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Abstract Identification of bioactive compounds directly from
complex herbal extracts is a key issue in the study of Chinese
herbs. The present study describes the establishment and ap-
plication of a sensitive, efficient, and convenient method based
on surface plasmon resonance (SPR) biosensors for screening
active ingredients targeting tumor necrosis factor receptor type
1 (TNF-R1) from Chinese herbs. Concentration-adjusted herb-
al extracts were subjected to SPR binding assay, and a remark-
able response signal was observed in Rheum officinale extract.
Then, the TNF-R1-bound ingredients were recovered,
enriched, and analyzed by UPLC-QTOF/MS. As a result,
physcion-8-O-3-D-monoglucoside (PMG) was identified as a
bioactive compound, and the affinity constant of PMG to TNF-
R1 was determined by SPR affinity analysis (Kp=376 nM).
Pharmacological assays revealed that PMG inhibited TNF-o-
induced cytotoxicity and apoptosis in L.929 cells via TNF-R1.
Although PMG was a trace component in the chemical con-
stituents of the R. officinale extract, it had considerable anti-
inflammatory activities. It was found for the first time that
PMG was a ligand for TNF receptor from herbal medicines.
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The proposed SPR-based screening method may prove to be
an effective solution to analyzing bioactive components of
Chinese herbs and other complex drug systems.
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Introduction

Chinese herbs play an important role in the treatment of var-
ious diseases in China, and some natural products from
Chinese herbal medicine have shown significant pharmaco-
logical activities. However, only a small number of the whole
chemical constituents of herbs have been clarified for bioac-
tive ingredients responsible for their pharmacological activi-
ties [1, 2]. Therefore, identification of medicinal compounds
from a complex matrix that may contain hundreds or even
thousands of components with different structural types and
concentrations is a key issue in the study of Chinese herbs.
Traditional methods of screening active components depend
on the isolation and purification of natural products, structural
determination, and bioassays, which are usually laborious and
expensive [3]. Some methods that directly screen compound
mixtures from herbal extracts have aroused increasingly more
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attention [4]. Cell membrane chromatography has been devel-
oped to screen active compounds that could act on membrane
proteins from herbs [5—7]. Pharmacokinetic studies have been
performed to screen active compounds present in blood and
urine with appropriate blood concentrations and urinary ex-
cretion rates after the administration of herbal extracts [8].
Besides, computational approaches such as data-mining [9]
and network pharmacology [10] could also be used for the
prediction of active ingredients of herbal medicines.

The surface plasmon resonance (SPR) biosensor is a re-
fractometer that measures changes in the optical reflectivity
of a thin metal film when species adsorb or bind to its sur-
face or to any material coated onto its surface [11, 12]. Due
to its high sensitivity, resolution, and specificity [13], SPR
has been applied in numerous fields including medical di-
agnostics, environmental monitoring, food safety and secu-
rity, and pharmaceutical analysis [14]. Recently, it has been
used to capture bioactive components from compound mix-
tures for the purpose of high-throughput screening [15, 16].
The major advantage of SPR-based screening is that it can
give areal-time indication of the dynamic process of ligand-
receptor interaction by using compound mixtures without
any prior separation. But as SPR cannot provide informa-
tion for structural identification of captured components,
some hyphenated systems that combine the biosensor with
liquid chromatography and mass spectrometry have been
established [17, 18]. However, these methods were con-
fined to complicated interfaces and therefore it is difficult
to use them conveniently and extensively. In addition, pre-
vious practices of SPR-based screening usually obtained
dozens of bioactive compounds, and did not focus on the
trace but strong affinity components, therefore, not profiting
from the highly sensitive SPR biosensor.

In the present study, we chose five Chinese herbs includ-
ing Rheum officinale (RO), Salviae miltiorrhizae (SM),
Folium isatidis (F1), Radix glycyrrhizae (RG), and
Astragalus membranaceus (AM), which are known to have
potential anti-inflammatory activities [19-23], for screen-
ing active ingredients targeting tumor necrosis factor recep-
tor type 1 (TNF-R1) by using a sensitive and specific SPR-
based method. The method consists of SPR-based screen-
ing, chip-bound ingredients recovery, and ultra-
performance liquid chromatography quadrupole time-of-
flight mass spectrometry (UPLC-QTOF/MS) identification.
Physcion-8-O-f3-D-monoglucoside (PMG) was identified
as a bioactive compound. Although PMG was a trace com-
ponent in the chemical constituents of the R. officinale ex-
tract, it had considerable anti-inflammatory activities.
These results proved that the proposed SPR-based bioactive
component screening method was sensitive, efficient, and
convenient, suggesting that the method may prove to be an
effective solution to analyzing bioactive components of
Chinese herbs and other complex drug systems.
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Materials and methods
Reagents and materials

R. officinale, S. miltiorrhizae, F. isatidis, R. glycyrrhizae, and
A. membranaceus were purchased from Leiyunshang
Pharmacy (Shanghai, China). Physcion-8-O-f3-D-
monoglucoside was purchased from Shanghai Liding
Biotech (Shanghai, China). Matrine, schizandrin,
chrysophanol, tanshinone IIA, indirubin, liquiritin, and
calycosin-7-glucoside were purchased from the National
Institute for the Pharmaceutical and Biological Products of
China (Beijing, China). The purity of all the standard com-
pounds was greater than 99.9 %. HPLC-grade acetonitrile was
purchased from Merck Chemicals (Darmstadt, Germany).
Actinomycin D was purchased from Sigma-Aldrich (St.
Louis, MO, USA). TNF-& and TNF-R1 were purchased from
PeproTech (Rocky Hill, NJ, USA).

Preparation of herbal extracts and standard solutions

Dried herbs were homogenized with a mill and passed through
a 40-mesh sieve. Powder samples in 1 g were extracted by
ultrasonic extracting method with 10 mL 80 % methanol for
30 min. Then, the extract was centrifuged and the supernatant
was filtered through a 0.22-um nylon filter. Physcion-8-O-f3-
D-monoglucoside, chrysophanol, tanshinone IIA, indirubin,
liquiritin, and calycosin-7-glucoside stock solutions were pre-
pared in DMSO for a final concentration of 20 mM and fil-
tered through a 0.22-um nylon filter.

Quantitative determination of representative component
from each herb

A relative concentration of each herbal extract was estimated
by HPLC analysis performed on an Agilent 1100 series HPLC
system (Agilent Corp., Germany) consisting of a quaternary
solvent delivery system, a thermostatically controlled column
apartment, and a diode array detector. Chromatographic sep-
aration was carried out on a C18 column (Hypersil ODS2,
4.6 mm x200 mm, 5 pum, Elite, Dalian, China) at 37 °C.
The injection volume is 10 puL. For A. membranaceus extract
and calycosin-7-glucoside standard solution, the mobile phase
consisted of methanol (A) and water (B), using a gradient
elution of 10-100 % A at 0-60 min. The flow rate was
1.0 mL/min. The detection wavelength was 260 nm. The chro-
matographic conditions of other herbal extracts and standard
solutions were set according to Chinese Pharmacopoeia [24].
Then, the concentration of representative component in herbal
extract (C,) was calculated by an external standard method.
The equation is: C,.=C, X 4,/4,, where C, is the concentration
of standard solution, 4, is the peak area of compound in herbal
extract, and 4, is the peak area of external standard.
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Immobilization of TNF-R1 on sensor surface and SPR
screening

SPR analysis was carried out on a Biacore T200 system (GE
Healthcare, Sweden). TNF-R1 were diluted in 10 mM sodium
acetate pH 5.0 and immobilized by the amine coupling method
on a CMS5 sensor chip according to the manufacturer’s protocol.
The target immobilization level of ligand was 5,000 RU. The
specificity for TNF-R1 binding was characterized by TNF-o
which was used as positive control and matrine and schizandrin
which were used as negative controls. The running buffer is
phosphate buffer saline (PBS). Samples were then injected to
the TNF-R1 sensor surface for 60 s at a flow rate of 30 pL/min.
Sensorgrams of five herbs were recorded and analyzed.

Recovery of TNF-R1-bound ingredients

Ingredients that were bound to TNF-R1 on the sensor surface
were recovered by an injection and recovery program using
Biacore T200 system. Briefly, R. officinale extract was
injected over the sensor surface for 180 s at 5 uL/min. The
flow system was washed with distilled water. A small volume
of 2 puL recovery solution was injected into the flow cells and
incubated for 20 s to allow the bound ingredients to dissociate
into the recovery solution. Then, the flow direction over the
sensor surface was reversed and the recovery solution contain-
ing TNF-R1-bound ingredients was deposited in 10 pL am-
monium bicarbonate (50 mM).

UPLC-QTOF/MS analysis

The analyses of herbal extracts and SPR-recovered samples
were performed on an Agilent 1290 series UPLC system
(Agilent Corp., USA). Chromatographic separation was car-
ried out on a Waters XSelect® HSS T3 2.5 uM column
(2.1 % 100 mm) at 25 °C. The injection volume is 5 pL. The
mobile phase consisted of 0.1 % aqueous formic acid (v/v) (A)
and acetonitrile (B), using a gradient elution. Elution proce-
dure is 10 % B at 0-0.5 min, 10-90 % B at 0.5-4.5 min, and
90 % B at 4.5-5 min for herbal extracts, and 10 % B at 0—
1 min, 10-90 % B at 1-7 min, and 90 % B at 7—8 min for SPR-
recovered samples. The flow rate was kept at 3.5 mL/min, and
a post-column split was used to maintain a flow rate of
0.4 mL/min into the mass spectrometer source to obtain good
nebulization efficiency. Detection was performed by an
Agilent 6538 UHD Accurate-Mass QTOF/MS (Agilent
Corp., USA). The analysis was performed using full-scan
mode and mass range was set at m/z 100—-1000 in positive
ion mode. The conditions of ESI source were as follows: dry-
ing gas (N,) flow rate, 10 L/min; drying gas temperature,
350 °C; nebulizer, 35 psig; capillary voltage, 4000 V;
fragmentor voltage, 120 V; skimmer voltage, 60 V; octopole
RF, 250 V. All the data were processed by Agilent

MassHunter Software ver. B.02.00 (Agilent Technologies).
Tuning mix (G1969-85000, Agilent Corp., USA) was used
for lock mass calibration in the assay.

SPR affinity analysis

PMG was diluted in running buffer PBS containing 5 %
DMSO at concentrations ranging from about 40 nM to 4 uM.
Analytes were injected through reference and active channels at
a flow rate of 30 puL/min. The association and dissociation
times were 100 and 300 s. The affinity fitting was carried out
with Biacore T200 evaluation software by global fitting using a
steady-state affinity model to obtain the affinity constant K.

Cell culture

L929 cells were obtained from the Department of
Biochemical Pharmacy, Second Military Medical University.
L929 cells were cultured in DMEM supplemented with 10 %
FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin at
37 °C with 5 % CO, atm.

Cytotoxicity assay

Exponentially growing 1.929 cells were harvested and plated
at a density of 2 x 10* cells/well in 96-well plates per 100 pL
complete medium. After 24 h incubation at 37 °C, cells were
pretreated for 3 h with SPD304 (20 ;tM) and physcion-8-O-f3-
D-monoglucoside (20 uM) respectively. Then, TNF-« (10 ng/
mL) and actinomycin D (1 pg/mL) were added. After 48 h
incubation at 37 °C, 10 pL of CCK-8 solution was added to
each well and incubated at 37 °C for 1 h. The resulting color
was assayed at 450 nM using a Biotek Synergy 4 microplate
reader (Hopkinton, MA, USA).

Apoptosis assay

L.929 cells were plated at a density of 1 x 10° cells/well in 12-
well plates per 1 mL complete medium. After 24 h incubation
at 37 °C, cells were pretreated for 3 h with 20 uM physcion-8-
O-3-p-monoglucoside. Then, TNF-« (10 ng/mL) and actino-
mycin D (1 pg/mL) were added. After 24 h incubation at
37 °C, cells were washed with PBS and collected by
trypsinization. After centrifugation at 400xg for 5 min at
4 °C, cells were washed twice with cold PBS and resuspended
in PBS to which were added 5 puL of fluorescein isothiocya-
nate (FITC)-labeled annexin V (annexin V-FITC) and 5 puL of
propidium iodide (PI) solution. The cells were gently vortexed
and incubated for 15 min at4 °C in the dark. Cell fluorescence
was measured on a FACSCalibur flow cytometer (BD
Biosciences, Mountain View, CA, USA). The percentages of
apoptotic cells were determined as the sum of annexin V-
FITC+ and annexin V-FITC+/PI+ cells.
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Results and discussion
Adjustment of concentrations of herbal extracts

An equal amount of each herb was used to prepare their
extracts. But as the content level and extraction efficiency
were different from each other, the final concentration of
each extract was different. In order to adjust them to a
similar concentration and to get a nondiscriminatory re-
sponse value in SPR screening, the relative concentration
of each extract was estimated by HPLC analysis (Fig. 1).
Chrysophanol, tanshinone IIA, indirubin, liquiritin, and
calycosin-7-glucoside were selected as the representative
components of the five herbs respectively according to
Chinese Pharmacopoeia [24]. The concentration of each
herbal extract was evaluated and compared by the quan-
titative determination of its representative component.
The quantification results are shown in Table 1. Then,
each herbal extract prepared for SPR screening was di-
luted by PBS to a definite concentration that contain
1 uM representative component.

Table 1 Quantitative determination results of representative
component from each herb

Number Component name Sample name Concentration (LM)
1 Chrysophanol RO 587.13
2 Tanshinone ITA SM 425.30
3 Indirubin FI 139.98
4 Liquiritin RG 3164.66
5 Calycosin-7-glucoside AM 256.81

Recognition and recovery of TNF-R1-bound ingredients
by SPR biosensor

TNF-R1 protein was immobilized by amine method on a CM5
sensor chip. The specificity for TNF-R1 binding was first
characterized. TNF-« is a known ligand for TNF-R1 [25], so
different concentrations of TNF-x were used as positive con-
trols. As a result, TNF-o could bind to the sensor surface, and
the response unit varied in a concentration-dependent manner.
These sensorgrams are shown in Fig. 2a. Meanwhile, matrine
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Fig. 1 Chromatograms obtained by HPLC analysis. The relative
concentration of each extract was estimated by quantitative
determination of representative component from each herb. In each
panel, the upper is herbal extract and the Jower is standard solution. a
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Fig. 2 Recognition and recovery of TNF-R1-bound ingredients by SPR
biosensor. The specificity for TNF-R1 binding was characterized by
positive control a TNF-« and negative controls b matrine and
schizandrin. ¢ Herb samples were subjected to SPR analysis to screen

and schizandrin, which are unrelated to TNF-R1, were used as
negative controls. The response unit of these compounds was
the same as running buffer PBS, and the sensorgrams are
shown in Fig. 2b. These results indicate that the TNF-R1 sen-
sor chip could recognize its ligands specifically.

Then, the diluted herb samples were subjected to SPR analysis
to screen TNF-R1-bound components. The sensorgrams are
shown in Fig. 2c. Of the five herbs, the sensorgram of R. officinale
showed a significant increase when it flowed through the TNF-R1
sensor surface, while no significant increase was observed in the
other sensorgrams, indicating that one or more ingredients in R.
officinale could bind to TNF-R1, inducing the signal rise. But as
SPR analysis could not provide structural information of the active
ingredients, further identification was needed.

TNF-R1-bound ingredients from R. officinale were recov-
ered by an injection and recovery program using Biacore
T200 system. As illustrated in Fig. 2d, (1) the compound
mixture firstly passed through the sensor surface, during
which the active components associated with TNF-R1. After
that, (2) the system (including the injection needle and flow
path) was washed with distilled water to thoroughly remove
the remaining sample solution without interfering with the

b
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E
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(3) Incubation & Dissociation (4) Recovery & Deposition

TNF-R1-bound components. Of the five herbs, the sensorgram of
R. officinale showed a significant increase, and no significant increase
was observed on the other sensorgrams. d Schematic diagram of the
injection and recovery procedure in our proposed screening method

chip-bound ingredients in the recovery step. Then, (3) the
recovery solution was injected and incubated to allow the
TNF-R1-bound ingredients to dissociate. Finally, (4) the re-
covery buffer containing recovered compounds was drawn
back and mixed with the deposition solution. These steps were
repeated for 5 cycles to collect 20 uL of recovered sample in a
vial.

Identification of active ingredients

As the amount of chip-bound ingredients was quite low in one
single injection and recovery procedure, it was insufficient to
meet the detection limit of QTOF/MS. The injection and re-
covery procedures were repeated to obtain a series of sample
vials. Different numbers (1-5) of the vials were merged, dried
under nitrogen, redissolved by mobile phase, and analyzed by
UPLC-QTOF/MS system. Consequently, the credible identi-
fication result was obtained from at least four merged vials of
the recovered sample. According to the accurate mass data
obtained by QTOF/MS and searching from the chemical com-
pound database of R. officinale containing 146 compounds
built by our group, only physcion-8-O-f3-D-monoglucoside
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Fig. 3 Identification of TNF-R1-bound ingredients from R. officinale. a
Total ion chromatography of the recovered sample. b Mass spectrometry
and chemical structure of PMG. ¢ Total ion chromatography of the PMG

(PMG) was identified as a recovered ingredient (Fig. 3a, b and
Table 2). This result was further confirmed by PMG standard
(Fig. 3c). The major components of R. officinale have been
elucidated by previous studies [26, 27]; however, PMG have
not been mentioned. So PMG may be an attractive ligand for
TNF-R1 with low content in RO. The goal of such identifica-
tion is to find out the trace TNF-R1-bound component that
may possess the important pharmacological effect by using
the least amount of the sample.

Additionally, three MS compatible recovery solutions con-
taining mild organic acids, 0.5 % (v/v) trifluoro acid (TFA),
formic acid (FA), or acetic acid (AA), were investigated. At
least four merged vials of the recovered sample were required
for each recovery solution to identify PMG. However, the
peak areas of PMG in different conditions were different
(Fig. 3d). The peak area of TFA and FA was similar, and larger
than that of AA in both cases, indicating that TFA and FA
could not only help the dissociation of TNF-R1-bound ingre-
dients but enhance the sensitivity of MS detection, and there-
fore may prove to be ideal recovery solutions for screening
active components from a complex mixture by combined use
of SPR and MS.

Table 2

Peak area of PMG Q-

«10° e
50 _o. O oH
3.0 447.1289 ’
(M+H)* 4641550 Physcion 8-O-B-D-monoglucoside
1.0 ’ I (M+NH,)*
[ | . I\ L . o
420 450 480 510
Counts vs. Mass-to-Charge (m/z)
x10° — TFA
— FA
0.6 - AA
0.4
0.2
0 * +* T T

-

2 3 4 5
Number of merged vials

standard. d Investigation of three recovery solutions (0.5 % TFA, 0.5 %
FA, and 0.5 % AA) and different numbers (1-5) of vials merged required
for each recovery solution to accurately identify PMG

Validation of PMG binding to TNF-R1 by SPR analysis

Direct binding of PMG to TNF-R1 was determined by SPR
affinity analysis. As shown in Fig. 4a, serial concentrations of
PMG ranging from about 40 nM to 4 uM were tested. The
dissociation constant (Kp) for PMG was calculated as 376 nM
(Fig. 4b). The nanomolar K, indicated that PMG was a potent
compound binding to TNF-R1, and PMG was a potential anti-
inflammatory ingredient from Chinese herb R. officinale.

Inhibition of TNF--mediated cytotoxicity in 1.929 cells

The inhibitory effects on TNF-«-mediated 1929 cytotoxicity
of positive control SPD304 and PMG were tested by CCK-8
assay. As shown in Fig. 5a-b, TNF- and actinomycin D
changed the cell morphology and caused cell damage, and
the cell viability was only 32.20+0.74 %. SPD304 inhibited
the killing effect and the cell viability increased to 66.10
+2.51 %. PMG also showed an inhibitory effect on cytotox-
icity with a cell viability percentage of 52.54+5.49 %. These
results indicate that PMG inhibited the TNF-x-mediated cy-
totoxicity in L929 cells via TNF-R1, and suggest that the SPR

Identification result of physcion-8-O-3-D-monoglucoside (C5,H,,01¢)

Selected ion Score Expected (m/z) Detected (m/z) Error (ppm) Abund match (%) Mass match (%)
M+H)" 90.36 447.1286 447.1289 —0.84 82.89 99.31
(M+Na)* 96.55 469.1105 469.1109 —0.81 91.05 99.38
(M+NH,)" 67.34 464.1551 464.1560 -1.93 42.73 96.57
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Fig. 4 Measurement of affinity constant by SPR affinity analysis. a Sensorgrams were recorded after injection of different concentrations of PMG. b
The affinity constant K, values were calculated by global fitting using a steady-state affinity model

screening method was accurate and specific in recognizing of
PMG as TNF-R1-binding ingredient.

Inhibition of TNF-x-induced apoptosis in 1929 cells

Next, we tested the inhibitory effect of PMG on TNF-o-
induced 1929 cell apoptosis using annexin V-FITC/PI double
staining method. As shown in Fig. 5c—d, only 2.02+0.03 %
apoptotic cells were found in the control group. TNF-co sensi-
tized by actinomycin D significantly enhanced the apoptosis
with an apoptosis rate of 56.05+3.17 %. Interestingly, the
apoptosis rate decreased to 22.89+1.62 % after 24-h PMG
treatment. These results imply that PMG inhibited TNF-oc-
induced apoptosis in L929 cells via TNF-R1, indicating that
PMG is a new ligand of TNF-R1 and a regulator of

a
Control TNF-a / Actinomycin D SPD304
c
10* 10*
T T
9107 3 it
10° e 10° A e 10°
10° 10? 10* 10° 10? 10*
FL1-H FL1-H
Control TNF-a / Actinomycin D

Fig.5 Blocking effects of PMG on TNF receptor. a The inhibitory effect
of PMG on TNF-a-mediated 1929 cytotoxicity by CCK-8 assay. b The
percentage of cell viability was calculated. ¢ The inhibitory effect of PMG

10*

inflammation. These blocking effects of PMG on TNF-R1
collectively demonstrate that the active ingredients screening
method based on SPR and MS had given us credible results.
Taken together with other advantages of the screening system,
such as simply using of compound matrix and high sensitivity,
it could be employed to discover trace but strong bioactivity
components from complex compound mixtures of Chinese

herbs.

Conclusions

In SPR analysis, a response signal is generated by interactions
between the bioactive compound and the immobilized target
protein, and the signal intensity is closely related to the
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on TNF-x-induced L929 cell apoptosis by FACS analysis. d The
percentage of apoptotic cells was determined
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concentration of the compound. However, an inactive com-
pound cannot bind to the protein so as not to cause a response
signal regardless of concentration [28]. Therefore, existence
of a large amount of inactive ingredients in a complex com-
pound mixture does not interfere with the detection of trace
bioactive components. This is a distinct advantage of activity-
based SPR analysis compared to other chemistry-based detec-
tion methods, such as ultraviolet spectroscopy and mass spec-
trometry. Nevertheless, SPR does not provide information for
structural identification of protein-bound compounds in an
unknown mixture. The active ingredients need to be recov-
ered, enriched, and analyzed by high-resolution MS.

In the present study, we described a method for screening
active components from Chinese herbs by using SPR biosen-
sor and MS in combination, used this method to screen five
Chinese herbs for potential anti-inflammatory ingredients
targeting TNF-R 1, and found that PMG was a bioactive com-
pound. Pharmacological experiments revealed that the bind-
ing of PMG to TNF-RI resulted in an inhibitory effect on
TNF-a-mediated cytotoxicity and apoptosis in L929 cells.
To the best of our knowledge, this is the first study reporting
PMG as a ligand for TNF-R1. The active compound identified
by this screening method was not only in a low amount of
herbal extract but in strong affinity compared to most other
natural products, indicating that the method is highly sensitive
and specific. Our study showed the feasibility of applying
SPR-based screening, chip-bound ingredients recovery, and
UPLC-MS identification method for screening active ingredi-
ents from herbal extracts. This method may prove to be an
effective solution to analyzing active components of Chinese
herbs and other complex drug systems.
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