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a b s t r a c t

Although herbal medicines (HMs) are widely used in the prevention and treatment of obesity and
obesity-associated disorders, the key constituents exhibiting anti-obesity activity and their molecular
mechanisms are poorly understood. Recently, we assessed the inhibitory potentials of several HMs
against human pancreatic lipase (hPL, a key therapeutic target for human obesity), among which the
root-extract of Rhodiola crenulata (ERC) showed the most potent anti-hPL activity. In this study, we
adopted an integrated strategy, involving bioactivity-guided fractionation techniques, chemical profiling,
and biochemical assays, to identify the key anti-hPL constituents in ERC. Nine ERC fractions (retention
time ¼ 12.5e35 min), obtained using reverse-phase liquid chromatography, showed strong anti-hPL
activity, while the major constituents in these bioactive fractions were subsequently identified using
liquid chromatography-quadrupole time-of-flight mass spectrometry (LC-Q-TOF-MS/MS). Among the
identified ERC constituents, 1,2,3,4,6-penta-O-galloyl-b-D-glucopyranose (PGG) and catechin gallate (CG)
showed the most potent anti-hPL activity, with pIC50 values of 7.59 ± 0.03 and 7.68 ± 0.23, respectively.
Further investigations revealed that PGG and CG potently inhibited hPL in a non-competitive manner,
with inhibition constant (Ki) values of 0.012 and 0.082 mM, respectively. Collectively, our integrative
analyses enabled us to efficiently identify and characterize the key anti-obesity constituents in ERC, as
well as to elucidate their anti-hPL mechanisms. These findings provide convincing evidence in support of
the anti-obesity and lipid-lowering properties of ERC.
© 2022 The Authors. 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

Obesity is regarded as a global public health problem, with the
total number of overweight and obese adults estimated to be 1.9
billion and 650 million, respectively, in 2016 [1]. Accumulative
evidence has indicated that obesity is closely associated with
University.
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multiple metabolic disorders, including hyperlipidemia, hyper-
tension, cardiovascular diseases, and numerous cancers [2e4].
Over the past few decades, the global incidence and mortality of
obesity have risen sharply, and a diverse range of remedial stra-
tegies have been proposed for the prevention and treatment of
obesity, including pharmacotherapy, dietary therapy, surgery, and
behavioral therapy [5e7]. Among the proposed therapeutic stra-
tegies, herbal therapy has been widely used in the treatment of
obesity-related disorders [8]. Many herbal medicines (HMs) have
been reported to have significant anti-obesity activities, and some
of them have been marketed as complementary and alternative
medicines for treating obesity or obesity-related metabolic dis-
orders [9e13]. However, in most cases, the key anti-obesity
University. This is an open access article under the CC BY-NC-ND license (http://
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constituents in HMs and their molecular mechanisms of action are
poorly illuminated.

In this context, it is worth noting that almost all constituents in
HMs can directly interact with the targets in the gastrointestinal tract
following oral administration, whereas very few constituents in HMs
can be absorbed into the circulatory system and then perform their
functions in the deeper organs (such as the liver) [14]. Thus, it is
necessary to find the key constituents in HMs that can modulate the
validated anti-obesity targets in the gastrointestinal tract [15e17].
Among all validated anti-obesity targets, pancreatic lipase (PL) plays
a predominant role in the lipolysis of dietary triglycerides (the hy-
drolysis of 50%e70% of total dietary fats) [18]. It has been reported
that significant dysfunction or strong inhibition of PL can effectively
delay the digestion of dietary lipids [19,20]. In previous studies, a
number of HMs, including Cortex Mori, Ginkgo biloba, Fructus psor-
aleae, and St John's Wort, have been found with potent anti-PL ac-
tivity. Meanwhile, a range of bioactive natural compounds isolated
from these herbs, including flavonoids, bioflavonoids, terpenoids,
and phenolic compounds, have been identified as PL inhibitors
[21e26]. Unfortunately, over the past few decades, most researchers
have used commercially available porcine pancreatic lipase (pPL) to
replace human pancreatic lipase (hPL) for in vitro PL inhibition as-
says. Although the amino acid sequence identity between hPL and
pPL is relatively high (approximately 86%, Fig. S1), the PL obtained
from these two mammalian species may differ in their response to
certain reversible inhibitors [27,28]. Therefore, it is necessary to
systematically screen herbal products showing potent anti-hPL ac-
tivity and to identify the key constituents responsible for hPL
inhibition.

Recently, we examined the inhibitory potentials of several HMs
extracts against hPL and identified that the root extract of Rhodiola
crenulata (ERC) had the most potent anti-hPL activity, with the
residual activity of less than 5% at the dose of 100 mg/mL. Notably,
several studies have reported that ERC can ameliorate irregular
lipid metabolism in mammals by reducing the content of triglyc-
eride in plasma [29]. This evidence combined with our preliminary
results prompted us to explore the bioactive compounds in ERC and
their anti-PL mechanisms. For this purpose, a panel of techniques
including bioactivity-guided fractionation, liquid chromatography
coupling with quadrupole time-of-flight tandem mass spectrom-
etry (LC-Q-TOF-MS/MS)-based chemical profiling, and
fluorescence-based biochemical assays were used to identify the
key anti-hPL constituents in ERC. In addition, the inhibitory
mechanisms of two potent hPL inhibitors, namely, 1,2,3,4,6-penta-
O-galloyl-b-D-glucopyranose (PGG) and catechin gallate (CG),
against hPL were explored by performing a series of inhibition ki-
netic analyses and docking simulations.

2. Material and methods

2.1. Chemicals

Seventy-three herbal extracts were provided by Jiangyin Tian-
jiang Pharmaceutical Co., Ltd. (Jiangyin, China). Further, 17 natural
constituents identified from liquid chromatography (LC) fractions
of ERC, namely,1) epicatechin, 2) p-coumaric acid, 3) ferulic acid, 4)
epicatechin gallate (ECG), 5) catechin gallate (CG), 6) 1,2,3,4,6-
penta-O-galloyl-b-D-glucopyranose (PGG), 7) luteolin-7-O-b-D-
glucoside, 8) afzelin, 9) quercetin-3-O-glucoside, 10) rhodiosin, 11)
quercetin-3-O-glucuronide, 12) rhodionin, 13) quercitrin, 14) erio-
dictyol, 15) quercetin, 16) luteolin, and 17) kaempferol, were ob-
tained from Shanghai Standard Technology Co., Ltd. (Shanghai,
China), and the purities were higher than 96%. The positive hPL
inhibitor (orlistat, a commercial hPL inhibitor) was purchased from
Dalian Meilun Biotech Co., Ltd. (Dalian, China). hPL was expressed
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and purified as described previously [30]. 4-methylumbelliferone
(4-MU) was obtained from Sigma-Aldrich (Shanghai) Trading Co.,
Ltd. (Shanghai, China), and 4-methylumbelliferyl oleate (4-MUO)
was purchased from J&K Scientific Co., Ltd. (Beijing, China). Liquid
chromatography-mass spectrometry (LC-MS) grade formic acid,
acetonitrile, methanol, and dimethyl sulfoxide (DMSO) were pur-
chased from Thermo Fisher Scientific (Fair Lawn, NJ, USA).

2.2. hPL inhibition assay

A fluorescence-based assay was used to determine the residual
activities of hPL in the presence or absence of any inhibitor, and
orlistat was used as the positive control. In brief, incubation systems
(total volume: 100 mL)were prepared bymixing 66 mL of Tris-HCl (pH
7.4, 25 mM), 20 mL of bile salt (0.1 mg/mL, final concentration), 10 mL
of hPL (dissolved in Tris-HCl buffer, 0.25 mg/mL, final concentration),
2 mL of inhibitors (ERC and all other assessed compounds, dissolved
in DMSO, 0e100 mM, final concentration range), and 2 mL of substrate
(4-MUO, dissolved in DMSO, 5 mM, final concentration). Initially, the
mixtures (with or without of inhibitors) were pre-incubated in
Eppendorf tube (37 �C, 3 min). After the addition of 4-MUO, the
mixtures were incubated (37 �C) for 20 min, then they were sub-
jected to fluorescence analysis using a microplate reader (Spec-
traMax iD3, Molecular Devices, San Jose, CA, USA), with excitation
and emission wavelengths of 340 and 460 nm, respectively. And the
standard curve of 4-MU was plotted (Fig. S2). Reaction mixtures
without inhibitors (DMSO only) were used as negative controls and
were incubated under the same conditions. The residual activity of
hPL was calculated using the following formula: the residual activity
(%) ¼ the fluorescence intensity of the test sample/the fluorescence
intensity in the negative control (DMSO only).

2.3. Identification of bioactive fractions using an LC-MS-based
fractionation strategy

In order to identify the ERC fractions with strong anti-hPL ac-
tivity, a practical bioactivity and LC-MS-based fractionation strat-
egy was employed. Briefly, an LC-MS-based fingerprint approach
was established for separating the fractions derived from ERC.
Subsequently, the LC fractions obtained at different time points
were consecutively collected and their anti-hPL potencies were
determined (Supplementary data 1). The compounds derived from
these fractions were further analyzed using LC-Q-TOF-MS/MS
(Supplementary data 2). After identifying the 17 constituents
mentioned in Section 2.1 (the chemical structures are shown in
Fig. S3), the inhibitory potentials were determined according to the
protocol described in Section 2.2.

2.4. Inhibition kinetics of PGG and CG against hPL

Detailed molecular mechanisms of PGG and CG against hPL
were executed using increasing concentrations of the substrate 4-
MUO and multiple concentrations (0e80 mM) of the two in-
hibitors. In order to identify the inhibitory type (competitive, non-
competitive, or mixed) and the inhibition constant (Ki), the inhi-
bition kinetics analyses of the two inhibitors were performed. And
Ki values were calculated as described previously [23,24,31e33].

2.5. Docking simulations

The Software of AutoDock Vina (version 1.1.2) was applied to
explore the binding modes (non-competitive inhibition) of both
PGG and CG in hPL [34], The crystal structure of hPL (1LPA) was
obtained from the PDB website [35]. Initially, the interactive server
platform (CavityPlus) was used for protein cavity detection and the



L.-J. Ma, X.-D. Hou, X.-Y. Qin et al. Journal of Pharmaceutical Analysis 12 (2022) 683e691
ligandability quantitaiton of the cavity binding sites [36]. Then,
whole-protein docking between the two inhibitors and hPL was
examined using Autodock Vina, which entailed the removal of both
water molecules and irrelevant ligands, addition of hydrogen,
merging of non-polar hydrogen atoms, and assignment of Kollman
charges. Subsequently, the ligands (PGG or CG) and hPL were
placed in AutoDock Tools with energy minimization. The docking
modes with low binding free energies in the most excellent protein
cavity were selected for further analysis.

2.6. Statistical analysis

All inhibition assays were performed in triplicate (three tech-
nical replicates) for each concentration of the inhibitors. pIC50 and
Ki values were calculated using GraphPad Prism 7.0 (GraphPad
Software, Inc., San Diego, CA, USA).

3. Results

3.1. Screening of the inhibitory activity of HMs against hPL

To identify HMs with potent anti-hPL activities, the inhibitory
potentials of 73 HMs against hPL-mediated 4-MUO hydrolysis had
been initially investigated. As shown in Fig. 1, seven HMs, namely,
Arnebia, Myristica fragrans, Glabrous greenbrier, Prunus Persica,
Fig. 1. The residual activities of all examined herbal medicines (100 mg/mL, final
concentration) against human pancreatic lipase (hPL)-catalyzed 4-methylumbelliferyl
oleate (4-MUO) hydrolysis. All data are shown as means ± SD (n ¼ 3).
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Clove, Hawthorn, and Rhodiola crenulata (R. crenulata), showed
potent inhibitory activities against hPL, with residual activities of
less than 20% at the dose of 100 mg/mL. Among all examined HMs,
ERC showed the strongest hPL inhibition (residual activity<95%),
and consequently, ERC was used for further analyses. Our results
revealed that ERC inhibited hPL in a dose-dependent
(IC50 ¼ 0.1019 ± 0.0123 mg/mL) and time-independent manner
(Fig. S4). The above results indicated that ERC contained naturally
reversible hPL inhibitors, which prompted us to further identify the
major bioactive constituents of ERC associated with the inhibition
of hPL.
3.2. Identification of bioactive fractions of ERC with anti-hPL
activity

Given that ERC contains numerous constituents, development of
an efficient approach to identifying its constituents with anti-hPL
activity is necessary. To this end, we adopted an integrated strat-
egy, involving bioactivity assays and the LC-MS-guided fraction-
ation method. Initially, an LC-Q-TOF-MS/MS-based chemical
profiling assay was established for the separation and identification
of the ERC constituents. Total ion chromatographs of ERC in both
negative and positive ion modes are shown in Figs. S5 and S6,
respectively. Reverse-phase LC fractions of ERC were collected at
2.5 min intervals (from 0 to 50 min), and the inhibitory effects of
the eluents against hPL were analyzed. The results demonstrated
that nine fractions (retention time (tR) ¼ 12.5e35 min) showed
strong anti-hPL activity (Fig. 2), and all constituents of these nine
fractions were identified by coupling LC with diode-array detection
(LC-DAD) and LC-Q-TOF-MS/MS. Table S1 lists the bioactive
Fig. 2. (A) The total ion chromatogram (TIC) of the root extract of Rhodiola crenulata
(ERC) obtained using LC-Q-TOF-MS/MS in negative ion mode. (B) The corresponding
hPL residual activities of liquid chromatography fractions collected at 2.5 min intervals.
*P < 0.0001 versus the control group.



Fig. 3. The inhibitory effects of 17 constituents (100 mM, final concentration) in ERC against hPL. All data are shown as means ± SD (n ¼ 2). *P < 0.0001 versus the control group.
PGG: 1,2,3,4,6-penta-O-galloyl-b-D-glucopyranose.
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fractions containing at least 35 compounds, which were initially
characterized based on tR and comparisons with the tandem mass
spectrometry (MS/MS) spectra of selected standards, referenced
from an in-house natural product MS/MS spectra database
(Figs. S7�S76).

3.3. Anti-hPL activities of the selected ERC constituents

To further validate the bioactive constituents in ERC, seventeen
commercially available constituents in the bioactive fractions of
ERC are collected. And their inhibitory potentials against hPL-
catalyzed 4-MUO hydrolysis were assayed at a final concentration
of 100 mM. Among these constituents, six compounds showed
strong anti-hPL activity, with residual activities of less than 50%
(Fig. 3), for which the dose-dependent inhibition curves and pIC50
values were subsequently plotted and calculated, respectively
(Fig. 4 and Table 1). The results clearly revealed that PGG and CG
had the most potent anti-hPL activity (pIC50>7), with pIC50 values
of 7.59 ± 0.03 and 7.68 ± 0.23, respectively. Among the other con-
stituents, ECG, quercetin, luteolin, and kaempferol showed strong
to moderate hPL inhibition, with pIC50 values of 6.79 ± 0.02,
6.42 ± 0.13, 6.11 ± 0.06, and 4.56 ± 0.03, respectively. These findings
demonstrated that ERC contains at least six naturally ocurring hPL
inhibitors, among which PGG and CG are the most potent hPL in-
hibitors identified from ERC.

3.4. Inhibition kinetics of PGG and CG against hPL

To further elucidate the inhibitorymechanisms of the two newly
identified naturally occurring hPL inhibitors (PGG and CG) against
hPL, the inhibition kinetics and modes of PGG and CG against hPL
were characterized by performing a series of inhibition kinetic as-
says. Inhibition kinetics plots, Lineweaver-Burk plots, and second-
ary plots of PGG and CG indicated that these two natural
compounds potently inhibited hPL in non-competitive mode, with
apparent inhibition constants (Ki) of 0.012 and 0.082 mM, respec-
tively (Fig. 5 and Table S2). Interestingly, this putative inhibitory
mechanisms (non-competitive) of PGG and CG against hPL differ
from that of orlistat (Fig. S77), a marketed irreversible hPL inhibitor
(Fig. 6).
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3.5. Simulation of the docking between PGG/CG and hPL

In order to determine the binding modes and the molecular
mechanisms of the two potent hPL inhibitors in ERC, docking
simulations of PGG and CG into hPL were carried out. First, the
ligand-binding cavities and the ligandability of each cavity in hPL
(PDB ID: 1LPA) were predicted using CavityPlus (www.pkumdl.cn/
cavityplus), an interactive server platform. As shown in Fig. S78,
four potential ligand-binding cavities (cavities -1, -2, -3 and -4)
with excellent ligandability (predicted average pKd>6.0) of hPL had
been predicted by the CAVITY Module. Furthermore, the binding
poses with the lowest binding energies were gained and the key
interactions between the two newly identified ligands (PGG and
CG) and hPL were carefully analyzed by whole-protein docking,
while the affinity energies of PGG and CG on hPL were calculated
as �9.4 and �9.0 kcal/mol, respectively. As depicted in Figs. 6 and
S79, PGG was found to interact strongly with several amino acid
residues in the A chain (Leu-41, Lys-42, Arg-44, and Arg-65) and B
chain (Asp-331, Arg-337, Lys-367, and Glu-370) of hPL cavity-1 via
hydrogen bond formation, and also interacted with Tyr-369 via p-p
interactions. Similarly, CG formed hydrogen bonds with several key
amino acid residues (Asn-212, Leu-213, Ile-241, Phe-258, and Ala-
259) in cavity-4, and also interacted with Lys-238 (via alkyl in-
teractions). These observations could partially explain the binding
modes and sites of the interactions of PGG and CG with hPL.
4. Discussion

Herbal therapies are widely utilized for preventing and
treating obesity and obesity-associated disorders in many coun-
tries, owing to their good safety profiles and evident lipid-
lowering and weight-loss effects [37e41]. However, in most
cases, the active constituents of HMs and their molecular
mechanisms of action are rarely reported. Herbal preparations
typically contain hundreds of natural constituents, thereby
making it extremely difficult to identify the key active com-
pounds in these complex mixtures. Accordingly, it is highly
desirable to establish efficient approaches for the detection and
characterization of these key components, either by using
interdisciplinary strategies or state-of-the-art techniques. Given

http://www.pkumdl.cn/cavityplus
http://www.pkumdl.cn/cavityplus


Fig. 4. Dose-inhibition curves of the activities of (A) epicatechin gallate (ECG), (B) catechin gallate (CG), (C) 1,2,3,4,6-penta-O-galloyl-b-D-glucopyranose (PGG), (D) quercetin, (E)
luteolin, and (F) kaempferol against hPL. All data are shown as means ± SD (n ¼ 3).

Table 1
The inhibitory effects of seventeen constituents in ERC against hPL-catalyzed 4-methylumbelliferyl oleate (4-MUO) hydrolysis.

No. Compound Molecular weight pIC50

1 Epicatechin 290.27 <4
2 p-coumaric acid 164.16 <4
3 Ferulic acid 194.18 <4
4 Epicatechin gallate 442.37 6.79 ± 0.02
5 Catechin gallate 442.37 7.68 ± 0.23
6 1,2,3,4,6-penta-O-galloyl-b-D-glucopyranose (PGG) 940.68 7.59 ± 0.03
7 Luteolin-7-O-b-D-glucoside 448.38 <4
8 Afzelin 432.38 <4
9 Quercetin-3-O-glucoside 464.38 <4
10 Rhodiosin 610.52 <4
11 Quercetin-3-O-glucuronide 478.36 <4
12 Rhodionin 448.38 <4
13 Quercitrin 448.38 <4
14 Eriodictyol 288.25 <4
15 Quercetin 302.24 6.42 ± 0.13
16 Luteolin 286.24 6.11 ± 0.06
17 Kaempferol 286.24 4.56 ± 0.03
Positive inhibitor Orlistat a 495.74 7.98 ± 0.02

a Orlistat (a marketed hPL inhibitor) was used as the positive hPL inhibitor.
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Fig. 5. Inhibition kinetics of 1,2,3,4,6-penta-O-galloyl-b-D-glucopyranose (PGG) and catechin gallate (CG) against hPL. Left: (A) The inhibition kinetic plots, (C) Lineweaver-Burk
plots, and (E) the secondary plots of PGG against hPL-catalyzed 4-MUO hydrolysis. Right: (B) The inhibition kinetic plots, (D) Lineweaver-Burk plots, and (F) the secondary
plots of CG against hPL-catalyzed 4-MUO hydrolysis. All data are shown as means ± SD (n ¼ 2).
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that most of the natural constituents found in HMs cannot be
absorbed into the circulatory system and the majority of the
absorbed natural ingredients can be readily metabolized by he-
patic drug-metabolizing enzymes, it is assumed that these nat-
ural constituents are more likely to exert their lipid-lowering and
weight-loss effects via targeting certain key therapeutic targets
in the gastrointestinal tract [42,43]. In view of the fact that hPL is
a validated therapeutic target for the regulation of lipid meta-
bolism in the gastrointestinal tract, the discovery of potent anti-
hPL constituents in HMs will predictably contribute to gaining a
better understanding of the lipid-lowering or weight-loss effects
of these compounds. To this end, we developed a practical and
efficient research strategy, by integrating bioactivity-guided
fractionation, chemical profiling, and biochemical assays, to
characterize the key active constituents in HMs with strong anti-
hPL activities.

In this study, following screening of the inhibition of 73 HMs
against hPL, we found that ERC was the strongest hPL inhibitor,
688
which contributed to further exploration of key active substances
in this herbal medicine responsible for hPL inhibition. Chemical
profiling revealed that ERC contains more than 50 natural con-
stituents, while 35 constituents were identified from the bioactive
LC fractions (tR ¼ 12.5e35 min) of this herbal extract. Inhibition
assays and inhibition kinetic analyses clearly demonstrated that
two newly identified natural constituents (PGG and CG) were
potent non-competitive inhibitors of hPL (Ki < 0.1 mM). In addition
to these two potent naturally occurring hPL inhibitors, other
constituents in ERC including ECG, quercetin, luteolin, and
kaempferol exhibited strong to moderate hPL inhibition activity.
These findings offer convincing evidence to support the anti-
obesity and the lipid-lowering activities of ERC. Interestingly, we
also found that a pair of conformational isomers, namely, CG and
ECG, had notably different anti-hPL potencies, with pIC50 values of
7.68 and 6.79, respectively. To establish the factors contributing to
the differential inhibitory potency of these two isomers against
hPL, the binding energies and the key interactions of CG and ECG



Fig. 6. An equilibrium (A and C) stereo overview and (B and D) detailed view of hPL docked with (A and B) PGG and (C and D) catechin gallate in protein binding cavities-1 and -4,
respectively.
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on hPL were carefully investigated based on docking simulations.
The results clearly revealed that CG and ECG preferred to bind on
hPL at cavity-4 via hydrogen bond interactions (Fig. S80), with
corresponding high affinity energies of �9.0 and �8.0 kcal/mol,
respectively, which indicates that CG can form a more stable
conformation with hPL than ECG. Accordingly, this may provide at
least a partial explanation for why CG displayed more potent hPL
inhibitory activity in comparison with ECG. It is worth noting that
CG and ECG are also major constituents of a variety of teas (such as
green tea), which means that drinking tea is conducive to
reducing lipid deposition in the human body.

As an edible herb and given its wide-ranging beneficial effects,
including anti-oxidative, anti-inflammatory, and antibacterial
689
activities and endocrine system regulatory function, R. crenulata
has been used as a functional food in Asian countries [44,45]. In this
regard, the findings of previous studies revealed that ERC and its
constituents can regulate glycolipid metabolism by targeting a
range of targets or pathways, but none of these studies were
focused on the blocking of the activities of digestive enzymes (such
as PL) in the gastrointestinal system [29,46e49]. Current research
revealed that both ERC and its certain constituents display strong
anti-hPL activity, suggesting hPL is a crucial target of ERC for pre-
venting and treating obesity or obesity-related disorders. Following
oral administration, ERC and its constituents can directly bind on
hPL in the gastrointestinal system, which in turn, blocks lipid ab-
sorption. Notably, previous studies had reported that some
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constituents in ERC (such as ECG, quercetin, and luteolin) display
strong inhibitory effects against a-glucosidase [50e52], another
key digestive enzyme in the gastrointestinal system associated
with glucose absorption [53,54]. Consequently, it is conceivable
that ERC or some constituents in ERC can be further developed as
anti-obesity herbal medicines or agents via targeting multi-
therapeutic target in the gastrointestinal system (at least hPL and
a-glucosidase), which in turn, reduces both lipid and glucose ab-
sorption and improves insulin sensitivity.

5. Conclusion

In summary, this study reported a practical strategy for identi-
fying and characterizing the key anti-obesity constituents of HMs, via
integrating bioactivity-guided fractionation, LC-Q-TOF-MS/MS based
chemical profiling, and hPL inhibition assays. Our findings clearly
revealed that nine reverse-phase liquid chromatography fractions
(tR ¼ 12.5e35 min) from ERC contained bioactive constituents with
potent anti-hPL activities, which were subsequently identified and
assessed using LC-Q-TOF-MS/MS analyses and hPL inhibition assays,
respectively. Among all identified anti-hPL constituents, PGG and CG
were identified as the two most potent hPL inhibitors, with pIC50
values of 7.59 ± 0.03 and 7.68 ± 0.23, respectively. Inhibition kinetics
analyses demonstrated that PGG and CG potently inhibited hPL in a
non-competitive manner, with Ki values of 0.012 and 0.082 mM,
respectively. Subsequent docking simulation analyses indicated that
PGG and CG can strongly interact with hPL via tight binding in two
allosteric pockets (cavities 1 and 4), rather than the catalytic pocket
of hPL. Collectively, our findings enabled us to identify the key anti-
obesity constituents in ERC and to elucidate the inhibitory mecha-
nisms of two potent hPL inhibitors in this herbal medicine, which
provides convincing evidence in support of the anti-obesity and the
lipid-lowering activities of ERC. In addition, the strategy adopted in
this study could be applied to discover the bioactive constituents
(especially for enzyme modulators) in other herbal medicines.
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