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KEYWORDS Abstract Mori Fructus (MF) is a famous edible fruit of Morus alba L. as well as traditional Chi-
Mori Fructus: nese medicine (TCM). Moreover, exposure behavior of complex components in vivo is a necessary
In vivo metabolism; way to elucidate active substances in TCMs. However, the effective discovery of active ingredients
LC-MS guided isolation; from MF in vivo is still a challenge for researchers. In this study, an integrated strategy with chem-
Alkaloids; ical characterization, in vivo metabolism, chemical isolation, and activity evaluation was established
Lipid-lowering activity; and applied in targeted discovery of potential lipid-lowering substances in MF. First, an ultra-
PCSK9 performance liquid chromatography with quadrupole time-of-flight mass spectrometry method

was established to characterize various chemical components in MF extract. Second, with the auto-
matic matching (in-house database), discriminant ions analysis and metabolite software prediction,
the metabolic profiling of different types of MF was elucidated in vivo. And the compounds from
MF with high MS response in vivo were discovered. Third, according to LC-MS information of
fractions, these compounds were isolated and identified by NMR. Finally, the isolated compounds
were evaluated for the lipid-lowering activity on determination of triglyceride levels in high
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fructose-induced HepG?2 cells at different concentrations. And PCSK9 inhibitory and LDL-R pro-
moting activity were measured by western blot experiment. As a result, a total of 72 constituents
were characterized in MF. After oral administration of MF extract, 16 prototypes and 33 metabo-
lites were rapidly screened out. And the metabolism features of alkaloids, flavonols and organic
acids were further revealed. Six alkaloids (morusimic acid A-D, G, F), with high MS response
in vivo and no reference standards on the market, were isolated guided by LC-MS and identified
by NMR. Among them, morusimic acid A, B, G and F could reduce triglyceride levels in
fructose-induced HepG2 cells. Moreover, with western blot experiment, morusimic acid A, B, G
and F could inhibit the expression of PCSK9 protein. And morusimic acid A, B and F could
increase the expression of LDL-R protein. This work provides meaningful information for the dis-
covery of potential compounds in MF for the treatment of obesity and hyperlipidemia, along with a
new approach for exploring effective compounds from complex systems.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud 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

For a long time, plant-derived traditional medicines have played an
important role in preventing and treating diseases (Yuan and Lin,
2000). As we all know, the multi-functional secondary metabolites in
medicinal plants are the reason for their therapeutic effects, and also
the reliable source for the discovery of lead compounds (Majolo
et al., 2019; Newman and Cragg, 2016). Considering its clinical appli-
cation and chemical composition complexity, researchers have devel-
oped many methods to explore more potential compounds to
develop drugs with efficacy (Kang et al., 2018; Setzer et al., 2000;
Zhang et al., 2018a; Zhao et al., 2018). Traditionally, the method based
on bioactivity directed separation and isolation can discover and char-
acterize active ingredients in plant-derived traditional medicines
(Setzer et al., 2000; Zhao et al., 2018). With the development of liquid
chromatography-mass spectrometry (LC-MS), the method based on
LC-MS technology guided separation and isolation combined with
activity evaluation will further promote the understanding of its chem-
ical diversity and pharmacological activities of traditional Chinese
medicine (TCM) (Kang et al., 2018; Zhang et al., 2018a). In addition,
it has been accepted that the pharmacodynamic effect can be produced
only when the components of TCMs are absorbed into the body and
reach a certain concentration (Mi et al., 2019; Zhou et al., 2014).
And the in vivo disposal process of different structural types of compo-
nents in TCM is inconsistent. Thus, the in vivo process of components
is the key part to discover the effective substances in TCM. To sum up,
it is still challenging to discover and identify the in vivo effective com-
ponents due to the structural complexity and the different in vivo dis-
posal processes of constituents from TCM. Therefore, this study
proposed an integrated strategy with chemical characterization,
in vivo metabolism, chemical isolation, and activity evaluation to rapid
identify chemical components in TCM, and discover potential active
substances.

Mori Fructus (MF), which belongs to the Moraceae family, is a
famous edible fruit of Morus alba L. as well as Traditional Chinese
Medicine (Bian et al., 2021; Chan et al., 2016; Ma et al., 2022). In
recent years, many pharmaceutical studies about MF have been
reported, including hypolipidemic (Zhang et al., 2019b), anti-obesity
(Wu et al., 2013), antidiabetic (He et al., 2018), antioxidant (Jelled
et al., 2017), and immunomodulatory (He et al., 2018). A lot of active
ingredients from MF have also been investigated, covering polysaccha-
rides, flavonoids, anthocyanins, and phenolic compounds (Bian et al.,
2021; Chen et al., 2018). In addition, some research has been reported
that alkaloids were one of main chemical structures in various part of
Morus alba L. (Mori Cortex, Mori Folium, Mori Fructu), with promis-
ing biological activity (Asano et al., 1994; Asano et al., 2001; Cao
et al., 2021; Chen et al., 2018; Kusano et al., 2002). Characteristically,
1-deoxynojirimycin, a natural piperidine alkaloid isolated from Morus
alba L., has the inhibition of fat accumulation (Tsuduki et al., 2009). It

was reported that 1-deoxynojirimycin inhibited the accumulation of
lipid by activating the hepatic fatty acid B oxidation system (Do
et al., 2015). 1-deoxynojirimycin, as well as mulberry extracts enriched
with 1-deoxynojirimycin, can also strongly inhibit hepatic triglyceride
(TG) levels (Tsuduki et al., 2009). Above research indicated that there
were still some compounds with excellent activity in MF, and there is
an urgent need to develop a method to systematically characterize the
chemical compounds in MF and screen out potential lipid-lowering
substances.

In this study, in order to targeted discovery of potential lipid-
lowering materials in MF, an integrated strategy with four parts was
established (Fig. 1). First, the chemical components in MF were char-
acterized by UPLC/Q-TOF MS. Second, the metabolic profiling of dif-
ferent types of MF was elucidated in vivo by the automatic matching
(in-house database), discriminant ions analysis and metabolite soft-
ware prediction. Third, the alkaloids with high MS response were dis-
covered and isolated by LC-MS guided, and unambiguously identified
by NMR spectral analysis. Finally, the lipid-lowering activities of the
isolated alkaloids were further evaluated by in vitro experiments.
Moreover, it has been reported that PCSK9 and LDL-R proteins are
widely recognized as potential targets for the treatment of lipid disor-
ders related diseases (Musunuru et al., 2021; Petroglou et al., 2020).
Therefore, the effects of compounds on the expression of PCSK9
and LDL-R proteins were assessed. Our work provided meaningful
information for revealing the potential lipid-lowering substances of
MF, and new insight for exploring the effective candidates from com-
plex systems was also supplied.

2. Material and methods

2.1. Chemicals and reagents

MF (the dried fruits of Morus alba L.) was supplied by Guang-
dong Tai’antang Pharmaceutical Co., Ltd. (Guangdong,
China) and further identified by Prof. Ying Zhang in Jinan
University (Guangzhou, China). Voucher specimens were
deposited in the College of Pharmacy, Jinan University
(Guangzhou, China). Column chromatography was under-
taken with silica gel (100-200, 200-300 mesh, Qingdao Marine
Chemical Ltd, China), ODS gel (12 nm, YMC Co., Ltd,
Japan). TLC was carried out on silica HSGF254 (Qingdao
Haiyang Chemical Co., Ltd, China). 1D and 2D NMR spectra
were acquired on Bruker AV 600 (Bruker Co., Ltd, Bremen,
German) using solvent signals (methanol d; and DMSO dg,
Cambridge Isotope Laboratories, Inc., Saint Louis, USA) as
internal standards. Analytical HPLC was performed on a Shi-
madzu HPLC system (Shimadzu, Kyoto, Japan) with an
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LC-20AB solvent delivery system and an SPD-20A UV/vis
detector using a Cosmosil SC18-MS-II conlumn (4.6 mm X 250 m
m, 5 pum). Semi-preparative HPLC was performed on a Shi-
madzu HPLC system (Shimadzu, Kyoto, Japan) equipped with
LC-6AD solvent delivery system and a SPD-20A UV/vis detec-
tor on a Cosmosil Cig column, (10 mm x 250 mm, 5 pm).
Rutin, quercetin 3-O-glucoside, kaempferol 3-rutinoside,
quercetin, kaempferol, isobavachalcone and linolenic acid
were purchased from Chengdu Croma Biotechnology Co.,
Ltd. (China). Protocatechuic acid, azelaic acid, chlorogenic
acid, neochlorogenic acid and 3,4-dicaffeoylquinic acid was
purchased from Chengdu Prefa Technology Development
Co., Ltd. (China). Morusimic acid A, morusimic acid B,
morusimic acid C, morusimic acid D, morusimic acid F and

The integrated strategy for target discovery of potential lipid-lowering materials in Mori Fructus.

morusimic acid G were isolated in author’s laboratory, and
were further identified by NMR spectrometry and mass spec-
trometry. (purity > 95%). Other chemicals and materials were
all analytical grade. Other chemicals and materials were all
analytical grade.

HepG?2 cells (Human hepatocellular liver carcinoma cell
line) were purchased from Jiangsu Kangmin Biomedical Tech-
nology Co. LTD (Jiangsu, China, batch NO: HUCLO0165).

2.2. Sample preparation for UPLC|/Q-TOF MS analysis

Dried MF (2.0 g) was cut into pieces and extracted with 20 mL
of 70% (v/v) aqueous methanol for 30 min by ultrasonic
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treatment at room temperature. After centrifugation at
14,000 rpm/min for 10 min, an aliquot (2 uL) of supernatant
was injected into the UPLC-Q/TOF-MS for analysis.

2.3. Animal and drug administration

For drug administration, MF (100 g) were extracted three
times (each for 2 h) with 1000 mL of water under heating
reflux. All of the extract solutions were combined and evapo-
rated to bring the final concentration to 1.0 g/mL (equivalent
to the weight of MF) at 37 °C under reduced pressure, and
the extracts were then stored at —4°C before use. SPF-grade
male Sprague Dawley rats (250 + 20) g were provided by
Medical Laboratory Animal Center of Guangdong Province
(Guangzhou, China). They were housed at ambient tempera-
ture of 24 + 2 °C with 12 h light/dark cycles for one week
before experiment. During this time, a standard diet and water
were freely access to rats. Before the experiment, the animals
were fasted overnight with water in metabolic cages separately.
After that, six rats were randomly divided into two groups:
MF group (n = 4) and blank group (n = 2). Rats from the
MF group were administrated at dosages of 15 g/kg/day for
four days, and Rats from the blank group were given an equal
amount of water respectively. The animal protocols were
approved by the Guide for the Care and Use of Laboratory
Animals of Jinan University. All procedures were in accor-
dance with Guide for the Care and Use of Laboratory Animals
(National Institutes of Health).

2.4. Collection and pretreatment of biological samples

After the last intragastric administration, the rats were anes-
thetized and blood samples were collected from the hepatic
portal vein into heparinized tubes at 30, 60, 120, and
240 min after oral administration, respectively. Each group
of the plasma sample was then centrifuged at 14,000 rpm/
min for 10 min at 4 °C. An aliquot of 1 mL plasma was pro-
cessed by 3 mL of acetonitrile to precipitate the protein. After
centrifuging at 14,000 rpm for 10 min, the supernatant was
dried under nitrogen gas at room temperature. The rats were
housed in stainless steel metabolic cages and provided free
access to water. Urine samples were collected during the peri-
ods of 0-48 h after oral administration of MF. The collected
urine samples (10 mL) were directly loaded on preconditioned
HLB columns (6 cc, 200 mg, Waters Oasis, Ireland), and then
eluted with 12 mL of 5% methanol and 3 mL of methanol suc-
cessively. The methanol eluent was collected and dried with
nitrogen at room temperature. All residues were separately
reconstituted in 200 uL methanol. Aliquots of 2 pL of the
plasma and wurine samples were injected into the
UPLC-Q/TOF-MS.

2.5. UPLC|Q-TOF MS conditions

The analysis was performed on an Acquity™ UPLC I-Class
system equipped with a binary solvent system, an automatic
sample manager, and photodiode array detector (Waters Cor-
poration). The chromatographic separation was achieved on
an ACQUITY™ HSS T3 Column (2.1 mm x 100 mm,
1.8 pum) at the temperature of 35 °C. The mobile phases con-
sisted of eluent A (0.1% formic acid in water, v/v) and eluent

B (0.1% formic acid in acetonitrile, v/v). The solvent was deliv-
ered at a flow rate of 0.4 mL/min using a gradient elution pro-
gram as follow: 0-3 min, 2-12% B; 3-9 min, 12-22% B;
9-12 min, 22-27% B; 12-15 min, 27-60% B; 15-19 min,
60-100% B; 19-21 min, 100% B; 21-21.5 min, 100-2% B;
21.5-23 min, 2% B. The injection volume was 2 pL.

The UPLC system was coupled to a hybrid quadrupole-
orthogonal time-of-flight (Q-TOF) tandem mass spectrometer
equipped with electrospray ionization (SYNAPT™ G2
HDMS, Waters, Manchester, U.K.). The operating parameters
were as follows: capillary voltage of 3.0 kV (ESI") or —2.5 kV
(EST"), sample cone voltage of 35 V (ESI™) or 40 V (ESI),
source temperature of 100°C, desolvation temperature of
300°C, cone gas flow of 50 L/h, and desolvation gas flow of
800 L/h. Argon was used as collision gas for CID in both
MSE and MS? mode. To ensure mass accuracy and repro-
ducibility, the mass spectrometer was calibrated with sodium
formate solution in the range of 50-1500 Da. Leucine enkepha-
lin (positive ion mode m/z 556.2771, negative ion mode m/z
554.2615) was used as the LockSpray™ external reference,
with a constant current of 5 puLL/min. The data was centroided
during the acquisition process. Data analysis was performed
by MassLynx (V4.1, Waters Corporation, Milford, MA).

2.6. LC-MS guided isolation of potential prototype compounds

The dried MF (10.0 kg) was extracted by percolation process
with 95% ethanol. The combined ethanol extract was evapo-
rated under reduced pressure to thick extract with no smell
of alcohol. For further separation, 1.8 kg crude extract was
loaded onto a column containing Diaion HP-20 resin, which
was prepacked with methanol and equilibrated with distilled
water, then eluted with ethanol-water in gradient (10%-
100%). Finally, the enrichment of target alkaloids was
obtained by LC-MS. And the target fraction MA-4 (50.1 g)
was subjected to column chromatographed on a silica gel col-
umn with a gradient of CH,Cl,-MeOH to give 17 fractions
(Fr. A to Fr. Q). Fr. L (6.2 g) was chromatographed on a
ODS column and eluted with CH;OH-H,O. After that, Fr.
L4 was separated by Sephadex LH-20 (MeOH) to yield a mix-
ture (L4-1), and further purified by semi-preparative HPLC
(Cig column; 22% ACN-H,O; v/v) to get compound 4
(2.1 mg), compound 5 (5.2 mg), compound 2 (5.4 mg). Mean-
while, Fr. O (8.5 g) was chromatographed on a ODS column
and eluted with CH3;0H-H,O. After that, Fr. O5 was sepa-
rated by Sephadex LH-20 (MeOH) to yield a mixture (O5-1),
and further purified by semi-preparative HPLC (C,g column;
18% ACN-H,O0; v/v) to yield compound 6 (4.6 mg), compound
3 (2.3 mg), compound 1 (6.2 mg). (Separation flow chart was
provided in Fig. S1).

2.7. Evaluation of lipid-lowering activities

2.7.1. Cell culture

HepG?2 cells were cultured in Minimum Eagle’s Medium con-
taining 10% fetal bovine serum, 1% penicillin, and strepto-
mycin in an incubator at 37 °C with 5% CO,.

2.7.2. Cell viability assay

The viability of HepG2 cells were determined by MTT
(Methylcyclopentadienyl Manganese Tricarbonyl). HepG2
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cells were seeded into 96-well plates with the density of 10*
cells/mL. After treatment with series concentrations of com-
pounds for 24 h, 20 uLL MTT was directly added into each well
and the plates were kept culturing for 4 h. The medium was
removed and 150 pL DMSO was added. Finally, the OD val-
ues of cells were determined at 490 nm on a microplate reader
(BioTeck, USA).

2.7.3. Intracellular triglyceride (TG ) Quantification

HepG2 cells with 70-80% confluence in 6 well plates were
incubated in serum-free MEM + 20 mmol/L fructose and ser-
ies concentrations of four main compounds, respectively, for
24 h. The cells were subjected to TG quantification as intro-
duced by the protocol of Triglyceride Quantification Kit
(Beijing Applygen Co., Ltd). Each experiment was repeated
in triplicate, with duplicates each.

2.7.4. Detection of protein expression by western blotting

Western blot analysis was performed to evaluate the expres-
sion of Lipid-lowering associated proteins. Cells were col-
lected, then resuspended with radio immunoprecipitation
assay (RIPA) buffer supplemented with 0.1 mM PMSF pro-
tease inhibitor. The cell suspension was vortexed and lysed
by ultrasound and then centrifuged at 14,000 rpm for
10 min, then the supernatant was taken. The total protein con-
centrations were determined by BCA protein assay kit. The
same amount of proteins for each sample was loaded to 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and the proteins separated on the gel were
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane. After blocked with 5% skim milk, the membranes were
then incubated with specific primary antibodies (PCSKY;
LDL-R) at 4°C overnight, followed by incubation with corre-
sponding secondary antibodies (H + L:E030120). The protein
blots were finally detected by enhanced chemiluminsecence
(ECL) system (1705060, Bio-Rad).

2.7.5. Statistical analysis

All values are expressed as mean + S.E.M (standard error of
the mean). Statistical analysis was performed on GraphPad,
version 4.00, One-way ANOVA-post hoc Tukey test (PRISM
5.0.1) were used in the statistical teats. A value of p < 0.05
was considered statistically significant.

3. Results

3.1. Characterization of compounds in MF extract

In this study, our previous multi-component MS recognition
method proposed (Tang et al., 2020) was applied for rapid
characterization of the chemical components in MF extracts.
This method is briefly described as follows: (1) an in-house
chemical information database (Formula, molecular weight,
reference and structure) of compounds isolated from MF
was established by searching the literatures in SciFinder,
CNKI, and Web of Science. Totally, 102 compounds were col-
lected to in-house database (Table S1). Based on above in-
house database, matched compounds were conducted by
analyzing the elemental composition of quasi-molecular ion
peak. (2) According to literature and reference standards,

chromatographic behaviors and MS characteristic fragments
of various structural types were summarized. (3) A total of
72 components, including 15 alkaloids, 9 amino acid glyco-
sides, 14 flavonoids, 25 organic acids, 7 phospholipids and 2
other type components, were unambiguously identified or ten-
tatively characterized based on analysis of chromatographic
behaviors, characteristic fragmentation patterns and self-
building chemical database. The base peak intensity (BPI)
chromatograms of MF extract in positive and negative ion
modes were shown in Fig. 2. Table S2 listed the detailed MS
fragment information of the 72 compounds.

3.1.1. Alkaloids

In this work, 15 alkaloids with high MS response and various
isomers were tentatively characterized in MF. Based on alka-
loids from MF reported in the literature, they could be divided
into pyrrole and piperidine alkaloids (Asano et al., 2001;
Kusano et al., 2002). With the automatic matching (in-house
database) and discriminant ions analysis, pyrrole and piperi-
dine alkaloids with high MS response were rapidly discover.
The major MS fragmentation pathways proposed for these
alkaloids were shown in Fig. S2.

Peaks 23 (tg = 7.52 min), 26 (tg = 7.92 min), 29 (tg = 8.33-
min), 30 (tg = 8.68 min) and 36 (tg = 9.15 min) gave quasi-
molecular ion [M + H]" at m/z 492.3172 (C,4H4sNOy). And it
generated the characteristic product ion at m/z 330.2644
[M + H-Glc]" by loss of glucose group. In addition, the pro-
duct ions at m/z 312.2536 [M + H-H,0] ", 294.2431 [M + H-
2H,0] ", 276.2328 [M + H-3H,0] ", 268.2639 [M + H-H,O-
CO,] and 250.2534 [M + H-2H,O-CO,] were further gener-
ated by losses of H,O (18 Da) and CO, (44 Da). According
to literature and isolated standards, they were identified as
morusimic acids with glucose (alkaloids) (Table S2). Peak 44
exhibited [M + H]™ at m/z 330.2641, which was determined
to be C13H35sNOy4. Based on high-collision-energy scan spectra
m/z 328.2492 and fragment ions at m/z 312.2545 [M + H-
H,O0] ", the characteristic ions at mj/z 294.2433, 276.2292,
268.2632, 250.2542 were produced. Therefore, it was tenta-
tively identified as morusimic acid B by searching in-house
database. Furthermore, the proposed MS fragmentation path-
way of Peak 44 was shown in Fig. S3. As shown in Fig S2,
other alkaloids were rapidly characterized by analyzing neutral
losses (162/44/18 Da) and characteristic ions (m2/z 330 and m/z
250).

3.1.2. Amino acid glycosides

In this study, a total of 9 amino acid glycosides were discov-
ered and tentatively identified in MF. The structure of these
compounds was composed of amino acid and fructose. The
major MS fragmentation pathways proposed for amino acid
glycosides were shown in Fig. S4. For example, peak 12
showed the quasi-molecular ions [M + H]" at m/z 328.1400
and [M—H] at m/z 326.1244, which was determined to be
C5H,NO5. In the negative ion mode, the main MS fragment
ion at m/z 164.0727 [M—H—Fru] corresponded to the loss of
fructose. Moreover, in the positive ion mode, the m/z 310.1305
[M + H-H,0]", 292.1160 [M + H-2H,0]", 264.1226
[M + H-2H,0-CO]" and 246.1112 [M + H-3H,0-CO]" cor-
responded to continuous loss of H,O and CO at the fructose
group. As the results, peak 12 was tentatively identified as
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Fig. 2 The base peak intensity (BPI) chromatograms of MF by UPLC/Q-TOF MS. (A) positive ion mode; (B) negative ion mode.

Fructose-phenylalanine. Furthermore, the proposed MS frag-
mentation pathway for peak 12 was shown in Fig. S5.

3.1.3. Flavonoids

A total of 14 flavonoids were detected in MF extract. They
could be classified into three sub-categories, such as flavonols,
flavonones and chalcones. The main MS fragmentation infor-
mation of flavonols was shown in Fig. S6. Peak 48 presented a
precursor ion m/z [M—H] at m/z 301.0350 (C,sH;007) and
produced characteristic fragment ions at m/z 178.9970,
151.0038 and 121.0298. Based on comparison with reference
standard, it was identified as Quercetin. Peak 28 generated a
precursor ion [M—H] at m/z 463.0883 (C,;H»(O;,) and pro-
duced characteristic fragment ion at m/z 301.0332 by loss of
glucose. The other produced ions at m/z 151.0032 and
149.0244 were generated via RDA reaction. Thus, peak 28
was identified as quercetin 3-O-glucoside by comparison with
reference standard. In addition, the MS proposed fragmenta-
tion pathways for Peak 28 were shown in Fig. S7. Peak 61 pre-
sented [M + H]* at m/z 3251436 (CyH004). The
characteristic ion at m/z 269.0808 [M + H-C,Hg] " by cleavage
of isopentene group. The other fragment ions at m/z 205.0872
and 149.0250 could be obtained by RDA cleavage from the C-
ring. Therefore, it was unambiguously identified as
isobavachalcone by comparison with the reference standard.

3.1.4. Organic acids

According to the in-house database of MF, it was found that
there were abundant caffeoylquinic acid in MF. In total, 25
organic acids were characterized. For example, peaks
15/17/19 gave the same precursor ion [M—H] at m/z
353.0873, and their empirical molecular formulas were all sup-
posed as CsH;gOo. which further fragmented to afford the
characteristic ion at m/z 191.0566 [quinic acid-H], 173.0454
[quinic acid-H-H»OJ, 179.0350 [caffeic acid-H] ", 161.0237 [caf-
feic acid-H-H,O] and 135.0460 [caffeic acid -H-CO;] in high-
collision-energy scan (Fig. S8). Therefore, according to the
oil-water partition coefficient and reference standards, peaks
15 (ClogP = -1.88), 17 (ClogP = -1.88) and 19 (ClogP =
-1.40) were identified as 3-O-caffeoylquinic acid, 5-O-
caffeoylquinic acid and 4-O-caffeoylquinic acid, respectively.

3.2. Metabolic profiling of MF in rat plasma and urine

In total, 16 prototypes (including 10 alkaloids, 2 flavonols and
4 organic acids) and 33 metabolites (including 8 alkaloids, 19
flavonols and 6 organic acids) were rapidly screened out after
the oral administration of MF. Due to the high MS response
of alkaloids and other components at 0.5 h plasma, the time
point of 0.5 h was finally selected for figure display. Extracted
ion chromatograms (EICs) of prototypes and metabolites for
drugged plasma and urine samples were shown in Fig. 3 and
Fig S9. It is worth noting that many alkaloids (P4 ~ P8,
P10 ~ P13) had high MS response in vivo, which indicated that
such components might be the key effective substances of MF
to play its role.

3.2.1. Identification of prototype components in rat bio-samples

Based on self-database, retention times, quasi-molecular ions
and characteristic fragment ions from chemical constituents
of MF, 16 prototypes were rapidly screened out. The detailed
MS fragmentation information was shown in Table 1 and
Extracted ion chromatograms (EICs) of prototypes for
drugged plasma and urine samples were shown in Fig. 3. Fur-
thermore, it was found that the alkaloids had high response
in vivo, but the structure of them cannot be determined because
many isomers and no reference standards.

3.2.2. Identification of metabolites in rat plasma and urine

As a result, 33 metabolites were detected in rat plasma and
urine. And its main metabolic features included oxidation,
deglycosylation, methylation, demethylation glucuronidation
and sulfation. According to the origins of prototypes and
mother nuclear structures (caffeoylquinic acid, caffieic acid,
morusimic acid A-G, quercetin, Kaempferol, etc.), we screened
the potential metabolites in vivo by MDF technique-based data
processing, and it was operated on MetaboLynx XS software.
The related detailed information of metabolites was shown in
Table S3.

3.2.2.1. Alkaloid-related metabolites. It was the first time to
characterize the metabolism feature of the alkaloids in MF.
8 alkaloid-related metabolites were identified in rat urine and
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Fig. 3  Extracted ion chromatograms (EICs) of prototypes in blank and drugged biosamples. (a) blank urine in positive mode; (b)
drugged urine in positive mode; (¢) blank urine in negative mode; (d) drugged urine in negative mode; (e) blank plasma in positive mode;
(f) drugged plasma in positive mode; (g) blank plasma in negative mode; (h) drugged plasma in negative mode.

Table 1 UPLC/Q-TOF MS information of prototypes in rat plasma and urine.
NO. tr Formula Selected Measured mass MS fragments Identification Source
(min) ion (biological)
Pl 1.21  CgHgO, [M—H] 191.0191 (-0.3) 111.0089 Critric acid P,U
P2 4.03 C;H,05 [M—H]J 175.0611 (0.5) 131.0697 Malic acid 10}
P3 448 C¢H ;309 [M—H] 353.0884 (1.1) 191.0548, 179.0346 Cryptochlorogenic U
acid
P4 7.52 CyHysNOy, [M + H]'  492.3182 (0.9) 474.3057 Morusimic acid C U
isomer I
P5 7.94 CyHysNOy [M + H]'  492.3173 (0.0) 474.2973 Morusimic acid C U
isomer II
P6* 8.34 C,HysNOy, [M + H]' 4923171 (-0.2) 474.3091, 312.2500, 268.2639, Morusimic acid C P,U
250.2543
P7* 8.69 C,H4sNOy, [M + H]'  492.3186 (1.3) 330.2673, 312.2518, 250.2523 Morusimic acid G P,U
P8* 9.16 CyH4NOg [M + H]T  492.3181 (0.8) 474.3039, 330.2629, 312.2543, Morusimic acid A P,U
276.2332, 250.2539
P9 947 CoH ;404 [M—HJ 187.0972 (0.2) 125.0967 Azelaic acid P,U
P10* 971 C;gH3sNOs [M + H]" 330.2649 (0.5) 312.2519, 276.2325, 268.2649, Morusimic acid D P,U
250.2537
P11* 10.13 C;sH3sNOs [M + H]'  330.2648 (0.4) 312.2538, 294.2442, 276.2325, Morusimic acid F P.U
268.2644, 250.2540
P12* 10.66 C;sH3sNOs [M + H]'  330.2644 (0.0) 312.2535, 294.2425, 276.2330, Morusimic acid B U
268.2641, 250.2535
P13 10.84 C;gH3sNO, [M + H]" 330.2646 (0.2) 312.2530, 294.2449, 276.2330, Morusimic acid B U
268.2638, 250.2539 isomer I
P14 1269 C;;H2N,O, [M + H]'  309.0872 (-0.3) 206.0844, 180.0810 Flazin U
P15 1276 C;sH;,0O, [M—HJ 301.0343 (-0.5) 151.0037 Quercetin U
P16  14.08 C;5sH;¢O¢ [M—HJ 285.0397 (-0.2) N/A Kaempferol U

* Compared with isolated standard.
P: Plasma, U: Urine.

plasma by compared with discriminant ions and neutral loss.
In alkaloids, demethylation, methylation and oxidation were
the main metabolic reactions in vivo.

M28, M29, M30 and M31 had the same quasi-molecular
ion at m/z 344.28 in the positive ion mode, which was 14 Da
(CH») higher than that of morusimic acid B/D/F, and it was
inferred to be methylated morusimic acid B/D/F. M4 and
M5 displayed the same molecular ion of [M + H]" at m/z

346.26 with formula as C,gH3;5NO5 and showed a neutral addi-
tion of 16 Da (O) than that of morusimic acid B/D/F. They all
yielded the typical fragment ion at m/z 328.35, 310.24 and
248.24. Accordingly, M4 and M5 were identified as oxidation
product of morusimic acid B/D/F. M16 and M19 both showed
the quasi-molecular ion at m/z 316.25, 14 Da (CH,) less than
that of morusimic acid B/D/F, and it was inferred to be
demethylated morusimic acid B/D/F.
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3.2.2.2. Flavonol-related metabolites. As a result, a total of 19
flavonol-related metabolites were characterized in rat urine
and plasma by comparison with MS fragment pattern and
the reference literature (Hong and Mitchell, 2004; Wu et al.,
2017). In MF extract, the rich flavonol-glycosides (rutin, quer-
cetin 3-O-glucoside, etc.) could be converted into aglycone
in vivo (quercetin) (Ou-yang et al., 2013). Therefore, aglycone
was selected as parent nuclear component for metabolite anal-
ysis. And methylation, deglycosylation, glucuronidation and
sulfation were main metabolic reactions in vivo.

M17, M18 and M24 gave the same quasi-molecular ion at
m/z 477.06, which was 176 Da (GluA) higher than that of
quercetin. The main fragment ion of m/z 301.03 was generated
by loss of a GluA group. Thus, they were identified as a glu-
curonidation product of quercetin. M27 exhibited precursor
ions [M—H] at m/z 380.99, with a molecular formula of
Ci5H19010S, which was one molecule of SO; (80 Da) more
than quercetin. And the characteristic fragment ion at m/z
301.0354 produced by loss of a SO3; group. Therefore, it was
inferred that M48 is a sulfation product of quercetin. In addi-
tion, according to the MS characteristic fragments ions
(Fig. S6) and literature (Wu et al., 2017), other flavonol-
related metabolites were tentatively identified.

3.2.2.3. Organic acids-related metabolites. Based on discrimi-
nant ions analysis of caffeoylquinic acid and literature
(Zhang et al., 2021), 6 organic acids-related metabolites were
detected in rat urine and plasma after oral administration of
MF extract. And organic acids mainly underwent metabolic
reactions such as methylation and sulfation in vivo.

M2, M8 and M11 all exhibited precursor ions [M—H] at
m/z 367.10, with a molecular formula of C;;H,¢O9, which
was 14 Da more than caffeoylquinic acid (mother nuclear
structures). The fragment ions at m/z 193.05 and m/z 191.05
(quinic acid) could be observed. It was speculated that M2,
M8 and M11 were identified as the methylation products of
caffeoylquinic acid. M1 gave the quasi-molecular ion at m/z
258.99 (CoHgO4S), which was 80 Da (SOj3) higher than that
of caffeic acid. The main fragment ion at m/z 179.03 was pro-
duced by loss of SO5 group. Therefore, it was inferred that M1
was identified as the sulfation product of caffeic acid. M3 and
M13 gave the same quasi-molecular ion at m/z 273.01
(C1oH1905S), which was 14 Da more than M1. The character-
istic fragment ion at m/z 193.05 was yielded. Then, M3 and
M13 were characterized as the methylation and sulfation prod-
ucts of caffeic acid.

OH

HO, OH

Ho@ﬁ Ho™ ©
HO,,
3 OH
H
on H OH

Morusimic acid A (1)

HO,, oH o HO,

Morusimic acid D (4)

Morusimic acid B (2)

Morusimic acid F (5)

3.3. LC-MS guided isolation and identification of alkaloids

Through chemical characterization and in vivo component
analysis, the alkaloids were found. Due to the existence of iso-
mers and the absence of reference materials on the market, the
structure of these alkaloids cannot be confirmed. Therefore,
according to the mass spectrum information of fractions, 6
alkaloids were obtained by targeted separation and purifica-
tion, included morusimic acid A (1), morusimic acid B (2),
morusimic acid C (3), morusimic acid D (4), morusimic acid
F (5), morusimic acid G (6) (Fig. 4). And the 'H and '*C
NMR data of 6 alkaloids were shown in Table 2.

Morusimic acid D (4) was obtained as a yellow powder,
which showed a brownish spot on TLC by ninhydrin reaction.
The molecular formula was determined to be C;3sH35NO,4 on
the basis of the HR-ESI-MS (m/z 330.2641, [M + H]"), and
2 degrees of the unsaturation were determined. The 'H
NMR data (Table 2) of 4 showed diagnostic signals of two
hydrogen signal on carbon with oxygen [dy 3.96 (1H, m, H-
3), and 3.37 (1H, m, H-4)], two hydrogen signal on carbon
with nitrogen [0y 3.07 (1H, m, H-1'), 2.92 (IH, m, H-5)],
and one hydrogen signal on methyl [0y (1.39, 3H, d,
J = 6.5 Hz, -CH3)]. In addition, there were multiple stacked
proton signals near 1.3 ppm, suggesting that longer fatty
chains might be present in the structure. The *C NMR data
showed 18 carbon signals (Table 2). Combined with the
DEPT-135 experiment, these carbons could be categorized into
one methyl carbon signal (d¢c 15.9), twelve methylene carbon
signals (6¢ 26.3, 26.6, 28.2, 30.4, 30.4, 30.5, 30.6, 30.6, 32.8,
34.7, 38.1, 43.3), four methyne carbon signals (6c 58.3, 59.1,
69.3, 70.8) and one carbonyl signal (¢ 175.8). As illustrated
in Fig. S40, the '"H-'"H COSY correlation of H-1’/H-2'/H-3/
H-4'/H-5/H(-CH;3;) combined with HMBC correlations of
H-5 to C-1' demonstrated the presence of piperidine ring
(fragment A). Furthermore, the '"H-'"H COSY correlation of
H-2/H-3/H-4 combined with HMBC correlations of H-3 to
C-1 and H-2 to C-4 demonstrated the presence of fragment
B. Further, according to the element composition, the above
two fragments were removed, leaving 8 carbons and 16 hydro-
gens. Combined with the obvious methylene overlapping sig-
nals on the hydrogen spectrum, it was speculated that the
structure existed a fat chain (fragment C). The HMBC corre-
lations between H-2' to C-12, demonstrated that the linkage
of piperidine ring and fat chain on C-2'. The HMBC correla-
tions between H-3 to C-5, it was deduced that the linkage of

OH

Ho\((\(\OH

Morusimic acid C (3)
OH

HO_~ -

Ho“\g

@i HW
OH u OH

Morusimic acid G (6)

Fig. 4 Structure of 6 isolated alkaloids.



Table 2 The 'H and '*C NMR data of 6 alkaloids.

Pos.

1"

2///

3///
4
5///
6!//

12 e 32 4° 5a 62

5(: ISH (.l in HZ) (SC 6].[ (.’ in HZ) 6(: 5].] (.l in HZ) ISC 6].[ ('] in HZ) 5C 6[.] (.l in HZ) (SC 5].[ (J in HZ)

175.8 = 175.7 = 175.6 = 175.8 = 175.6 = 175.7 =

40.4 2,61, dd (15.6, 433 2.37,dd (15.2, 403 2.61,dd (15.6, 433 2.37,dd (15.2, 433 2.37,dd (15.2, 403 2.61, dd (15.4,
6.2) 2.50, dd 8.1) 2.44, dd 6.2) 8.1) 2.44, dd 8.2) 2.44, dd 6.2) 2.50, dd
(15.6, 6.2) (15.2, 4.9) 2.50, dd (15.6, (15.2, 4.9) (152, 4.8) (15.4, 6.2)

6.2)

77.3 412 69.3 3.96 772 4.12, q (6.2) 69.3 3.96 69.3 3.97 77.3 412, q (6.2)

36.1 = 38.1 1.47 36.1 1.66 38.1 1.48 38.1 1.46 36.1 1.65

27.8 1.42 26.6, 1.31-1.47 26.1 1.41 26.6 1.46 26.6 1.46 26.3 1.41

26.1 1.41 27.7, 26.4 1.41 26.3 1.46 26.3 1.37 26.1 1.41

30.4, 304, 1.31-1.37 30.4, 30.4, 30.4, 304, 1.31-1.37 30.4, 30.4, 1.30-1.37 30.4, 304, 1.30-1.34 30.4, 30.4, 1.31-1.37

30.5, 30.5, 30.5, 30.6, 30.5, 30.6, 30.5, 30.6, 30.5, 30.6, 30.5, 30.6,

30.6 30.6 30.6 30.6 30.6 30.6

329 1.67, 1.77 32.9 1.66, 1.77 34.3 1.48, 1.66 34.7 1.52, 1.66 34.7 1.55, 1.67 34.8 1.51, 1.62

62.6 35 62.6 3.5 58.3 3.07 58.3 3.07 58.7 3.05 58.7 3.05

30.6 1.67, 2.20 30.6 1.68, 2.20 28.2 1.43, 2.09 28.2 1.43, 2.08 23.6 1.70, 1.80 23.6 1.64, 1.72

23.6 2.04 23.6 2.04 32.8 1.43, 2.11 32.8 1.51, 2.11 31 1.72, 1.95 31 1.65, 1.95

66 3.54 66 3.53 70.8 3.39 70.8 3.37 65.8 3.84 65.8 3.8

= = = = 59.1 2.93 59.1 2.92 57.5 3.23 57.5 3.15

= = = = 15.9 1.39, d (6.5) 15.9 1.39 15.9 1.31 15.9 1.31, d (6.5)

66.1 4 66.1 3.99 = = = = = = = =

20.5 1.23, d (6.4) 20.5 1.23, d (6.4) - - - - - - - -

103.3 439, d (7.8) - . 103.3 439, d (7.8) - . - . 103.3 439, d (7.8)

75.3 3.15, dd (7.8, = = 75.3 3.15, dd (7.8, = = = = 753 3.15, dd (7.8,
8.9) 8.9) 8.9)

78 3.36 - - 78 3.36, t (8.9) - - - - 78 3.36, t (8.9)

71.7 3.3 = = 1.7 3.3 = = = = 1.7 3.3

71.9 3.27 = = 77.9 3.27 = = = = 71.9 3.27

62.9 3.68, dd (11.3, = 62.9 3.68, dd (11.3, = = = 62.9 3.68, dd (11.3,
6.1) 3.85, dd 6.1) 3.85, dd 6.1) 3.85, dd
(11.3, 2.0) (11.3, 2.0) (11.3, 2.0)

a: NMR data of 6 alkaloids in CD;OD.

UOIBZLIAIORIBYD [BIIWAYD AQ A3d1RIIS pajeISaul Uy
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fragment B and fragment C on C-3. Based on reported NMR
spectroscopic data (Kusano et al., 2002), combined with
ROESY correlations between H-1’ with H-3’, H-5' with H-3’
and H-2" with H-4’, compound 4 was elucidated as morusimic
acid D.

Morusimic acid G (6) was obtained as a yellow powder,
which showed a brownish spot on TLC by ninhydrin reaction.
The molecular formula was determined to be C,4H45NOg on
the basis of the HR-ESI-MS (m/z 492.3162, [M + H] "), and
3 degrees of the unsaturation were determined. The 'H
NMR data (Table 2) of 6 showed an anomeric proton [0y
4.39 (IH, d, J = 7.8 Hz, H-1""], diagnostic signals of two
hydrogen signal on carbon with oxygen [éy 4.12 (1H, q,
J = 6.2 Hz, H-3), and 3.39 (1H, m, H-4')], two hydrogen signal
on carbon with nitrogen [dy 3.07 (1H, m, H-1"), 2.93 (1H, m,
H-5)], and one hydrogen signal on methyl [0y (1.39, 3H, d,
J = 6.5 Hz, —CH3)]. In addition, there were multiple stacked
proton signals near 1.3 ppm, suggesting that longer fatty
chains might be present in the structure. The '*C NMR data
showed 24 carbon signals (Table 2). Combined with the
DEPT-135 experiment, these carbons could be categorized into
one methyl carbon signal (5c 15.9), thirteen methylene carbon
signals (d¢ 23.6, 26.1, 26.3, 30.4, 30.4, 30.5, 30.6, 30.6, 31.0,
34.8, 36.1, 40.3, 62.9), nine methyne carbon signals (dc 57.5,
58.7,65.8,71.7,75.3, 77.3, 77.9, 78.0, 103.3) and one carbonyl
signal (¢ 175.9). Signals at oy /dc [0n 4.39 (1H,d, J = 7.8 Hz,
H-1""1/103.3 (C-1"") and other oxygenated methine signals
revealed the presence of sugar residual. Except for the NMR
data of the sugar part, the other parts are similar to compound
5. The HMBC correlations between H-1"" to C-3, demon-
strated that the linkage of fat chain and glucose on C-3. In
the ROSEY spectrum, no correlation between H-2" and H-4
was observed, suggesting that the orientation of H-4' in the
conformation changed. Compared with reported NMR data
of 3 and 5 (Kusano et al., 2002), compound 6 was tentatively
identified as (3R)-3-hydroxy-12-[(1R,4S,5S5)-4-hydroxy-5-met
hyl-piperidin-1-yl]-dodecanoic acid-3-O-B-D-glucopyranoside.

Compared with NMR spectroscopic data (CD3;OD) of
other 4 known compounds in the literature (Kusano et al.,
2002) (Table 2), compounds 1, 2, 3 and 5 were identified as
morusimic acid A, morusimic acid B, morusimic acid C, mor-
usimic acid F and morusimic acid G, respectively.

N
a
J

*%x

- - N
o 3] o
1 1 1

TG/PR content (mM/mg)
°
T

°
(=}

SR PO N

morusimic acid G (uM)

060“‘99'19'\6 N

morusimic acid A (#M)

For chemical characterization and in vivo metabolism, peak
29 (prototype 6), peak 30 (prototype 7), peak 36 (prototype 8),
peak 40 (prototype 10), peak 43 (prototype 11) and peak 44
(prototype 12) were undoubtedly identified as morusimic acid
C, morusimic acid G, morusimic acid A, morusimic acid D,
morusimic acid F and morusimic acid B by compared with iso-
lated compounds, respectively.

3.4. Lipid-lowering effects of four alkaloids

Many active alkaloids from natural products were reported to
have lipid-lowering activities (Hou et al., 2021; Song and Jiang,
2017). In addition, pharmacological studies have shown that
MF has significant lipid-lowering activity (Ou et al., 2011;
Wu et al., 2013). Morusimic acid A, morusimic acid B, morusi-
mic acid F and morusimic acid G were the main alkaloids with
high MS response in vivo. Thus, they were evaluated for their
lipid-lowering activities on triglyceride levels in fructose-
induced HepG?2 cells. And PCSK9 and LDL-R are widely rec-
ognized as potential targets for the treatment of lipid disorders
related diseases (Musunuru et al., 2021; Petroglou et al., 2020).
Therefore, the effects of four alkaloids on expression of PCSK9
and LDL-R in fructose-stimulated human hepatocellular liver
carcinoma cell line (HepG2) were also investigated.

3.4.1. Effects of four alkaloids on triglyceride levels in high-

fructose-induced HepG2 cells

To ascertain whether four alkaloids exerted cytotoxicity on
HepG?2 cells, MTT assay was performed. No significant toxic-
ity was observed at the concentration range of 1-100 pM for
24 h (Fig. S41).

As shown in Fig. 5, morusimic acid A (1), morusimic acid B
(2), morusimic acid F (5) and morusimic acid G (6) could
decrease triglyceride levels in high-fructose-induced HepG2
cells at the concentration range of 10 to 40 uM, 1 to 20 pM,
1 to 40 uM and 10 to 40 uM, respectively.

3.4.2. Effects of four alkaloids on expression of PCSK9 and
LDL-R in high-fructose-induced HepG2 cells

To further illuminate the lipid-lowering effects of the alkaloids,
the expression of PCSK9 and LDL-R was investigated by

*%k *%

#
#
| |

SRR

#

ay w1 T

S N

oo‘\@btg‘l?'\

morusimic acid B (uM) morusimic acid F (M)

Fig.5 Effects of morusimic acid G, morusimic acid A, morusimic acid B and morusimic acid F on triglyceride levels in fructose-induced
HepG?2 cells at different concentrations (n = 3). P < 0.01 vs. control group and #P < 0.01, #P < 0.05 vs. Model group.
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Fig. 6  Effects of morusimic acid G, morusimic acid A, morusimic acid B and morusimic acid F on the expression of PCSK9 and LDL-R
proteins at different concentrations. Protein expression was studied by western blotting with B-actin used as control (n = 3). P < 0.01

vs. control group and #P < 0.01, *P < 0.05 vs. Model group.

western blot. As shown in Fig. 6, it was demonstrated that four
alkaloids could significantly inhibit the expression of PCSK9
protein at the concentration of 20 puM, especially for 2 and
5, whose inhibition rate reached to 55.9% and 52.7%. Com-
pounds 2 (64.3%) and 5 (63.3%) with the common feature
of no glucose group, also showed significant inhibitory activity
at the concentration of 1 pM, indicating a decisive role in
PCSK9 protein expression of 3-O-glucose group. And com-
pounds 1, 2 and 5 could obviously increase the expression of
LDL-R at 1 uM and 20 uM. To sum up, it was concluded that
1 uM of morusimic acid B (2) and morusimic acid F (5) could
decrease triglyceride levels in high-fructose-induced HepG2
cells, significantly inhibit the expression of PCSK9 protein
and increase LDL-R protein. Therefore, follow-up research
on pharmacological mechanisms and new drug development
should pay more attention to these compounds.

4. Discussion

The classical approach to the discovery of active substances in
natural medicines is to extract and isolate TCMs and then
screen the active ingredients according to their traditional effi-
cacy until a single component with significant activity is iden-
tified, such as artemisinin in Artemisia annua (Czechowski
et al., 2020) and paclitaxel in Taxus chinensis (Wani et al.,
1971). However, this method is often time-consuming and
laborious, and it is easy to lose the substances that really play
a role in vivo. Moreover, based on the viewpoint of serum
pharmacochemistry, there is a correlation between in vivo
exposure and bioactivity of the components in TCMs (Zhang
et al., 2019a). And it further effectively narrows the range of
active ingredients in TCMs. Therefore, in order to effectively

identify bioactive components in vivo, the present strategy is
combined with in vivo metabolism studies. In recent years, it
has been reported that the bioactive compounds of MF are
mainly flavonoids and phenolic acids (Du et al., 2019; Yuan
and Zhao, 2017). Interestingly, except for flavonoids and phe-
nolic acids, alkaloids were discovered and identified by using
this integrated strategy in this study. This result further broad-
ens the knowledge of the in vivo effective substances in MF.

In quality control of TCMs, the selection of Q-markers
should focus on production and in vivo process based on speci-
ficity of the ingredients with the core of component-efficacy
(Yang et al., 2017; Zhang et al., 2018b). In our study, further
investigation suggested that morusimic acids (alkaloids) were
prevalent in many batches (Table S4) of commercial MF from
different origins (Fig. S42). The total content of all these alka-
loids was found to be approximately 3 mg/kg in MF. As these
alkaloids were dominant absorbable ingredients in vivo and
showed lipid-lowering activity, which correlated with the
effects of MF in the treatment of obesity and hyperlipidaemia
(Lim and Choi, 2019), it seemed that alkaloids are important
beneficial components in MF, and should be given more atten-
tion in the quality control of MF.

It is worth noting that 1-deoxynobinomycin, the main
bioactive alkaloid from Morus alba L, was not detected in this
study. According to the literature, this phenomenon may be
caused by its abundance only in the roots and leaves of Morus
alba L (Wang et al., 2017).

Surprisingly, with activity evaluation, alkaloids from MF
had a good lipid-lowering effect, and significantly regulate the
expression of key target proteins (PCSK 9 and LDL-R). Based
on literature reported, PCSK9 is a serine protease known
primarily in relation to its crucial function in low-density
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lipoprotein (LDL) metabolism. After being secreted by the
liver, PCSK9 binds to LDLR on hepatocyte surface and
induces its degradation by directing its passage to the lyso-
somes. By promoting the degradation of LDL receptor
(LDL-R) in hepatocytes, PCSK9 plays a crucial role in the reg-
ulation of plasma LDL cholesterol (LDL-C) concentrations
(Cesaro et al., 2020; Dixon et al., 2016; Seidah and Garcon,
2022). The above effects led to the development and clinical
application of new lipid-lowering drugs for PCSK9, namely
alirocumab and evolocumab, respectively. Therefore, in the
future, such alkaloids can be further obtained by separation,
purification or synthesis. And related action mechanism
research about these alkaloids can be carried out around two
key proteins of PCSK9 and LDL-R, providing experimental
basis for drug development to treat obesity and hyperlipidemia.

5. Conclusion

In this study, an integrated strategy with chemical characterization,
in vivo metabolism, chemical isolation, and activity evaluation was
established to systematically characterized and discover potential
in vivo effective substances and Mori Fructus was used as an example.
As a result, 72 constituents were characterized in MF. After oral
administration of MF extract, 16 prototypes and 33 metabolites were
rapidly identified. Among them, alkaloids with MS high response
in vitro and in vivo were discovered, but their structures could not be
confirmed because of various isomers and no reference standards.
Immediately, six alkaloids (morusimic acid A-D, G, F) were isolated
and identified by using various modern chromatographic methods
and NMR techniques. Moreover, four alkaloids (morusimic acid A,
morusimic acid B, morusimic acid F and morusimic acid G) had signif-
icant lipid-lowering activities with reducing triglyceride levels in
fructose-induced HepG2 cell. With western blot experiment, they
could play an important role in the lipid-lowering activity by down-
regulating the expression of PCSK9 and promoting the expression of
LDL-R in high-fructose-induced HepG2 cells. Our work provided
meaningful information for revealing the potential active ingredients
of MF in treatment of obesity and hyperlipidemia as well as quality
control, and provided new ideas for exploring the in vivo effective sub-
stances in the complex system of TCM.
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