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Background: Perilla frutescens (L.) Britt., a classic medicinal plant, has been demonstrated 
to have anti-inflammatory and anti-allergic effects in asthma. Perilla leaves extract (PLE) 
exerted significant therapeutic effect against allergic asthma inflammation through Syk 
inhibition. But the active chemical ingredients from PLE are complex and unclear, it is 
difficult to fully elucidate its pharmacological mechanisms.
Methods: A method was established for rapid screening and characterization of active 
ingredients from PLE that targeted Syk, with which three potential active ingredients 
were identified. By using OVA-induced allergic asthma mouse model in vivo, OVA- 
induced human PBMCs inflammation model and DNP-IgE/BSA-induced RBL-2H3 cells 
model in vitro, the effects and mechanisms of PLE and its active components were 
evaluated.
Results: Using Syk-affinity screening method, roseoside (RosS), vicenin-2 (Vic-2) and 
rosmarinic acid (RosA) were identified from PLE. In vitro, PLE and its ingredients showed 
significant inhibitory activities against Syk, with their mixture (Mix, prepared by RosS, Vic-2 
and RosA in accordance with their ratio in Syk-conjugated beads bound fraction) showing 
a stronger inhibitory activity. RosS, Vic-2 and RosA also showed significant effects on 
allergic asthma, and a synergistic effect of Mix was observed. Moreover, treatment with 
PLE, RosS, Vic-2, RosA, and Mix significantly inhibited the expression and phosphorylation 
of Syk, PKC, NF-κB p65, and cPLA2 in allergic mice lung tissue and in RBL-2H3 cells.
Conclusion: PLE may alleviate allergic airway inflammation partly through the multiple 
components synergistic targeting on Syk and its downstream inflammatory pathway.
Keywords: allergic airway inflammation, multi-component, PLE, Syk, synergistic effect

Introduction
Asthma is a heterogeneous disease characterized by chronic and persistent airways 
inflammation.1 Traditional Chinese medicine (TCM) makes fruitful contributions in 
treating asthma through regulating immune balance and suppressing allergic 
hyperreactivity.2 Perilla frutescens (L.) Britt., an annual herbaceous plant that 
belongs to the Lamiaceae Mint Family,3 has been demonstrated to have anti- 
inflammatory, anti-allergic and immune-regulatory effects in asthma.4 However, 
the active chemical components in Perilla leaves and mechanisms of alleviating 
asthma airway inflammation are still unknown. Therefore, we aim to develop 
a method to screen for the bioactive compounds from PLE, and then study their 
mechanisms of action on asthma.
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The traditional approach applied by researchers in 
bioactive compound finding is to identify and isolate 
pure chemically defined active compounds. But there 
are lots of disadvantages in traditional methods for 
TCM study due to the complexity and diversity of 
components, length of time required, high screening 
cost, large sample demand and extremely easy loss of 
bioactive trace components.5 Moreover, TCM works 
best with combinatory therapies of multi-component 
due to their synergistic interactions.6 Sometimes an 
herbal product may be showing better effect than an 
equivalent dose of a single-isolated active ingredient, 
and its therapeutic efficacy may come from synergistic 
or additive actions of multiple bioactive ingredients 
within the herb.7 Multiple bioactive compounds within 
herbs may target one or more (same or different) pro-
tein receptors in the biological network.8 Therefore, 
identifying potential targets of herbal effective extract 
and establishing screening methods based on protein 
molecular probe technology may provide a new way 
for the discovery of bioactive compounds in TCM 
herbs.

One of crucial mechanisms in allergic asthma is char-
acterized by hyper-production of allergen-specific IgE 
response to antigens, which binds to high-affinity Fc 
receptors of IgE (FcεRI) on the surface of mast cells and 
basophils, causing degranulation and release of mediators 
of allergic inflammation.9 Spleen tyrosine kinase (Syk), 
a 72-kD cytosolic non-receptor protein tyrosine kinase 
involved in signal transduction in a variety of cell 
types,10 plays a critical role in FcεRI-dependent acute 
inflammatory responses.11 It is reported that Syk expres-
sion increases in allergic airways inflammation disease, 
and inhibition of Syk constitutes a therapeutic option for 
asthma to prevent airway inflammation and 
hyperresponsiveness.12 Upon the cross-linking of an aller-
gen with FcεRI, Syk is recruited and activated by the 
phosphorylation of immunoreceptor tyrosine-based activa-
tion motifs (ITAMs),13 leading to inflammatory responses 
in mast cell and basophils via activating multiple down-
stream signaling processes, including protein kinase 
C (PKC), nuclear factor-κB (NF-κB) and cytosolic phos-
pholipase A2 (cPLA2).12,14,15 Consequently, Syk is con-
sidered as a potentially useful therapeutic target for 
allergic airway inflammation. Therefore, Syk may be 
a potential protein molecular probe for bioactive com-
pounds screening from PLE.

Molecular probe technology is an important tool in 
chemical biology and chemical proteomics. Magnetic 
beads have been widely used for biological and chemi-
cal affinity isolation with the assistance of a magnetic 
field due to its excellent suspension stability, easy sur-
face modification, and convenient solid-liquid 
separation.5 Carboxyl-modified beads provide an excel-
lent solid support for amide bonding with an enzyme’s 
amino group,16 and immobilization of enzymes on 
beads surface can be used to isolate bioactive compo-
nents without inhibiting enzymatic activity.17 

Therefore, Syk-conjugated beads were employed to 
screen for Syk affinitive compounds from PLE, and 
HPLC/MS was used for compounds identification and 
semi-quantification.

In the present study, a method based on Syk- 
conjugated beads coupled with LC/MS was established 
and used to isolate and identify Syk affinitive com-
pounds from PLE. The anti-allergic inflammatory 
effects and mechanisms of Syk affinitive compounds 
were evaluated both in vivo and in vitro. We aim to 
find bioactive components in PLE for the treatment of 
asthma, and study the synergistic pharmacodynamics 
displayed by combination of different bioactive com-
ponents that affect Syk activity.

Materials and Methods
Preparation of PLE18,19

The extract of Perilla frutescens (L.) Britt leaves was 
prepared as follows. Dried and crushed Perilla frutescens 
leaves were reflux extracted with 5-fold (w/v) ethanol 
(70%) for 1.5 h twice. The supernatant was filtrated, and 
the recovered ethanol fraction was concentrated. The 
extract was mixed with 3-fold (w/v) water to make 
a suspension, which was further extracted with 3-fold 
water-saturated ethyl acetate twice. The water layer went 
through precipitation in 80% ethanol for 24 h, and the 
ethanol supernatant was subsequently collected, concen-
trated, and dried to yield PLE.

Screening of Syk Affinitive Components 
from PLE
After Dynabeads MyOne Carboxylic Acid (Invitrogen, 
California, USA) were activated with 50 μL EDC 
(50 mg/mL dissolved in MES) and 50 μL NHS (50 mg/ 
mL dissolved in MES), 60 μL Syk (1 mg/mL dissolved in 
MES) and 40 μL MES were added to beads and allowed to 
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incubate for 16 h at 4°C. The beads (Syk targeted) were 
then washed 3 times with MES, vortexed and incubated 
with 600 μL PLE (20 mg/mL) for 2 h at room temperature 
(RT). Then, the beads were sampled on a MS separation 
column with a MiniMACSTM separator (Miltenyi Biotec, 
Berlin, Germany) and washed with appropriate amount of 
water 3 times. Individual eluents were collected upon the 
addition of 600 μL of 10%, 50% and 100% methanol. All 
the eluents were then concentrated to 600 μL volume. 
Uncoated beads were used as control (Blank).

The Syk affinitive components were characterized 
and identified by LC-MS/MS (QSTAR Elite LC-MS 
/MS System, Massachusetts, AB SCIEX, USA). 
Electrospray ionization was operated in a negative ion 
mode. EC-C18 column (4.6×100 mm, 2.7 μm, Agilent, 
California, USA) was used in reversed-phase mode, 
and the column temperature throughout the analysis 
was 30°C. The injection volume was 20 μL. The 
mobile phase (at a flow rate of 1 mL/min) consisted 
of water with 0.1% formic acid (A) and acetonitrile 
(B). The gradient elution was set as follows: 0–15 min, 
90–80% A; 15–30 min, 80–60% A; 30–45 min, 
60–40% A; 45–60 min, 40–0% A. Fragments were 
detected within the m/z range 100–1000. The standards 
of RosS, Vic-2 and RosA were used to confirm identity 
of compounds analyzed by LC-MS/MS.

Animals
Male Balb/c mice (6–8 weeks old, 18–20 g, Beijing Vital 
River Laboratory Animal Technology Co., Ltd., Beijing, 
China) were raised under pathogen-free conditions with 
controlled temperature of 24 ± 2°C and humidity of 60 ± 
5% with a 12 h light/dark cycle. Standard laboratory chow 
and water were provided ad libitum. All animal experi-
ments were approved from The Animal Care &Welfare 
Committee Institute of Meteria Medica, Chinese Academy 
of Medical Sciences & Peking Union Medical College 
(CAMS & PUMC, Beijing, China) (Permission number: 
00000484) and the animal care complied with the guide-
lines (Standard Operating Procedure for Animal 
Experimental Center, Institute of Materia Medica, CAMS 
& PUMC).

OVA-Induced Asthma Airway 
Inflammation and Treatment
Mice were sensitized with intra-peritoneal injection (i. 
p.) of 30 μg OVA (Sigma-aldrich, Missouri, USA) plus 

1 mg aluminum hydroxide gel (Meihua chemical indus-
try limited company, Shanghai, China) in 0.2 mL nor-
mal saline (0.9% NaCl, Shijiazhuang No.4 
Pharmaceutical, Beijing, China) on days 1, 7 and 
14.20,21 They were then challenged with intratracheal 
instillation of 80 μg OVA in 50 μL normal saline on 
days 26–28, and then euthanized by cervical disloca-
tion on day 29, in accordance with the requirements of 
The Animal Care & Welfare Committee Institute of 
Meteria Medica, CAMS & PUMC. The control animals 
were sensitized and challenged with the same volume 
of normal saline solution.

Animals were divided into groups randomly. On days 
15–28, to study the effects of Syk affinitive components 
from PLE on asthma inflammation, mice were intragastri-
cally administrated with 200 mg/kg PLE, 10 mg/kg RosS, 
10 mg/kg Vic-2, 10 mg/kg RosA (all from Yuanye Bio- 
Technology Co., Ltd, Shanghai, China), Mix (consisted of 
4.047 mg/kg RosS, 5.798 mg/kg Vic-2 and 0.155 mg/kg 
RosA, with a mass ratio of 40.47%: 57.98%: 1.55% as 
described in Figure 1E), and 0.5 mg/kg Dex22 (Sinopharm 
Group Rongsheng Pharmaceutical Co., Ltd., Shanghai, 
China). Control and asthma model group were admini-
strated with normal saline.

Measurement of Cell Counts in 
Bronchoalveolar Lavage Fluid
Twenty-four hours after the last challenge, mice were 
anesthetized, and their bronchoalveolar lavage fluid 
(BALF) was collected by triple intratracheal instillation 
with 0.7 mL PBS, followed by centrifugation of the 
fluid samples at 4°C. The supernatants were collected 
and stored at −80°C for enzyme-linked immunosorbent 
assay (ELISA). The cell pellets were resuspended in 
0.5 mL PBS containing EDTA·2K (5 mg/mL), and the 
total white blood cells, neutrophils, lymphocytes, 
monocytes and eosinophils were counted in 
a hemocytometer (Mindray BC-5000 vet, Shenzhen, 
China).

Histologic Assessment of Lung Tissue
Lung tissues from mice were excised, fixed in 10% for-
malin solution, embedded in paraffin and cut into 4 μm 
slices, and then stained with hematoxylin-eosin (H&E) 
according to standard protocols. The morphometric analy-
sis of inflammatory cell infiltration was performed under 
light microscopy (100×), selecting venules with diameter 
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of 100–200 μm and bronchi with diameter of 150–300 μm. 
Typically, five blood vessels or bronchi were selected from 
each section. A 4-point scoring scale was used: Grade 0, 
no observable inflammatory cell infiltration; Grade 1, 
occasional cuff-like inflammatory cell infiltration; Grade 
2, inflammatory cells infiltration in most of the veins/ 
bronchus and 1–5 layer(s) of inflammatory cells; Grade 
3, obvious inflammatory cells infiltration in most of the 
veins/bronchus and inflammatory cells greater than 5 
layers. The evaluation was performed by an observer 
who was blind to the group.

Human PBMCs Isolation, Culture, 
Stimulation and Treatment
Whole blood sample of healthy volunteers was 
obtained from Clinical Laboratory Center, Beijing 
Friendship Hospital with written informed consent. 
Human PBMCs were isolated by gradient centrifuga-
tion of EDTA-anticoagulant-treated peripheral blood 
samples over Lymphocyte Separation Medium 
(Haoyang Biological Manufacture Co., Ltd., Tianjin, 
China) using a Ficoll-Paque method. The collected 
cells were resuspended in RPMI-1640 supplemented 
with 10% FBS at 2.5×105/mL. The cell suspension 

was aliquoted (0.2 mL/well) onto a 96-well culture 
plate. PBMCs were pre-treated with PLE (50 μg/mL), 
RosS (5 μM), Vic-2 (5 μM), RosA (5 μM) and Mix 
(consisted of 2.535 μM RosS, 2.361 μM Vic-2 and 
0.104 μM RosA, with a molar ratio of 50.70%: 
47.22%: 2.08%) for 1 h at 37°C. The cells were then 
stimulated twice with OVA (0.5 μg/mL) after 12 h and 
24 h. The supernatants were then collected to detect the 
production of inflammatory factors.

The human study had full ethical approval from the 
Institutional Ethics Committee of Clinical laboratory, 
Beijing Friendship Hospital (Beijing, China) (Permission 
number: BFHCC20160110). The written informed consent 
was acquired from every patient. The study was conducted 
in line with the guidelines outlined in the Declaration of 
Helsinki.

RBL-2H3 Cell Culture, Stimulation and 
Treatment
Rat basophilic leukemia −2H3 (RBL-2H3) cell line was 
purchased from National Infrastructure of Cell Line 
Resource (Beijing, China) and cultured in DMEM medium 
supplemented with 10% FBS and 100 U/mL penicillin and 
100 μg/mL streptomycin at 37°C in a 5% CO2 incubator. 

Figure 1 Extraction and identification of Syk affinitive components from PLE and their inhibited activity on Syk in vitro. (A) HPLC chromatograms: 1 – PLE, 2 – Eluent, 3 – 
Blank, and 4 – RosS, 5 – Vic-2, and 6 – RosA Standard reference substances. (B) Ion chromatograms (EIC) of LC-ESI-IT-TOF-MS extracted analysis of the sample peak at 
18.750 min. (C) EIC of LC-ESI-IT-TOF-MS extracted analysis of the sample peak at 23.017 min. (D) EIC of LC-ESI-IT-TOF-MS extracted analysis of the sample peak at 33.300 
min. (E) The relative abundance of Syk affinitive compounds as calculated by mass concentration (mg/mL) and molar concentration (mol/L). (F) In vitro Syk inhibitory 
activities of PLE, RosS, Vic-2, RosA, and Mix (n = 3).
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Cells were seeded at 4×104 cells per well onto 96-well 
plates for TNF-α determination, 8×104 cells per well on 
48-well plates for β-hexosaminidase (β-Hex), toluidine 
blue and immunofluorescence detection, and 2×106 cells 
in culture dishes for Western blotting (WB) analysis. The 
plated cells were sensitized with 50 ng/mL anti-DNP IgE 
(Sigma-aldrich) for 12 h, before being pretreated with PLE 
(50 μg/mL), RosS (5 μM), Vic-2 (5 μM), RosA (5 μM) 
and Mix (consisted of 2.535 μM RosS, 2.361 μM Vic-2 
and 0.104 μM RosA, with a molar ratio of 50.70%: 
47.22%: 2.08%), or with Mix, Syk inhibitor (BAY61- 
3606, 0.05 μM), PKC inhibitor (Rottlerin, 1 μM), NF-κB 
inhibitor (BAY11-7082, 2 μM) and cPLA2 inhibitor 
(Arachidonyl trifluoromethyl ketone, ATK, 1 μM) for 1 
h, and control cells were cultured under normal conditions 
with vehicle. Then, the cells were stimulated with 25 ng/ 
mL DNP-BSA (Biosearch, California, USA) in PIPES 
buffer for 45 min, cell culture supernatants were collected 
for β-Hex detection and cells were used for toluidine blue 
staining. Or the cells were stimulated with 25 ng/mL DNP- 
BSA in complete DMEM medium for 12 h (cell culture 
supernatants were collected for TNF-α test) or 4 h (cells 
were used for immunofluorescence staining and WB 
analysis).

β-Hexosaminidase Secretion Assay
After DNP-BSA stimulation, 50 μL cell supernatant and 
50 μL 2 mM p-nitrophenyl-N-acetyl-β-D-glucosaminide 
(Sigma-aldrich) in 100 mM citrate buffer (pH 4.5) were 
incubated for 1 h at 37°C. Afterwards, 200 μL carbonate 
buffer (0.1 mM NaHCO3/Na2CO3, pH 10.0) was added to 
stop the reaction. The absorbance was measured with 
a microplate reader (Power Wave XS2, BioTek, Virginia, 
USA) at 405 nm. The data were expressed as the percent 
release of β-Hex (%), β-Hex release (%) = T/A × 100%. 
A represents the average OD value of the model group, 
T represents the OD value of each test well.

Toluidine Blue Stain
Treated cells were washed twice with PBS, fixed with 
paraformaldehyde for 20 min and then stained with 0.5% 
toluidine blue for 10 min. Images were subsequently cap-
tured with an Inverted Research Microscope (Nikon 
Eclipse Ti2, Tokyo, Japan), and the data were expressed 
as the percent of degranulation (%), which equaled to the 
number of degranulated cells/the number of total cells.

Immunofluorescence Staining
RBL-2H3 cells in 48-well plates were washed, fixed 
with 4% paraformaldehyde for 20 min, incubated 
sequentially with 0.5% triton X-100 for 20 min and 
then blocked with 3% goat serum for 30 min. Next, 
cells were incubated with anti-p-Syk and anti-Syk anti-
bodies separately overnight at 4°C. Cells were subse-
quently incubated with Alexa Fluor 546 conjugated 
secondary antibody at RT for 2 h, and nuclei were 
stained with DAPI for 10 min. Three different fields 
from each well were imaged with an Inverted Research 
Microscope, and the mean fluorescence intensity was 
calculated by comparing the average pixel intensity of 
the red fluorescence with average pixel intensity of the 
blue fluorescence inside the nuclear region.

Determination of Cytokines by ELISA
The concentrations of multiple cytokines (TNF-α, IL-6, 
IL-8, IL-4 and IFN-γ) in BALF or culture supernatants 
from RBL-2H3 cells and PBMCs, and the levels of IgE, 
IgG1, IgG2a and IgG2b in serum were determined by 
ELISA kits (Biolegend, California, USA) according to 
their respective protocols.

Western Blotting (WB) Analysis
Protein samples were extracted from lung tissues and cells. 
Equal amounts of protein were analyzed by 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene difluoride membranes 
(Millipore, Bedford, MA, USA). The membranes were 
first probed with specific primary antibodies against Syk, 
phospho-Syk (Y525/526), PKC, phospho-PKC, NF-κB 
p65, phospho-NF-κB p65 (Ser536), cPLA2 and phospho- 
cPLA2(Ser505) (Cell Signal Technology, Massachusetts, 
USA) separately at 4°C overnight. β-actin (Cell Signal 
Technology) was used as a loading control. Horseradish 
peroxidase-conjugated anti-rabbit secondary antibodies 
were used and visualized using the enhanced chemilumi-
nescence kit (Thermo Scientific, Massachusetts, USA). 
Digital images were subsequently captured with 
a Chemical imaging system (Clinx Science Instruments 
Co., Ltd, China) and Image-J software (National 
Institutes of Health, Maryland, USA) was used for densi-
tometric analysis.
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In vitro Syk Inhibitory Assay
The experiments were carried out according to manu-
facturer’s instructions on Syk Kinase Enzyme System 
(Promega, Wisconsin, USA) and ADP-Glo™ Kinase 
Assay (Promega). Two μL Syk (2 ng/μL), 2 μL sub-
strate (Poly E4Y1, 0.2 μg/μL), adenosine triphosphate 
(ATP, 10 μM) mixture, and 1 μL test samples were 
added to each well of a 384-well plate. After incuba-
tion at RT for 30 min, 5 μL adenosine diphosphate- 
(ADP-) Glo™ reagent was added to each well and 
incubated at RT for 40 min. And then 10 μL kinase 
detection reagent was added and incubated at RT for an 
additional 30 min. Finally, chemiluminescent signal 
was recorded using a SYNERGY H1 microplate reader 
(BioTek, Winooski, VT, USA).

Statistical Analysis
Data were expressed as mean ± standard error (SEM). As 
the normality test by Kolmogorov–Smirnov test (K–S test) 
was passed, data were analyzed by using the Student’s 
t-test for comparison between two groups and one-way 
ANOVA for multiple groups followed by Fisher’s least 
significant difference (LSD) test, otherwise, by using 
Kruskal–Wallis H-test. Statistical significance was set at 
P < 0.05 or P < 0.01. The above analyses were conducted 
with GraphPad Prim 6.0 and IBM SPSS 19.0 statistical 
software.

Results
Screening Syk Affinitive Components 
from PLE and Detecting Their Inhibitory 
Activity on Syk
In order to extract potential Syk affinitive compounds 
from PLE, a rapid screening method was developed by 
using Syk-conjugated beads coupled to LC/MS. 
Compared to the HPLC chromatograms of PLE 
(Figure 1A1) and Blank (Figure 1A3), three major 
peaks (with retention times about 18.750 min, 23.017 
min and 33.300 min) were found with the Syk- 
conjugated beads eluent (Figure 1A2). After further 
analysis with molecular ion information and fragmen-
tation features on LC-MS/MS spectra, and checking 
with standard compounds, the identity of the three 
major Syk affinitive peaks were identified as RosS 
(Figure 1B), Vic-2 (Figure 1C) and RosA (Figure 
1D), respectively. The concentrations of RosS, Vic-2 

and RosA in PLE were 0.0417 mg/mL, 0.0277 mg/mL 
and 0.0434 mg/mL, which in Syk-conjugated beads 
eluent were 0.0095 mg/mL, 0.0136 mg/mL and 
0.0004 mg/mL calculated by their peak areas. Based 
on the relative abundance of these 3 compounds in the 
Syk-conjugated beads eluent, a mixture of these 3 
compounds (designated as Mix, Figure 1E) was pre-
pared either by mass concentration (mg/mL, 40.47%: 
57.98%: 1.55% calculated by their peak areas, used for 
in vivo experiments) or by molar concentration (mol/L, 
50.70%: 47.22%: 2.08% calculated by their peak areas 
and molar mass, used for in vitro experiments), respec-
tively. In addition, the effect of PLE, RosS, Vic-2, 
RosA and Mix (mixture of RosS, Vic-2 and RosA) in 
inhibiting Syk kinase activity was determined in vitro. 
PLE, RosS, Vic-2 and RosA exhibited Syk inhibitory 
activity in vitro with IC50 values of 6.362 μg/mL, 
0.160 μM, 0.284 μM and 0.114 μM, respectively 
(Figure 1F). Notably, compared with individual affinity 
compound, Mix showed a much higher inhibitory 
activity with an IC50 value of 0.082 μM.

Syk Affinitive Components from PLE 
Attenuated Allergic Airway Inflammation 
in vivo
In order to verify that Syk affinitive compounds (RosS, 
Vic-2, and RosA) were important active components of 
PLE, their effects on allergic airway inflammation were 
further evaluated on OVA-induced asthma mice 
in vivo.

PLE, RosS and Vic-2 treatment significantly attenuated 
OVA-induced infiltration of inflammatory cells into lung 
tissue (P <0.05 or 0.01), and Mix treatment exhibited 
a more significant reversal of lung histologic changes 
(Figure 2A and B). Except RosS and Vic-2 effectively 
reduced the number of neutrophils and eosinophils in 
BALF of allergic mice, RosS, Vic-2 and RosA treatment 
did not seem to affect the number of total and differential 
leukocytes in BALF of allergic mice (Figure 2C). On the 
other hand, Mix treatment showed a marked decrease in 
them (P <0.01). Furthermore, RosS, Vic-2 and RosA treat-
ment significantly decreased the levels of IL-6 (Figure 
2D), TNF-α (Figure 2E), IL-4 (Figure 2F) and the ratio 
of IL-4/IFN-γ (Figure 2G) in BALF, and an enhancement 
effect of Mix was observed. Consistently, Mix also 
showed a stronger inhibitory activity in the level of IgE 
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(Figure 2I), IgG1 (Figure 2J), IgG2a (Figure 2K) and 
IgG2b (Figure 2L) in serum (P < 0.05 or 0.01).

Syk Affinitive Components from PLE 
Attenuated Allergic Airway Inflammation 
in vitro
OVA-induced human PBMCs and DNP-IgE/BSA-induced 
RBL-2H3 cells were used to analyze the anti-inflammatory 
effects of Syk affinitive components from PLE in vitro. 
The results showed that PLE, RosS, Vic-2 and RosA 
treatment significantly suppressed the production of IL-6 
(Figure 3A) and IL-8 (Figure 3B) in OVA-induced human 
PBMCs, and considerably inhibited the production of 

TNF-α (Figure 3C), the release of β-Hex (Figure 3D) 
and the degranulation (Figure 3E) in DNP-IgE/BSA- 
induced RBL-2H3 cells (P < 0.05 or 0.01). Importantly, 
a synergistic suppression was also observed with the Mix 
treatment.

Syk Affinitive Components from PLE 
Decreased the Expression and 
Phosphorylation of Syk and Its 
Downstream Signaling Proteins in vivo
Notable increases of Syk, p-Syk, PKC, p-PKC, NF-κB, 
p-NF-κB, cPLA2 and p-cPLA2 expression were 

Figure 2 Effects of Syk affinitive compounds from PLE on allergic airway inflammation in vivo. (A) Pathological changes in lung tissue were determined by H&E staining 
(magnified ×100). (B) The scoring of inflammatory cells infiltration in H&E stained lung tissues (n =20 was carried out using independent slices from 4 mice in each group). 
(C) Total and differential leukocyte counts in BALF (n = 8). (D–H) The levels of IL-6, TNF-α, IL-4, IFN-γ and the ratio of IL-4/IFN-γ in BALF (n = 8). (I–L) The levels of IgE, 
IgG1, IgG2a and IgG2b in serum (n = 8). Data were shown as mean ± SEM; ##P < 0.01 vs control group; *P < 0.05 and **P < 0.01 vs model group.
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observed in lung tissues of OVA-induced asthma mice 
(P < 0.05 or 0.01, Figure 4A–H), while these altera-
tions, exception of cPLA2, were significantly inhibited 
with RosS, Vic-2 and RosA treatment. Importantly, 
with the Mix treatment, the inhibitory effects on these 
proteins were significantly enhanced, including cPLA2 

(P < 0.01).

Syk Affinitive Components from PLE 
Decreased the Expression and 
Phosphorylation of Syk and Its 
Downstream Signaling Proteins in vitro
In vitro, the expression of Syk (Figure 5A) and p-Syk 
(Figure 5B) in DNP-IgE/BSA-induced RBL-2H3 cells 

Figure 3 Effects of Syk affinitive compounds from PLE on allergic airway inflammation in vitro. (A, B) The levels of IL-6 and IL-8 in OVA-induced human PBMCs (n = 42). (C) 
The level of TNF-α in DNP-IgE/BSA-induced RBL-2H3 cells (n = 3 independent experiments). (D) The release rate of β-Hex (%) in DNP-IgE/BSA-induced RBL-2H3 cells (n = 
3 independent experiments). (E) (a) Images of DNP-IgE/BSA-induced RBL-2H3 cells stained by toluidine blue staining (magnified ×400) with (b) its degranulation rate (%) (n 
= 3). Data were shown as mean ± SEM; ##P < 0.01 vs control group; *P < 0.05 and **P < 0.01 vs model group.

Figure 4 Syk affinitive components from PLE decreased the expression and phosphorylation of Syk and its downstream signaling proteins in vivo. (A–H) The expression of 
Syk, p-Syk, PKC, p-PKC, p65, p-p65, cPLA2, and p-cPLA2 in lung tissues of OVA-induced asthmatic mice were determined by WB (n = 5). Data were shown as mean ± SEM. 
#P < 0.05 and ##P < 0.01 vs control group, *P < 0.05 and **P < 0.01 vs model group.
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was significantly reduced with RosS, Vic-2, RosA and Mix 
treatment determined by immunofluorescence  analysis, as 
consistent with WB (Figure 5C and D). Furthermore, 
treatment with RosS, Vic-2, RosA significantly inhibited 
the expression of PKC (Figure 5E), p-PKC (Figure 5F), 
p-p65 (Figure 5H), cPLA2 (Figure 5I), and p-cPLA2 

(Figure 5J) in DNP-IgE/BSA-induced RBL-2H3 cells (P 
<0.05 or 0.01). Mix treatment showed a much greater 
reduction in the expression of these proteins, including 
the expression of p65 (Figure 5G).

Syk Affinitive Components in PLE 
Attenuated Allergic Inflammation by 
Targeting on Syk
To determine whether Syk affinitive components (Mix) in 
PLE attenuated allergic inflammation by targeting on Syk, 
Syk inhibitor (BAY61-3606) and inhibitors of Syk’s down-
stream effectors PKC (Rottlerin), NF-κB (BAY11-7082) and 
cPLA2 (ATK) were utilized for in vitro studies. In accordance 
with PLE, co-treatment of Mix with Syk inhibitor further 

Figure 5 Syk affinitive components from PLE decreased the expression and phosphorylation of Syk and its downstream signaling proteins in vitro. (A) The expression of Syk 
were determined by immunofluorescence staining, (a) representative photomicrographs (×200) of Syk in RBL-2H3 cells and (b) their relative fluorescence intensities (n = 3). 
(B) The expression of p-Syk were determined by immunofluorescence staining, (a) representative photomicrographs (×200) of Syk in RBL-2H3 cells and (b) their relative 
fluorescence intensities (n = 3). (C–J) The expression of Syk, p-Syk, PKC, p-PKC, p65, p-p65, cPLA2, and p-cPLA2 in DNP-IgE/BSA-induced RBL-2H3 cells as determined by 
WB (n = 5). Data were shown as mean ± SEM. ##P < 0.01 vs control group, *P < 0.05 and **P < 0.01 vs model group.
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reduced DNP-IgE/BSA-induced RBL-2H3 cell degranulation 
and TNF-α production, compared to their individual treatment 
(Figure 6A). By co-treating Mix with PKC, NF-κB and cPLA2 

inhibitors, synergistic inhibitory effects of β-Hex (Figure 6B) 
and TNF-α (Figure 6C) were also observed.

Additionally, co-treatment of Mix with Syk inhibitor 
further inhibited the expression of Syk (Figure 7A and B) 
and p-Syk (Figure 7C and D) determined by immunofluores-
cence staining and confirmed by WB determination. 
Interestingly, Mix co-treating with Syk inhibitor decreased 
the expression and phosphorylation of PKC (Figure 7E and 
F), NF-κB (Figure 7G and H) and cPLA2 (Figure 7I and J) in 
a synergistic manner in according to PLE treatment. While 
exception of PKC inhibitor, cPLA2 and NF-κB inhibitors did 
not affect the expression of Syk and p-Syk (Figure 7K). 
Collectively, these results suggested that Syk affinitive com-
ponents were the main active ingredients of PLE which could 
synergistically attenuate allergic inflammatory response by 
targeting on Syk, and then regulating PKC, NF-κB and 
cPLA2 expressions.

Discussion
PLE could suppress Th2 responses and allergic airway 
inflammation. Because of the complexity and diversity of 
compounds in PLE, the exact mechanism by which PLE 
alleviates asthma airway inflammation is difficult to 
define. Traditionally, isolating and identifying of pure che-
mically defined active components from plant or TCM is 
the most common approach for bioactive compound find-
ing. But there are lots of disadvantages, including being 
time consuming, high screening cost, large sample 
demand, and extremely easy loss of bioactive trace 
components.5 Moreover, the synergistic mechanism of 
multi-compound of herbal medicine or natural product 
could not be clarified through the approach even if single 
compound may successfully work on specific target.17

In the past decades, protein-compound interaction has 
been found to be essential for pharmacological action and 
the effects output in vivo.23 Protein/enzyme coated mag-
netic beads, a molecular probe for affinity selection, has 

Figure 6 Verification that Syk, PKC, NF-κB and cPLA2 were associated with Mix attenuated Inflammation in DNP-IgE/BSA-induced RBL-2H3 cells. (A) (a) Images of DNP- 
IgE/BSA-induced RBL-2H3 cells stained by toluidine blue (magnified ×400), (b) the percent of degranulation (%) calculated (n = 3), (c) the release rate of β-Hex (%) and (d) 
the level of TNF-α in cells co-treated Syk affinitive compounds with Syk inhibitor (n = 3 independent experiments). (B) The release rate of β-Hex and (C) production of 
TNF-α in cells co-treated Syk affinitive compounds with PKC, NF-κB or cPLA2 inhibitors (n = 3 independent experiments). Data were shown as mean ± SEM. ##P < 0.01 vs 
control group; **P < 0.01 vs model group.
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been used to identify active compounds from herbal 
extract.24 With this technique, active compounds and 
even low-affinity compounds in plant extract are possible 
to bind directly to the target immobilized onto the surface 

of beads.25 Therefore, in this study, a rapid extraction 
method using Syk-conjugated beads was established for 
isolating Syk affinitive compounds in PLE, followed by 
identification via LC-MS/MS. Using this method, three 

Figure 7 Syk affinitive compounds in PLE attenuated allergic inflammation by synergistically targeting on Syk in DNP-IgE/BSA-induced RBL-2H3 cell. (A) (a) Representative 
photomicrographs (×200) of Syk expression in RBL-2H3 cells and (b) their relative fluorescence intensities as determined by immunofluorescence staining (n = 3). (B) The 
expression of Syk in DNP-IgE/BSA-induced RBL-2H3 cells with Mix of Syk affinitive compounds co-treated with Syk inhibitor detected by WB (n = 5). (C) (a) Representative 
photomicrographs of (×200) p-Syk in RBL-2H3 cells and (b) their relative fluorescence intensities as determined by immunofluorescence staining (n = 3). (D) The expression 
of p-Syk in DNP-IgE/BSA-induced RBL-2H3 cells with Mix of Syk affinitive compounds co-treated with Syk inhibitor detected by WB (n = 5). (E–J) The expression of PKC, 
p-PKC, p65, p-p65, cPLA2, and p-cPLA2 in DNP-IgE/BSA-induced RBL-2H3 cells with Mix of Syk affinitive compounds treatment with the Syk inhibitor detected by WB (n 
= 5). (K–P) The expression of Syk and p-Syk in DNP-IgE/BSA-induced RBL-2H3 cells with Mix of Syk affinitive compounds co-treated with PKC, NF-κB and cPLA2 inhibitors 
detected by WB (n = 5). Data were shown as mean ± SEM. ##P < 0.01 vs control group; *P < 0.05 and **P < 0.01 vs model group.
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Syk affinitive compounds (RosS, Vic-2 and RosA) were 
identified. It has been reported that Vic-2 is a potential 
anti-inflammatory compound26 and RosA has anti- 
inflammation effect in a murine model of asthma.27

Then, we explored the potential activity of the three 
compounds and synergistic effect of them on Syk-related 
inflammatory diseases in vitro and in vivo. 
Pharmacodynamic synergy means two or more agents 
that work on the same target and cause enhanced thera-
peutic effect through their positive interaction. Synergy 
has been explained from a dose-oriented perspective 
(reaching the same therapeutic activity but with a lower 
dose level required), or from an effect-oriented perspective 
(leading to better therapeutic outcomes at the same dosage 
level).7 In the work, RosS, Vic-2 and RosA were subse-
quently shown to possess significant Syk inhibitory activ-
ities in vitro with IC50 of 0.160, 0.284 and 0.114 μM, 
respectively. Mix (consists of lower dose of RosS, Vic-2 
and RosA, formulated according to their abundance in Syk 
affinitive fraction) was shown to further enhance Syk 
inhibitory activity (with IC50 0.082 μM) than an equal 
dose of any single-isolated active ingredient, indicating 
potential synergistic effect and mechanism on Syk.

To further demonstrate that Syk affinitive compounds 
were the important active ingredients in PLE, the effects of 
these compounds (RosS, Vic-2 and RosA) and their mix-
ture (Mix) on allergic airway inflammation were evaluated 
in this study. A crucial molecular mechanism of asthma is 
Th2 (type 2) inflammation, characterized by increased 
secretion of type 2 cytokines (such as IL-4), IgE- 
triggered hypersensitivity reactions and activation of effec-
tor cells (mast cells, eosinophils and basophils).28 Syk 
affinitive compounds, either individually or in combina-
tion as in Mix, significantly alleviated allergic inflamma-
tion in a mouse model of allergic asthma,29 by reducing 
lung tissue inflammatory histological injuries, inhibiting 
inflammatory cells recruitment, and decreasing inflamma-
tory cytokines and immunoglobulin secretion. OVA- 
induced human PBMCs30 and DNP-IgE/BSA-stimulated 
RBL-2H3 cell31 inflammatory responses were also sup-
pressed. Interestingly, a stronger effect was observed 
with the Mix treatment than with individual Syk affinitive 
compounds, implying that PLE might exert its anti- 
inflammatory effect via synergistic actions of its Syk affi-
nitive components.

Accordingly, we also studied potential mechanisms of 
PLE here. Syk plays a key role in mediating allergic air-
way responses through triggering complex signaling 

pathways including PKC, NF-κB and cPLA2 and then 
producing a great quantity of inflammatory 
mediators.21,32 The present results showed that the expres-
sion of Syk and p-Syk was significantly suppressed both 
in vivo and in vitro after RosS, Vic-2, RosA and Mix 
treatment, indicating decreased Syk protein level and 
inhibited ability to phosphorylate its downstream proteins. 
Similarly, the expression and phosphorylation of PKC, 
NF-κB and cPLA2 were reduced upon treatment with 
these compounds. This suggested that the anti- 
inflammatory effects of Syk affinity compounds in PLE 
were associated with the inhibition of Syk signaling path-
way. Importantly, a synergistic effect was also observed 
with the Mix treatment, which resulted in further decrease 
in the expression and phosphorylation levels of these 
proteins.

Furthermore, by co-treating Mix with Syk inhibitor in 
DNP-IgE/BSA-stimulated RBL-2H3 cells, an additive 
inhibition of Syk, PKC, NF-κB and cPLA2 expression 
and phosphorylation was exhibited, while NF-κB and 
cPLA2 inhibitors did not affect the expression of Syk and 
p-Syk, which resulted from the fact that Syk was the 
upstream factor of NF-κB and cPLA2.33,34 But the rela-
tionship between Syk and PKC is still controversial. Some 
suggested that Syk seemed to be the downstream of PKC- 
mediated in endothelial cell migration,35 whereas others 
reported that Syk was able to activate PKC/NF-κB signal-
ing pathway for the release of IL-1β in primary human 
monocytes.36 In the present work, the result of PKC inhi-
bitor co-treating with Mix suggested a bidirectional inter-
action between Syk and PKC with Mix treatment. Taken 
together, Syk affinitive compounds exerted their anti- 
allergic inflammation effects partly by targeting on Syk, 
and by modulating its downstream PKC, NF-κB and 
cPLA2.

Conclusion
Syk affinitive compounds in PLE, extracted and identified 
by Syk-conjugated beads coupled with LC-MS/MS, may 
represent the potential major active components that exert 
a synergistic effect on reducing allergic inflammation. In 
addition, the potential mechanisms of PLE on alleviating 
allergic airway inflammation can be exerted partly through 
the synergistic targeting on Syk and its downstream 
inflammatory pathway constituents. The results of this 
study provide a method to screen for active components 
from plant extract or TCM, and to study their pharmaco-
dynamic properties and mechanisms, especially for 
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illustrating the multiple active ingredients targeting on one 
or more targets.
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