Journal of Pharmaceutical Analysis 15 (2025) 101066

. . . . & Pl =2

Contents lists available at ScienceDirect Journalof )
Pharmaceutical
Analysis

Journal of Pharmaceutical Analysis

journal homepage: www.elsevier.com/locate/jpa o

Original article

A tailored database combining reference compound-derived
metabolite, metabolism platform and chemical characteristic of

Check for
updates

Chinese herb followed by activity screening: Application to Magnoliae

Officinalis Cortex

Zhenzhen Xue *°, Yudong Shang €, Lan Yang °, Tao Li ¢, Bin Yang "

2 State Key Laboratory for Quality Ensurance and Sustainable Use of Dao-di Herbs, Institute of Chinese Materia Medica, China Academy of Chinese Medical

Sciences, Beijing, 100700, China

b Artemisinin Research Center, China Academy of Chinese Medical Sciences, Beijing, 100700, China
¢ Institute of Antler Science and Product Technology, Changchun Sci-Tech University, Changchun, 130022, China
d Experimental Research Center, China Academy of Chinese Medical Sciences, Beijing, 10070, China

ARTICLE INFO

Article history:

Received 17 April 2024
Received in revised form

22 July 2024

Accepted 3 August 2024
Available online 8 August 2024

Keywords:

Tailored database
Metabolite traceability
Activity screening
Magnoliae Officinalis Cortex
In vivo metabolite

ABSTRACT

A strategy combining a tailored database and high-throughput activity screening that discover bioactive
metabolites derived from Magnoliae Officinalis Cortex (MOC) was developed and implemented to rapidly
profile and discover bioactive metabolites in vivo derived from traditional Chinese medicine (TCM). The
strategy possessed four characteristics: 1) The tailored database consisted of metabolites derived from
big data-originated reference compound, metabolites predicted in silico, and MOC chemical profile-based
pseudomolecular ions. 2) When profiling MOC-derived metabolites in vivo, attentions were paid not only
to prototypes of MOC compounds and metabolites directly derived from MOC compounds, as reported by
most papers, but also to isomerized metabolites and the degradation products of MOC compounds as
well as their derived metabolites. 3) Metabolite traceability was performed, especially to distinguish
isomeric prototypes-derived metabolites, prototypes of MOC compounds as well as phase I metabolites
derived from other MOC compounds. 4) Molecular docking was utilized for high-throughput activity
screening and molecular dynamic simulation as well as zebrafish model were used for verification. Using
this strategy, 134 metabolites were swiftly characterized after the oral administration of MOC to rats, and
several metabolites were reported for the first time. Furthermore, 17 potential active metabolites were
discovered by targeting the motilin, dopamine D2, and the serotonin type 4 (5-HT4) receptors, and part
bioactivities were verified using molecular dynamic simulation and a zebrafish constipation model. This
study extends the application of mass spectrometry (MS) to rapidly profile TCM-derived metabolites
in vivo, which will help pharmacologists rapidly discover potent metabolites from a complex matrix.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

rapid detection. Similarly, the discovery of bioactive compounds
from numerous metabolites is urgently needed.

Metabolites in vivo derived from traditional Chinese medicines
(TCMs) are of great importance for elucidating the mechanisms of
TCM, TCM quality control, and new drug discovery [1]. However,
rapidly capturing the metabolic diversity of a TCM in vivo with high
confidence remains a big challenge [2]. This is partly because of the
complexity of TCM compounds and their metabolic pathways,
which induce numerous TCM-derived metabolites and hinder their
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Liquid chromatography-high-resolution mass spectrometry (LC-
HRMS) is a powerful tool for metabolite characterization in TCM [3].
Owing to the poor understanding of the metabolic pathways of
complex TCM constituents, most metabolism in vivo studies have
focused on single compound [4—6]. To display the complex char-
acteristics of TCM, strategies, such as from representative standards
to single medicine and finally to prescription [7], representative
compounds-metabolism platform-diagnostic extraction [8], and
cross-mapping strategy from representative standards to herbal
extracts and from high dose to clinical dose for herb-derived trace
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metabolite exploration, [9] have been proposed, in which extensive
reference compounds were relied upon to first determine the
metabolic pathways, hampering the application of these strategies.
Targeted extraction using a database has recently become a key
aspect of rapid metabolite detection in the post-processing of LC-
HRMS data. Existing tools for metabolite prediction, e.g., as Bio-
Transformer, the Chemical Transformation Simulator, and System-
atic Generation of Potential Metabolites, can utilize reaction rules
and machine learning methods to predict the phase I and II
metabolism of small molecules [10]. However, these tools tend to
overpredict even tens of thousands of predicted metabolites [11]
and extra tools are needed to overcome the high rates of false
positives and negatives. In addition, traceability analysis of TCM-
derived metabolites is needed to increase confidence in structural
identification and to elucidate their network relationships.

Magnoliae Officinalis Cortex (MOC), the stem bark of Magnolia
officinalis, occurred in over 200 types of TCM formulae, has been
used to treat abdominal distention and pain and dyspepsia for a long
history [12]. To date, more than 200 compounds have been isolated
from MOC, including lignans, phenylethanoid glycosides, phenolic
glycosides, and alkaloid [13]. Studies on metabolites of MOC in vivo
have mainly focused on two hydrophobic bioactive compounds
[14,15]. Our group has isolated 24 novel phenylethanoid glycosides
and phenolic glycosides from MOC water decoction, which is a
traditional application form of TCM [12], and many of them showed
potent cytotoxic activities, a-glucosidase inhibitory effects, and anti-
functional dyspepsia activities [12,16]. Furthermore, we developed
an LC-HRMS method for profiling and isomer recognition of phe-
nylethanoid glycosides [17]. Notably, magnoloside A, a representa-
tive phenylethanoid glycoside, has prominent bioactivity, however,
poor bioavailability [18], which indicated its metabolites in vivo are
also bioactive components. Although other studies have attempted
to detect in vivo metabolites after the oral administration of MOC
extracts [19,20], only a few metabolites were detected. To the best of
our knowledge, no report has provided the complete metabolic
profile of the MOC water decoction.

In this study, we developed a strategy based on tailored data-
base extraction and metabolite traceability analysis to rapidly
profile metabolites with high confidence. The identified metabo-
lites were then evaluated by high-throughput bioactivity screening,
from which the bioactive ones were found. This strategy was
named as TDAS (a tailored database combining reference
compound-derived metabolites, metabolism platform, and TCM
chemical characteristics followed by high-throughput activity
screening) and is depicted in Fig. 1, and the discovery of bioactive
metabolites of MOC in rats was used as an example.

2. Materials and methods

2.1. MOC materials, reference compounds, and MOC water
decoction preparation

MOC samples authenticated as the stem bark of
Magnolia officinalis were collected from Enshi, China and deposited
at the Institute of Chinese Materia Medica, China Academy of Chi-
nese Medical Sciences (Beijing, China). The reference compounds,
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Fig. 1. Workflow of the tailored database followed by high-throughput activity
screening (TDAS) strategy.
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magnolosides A, B, D, E, M, L, H, G, F, T, and S, and syringin, were
isolated from the stem bark of Magnolia officinalis by our group. The
other standard compounds used were commercial products. This
structure is illustrated in Fig. S1. An MOC water decoction
was prepared for oral administration to rats and profiled using
LC-HRMS. The details are described in the Supplementary data.

2.2. Animal experiments, bio-sample collection, and preparation

Male Sprague-Dawley rats (200 + 20 g) were obtained from the
Laboratory Animal Center of Peking University Health Science
Center under license SCXK (Beijing) 2021-0013. All animal studies
were reviewed and approved by the Institutional Animal Care and
Use Committee of the Experimental Research Center, China Acad-
emy of Chinese Medical Sciences (Beijing, China) (Approval No.:
ERCCACMS21-2111-01). The details of animal feeding and drug
administration are described in Supplementary data.

Blood was collected from the angular vein at 0, 0.25, 0.58, 1, 2,
and 6 h and centrifuged at 4,000 rpm for 15 min. Plasma samples
were treated with three volumes of methanol to precipitate the
proteins. After centrifuging at 10,000 rpm for 15 min, the super-
natant was dried in vacuum at 40 °C, dissolved in 200 pL of
methanol, and then filtered through a 0.22-pum membrane. The
filtrates were mixed for LC-HRMS analysis. The rats were housed in
metabolic cages (300 mm x 300 mm x 480 mm; Tecniplast China
Co., Ltd., Shanghai, China), and urine and fecal samples were
collected for 48 h. An aliquot of 5 mL of urine was loaded on a
pretreated solid phase extraction (SPE) column (Oasis® HLB 6 cc
(500 mg) LP Extraction Cartridge; Waters Corporation, Milford, MA,
USA), washed with 5 mL of water, and then successively eluted with
5 mL of 5% methanol and 5 mL of methanol. The methanol eluate
was collected and dried under vacuum at 37 °C. The residue was
dissolved in 200 pL of methanol and filtered through a 0.22-pm
membrane for LC-HRMS analysis. The feces were freeze-dried and
ground into a crude powder. The powder (0.25 g) was subjected to
extraction using 10 mL of methanol in an ultrasonic bath for 30 min.
The resulting solution was dried and the residue was dissolved in
200 pL of methanol and filtered through a 0.22-um membrane for
LC-HRMS analysis.

2.3. LC-HRMS data acquisition and data process

An ACQUITY ultra-performance liquid chromatography
(UPLC)™ system coupled with a SYNAPT™ XS mass spectrometer
(Waters Micromass, Manchester, UK) was used to obtain data-
independent acquisition (DIA) data, i.e., MSE. A Waters ACQUITY
UPLC HSS T3 column (2.1 mm x 100 mm, 1.8 pm) coupled with a
Waters Van Guard T3 pre-column (2.1 mm x 5 mm, 1.8 um) was
adopted and a temperature of 40 °C was applied. The mobile phases
were 0.1% (V/V) formic acid aqueous solution (A) and 0.1% (V/V)
formic acid acetonitrile (B) with the following gradient: 5%—20% B
(0—12 min), 20%—40% B (12—13 min), 40%—60% B (13—15 min),
60%—70% B (15—18 min), and 70%—90% B (18—23 min). The equil-
ibration time and flow rate were set to 4 min and 0.4 mL/min,
respectively. The sample injection volume was 1 pL. The tempera-
ture of the autosampler chamber was set at 4 °C. The MS param-
eters in negative mode were set as follows: mass range,
50—1200 Da; analyzer mode, resolution; dynamic range, normal;
scan time, 0.2 s; data format, continuum; ramp trap collision en-
ergy, 35—60 V; capillary, —2.0 kV; source temperature, 100 °C;
sampling cone, 40 V; desolvation temperature, 450 °C; cone gas
flow, 50 L/h; and desolvation gas flow, 900 L/h. In the positive
mode, the parameters were identical to those in the negative mode,
except for the ramp trap collision energy (25—30 V) and capillary
voltage (+0.5 kV). Data acquisition was controlled using MassLynx
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V4.1 software (Waters Corporation). To obtain data-dependent
acquisition (DDA) data, a Vanquish ultra-high performance liquid
chromatography (UHPLC) system coupled with an Orbitrap Explo-
ris 240 mass spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA) was used, as described in the Supplementary data.

Unified science informatics platform (UNIFI) 1.8 (Waters Cor-
poration) was used for the prediction and characterization of me-
tabolites. Key parameters within UNIFI were set as follows: 1) peak
rejection, minimum area of 500.0; 2) manually specified retention
time range, 0.5—26.0 min; 3) intensity threshold, 300.0 counts for
low energy acquisition and 40.0 counts for high energy acquisition;
4) target match tolerance and fragment match tolerance, 10.0 mDa;
5) selected negative adducts, HCOO~, —H; 6) selected positive
adducts, +H, —e; 7) maximum number of transformation, two for
phase I and one for phase II; 8) mass error for component identi-
fication is less than or equal to 5 mDa and 5 ppm; and 9) response
for component identification is greater than 10,000 for the alkaloid-
derived metabolites, >1,000 for the lignan-derived metabolites,
and >5,000 for the degradation product-derived metabolites.

2.4. Strategy and methodology

The present study aimed to rapidly profile MOC-derived me-
tabolites in vivo and efficiently discover potent metabolites. As
shown in Fig. 1, the proposed TDAS strategy stands out in the
following four aspects:

2.4.1. Tailored database construction

The database includes metabolites derived from big data-
originated reference compounds, metabolites predicted in silico,
and MOC chemical profile-based pseudomolecular ions. The me-
tabolites derived from the reference compounds were collected by
retrieving literature from Web of Science and PubMed using the
keywords “metabolism”, “phase 17, “phase II”, and the name of the
reference compounds. It should be mentioned that the collected
reference compounds not only included MOC chemicals but also
included their isomers and degradation products, such as aglycones
and aromatic acids, because previous studies have found that TCM
compounds are usually degraded by intestinal bacteria [21]. Simi-
larly, the metabolites predicted in silico also contained those
derived from compounds in the MOC and their degradation prod-
ucts, in which UNIFI was employed by importing the targeted
components, selected transformations, and optimized parameters.

2.4.2. Profiling MOC-derived metabolites in vivo

When profiling MOC-derived metabolites in vivo, attention was
paid not only to prototypes of MOC compounds and metabolites
directly derived from MOC compounds, as most papers have re-
ported, but also to isomerized metabolites and the degradation
products of MOC compounds as well as their derived metabolites.
The prototypes of MOC compounds as well as their isomerized
metabolites and degradation products of MOC compounds were
characterized by extracting MOC chemical profile-based pseudo-
molecular ions. Metabolites directly derived from both MOC com-
pounds and degradation products were characterized using in silico
auto-characterization and matched with the big data-originated
reference compound-derived metabolites. UNIFI can efficiently
realize precursor and product ion auto-retrieval in the experimental
mass spectra. The structures of the potential metabolites were
further identified by manual analysis of their HRMS and MS/MS
spectra.

2.4.3. Metabolite traceability analysis
Metabolite traceability was determined to distinguish the
isomeric prototype-derived metabolites, prototypes of MOC
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compounds, and phase I metabolites derived from other MOC
compounds. Representative reference compound-derived meta-
bolic profiles were acquired from the animal experiments. Mixed
metabolites derived from MOC were traced and compared with the
targeted compound-derived metabolic profile and MOC water
decoction chemical profile. In addition, DDA-aided MSF analysis
was used to increase the metabolite assignment confidence, which
not only acquired better MS/MS spectral coverage, but also cir-
cumvented the misassignment of fragment ions to co-eluting pre-
cursor ions [22].

2.4.4. High-throughput activity screening

Molecular docking was performed by targeting the motilin
receptor (Protein Data Bank (PDB) ID: 8IBU), dopamine D2 re-
ceptor (PDB ID: 7DFP), and the serotonin type 4 (5-HT4) receptor
(PDB ID: 7XT8) to identify MOC-derived metabolites with poten-
tial activities for promoting gastrointestinal motility. AutoDock
4.2 and AutoDockTools 1.5.6 were used for molecular docking [23].
Residue-ligand interactions were evaluated using a Protein-
Ligand Interaction Profiler [24]. Molecular dynamic simulation
and a zebrafish constipation model were used to verify the po-
tency of the candidate metabolites. Molecular dynamic simula-
tions were performed on a Dell Precision 7920 workstation using
the AMBER20 software package [25], and the leaprc.protein.ff19sb
force field was used for energy minimization and molecular dy-
namic simulations. The detailed methodologies are described in
the Supplementary data.

3. Results and discussion
3.1. Tailoring the integrated database

A tailored database was constructed for metabolites derived
from big data-originated reference compounds, metabolites pre-
dicted in silico, and MOC chemical profile-based pseudomolecular
ions. By anatomizing the literature in the Web of Science and
PubMed, 192 metabolites with their names, molecular weights,
molecular formulas, and corresponding references were collected
(Fig. S2). In addition to 170 metabolites derived from the MOC
reference compounds, 22 metabolites from their isomers and
degradation products were included. Meanwhile, 309 compounds
isolated from MOC with information on generic name, molecular
weight, molecular formula, and structural formula were deter-
mined by searching SciFinder" Scholar. Based on literature data and
our previous methods [17,26], a total of 122 compounds (55 phe-
nylethanoid glycosides, 20 phenolic glycosides, 7 lignan glycosides,
19 lignans, 16 alkaloids and 5 other compounds) were identified in
MOC water decoction chemical fingerprint (Fig. 2 and Table S1);
details are described in Supplementary data. Moreover, 14 pseu-
domolecular ions (m/z 265, 281, 314, 342, 401, 417, 447, 461, 477,
609, 623.2187, 623.1976, 771, and 785), which covered the major
types of MOC compounds, were selected based on their intensity
from the full-scan mass spectra in the LC-HRMS analysis (Figs. S3
and S4). Eight types of aglycones and substituted aromatic acids
(i.e.,, methoxytyrosol, 3,4,5-trimethoxyphenol, hydroxytyrosol,
tyrosol, 3-hydroxyphenylethanol, caffeic acid, sinapyl alcohol, and
ferulic acid) were acquired based on the MOC chemical profile
analysis. Finally, 12 targeted components, including magnolol,
honokiol, obovatol, piperitylmagnolol, (R)-magnocurarine, (S)-
magnoflorine, 3,4,5-trimethoxyphenol, sinapyl alcohol, caffeic acid,
ferulic acid, hydroxytyrosol, and tyrosol were imported into UNIFI
to predict 207 metabolites using reported transformations (19
metabolic pathways for lignans, 7 for alkaloids, and 5 for degra-
dation products) and optimized UNIFI parameters. Their HRMS and
MS/MS spectra were further analyzed in the following section to
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Fig. 2. Chemical profile of Magnoliae Officinalis Cortex (MOC) water decoction by ultra-performance liquid chromatography coupled with quadrupole time-of flight mass spec-
trometry (UPLC-QTOF/MS). Compounds confirmed by reference standards are marked in red. BPI: base peak ion chromatogram.

identify the structures. In conclusion, the tailored database con-
tained information on MOC chemicals and their isomers and
degradation products, including aglycones, small molecules of ar-
omatic acids, and their derived metabolites. The database expanded
the extraction coverage and contained the characteristics of the
TCM itself.

3.2. Rapid profiling of MOC-derived metabolites in vivo using
tailored database and metabolite traceability

Using the TDAS strategy, 134 metabolites were identified from the
MOC-derived metabolic profile, including 41 prototypes and their
isomerized metabolites, 60 metabolites directly derived from MOC
compounds, and 33 degradation products and their derived metab-
olites. Among them, 49 metabolites were detected by the extraction
of pseudomolecular ions, 35 were predicted and identified by UNIFI,
and 50 were identified by matching metabolites derived from big
data-originated reference compounds. In addition, the origins of the
38 metabolites were confirmed using reference compounds.

The prototypes of MOC compounds and their isomerized me-
tabolites are mainly derived from phenylethanoid glycosides,
phenolic glycosides, lignans, and alkaloids. Pseudomolecular ions in
the tailored databases were used to extract prototypes in vivo, and
their structures were confirmed by comparing the retention time,
MS, and MS/MS data, with the results in Table S1. The extract ion
chromatograms (EICs) of m/z 265.1229, 623.1976, and 785.2504 were
analyzed in detail. After extracting the ion at m/z 265.1229, eight and
two peaks were found in the plasma and feces, respectively, whereas
no peaks were detected in the urine under current conditions
(Fig. 3A). By comparing the retention time and MS data in Table S1,
MO; and MO, were characterized as honokiol and magnolol,
respectively. M1, M2, M4, and M5 were identified as honokiol

isomers owing to the existence of characteristic fragment ions at m/z
249, 224, and 223, whereas M3 and M6 were characterized as
magnolol isomers because of the typical fragment ions at m/z 247
and 245 (Fig. S5). The ratio of the peak area of honokiol to that of
magnolol in the MOC water decoction, feces, and plasma decreased
sequentially (AreaM0;/MO0,, 0.77, 0.46, and 0.02). Particularly in the
plasma, as the level of honokiol decreased, the levels of its isomers
M1, M2, M4, and M5 increased. Isomers M3 and M6 derived from
magnolol were also detected. Magnolol isomers isomagnolol and 5-
allyl-5'-(1-propen-1(E)-yl)-2,2’-dihydroxybiphenyl were reported to
be detected in feces by repeated oral administration of magnolol to
rats [27]. As isomagnolol has a weaker antibacterial action than
magnolol, isomerization of magnolol is likely to be one of the
detoxification processes by intestinal bacteria [27]. However, in the
current study, the magnolol isomers M3 and M6, as well as honokiol
isomers M1, M2, M4, and M5 were first found in plasma samples
rather than in feces following a single administration of MOC water
decoction to rats. Isomerized metabolites of honokiol and magnolol
have the potential to be used as effective ingredients. The second
example was obtained by the extraction of m/z 623.1976, which
exhibited six and one peaks in feces and urine samples, respectively,
whereas no peak was extracted in plasma (Fig. 3B). Peaks
MO0,3—-MO0,g were all characterized as prototypes by comparing the
retention times and MS data in Fig. S6 and Table S1. M033, M0,7 and
MO0,g were unambiguously identified as magnolosides A, M, and D,
respectively. The ratio for the peak area of magnoloside D to mag-
noloside A was declined sharply in feces (AreaM0,g/M0,3, 0.02),
which was 0.84 in MOC water decoction. Meanwhile, the ratio of the
peak areas of M0,5 and MO,g, especially M0;s5, to magnoloside A in
feces (AreaM0,5/M0,3, 0.54) was increased compared to that in the
MOC water decoction (AreaM0,5/MO0>3, 0.10). Although magnoloside
D was the most stable among the homologous compounds of
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magnolosides A, M, and D [28], magnoloside D was more prone to
isomerization or degradation by intestinal bacteria in the current
study, indicating an intense interaction between magnoloside D and
the gut microbiota. For filtering with m/z 785.2504, four and three
prototypes were observed in the feces and urine samples, respec-
tively (Fig. S7). M03; and MO0s3 were identified as magnolosides B and
F, respectively, by comparing their retention times and MS data
(Table S1). In contrast to the detection of the diglycoside magnolo-
side A in urine, the triglycosides magnoloside B, F, and M0s4 were
detected in urine samples. However, those were absent in the plasma
sample, which was consistent with the diglycoside results.

In addition to m/z 265.1229, 623.1976, and 785.2504, the other
11 pseudomolecular ions ([M—H]~, [M+HCOO]", [M]", m/z 281, 314,
342, 401, 417, 447, 461, 477, 609, 623.2187, and 771) were also used
to extract exposed chemicals in vivo (Fig. S8). A total of 34, 14, and
14 compounds were detected in the fecal, plasma, and urine sam-
ples, respectively (Table S2). Among these, compounds M0;—M034
were prototypes and compounds M1—-M7 were prototype-derived
metabolites by isomerization transformation. As the results sug-
gested, the prototypes of phenylethanoid glycoside were mainly
detected in feces and hardly detected in plasma, which were similar
to those of alkaloids mainly detected in feces; phenolic glycoside
prototypes could be detected in both plasma and urine, and the
prototypes of lignans could be detected in plasma and feces,
however, were hardly detected in urine.

The degradation products of MOC compounds as well as their
derived metabolites were mainly derived from phenylethanoid
glycosides and phenolic glycosides [6,29]. Orally administered
glycosides are prone to hydrolysis by intestinal flora [30]. Eight
degradation products, i.e., methoxytyrosol (M8), 3,4,5-
trimethoxyphenol (M9), hydroxytyrosol (M14), tyrosol (M18), 3-
hydroxyphenylethanol (M23), caffeic acid (M29), sinapyl alcohol
(M36), and ferulic acid (M37), were detected in the feces. Among
these, M14, M29, and M37 were unambiguously identified by
comparison with reference compounds. Subsequently, the in silico
metabolites were predicted by UNIFI through the metabolic re-
actions of reduction [6], dihydroxylation [6], glucuronidation,
sulfation, and methylation [6] and the MS/MS product ions of the
12 predicted metabolites were further confirmed in DDA mode
(Table S3). Among the identified metabolites, sulfate and glucu-
ronide conjugates produced diagnostic fragments of [M—H—-80]~
and [M-H-176]" in the MS/MS spectra, respectively [19]. The
characterization of metabolites derived from caffeic acid by the
reduction reaction is shown in Fig. 4A, which produced a molec-
ular ion of m/z 181.0498 and a fragment ion of m/z 135.0443. In
addition, by searching the reference compound-derived metabo-
lites in a tailored database, one acetylated phenylethanoid
glycoside (M50), which produced a fragment ion of [M—H—-42]",
was detected in feces [6], and 12 degradation product-derived
metabolites were detected in plasma and urine (Table S3), and
their MS/MS data were compared to those reported in the litera-
ture [6,20]. In total, 19, 6, and 12 degradation products and their
derived metabolites were putatively identified in plasma, urine,
and feces, respectively. The degradation products and their
reduced and methylated metabolites were mainly detected in
feces, and extensive metabolites derived from the degradation
products were detected in the plasma.

The metabolites directly derived from MOC compounds were
mainly lignans and alkaloids (isomerized metabolites were not
included). By searching a tailored database, 37 metabolites
derived from lignans were detected in plasma, urine, and feces
[18,31]. Database extraction-aided characterization of lignan-
derived metabolites (molecular formula: Cy4H24013S) was per-
formed in detail (Fig. 4B). After extracting the molecular ion at m/z
551.0859, seven high-intensity peaks were detected in the plasma
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sample. By analyzing their mass spectra at both low and high
energies, four peaks, M40 (10.46 min), M43 (11.84 min), M45
(11.97 min), and M48 (12.64 min) with prominent molecular ions
at m/z 551.0859 and product ions at m/z 295.0999 and 251.1073
were identified as honokiol-derived metabolites (Table S3). In
addition, 19 alkaloid-derived metabolites and four lignan-derived
metabolites were predicted and characterized using UNIFI
(Table S3). Hydroxylation, demethylation, desaturation, acetyla-
tion, methylation, glucuronidation, and sulfation are the primary
reactions for alkaloid [32]; whereas oxidation, methylation,
acetylation, dehydrogenation, reduction, carboxylation, glucur-
onidation, sulfation, and amino acid conjugation are the major
reactions for lignins [18,31].

Finally, the experimental data of some reference compound-
derived metabolic profiles were obtained to confirm the origins
of the MOC-derived metabolites. First, MOC-derived metabolites
M51, M52, M61, M63-M67, M71-M74, M77, M78, M80, and M81
originated from magnolol, whereas metabolites M41, M42, M49,
M53-M60, M69, M75, and M76 were identified based on honokiol.
Representative chromatograms of the MOC/honokiol/magnolol-
derived metabolites with a molecular ion at m/z 361.0750 are
shown in Fig. S9A. In addition to the reported product ions of m/z
281 and 263 for M56 and M65 [18], an additional typical product
ion of m/z 222.0682 from M56 and an ion of m/z 245.0950 from
M65 were also observed in the current study and further confirmed
in the DDA-MS/MS spectra (Fig. SOA), which could be further used
to distinguish the metabolites derived from honokiol or magnolol.
Second, MOC-derived metabolites M11, M13, and M14 were
detected in both magnoloside A- and hydroxytyrosol-treated bio-
samples, and metabolites M24, M26, and M29 were detected in
both magnoloside A- and caffeic acid-treated biosamples. The re-
sults indicated glycoside in TCM may act as prodrugs [30]. Third,
MOC-derived metabolites M68 and M79 were traced as minor
prototypes that could be detected in the MOC water decoction (93
and 102, respectively) and were not found to be phase I metabolites
of honokiol and magnolol under the current conditions [15]
(Fig. S9B). In addition, MOC-derived metabolites M64, M73, and
M78 were found not only in the phase I oxidative metabolites of
magnolol, but also in the minor prototypes that could also be
detected in the MOC water decoction (91, 97, and 101, respectively)
(Fig. 5). These results indicate that some of the major prototypes
could be metabolized into other minor prototypes and have syn-
ergistic effects in vivo.

In conclusion, lignans are prone to direct transformation into
metabolites mainly via oxidation, reduction, isomerization, glu-
curonidation, and sulfation. In contrast, phenylethanoid glycosides
are prone to hydrolysis into degradation products, which can be
further subjected to reduction, glucuronidation, sulfation, and
methylation.

Compared to the conventional strategies [7—9], the established
TDAS strategy herein possessed four characteristics. 1) It enlarged
the volume of data in the database, in which metabolites derived
from big data-originated reference compound, metabolites pre-
dicted in silico, and compounds in MOC were included. 2) More
kinds of metabolites were accordingly discovered, i.e., besides
prototypes of MOC compounds and metabolites directly derived
from MOC compounds, which most papers reported, isomerized
metabolites and the degradation products of MOC compounds as
well as their derived metabolites were found using TDAS, e.g., the
isomerized metabolites of magnolol and honokiol were firstly
found in rat plasma sample, and the degradation product of ferulic
acid as well as its reduced metabolite were found in feces sample
and its sulfated metabolite was found in plasma. 3) The origins of
some MOC-derived metabolites were traced to elucidate their
network relationship, e.g., M64, M73, and M78 were not only found
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Fig. 4. Characterization of metabolites. (A) In silico prediction and auto-characterization by unified science informatics platform (UNIFI). (B) Magnoliae Officinalis Cortex (MOC)-
derived metabolites matching using the tailored database. The inset indicates the mass spectra under low energy of the peak at 11.84 min.

as the major compound magnolol-derived metabolites, but also the
prototypes of other minor lignans. 4) Molecular docking was uti-

lized for high-throughput activity screening.

In addition, both DDA and DIA were employed to identify
metabolite structures. Although the Orbitrap Exploris 240 mass

spectrometer can perform both DDA and DIA experiments, the re-
sponses of some components in the MOC were extremely low when
using the Orbitrap Exploris 240 mass spectrometer, whereas they
were high when using the SYNAPTTM XS mass spectrometer. To
detect more peaks with high responses and high-quality MS?

Fig. 3. Metabolites detection by extracting pseudomolecular ions. (A) Extract ion chromatograms (EICs) at m/z 265.1229 (103/MO;: honokiol; 105/MO0,: magnolol; M1/M2/M4/M5:
honokiol isomers; and M3/M6: magnolol isomers). (B) EICs at m/z 623.1976 (42/M0,3: magnoloside A; 74/M0,7: magnoloside M; and 80/M0,g: magnoloside D). The insets indicate
mass spectra under high energy of M0,, M0,, M3, M5, and MO05s, respectively. The red crosses indicate the peaks were not identified as MO, and MOyg, respectively. MOC: Magnoliae

Officinalis Cortex.



Z. Xue, Y. Shang, L. Yang et al. Journal of Pharmaceutical Analysis 15 (2025) 101066

Traceability for minor prototypes or phase | metabolites of main prototype

N

9 O g 299.1290

e 100

8 100 4 MOC-derived metabolite L M64 5 |MSMS299.1283

o m/z 299.1283 O 2 50 o305 239.1078

5 50 Plasma 2 | 13s08s0 2210073 j Saidist

® HO' & 0 T T T T T 1

o oH g 50 100 150 200 250 300 350

= 0 [\_/\ m/z

s T T T T T T T T T 0 T 1

& 10 1 12 13 14 15 16 17 18 19 20 21

N Time (min)

g O §1oo 281.1185

8 1009 MoC-derived metabolite ;T M73 g |MSMszeTE 24,0973

g m/z 281.1178 ) 5 % 133.0859

2 50+ Plasma I 2 89.0394 | 173.0806 2351130 |

® g T T T T T T 1

2 0 i o [\j h g 50 100 150 200 250 300 350

Ko T T i T T T T T T U 1

& 10 1 12 13 14 15 16 17 18 19 20 21
Time (min)

9 R g 279.1029

b= _ 3 100

8 1007 MOC-derived metabolite C . 5 |MSMS278:1021

5 m/z 279.1021 o M78 3 501 778t 2610924

5 50 Plasma O E 101.6379  173.0608 207.0817

o [0 3 w0 100 150 200 250 300 350

2 . m/z

& 0 T T T T - T T T T T 1

& 10 1 12 13 14 15 16 17 18 19 20 21
Time (min)

Oxidative metabolites of main prototype

g §1OD 299.1288

§ 100 7 Magnolol-derived metabolite K MSIMS.299.1263

8 m/z 299.1283 M64/MLA 2 501 930344 239.1077

5 50 Plasma : 133.0656 2210971 | 2811178

by g w0 100 150 200 250 300 350

2 0 A m'z

S T T T T T T T T T T 1

e 10 11 12 13 14 15 16 17 18 19 20 21
Time (min) ~

g g 281.1181

§ 1007 Magnolol-derived metabolite | g " uss 2811178 263.1076

S m/z 281.1178 |\/|73/RDOH S 50 2450971

5 50 Plasma I 2 | _saosos 1990667 25,1127 ,. . .

S [ ‘ 2 s 100 150 200 250 300 350

2 A AN | m/z

T 0 T T T T = T T T T T 1

= 10 1 12 13 14 15 16 17 18 19 20 21
Time (min) _

S < 279.1027

st 100

8 1007 Magnolol-derived metabolite g MS/MS 279.1021

S m/z 279.1021 M78/RDA g 50 E—

_§ 50 - Plasma 2 | 929955 1309925 207.0815 |

= : w0 100 150 200 250 300 350

2 m/z

© 0 T T T T T T T T T T 1

® 10 11 12 13 14 15 16 17 18 19 20 21
Time (min)

Minor prototypes

g g 299.1291

% 100 ' 8 1007 MS/MS 299.1283

e MOC water decoction k]

3 m/z 299.1283 91 S 501 930345 239.1079

_§ 50 ; B | 133.0859 221.0974 J 281.1184

o 3 w0 100 150 200 250 a0 350

3 0 N m/z

o T T 1 T T T T 1 T 1 1

& 10 1 12 13 14 15 16 17 18 19 20 21
Time (min) _

S & 2811183

% 100 ; 8 100 MS/MS 281.1178 !

§ MOC water decoction 97 1 ‘\ g & 45,0073

g 504 m/z 281.1178 H ‘ g 89.0395 133.0659 235'1130J '

S ‘ || s oa T L T L T ]

o | h |& %0 100 150 200 250 300 350

2 0 . AN\ JU A U N AL y mz

o T T 1 T T T T i T 1 1

e 10 11 12 13 14 15 16 17 18 19 20 21
Time (min) _

9 g 279.1028

g 100 ) 10 g 1007 /MS 279.1021

2 MOC water decoction g

2 m/z 279.1021 g % 261.0923

2 507 2, 1055166 _173.0610 207.0817

o : w0 100 150 200 250 300 350

= 0 m/z

© T T T T T T T T T T 1

& 10 11 12 13 14 15 16 17 18 19 20 21

Time (min)

Fig. 5. Traceability analysis for Magnoliae Officinalis Cortex (MOC)-derived metabolites in vivo. Traceability for minor prototypes or phase I metabolites of main prototype. The insets
indicate tandem mass spectrometry (MS/MS) spectra of M64, M73, M78, MLA, RDO, RDA, 91, 97, and 101, respectively. MLA: magnolignan A; RDO: randainol; RDA: randainal.

8



Z. Xue, Y. Shang, L. Yang et al.

A B

7XT8

Journal of Pharmaceutical Analysis 15 (2025) 101066

Oxidized metabolite of prototype, prototype, and reduced metabolite of degradation product

X
S S
oH O oH O
HO on  HO .
< <
g . QO
HO \
OH =0 OH x

OH OH
; OH Ej/ocm

HO™ ~O HO™ ~O

MLA-7XT8 RDA-7XT8 RDO-7XT8 ML-7DFP CAH-7XT8 FAH-7XT8
~7.4 kcal/mol -7.6 kcal/mol =7.4 kcal/mol -8.9 kcal/mol =7.0 keal/mol =7.0 kcal/mol
Bioactivity verification in vivo by zebrafish constipation model
253
g ‘;
Eg2
8a
s
g <
(7]
s Qe
3 C
=
O O O > P A X o A W P A
S S O X QA X 0 QA X QA
& ‘3\°q9Q’J«QP‘Q90‘}Q?‘Q‘>Q’)/QP‘Q‘P
)
\\'3\" <° Q@" fo’ MA MB MD HK MF ML
@050 z{\b (Mg/mL) (ug/mL) (Hg/mL) (Hg/mL) (Mg/mL) (Hg/mL)
&
The MD trajectory plots within 200 ns simulation
RDA-7XT8 6 ML-7DFP CAH-7XT8
5
5 &7
4
4
= < i
=3 = E
a 33 .
%] s a
°, E 2
4
2 x oJ
1 1
0+ T T T 1 0+ T T 1 0 T T T 1
0 50 100 150 200 0 50 150 200 0 50 100 150 200
Time (ns) Time (ns) Time (ns)

Fig. 6. Discovery of potent metabolites using high-throughput bioactivity screening. (A) Active pockets of serotonin type 4 (5-HT4) receptor (Protein Data Bank (PDB) ID: 7XT8),
dopamine D2 receptor (PDB ID: 7DFP), and muotilin receptor (PDB ID: 8IBU). (B) Potential hit metabolites: magnolignan A (MLA) (M64); randainal (RDA) (M78); randainol (RDO)
(M73); magnolol (ML) (MO0,); 7,8-dihydrocaffeic acid (CAH) (M24); and 7,8-dihydroferulic acid (FAH) (M35). (C) The molecular dynamic (MD) trajectory plots within 200 ns

simulation for RDA-7XT8, ML-7DFP, and CAH-7XT8 complexes. (D) Bioactivity verification in vivo by zebrafish constipation model. *P < 0.05, **P < 0.01, and
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the model group (1% dimethyl sulfoxide (DMSO)); *#P < 0.01, compared to the control group.

spectra, both instruments with their featured data acquisition
modes were used in current study.

3.3. Potent metabolites discovery based on high-throughput
activity screening

Traditionally, MOC have been used to treat abdominal distention
and dyspepsia. Motilin, dopamine D2, and 5-HT,4 receptors were
the most common targets for gastrointestinal prokinetic agents
[33,34]. Given the occurrence of gastrointestinal motility disorders
was ascribed to a combination of multiple factors and the action
mode of TCM was “multi-targets”, motilin receptor (PDB ID: 8IBU),
dopamine D2 receptor (PDB ID: 7DFP) and 5-HT4 receptor (PDB ID:
7XT8) were employed to screen the candidate metabolites. The
interesting exposed prototypes, the first prototype-derived iso-
merized metabolites, representative MOC compound-derived me-
tabolites, the parent compounds degraded in the gut or interacted
intensely with the gut microbiota, and the degradation products

and their derived metabolites (Fig. S10) were screened. The active
pockets of the motilin receptor (PDB ID: 8IBU), dopamine D2 re-
ceptor (PDB ID: 7DFP), and 5-HT4 receptor (PDB ID: 7XT8) are
shown in Fig. 6A. The results obtained by targeting the motilin and
dopamine D2 receptors indicated that the degradation products
and their derived metabolites showed lower affinities than their
parent compounds and other types of metabolites (Tables S4 and
S5). For the 5-HT4 receptor, the isomerized metabolites of hono-
kiol and magnolol, honokiol, the oxidized metabolites of magnolol,
and the reduced metabolites of caffeic acid and ferulic acid showed
high affinities compared to the positive drug mosapride, whereas
the parent compounds of magnolosides A, B, D, and M showed
weaker affinities (Table S6). Totally, 17 representative metabolites
were discovered as the potent metabolites (<—7.0 kcal/mol) (Figs.
6B and S11), in which three metabolites were oxidized metabo-
lites of prototypes, two were reduced metabolites of degradation
products, five were isomerized metabolites of prototypes, and the
others were prototypes or MOC parent compounds. Motilin and
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dopamine D2 receptors showed similar tendencies; thus, their
molecular interactions with different types of components were
further analyzed. Hydrophobic interactions, hydrogen bond in-
teractions, salt bridge interactions, and m—m stacking were the
major interactions between ligand and receptor (Figs. S12 and S13).
The results indicated that common interaction sites were present
among similar types of compounds and different common inter-
action sites were observed between different compounds and
positive drugs (Tables S7 and S8). This explains the differential
activity of the compounds compared with that of the positive
control drug. In addition, the interaction results showed that the
common interaction site of magnolosides A, B, and D with motilin
receptor, i.e., Leu341 was also the active site of erythromycin with
the motilin receptor [33]. Phe110, a common interaction site of
magnolosides A, B, D, and domperidone with the dopamine D2
receptor (7DFP) [35], is also the active site of risperidone, dom-
peridone, and naringenin on the dopamine D2 receptor (6CM4)
[36]. The above results also confirm the validity of the molecular
interactions in the current study. Furthermore, molecular dynamic
simulations were performed to ensure the stability of the ligand-
target interactions with respect to time. The root-mean-square
deviation (RMSD) plots for three representative complexes were
listed in Fig. 6C and the smooth molecular dynamic trajectories (the
mean values of RMSD < 4 A and the fluctuating values < 1 A)
indicated the ligand-target interactions were stable with respect to
time. Meanwhile, the tendency of binding free energies between
complexes of RDA-7XT8 (randainal-7XT8, —17.3 kcal/mol) and
CAH-7XT8 (7,8-dihydrocaffeic acid-7XT8, -10.8 kcal/mol) in
Table S9 was consistent to that of docking energies (Fig. 6B), which
also indicated the validity of molecular docking screening.
Zebrafish have proven to be a great tool to model human dis-
eases, not only because their embryos and larvae are virtually
transparent during development, allowing visualization of internal
organs in a noninvasive manner, but also because approximately
71.4% of human proteins have at least one zebrafish ortholog [37]. A
previous study found that the gastrointestinal tract of zebrafish
displays an anatomy and cellular architecture similar to that of
humans [38], and the 5-HT system in zebrafish is similar to that of
mammals [39]. Sequence alignments of dopamine D2 and 5-HT4
receptors of zebrafish to those of humans were performed, from
which 61.82% and 75.60% similarities were obtained, respectively.
Accordingly, an aluminum sulfate-induced zebrafish constipation
model was developed in current study to verify the in vivo efficacy
of the candidate metabolites (Fig. S14). Details of the administered
dosages are provided in Table S10. The fluorescence intensity of the
zebrafish gut was measured and a typical map after sample treat-
ment is shown in Fig. S15. The results in Fig. 6D demonstrated that
the intestinal fluorescence intensity in model group (1% dimethyl
sulfoxide (DMSO)) was significantly higher than that of control
group (P < 0.01) and the positive drug of domperidone at 50 pg/mL
could significantly decrease the intensity (P < 0.01), which indi-
cated the constipation model was successfully established. Mag-
noloside A at a medium dose (1.60 mM), magnoloside D at a high
dose (3.20 mM), and magnoloside B at both medium (1.27 mM) and
high (2.54 mM) doses had potent constipation prevention activ-
ities. Treatment with 3.25 mM hydroxytyrosol potently promoted
gastrointestinal tract motility, whereas treatment with caffeic acid
at 2.78 mM was in lower intestinal fluorescence intensity than that
of the control group. The results also verified that not only the
parent phenylethanoid glycosides, but also their in vivo degradation
products, have the potential to be effective ingredients [21]. In
addition, treatment of honokiol and magnolol at high dosage
(3.67 uM) led to zebrafish intestinal fluorescence intensity at
89,647 and 87,452 pixels, respectively. Magnoflorine showed no
activity at concentrations of 0.71, 1.43, and 2.86 pM. Although
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magnoflorine showed similar activity to magnolol in the molecular
interaction analysis, the MTC values obtained by the assessment of
honokiol in the zebrafish model might not be appropriate for
magnoflorine. Thus, the ability of magnoflorine to prevent con-
stipation in zebrafish models needs to be assessed in future studies.
Molecular interaction analysis showed that magnolosides A, B, and
D showed high affinities for the dopamine D2 receptor compared to
domperidone, which was consistent with the results in the zebra-
fish model with domperidone as a positive drug. However, caffeic
acid and hydroxytyrosol showed low affinities to the dopamine D2
receptor, however, potent activities in the zebrafish constipation
model compared to domperidone, indicating that caffeic acid and
hydroxytyrosol might target other targets to prevent constipation.
For example, caffeic acid and hydroxytyrosol showed moderate
affinities for the 5-HT,4 receptor in the current study.

4. Conclusion

TDAS, a tailored database-enhanced targeted screening strategy
based on LC-HRMS fingerprints, was established to rapidly profile the
in vivo metabolites of MOC and discover potent metabolites. Of these,
134 metabolites were characterized with high confidence levels.
Moreover, 17 potential hit metabolites were rapidly discovered using
molecular docking and molecular dynamic simulations. Among
these, three were oxidized metabolites of prototypes, two were
reduced metabolites of degradation products, five were isomerized
metabolites of prototypes, and the others were prototypes or MOC
parent compounds. The importance of this strategy was confirmed
by in vivo bioactivity verification in a zebrafish constipation model,
and seven metabolites were shown to have potent gastrointestinal
tract motility. The TDAS approach can be applied to other TCMs for
the rapid and efficient discovery of potent in vivo metabolites.
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