, it was
hypothesized that a hydroxyl group attached to C-10 undergoes
dehydrogenation, transforming into a carbonyl group, thus form-
ing metabolite M8.

2.3.2. GPA and its CYP metabolites

GPA demonstrated notable species-specific differences in
CYP-mediated metabolism within the microsomes. Eight GPA M1-
M8 were identified in RLMs, while three GPA metabolites (M6-
M8) were detected in HLMs (Fig. 3C). The proposed metabolic
pathways are illustrated in Fig. 3D.

The chromatographic peak with a retention time of 14.8 min
was identified as GPA (m/z 578.3339, confirmed as C3;H;7NOg +
H"). The MS2 spectrum of GPA revealed that GPA initially under-
went glycoside removal (162 Da), forming the fragment ion m/z
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416 (PA). Subsequently, fragment ionsm/z398, 332, and
182 were produced, which closely corresponded to the primary
fragment ions of PA.

Analysis of metabolite chromatographic behavior and mass
spectrometry data revealed that GPA underwent metabolic reac-
tions similar to PA in CYP-mediated metabolism in microsomes.
Five dioxygenated metabolites (M1-M5, m/z 610.3245,
610.3240, 610.3274, 610.3283, 610.3183, confirmed as
C3;H47NOy; + H), two monooxygenated metabolites (M6 and
M8, m/z 594.3309, 594.3325, confirmed as C3;Hy;7NO;o+ HY)
and one dehydrogenated metabolite (M7, m/z 576.3189, con-
firmed as C3;H4sNOg + H)were identified. Fragment ions (m/z
448, 430) from M1-M5, fragment ions (m/z 432, 414) from M6
and M8, and fragment ions (m/z 414, 396) from M7 were 32 Da
more, 16 Da more, and 2 Da less than those (m/z 416, 398) from
GPA, respectively. These fragments provided evidence for meta-
bolite identification. For the dehydrogenated metabolite M7, it is
hypothesized that two hydrogen molecules were removed, form-
ing a double bond between C-9 and C-15, resulting in M7 forma-
tion.

Additionally, metabolite M6 exhibited an identical chromato-
graphic retention time and a highly consistent MS2 spectrum
compared to 13-OH-GPA. The relative abundance of their second-
ary fragment ions also demonstrated similarity (Figs. S4). Given
that GPA and 13-OH-GPA differ structurally by only one hydroxyl
group and 16 Da in molecular weight, it is reasonable to infer that
M6 is likely 13-OH-GPA. This suggests that the biotransformation
of GPA to 13-OH-GPA may occur within liver microsomes.
However, further confirmation of this conclusion is necessary.

2.3.3. 13-OH-GPA and its CYP metabolites

Five metabolites (M1-M4, M6) and six metabolites (M1-M6)
of 13-OH-GPA were identified in RLMs and HLMs, respectively
(Fig. 3E). The proposed metabolic pathways are illustrated in
Fig. 3F.

The peak with a retention time of 11.6 min was identified as
13-0H-GPA (m/z 594.3316, confirmed as C3;H47NO;, + H") exhib-
iting characteristic fragment ions at m/z 432, 414, 396 and 330.

The retention times for metabolites M1, M3, M4, and M5
(m/z 610.3283, 610.3246, 610.3194, 610.3236, confirmed as
C31H47NO¢; + H) were observed at 9.0, 9.9, 10.2, and 11.0 min,
respectively. Their molecular ions [M + H]" exhibited a mass in-
crease of 16 Da compared to 13-OH-GPA. The MS2 profile re-
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Fig. 3 Identification of the CYP metabolites of PA/GPA/13-OH-GPA in RLMs and HLMs. (A-B) Total ion flow chromatograms of PA (10 umol-L™") after CYPs-mediated meta-
bolism in microsomes and the proposed metabolic pathways. Eight CYP metabolites of PA (M1-M8) were identified in RLMs, and four CYP metabolites of PA (M2, M6, M7,
M8) were identified in HLMs. (C-D) Total ion flow chromatograms of GPA (10 pmol-L™) after CYPs-mediated metabolism in microsomes and the proposed metabolic path-
ways. Eight CYP metabolites of GPA (M1-M8) were identified in RLMs, and three CYP metabolites of GPA (M6-M8) were identified in HLMs. (E-F) Total ion flow chromato-
grams of 13-OH-GPA (10 pmol-L™) after CYPs-mediated metabolism in microsomes and the proposed metabolic pathways. Five CYP metabolites of 13-OH-GPA (M1-M4,
M6) were identified in RLMs, and six CYP metabolites of 13-OH-GPA (M1-M6) were identified in HLMs.

vealed fragment ions at m/z 448 and 412, which were 16 Da
higher than the fragment ions at m/z 432 and 396 of 13-OH-GPA,
respectively. This evidence suggests that these metabolites are
monooxygenated derivatives of 13-OH-GPA.

The retention times of M2 and M6 (m/z 592.3147, 592.3155,
confirmed as C3;H,sNO;y + H") were 9.5 min and 12.0 min. The
molecular ions [M + H]* exhibited a mass 2 Da less than that of 13-
OH-GPA, and the fragment ions at m/z 430 and 412 observed in
the mass spectra were also 2 Da less than those of 13-OH-GPA.
Consequently, M2 and M6 were identified as dehydrogenation
products of 13-OH-GPA. Regarding the dehydrogenation site, it
was highly probable that either the hydroxyl group at C-13 trans-
formed into a carbonyl group or a double bond formed between C-
9 and C-15.

2.4. Identification of uridine diphosphoglucuronosyl transferase
(UGT) metabolites in RLMs and HLMs

PA, GPA, and 13-OH-GPA demonstrate notable species-spe-
cific differences in UGT-mediated metabolism. Each compound
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produced a single metabolite in RLMs, while HLMs generated one
to two metabolites (Figs. 5A-5C). Analysis of fragment ion in-
formation revealed that the molecular ion peaks of the five meta-
bolites were all 176 Da higher than their respective prototypes,
indicating that these products were all monoglucuronide meta-
bolites. Considering steric hindrance and electronic effects, the
glucuronide was likely added to the hydroxyl groups at C-4', C-10
(for PA), or C-13 (for 13-OH-GPA). Figs. 5D-5F illustrate the pro-
posed chemical structures of the monoglucuronide metabolites,
while Figs. 6A-6C present the corresponding MS2 spectra. Table
2 summarizes the relevant identification information of metabol-
ites. Fig. 7 provides an overview of the metabolic pathways medi-
ated by CYPs and UGTs for PA, GPA, and 13-OH-GPA.

2.5. CYP- and UGT-mediated metabolism

The metabolic stability of CYPs and UGTs was investigated
using a consistent concentration of HLMs (Figs. 8A-8C). PA, GPA,
and 13-OH-GPA demonstrated rapid elimination and metabolic
instability in both CYP and UGT reactions during 15, 30, and 60-
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minute incubation periods. After 60 minutes, the remaining per-
centages of PA, GPA, and 13-OH-GPA in the CYP reactions were
39.25%, 13.68%, and 60.80%, respectively. In contrast, the re-
maining percentages in the glucuronidation reactions were
14.19%, 0.00%, and 5.38%, respectively. The higher remaining
percentages in the CYP reactions compared to the UGT reactions
suggest that glucuronidation reactions occurred significantly
faster than CYP reactions. Consequently, PA and GPAs were pre-
dominantly metabolized through glucuronidation rather than
CYP-mediated reactions. Additionally, the natural log curve of the
residue percentage (LN%) was plotted based on in vitro to in vivo
extrapolation (IVIVE) (Figs. 8D-8F) '* ', In the CYP assay, the in
vivo CL;,, values for PA, GPA, and 13-OH-GPA were 12.62, 5.46,
and 13.50 mL-min""-kg™", respectively. In the UGT assay, the in
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vivo CL;, values for PA, GPA, and 13-OH-GPA were 42.42, 32.04,
and 34.43 mL-min kg™, respectively. These results further in-
dicate that PA and GPAs exhibited faster liver elimination rates
under UGT-mediated metabolism.

To characterize the CYP and UGT isoforms responsible for
the metabolism of PA, GPA, and 13-OH-GPA, these compounds
were incubated with eight recombinant human CYPs and twelve
recombinant human UGTs to assess the metabolism of each en-
zyme based on the prototype elimination rate. The results indic-
ated that all eight CYPs were involved in the metabolism of PA,
GPA, and 13-OH-GPA to varying degrees, with prototype elimina-
tion rates below 20% for all (Figs. 9A-9C). PA and GPA exhibited
no significant metabolic differences across the CYPs. The proto-
type elimination rate of 13-OH-GPA in CYP1A2 and CYP2A9 was
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Fig. 4 MS2 spectrum (ESI’, [M + H]") and corresponding chemical structures of the PA/GPA/13-OH-GPA and their major CYP metabolites after incubation with the micro-
somes. (A) MS2 spectrum and chemical structures of PA, dioxygenation-PA (M1), monooxygenation-PA (M2), and dehydrogenation-PA (M8). (B) MS2 spectrum and chemic-
al structures of GPA, dioxygenation-GPA (M1), monooxygenation-GPA (M6), and dehydrogenation-GPA (M7). (C) MS2 spectrum and chemical structures of 13-OH-GPA,

monooxygenation-13-OH-GPA (M1) and dehydrogen-13-OH-GPA (M2, M6).

more pronounced than in other enzymes. However, PA and GPAs
demonstrated substantial differences in metabolism among the
UGTs. The prototype elimination rates of UGT1A7, UGT1AS8,
UGT1A9, and UGT1A10 were significant, ranging from 30% to
70% (Figs. 9D-9F). No notable prototype elimination was ob-
served for the remaining metabolic enzymes. Comparatively, the
prototype elimination rates of UGTs were considerably higher
than those of CYPs, suggesting that metabolism was primarily
mediated by UGTs. Thus, UGT1A7, UGT1A8, UGT1A9, and
UGT1A10 were identified as the main metabolic enzymes re-
sponsible for the metabolism of PA, GPA, and 13-OH-GPA, with
UGT1A7 contributing most significantly to the metabolic process.

2.6. Toxicity

Throughout the administration period, the mice maintained
normal activity and mental status, with no significant variations
in body weight across groups (Fig. 10A). To assess the potential
toxicity of GPAs on the primary metabolic organs, liver and kid-
neys, plasma levels of biochemical indicators of liver and kidney
function —alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and creatinine (CRE) —were measured, and
liver and kidney sections were subjected to hematoxylin-eosin
(HE) staining. The results revealed no significant differences in
ALT, AST, and CRE levels among the groups (Fig. 10B). HE stain-
ing demonstrated that both liver and kidney tissues maintained
structural integrity, exhibiting orderly cellular arrangement
without apparent inflammatory cell infiltration (Fig. 10C). In con-
clusion, continuous gavage administration of PA, GPA, and 13-OH-
GPA at efficacy doses did not induce hepatorenal toxicity in mice.

2.7. Effects on the activity of CYPs

Following seven days of oral administration in mice, the
activity of each metabolic enzyme was quantified by measuring
the formation of corresponding metabolites (nmol-mg™-min™).
Fig. 11 illustrates the key enzyme activity of CYPs in liver micro-
somes. Table S1 details the optimization conditions for probe
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substrate metabolites, while Figure S5 presents the standard
curves. Compared to the control group, the PA group showed de-
creased formation rates of acetaminophen (APAP) and 4-OH-
diclofenac (DIC) by 10.7% and 49.3%, respectively, while the
formation rate of 6-OH-Testosterone (TES) increased by 24.1%.
The GPA and 13-OH-GPA groups exhibited increased formation
rates of 4-OH-DIC by 39.7% and 52.6%, respectively, and 4-OH-
Mephenytoin (MP) by 164.9% and 122.3%, respectively. Addi-
tionally, all candidate drugs increased the formation rates of dex-
tromethorphan (DM) and dextrorphan (DX0) by 30%-130% and
decreased the formation rate of 6-OH-Chlorzoxazone (CLZ) by
8%-21%. These results demonstrate that PA and GPAs signific-
antly affect CYP activity after seven days of oral administration.
Notably, GPA and 13-OH-GPA consistently display synchronous
inhibition or induction of metabolic enzymes, suggesting a strong
correlation between their glycoside structure and their impact on
metabolic enzyme activity.

3. Discussion

Despite its low bioavailability, 13-OH-GPA demonstrated
higher distribution in the kidney compared to PA and GPA, con-
tributing to its favorable pharmacological effects in the target or-
gan. To enhance oral bioavailability, potential modification of the
hydroxyl group at C-13 of 13-OH-GPA may reduce UGT-mediated
biotransformation and improve the compound's druggability.

The pharmacokinetic profiles of orally administered drugs
revealed that PA and GPAs were swiftly absorbed and eliminated
in mice, exhibiting short half-lives. Notably, a significant correla-
tion emerged between the absorption and elimination of the
drugs and the structural variations among the three candidate
compounds. In contrast to the aglycone PA, glycosylation en-
hanced the absorption of GPA in the gastrointestinal tract, result-
ing in an earlier T},,, from the initial 30 min to 10 min. Moreover,
with the additional incorporation of a hydroxyl group, 13-OH-
GPA achieved peak concentration in as little as 2 min. Further-
more, the MRT_, of GPA and 13-OH-GPA were lower than that of
PA, indicating a more rapid elimination rate in vivo for the two
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Table 2 High-resolution mass-spectrum data of PA/GPA/13-OH-GPA and their CYPs and UGTs-mediated metabolites after incubation with RLMs and HLMs.

Metabolite RT(min) [M +H]" (m/z) Smart Formula [M] Major fragment ions Identification

PA 20.2 416.2787 C,5H3,NO, 398, 332, 208, 182 PA

M1 11.0 448.2667 C,5H37NOg 430,412, 314,182 Dioxygenation-PA

M2 14.9 432.2722 C,5H37NOg 414,396, 332,182 Monooxygenation-PA

M3 15.5 432.2719 C,5H37NOs 414, 396, 330, 182 Monooxygenation-PA

M4 15.9 432.2786 C,5H3,NOs 414, 396, 332,182 Monooxygenation-PA

M5 16.5 432.2709 CysHz7NOg 414, 396, 330, 182 Monooxygenation-PA

M6 17.2 432.2758 C,5H37NOs 414,332,208, 182 Monooxygenation-PA

M7 179 432.2725 C,5H37NOs 414, 396, 330, 182 Monooxygenation-PA

M8 20.6 414.2635 C,5H35NO, 396, 332, 208, 182 Dehydrogen-PA
PA-Glul 13.0 592.3128 C31H4sNOqq 416, 398, 332,182 PA-glucuronidel
PA-Glu2 13.3 592.3151 C31Hy4sNO;q 416,398, 332,182 PA-glucuronide2

GPA 14.8 578.3339 C371H47NOg 416, 398, 332,182 GPA

M1 9.0 610.3245 C31H47NO¢; 592, 448, 430, 412 Dioxygenation-GPA

M2 9.4 610.3240 C31H47NO¢; 592, 448, 430, 412 Dioxygenation-GPA

M3 10.0 610.3274 C31Hy47NO¢; 592, 448,430,412 Dioxygenation-GPA

M4 10.2 610.3283 C31H47NO¢; 592,448, 430,412 Dioxygenation-GPA

M5 10.4 610.3183 C31H47NO¢; 592, 448, 430, 412 Dioxygenation-GPA

M6 11.6 594.3309 C31H47NO4q 432,414, 330,182 Monooxygenation-GPA

M7 12.0 576.3189 C31Hy4sNOg 414, 396, 330, 221 Dehydrogen-GPA

M8 121 594.3325 C31H47NO;q 432,414, 396, 182 Monooxygenation-GPA
GPA-Glu 10.1 754.3663 C37H55NO;5 578, 416, 398, 332 GPA-glucuronide

13-OH-GPA 11.6 594.3316 C31H47NO4, 432,414,396, 330 13-OH-GPA

M1 9.0 610.3283 C31Hy47NO¢; 592, 448,430,412 Monooxygenation-13-OH-GPA

M2 9.5 592.3147 C31H4sNO;q 430,412, 328, 221 Dehydrogen-13-OH-GPA

M3 9.9 610.3246 C31H47NO¢; 592, 448, 430, 412 Monooxygenation-13-OH-GPA

M4 10.2 610.3194 C31H47NO¢; 592, 448, 430, 412 Monooxygenation-13-OH-GPA

M5 11.0 610.3236 C31Hy47NO¢; 592,448,412, 330 Monooxygenation-13-OH-GPA

M6 12.0 592.3155 C31H4sNO;q 430, 412, 330, 208 Dehydrogen-13-OH-GPA

13-0H-GPA-Glul 8.2 770.3638 C37H55NO6 594, 432,414, 330 13-0H-GPA-glucuronidel
13-0H-GPA-Glu2 8.9 770.3601 C37H55NO 6 608,432,414, 330 13-0H-GPA-glucuronide2

glycosides compared to the aglycone. Consequently, the presence
of glycosides and hydroxyl groups in the structure significantly
accelerated both the absorption rate (13-OH-GPA > GPA > PA)
and elimination rate of the drugs, aligning with previously repor-
ted findings ** .

In contrast, during the pharmacokinetic study of intravenous
administration, mice receiving PA at an equivalent dose to other
groups experienced mortality due to PA’s potent mitochondrial
respiratory inhibitory effect upon entering the blood circulation.
This severe toxicity evidently results in suboptimal drug proper-
ties for PA. However, intravenous administration of the two glyc-
osides did not elicit significant toxicity, indicating a substantial
reduction in the extreme toxicity of aglycone through glycoside
introduction. Further comparison of the pharmacokinetic proper-
ties of the two glycosides upon intravenous administration re-
veals that 13-OH-GPA exhibited lower MRT., and T, values than
GPA, while its CL was greater, suggesting a faster in vivo elimina-
tion rate for 13-OH-GPA compared to GPA. These findings indic-
ate that the introduction of a hydroxyl group to glycosides can ac-
celerate the drug’s clearance rate. In summary, the structural spe-
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cificity of the three candidate drugs significantly influences their
absorption, elimination, and toxicity profiles. Calculations reveal
that the oral bioavailability of GPA and 13-OH-GPA was notably
low, at only 5.06% and 2.69%, respectively.

In tissue distribution studies, PA and GPAs exhibited notably
high distribution in the liver (50%-79%), with PA reaching up to
79.0%. This tendency for PA to accumulate in the liver, a non-tar-
get organ, may lead to adverse effects and potential toxicity. Im-
portantly, the introduction of glycosides significantly mitigates
PA's propensity for liver accumulation. Conversely, if the drug's
distribution site aligns with its pharmacologically active site, it
may function as a drug reservoir, potentially extending the dura-
tion of action. Although 13-OH-GPA demonstrated low oral
bioavailability, its distribution in the kidney (19.8%) exceeded
that of PA (10.0%) and GPA (7.3%). Building on previous re-
search °, 13-OH-GPA exhibited rapid and sustained activation of
the LKB1/AMPK signaling pathway in renal tubular cells, poten-
tially delaying renal fibrosis and AKI. In contrast, the structurally
similar PA failed to induce LKB1 activation, showing insignificant
anti-AKI activity. Studies have reported that hydroxyl-modified
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polymers can advantageously accumulate in damaged kidneys
due to their excellent hydrophilicity, enhancing their potential as
renal drug delivery carriers for AKI therapy **. Thus, the superior
renal distribution of 13-OH-GPA may contribute to its enhanced
biological effects in the target organ.

The significant first-pass effect, primarily involving metabol-
ism mediated by CYPs and UGTs, is a key factor contributing to
the low oral bioavailability of most drugs ***°. Consequently, the
low bioavailability of GPA and 13-OH-GPA may also be attributed
to this rapid metabolic process. The high affinity of PA and GPAs
for the liver facilitates their metabolic modification. Furthermore,
PA and GPAs demonstrate substantial CYP- and UGT-mediated
metabolic instability in HLMs. Various metabolic products, in-
cluding monooxygenation, dioxygenation, dehydrogenation, and
glucuronidation derivatives, were isolated and identified in
RLMs/HLMs. Notably, compared to CYP-mediated metabolism
(prototype elimination rate < 20%), glucuronidation contributes
more significantly to the clearance of PA and GPAs. The elimina-
tion rates by UGT1A7, UGT1A8, UGT1A9, and UGT1A10, the
primary UGT enzymes responsible for PA and GPA metabolism,
range from 30% to 70%. These enzymes are predominantly ex-
pressed in the intestines and liver. These findings suggest that PA
and GPAs undergo rapid metabolic processes mediated by CYPs
and UGTs in the liver and intestines before entering the circulat-
ory system. The intense glucuronidation, in particular, may sub-
stantially contribute to the low oral bioavailability of GPA and 13-
OH-GPA.
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Of particular note is the low bioavailability of 13-OH-GPA,
coupled with its significant renal distribution. This phenomenon
can be attributed to the hydroxylation modification of 13-OH-
GPA. The hydroxylation at the C-13 position serves as a target for
glucuronidation, facilitating metabolism mediated by UGTs. Ex-
tensive biotransformation prior to drug absorption results in the
lower bioavailability of 13-OH-GPA. Additionally, hydroxylation
increases the polarity of 13-OH-GPA, enhancing its propensity for
renal distribution and excretion, thus explaining its higher pro-
portion in the kidney. In summary, the hydroxylation modifica-
tion of 13-OH-GPA alters its absorption, distribution, and meta-
bolism, collectively contributing to its reduced bioavailability and
increased renal distribution.

The analysis indicates that while 13-OH-GPA's oral bioavail-
ability is approximately half that of GPA, its distribution ratio in
the kidney is more than double. This suggests that if the chal-
lenge of low oral bioavailability can be addressed, 13-OH-GPA
could emerge as a promising candidate for kidney disease treat-
ment. Structural modifications, particularly the introduction of
hydroxyl functions, significantly influence oral bioavailability *’
As previously noted, glucuronidation of 13-OH-GPA primarily oc-
curs at the C-4' phenolic hydroxyl group on the pyridine ring and
the C13 hydroxyl group, which is the primary cause of its UGT-
mediated metabolic instability. These findings suggest that stra-
tegic optimization of the hydroxyl group might reduce the rapid
biotransformation of 13-OH-GPA and enhance its bioavailability.
Given that the C-4' phenolic hydroxyl group on the pyridine ring
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is essential for maintaining high activity ***’, a more viable ap-
proach would involve modifying the C-13 hydroxyl group in 13-
OH-GPA into a more stable structure. This modification could po-
tentially reduce biotransformation, improve metabolic stability,
and increase oral bioavailability.

This study revealed that exposure to PA and GPAs signific-
antly influenced the activity of several key CYPs, particularly
CYP2(C9, CYP2C19, CYP2D6, and CYP2E1, in addition to their own
metabolic characteristics. This finding indicates a potential risk of
CYP-mediated DDIs. Both PA and GPAs exhibited inhibitory ef-
fects on CYP2E1 enzyme activity to varying degrees. CYP2E1 is
known to metabolize various exogenous drugs and small-mo-
lecule carcinogens, including APAP, isoniazid, alcohol, toxins, and
carcinogenic precursors, which can lead to hepatorenal toxicity
or the bioactivation of carcinogenic metabolites *. Consequently,
the selective inhibition of CYP2E1 enzyme activity by PA and
GPAs may have potential significance in mitigating exogenous
toxicity and reducing tumor susceptibility *" **. Conversely, GPA
and 13-OH-GPA significantly induced the enzyme activity of
CYP2C9, CYP2C19, and CYP2D6. These enzymes are primary
metabolic enzymes for numerous antidepressants, antipsychot-
ics, and antihypertensive drugs, such as amitriptyline, fluoxetine,
and metoprolol ****. A reported clinical adverse reaction case
suggested that cabozantinib might have a clinically significant
drug interaction as a mixed inhibitor of CYP2C9 and 2C19 when
combined with warfarin **. Similarly, the induction of these meta-
bolic enzymes following GPA and 13-OH-GPA administration may
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accelerate the elimination of relevant drugs, potentially resulting
in decreased plasma concentrations and diminished drug efficacy.
Furthermore, this study identified various oxidation products,
dehydrogenation products, and glucuronidation products of PA
and GPAs. Numerous studies have reported that drugs and their
metabolites can jointly affect the activity of metabolic enzymes,
suggesting a high risk of metabolite-mediated drug interacti-
ons ***, Therefore, when administering PA and GPAs in combina-
tion with other medications, careful attention should be given to
the potential occurrence of adverse effects caused by DDIs to en-
sure medication safety.

In recent decades, numerous ADME/T prediction platforms
leveraging computer technology have been developed to assist
researchers in comprehensively evaluating potential drug candid-
ates ***’. These platforms serve as powerful tools for understand-
ing the pharmacological properties of drug candidates and guid-
ing structure optimization. The prediction results are presented
in Table S2. Upon comparison, some experimental data were suc-
cessfully predicted. For instance, PA was anticipated to undergo
metabolic reactions mediated by both CYPs and UGTSs, which
aligns with our findings identifying various metabolites pro-
duced by these enzymes. However, discrepancies exist between
certain experimental data and predicted results, such as bioavail-
ability, CL and Ty, and substrate/inhibitor status of CYPs. These
indicators may be influenced by factors including animal spec-
ies *'"**, drug dose dependence **, and in vivo conditions, result-
ing in outcomes that differ from predictions. Notably, the predic-
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Fig. 7 Proposed metabolic pathways of PA/GPA/13-OH-GPA in RLMs and HLMs.

tion results suggest that PA and GPAs may also undergo sulfona-
tion reactions. Structurally, various hydroxyl groups could serve
as potential sites for sulfonation. Consequently, PA and GPAs may
be subject to CYP- and UGT-mediated metabolism as well as sulf-
onation metabolism, potentially contributing to the low bioavail-
ability of GPAs. However, further experimental studies are neces-
sary to validate this hypothesis.

4. Conclusion

In summary, this study systematically elucidated the phar-
macokinetic characteristics and metabolic profiles of PA and its
glycosides (GPA, 13-OH-GPA). The biopharmaceutical properties
of PA and GPAs were closely related to the structural features of
the candidate drugs themselves. Rapid and extensive glucuronid-
ation emerged as the primary pathway for the elimination of PA
and GPAs, potentially contributing to their low oral bioavailabil-
ity. Structural optimization or development of renal-targeted
agents of 13-OH-GPA to reduce biotransformation and enhance
bioavailability presents promising prospects. Furthermore, PA
and GPAs significantly influenced the activity of key CYPs. Given
the variety of CYP-mediated metabolites identified, further exper-
imental evaluation is warranted to investigate potential DDI
mechanisms induced by these metabolites. This paper aims
to provide new insights into the relationship between the struc-
ture and efficacy of natural piericidins from a biopharmaceutical
perspective by comprehensively characterizing their metabolic
properties. Overall, this study provides a solid theoretical basis
for the structural optimization and safe use of marine-derived
piericidins as candidate drugs for the treatment of kidney dis-
ease.
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5. Materials and methods

5.1. Chemicals and reagents

PA, GPA, and 13-OH-GPA were previously isolated, purified,
and identified by Xuefeng Zhou's group, as reported in earlier lit-
erature. The compounds, determined to be >95% pure by HPLC
analysis, were stored at —20 °C until use and dissolved in DMSO.
Pooled HLMs were obtained from Corning Incorporated (NY,
USA). The recombinant human CYP isoforms (CYP1A2, CYP2B6,
CYP2C9, CYP2C19, CYP2D6, CYP3A4, CYP4F2, and CYP4A11) and
the recombinant human UGT isoforms (UGT1A1l, UGT1A3,
UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10,
UGT2B4, UGT2B7, UGT2B15, and UGT2B17) were purchased
from Cypex (Scotland, UK). The NADPH regeneration system
(solution A and solution B) for the CYP assay was acquired from
Promega (Madison, USA). Uridine diphosphate glucuronic acid
(UDPGA) was obtained from Sigma-Aldrich (MO, USA). TES,
alamethicin, saccharolactone, magnesium chloride (MgCl,), po-
tassium phosphate dibasic (K,HPO,), potassium dihydrogen
phosphate (KH,PO,), sucrose and ethylenediaminetetraacetic
acid dipotassium salt (EDTA-K,-2H,0) were purchased from
Aladdin (Shanghai, China). CLP (IS) was obtained from Meilun-
Bio (Liaoning, China). 6-OH-TES was purchased from Apexbio
(CZT, USA). PH, DIC, DM, DXO, APAP, CLZ, Verapamil (VER, IS),
dithiothreitol (DTT), and phenyl methanesulfonyl fluoride
(PMSF) were obtained from Yuanye Bio-Technology Co., Ltd
(Shanghai, China). MP was purchased from GLPBIO (CA, USA). 4-
OH-MP was purchased from TRC (ON, Canada). 4-OH-DIC and 6-
OH-CLZ were purchased from TLC (ON, Canada). All other chem-
icals were acquired from standard commercial sources of the
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highest quality available.
5.2. Animals

Male C57BL mice (specific pathogen-free, 22-25 g) and male
Sprague-Dawley rats (specific pathogen-free, 200-250 g) were
acquired from Guangzhou Jinwei Biotechnology Co., Ltd. (Guang-
dong, China). The animals were provided unrestricted access to
food and water and allowed to acclimate for one week under a 12-
h light/dark cycle. All animal procedures were approved by the
Animal Ethics Committee of Southern Medical University.

5.3. Analytical instruments and conditions

For the quantification of PA, GPA and 13-OH-GPA, the
primary operational parameters were established as follows: sys-
tem, LC-30AD (Shimadzu, Kyoto, Japan) coupled with a 4000 Q-
Trap mass spectrometer (AB SCIEX, CA, USA); column, Waters

ACQUITY UPLC BEH C18 1.7 pm; curtain gas, 35psi; ion spray
voltage, 4500 V; temperature, 500 °C; ion source gasl (GS1), 55
psi; ion source gas2 (GS2), 55psi. The mobile phase A comprised
0.1% formic acid and 2 mmol-L™" ammonium formate in water,
while mobile phase B consisted of 100% carbinol. The
gradient was programmed as follows: 0-0.3 min, 0% to 20%B;
0.3-0.8 min, 20% to 95%B; 0.8-3.8 min, 95% to 95%B; 3.8-6.0
min, 95% to 20%B. The injection volume was 5 pL, with a total
flow rate of 0.4 mL-min"". The MRM detection channels and com-
pound-dependent parameters are presented in Table S1.

5.4. Method validation

The linearity, accuracy, and precision of the analytes were
evaluated in plasma, tissue homogenates, and potassium phos-
phate buffer (KPI). The established calibration curves demon-
strated high linearity, with R® values exceeding 0.993 (Fig. S6).
The intra-day and inter-day precision remained within an accept-
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ance compared to the control group.

able range of 15%, while the accuracy was maintained between
90% and 115% (Table S3), adhering to the standards for biologic-
al sample analysis. The analytes exhibited substantial stability
after 2 h of incubation in KPI buffer solution at 37 °C
(Table S4). In conclusion, the analytical method developed in this
study satisfies the requirements for subsequent experiments.

5.5. Pharmacokinetics

Male C57BL mice (n = 5) were fasted for 12 h prior to the
pharmacokinetic study. PA/GPA/13-OH-GPA were prepared in
0.5% methylcellulose suspensions and administered to mice via
gavage at doses of 6/10/10 mg-kg™. For intravenous injection,
PA/GPA/3-OH-GPA were initially dissolved in 30% PEG300, then
diluted with physiological saline. These drugs were administered
to mice through tail vein injection at doses of 0.8/2.0/2.0 mg-kg ™",
respectively. Blood samples (120-150 pL) were collected from
the vein of the eye sockets. The samples were promptly centri-
fuged at 8000 r-min™" for 8 min (4 °C). 50 pL plasma was com-
bined with 200 puL methanol solvent containing testosterone (100
ng-mL™"). After vortexing, the mixture was centrifuged (4 °C,
13000 r'min”", 20 min), and the supernatant was transferred to a
new tube and dried under vacuum overnight. The resulting dried
powder was reconstituted in a 1 : 1 mixture of methanol and wa-
ter and then centrifuged for quantitative analysis.

5.6. Oral bioavailability

The oral bioavailability (F%) of the drug was calculated us-
ing the following formula:

AUC,,,,xDose;,
AUC,,;, xDose,,

In this formula, AUC,,,, and AUC,,;, denote the area un-
der the concentration-time curve calculated following oral and in-

F% = x 100%
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travenous administration, respectively. Dose,, and Dose;,indic-
ate the respective doses administered orally and intravenously.

5.7. Distribution

Prior to the tissue distribution experiment, male C57BL mice
(n = 5) were subjected to overnight fasting. PA (10 mg-kg™"), GPA
(10 mg-kg™), and 13-OH-GPA (10 mg-kg™") were administered to
mice by gavage, respectively. At 30 min and 60 min post-adminis-
tration, the mice were euthanized by cervical dislocation, and tis-
sue samples were collected from the heart, liver, spleen, lung,
and kidney. The tissue samples were thoroughly rinsed with
physiological saline and blotted dry with filter paper before be-
ing homogenized in cold physiological saline (tissue : saline = 1 :
5). The tissue homogenate (100 uL) was spiked with a methanol
solvent (400 pL) containing testosterone (100 ng-mL™"). After
thorough vortexing, the samples were centrifuged at 13000
r-min~* for 20 min. The resulting supernatant was vacuum-dried
overnight, redissolved, centrifuged, and subjected to quantitat-
ive analysis.

5.8. Preparation of RLMs

Male rats in good health were euthanized by extracting blood
from the abdominal aorta. The liver was excised, washed in a
cleaning solution (comprising 8 mmol-L™" KH,P0O,, 5.6 mmol-L™
EDTA-K,-2H,0, 1mmol-L™ DTT and 229.6 umol-L™" PMSF), sec-
tioned into smaller fragments, and promptly homogenized in tis-
sue buffer (containing 1.8 ymol-L™" KH,PO,, 8 mmol-L™" K,HPO,,
250 mmol-L™" sucrose, 1 mmol-L™" EDTA-K,-2H,0 and 229.6
umol-L™" PMSF). The resulting homogenate underwent centrifu-
gation at 10400 r-min”" and 4 °C for 15 min, followed by centrifu-
gation of the supernatant at 35000 r-min™" and 4 °C for 60 min.
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The precipitate was resuspended in a 250 mmol-L™" sucrose solu-
tion. The prepared liver microsomes were stored at -80 °C. All
procedures were conducted on ice.

5.9. Incubation systems in RLMs and HLMs

The typical CYPs incubation procedure was conducted as fol-
lows: 385 L of 50 mmol-L™" phosphate buffer (KPI, pH 7.4), 8 uL
of RLMs or HLMs, and 4 pL of PA, GPA, or 13-OH-GPA were se-
quentially added to a 1.5 mL centrifuge tube. The incubation mix-
ture underwent pre-incubation for 5 min at 37 °C. Subsequently,
the reaction was initiated by adding 0.5 pL of Solution B and 2.5
uL of Solution A. The total system comprised 3.3 mmol-L™" MgCl,,
0.2 mg:-mL™" RLMs or HLMs, 3.3 mmol-L™" glucose-6-phosphate,
0.4 U-mL™" glucose-6-phosphate dehydrogenase, and 5 or 10
umol-L™" PA, GPA, or 13-OH-GPA. The reaction system was then
incubated in a 37 °C water bath for 60 min.

The UGT incubation process was similar for all compounds.
In a 1.5 mL centrifuge tube, 250 pL of 50 mmol-L™" KPI phos-
phate buffer, 70 pL of Solution B, 20 pL of RLMs or HLMs, 4 pL of
PA/GPA/13-OH-GPA, and 56 pL of Solution A were combined.
The specific UGTs incubation mixture contained 5 mmol-L™
MgCl,, 0.2 mg-mL™ RLMs or HLMs, 0.125 mg-mL™" alamethicin,
5.25 mg-mL™" saccharolactone, and 5 or 10 pmol-L™" PA/GPA/13-
OH-GPA. The mixtures were then incubated for 30 min.

To terminate the reaction, 200 pL of ice-cold methanol con-
taining testosterone (5 pmol-L™") was added. The mixture was
then centrifuged at 13000 r-min™" for 20 minutes. Subsequently,
the supernatants were analyzed using LC-MS/MS for quantifica-
tion. All reactions were performed in triplicate.
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5.10. Identification of metabolites

Metabolite identification was conducted using a liquid chro-
matograph (Agilent 1260, CA, USA) coupled with a quadrupole
time-of-flight (Q-TOF) high-definition mass spectrometer (Bruker
maXis, MA, Germany). The specific conditions and instrument
parameters were as follows: column, Luna 5u C;g (2) 100 A
150*4.60 mm 5 micro; capillary, 4500 V (ESI"); end plate offset,
500 V; nebulizer, 1.0 bar; dry gas, 6.0 L-min”’; dry temperature,
180 °C; scan range, 100-2000 m/z. The mobile phase composi-
tion was as previously described, with the following elution
gradient: 0 min, 20% B; 0-10 min, 20% to 70% B; 10-20 min,
70% to 100%B; 20-25 min, 100% to 100% B; 25-25.1 min, 100%
to 20% B; 25.1-30 min, 20% to 20% B. The injection volume was
60 pL, with a total flow rate of 1 mL-min™".

5.11. Assay for metabolic stability in HLMs

HLMs at a final concentration of 0.2 mg-mL™" were utilized for
both CYP and UGT reactions. Samples of 100 pL were extracted
from the reaction system at 0, 15, 30, and 60 minutes post-incub-
ation, with the reaction halted by the addition of an internal
standard. The residual rates at each time point were quantified
using liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Subsequently, a natural logarithm curve of the residual
percentage (LN%) against incubation time (min) was construc-
ted, and the intrinsic clearance (CL;,) in vivo was calculated ac-
cording to established methodologies ***.

0.693

T,,= ——
172 k
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mL incubation
mg microsomes
45 mg microsomes 20 g liver
- X 2
g liver kg boby weight

0.693
T, ,(in vitro)

CL,.(in vivo) =

In the formula, k denotes the slope of the natural logarithmic
curve representing the percentage of residues (LN%) of PA and
GPAs in the reaction mixture as a function of incubation time
(min).

5.12. Metabolism in recombinant human CYP and UGT isoforms

The incubation of PA/GPA/13-OH-GPA (5 pumol-L™") with mi-
crosomes containing eight recombinant human CYP isoforms
(CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP3A4, CYP4F2
and CYP4A11) and twelve recombinant human UGT isoforms
(UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1AS,
UGT1A9, UGT1A10, UGT2B4, UGT2B7, UGT2B15 and UGT2B17)
followed the same procedure as previously described for micro-
somes. The only modification was the final enzyme concentra-
tion, which was adjusted to 20 ng-mL™". All experiments were
conducted in triplicate.

5.13. Activity of CYPs in mouse liver microsomes (MLMs)

Mice were administered PA/GPA/13-OH-GPA at 2.5
mg-kg ™" via gavage for seven consecutive days. On the eighth day,
MLMs were prepared according to the protocol described in item
5.8, with a final concentration of 0.2 mg-mL™. The probe sub-
strates and their corresponding metabolic enzymes were utilized
as follows: Phenacetine (PH, 1 umol-L™") for CYP1A2, DIC
(1 umol-L™") for CYP2C9, MP (450 umol-L™") for CYP2C19, DM
(1 umol-L™") for CYP2D6, CLZ (10 umol-L™") for CYP2E1, and TES
(1 umol-L™") for CYP3A4. The reaction was terminated using
frozen methanol containing VER (20 ng'mL™") in ESI* mode or
CLP (200 ng-mL™) in ESI' mode. The probe substrates and their
corresponding metabolites were as follows: PH/APAP, DIC/4-OH-
DIC, MP/4-OH-MP, DM/DXO0, CLZ/6-OH-CLZ, TES/6-OH-TES. All
experiments were conducted in triplicate.

5.14. Data analysis

Pharmacokinetic parameters were calculated using DAS 2.0
software, employing a standard non-compartmental method. All
data are presented as mean * standard deviation. Statistical dif-
ferences were evaluated using Student's t-test or one-way AN-
OVA analysis conducted with GraphPad Prism 8.0. A P-value of
< 0.05 was considered to indicate a statistically significant differ-
ence.
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