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Abstract Pancreatic lipase plays essential roles in the diges-
tion, transport, and processing of dietary lipids in humans.
Inhibition of pancreatic lipase leading to the decrease of lipid
absorption may be used for treating obesity. In the present
study, a new approach of ultrafiltration coupled with high-
performance liquid chromatography and quadrupole-time-of-
flight mass spectrometry was established for rapidly detecting
lipase binders from different extracts of medicinal plants. Ru-
tin, a model inhibitor of lipase, was selected to optimize the
screening conditions, including ion strength, temperature, pH,
and incubation time. Meanwhile, the specificity of the ap-
proach was investigated by using denatured lipase and inac-
tive compound emodin. The optimal screening conditions
were as follows: ion strength 75 mM, temperature 37 °C, pH
7.4, and incubation time 10 min. Furthermore, linearity, accu-
racy, precision, and matrix effect of the approach were well
validated. Finally, lipase binders were screened from different
extracts of Dendrobium officinale by applying the established
approach and were subsequently subjected to traditional lipase
inhibitory assay. Eleven lipase inhibitors were identified, eight
of which, namely naringenine, vicenin II, schaftoside,
isoschaftoside, isoquercetrin, kaempferol 3-O-3-D-
glucopyranoside, vitexin 2"-O-glucoside, and vitexin 2"-O-
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rhamnoside, were reported for the first time. In addition,
docking experiments were performed to determine the pre-
ferred binding sites of these new lipase inhibitors.
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Introduction

Lipases, a subclass of the esterases, are the enzymes that cat-
alyze the hydrolysis of fats. For humans, lipases play essential
roles in the digestion, transport, and processing of dietary
lipids (e.g., triglycerides, fats, oils). Human pancreatic lipase
(HPL), the main enzyme that breaks down dietary fats in the
human digestive system, converts triglyceride substrates
found in ingested oils to monoglycerides and two fatty acids.
Actually, HPL serves to process dietary lipids into simpler
forms that can be more easily absorbed and transported
throughout the body. Therefore, inhibition of pancreatic lipase
leading to the decrease of the absorption of lipids may be used
for treating obesity [1].

A plethora of plant extracts were reported to have potential
inhibitory activities of pancreatic lipase. For instance,
acteoside, a phenolic compound and one of the most abundant
compounds in Chinese herbal tea kudingcha, showed a signif-
icant inhibitory effect against lipase and might have contribu-
tion to the antiobesity effect of kudingcha [2]. Similarly, poly-
phenols in oolong tea were identified to possess potential li-
pase inhibitory activities, including (—)-epigallocatechin, 3,5-
di-O-gallate oolonghomo-bisflavan A, and theaflavin 3,3'-O-
gallate [3]. In our previous work, three flavonoids from lotus
leaf were identified to be lipase inhibitors and might be re-
sponsible for the weight-reducing effect of lotus leaf [4]. To
the best of our knowledge, most of the natural lipase inhibitors
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were polyphenols, saponins, and terpenes. As the part of our
continuing search for biologically active antiobesity agents
from medicinal plants, a variety of plants from traditional
Chinese medicine had been screened for their antilipase activ-
ity. Dendrobium officinale, which belongs to Orchidaceae, is
well known for improving the symptoms of diabetes [5-7]. It
was reported that the methanolic extract exhibited a pleiotro-
pic effect on obesity-induced parameters and exerted a
renoprotective effect in high-fat diet-fed mice [8]. Polysaccha-
rides and phenols are the main constituents identified in
D. officinale [9]. Therefore, it was hypothesized that the
antilipase agents might exist in the plant.

Ultrafiltration, as a type of membrane filtration, has the
ability to separate and concentrate target macromolecules.
It has been widely applied in chemical and pharmaceutical
manufacturing, food and beverage processing, and waste
water treatment, and so far, particularly in the investigation
of the binding degrees of biomacromolecule (i.e., human
serum albumin or drug targets) because the binding of the
agents to the target macromolecules is the prerequisite for
the bioactivities of the agents. High-throughput affinity
selection-mass spectrometry screening (i.e., ALIS system)
has been successfully applied in screening inhibitors of the
lipid phosphatase SHIP2 and ERK from combinatorial li-
braries [10, 11]. Meanwhile, Zhu et al. [12] established an
ultrafiltration-based approach to screen ligands binding to
cyclooxygenase-2 from radix Aconiti extracts and 25 li-
gands were identified. Munigunti et al. [13] selected
PfTrxR as target and, finally, identified nine structurally
diverse natural compounds with PfTrxR-inhibiting activity.
Moreover, Wang et al. [14] developed an ultrafiltration-
based method to screen xanthine oxidase inhibitors from
Selaginella tamariscina. As a result, three ligands were
validated to be real inhibitors. In summary, the advantage
of the ultrafiltration-based approach lies in that it rapidly
provides the binding information between the drug target
and compounds. Meanwhile, the synergistic or antagonis-
tic effects of two or more compounds can also be investi-
gated by using such an approach.

In the present study, a new ultrafiltration-based ap-
proach was established to screen and identify antiobesity
agents from the extracts of medicinal plants. First, the
screening conditions (i.e., ion strength, incubation time,
temperature, pH) were optimized. Second, the specificity,
linearity, precision, accuracy, and matrix effect of the
established approach were all validated. Third, the
established approach was applied to screen antiobesity
agents from the extracts of different organs (i.e., stem,
leaf, and flower) of D. officinale. Finally, an in silico
approach, which applied the docking method to interro-
gate the binding sites of ligands, was also employed to
elucidate the intermolecular interaction between the li-
gand and enzyme.
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Experimental
Chemicals and reagents

Lipase (porcine pancreas) and 4-methylumbelliferyl oleate
were purchased from Sigma Chemical Co. Centrifugal ultra-
filtration filters (Microcon YM-10, 10 kDa cutoff) were ob-
tained from Millipore Co. HPLC-grade acetonitrile was ob-
tained from Merck. Vicenin II, schaftoside, isoschaftoside,
isoquercetrin, and frans-N-feruloyltyramine were purchased
from Sichuan Weikeqi Biological Technology Co. Rutin,
naringenine, kaempferol 3-O-f3-D-glucopyranoside, vitexin
2"-0-glucoside, and vitexin 2"-O-rhamnoside were purchased
from Shanghai Yuanye Bio-Technology Co. Syringoside,
linolenic acid, and palmitic acid were purchased from Cheng-
du Must Biological Technology Co. All solutions and dilu-
tions were prepared with ultrapure water from a Milli-Q water
purification system.

Apparatus

The analytical apparatus included a Shimadzu HPLC system
and a Q-TOF 5600-plus mass spectrometer equipped with
Turbo V sources and a TurbolonSpray interface. Instrument
control and data processing were conducted with Analyst soft-
ware (version 1.5.2, AB Sciex) and PeakView software (ver-
sion 1.2, AB Sciex).

Preparation of D. officinale extracts

The stem, leaf, and flower of D. officinale were collected from
Yandang Mountain in Yueqing, Wenzhou City, Zhejiang
Province, and authorized by an expert in the field. Voucher
specimens have been deposited in the herbarium of Jiangsu
Key Laboratory of Chinese Medicine Processing, Nanjing
University of Chinese Medicine (No. DO131101). The sam-
ple preparation procedures were as follows: first, each organ
(stem, leaf, or flower) of D. officinale was pulverized into
powder and sieved (60 mesh). Second, an aliquot (1.0 g) of
the powder was accurately weighed and refluxed in 50 mL of
water at 100 °C for 2 h and then filtered. The filtrate was
evaporated to dryness in vacuo and the residue was dissolved
in 2 mL of water. Third, the solution was centrifuged at 13,
400 rpm for 10 min and the supernatant was stored at =20 °C
for the next experiment.

Optimization conditions for ligand screening

One known compound, i.e., rutin, was selected as a model
inhibitor to optimize the screening conditions [15]. The
screening procedures were as follows: test compound
(20 pL in phosphate-buffered saline (PBS) buffer,
0.1 mg mL ") and 160 pL of assay buffer consisting of
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75 mM PBS buffer (pH 7.4) were placed into an Eppendorf
(EP) tube and incubated for 2 min at 25 °C. The binding assay
was initiated by the addition of lipase (20 puL in PBS,
1 mg mL™") and incubated further for 60 min at 25 °C. After
incubation, the binding mixture was filtered through an
ultramembrane filter (Microcon YM-10) according to the
modified method of Yang et al. [16] and centrifuged at 13,
400 rpm for 20 min at 4 °C.

Four parameters were investigated in the current study to
optimize the screening conditions. First, a gradient concentra-
tion (10, 30, 50, 75, and 100 mM) and a gradient pH (pH 5.7,
6.2,6.8, 7.4, and 8.0) of phosphate buffers were used to study
the influence of pH and ion strength on the binding experi-
ments. Second, different incubation temperatures (21, 30, 35,
37, and 40 °C) and incubation times (10, 20, 30, 40, and
50 min) were evaluated. All the binding assays were per-
formed in duplicate and analyzed as described above.

Validation of the established approach
Specificity

To assess the specificity of the established method, a quality
control sample solution containing rutin and emodin (each
0.1 mg mL™") was prepared and then subjected to the screen-
ing procedure as described above in the section “Optimization
conditions for ligand screening.” The filtrates were sent for
HPLC analysis to evaluate the potential interferences from
other inactive constituents. Denatured lipase (boiled at
100 °C for 5 min) was used to incubate with the quality control
(QC) sample to avoid the unspecific binding effect.

Linearity and lower limit of quantification

Calibration standards were prepared at eight concentrations
(the final concentrations of rutin were 1.36, 2.72, 5.43,
10.86,21.72,43.44, 86.88, and 173.76 uM). The lower limits
of quantification were determined by injecting a low concen-
tration of standard solutions which generated S/N ratios of
about 10 [17].

Accuracy, precision, and matrix effect

The QC sample (0.1 mg mL™" for rutin) was prepared and
analyzed for five times in the same day (intraday precision)
and in three separate days (interday precision). Accuracy was
expressed as the percentage deviation of the mean detected
concentrations from the nominal concentrations and described
as relative error (RE). The precision of the established ap-
proach at each QC concentration was determined as the rela-
tive standard deviation (RSD). The suitability of the precision
and accuracy was assessed by the following criteria: the RSD

should not exceed 15 % and the accuracy should be within
15 % of the actual values for the QC sample [17].

The matrix effect was evaluated by comparing the peak
area of buffer solution spiked with standard solution of rutin
to that of different organ extracts (stem, leaf, and flower) of
D. officinale spiked with the standard solutions of rutin at
three QC levels [17].

Screening for potential ligands from D. officinale

Twenty micrograms of powder from the extract of each
organ (stem, leaf, or flower) was dissolved in 1 mL water
and sonicated for 10 min. After that, the solution was
centrifuged at 13,400 rpm for 10 min. The supernatant
of the solution was transferred to a new EP tube. The
incubation procedures were as follows: Each 20 pL of
the supernatant was added into one of the two EP tubes,
separately. Then, 20 pL lipase solution (1 mg mL ") and
160 pL PBS solution (pH 7.4) were added successively to
one EP tube and set as the experimental group. The other
EP tube was added with 180 uL of PBS solution (pH 7.4)
and set as the control group. Two EP tubes were incubat-
ed at 37 °C for 10 min. After that, the solutions in the
tubes were transferred to ultramembrane filters and cen-
trifuged at 13,400 rpm for 20 min. Finally, the ultrafil-
trates were collected for high-performance liquid chroma-
tography and quadrupole-time-of-flight mass spectrome-
try (HPLC-Q-TOF-MS) analysis. The binding capacities
of constituents to lipase were determined by calculating
the ratio (4¢g—A4)/Ao*x 100 %. 4, and A4, represented the
total ion chromatogram (TIC) peak areas of the constitu-
ents in the experimental group and control group,
respectively.

Experiments for characterization of constituents in the
stem, leaf, and flower of D. officinale were performed by
using high-performance liquid chromatography coupled with
Q-TOF 5600-plus mass spectrometer. The HPLC analysis was
performed on XBridge-Cg column (250 mmx4.6 mm, 5 pm,
Waters) and the HPLC conditions were as follows: mobile
phase A: 0.1 % aqueous formic acid; mobile phase B: aceto-
nitrile; gradient elution 0 min, 5 % B; 25 min, 25 % B; 30 min,
25 % B; 80 min, 100 % B; flow rate 1 mL min '; and injection
volume 10 pL.

The acquisition parameters for quadrupole-time-of-
flight mass spectrometry were as follows: collision energy,
—35 eV; ion spray voltage, —4.5 kV; nebulizer gas (gas 1),
55 psi; declustering potential, —60 V; heater gas (gas 2),
55 psi; turbo spray temperature, 550 °C; and curtain gas,
35 psi. A full MS-IDA-MS/MS scan was acquired on the
samples, in which a full mass scan was also recorded, and
the eight most abundant ions were selected for the MS?
spectra acquisition. The Q-TOF/MS scan range was set as
m/z 100—1500.
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Competitive binding experiments between high
concentration of rutin and plant extracts on lipase

To verify the result of the ultrafiltration-based approach, com-
petitive experiments were performed using the known ligand
rutin. Rutin was added to the naringenine solution
(0.1 mg mL™") or incubation mixture of different extracts of
D. officinale as a competitive ligand with a final concentration
of 0.1 mg mL ", Other incubation conditions were the same as
described above.

Measurement of lipase inhibitory effects

Lipase inhibitory activity was measured according to the
method previously described with slight modifications [4]. A
substrate solution with a concentration of 0.1 M was prepared
by sonication of 4-methylumbelliferyl oleate suspended in
PBS buffer (pH 6.8). Samples were dissolved separately in
PBS buffer to make 0.2 mg mL™" solutions and then diluted
to yield gradient concentrations of solutions. After that, the
lipase (25 pL) and sample solutions (25 pL) in microplate
wells were preincubated for 5 min at 25 °C. Then, 50 pL of
substrate solution was added to each reaction mixture and
incubated for 20 min at 25 °C. Finally, 100 pL of 0.1 M
sodium citrate (pH 4.2) was added to stop the reaction. The
amount of 4-methylumbelliferone released by lipase was mea-
sured with EnSpire® Multimode Plate Reader at an excitation
wavelength of 320 nm and an emission wavelength of
450 nm. Orlistat was used as the positive control.

Docking study

Docking experiments were implemented using Autodock
Vina (ver.1.1.2). The structures of constituents identified in
D. officinale were drawn and sent to be visualized in
chem3D Ultra 10.0 (Cambridge software). Semiempirical
MM method was applied to minimize molecule energy in
chem3D. After that, the molecule was converted to pdbqt
format by our written script in-house. The crystal structure
of porcine pancreatic lipase complexed with 3,6,9,12-
tetraoxaicosan-1-ol (code ID: 1ETH) was retrieved from
the RCSB Protein Data Bank [2]. Moreover, the
cocrystallized ligand and water molecules were removed
and the protein was outputted in pdbqt format. The center
coordination of the docking box was 19.693, 0.054, and
17.628, and the box size was restricted to 16 x16x 16 with
the spacing of 0.375 A. Other parameters were left as de-
fault. Finally, the binding affinities of the constituents in
D. officinale were calculated. The conformations with the
most favorable free energy of binding were selected for
analyzing the interactions between lipase and the
constituents.
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Results and discussion
Optimization conditions for ligand screening

Ionic strength is one of the main characteristics of a buffer,
which will affect the distribution of charge on the exterior
surfaces of the enzyme. As displayed in Fig. 1A, with the
increase in the PBS concentration from 10 to 100 mM, the
amount of binding rutin arose first and then reached the
highest level at 75 mM. This phenomenon can be explained
by the fact that a certain concentration of ions may assist in the
binding of rutin to lipase, but if the concentration of ions
exceeds the threshold (i.e., 75 mM), the effect of ions will
be reversed, which will neutralize the surface charge of lipase
and weaken the electrostatic interaction between rutin and
lipase.

The pH of the buffer solution is another important factor
affecting the surface charge and activity of the enzyme. Gen-
erally, each enzyme has its optimum pH to catalyze its sub-
strate. The optimum pH of porcine pancreatic lipase is 7.4.
The curve in Fig. 1B represents the effect of pH on the binding
of rutin to lipase. It clearly showed that the binding degree of
rutin was relatively higher at pH around 6.2 or 7.4 than that at
other pH values. The isoelectric point (p/) of lipase is about
6.44, and when the solution pH value is above the p/, the
lipase has a net negative surface charge, which favors electro-
static interaction with rutin (pKa 6.8) that has less negative
charge at pH 7.4 than at pH 8.0.

The length of incubation time is a factor affecting the bind-
ing degree. As shown in Fig. 1C, the highest binding degree
was achieved after incubation for 10 min. An incubation time
of 10 min was sufficient for the interaction between lipase and
rutin. The increasing incubation time from 20 to 50 min
exerted no significant effect on the interaction between lipase
and rutin.

The incubation temperature was also investigated by varied
temperatures ranging from 21 to 40 °C. As shown in Fig. 1D,
37 °C is the most suitable temperature for the incubation due
to the largest binding degree at the temperature. Our results
were in agreement with the report that the optimal reaction
temperature was 37 °C for soluble lipase. In summary, the
optimal conditions for screening were as follows: ion concen-
tration 75 mM, pH 7.4, incubation time 10 min, and incuba-
tion temperature 37 °C.

Validation of the established approach
Specificity

Rutin, which belongs to flavonoid-O-diglycoside, is a well-
known lipase inhibitor. Emodin, which is an anthraquinone,
shows a negative lipase inhibitory effect. Therefore, rutin and
emodin were chosen to investigate the specificity of the
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Fig. 1 Effects of incubation parameters on interaction between rutin
and lipase. (A) lon strength varied from 10 to 100 mM, incubation
temperature 37 °C, incubation time 30 min, pH value 6.8; (B)
incubation temperature varied from 21 to 40 °C, ion strength
10 mM, incubation time 30 min, pH value 6.8; (C) pH values
varied from 5.7 to 8.0, incubation temperature 37 °C, ion strength
10 mM, incubation time 30 min; and (D) incubation time varied from
10 to 50 min, pH value 7.4, incubation temperature 37 °C, ion
strength 10 mM

established approach and the result was shown in Fig. 2. After
incubation with the lipase, the peak area of rutin was de-
creased, while the peak area of emodin remained unchanged.
It revealed that the established approach had good specificity
with no interference of the inactive compound emodin. To
avoid the nonspecific binding, denatured lipase was used to
be incubated with the mixture of rutin and emodin. The peak
areas of rutin and emodin remained unchanged, which indi-
cated that none of the unspecific binding to the denatured
lipase was observed.

Linearity and lower limits of quantitation (LLOQs)

Linear ranges, regression equations, limit of quantification,
and correlation coefficients obtained from typical calibration
curves were as follows: 1.36-173.76 uM, y=6156.4x—
3457.2, 1.36 uM, and 0.9997. The standard curve of rutin
showed good linearity with coefficients of correlation (r) of
0.9997. The LLOQs were appropriate for quantitative detec-
tion of analytes in the enzymatic studies.

Precision and accuracy

The intra- and interday precisions of rutin were 0.39 and
0.40 %, respectively, and the accuracies ranged from 6.8 to
7.6 %, which fulfilled the requirements of an analytical assay.

Matrix effect

The relative standard deviations for rutin spiked into
D. officinale extract were listed in Table 1. The recoveries of
D. officinale extract spiked with standard solutions were in the
ranges of 87 to 110 %. The results confirmed that the
established approach was free from any matrix effect.

Characterization of constituents in D. officinale using
HPLC-Q-TOF-MS

The total ion current chromatograms in negative electrospray
ionization (ESI) mode of the stem, leaf, and flower were
displayed in Fig. 3. A total of 53 compounds were identified
and their detailed information was shown in Table 2. The
retention time and fragmentation information of compounds
18, 22, 27, 31, 32, 33, 34, 38, 45, 46, and 52 were compared
with those of standard compounds. The major constituents of
D. officinale were phenolics, flavonoids, pyrrole derivatives,
and unsaturated fatty acids.

Phenolic compounds are the major bioactive constituents
in D. officinale. Fifteen phenolic compounds were identified
in this study (compounds 2-10, 13, 30, 41-43, 45). Fragmen-
tations with loss of 162 Da (hexose) or 294 Da (hexose and
pentose) were the characteristic ions of these phenolic com-
pounds. As shown in Fig. S1A in the Electronic
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Fig.2 (A) HPLC 0027 | o 2
chromatograms of mixture of 0.025- — Without lipase
rutin and emodin before (black) y ——— With lipase
and after (red) interaction with 0.020-
pancreatic lipase (PL). (B) HPLC }
chromatograms of mixture of 2 0015 1
rutin and emodin before (black) i
and after (red) interaction with 0.010~
denatured pancreatic lipase. ’
HPLC conditions were as O'OOSi |
follows: reversed-phase XBridge- O h¥¥iﬁf’w“\’\:’\—:—~_ .
C,g column (250 mmx4.6 mm, ; [ : — \ :
5 pum, Waters); mobile phase 5 10 TinJeS (min) 20 25
consisting of solvent A (0.1 % 61027
formic acid in water) and solvent 0,025 b ] )
B (acetonitrile), which was pro- i - mz:z";zﬁ: 4 livase
grammed as follows: 0—10 min, 0.020- ¥
10-35 % solvent B; 10-25 min, i
35-100 % solvent B; 25-30 min, S 0.015-
100 % solvent B; flow rate < !
1 mL min"'; column temperature
30 °C; injection volume 10 pL
I5 1 E) 1I5 26 2IS

Supplementary Material (ESM), compound 4 at the retention
time of 7.00 min displayed [M—H] ion at m/z 329. Fragment
ion at m/z 167 in MS? spectrum was produced by losing one
molecule of hexose. In comparison with the reference [18],
compound 4 was unambiguously deduced as vanillic acid
glucoside. Similarly, compounds 2, 5, 7, and 9 shared the
same neutral loss of 162 Da, which indicated that a hexose
group was conjugated to their skeleton. By comparing with
related references, these compounds were deduced as
vanilloloside [19], leonuriside A [20], glucosyringic acid
[21], and koaburside [22]. Compound 6 showed the [M—H]"
ion at m/z 331 and neutral loss of 152 Da in MS? spectrum,
which was consistent with the fragmentation pathway of
koaburaside [23]. Compounds 8 and 10 showed the [M—H]"
ions at m/z 447 and m/z 491, respectively. The MS? spectra of
compounds 8 and 10 were shown in Fig. SIB and S1C in the

Time (min)

ESM. Both of them exhibited the same neutral loss of 294 and
338 Da, which corresponded to losses of the hexose-pentose
group and carboxyl group. Compared with the literature [24],
compounds 8 and 10 were identified as 2,6-dihydroxybenzoic
acid 2-O--p-apiofuranosyl-(1 —2)-3-D-glucopyranoside
and 2,3-dimethoxybenzoic acid 4-O-3-D-apiofuranosyl-(1 —
2)-3-p-glucopyranoside, respectively. Similarly, compound
13 showed the [M—H] ions at m/z 417 and produced ion at
m/z 152 with a neutral loss of 265 Da in MS? spectrum, which
indicated that a pentose-pentose group was conjugated to the
skeleton. The retention time of compound 13 was a little later
than that of compound 8. Therefore, compound 13 was de-
duced as 2,6-dihydroxybenzoic acid 2-O-f3-D-
apiofuranosyl-(1 —2)-3-D-xylopyranoside. The five remaining
compounds (i.e., 30, 4143, 45) were deduced by comparing
with the fragmentation information in the literature [25-28].

Table 1 Recoveries of rutin in

the stem, leaf, and flower of Initial concentration ~ Added concentration ~ Found concentration ~ Recovery (%)  RSD (%)
Dendrobium officinale (M) (M) (uM)
Stem 2.64 931 10.88 95.53 444
14.51 16.70 100.66 2.05
26.57 29.37 102.52 1.63
Leaf 19.96 931 29.52 102.83 2.14
14.51 37.05 109.27 2.60
26.57 50.94 110.82 3.76
Flower 9827 931 92.92 86.82 1.68
14.51 102.61 91.44 1.77
26.57 112.67 90.66 1.70
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Fig. 3 TIC chromatograms of 32e5) g
extracts of the stem (A), leaf (B),

and flower (C) of Dendrobium L, 2865
officinale before (black) and after 2 s
(red) interaction with pancreatic 2

lipase (PL). HPLC conditions T 2065
were as follows: reversed-phase 1665
XBridge-C;g column (250 mmx ’
4.6 mm, 5 wm, Waters); mobile 1.2¢5
phase consisting of solvent A

(0.1 % aqueous formic acid) and 8.0c4
solvent B (acetonitrile), which 4.0c4

was programmed as follows: 0—
25 min, 5-25 % solvent B; 25—
30 min, 25 % solvent B; 30—

80 min, 25-100 % solvent B;
flow rate 1 mL min_'; column
temperature 30 °C; injection vol-
ume 10 pL
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Flavonoids, especially flavone C-glycosides, are the sec-
ond major active constituents of D. officinale, such as vicenin
1, schaftoside, vitexin 2"-O-rhamnoside, and so on [29]. Elev-
en flavone C-glycosides and four flavone O-glycosides were
identified in this study (compounds 18, 21-23, 25, 27, 29, 31—
35, 37, 38, 52). Flavone C-glycoside usually produces neutral
loss of 120 Da, which results from the cross-ring cleavage of
hexose at 0, 2 positions in negative ESI mode. As presented in
Fig. S2A in the ESM, compound 18 produced [M—H] ion at
m/z 593 and fragment ions at m/z 473, m/z 383, and m/z 353 in
MS? spectrum. The ion at m/z 473 was a result of the cross-
ring cleavage at 0, 2 positions of one hexose group, and m/z
353 was the suggestion of the cross-ring cleavage at 0, 2

32 36 40
Time (min)

44 48 52 56 60

positions of two hexose groups simultaneously. The cross-
ring cleavage at 0, 2 sites and 0, 3 sites of two hexose groups
yielded the product ion at m/z 383. Compared with the stan-
dard, compound 18 was unambiguously assigned as vicenin 2.
Similarly, as presented in the ESM in Fig. S2B and S2C,
compounds 22 and 27 displayed the [M—H] ion at m/z 563
(Cy6H»3014), as well as the characteristic neutral loss of
180 Da yielding product ion at m/z 383. The typical neutral
losses of 60 Da (m/z 503) and 90 Da (m/z 473) corresponded
to the cross-ring cleavage at 0, 3 sites of a pentose and hexose,
respectively. Compared with the standards, compounds 22
and 27 were unambiguously assigned as isoschaftoside and
schaftoside, respectively. Similarly, compounds 21, 23, 25,
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Table 2 Characterization of constituents in the stem, leaf, and flower of Dendrobium officinale by HPLC-Q-TOF-MS

No.  tgr(min)  Identification Formula ESI-MS (-) Source

Measured mass Error
[M-H]" (ppm)

1 6.311 Fructose-phenylalanine C,5H,NO, 326.1264 5.7 Leaf

2 6.49 Vanillyl alcohol 4-O-3-p-glucopyranoside (vanilloloside) Cy5H,010 361.1143 0.8 Flower

3 6.873 Strophanthobiose C3H2409 323.1368 6.3 Leaf

4 7.00 Vanillic acid glucoside C4H 309 329.0898 6.1 Stem

5 7.11 Leonuriside A C4H5009 331.1039 1.3 Flower

6 7.81 Koaburaside C4H5009 331.1040 1.6 Flower

7 7.96 Glucosyringic acid C15H20010 359.1004 5.7 Stem

8 8.71 2,6-Dihydroxybenzoic acid 2-O-{3-b-apiofuranosyl- CigH24015 447.1171 6.0 Stem, leaf
(1—2)-B-p-glucopyranoside

9 9.92 Koaburside C;5H5,09 345.1200 2.6 Flower

10 10.24 2,3-Dimethoxybenzoic acid 4-O-3-D-apiofuranosyl- CyoH253014 491.1437 6.3 Stem
(1—2)-B-p-glucopyranoside

11 10.27 1-Caffeoylglucose C;5H1809 341.0885 2.0 Flower

12 10.92 Unknown C7H3,01o 395.1949 6.7 Stem

13 11.59 2,6-Dihydroxybenzoic acid 2-O-f3-D-apiofuranosyl- C7H5,01» 417.1067 6.8 Stem, leaf
(1—2)-B-p-xylopyranoside

14 12.395 Rhodioloside D Cy7H3,01o 395.1945 5.6 Leaf

15 12.93 1-O-p-Coumaroylglucose C,5H;50g 325.0937 2.5 Flower

16 13.50 Rhodioloside D isomer C7H3,0¢ 395.1947 6.1 Stem, leaf

17 13.83 1-O-p-Coumaroylglucose isomer Cy5H;g0g 325.0939 3.1 Flower

18* 14.05 Vicenin II Cy7H3005 593.1566 9.1 Stem, leaf, flower

19 14.49 2-Formyl-5-(hydroxymethyl)-1 H-pyrrole-1-butanoic acid C1oH3NO4 210.0788 7.7 Leaf

20 1522 Unknown CyoH34019 433.2106 6.2 Leaf

21 15.61 Vicenin 1 Cr6H23014 563.1462 9.9 Leaf, flower

22¢ 16.25 Isoschaftoside Cy6H25014 563.1462 9.9 Leaf

23 16.47 Isoschaftoside isomer Cy6H5014 563.1455 8.6 Leaf

24 16.63 N-Phenacetyl-L-aspartic acid C,H3NOs 250.0731 4.0 Flower

25 16.91 Isoschaftoside isomer Cr6Hp8014 563.1428 39 Flower

26 17.81 Scabroside B C17H3009 377.1841 6.3 Stem

27% 17.84 Schaftoside Co6Ho3014 563.1458 9.2 Leaf

28 18.06 Coniferinoside Cy3H340,5 549.1866 7.5 Stem

29 18.36 Vitexin-2"-{3-D-glucoside isomer CyoH340¢ 593.1570 -0.1 Leaf

30 18.50 3.4-Dimethoxybenzyl 3-D-glucopyranoside C;5H»,0g 329.1260 55 Flower

31* 18.58 Vitexin-2"-O-glucoside CyoH340,0 593.1571 0.1 Leaf

32¢ 19.51 Vitexin 2"-O-rhamnoside Cy7H30014 577.1609 8.0 Stem, leaf

33? 20.27 Rutin Cy7H30016 609.1512 8.4 Stem, leaf, flower

34 22.57 Quercetin 3-3-D-glucoside (isoquercetrin) C51H0012 463.0905 5.0 Flower

35 23.83 Vicenin 3 Cr6H25014 563.1433 4.7 Leaf, flower

36 2443 Phillygenin (3-p-glucopyranoside CysH36013 579.2132 8.4 Stem

37 24.79 Neoschaftoside Cy6H5014 563.1434 49 Leaf, flower

38° 25.83 Kaempferol 3-O-f3-D-glucopyranoside C51H001; 447.0953 —8.6 Flower

39 26.79 Unknown C34H44015 739.2505 6.8 Flower

40 27.35 Nonanedioic acid CoH, 604 187.0995 10.2 Stem

41 28.21 Coelovirin A C51H30015 473.1696 6.7 Stem

42 28.68 Paconolide CyoHo53015 459.1540 7.0 Stem

43 29.14 Erigeside 1T C13H,6010 401.1482 7.2 Stem

44 30.60 trans-N-Coumaroyltyramine C,7H7NO3 282.1157 7.6 Stem
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Table 2 (continued)

No. tr (min) Identification Formula ESI-MS (-) Source
Measured mass Error
[M-H]" (ppm)
45° 31.40 Syringoside C17H2409 371.1368 5.5 Flower
46° 31.86 trans-N-Feruloyltyramine CgH19NOy4 312.1269 8.9 Stem
47 33.01 2-Formyl-5-(hydroxymethyl)-1H-pyrrole-1-hexanoic acid C1,H;7NO, 238.1102 7.2 Leaf
48 35.07 Unknown C7H300g 361.1884 4.5 Flower
49 35.11 Unknown CH3501, 493.2330 8.0 Stem, leaf
50 3597 5-Formyl-1-methyl-3-[(3-methylphenoxy)methyl]- Cy5H;sNOy 272.0944 5.8 Leaf
1H-pyrrole-2-carboxylic acid
51 38.08 (E)-Methyl 2,6-dimethyl-8-(3,4,5-trihydroxy-6-(hydroxyl- C17H300g 361.1893 6.9 Stem
methyl)tetrahydro-2H-pyran-2-yloxy)oct-2-enoate
52¢ 40.67 Naringenine Cy5H1,05 271.0634 8.1 Stem
53 4251 9,10,13-Trihydroxy-(E)-11-octadecenoic acid C,gH3405 329.2358 7.4 Stem

* Compared to standard compounds

35, and 37 showed the same [M—H] ions at m/z 563
(Cy6H28014). In comparison with the references, these com-
pounds were tentatively deduced as vicenin 1, isoschaftoside
isomer, isoschaftoside isomer, vicenin 3, and neoschaftoside,
respectively. Compounds 31 and 32 were unambiguously
assigned as vitexin-2"-0-glucoside and vitexin 2"-O-
rhamnoside by comparing with the standards. Compounds
29 and 31 shared the same [M—H] ion at m/z 593 and product
ions at m/z 413 and m/z 293. Therefore, compound 29 was
tentatively deduced as vitexin-2"-O-glucoside isomer.
Compounds 33 and 34 were assigned as quercetin glyco-
sides by their product ions at m/z 300 and m/z 301 in negative
MS? spectra. The kinds of sugars conjugated with flavonoid
aglycone are easily assigned by their fragment ion information
in MS? spectrum, which result from the losses of 162 Da for a
hexose (a glucose or a galactose), 146 Da for a rhamnose, and
132 Da for a pentose (an apiose, an arabinose, or a xylose).
Compared with the standards, compounds 33 and 34 were
unambiguously assigned as quercetin-3-O-rutinoside (rutin)
and quercetin 3-O-3-D-glucoside (isoquercetrin), respectively.
Similarly, compounds 38 and 52 were unambiguously de-
duced as kaempferol 3-O-p-D-glucopyranoside and
naringenine by comparing with the standards.
Nitrogen-containing compounds were rarely found in the
Dendrobium species, such as trans-N-coumaroyltyramine and
trans-N-feruloyltyramine [30]. According to the nitrogen rule,
seven compounds were identified to be nitrogen-containing
compounds (compounds 1, 19, 24, 44, 46, 47, and 50). Com-
pound 46 showed the ion [M—H]  at m/z 312 and product ions
at m/z 148 and m/z 178. Compared with the standard, com-
pound 46 was unambiguously assigned as trans-N-
feruloyltyramine. Similarly, compound 44 was plausibly iden-
tified as frans-N-coumaroyltyramine [31]. The MS? spectrum
of compound 44 was shown in ESM Fig. S3A. The major

product ions at m/z 162 and m/z 119 were resulted from the
cleavage of the C-N bond and C-C bond around the amide
moiety. As shown in ESM Fig. S3B, compounds 19, 47, and
50 had the same fragment ions at m/z 94 (CsH4NO) and m/z 66
(C4H4N) in MS? spectra, which indicated that they shared the
same pyrrole skeleton. Compared with the reference [32],
compounds 19, 47, and 50 were tentatively deduced as 2-
formyl-5-(hydroxymethyl)-1H-pyrrole-1-butanoic acid, 2-for-
myl-5-(hydroxyl-methyl)-1H-pyrrole-1-hexanoic acid, and 5-
formyl-1-methyl-3-[(3-methylphenoxy) methyl]-1H-pyrrole-
2-carboxylic acid, respectively. The loss of butyric acid group
yielded the product ion at m/z 124. In particular, compounds
19, 47, and 50 were reported in the Dendrobium species for
the first time. As presented in the ESM in Fig. S3C, compound
24 produced the [M—H] ion at m/z 250 and the major frag-
ment ion at m/z 132. Compound 24 was tentatively assigned
as N-phenacetyl-L-aspartic acid by comparing with the refer-
ence [33]. The cleavage of the amide moiety led to the product
ion at m/z 132.0307. Further loss of carboxyl group gave the
product ion at m/z 88.0422.

Screening for ligands binding to lipase using
the established approach

The ultrafiltration approach was applied to screen lipase
binders in D. officinale and the results were shown in Fig. 3.
The binding capacities of constituents in the stem, leaf, and
flower were shown in Fig. 4. According to ref. [34], the au-
thors set a rule for ligand selection as follows: If the peak area
of'a ligand in the incubation with active enzyme exceeded the
peak area observed in the control incubation by at least two-
fold, it can be sent for functional assay. By integration of the
area of the ligand in our experiments, we found that this rule
was also suitable for our screening system. We ranked the
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Fig. 4 Binding capacities of
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binding capacities of 53 compounds and only showed the top
six binding constituents with binding capacities above 67 %.
The binding capacities of other compounds could also be
found in Fig. 4. The major constituents of D. officinale were
phenolics, flavonoids, pyrrole derivatives, and unsaturated fat-
ty acids. It seems like that the optimum incubation condition
optimized using rutin may be suitable for the binding between
flavonoids and lipase. However, the results showed that the
top six binding constituents were naringenine (52, 81.05 %),
trans-N-coumaroyltyramine (44, 77.84 %), 9,10,13-
trihydroxy-(£)-11-octadecenoic acid (53, 77.32 %), trans-N-
feruloyltyramine (46, 76.98 %), 2,6-dihydroxybenzoic acid 2-
O-3-p-apiofuranosyl-(1 —2)-f3-D-xylopyranoside (13,
71.87 %), and 2,6-dihydroxybenzoic acid 2-O-[3-D-
apiofuranosyl-(1 — 2)-3-D-glucopyranoside (8, 70.12 %), re-
spectively. Among them, only naringenine belongs to the class
of flavonoids. frans-N-Coumaroyltyramine and trans-N-
feruloyltyramine were amide derivatives. 9,10,13-
Trihydroxy-(£)-11-octadecenoic acid was an unsaturated fatty
acid. 2,6-Dihydroxybenzoic acid 2-O-f-D-
apiofuranosyl-(1 —2)-3-D-xylopyranoside (13, 71.87 %) and
2,6-dihydroxybenzoic acid 2-O-3-D-apiofuranosyl-(1 —2)-3-
D-glucopyranoside (8, 70.12 %) were phenolic compounds.
The bias of the proposed approach does exist; however, except
for flavonoids, other classes of lipase binders were also iden-
tified using the proposed approach. The binding capacities of
constituents in stem were larger than those in leaf and flower,
which indicated that the lipase inhibitory effect of the stem
extract might be better. Competitive binding experiments be-
tween a high concentration of rutin and naringenine or plant
extracts on lipase were performed. As shown in Figs. S4 and
S5 in the ESM, the peak areas of all the ligands were increased
in the presence of a high concentration of rutin. The results
revealed that these ligands in the extracts of D. officinale
bound to the active site of the lipase.
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With the development of affinity selection approaches, new
bioactive compounds were rapidly discovered from natural
medicines. In our study, the proposed approach could be
employed to directly identify ligands that interacted with the
lipase from different extracts of D. officinale. New com-
pounds were also identified, such as compounds 12, 19, 20,
39, 47, 48, 49, and 50. However, due to the lack of standard
compounds, the structures and their inhibitory effects were not
well elucidated at present. In the future, their structures and
inhibitory effects will undoubtedly be elucidated with the en-
deavor of phytochemistry research.

Lipase inhibitory assay

In our study, 13 active ligands were evaluated for their inhib-
itory activities against lipase using traditional lipase inhibitory
assay. Orlistat served as the positive control. The assay results
were listed in Table 3. Surprisingly, naringenine, which had
the largest binding degree, only exhibited a weak lipase inhib-
itory activity (ICsg 291.89+£2.36 uM). trans-N-
Feruloyltyramine even showed less than 10 % inhibition at
the concentration of 200 M. Due to the unavailability of 9,
10,13- trihydroxy-(E)-11-octadecenoic acid in commercial,
two fatty acids, which had been reported in D. officinale, were
purchased and tested for their lipase inhibitory activity.
Linolenic acid, also called 9,12,15-octadecatrienoic acid,
was an unsaturated fatty acid. The ICso values of linolenic
acid and palmitic acid were 32.444+2.19 and 119.86+
2.60 uM, respectively. Five flavone C-glycosides and two
flavone O-glycosides were purchased and tested for lipase
inhibitory effect. Rutin and isoschaftoside showed moderate
lipase inhibitory effects with ICs, values of 57.44+3.18 and
63.83£0.89 uM, respectively. Syringoside, which belongs to
the phenolic compounds, showed less than 10 % inhibition at
the concentration of 200 uM.
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Table 3  Inhibitory effects of compounds on lipase activities
No. Compound 1Cso (UM)£SD
18 Vicenin IT 106.92+4.94
22 Isoschaftoside 63.83+0.89
27 Schaftoside 174.55+£6.22
31 Vitexin 2"-O-glucoside 131.48+1.55
32 Vitexin 2"-O-rhamnoside 114.49+3.02
33 Rutin 57.44+3.18
34 Isoquercetrin 112.98+2.69
38 Kaempferol 3-O-3-D-glucopyranoside 103.11+£3.43
45 Syringoside ni*
46 trans-N-Feruloyltyramine ni®
52 Naringenine 291.89+2.36
Linolenic acid 32.44+2.19
Palmitic acid 119.86+2.60
Orlistat 0.58°

#Less than 10 % inhibition at 200 uM
®Reported by our previous study [4]

Docking studies

The enzyme-binding capacity is not equivalent to inhibito-
ry effects due to the fact that the enzymatic binding sites
are not necessary for substrate transformation [17].
Docking studies were performed to investigate the interac-
tion between the active constituents and the active site of
the lipase. Both 3D and 2D of the best-docked conforma-
tions of lipase-naringenine complexes were shown in
Fig. S6 in the ESM. Naringenine was found in the vicinity
of Asp-80, Val-260, Leu-265, Ile-79, His-152, Arg-257,
Phe-78, Ser-153, and Tyr-115 with a free binding energy
of —9.6 kcal mol'. The hydrogen bond was formed be-
tween the hydroxyl group of naringenine and Asp-80* of
lipase as well as the hydroxyl group of naringenine and
Arg-257* of lipase. Hydrophobic interaction was observed
between the C-ring of naringenine and Phe-216 of lipase.
The catalytic sites of porcine lipase (Ser-153, Asp-177, and
His-264) [35] surround naringenine directly. Thus, the li-
pase inhibitory activity of naringenine is a result of
blocking the catalytic site. The preferred binding sites of
rutin, isoschaftoside, and 9,10,13-trihydroxy-(£)-11-
octadecenoic acid were shown in Fig. S7 in the ESM. In
rutin-lipase adduct, rutin was surrounded by Asp-80* (H-
bonding), Arg-257, Phe-78, Ile-79, Val-260, Thr-256, Trp-
253, Tyr-115, Ala-179, and Phe-236 (7t-7t interaction) with
a free binding energy of —8.5 kcal mol ™. In isoschaftoside-
lipase adduct, isoschaftoside was located in the vicinity of
His-264, Val-260, Trp-253, Arg-257, Thr-256, Ile-79, Phe-
78, Phe-216, and Ser-153 with a free binding energy of
—6.5 kcal mol™'. Noncovalent interactions between

phenolic compounds and proteins are hydrophobic in na-
ture and may stabilize with hydrogen binding. Both rutin
and isoschaftoside formed 7t-7t interaction (with benzene
ring of Phe-216) and one hydrogen bond with the lipase.
These noncovalent interactions may alter the enzyme mo-
lecular conformation. The conformational mobility of the
protein structure can influence the catalytic activity of en-
zymes. Thus, rutin or isoschaftoside might act as a pancre-
atic lipase inhibitor due to the protein conformational
change with lipase binding to rutin or isoschaftoside. In
9,10,13-trihydroxy-(£)-11-octadecenoic acid-lipase ad-
duct, 9,10,13-trihydroxy-(£)-11-octadecenoic acid was
surrounded by Leu-265, Arg-257* (H-bonding), Ala-261,
His-264, Asp-80, Phe-78* (H-bonding), Ser-153* (H-
bonding), Tyr-115, Phe-216, and Val-260 with a free bind-
ing energy of —6.8 kcal mol™'. The binding pattern of 9,10,
13-trihydroxy-(E)-11-octadecenoic acid is different with
that of phenolic compounds. 9,10,13-Trihydroxy-(E)-11-
octadecenoic acid formed four hydrogen bonds with the
lipase: one between the carbonyl group of Ser-153 and
the hydroxyl group of ligand, one between the hydroxyl
group of Ser-153 and the carbonyl group of ligand, and the
others between the hydroxyl group of ligand and Phe-78
and Arg-257. The hydrogen bonding with the Ser-153
could block the catalytic site of lipase. Thus, 9,10,13-
trihydroxy-(E)-11-octadecenoic acid exerted lipase inhibi-
tory effects by direct blocking of the catalytic site. In sum-
mary, naringenine formed more stable complexes with li-
pase than those of rutin and isoschaftoside and the order is
naringenine>rutin>9,10,13-trihydroxy-(£)-11-
octadecenoic acid>isoschaftoside. It was assumed that the
interaction of ligand-enzyme would be in charge of
inhibiting the enzyme activity.

Conclusions

In the study, we have demonstrated a new approach of ultra-
filtration coupled with HPLC-MS for discovering lipase
binders in the stem, leaf, and flower of D. officinale. The
newly established approach provides an alternative to the
methods for screening lipase binders from the medicinal
plants and will accelerate the discovery of antiobesity drugs.
Particularly, 11 lipase inhibitors were identified, eight of
which were reported for the first time. Meanwhile, the differ-
ent interaction modes between the inhibitors and lipase may
be responsible for their varying activities.
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