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Abstract

Citri Grandis Exocarpium (Huajuhong, CGE) is the peel of the unripe fruits of Citrus grandis ‘Tomentosa’ and 
Citrus grandis (L.) Osbeck, which is commonly used in the clinic for the treatment of cough and indigestion. The 
pharmacological mechanism of CGE is unclear. In this study, the pharmacological effect of CGE was predicted 
by System Traditional Chinese Medicine (SYSTCM), which integrated the pharmacological effect prediction 
approach by artificial intelligence into the systemic traditional Chinese medicine (TCM) platform. The main 
pharmacological effect of CGE was antiallergy, promoting bile, blood lipid regulation, cardiotonics, diuresis, 
and antiarrhythmia by prediction of SYSTCM. In vitro cell experiments were carried out to identify the antial-
lergic effect of CGE. Extracts of Citri Grandis Exocarpium (ECGE) inhibited lipopolysaccharide-induced cell 
injury and nitric oxide release in RAW264.7 cells. ECGE and naringin-inhibited immunoglobulin E-induced cell 
degranulation in RBL-2H3 cells. Target profiling, protein interaction network, and molecular docking of com-
pounds from CGE indicated that mitogen-activated protein kinase 14 (MAPK14) and matrix metalloprotease 
9 (MMP9) were key potential targets of CGE with antiallergic activity. This study identified and validated the 
antiallergic effect of CGE by combining SYSTCM, cell experiments, and virtual screening, which provided a new 
paradigm and approach for studying the pharmacological effect and mechanism of TCM.

Keywords: Citri Grandis Exocarpium; Antiallergic effect; TCM; SYSTCM

Received: 24 February 2024; Revised: 3 May 2024; Accepted: 7 May 2024; Published: 20 June 2024

Citri Grandis Exocarpium (Huajuhong, CGE) is 
derived from Citrus grandis ‘Tomentosa’ and 
Citrus grandis (L.) Osbeck (1). CGE is an essential 

TCM used to treat diseases of  the respiratory and diges-
tive systems (2, 3). Naringin is the index component of 
CGE for quality control in the Chinese Pharmacopoeia 

(Edition 2020). The content of  naringin can reflect the 
quality of  different grades of  CGE decoction pieces 
(4). CGE has a wide range of  pharmacological effects, 
including hypolipidemic, antimicrobial, anti-inflamma-
tory, anticancer, and so on (5). However, the main phar-
macological effects of  CGE are not confirmed at present, 

Popular scientific summary

• � Anti-allergy, promoting bile, blood lipid regulation, cardiotonics, diuresis and anti-arrhythmia are 
the main pharmacological effects of CGE by prediction of SYSTCM.

• � Naringin, chryso-obtusin glucoside, and rubrofusarin-6-O-β-D-gentiobioside were the main active 
compounds of CGE that interacted with MAPK14 and MMP9.

• � MAPK14 and MMP9 were potential key targets for the anti-allergic effects of CGE complexes 
through target analysis, protein interaction networks and molecular docking.
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and the mechanism of  CGE for multiple pharmacologi-
cal effects is not clear.

In this study, System Traditional Chinese Medicine 
(SYSTCM) (http://systcm.cn) with the prediction approach 
of pharmacological effect by artificial intelligence was uti-
lized to predict the pharmacological effect of CGE. The 
main pharmacological effects of CGE,  antiallergic, and 
anti-inflammatory effects were validated in lipopolysac-
charide (LPS)-induced RAW264.7 and immunoglobulin 
E (IgE)-induced RBL-2H3 cells. The phenotype related 
to antiallergic effect was detected with the treatment of 
extracts of Citri Grandis Exocarpium (ECGE). The tar-
gets interacted with compounds from CGE were predicted 
based on pharmacophore-based virtual screening and 
analysis of protein interaction network (PIN) and vali-
dated by molecular docking. The pharmacological effect 
and mechanism of CGE were revealed by combining 
SYSTCM and virtual screening.

Materials and methods

Materials
RBL-2H3 cell was purchased from Shanghai Ze Ye 
Biotechnology Co. Ltd, and RAW264.7 cell was purchased 
from the American Type Culture Collection. Dulbecco’s 
Modified Eagle’s Medium (DMEM) was purchased from 
Corning Incorporated, and fetal bovine serum and peni-
cillin-streptomycin were purchased from Gibco. Naringin 
was purchased from Shanghai Yuanye Bio-Technology 
Co., Ltd. (Shanghai, China) with purities higher than 98%. 
CGE was purchased from Hebei Renxin Pharmaceutical 
Co., Ltd. 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di- pheny-
tetrazoliumromide (MTT) and LPS were purchased from 
Sigma-Aldrich. NO kit was purchased from Applygen 
Technologies Inc. Anti-dinitrophenyl-IgE and DNP-BSA 
were purchased from Sigma-Aldrich. PNAG was pur-
chased from J&K Scientifc.

Pharmacological prediction of CGE based on SYSTCM
A total of 79 compounds from CGE were collected from 
the databases of TCMSP (6), TCMD, ETCM (7), and 
HERB (8). Compounds were input into the identification 
model of pharmacological effects using a convolutional 
neural network (9) in SYSTCM. The 40 pharmacologi-
cal effects of compounds from CGE were predicted, and 
the nature of the 40 pharmacological effects was ordered 
based on the number of compounds with potential phar-
macological effects.

Cell culture
RBL-2H3 and RAW264.7 were cultured in DMEM with 
10% fetal bovine serum and 1% penicillin-streptomycin. 
All cells were cultured at 37°C and 5% CO2 in a humidi-
fied atmosphere. 

Preparation of ECGE
CGE (100 g) was extracted and refluxed with 1 L water for 
3 h and concentrated for 200 mL (0.5 g/mL). ECGE was 
further freeze dried and dissolved in PBS at a concentra-
tion of 100 mg/mL. 

Cell viability assay
MTT assay was utilized to identify the appropriate dose of 
different treatments for in vitro assay. About RBL-2H3 (1.5 
× 104 cells/well) and RAW264.7 (6 × 104 cells/well) are seeded 
and cultured in 96-well plates overnight. Cells are treated 
with five doses of different treatments for further 24 h. Then, 
the medium was removed, and MTT (0.5 mg/mL) was added 
and cultured with cells for 4 h. DMSO was utilized to termi-
nate reaction, and the absorbance at 490 nm was measured 
using FlexStation 3 (Molecular Devices, San Jose, CA). 
The cell survival rates are calculated as [(ODdrug − ODblank)/ 
(ODcontrol − ODblank)] × 100%.

Nitric oxide (NO) production
RAW264.7 (6 × 104 cells/well) were seeded and cultured 
into 96-well plates overnight, and the cell medium was 
replaced with medium supplemented with ECGE with 
or without 0.1 μg/mL LPS for 24 h. Griess approach was 
utilized to detect the concentration of NO release. The 
supernatant (50 μL) was incubated with Griess reagent for 
5 min, and the plate was read on FlexStation 3 at 540 nm. 
The concentration of NO production for each sample was 
detected using a standard curve of NaNO2.

IgE-induced degranulation assay
RBL-2H3 (1.5 × 104 cells/well) were seeded and cultured 
into 96-well plates overnight, and the cell medium was 
replaced with medium supplemented with or without 400 
ng/mL anti-dinitrophenyl-IgE (anti-DNP-IgE) for sensiti-
zation. After sensitizing for 24 h, the cells were pretreated 
with ECGE or naringin for 1  h at 37°C. After incuba-
tion, the cells were stimulated with or without 400 ng/mL 
DNP-bovine serum albumin (DNP-BSA) for 30 min at 
37°C and cooled to 0°C in an external ice bath for 10 min. 

The supernatant (50 μL) was incubated for 1.5 h at 37°C 
with 50 μL of p-nitrophenyl-N-acetyl-β-D-glucosaminide 
(PNAG, 4 M). Afterward, the reaction was terminated by 
the addition of 200 μL of 0.1 M sodium carbonate buf-
fer. The generation of p-nitrophenol in supernatant was 
utilized to quantify the activity of β-hexosaminidase 
(β-HEX) by absorbance at 405 nm. The released rate of 
β-HEX (%) was calculated as (ODdrug − ODcontrol)/
(ODmodel − ODcontrol) × 100%. 

Target identification of compounds from CGE based on 
pharmacophore
The 3D structure of 79 compounds from CGE was gen-
erated and fully minimized in CHARMm force field with 
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MMFF94 partial charge. Reverse target identification 
of compounds from CGE was performed based on the 
ligand profiler module in Discovery studio 4.0 (Accerlrys 
Inc. San Diego, CA). Diverse conformations of com-
pounds were generated by BEST mode with 255 confor-
mations, and the relative energy threshold was less than 
20.0 kcal/mol. The targets of compounds were predicted 
by the pharmacophore database of pharmaDB contain-
ing 7028 pharmacophore models with the flexible search-
ing method. Fit value was utilized to evaluate the overlap 
degree of compounds and pharmacophore. The relation-
ships of compounds and targets with fit value more than 
0.9 were considered as the active compounds and poten-
tial targets.

PIN of CGE
The protein–protein interaction (PPI) information of 
potential targets was derived from String 12.0 (http://
string-db.org). PPIs of potential targets with interaction 
score more than 0.4 were extracted to construct PIN by 
Cytoscape 3.10.0. The largest connected subgraph was 
obtained as the PIN of CGE, and the topological param-
eters of PIN were calculated for the identification of 
potential targets of CGE.

Molecular docking
According to the reverse target identification, the rela-
tionships of active compounds and potential targets were 
further identified by molecular docking. The crystal struc-
tures of potential targets were downloaded from Protein 
Data Bank (PDB, http://www.rcsb.org). The common 
problems were automatically solved, including cleaning 
crystallographic waters and adding hydrogens. The bind-
ing sites of proteins were defined from the ligands com-
plexed in crystal structures (initial ligands). Molecular 
docking was performed by CDOCKER algorithms, the 
initial ligands were extracted from the binding sites, and 
re-docked into the sites for calculating the root mean 
square deviation (RMSD). RMSD less than 2.00Å indi-
cated docking algorithm was suitable and could reappear 
the binding of targets and ligands. Active compounds 

from CGE were docked into binding sites to calculate 
-cDOCKER interaction energy and analyze binding 
poses and key residues.

Results

Prediction of pharmacological effects of CGE
Total 79 compounds from CGE were collected from 
TCM databases, and 40 pharmacological effects of 79 
compounds from CGE were predicted by the convolu-
tional neural network in SYSTCM (Fig. 1a and Table S1). 
Among the potential pharmacological effects of CGE, the 
top 6 were antiallergy, promoting bile, regulating blood 
lipid, cardiotonics, diuresis, and anti-arrhythmia, which is 
consistent with clinical usage (Fig. 1b). The clinical usage 
of CGE for the treatment of cough is highly related to 
the pharmacological effect of anti-allergy (ranking 1/40), 
which was also coexisted with anti-inflammatory effects 
(ranking 15/40). Therefore, the pharmacological effect 
of anti-inflammatory and antiallergy effects of CGE was 
further validated by in vitro experiments.

Anti-inflammatory effects of CGE
Anti-inflammatory effects of CGE were validated in LPS-
induced macrophages of RAW264.7 cells, which were classic 
inflammatory cell models. RAW264.7 cells were simulated 
by LPS for 24 h to induce cell injury (Fig. 2a). There was 
no significant decrease in cell viability treated with ECGE 
(62.5–250 μg/mL). Cell injury of RAW264.7 was signifi-
cantly protected with the treatment of ECGE (500–1000 
μg/mL). Nitric oxide is a key biomarker of inflammation, 
and the reduction of NO can be used to characterize the 
improvement of inflammation. RAW264.7 cells were sim-
ulated by LPS for 24 h to induce NO production (Fig. 2b). 
The NO production was significantly reduced by the treat-
ment of ECGE (125–1000 μg/mL), which indicated ECGE 
had the anti-inflammatory effects.

Antiallergic effects of CGE and naringin
Antiallergic effects of  CGE and naringin were vali-
dated in IgE-induced RBL-2H3 cells, which were 

Fig. 1.  Prediction of pharmacological effects of CGE based on SYSTCM. (a) The prediction heatmap of pharmacological 
effects of CGE. The color of each spot in the heatmap corresponds to the prediction results (1 or 0) of each pharmacological 
effect for compounds. (b) Top 10 prediction results of pharmacological effects of CGE based on the number of hit compounds.
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classic allergic cell model with phenotype of  degran-
ulation. RBL-2H3 cells were treated with ECGE 
for 24 h and had little cytotoxicity within the ana-
lyzed concentration range (50–800 μg/mL, Fig. 3a). 
RBL-2H3 cells were simulated by anti-DNP-IgE for 
24 h and following by DNP-BSA for 30 min to induce 
cell degranulation (Fig. 3b). Cell degranulation of 
RBL-2H3 was significantly inhibited with the treat-
ment of  ECGE (50–200 μg/mL). RBL-2H3 cells were 
treated with naringin for 24 h and had little cytotoxic-
ity within the analyzed concentration range (12.5–200 
μM, Fig. 3c). RBL-2H3 cells were simulated by IgE to 
induce β-HEX release (Fig. 3d). β-HEX release was  
significantly reduced by the treatment of  naringin 
(25–100 μg/mL), which indicated naringin had the 
anti-allergic effects.

Target profiles, PIN, and molecular docking of compounds from 
CGE
Reverse target profiles based on pharmacophore mod-
els were performed to reveal the anti-inflammatory and 
antiallergy mechanism of CGE and discover the potential 
targets of compounds from CGE. A total 342 targets were 
hit by 79 compounds from CGE (Fig. 4a and Table S2). 
According to filter and sum of fit value, 119 targets were 
identified as the potential targets of CGE with fit value 
more than 0.9 of one compound (Table S3). Top 10 poten-
tial targets of CGE with the maximum sum of fit values 
were CDK2, FGFR1, CHK1, PK3CG, HS90A, CAH2, 
KCC4, MAPK14, CP11A, and ERI1 (Fig. 4b). 

PIN of CGE with 66 nodes and 264 interactions was 
constructed to reveal the mechanism of CGE (Fig. 4c). 
Topological parameter of PIN was analyzed, and the 

Fig. 2.  Anti-inflammatory effects of ECGE in RAW264.7 cells. Cell viability (a) and NO production (b) of LPS-induced 
RAW264.7 cells treated with different concentrations of ECGE (62.5, 125, 250, 500, and 1000 μg/mL) for 24 h (n = 3).

Fig. 3.  Anti-allergic effects of ECGE and naringin in RBL-2H3 cells. Cell viability (a) and β-HEX release (b) of IgE-induced 
RBL-2H3 cells treated with different concentrations of ECGE (n = 3). Cell viability (c) and β-HEX release (d) of IgE-induced 
RBL-2H3 cells treated with different concentrations of naringin (n = 3).
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degree of each node was calculated to analyze the poten-
tial targets. Top 10 potential targets of CGE with the 
maximum degree were EGFR, ESR1, MAPK1, MMP9, 
MAPK3, GSK3B, JAK2, PTK2, PPARG, BRAF, and 
JAK1 (Fig. 4d). Total 20 potential targets analyzed by 
two approaches were searched in PubMed database using 
keywords related to anti-inflammatory and antiallergic 
effects (Table S4), and key targets of MAPK14 (10) and 
MMP9 (11) regulated by CGE with anti-inflammatory 
and antiallergic effects were identified and validated by 
molecular docking.

Molecular docking was performed to refine the inter-
action between 79 compounds from CGE and MAPK14 
or MMP9. Binding sites of  MAPK14 and MMP9 were 
identified based on initial ligands with RMSD less than 
2.00Å during CDOCKER process (Table S5). The com-
pounds with -CDOCKER INTERACTION ENERGY 
higher than initial ligands were regarded as the poten-
tial active compounds (12). Combining the scores of 
pharmacophore and molecular docking, potential 
active compounds were identified for MAPK14 and 
MMP9 (Table S6). Naringin, chryso-obtusin glucoside, 
and rubrofusarin-6-O-β-D-gentiobioside were poten-
tial active compounds interacted with MAPK14 with 
-CDOCKER INTERACTION ENERGY higher than 
initial ligand in docking and fit value higher than 0.9 in 
pharmacophore. Naringin interacted with MAPK14 by 
hydrogen bond interaction with GLY33, LYS53, ASP112, 
SER154, ASP168, and hydrophobic interactions with 
VAL30 and LEU108 (Fig. 5a and b). The -CDOCKER 

INTERACTION ENERGY of  naringin, chryso-ob-
tusin glucoside, and rubrofusarin-6-O-β-D-genti-
obioside were 54.91, 61.65, and 61.38 kcal/mol for 
MAPK14. Rubrofusarin-6-O-β-D-gentiobioside was 
potential active compound interacted with MMP9 with 
-CDOCKER INTERACTION ENERGY higher than 
initial ligand in docking and fit value higher than 0.9 in 
pharmacophore. Rubrofusarin-6-O-β-D-gentiobioside 
interacted with MMP9 by hydrogen bond interaction 
with ALA189, LEU397, HIS401, GLN402, LEU418, 
TYR420, PRO421, MET422, TYR423, ARG424, and 
hydrophobic interactions with PHE110 (Fig. 5c and 
d). The -CDOCKER INTERACTION ENERGY of 
rubrofusarin-6-O-β-D-gentiobioside was 79.48 kcal/
mol for MMP9. Naringin, chryso-obtusin glucoside, 
and rubrofusarin-6-O-β-D-gentiobioside were poten-
tial active compounds from CGE with the anti-inflam-
matory and antiallergic effects through MAPK14 and 
MMP9.

Discussion
In this study, we utilized artificial intelligence models in 
SYSTCM to predict the antiallergic effects of Citrus gran-
dis extract (CGE) and validated these predictions through 
in vitro experiments. We observed that MAPK14 and 
MMP9 are key potential targets of CGE with antiallergic 
activity.

Studies of the antiallergic effects and mechanism of 
CGE were insufficient, but multiple studies reported 
that naringin had antiallergic effects. Naringin inhibited 

Fig. 4.  Target profiles and network pharmacology of compounds from CGE. (a) The heatmap of target profiles of compounds 
from CGE. The color of each spot in the heatmap corresponds to the fit value of potential targets for active compounds. (b) Top 
10 potential targets of CGE based on sum of fit value of active compounds. (c) Protein interaction network (PIN) of potential 
targets of CGE. (d) Top 10 potential targets of CGE based on degree in PIN.
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airway resistance and eosinophil count in OVA-induced 
mice and regulated multiple allergic cytokines, includ-
ing interleukin-4, INF-gamma, and MMP9 (13, 14). 
Meanwhile, naringin promotes the proliferation of airway 
epithelial cells via activation of taste receptor type 2 mem-
ber (TAS2R) signaling pathways (15). In this study, we 
identified the antiallergic effects of CGE and naringin by 
IgE-induced degranulation assay. Virtual screening and 
PIN indicated that naringin, chryso-obtusin glucoside, 
and rubrofusarin-6-O-β-D-gentiobioside were the main 
active compounds from CGE interacted with MAPK14 
and MMP9, which provides the key mechanism of CGE 
for the treatment of respiratory diseases.

Allergic diseases are immune imbalances caused by a 
combination of genes and the environment. The process 
of the organism becoming allergic involves the activa-
tion of genes, a variety of cytokines, and enzymes (16). 
It is well known that MAPK14 (also known as protein 
kinase p38α) is a member of the mitogen-activated pro-
tein kinase family that is activated by environmental and 
endogenous physiological stimuli associated with tissue 
injury and infection (17). The p38 mitogen-activated pro-
tein kinase (MAPK) family plays an important role in the 
inflammatory response in a wide range of disorders (18). 
The MAPK pathway promotes inflammatory responses in 
various cells such as lymphocytes in the lung and bronchi 
during the process of allergic asthma (19). In allergen-ex-
posed skin, MAPK14 regulates epidermal inflammatory 

genes by phosphorylating p63 leading to allergic skin 
inflammation (17). Th2 regulates antiparasitic and allergic 
responses, and MAPK14 modulates Th2 responses in vitro 
and in vivo by regulating a variety of TCR-related signals 
(10). MMP9 is closely associated with a variety of allergic 
diseases (20), including allergic nasal polyps (21), asthma 
(22), allergic bronchopulmonary aspergillosis (23), atopic 
dermatitis (24), pollen allergy (25), and others. Mast cells 
are closely related to MMP9 (26), which is involved in 
mast cell activation (27). Zhang et al. identified MMP9 
as a new biomarker of early efficacy of sublingual immu-
notherapy for allergic rhinitis by serum proteomics (28). 
Notably, MMP9 is equally associated with Th2-mediated 
acute inflammation in asthma (29). MMP9 and MAPK14 
might also be related due to MAPK14 and MMP-9 being 
associated with cancer development (30). While studies 
have demonstrated that some herbal medicines and their 
components can inhibit inflammatory cytokines, MMP9 
and MAPK14 are one of their therapeutic targets (31, 32).

TCM has advantages for the treatment of complex 
diseases, including respiratory disease (33, 34), cardiovas-
cular disease (35, 36), and so on. However, complex phar-
macological effects and unclear mechanisms reminder the 
development of TCM. The mechanism of TCM is essen-
tial for the dissemination and utilization of TCM all over 
the world. Artificial intelligence technology provided a 
new method to discover and identify the pharmacological 
effect of TCMs. In this study, artificial intelligence models 

Fig. 5.  Interaction analysis of potential targets and compounds from CGE. (a) Mapping graph of naringin and MAPK14 
pharmacophore. (b) Docking result between naringin and MAPK14. (c) Mapping graph of rubrofusarin-6-O-β-D-gentiobioside 
and MMP9 pharmacophore. (b) Docking result between rubrofusarin-6-O-β-D-gentiobioside and MMP9.
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in SYSTCM were utilized to predict the pharmacologi-
cal effect of CGE and may provide a new perspective and 
application for the research of TCM.

CGE is the traditional homologue of  food and med-
icine used in the protection and treatment of  diseases 
of  respiratory system. Pharmacological research indi-
cated CGE has multiple pharmacological effects in 
multiple types of  cells and signaling pathways of  respi-
ratory system. CGE and flavonoids had anti-inflam-
matory effects in xylene-induced mice models (37) and 
LPS-induced RAW264.7 and regulated the activation of 
MAPK and NF-κB signaling pathways (38). Aqueous 
extract of  CGE also alleviated bleomycin-induced idio-
pathic pulmonary fibrosis in rat model, which related to 
the reduction of  IL-6, IL-8, TGF-β1, and so on (4). In 
this study, we re-proved the anti-inflammatory effect in 
LPS-induced RAW264.7 and reveal the mechanism of 
CEG through active compounds and potential targets of 
MAPK14 and MMP9.

Actually, other new pharmacological effects of CGE 
predicted by SYSTCM should be further validated by 
pharmacological research. The potential targets predicted 
in this study should be further validated by in vitro and in 
vivo experiments. And the key compounds predicted by 
virtual screening should be further analyzed by HPLC for 
identification of the content of CGE.

In conclusion, six main pharmacological effects of 
CGE were predicted by artificial intelligence approach in 
SYSTCM. Wherein, antiallergy and anti-inflammatory 
effects of CGE were validated in LPS-induced RAW264.7 
cells and IgE-induced RBL-2H3 cells. MAPK14 and MMP9 
were identified as the main potential targets of naringin, 
chryso-obtusin glucoside, and rubrofusarin-6-O-β-D-gen-
tiobioside from CGE by target profiles, PIN, and molecular 
docking. This study integrated SYSTCM, cell experiments, 
and virtual screening to discover and validate the pharma-
cological effects of TCM and provided a new paradigm for 
revealing the mechanism of TCM.
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