
BioMed Research International

Network Pharmacology and
Molecular Docking for Drug
Discovery

Lead Guest Editor: Chunpeng Wan
Guest Editors: Tingdong Yan, Muhammad Farrukh Nisar, and Kannan RR
Rengasamy

 



Network Pharmacology and Molecular
Docking for Drug Discovery



BioMed Research International

Network Pharmacology and Molecular
Docking for Drug Discovery

Lead Guest Editor: Chunpeng Wan
Guest Editors: Tingdong Yan, Muhammad Farrukh
Nisar, and Kannan RR Rengasamy



Copyright © 2024 Hindawi Limited. All rights reserved.

is is a special issue published in “BioMed Research International.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Section Editors
Penny A. Asbell, USA
David Bernardo  , Spain
Gerald Brandacher, USA
Kim Bridle  , Australia
Laura Chronopoulou  , Italy
Gerald A. Colvin  , USA
Aaron S. Dumont, USA
Pierfrancesco Franco  , Italy
Raj P. Kandpal  , USA
Fabrizio Montecucco  , Italy
Mangesh S. Pednekar  , India
Letterio S. Politi  , USA
Jinsong Ren  , China
William B. Rodgers, USA
Harry W. Schroeder  , USA
Andrea Scribante  , Italy
Germán Vicente-Rodriguez  , Spain
Momiao Xiong  , USA
Hui Zhang  , China

Academic Editors

Pharmacology
Abdel A. Abdel-Rahman  , USA
Camelia Albu, Romania
Mohammad Hassan Baig  , Republic of
Korea
Dan-Qian Chen  , China
Renata Ferreira  , Brazil
Joohun Ha, Republic of Korea
Mansour Haddad, Jordan
Ihsan-ul Haq  , Pakistan
Luis Ricardo Hernández  , Mexico
Kazim Husain  , USA
Ali Imran  , Pakistan
Muhammad Ayub Kakar, Pakistan
Hye Joung Kim, Republic of Korea
Zwe- Ling Kong  , Taiwan
Robert J. Lee  , USA
Min-Hui Li  , China

Rui Liu  , China
A. M Abd El-Aty  , Egypt
Andrea Mencarelli, Singapore
Juliana Mozer Sciani  , Brazil
Riccardo Nucera  , Italy
Giacomo Oteri  , Italy
Chi-Un Pae  , Republic of Korea
Ravi Radhakrishnan  , USA
Vickram Ramkumar  , USA
aís Ribeiro  , Brazil
Emilio Rojas, Mexico
Simona Saponara, Italy
Samuel Silvestre, Portugal
Janet Sultana, Italy
Shusen Sun  , USA
Emmanuel Talla, Cameroon
Paul Vernyuy Tan  , Cameroon
Paul M. Tulkens  , Belgium
Narsingh Verma, India
Taklo Simeneh Yazie  , Ethiopia
John H. Zhang  , USA
Yao Zheng  , China
Liang-Liang Zhu, China

https://orcid.org/0000-0002-2843-6696
https://orcid.org/0000-0002-7090-1387
https://orcid.org/0000-0002-2178-9608
https://orcid.org/0000-0003-1807-3526
https://orcid.org/0000-0003-2276-0687
https://orcid.org/0000-0002-7160-7235
https://orcid.org/0000-0003-0823-8729
https://orcid.org/0000-0003-2170-3461
https://orcid.org/0000-0002-6190-6688
https://orcid.org/0000-0002-7506-627X
https://orcid.org/0000-0002-3767-6878
https://orcid.org/0000-0002-2760-0124
https://orcid.org/0000-0002-4303-4097
https://orcid.org/0000-0003-0635-5796
https://orcid.org/0000-0002-1700-5065
https://orcid.org/0000-0002-3461-2190
https://orcid.org/0000-0001-8227-4838
https://orcid.org/0000-0002-2259-7739
https://orcid.org/0000-0001-6226-0623
https://orcid.org/0000-0001-6413-5957
https://orcid.org/0000-0002-3877-1244
https://orcid.org/0000-0001-9487-0071
https://orcid.org/0000-0002-0332-8066
https://orcid.org/0000-0002-4877-6524
https://orcid.org/0000-0002-5981-5867
https://orcid.org/0000-0002-5366-8464
https://orcid.org/0000-0003-2233-125X
https://orcid.org/0000-0001-6596-7907
https://orcid.org/0000-0001-7213-206X
https://orcid.org/0000-0003-1867-9712
https://orcid.org/0000-0002-0941-1645
https://orcid.org/0000-0002-6774-9417
https://orcid.org/0000-0002-8593-5301
https://orcid.org/0000-0001-6852-5303
https://orcid.org/0000-0002-3684-6716
https://orcid.org/0000-0001-9014-7329
https://orcid.org/0000-0001-7112-7912
https://orcid.org/0000-0002-7121-3623
https://orcid.org/0000-0003-1218-5826
https://orcid.org/0000-0002-4319-4285
https://orcid.org/0000-0001-5958-6008


Contents

Retracted: Intervention Study of Dictyophora Polysaccharides on Arsenic-Induced Liver Fibrosis in
SD Rats
BioMed Research International
Retraction (1 page), Article ID 9890263, Volume 2024 (2024)

Cephalosporin as Potent Urease and Tyrosinase Inhibitor: Exploration through Enzyme Inhibition,
Kinetic Mechanism, and Molecular Docking Studies
Yahya S. Alqahtani, Bandar A. Alyami, Ali O. Alqarni, Mater H. Mahnashi  , Anser Ali, Qamar Javed,
Mubashir Hassan, and Muhammad Ehsan
Research Article (11 pages), Article ID 1092761, Volume 2022 (2022)

Potential Material Basis of Yupingfeng Powder for the Prevention and Treatment of 2019 Novel
Coronavirus Pneumonia: A Study Involving Molecular Docking and Molecular Dynamic Simulation
Technology
Ying Yu, Gong Zhang, Tao Han, Hongjie Liu  , and Hailiang Huang 

Research Article (14 pages), Article ID 7892397, Volume 2022 (2022)

Molecular Docking and In Silico Simulation of Trichinella spiralis Membrane-Associated
Progesterone Receptor Component 2 (Ts-MAPRC2) and Its Interaction with Human PGRMC1
Muhammad Tahir Aleem  , Asad Khan, Zhaohai Wen, Zhengqing Yu, Kun Li  , Aab Shaukat, Cheng
Chen, Tauseef-ur -Rehman, Mingmin Lu, Lixin Xu, Xiaokai Song, Xiangrui Li, and Ruofeng Yan 

Research Article (10 pages), Article ID 7414198, Volume 2022 (2022)

Jinlida Granules Reduce Obesity in db/db Mice by Activating Beige Adipocytes
Hong-ru Zhou  , Tong-xing Wang  , Yuan-yuan Hao  , Yun-long Hou, Cong Wei, Bing Yao, Xuan Wu,
Dan Huang, Hui Zhang, and Yi-ling Wu 

Research Article (11 pages), Article ID 4483009, Volume 2022 (2022)

GC-MS Profile, Antioxidant Activity, and In Silico Study of the Essential Oil from Schinus molle L.
Leaves in the Presence of Mosquito Juvenile Hormone-Binding Protein (mJHBP) from Aedes aegypti
Oscar Herrera-Calderon  , Haydee Chavez  , Edwin Carlos Enciso-Roca  , Pablo Williams Común-
Ventura  , Renan Dilton Hañari-Quispe  , Linder Figueroa-Salvador  , Eddie Loyola-Gonzales  ,
Josefa Bertha Pari-Olarte  , Nada H. Aljarba  , Saad Alkahtani  , and Gaber El-Saber Batiha 

Research Article (16 pages), Article ID 5601531, Volume 2022 (2022)

Potential Small Molecules for <erapy of Lupus Nephritis Based on Genetic Effect and Immune
Infiltration
Jianbo Qing  , Wenzhu Song  , Lingling Tian  , Sonia Biju Samuel  , and Yafeng Li 

Research Article (16 pages), Article ID 2259164, Volume 2022 (2022)

Trigonella foenum-graecum Methanolic Extract on Isolated Smooth Muscles and Acetylcholinesterase
Enzyme: An In Vitro and Mechanistic In Silico Investigation
Muhammad Nabeel Ghayur  , Mohnad Abdalla  , Asaad Khalid  , Saeed Ahmad, and Anwarul
Hassan Gilani 

Research Article (12 pages), Article ID 4849464, Volume 2022 (2022)

https://orcid.org/0000-0002-4837-3653
https://orcid.org/0000-0002-0853-1530
https://orcid.org/0000-0003-1186-4501
https://orcid.org/0000-0001-8899-2777
https://orcid.org/0000-0002-2026-9969
https://orcid.org/0000-0001-8347-3097
https://orcid.org/0000-0002-3902-7206
https://orcid.org/0000-0002-4008-7230
https://orcid.org/0000-0001-8573-5433
https://orcid.org/0000-0002-1882-0184
https://orcid.org/0000-0001-7264-0961
https://orcid.org/0000-0002-8717-4307
https://orcid.org/0000-0003-4089-5905
https://orcid.org/0000-0003-1744-4874
https://orcid.org/0000-0002-0916-8622
https://orcid.org/0000-0002-8425-3069
https://orcid.org/0000-0002-9491-0456
https://orcid.org/0000-0002-0902-7061
https://orcid.org/0000-0001-9224-8844
https://orcid.org/0000-0001-7381-5110
https://orcid.org/0000-0002-7817-425X
https://orcid.org/0000-0002-1797-7403
https://orcid.org/0000-0002-2877-4716
https://orcid.org/0000-0001-5067-1572
https://orcid.org/0000-0003-3359-0222
https://orcid.org/0000-0002-7500-0959
https://orcid.org/0000-0003-0210-5108
https://orcid.org/0000-0002-1682-5547
https://orcid.org/0000-0001-8734-2588
https://orcid.org/0000-0001-6477-2227


[Retracted] Intervention Study of Dictyophora Polysaccharides on Arsenic-Induced Liver Fibrosis in SD
Rats
Guoze Wang  , Peipei Zuo, Kai Ding, Qibing Zeng, Ting Hu, Shaofeng Wei  , and Peng Luo 

Research Article (12 pages), Article ID 7509620, Volume 2022 (2022)

In Silico and In Vitro Screening of Natural Compounds as Broad-Spectrum β-Lactamase Inhibitors
against Acinetobacter baumannii New Delhi Metallo-β-lactamase-1 (NDM-1)
Aparna Vasudevan  , Dinesh Kumar Kesavan  , Liang Wu  , Zhaoliang Su  , Shengjun Wang  , Mohan
Kumar Ramasamy  , Waheeta Hopper  , and Huaxi Xu 

Research Article (19 pages), Article ID 4230788, Volume 2022 (2022)

Molecular Mechanism of Gleditsiae Spina for the Treatment of High-Grade Serous Ovarian Cancer Based
on Network Pharmacology and Pharmacological Experiments
Boran Zhang  , Wenchao Dan  , Ganlin Zhang  , and Xiaomin Wang 

Research Article (15 pages), Article ID 5988310, Volume 2022 (2022)

Network Pharmacology-Based Strategy for Predicting <erapy Targets of Citri Reticulatae Pericarpium
on Myocardial Hypertrophy
Shisheng Jiang  , Chaoming Huang  , Shulin Wang  , Biyun Huang  , Dan Wu  , Guodong Zheng  ,
and Yi Cai 

Research Article (13 pages), Article ID 4293265, Volume 2022 (2022)

Protective Effects of the Wenfei Buqi Tongluo Formula on the Inflammation in Idiopathic Pulmonary
Fibrosis through Inhibiting the TLR4/MyD88/NF-κB Pathway
Siyu Song, Jing Wang, Guanwen Liu, Lu Ding, Yaxin Li, Hongyu Qi, Lai Wei, Jiachao Zhao, Tian Chen, Meiru
Zhao, Ziyuan Wang, Yingying Yang, Daqing Zhao  , Xiangyan Li  , and Zeyu Wang 

Research Article (13 pages), Article ID 8752325, Volume 2022 (2022)

Mechanism of Sanhua Decoction in the Treatment of Ischemic Stroke Based on Network Pharmacology
Methods and Experimental Verification
YingHuang, Shan-shan Gao, Zi-han Gong, Wen-jie Li, Xiao-junGou  , Ji-jia Sun  , and Ming-jie Sun 

Research Article (20 pages), Article ID 7759402, Volume 2022 (2022)

In Silico Screening of Marine Compounds as an Emerging and Promising Approach against Estrogen
Receptor Alpha-Positive Breast Cancer
Abdulwahab Alamri  , Abdur Rauf  , Anees Ahmed Khalil  , Adel Alghamdi  , Ahmed Alafnan  ,
Abdulrahman Alshammari, Farhan Alshammari  , Jonaid Ahmed Malik, and Sirajudheen Anwar 

Research Article (7 pages), Article ID 9734279, Volume 2021 (2021)

3D-QSAR Studies of 1,2,4-Oxadiazole Derivatives as Sortase A Inhibitors
Neda Shakour, Farzin Hadizadeh  , Prashant Kesharwani, and Amirhossein Sahebkar 

Research Article (10 pages), Article ID 6380336, Volume 2021 (2021)

https://orcid.org/0000-0002-5936-9078
https://orcid.org/0000-0003-3810-0165
https://orcid.org/0000-0001-5800-8783
https://orcid.org/0000-0001-5592-0857
https://orcid.org/0000-0003-2906-8386
https://orcid.org/0000-0002-8241-2433
https://orcid.org/0000-0002-5998-5575
https://orcid.org/0000-0001-6584-1183
https://orcid.org/0000-0002-2319-5264
https://orcid.org/0000-0001-6912-4835
https://orcid.org/0000-0002-2568-7393
https://orcid.org/0000-0002-3536-5304
https://orcid.org/0000-0002-0188-8262
https://orcid.org/0000-0003-3674-3060
https://orcid.org/0000-0003-1274-224X
https://orcid.org/0000-0001-8447-389X
https://orcid.org/0000-0001-5075-1994
https://orcid.org/0000-0001-8504-7745
https://orcid.org/0000-0002-3260-2941
https://orcid.org/0000-0001-6369-9419
https://orcid.org/0000-0003-3708-1193
https://orcid.org/0000-0003-2296-222X
https://orcid.org/0000-0001-5678-7410
https://orcid.org/0000-0001-6780-6314
https://orcid.org/0000-0002-8643-7478
https://orcid.org/0000-0001-6815-3431
https://orcid.org/0000-0001-5068-4357
https://orcid.org/0000-0001-9122-3987
https://orcid.org/0000-0001-8852-7517
https://orcid.org/0000-0003-2429-5491
https://orcid.org/0000-0003-3662-0933
https://orcid.org/0000-0002-8063-0090
https://orcid.org/0000-0002-2473-4952
https://orcid.org/0000-0002-5055-6256
https://orcid.org/0000-0002-0926-2790
https://orcid.org/0000-0002-7680-8191
https://orcid.org/0000-0002-8656-1444


Contents

Research on the Mechanism of Guizhi to Treat Nephrotic Syndrome Based on Network Pharmacology
and Molecular Docking Technology
Dan He, Qiang Li, Guangli Du, Jijia Sun, Guofeng Meng, and Shaoli Chen 

Research Article (13 pages), Article ID 8141075, Volume 2021 (2021)

Green Biosynthesis, Antioxidant, Antibacterial, and Anticancer Activities of Silver Nanoparticles of
Luffa acutangula Leaf Extract
Devi Nallappan  , Agustine Nengsih Fauzi  , Balam Satheesh Krishna  , Basivi Praveen Kumar  ,
Avula Vijaya Kumar Reddy  , Tasqeeruddin Syed  , Cirandur Suresh Reddy  , Nik Soriani Yaacob  ,
and Pasupuleti Visweswara Rao 

Research Article (28 pages), Article ID 5125681, Volume 2021 (2021)

https://orcid.org/0000-0003-0850-5970
https://orcid.org/0000-0003-2673-5614
https://orcid.org/0000-0002-7636-544X
https://orcid.org/0000-0002-8736-5840
https://orcid.org/0000-0002-8214-9532
https://orcid.org/0000-0003-3943-3842
https://orcid.org/0000-0002-5253-7606
https://orcid.org/0000-0002-9804-9683
https://orcid.org/0000-0002-9679-6917
https://orcid.org/0000-0002-4454-3408


Retraction
Retracted: Intervention Study of Dictyophora Polysaccharides on
Arsenic-Induced Liver Fibrosis in SD Rats

BioMed Research International

Received 12 March 2024; Accepted 12 March 2024; Published 20 March 2024
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This article has been retracted by Hindawi following an
investigation undertaken by the publisher [1]. This investi-
gation has uncovered evidence of one or more of the follow-
ing indicators of systematic manipulation of the publication
process:

(1) Discrepancies in scope

(2) Discrepancies in the description of the research
reported

(3) Discrepancies between the availability of data and
the research described

(4) Inappropriate citations

(5) Incoherent, meaningless and/or irrelevant content
included in the article

(6) Manipulated or compromised peer review

The presence of these indicators undermines our confi-
dence in the integrity of the article’s content and we cannot,
therefore, vouch for its reliability. Please note that this notice
is intended solely to alert readers that the content of this arti-
cle is unreliable. We have not investigated whether authors
were aware of or involved in the systematic manipulation
of the publication process.

Wiley and Hindawi regrets that the usual quality checks
did not identify these issues before publication and have
since put additional measures in place to safeguard research
integrity.

We wish to credit our own Research Integrity and
Research Publishing teams and anonymous and named
external researchers and research integrity experts for con-
tributing to this investigation.

The corresponding author, as the representative of all
authors, has been given the opportunity to register their
agreement or disagreement to this retraction. We have kept
a record of any response received.
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In present study, eleven cephalosporin drugs were selected to explore their new medically important enzyme targets with inherited
safety advantage. To this end, selected drugs with active ingredient, cefpodoxime proxetil, ceftazidime, cefepime, ceftriaxone
sodium, cefaclor, cefotaxime sodium, cefixime trihydrate, cephalexin, cefadroxil, cephradine, and cefuroxime, were evaluated
and found to have significant activity against urease (IC50 = 0:06 ± 0:004 to 0:37 ± 0:046mM) and tyrosinase
(IC50 = 0:01 ± 0:0005 to 0:12 ± 0:017mM) enzymes. Urease activity was lower than standard thiourea; however, tyrosinase
activity of all drugs outperforms (ranging 6 to 18 times) the positive control: hydroquinone (IC50 = 0:18 ± 0:02mM).
Moreover, the kinetic analysis of the most active drugs, ceftriaxone sodium and cefotaxime sodium, revealed that they bind
irreversibly with both the enzymes; however, their mode of action was competitive for urease and mixed-type, preferentially
competitive for tyrosinase enzyme. Like in vitro activity, ceftriaxone sodium and cefotaxime sodium docking analysis showed
their considerable binding affinity and significant interactions with both urease and tyrosinase enzymes sufficient for
downstream signaling responsible for observed enzyme inhibition in vitro, purposing them as potent candidates to control
enzyme-rooted obstructions in future.

1. Introduction

The cephalosporins are common antibiotics prescribed in
routine for broad range of infections. Lesser toxic and allergic
threats along with wide action spectrum make them popular
[1]. They possess β-lactam ringed structure similar to penicil-
lin. This interferes with the synthesis of bacterial cell wall show-
ing significant antibacterial properties. Guiseooe Brotzu, Italian
scientist, isolated cephalosporin compounds from Cephalos-
porium acremonium cultures in 1948 [2]. They are classified
generation wise, lower generations possess strong activity
against gram-positive bacteria, and higher generations possess

more activity against gram-negative bacteria; however, cefe-
pime from fourth generation possesses both gram-positive
activity (equivalent to first generation) and gram-negative
activity (equivalent to third generation) [3]. Third generation
cephalosporins are active against gram-negative rods, especially
Enterobacter and multiple resistant strains. They are proven
helpful in controlling hospital-acquired infections including
bacteremia and pneumonia [2]. For present study, eleven drugs
from cephalosporin class with single active compound, cefpo-
doxime proxetil, ceftazidime, cefepime, ceftriaxone sodium,
cefaclor, cefotaxime sodium, cefixime trihydrate, cephalexin,
cefadroxil, cephradine, and cefuroxime, were purchased aiming
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to explore their potential against biologically important two
enzymes, urease and tyrosinase.

Urease, a nickel-dependent thiol-rich metalloenzyme is
responsible for ammonia and carbamate formation from urea
[4]. It is usually present in bacteria, fungi, algae, plants, and
invertebrates. It is also present in soil as a soil enzyme [5].
The important components of ureases for catalytic activity are
Ni2+ ions and the sulfhydryl group (especially the cysteinyl
residues in the active site). An important virulence factor of
many bacterial species includingKlebsiella pneumoniae, Proteus
mirabilis, Salmonella species, Staphylococcus species, and Urea-
plasma urealyticum is their ureolytic activity. It is associated
with pathogenesis of certain medical conditions, i.e., hepatic
coma, pyelonephritis, urinary stone formation, and peptic
ulceration [6, 7]. Increased pH (up to 9.2) during hydrolyses
of urea is observed [6]. Thus, urease activity helps bacteria to
adjust pH allowing them to survive even in originally low
pH of stomach causing stomach cancer and peptic ulcers dur-
ing colonization [8]. Hence, urease inhibitors are the first-line
strategy to control infections caused by urease-producing
microorganisms.

Tyrosinase, our second study enzyme, is associated with
melanin synthesis responsible for hair and skin colour [9,
10]. Melanin is formed from L-tyrosine conversion into 3,4-
dihydroxyphenylalanine (L-DOPA) which oxidizes to pro-
duce dopaquinone [11]. Thus, the tyrosinase enzyme regulates
the melanin content which protects skin from UV radiations
and sun burn. However, its overexpression results in hyperpig-
mentation causing dermatological disorders, i.e., melisma and
age spots [12]. Moreover, neuromelanin in the brain and neu-
rodegeneration are known to be linked with Parkinson’s dis-
ease [13]. Tyrosinase induction produces reactive oxygen
species known to cause neurotoxicity [14]. Thus, discovery
of tyrosinase inhibitors is important for tyrosinase control
and treatment of melanin-related skin complications [15,
16]. Although many tyrosinase inhibitors are identified how-
ever, their toxic effects prohibit their commercialization, indi-
cating the need to search new safe and effective alternatives.

Thus, the focus of study is to use already existing safety
proven drugs to explore their new therapeutic targets, an effec-
tive strategy which not only allow to maximize the use of drug’s
potential but also help to reduce evaluation time, cost, and risk
of failure. Thus, eleven cephalosporin drugs were selected to
evaluate their potential against two medically important
enzymes. Later, kinetic study of twomost potent drugs was exe-
cuted and evaluated their kinetic parameters and inhibition
constants to explore their mechanism of enzyme inhibition.
Moreover, a plot among remaining enzyme activity versus
various concentrations of respective enzymes in the presence
of selected drugs was devised as determinant of reversible or
irreversible behaviour of enzyme inhibition. Finally, docking
study identifying the binding pattern of drugwith enzymewhich
is important for observed enzyme inhibition was executed.

2. Materials and Methods

2.1. Chemicals. Enzymes, mushroom tyrosinase, and urease
were purchased from Sigma. Eleven drugs from cephalosporin
class were purchased from local pharmacy, and their active

ingredients were summarized in Table 1 and Figure S1 with
formula [17–27]. To prepare stock, ground powder was
weighted to directly dissolve in DMSO. All items were stored
in recommended conditions with shelf life of safe use till all
evaluations.

2.2. Urease Inhibitory Assay. To evaluate the urease enzyme
activity, assay described by Weatherburn 1967 was performed
[28]. In 96-well plate, 10μl of enzyme (jack bean urease, 5U/
ml), 40μl buffer (100mMurea, 0.01MK2HPO4, 1mMEDTA,
and 0.01M LiCl2, pH 8.2), and 20μl of test drug were loaded.
Following 15min incubation at 37°C, 40μl of alkali reagent
(0.5%, w/v NaOH and 0.1% active chloride NaOCl) and 40μl
of phenol reagents (1%, w/v phenol and 0.005%, w/v sodium
nitroprusside) were added. After 35min incubation at room
temperature (RT), OD625 nm was tracked to calculate IC50
values to compare the test drugs result with standard named
thiourea.

2.3. Tyrosinase Inhibitory Assay. To evaluate tyrosinase inhi-
bition, assay was performed as described previously [29].
Reaction was started by loading 140μl of phosphate buffer
(20mM, pH 6.8), 20μl of mushroom tyrosinase (30U/ml),
and 20μl of test drug in 96-well plate. After 10min incuba-
tion at RT, 20μl (0.85mM) L-DOPA (3,4-dihydroxypheny-
lalanine) was added and incubated again for 20min at RT.
Then, OD475 nm was determined as measure of dopa-
chrome formation by plate reader (BioTek, Elx 800). Kojic
acid was used as standard inhibitor for reference. For clear
statistical analysis, experiments were performed twice in
duplet. First percentage inhibition was determined and then
IC50 was calculated using Microsoft excel, and the test drug
results were compared with standard.

2.4. Study of Enzyme Kinetics. To evaluate the type of enzyme
inhibition, series of kinetic experiments were performed using
2 most active drugs against both enzymes, urease and tyrosi-
nase, following methods reported previously [29, 30]. To this
end, the Lineweaver-Burk plots of 1/absorbance versus 1/urea
and 1/absorbance versus 1/L-DOPA were plotted. In all kinetic
studies, drug concentrations (as indicated in Lineweaver-Burk
plot) and respective substrates, urea in buffer (0.063 to 2mM)
for urease and L-DOPA (0.06 to 2mM) for tyrosinase, were
added and plates were incubated for 10min at 37°C. Later,
respective enzymes were added in plates and absorbance
(wavelengths same as above) was monitored for 5min with
1min interval. The Lineweaver-Burk plot showing type of
enzyme inhibition was plotted as inverse of velocities (1/V) ver-
sus inverse of substrate concentration 1/[S] Mm-1. Later, inhi-
bition constant (Ki) was evaluated by both the Dixon plot
and from Lineweaver-Burk plot, by secondary replot of slope
versus concentrations of inhibitor.

2.5. Inhibition Mechanism of Potential Inhibitor. The inhib-
itory mechanism of both the enzymes, urease and tyrosinase,
was determined with two most active drugs following Tahir
et al. and Ali et al. [30, 31]. To this end, a plot among
remaining enzyme activity versus various concentrations of
respective enzymes in the presence of drug concentrations
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(as indicated in graph) was devised as determinant of revers-
ible or irreversible behaviour of enzyme inhibition.

2.6. In Silico Study: Repossession of Jack Bean Urease and
Mushroom Tyrosinase from PDB. The crystal structures of
jack bean urease and mushroom tyrosinase were retrieved
from the Protein Data Bank (PDB) having PDBIDs 4H9M
and PDBID 2Y9X (http://www.rcsb.org/), respectively. Fur-
thermore, energy minimization of target, stereochemical
properties, Ramachandran graph, and values of urease and
mushroom tyrosinase were explored [32, 33].

Moreover, to access architecture of study proteins and
occurrence of α-helices, β-sheet and coil tool called VADAR
1.8 was used (http://vadar.wishartlab.com/).

2.7. Designing of Ligands and Molecular Docking Simulation
Using Autodock. The drug molecules cefpodoxime proxetil, cef-
tazidime, cefepime, ceftriaxone sodium, cefaclor, cefotaxime
sodium, cefixime trihydrate, cephalexin, cefadroxil, cephradine,
and cefuroxime were sketched in drawing ACD/ChemSketch
tool and further minimized by visualizing software UCSF
Chimera 1.10.1. PyRx docking tool was used to performmolec-
ular docking experiment for the ligands against urease and
tyrosinase enzymes [34]. The grid box center values of urease
were adjusted as center_ X = 18:0279, Y = −57:332 and Z = −
18:5254, and for tyrosinase, it was fixed as center_ X = −
12:385, Y = −18:7636, and Z = −46:7393, respectively, for
better conformational position in the active region of target pro-
teins. The selected drugs were docked with default exhaustive-
ness value = 8, and resultant complexes were evaluated on the
basis of lowest binding energy (Kcal/mol) and structure activity
relationship (SAR). The three-dimensional (3D) graphical
depictions of all the docked complexes were accomplished by
Discovery Studio (2.1.0) (https://discover.3ds.com/discovery-
studio-visualizer-download) and UCSF Chimera 1.10.1 [32].

3. Results and Discussion

In present study, we selected eleven antibiotics from cepha-
losporin family aiming to maximize the use of their potential
for multiple applications with inherited safety advantages
and rooting out their new biological targets such as enzymes,
urease and tyrosinase, with possible inhibition mechanism
eventually proposing effective and safe alternative for the
management of enzyme-associated medical obstructions.

Our results confirmed that drugs with active ingredients,
cefpodoxime proxetil, ceftazidime, cefepime, ceftriaxone
sodium, cefaclor, cefotaxime sodium, cefixime trihydrate, ceph-
alexin, cefadroxil, cephradine, and cefuroxime, showed excel-
lent activity against urease and tyrosinase enzymes with 50%
inhibitory concentration (IC50) ranging from 0:06 ± 0:004 to
0:22 ± 0:006mM and 0:01 ± 0:0005 to 0:12 ± 0:017mM,
respectively. Urease activity of all drugs was noted lower than
positive control thiourea (IC50 = 0:019 ± 0:002mM); however,
tyrosinase activity of all drugs outperforms the positive controls:
hydroquinone (IC50 = 0:18 ± 0:02mM). Cefotaxime sodium
and ceftriaxone sodium showed lower IC50 among all test
drugs for both urease (IC50 = 0:06 and 0.08mM, respectively)
and for tyrosinase (IC50 = 0:01 and 0.03mM, respectively).

In other words, ceftriaxone sodium and cefotaxime sodium
showed 18 and 6 times better tyrosinase activity than standards
hydroquinone.

In biological reactions, enzymes play key role and therefore
are considered attractive target in disease control [31, 35]. Like-
wise tyrosinase, being the rate-limiting player in darkening of
skin and fruits, its inhibition is desirable both in cosmetics
and food industry. Multiple depigmenting agents called inhibi-
tors such as arbutin [36], azelaic acid [37], retinoids [38], ascor-
bic acid derivatives [39], kojic acid [40], and hydroquinone [41]
are known. However, unwanted side effects including cytotoxic-
ity are observed from many well-known whitening agents such
as hydroquinone and kojic acid which minimizes their use.
Interestingly, all tested drugs showed activity; however, cefotax-
ime sodium and ceftriaxone sodium showed multifold better
tyrosinase inhibitory effect than standard hydroquinone. Thus,
to understand the mechanism of observed enzyme inhibition,
study of enzyme kinetics was performed.

3.1. Mechanism of Urease Enzyme Kinetics. To understand the
mechanism of urease inhibition, series of kinetic experiments
against two most active drugs, cefotaxime sodium and ceftriax-
one sodium, were performed and the respective Lineweaver-
Burk and Dixon plots were generated (Figures 1(a1) and
1(a2)). The Lineweaver-Burk plots, 1/V versus 1/[S], follows
Michaelis-Menten kinetics and showed that both drugs behave
as competitive inhibitor since increase in their concentration
produced a family of straight lines with a common intercept
on the ordinate but with different slopes [42]. To obtain
insightful pathway, binding affinities of EI and ESI complexes
were determined. Analysis revealed competitivemode of urease
inhibition (Figures 1(a1) and 1(a2)). The secondary replots of
slope versus drug concentration and secondary replots of inter-
cept versus drugs concentration showed EI dissociation con-
stant (Ki) (Figures 1(b1) and 1(b2)) and ESI dissociation
constant (Ki’) (Figures 1(c1) and 1(c2)). The Ki values for cef-
otaxime sodium and ceftriaxone sodium were calculated 0.12
and 0.7mM, respectively, by both the Dixon plot and second-
ary replot from the Lineweaver-Burk plot of slope. However,
Ki’ values, 30mM (cefotaxime sodium) and 6mM (ceftriaxone
sodium), were determined by secondary replot of the
Lineweaver-Burk plot of intercept. Comparison showed less
Ki compared to Ki’ values indicating stronger binding between
enzyme and drug [43] justifying preferred competitive mode of
inhibition.

3.2. The Inhibitory Effect of Drugs on Urea Hydrolysis
Activity of Urease. To further understand the urease revers-
ible or irreversible inhibitory behaviour by ceftriaxone
sodium and cefotaxime sodium, experiments were per-
formed as described in Materials and Methods.

Plots among enzyme activity versus the concentration of
enzyme (0.44, 0.88, 1.75, 3.5, 7, and 14μg/ml) in the pres-
ence of drugs produced a group of straight lines (Figure 2).
These parallel straight lines with the same slopes indicate
irreversible urease inhibition [44, 45]. Thus, our both drugs,
ceftriaxone sodium and cefotaxime sodium, are shown to
bind effectively with urease active site to inhibit irreversibly.
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3.3. Mechanism of Tyrosinase Enzyme Kinetics. The mode of
tyrosinase inhibition against two most active drugs, ceftriaxone
sodium and cefotaxime sodium was determined by tracking
oxidation of L-DOPA through the Lineweaver-Burk and Dixon
plots. In the Lineweaver-Burk plots, 1/V versus 1/[S] produced
a family of different straight slopes (Figures 3(a1) and 3(a2)).
Evaluation showed that Vmax reduces with Km shift and
increasing concentrations of ceftriaxone sodium and cefotaxime
sodium, revealing their mixed type inhibitory behaviour. This
means that drugs can interact with free enzyme (E) and
enzyme-substrate (ES) complex [46]. To obtain insightful path-
way, binding affinities of EI and ESI complexes were deter-
mined. The secondary replots for EI dissociation constant (Ki)
(Figures 3(b1) and 3(b2)) and ESI dissociation constant (Ki’)
(Figures 3(c1) and 3(c2)) extracted. The values of Ki and Ki’
were calculated as 0.1 and 0.6mM (ceftriaxone sodium) and
0.07 and 0.8mM (cefotaxime sodium), respectively. Compari-
son showed less Ki compared to Ki’ values indicating stronger
binding between enzyme and drug [43] that indicate preferen-
tially competitive in mixed type mode of enzyme inhibition.

3.4. The Inhibitory Effect of Drugs on Diphenolase Activity of
Tyrosinase. To explore mechanism further and tyrosinase
reversible or irreversible inhibitory behaviour, diphenolase
activity of both drugs ceftriaxone sodium and cefotaxime
sodium was performed. Plots among enzyme activity versus
the concentration of enzyme (0.44, 0.88, 1.75, 3.5, 7, and
14μg/ml) in the presence of different concentrations of drugs
a family of straight lines were generated (Figure 4). The paral-
lel straight lines with the same slopes indicate irreversible
mode of enzyme inhibition [44, 45]. Thus, like urease, both
the most potent drugs, ceftriaxone sodium and cefotaxime
sodium ,were irreversible inhibitors of mushroom tyrosinase
for oxidation of L-DOPA.

3.5. Structural Assessment of Target Proteins. Urease (Jack
bean) have tetra domains with different numbers of residues.
Among all, the most important is the domain four due to
presence of binding pocket and its catalytic behaviour. It con-
sists 27% α-helices, 31% β-sheets, and 41% coils. The Rama-
chandran plots showed occurrence of 97.5% residues in
favored regions evolving phi (φ) and psi (ψ) angle’s good pre-
cision among the coordinates of jack bean urease structure
(Figure S2).

Second enzyme, mushroom tyrosinase oxidoreductase
copper, contains enzyme consisting of 391 amino acids with
structural contribution of 39% α-helices (154 residues), 14%
β-sheet (57 residues), and 46% coil (180 residues). Its resolu-
tion 2.78Å, R value 0.238, and unit cell length as a = 103:84,
b = 104:82, and c = 119:36 with angles 90°, 110.45°, and 90°

for all α, β, and γ dimensions were observed, respectively.
The Ramachandran plots verified the occurrence of 95.90%
residues in favored and 100.0% residues in allowed regions.
The Ramachandran graph displayed good accuracy of phi
(φ) and psi (ψ) angles among the coordinates of receptor
molecules and most of residues plummeted in acceptable
region (Figure S2).

3.6. Molecular Docking Analysis.The docked complexes of cef-
podoxime proxetil, ceftazidime, cefepime, ceftriaxone sodium,
cefaclor, cefotaxime sodium, cefixime trihydrate, cephalexin,
cefadroxil, cephradine, and cefuroxime against study enzymes
were evaluated based on minimum energy values (Kcal/mol)
and ligand interactions pattern. The docking energy values
of jack bean urease and mushroom tyrosinase docked com-
plexes have been tabulated in Table 1.

3.6.1. Binding Analyses of Drugs against Jack Bean Urease.Cef-
triaxone sodium: the ligand-protein binding analyses showed
that ceftriaxone sodium confined in the active binding pocket

Table 1: Enzyme activity of test drugs and docking energy values.

Selected drugs
Jack bean urease

inhibition
Mushroom Tyrosinase

inhibition
Jack bean urease docking

energy
Mushroom Tyrosinase docking

energy
IC50 ± SEM (mM) (Kcal/mol)

Cefpodoxime proxetil 0:1 ± 0:014 0:05 ± 0:0003 -5.10 -5.40

Ceftazidime 0:091 ± 0:007 0:11 ± 0:005 -7.50 -7.90

Cefepime 0:19 ± 0:037 0:09 ± 0:006 -7.50 -8.90

Ceftriaxone sodium 0:08 ± 0:004 0:01 ± 0:0005 -7.90 -8.40

Cefaclor 0:17 ± 0:016 0:03 ± 0:005 -7.20 -7.00

Cefotaxime sodium 0:06 ± 0:004 0:03 ± 0:002 -7.50 -7.60

Cefixime trihydrate 0:18 ± 0:014 0:04 ± 0:002 -6.50 -80

Cephalexin 0:37 ± 0:046 0:12 ± 0:017 -6.30 -7.60

Cefadroxil 0:22 ± 0:006 0:03 ± 0:003 -7.20 -7.70

Cephradine 0:12 ± 0:009 0:07 ± 0:006 -6.50 -6.30

Cefuroxime 0:18 ± 0:009 0:07 ± 0:009 -6.20 -7.10

Standard
0:019 ± 0:002
Thiourea

0:18 ± 0:02
Hydroquinone

— —
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of target protein as mentioned in Figures 5(a) and 5(b). The
results of ceftriaxone sodium-jack bean urease docked com-
plex showed nine hydrogen bonds. The oxygen atoms of cef-
triaxone sodium form hydrogen bond against Arg439 with
bonds length 2.76Å and 3.26Å, respectively; moreover, the
nitrogen atom of drug forms hydrogen bond with Ala636 with
the bond distance 3.26Å. Two oxygen atoms and one nitrogen
atom of ceftriaxone sodiummake hydrogen bond with Gln635
having bond lengths 3.04Å, 2.63Å, and -2.64Å, respectively.
Another hydrogen atom of drug forms hydrogen bond with
Gly638 with bond length of 2.75Å, and two other oxygen
atoms form hydrogen bond with Val640 with bond length
2.11Å and 2.31Å, respectively.

Cefotaxime sodium: cefotaxime sodium also found to con-
fine in urease active region as mentioned in Figures 5(c) and
5(d). The results of cefotaxime sodium-jack bean urease
docked complex showed that five hydrogen bonds depict the
stability of drug against target protein. The two hydrogen
atoms of cefotaxime sodium formed hydrogen bond against
CME592 with bond length 2.44Å and 1.82Å, respectively.
Another hydrogen was also observed between hydrogen atom

and Ala440 with bond length 3.07Å. Moreover, oxygen and
nitrogen atoms of cefotaxime sodium also formed hydrogen
bond with His593 and His519 with bond distances 2.81Å
and 3.05Å, respectively. The other 2D depiction of urease is
shown in Figure S3. The predicted results showed good
correlation with published research data which strengthens
our work and efficacy [47–49].

3.6.2. Binding Analyses of Drugs against Mushroom Tyrosinase.
Ceftriaxone sodium: the binding analyses of ceftriaxone
sodium showed that it was confined in the active binding
pocket of tyrosinase as indicated (Figures 6(a) and 6(b)). Ceftri-
axone sodium-mushroom tyrosinase docked complex showed
5 hydrogen bonds. The oxygen atom of ceftriaxone sodium
forms hydrogen bond against Asn81 with bond length 2.94Å,
and the nitrogen and oxygen atoms formed hydrogen bonds
with His85 with the bond length of 2.47Å and 1.97Å, respec-
tively. Moreover, hydrogen atom of ceftriaxone sodium formed
hydrogen bond with Glu322 with bond length of 2.70Å. Simi-
larly, another oxygen atom of ceftriaxone sodium forms hydro-
gen bond with Val248 with bond length of 2.70Å. This shows
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Figure 1: (a1 and a2) Lineweaver-Burk plot for inhibition of urease enzyme in the presence of cefotaxime sodium and ceftriaxone sodium.
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good commitment with previous literature [50–52]. Cefotax-
ime sodium: the ligand-protein binding analyses showed that
cefotaxime sodium confined in the active binding pocket of tar-
get protein as mentioned in Figures 6(c) and 6(d). The results
of cefotaxime sodium-mushroom tyrosinase docked complex
showed that 2 hydrogen bonds were observed. An oxygen atom
form hydrogen bond with His244 with bond length of 2.97Å
and the nitrogen atom of compound form hydrogen atom with
Glu322 with bond length of 2.58Å. The other 2D depiction of
tyrosinase is shown in Figure S3. Our docking results show
good correlation with published research which strengthens
our work and efficacy [47, 53]. The deep interaction profiles
of drugs against urease and mushroom tyrosinase clearly
depicted the significance of drugs in the enzyme activity. The
binding pocket residues are more important and active key
players in the activation of signaling pathways [54]. In our
predicted results, drugs directly interact with active site residues
of both urease and mushroom tyrosinase which depicts that
binding of drugs may affect the activity of enzymes and showed
good correlation with in vitro results.

Furthermore, rest of all drugs-docking complexes have been
mentioned in supporting data. Moreover, Figure S3 confirms
drugs binding with urease enzyme through various amino
acids; cefaclor interacts through Glu642, Gln649, Arg646, and
Phe840, cefadroxil interacts through His492, His519, His593,
and Arg439, cefepime interacts through Arg439, Met637, and
Asp633, cefixime trihydrate interacts through His519, His492,
Ala440, Arg609, and Ala636, cefpodoxime proxetil interacts
through Arg439, Asp494, and Met588, and ceftazidime
interacts through Ala636 and Arg439; cefuroxime interacts
through Leu833, Ser579, Thr578, Arg646, and Phe838;
cephalexin interacts through Arg646, Ser645, Thr581, and
Phe838; cephradine interacts through Arg639, Arg646, and
Glu584. Likewise, Figure S4 represents drugs binding with

tyrosinase enzyme through various amino acids; cefaclor
interacts through Asn260, Val283, His244, and Ala286;
cefadroxil interacts through His244, His85, Met280, and
His263; cefepime interacts through Ala80, Asn81, and His244;
cefixime trihydrate interacts through A323, Asn81, His244,
and Cys83; cefpodoxime proxetil interacts through Met319,
Arg321, His244, Gly86, and Val248; ceftazidime interacts
through Asn81, Cys83, His85, Glu322, Val283, and Ala286;
cefuroxime interacts through Glu103, Pro329, Cys83, Asn81,
and His85; cephalexin interacts through Val283, Asn81, and
His85; cephradine interacts through Val283, His244, Ala323,
and Asn81. Based on the results, it has been observed that
both ceftriaxone sodium and cefotaxime sodium showed
highest urease and tyrosinase inhibition, interestingly
outperforming tyrosinase positive control, hydroquinone
proposing them potential candidates to control enzyme-
rooted irregularities in future.

3.7. Structure Activity Relationship (SAR) Analysis. The SAR is
the relationship between the chemical structure having different
incorporated functional groups (Figure S1) and its biological
activities against different enzymes. The cefotaxime sodium,
cefixime trihydrate, and cefpodoxime proxetil have basically
the same skeleton with different functional groups. Similarly,
the other drugs ceftriaxone sodium, cefepime, and ceftazidime
correlate with each other in terms of basic structure. Cefaclor,
cefadroxil, and cefuroxime are the same, while cephalexin
resembles with cephradine. The different drugs showed
different inhibition behaviour and docking energy values. All
the compounds have potential to block the entry of substrate
by binding to amino acid residues lying at the pocket domain.
The enzyme/inhibitor complexes are stabilized by number of
different interactions such as H-bonding, π-sigma interactions,
π-alkyl interactions, π-anion/cation sulphur interactions, polar
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interactions, stacking, andmetal-ligand interactions.We discuss
the binding mode of two most active compounds (ceftriaxone
sodium and cefotaxime sodium) and compare their
interactions with the standard ligands. Figures 5 and 6
illustrate the relative positioning of ceftriaxone sodium and
cefotaxime sodium in their most stable conformation with
minimal energy in the active site of target. Different binding
interactions were observed for ceftriaxone sodium and
cefotaxime sodium due to structural differences and presence
of an additional sodium citrate group in both the drugs. The
ceftriaxone sodium showed good inhibition values 0:08 ±
0:004 and 0:01 ± 0:0005 (mM) with binding affinity -7.90 and
-8.40 (Kcal/mol) as compared to other selected drugs
(Table 1). Ceftriaxone sodium is bulky molecule containing
dioxone group at one end and cyclopentane attached with
amino group at another end. Moreover, sodium citrate moiety
was present at the central region with benzene ring. Similarly,

cefpodoxime proxetil is also a bulky structure composed
different moieties such as isopropoxide, couple of methoxy
and amino groups at neighboring ends which gave inhibition
and docking values against urease (0:1 ± 0:014; -5.10) and
mushroom tyrosinase (0:05 ± 0:0003; -5.40), respectively. Both
ceftazidime and cefepime possessed acetate ions and amino
group which reveals closely related inhibition and docking
energy values against urease (0:091 ± 0:007; -7.50 and 0:09 ±
0:006; -7.50) and tyrosinase (0.11±0.005; -7.90 and 0.19
±0.037; -8.90). In comparison with all other drugs, most of
compounds possessed similar basic skeleton with different
functional groups at different positions which depicted
different inhibition and docking values against both urease
and mushroom tyrosinase, respectively. Therefore, due to the
presence of different functional groups in different drugs, it
showed different inhibition values and binding affinities
(Table 1).

0

600

1200

–8 0 8 16

1/
V

( Δ
A

45
0 

nm
/m

in
)–

1

1/[s] mM–1

0.091 mM 0.046 mM
0.023 mM 0.011 mM
0.006 mM 0.003 mM
0.0 mM

0

600

1200

–0.1 –0.05 0 0.05 0.1
1/

V
(Δ

A
45

0 
nm

/m
in

)–
1

[I] mM

2 mM 0.5 mM
0.25 mM 0.13 mM
0.06 mM

0

30

60

0 0.046 0.092

Sl
op

e

[I] mM

0

300

600

0 0.046 0.092

In
te

rc
ep

t

[I] mM

0

250

500

–5 2 9 16

1/
V

( Δ
A

45
0 

nm
/m

in
)–

1

1/[s] mM–1

0.085 mM 0.043 mM
0.021 mM 0.01 mM
0.005 mM 0.003 mM
0.0 mM

0

250

500

–0.05 0.02 0.09

1/
V

( Δ
A

45
0 

nm
/m

in
)–

1

[I] mM

2 mM 1 mM
0.5 mM 0.25 mM
0.13 mM

0

10

20

0 0.046 0.092

Sl
op

e

[I] mM

0
130
260

0 0.046 0.092

In
te

rc
ep

t

[I] mM

d2

c2

b2
a2

d1

c
1  

b1
a1

Figure 3: (a1 and a2) Lineweaver-Burk plot for inhibition of tyrosinase enzyme in the presence of cefotaxime sodium and ceftriaxone
sodium. The cefotaxime sodium concentrations 0, 0.008, 0.02, 0.03, 0.07, 0.14, and 0.27mM and ceftriaxone sodium concentrations 0,
0.003, 0.006, 0.011, 0.023, 0.046, and 0.091mM; however, L-DOPA concentrations ranging 0.06 to 2mM were used. (b1 and b2) The
insets represent the plot of the slope from the Lineweaver-Burk plot versus inhibitor. (c1 and c2) The secondary replot of the
Lineweaver-Burk plot, 1/V (y-intercept) of (a) versus various concentrations of inhibitor. (d1 and d2) The Dixon plot of the reciprocal of
the initial velocities versus various concentrations of inhibitor.

7BioMed Research International



0

0.005

0.01

0.015

0.02

0 3 6 9 12 15

En
zy

m
e a

ct
iv

ity
(Δ

A
45

0 
nm

/m
in

)

[E] (𝜇g/mL)
0.085 mM

0.043 mM

0.021 mM0.01 mM
0.005 mM

0.003 mM0.0 mM

(a)

0

0.01

0.02

0.03

0.04

0 3 6 9 12 15

En
zy

m
e a

ct
iv

ity
(Δ

A
45

0 
nm

/m
in

)

[E] (𝜇g/mL)

0.091 mM

0.046 mM

0.023 mM0.011 mM
0.006 mM

0.003 mM0.0 mM

(b)

Figure 4: Catalytic activity relationship of tyrosinase and various concentrations of (a) cefotaxime sodium and (b) ceftriaxone sodium.

Arg439

2.76Å 2.64Å

3.04Å
3.06Å

3.26Å
2.75Å

2.63Å
2.11Å

2.31Å

Ala636ALa440

Ser634 Gly638

Val640
Gly641

Arg639

Arg439 His594CME592

Ala440 Val591

Leu589

Ala636

His407 Gly551

Glu493

His593

1.82Å

2.44Å

2.81Å
3.07Å

3.05Å

His519

Gln635

(a) (b)

(c) (d)

Figure 5: Ceftriaxone sodium (a and b) and cefotaxime sodium (c and d) binding analysis against urease.

8 BioMed Research International



4. Conclusion

In present study, eleven cephalosporin drugs with single
active ingredient were evaluated and found to inhibit medi-
cally important both the enzymes, urease and tyrosinase
in vitro. All drugs outperform the positive control: hydro-
quinone for tyrosinase activity. The kinetic analysis of most
active drugs, ceftriaxone sodium and cefotaxime sodium,
revealed that they bind irreversibly with both enzymes;
however, their mode of action was competitive for urease
and mixed-type, preferentially competitive for tyrosinase
enzyme. In addition, docking study showed their significant
bonding with both urease and tyrosinase enzymes purposing
them potent candidates to control enzyme-rooted complica-
tions in future.
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Objective. In this study, we investigated the potential material basis of Yupingfeng powder in the prevention and treatment of 2019
novel coronavirus pneumonia (NCP) by applying molecular docking and molecular dynamic simulation technology. Design. The
active ingredients and predictive targets of Yupingfeng powder were sourced using the TCMSP, ETCM, and TCMIP traditional
Chinese medicine databases. NCP-related targets were then acquired from the DisGeNET and GeneCards databases, and
common disease-drug targets were imported into the STRING database, and Cytoscape software was used to generate a
protein-protein interaction network following the use of a network topology algorithm to identify key target genes. Gene
Ontology (GO) and KEGG pathway enrichment analysis was then performed using the target genes and GOEAST and DAVID
online tools. The mechanism of Yupingfeng powder in the prevention and treatment of NCP was analyzed with reference to
the relevant literature. AutoDock software was used for molecular docking, the preliminary analysis of binding status, and to
identify the best conformation. Desmond software was used to perform molecular dynamic simulations for protein and
compound complexes, perform free energy calculations and hydrogen bond analysis, and to further verify the binding mode.
Results. Overall, 38 main active components and 218 predictive targets of Yupingfeng powder were identified and 298 disease
targets related to NCP were retrieved from disease databases. Yupingfeng powder was found to act predominantly on the TNF,
Toll-like receptor, HIF-1, NOD-like receptor, cytokine-receptor interaction, MAPK, T cell receptor, and VEGF signaling
pathways. Molecular docking of the three selected key active components with the 3CL-like protease (3CL-Pro) of SARS-CoV-
2 showed that they each had a strong binding force and good affinity. Conclusions. Yupingfeng powder primarily acts on
multiple active ingredients and potential targets through multiple action channels and signal pathways. Molecular docking and
molecular dynamic simulation technology were used to effectively predict and analyze the potential mechanism by which this
Chinese medicine can combat NCP. These results provide a reference for developing new modern Chinese medicine
preparations against NCP in the future.
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1. Introduction

Novel coronavirus pneumonia (NCP), which the World
Health Organization has officially named “coronavirus dis-
ease 2019” (COVID-19) [1], is an acute form of infectious
pneumonia. The main clinical manifestations in patients
are fever, fatigue, and a persistent dry cough. In severe cases,
dyspnea (shortness of breath) has been observed to develop
within a week, and can, in some instances, rapidly develop
into acute respiratory distress syndrome, septic shock, or
multiple organ failure, leading to death [2]. The disease is
highly infectious and epidemic; the number of new con-
firmed cases, suspected cases, and mortality rates in most
countries and regions is increasing rapidly. Moreover, the
daily reports of newly confirmed cases, suspected cases,
and deaths around the world have all shown a sharp upward
trend. As of the 19th October 2021, the cumulative number
of confirmed cases exceeded 241,909,397 worldwide and
resulted in outcomes that carries serious consequences for
physical and mental health and the quality of life and work;
these effects pose significant long-term threats that can
exert broad implications on social stability and economic
development [3, 4].

The research teams of Zihe Rao and Haitao Yang at
Shanghai University of Science and Technology have identi-
fied the high-resolution crystal structure (PDB 6LU7) of the
3CL hydrolytic protease of the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) virus, thereby provid-
ing a basis for screening the active ingredients against the
specific viral strain that causes COVID-19 [5, 6]. However,
there are many types of respiratory viruses and each can be
prone to mutation. As yet, researchers have not been able
to elucidate the specific pathogenesis of SARS-CoV-2 and
there are no specific treatments available at present. Western
medicine is primarily investigated antiviral drugs, such as
interferons, lopinavir-ritonavir combinations, and ribavirin,
as well as the antimalarial chloroquine phosphate. However,
with the prolongation of the medication cycle, patients inev-
itably experience different degrees of side effects which can
reduce compliance and curative effects for patients during
the treatment process. Alternatively, traditional Chinese
medicine (TCM) offers the distinctive advantages of overall
regulation and syndrome differentiation for disease preven-
tion. Not only does TCM have substantial foundation in
clinical practice, many classic prescriptions have been gener-
ated over time. Furthermore, TCM has historically played a
crucial role in the treatment of various respiratory viral dis-
eases and in combating epidemics; consequently, TCM has
attracted widespread attention.

In the present study, we reviewed the prescriptions and
performed statistical analysis of the prevention schemes
of TCM that have demonstrated clinical curative effects
in various provinces and cities in China and found that
Yupingfeng powder is the basic prescription for clinical
prevention in many TCM schemes. The powder consists
of Astragalus root (A. membranaceus; huangqi in Chinese),
Atractylodes macrocephala (baizhu, in Chinese), and siler
root (Saposhnikovia divaricata; fangfeng in Chinese). This
powder can benefit qi, strengthen the surface of the body,

and stop perspiration; it has become the classic ancient
prescription for strengthening the foundation of life. Mod-
ern pharmacological studies have shown that this prescrip-
tion can play a role in immune regulation and maintain
an anti-inflammatory, bacteriostatic, and stable microeco-
logical environment. It also exerts antitumor potential,
viaa variety of mechanisms, and has a significant effect on
repeated upper-respiratory tract infection, influenza, refrac-
tory mycoplasma pneumonia, bronchial asthma, and other
respiratory diseases [7, 8].

Given its overall treatment characteristics in relation to
multiple targets and the additional and numerous effects of
this TCM compound, Yupingfeng powder appears to offer
certain advantages and potential for addressing the current
pandemic. However, there is a lack of comprehensive and
systematic understanding of its active constituents and
the molecular mechanisms of action, thus limiting the
discovery, application, and promotion of this TCM
compound and its preparation for treating NCP. There-
fore, in the present study, we identified the key active com-
ponents and targets of Yupingfeng powder using a
combination of molecular docking and molecular dynamic
simulation technology. Our aim is to systematically analyze
the potential preventive mechanism of the prescription and
to further explore potential relationships between the pre-
scription and the disease. Next, we aimed to identify the
best matching pattern of drug targets by complementing
the spatial structure of active receptor sites. By adopting
this approach, we hoped to provide a feasible strategy for
basic research, clinical application, and new drug develop-
ment towards the prevention and treatment of NCP by
TCM in the future. Our findings may also advance the
promotion of TCM towards globalization, internationaliza-
tion, and modernization.

2. Methods

2.1. Screening Active Components and Prediction Targets in
Yupingfeng Powder. We used analysis platforms, along with
TCMSP, ETCM, TCMIP, and other TCM databases and
the names of three herbs (Astragalus membranaceus, Atrac-
tylodes macrocephala, and Saposhnikovia divaricata) as key-
words to retrieve all chemical composition information for
each herb. Following the pharmacokinetic ADME (Absorp-
tion, Distribution, Metabolism, and Excretion) parameters
recommended in relation to the TCMSP platform, the
screening parameters of “oral bioavailability” and “drug like-
ness” were set at ≥30% and ≥0.18, respectively. Information
relating to key active ingredients was collated and combined
with herbal compound data obtained from the ETCM and
TCMIP databases. A final data list for the compounds was
obtained by eliminating any duplicated information. Next,
we sourced the target protein information corresponding
to the predicted compounds in the database, standardized
the target protein name by reference to the UniProt plat-
form, and finally summarized the target data for the
compounds as the prediction targets of the main active
ingredients of Yupingfeng powder.
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2.2. Acquisition of a Target for NCP. Using “novel coronavi-
rus pneumonia” as the key search term and “Homo sapiens”
as the selected species, we searched the DisGeNET and Gen-
eCards disease databases, combined the target genes from
each database, deleted duplicated targets, and finally identi-
fied NCP-related genes.

2.3. Construction of a Database of Intersecting Drug-Disease
Target Genes. We imported the target data for herbs and
diseases into the OmicShare online tool to generate a Venn
diagram, thus mapping the potential target genes of
Yupingfeng powder for the prevention and treatment of
NCP. Finally, the intersecting target genes were identified.

2.4. Construction of a Protein-Protein Interaction Network.
We uploaded the intersecting targets to the STRING net-
work platform and set the protein species to “Homo sapiens”
and the minimum interaction threshold to “medium confi-
dence.” A protein-protein-interaction (PPI) network was
then constructed, and the data list, in the form of a tab-
separated value (TSV) file, was saved for further analysis.

2.5. The Screening of Key Active Compounds and Targets.
The TSV data list was imported into Cytoscape, a bioinfor-
matics image-processing software package, and a plug-in
was used for the network topology analysis in an attempt
to construct a direct or indirect compound or target protein
network, thus revealing the effect of Yupingfeng powder for
the prevention and treatment of NCP. We analyzed topolog-
ical parameters such as “degree centrality,” “closeness cen-
trality,” and “betweenness centrality” and selected nodes
for which degree centrality was more than twofold higher
than the median of the nodes. The selected nodes were then
used as key active compounds and targets (hubs).

2.6. Analysis of the Biological Processes of Key Targets. Gene
Ontology (GO) functional enrichment analysis was carried
out by using the GOEAST analysis tool; this allowed us to
describe the biological process, cellular components, and
molecular functions of the gene products. In the present
study, we evaluated biological process, cellular components,
and molecular function according to statistical probability (p
) and false discovery rate values. The annotated terms were
then used to carry out cluster analysis, thus resulting in clus-
ter scores: the higher the scores, the more important the bio-
logical processes regulated by the key genes.

2.7. KEGG Signaling Pathway Enrichment Analysis. Next, we
analyzed the enrichment of KEGG signaling pathways for
the key target genes using the DAVID tool. This analysis
allowed us to identify the key signaling pathways of Yuping-
feng powder when used to treat NCP. The DAVID database
integrates various database resources, and the gene set was
enriched and analyzed using an improved Fisher’s exact test
algorithm, in which p < 0:01 was regarded as the threshold
for statistical significance with regard to KEGG pathway
enrichment analysis. According to the functional items in
the enriched pathway, we were able to identify potential
targets for herbal medicine in related signaling pathways.

2.8. Molecular Docking. First, we downloaded mol2 files for
kaempferol, quercetin, and wogonin from the PubChem
database. After minimizing the energy of the downloaded
compounds through Chem3D, the small molecule com-
pounds were imported into MGLTools-1.5.6 software and
processed to obtain pdbqt files. The 3CLpro (PDB ID:
6LU7, Resolution: 2.16Å) crystal structure was downloaded
in PDB format from the Protein Data Bank (PDB). After
deleting irrelevant small molecules using Pymol2.1 software,
the protein molecules were imported into MGLTools-1.5.6
software to delete water molecules, add hydrogen atoms,
set the atom type, and calculate the protein charge; data were
then saved as pdbqt files. All processed compounds were
used as small-molecule ligands, and the protein targets were
used as receptors. The center position of the Grid Box was
determined according to the site of interaction for the small
molecule and the target (x = −9:87, y = 12:982, z = 67:654),
along with the length, width, and height (50 × 50 × 50).
Finally, molecular docking was performed with AutoDock
4.2 software. The Lamarckian genetic algorithm was used
for molecular docking calculations as follows: a population
of 150, a maximum energy evaluation of 25 million, a max-
imum of 2000, a crossover rate of 0.8, and a mutation rate of
0.02. Independent docking was performed 100 times, and
the final docking complex structure was evaluated based on
the binding free energy. Molecular docking results were
visualized by Pymol2.1 software. The action mode of the
compound and the target protein was analyzed to identify
the nature of the interaction between the compound and
the protein residue, including hydrogen bond interaction,
π-π interaction, and hydrophobic interaction. Then, by
referring to the docking score of the compounds, we consid-
ered whether the compounds screened had similar activities
to the positive compound.

2.9. Molecular Dynamic Simulation. Molecular dynamic
(MD) simulations of protein and compound complexes were
performed using Desmond version 2020. Here, the molecu-
lar force field in the MD simulation was selected as OPLS3e,
and the TIP3 water model was used to solvate the system.
Charges of the system were neutralized by adding ions.
Energy minimization for the entire system was achieved
using the OPLS3e force field (all-atomic force field). The
geometric structure of water molecules, the bond lengths,
and bond angles of heavy atoms were constrained by the
SHAKE algorithm. The continuous system was simulated
by applying periodic boundary conditions, and long-range
static electricity was maintained using the particle grid
Ewald method. An NPT ensemble with a temperature of
300 k and a pressure of 1.0 bar was used to balance the sys-
tem. The Berendsen coupling algorithm was used for the
coupling of temperature and pressure parameters. During
the subsequent preparation of the system, a 100ns operation
was performed with a time step of 1.2 fs and a track record
was performed every 10 ps, which recorded a total of 1000
frames. The root-mean-square deviation (RMSD) of the
main chain atoms was calculated, and graphical analysis
was performed to investigate the nature of the protein-
ligand interaction.
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3. Results

3.1. The Active Components of Yupingfeng Powder and
Target Selection. The active parameter data, along with the
absorption-, distribution-, metabolism-, and excretion-
related parameter data pertaining to the herbs, were
obtained by the interrogation of several TCM databases;
duplicated material was deleted. Ultimately, 38 main active
ingredients were identified, encompassing 17 Astragalus, 4

Atractylodes macrocephalae, and 18 fangfeng species. Of
these, MOL000033 was found to be a common compound
for Astragalus and Atractylodes macrocephala. Furthermore,
714 component-related target protein names were predicted.
The names of the target proteins were standardized and cor-
rected using the UniProt platform, and any duplicated infor-
mation was removed. Following this process, 218 target
proteins were identified. In addition, as different active com-
pounds can act on the same target, and different targets may

Table 1: Main active component information of Yuping wind powder.

Herbs TCMSP ID Compound OB DL Targets

Fangfeng MOL011737 Divaricatacid 87 0.32 5

Huangqi MOL000378 7-O-methylisomucronulatol 74.69 0.3 45

Huangqi MOL000392 Formononetin 69.67 0.21 39

Huangqi MOL000433 Folic acid 68.96 0.71 3

Fangfeng MOL000011
(2R,3R)-3-(4-hydroxy-3-methoxy-phenyl)-5-methoxy-2-methylol-2,3-

dihydropyrano[5,6-h][1,4]benzodioxin-9-one
68.83 0.66 18

Huangqi MOL000380 (6aR,11aR)-9,10-dimethoxy-6a,11a-dihydro-6H-benzofurano[3,2-c]chromen-3-ol 64.26 0.42 22

Baizhu MOL000022 14-acetyl-12-senecioyl-2E,8Z,10E-atractylentriol 63.37 0.3 1

Fangfeng MOL011732 Anomalin 59.65 0.66 7

Huangqi MOL000211 Mairin 55.38 0.78 1

Baizhu MOL000049 3β-Acetoxyatractylone 54.07 0.22 16

Huangqi MOL000371 3,9-Di-O-methylnissolin 53.74 0.48 23

Huangqi MOL000239 Jaranol 50.83 0.29 13

Fangfeng MOL011730 11-Hydroxy-sec-o-beta-d-glucosylhamaudol_qt 50.24 0.27 7

Huangqi MOL000354 Isorhamnetin 49.6 0.31 35

Huangqi MOL000439 Isomucronulatol-7,2′-di-O-glucosiole 49.28 0.62 1

Huangqi MOL000417 Calycosin 47.75 0.24 22

Huangqi MOL000098 Quercetin 46.43 0.28 151

Fangfeng MOL001942 Isoimperatorin 45.46 0.23 1

Fangfeng MOL011749 Phelloptorin 43.39 0.28 5

Fangfeng MOL001494 Mandenol 42 0.19 3

Huangqi MOL000422 Kaempferol 41.88 0.24 62

Fangfeng MOL002644 Phellopterin 40.19 0.28 12

Fangfeng MOL007514 Methyl icosa-11,14-dienoate 39.67 0.23 1

Fangfeng MOL013077 Decursin 39.27 0.38 16

Huangqi MOL000442 1,7-Dihydroxy-3,9-dimethoxy pterocarpene 39.05 0.48 4

Fangfeng MOL011753 5-O-Methylvisamminol 37.99 0.25 24

Huangqi MOL000296 Hederagenin 36.91 0.75 22

Fangfeng MOL000359 Sitosterol 36.91 0.75 3

Fangfeng MOL000358 Beta-sitosterol 36.91 0.75 37

Huangqi MOL000379 9,10-Dimethoxypterocarpan-3-O-β-D-glucoside 36.74 0.92 3

Fangfeng MOL003588 Prangenidin 36.31 0.22 15

Huangqi and
Baizhu

MOL000033
(3S,8S,9S,10R,13R,14S,17R)-10,13-Dimethyl-17-[(2R,5S)-5-propan-2-yloctan-2-yl]-

2,3,4,7,8,9,11,12,14,15,16,17-Dodecahydro-1H-cyclopenta[a]phenanthren-3-ol
36.23 0.78 1

Baizhu MOL000072 8β-Ethoxy atractylenolide III 35.95 0.21 5

Fangfeng MOL001941 Ammidin 34.55 0.22 8

Fangfeng MOL011747 Ledebouriellol 32.05 0.51 14

Fangfeng MOL011740 Divaricatol 31.65 0.38 16

Huangqi MOL000387 Bifendate 31.1 0.67 7

Fangfeng MOL000173 Wogonin 30.68 0.23 45
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be associated with the same compound, the multicompo-
nent, multitarget, and multilevel characteristics of the
Chinese herbal medicines were fully confirmed, as detailed
in Table 1.

3.2. Disease Targets. By retrieving NCP-related target genes
from the DisGeNET and GeneCards databases, merging dis-
ease target genes from each database, and deleting duplicate
targets, 298 NCP-related target genes were obtained.

3.3. A Database for Intersecting Drug-Disease Target Genes.
The predicted targets of the herbal medicines and disease
target data were imported using the OmicShare online tool
to construct a Venn diagram and identify intersections.
Through this process, 51 common targets were obtained,
comprising related targets of Yupingfeng powder acting on
disease. As illustrated in Figure 1, the mapping rate of the
target gene for Yupingfeng powder to NCP was 11%, thus
suggesting that the prevention prescription would have a sig-
nificant therapeutic effect in preventing and treating NCP.

3.4. A PPI Network for Shared Targets. To better understand
the mechanisms of Yupingfeng powder in relation to NCP,
the 51 intersecting targets were imported into the STRING
platform to generate a PPI network map and a TSV data list.
There were 51 PPI targets in the network, and the 384 edges
represent the PPI relationship. The mean node degree value
of each node in the network was 15.1, and the mean local
clustering coefficient was 0.641, as shown in Figure 2.

3.5. Key Compounds and Targets. The TSV list was imported
into Cytoscape software, and network topology analysis was
carried out. There were 49 nodes and 384 relationship edges
in the network. Network topology analysis showed that the
network density value was 0.055, the network concentration
was 0.506, the network heterogeneity was 1.519, and the
median value was 4.506. Then, we identified the key com-
pounds and targets with nodes larger than 9.012. Note that
the core node was used as the connection compounds or
targets; thus, core nodes play an important role in the whole
network. In our analysis, three key compounds and six key
targets were identified, showing that Yupingfeng powder
has great potential as a key compound or target and could
play an important role in the prevention and control of
NCP. Of these, the key compounds were MOL000098 (quer-
cetin), MOL000173 (wogonin), and MOL000422 (kaemp-
ferol), which can interact with 62, 151, and 45 target
proteins, respectively. The key targets were PTGS2, DPP4,
PTGS1, NOS2, PPARG, and NOS3; these could interact with
32, 20, 17, 15, 12, and 10 compounds, respectively. These
results indicate that there is synergism between the effective
components of Yupingfeng powder and that the key targets
also play a certain therapeutic role in the development of
NCP, as detailed in Table 2.

3.6. GO Analysis of Biological Function Analysis. The 51
intersecting targets were mapped to the GOEAST platform
for enrichment analysis of the related biological processes,
cellular components, and molecular functions. Using p <
0:01 as the significant enrichment screening standard, 82

functional enrichments were identified. Moreover, the first
20 major GO functional enrichment analysis results
involved 15 significant enrichments to biological processes,
encompassing inflammatory response, cellular response to
lipopolysaccharide, extrinsic apoptotic signaling pathways
in the absence of a ligand, positive regulation of transcrip-
tion from the RNA polymerase II promoter, response to
drugs, negative regulation of the apoptosis process, immune
response, the lipopolysaccharide-mediated signaling path-
way, positive regulation of angiogenesis, positive regulation
of transcription, DNA-templated, positive regulation of
nitric oxide biosynthesis, positive regulation of gene expres-
sion, angiogenesis, and cellular response to organic cyclic
compounds. Significant enrichment was observed in relation
to cell composition, mainly involving extracellular levels.
There was also enrichment pertaining to several molecular
functions, mainly involving identical protein binding, cyto-
kine activity, enzyme binding, and protein binding. The
results of GO enrichment analysis are depicted in Figure 3.

3.7. KEGG Pathway Analysis. Next, the 51 intersecting tar-
gets were mapped to the DAVID tool for KEGG pathway
analysis. With screening criteria of p < 0:01, the top 20 major
enrichment signal pathways were encapsulated in a bubble
chart. We found that 12 signaling pathways were involved
in related diseases, while the other eight signal pathways
involved TNF, Toll-like receptor, HIF-1, NOD-like receptor,
cytokine–receptor interaction, MAPK, T cell receptor, and
VEGF signaling pathways. All signaling pathways over-
lapped with the key target enrichments related to Yuping-
feng powder. These results suggest that the effective
components of Yupingfeng powder may act on multiple sig-
naling pathways to treat NCP, a finding that suggests an
important direction for future research on Yupingfeng pow-
der in the prevention and treatment of NCP (see Figure 4).

3.8. Molecular Docking. The results of molecular docking are
shown in Table 3 [9, 10, 11]. The complex of protein and
small molecules was visually analyzed in Pymol2.1, as shown
in Figure 5. In this experiment, kaempferol, quercetin, and
wogonin were docked with the 3CLpro target protein.
Molecular docking results showed that the compound and
target protein exhibited good binding and a high degree of

167
(35.9%)

51
(11%)

247
(53.1%)

Drug target Disease target

Figure 1: Venn diagram showing the potential NCP targets of
Yupingfeng powder.
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matching (Figures 5(b) and 5(c)). The binding energies were
-7.75 kcal/mol, -7.47 kcal/mol, and -7.92 kcal/mol, respec-
tively. Of these, wogonin showed an excellent docking score
and binding mode with 3CLpro. The product from the dock-

ing of the compound and the protein was visualized using
Pymol2.1 to identify the binding mode. The amino acid res-
idues featured in the pocket of the compound and protein
were clearly observed according to the binding mode. The
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PRKCA
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IRF1

IFNG

CXCL2

CXCL11
CXCL10

CCL2

PTGS1
CRP

DPP4
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FN1
PTGS2

ICAM1

NOS2

CXCL8
IL10

IL6TGFB1

TNF
CD40LG

HMOX1

PPARGPIK3CG
IL2

RELA

EGFR
MAPK14

MAPK1

TP53

FOS

BCL2L1MCL1SOD1

BCL2

BAX RB1

MAPK8

CASP3

CASP8
PRKCB

IL1B
IL4

IL1A

Figure 2: Network diagram of the core targets for Yupingfeng powder.

Table 2: Network topological characteristics of key compounds and targets.

Node Node name Degree centrality Betweenness centrality Closeness centrality

C17 Quercetin 47 0.588 0.656

PTGS2 Prostaglandin G/H synthetase 2 32 0.305 0.621

DPP4 Dipeptidyl peptidase IV 20 0.101 0.526

C32 Wogonin 19 0.111 0.463

C13 Kaempferol 18 0.075 0.453

PTGS1 Prostaglandin G/H synthetase 1 17 0.083 0.506

NOS2 Inducible nitric oxide synthetase 2 15 0.025 0.380

PPARG Peroxisome proliferator activated receptor γ 12 0.026 0.461

NOS3 Endothelial nitric oxide synthetase 10 0.026 0.451
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active amino acid residues of the three compounds binding
to the 3CLpro protein were HIS-41, LEU-141, GLU-166,
and THR-190. The kaempferol, quercetin, and wogonin
compounds were all flavonoid core compounds with high
similarities in terms of binding mode (Figures 5(a)–5(c)).
The binding modes of kaempferol and quercetin compounds
with the 3CLpro protein were largely identical and formed
strong hydrogen bond interactions with active sites in the
protein (GLU-166 and THR-190; Figures 5(b) and 5(c)),
thus resulting in short hydrogen bond distances and strong
binding forces, thereby anchoring the small molecules in
protein pockets. The wogonin compound had a slightly dif-
ferent binding mode with the protein, forming strong hydro-
gen bond interactions with the active site of the protein
(GLU-166 and LEU-141; Figure 5(a)). The hydrogen bonds

were shorter than that in the other two compounds and were
relatively strong; this may be the main reason for the slightly
better score. In addition, the three compounds could form a
π-π conjugated interaction with HIS-41; this is important as
it stabilized the small molecules in the pocket.

3.9. Molecular Dynamic Simulation Analysis. To further
study the interaction between small molecules and proteins,
we used molecular dynamic simulations to perform 100ns
molecular dynamic operations on proteins and small mole-
cule complexes. The relationship between RMSD and the
stability of the reactive protein and small molecules was ana-
lyzed; the larger the RMSD, the more unstable the protein.
As shown in Figure 6, small molecules fluctuated at the
beginning and tended to stabilize during movement, which
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Figure 3: GO functional analysis.
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mainly reflected the continuous collisions between small
molecules and active sites in the protein pocket. The RMSD
of kaempferol, quercetin, wogonin, and the 3CLpro target
proteins was small and reached equilibrium at about 15ns,
thus indicating a good combination of small molecules and
proteins. Molecular dynamic simulations verified that small
molecules could bind to the active sites of the receptor com-
plex (Figures 7(a)–7(c)). During the simulated binding of
kaempferol, quercetin, and wogonin to the 3CLpro target pro-
tein complex, the total binding free energy was -15.61kcal/
mol, -18.91kcal/mol, and -15.49kcal/mol, respectively. The
Van der Waals force and electrostatic interactions contributed
significantly to the binding process of small molecules and tar-
get proteins. The polar solvation energy inhibited the binding
process. Wogonin had the largest polar solvation energy,
mainly because it contains a methoxy group and significantly

fewer hydroxyl groups than kaempferol and quercetin, thus
directly enhancing its hydrophobicity and increasing its polar
solvation energy. Comparison between the energy changes of
the three compounds revealed that when forming a complex
with the protein, the Van der Waals forces of wogonin con-
tributed greater than electrostatic interactions due to its
hydrophobicity. The kaempferol and quercetin compounds
contained multiple hydroxyl groups and protein sites that
could formmultiple hydrogen bonds. Thus, electrostatic inter-
action is dominant.Molecular dynamic simulation of the three
compounds also showed that significantly fewer hydrogen
bonds were formed by wogonin and the active sites of the pro-
tein: only two main hydrogen bonds were formed with GLU-
166 and LEU-141. In contrast, kaempferol and quercetin
formed three hydrogen bonds with GLU-166, TYR-54, and
GLN-192, see Tables 4–7 for details.
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Figure 4: Bubble diagram showing the KEGG pathway analysis.
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4. Discussion

At present, the world is dealing with the prevention and con-
trol of major pandemic. It is therefore particularly important
to undertake comprehensive prevention and coordination
measures to avoid pathogens, adjust diets, control emotions,
strengthen bodies, and apply any other measures as neces-
sary to achieve the optimum preventative effect. Yupingfeng
powder is the basis of TCM prevention prescriptions issued
in provinces and cities throughout China. Owing to its abil-
ity to deal with different syndromes and compatibility con-
siderations, its diagnostic capability, and its flexibility with
regard to individual consolations and treatment schemes,
TCM has been found to achieve notable clinical outcomes
in combating NCP. The first principle of TCM in pandemic
prevention is to support and strengthen qi and to strengthen
the surface of the body. This approach is not only in line
with the underlying theory of TCM to treat a disease before
it occurs but can also improve autoimmune function by sup-
porting the healthy qi of the human body, so as to give full
opportunity to the unique theoretical, practical, and herbal
advantages of TCM. Thereby, TCM can be involved in the
whole process of prevention, treatment, and prognosis
related to the current pandemic in a multifaceted manner
by strengthening the early preventative advantages of the
uninfected and carrying out early detection and prognosis
in the infected in isolation, thus allowing timely diagnosis
and treatment. Thus, when combined with Western medi-
cine, complementary TCM advantages should be provided
to comprehensively improve the clinical efficacy of antipan-
demic strategies.

Through ancient herbal books, critical modern research,
and evidence from animal experiments, it has been discov-
ered that Yupingfeng powder has high clinical application
value in the prevention of disease, immune regulation, and

antiviral application [12, 13, 14]. In the present study, we
performed biological enrichment analysis of the key active
components and targets of Yupingfeng powder and found
that the main enrichments related to the respiratory and
immune systems. Our analysis suggested that these enrich-
ments involved signaling pathways related to hepatitis B,
pertussis, influenza A, tuberculosis, Salmonella infection,
inflammatory bowel disease, rheumatoid arthritis, pancre-
atic cancer, and other diseases, thus suggesting that this pre-
scription has a certain targeted regulatory role in the
treatment of viral or bacterial infectious diseases and there-
fore has the potential to exert antibacterial and antiviral
functionality. Furthermore, we found that the TNF, Toll-
like receptor, HIF-1, NOD-like receptor, cytokine receptor
interaction, MAPK, T cell receptor, VEGF, and other signaling
pathways related to immune and inflammatory responses
were all affected by Yupingfeng powder.

Currently, it is thought that TNF is mainly involved in
cell apoptosis, cell proliferation, inflammation, and immune
regulation. It has also been theorized that Yupingfeng pow-
der may participate in the process of immune activation
and regulation through the TNF signal pathway, thus affect-
ing viral replication and persistence [15]. Toll-like receptors
and NOD-like receptors not only act as extracellular and
intracellular pattern-recognition receptors, respectively, but
also stimulate the expression of different effector molecules
through the cascade reaction of signal transduction. More-
over, they can jointly act on the innate immune process of
infectious diseases, detect the invasion of pathogens, and ini-
tiate a protective response [16]. Research has also shown
that, when the body is infected, it will induce different types
of immune cells to generate physiological and pathological
coordinated responses to effectively regulate cell prolifera-
tion, migration, differentiation, and other metabolic activi-
ties, in which HIF regulates a variety of effector molecules,

Table 3: The binding energy of key active compounds in Yupingfeng powder and 2019 ncov 3CL Hydrolase.

Target ID Compounds Structure PubChem CID CAS number Docking score (kcal/mol) Combination type

3CLpro Kaempferol 5280863 520-18-3 -7.75
Hydrogen bonds,

Hydrophobic interactive

3CLpro Quercetin 5280343 117-39-5 -7.47
Hydrogen bonds,

Hydrophobic interactive

3CLpro Wogonin 5281703 632-85-9 -7.92
Hydrogen bonds,

Hydrophobic interactive

Note: Binding energy function [9–11]: ΔGbind = Clipo−lipo∑fðT ∣ rÞ + Chbond−neuto−neut∑gðΔrÞhðΔαÞ + Chbond−charged−charged∑gðΔrÞhðΔαÞ + Cmax−metal−ion∑fðT ∣
mÞ + CrotbHrotb + Cpolar−phobVpolar−phob + CcoulEcoul + CvdWEvdW + solvationerms. ΔGbind: binding energy function; Clipo-lipo: the energy sum of the
hydrophobic interaction; Chbond-neuto-neut: neutral hydrogen bond interactions; Chbond-charged-charged: the energy sum of charged hydrogen bond interactions;
Cmax-metal-ion: the energy sum of the coordination action of metal ions; Crotb Hrotb: rotational bond energy; Cpolar-phobVpolar-phob: polar interaction;
CcoulEcoul: electrostatic interaction; CvdWEvdW: Van der Waals force; solvationerms: solvation energy.
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signal transduction molecules, and transport molecules of
cell metabolism. Consequently, the metabolism, differentia-
tion, and immune function regulation of T cells will also
be affected. In addition, the HIF-1α–VEGF-A axis plays an
important role in regulating the immune and autoimmune
functions of various pathogens. It has been postulated that
Yupingfeng powder can build the immune microenviron-
ment of the body, balance the immune system and eliminate

inflammation, regulate the T cell receptor signal pathway,
and enhance cell transformation ability to cope with the
two-way regulatory mechanism responsible for immune
enhancement and immunosuppression [17, 18, 19]. More-
over, the MAPK pathway is the main cell signaling system
to be activated by a variety of viruses and also plays a key
role in the regulation of cell proliferation, stress, inflamma-
tion, differentiation, transformation, apoptosis, and other
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processes. Accordingly, it has been suggested that the MAPK
signaling pathway may be activated to induce a cytopathic
effect and then play a role in inhibiting viral replication [20].

In this study, we conducted molecular docking experi-
ments involving kaempferol, quercetin, and wogonin with
the 3CLpro target protein. Analysis showed that the three
compounds bound strongly with the 3CLpro target protein.
To further study the mechanism of interaction between
small molecules and protein pockets, we performed 100 ns
molecular dynamic simulations on the three complexes.
The simulation results showed that kaempferol, quercetin,
and wogonin could form stable complexes with the 3CLpro
protein. The contribution of active sites to the stability of
small molecules was also analyzed. Our findings provide
reference guidelines for future mechanistic research related
to small molecules and proteins. However, our virtual
screening results were mainly aimed at the theoretical level,
thus warranting experimental pharmacological verification.
Therefore, our future work will focus on the design, modifi-
cation, and transformation of the compounds that bind to
3CLpro based on our knowledge of docking mode, the char-
acteristics of the binding pocket in the receptor’s crystal
structure, and clinical trials. Collectively, these studies will
further enhance the specificities of these medicines in regu-
lating the biological activity of 3CLpro, thus creating new
drugs with better specificities.

5. Conclusions

By applying relevant computer simulation calculation
methods, we identified three key compounds (kaempferol,
quercetin, and wogonin), six key targets (PTGS2, DPP4,
PTGS1, NOS2, PPARG, and NOS3), and eight important

signal pathways (TNF, Toll-like receptor, HIF-1, NOD-like
receptor, cytokine receptor interaction, MAPK, T cell recep-
tor, and VEGF signal pathway) involved in the action of
Yupingfeng powder on NCP. We also identified that some
signaling pathways were enriched and overlapped with the

(a) (b) (c)

Figure 7: The 3D complex structure of the protein with compounds. (a)–(c) represent 3CLpro with wogonin, kaempferol, and quercetin,
respectively.

Table 4: The analysis of binding energy for target with compound.

Energy type
Binding free energy/(kcal/mol)

Wogonin Kaempferol Quercetin

VDW -27.15 -26.47 -29.63

Eele -22.97 -28.28 -31.35

Egb 30.38 23.99 21.62

Esurf -3.87 -4.11 -4.29

ΔG gas -36.21 -35.97 -35.4

ΔG solv 25.23 24.23 20.23

ΔG total -15.49 -15.61 -18.91

Table 5: Hydrogen bond interaction parameters for target with
wogonin.

Atom Residues
Bond distance/

(Å)
Bond angle/

(°)
Proportion/

(%)

O3 MET-49 2.92 143.38 1.13

O5 LEU-141 2.90 145.23 36.48

O3 CYS-44 2.88 153.17 1.39

O3 GLN-192 2.87 140.11 0.97

O3 GLU-166 2.84 149.23 41.24

O5 LEU-167 2.71 150.01 1.48

O4 ASP-187 2.65 138.76 1.32
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key targets related to Yupingfeng powder. Molecular
dynamic simulations showed that kaempferol, quercetin,
and wogonin could form stable complexes with the 3CLpro
protein. This study not only clarified the efficacy of the
mechanistic action of Yupingfeng powder; it also revealed
the therapeutic effects of prescription drugs on NCP through
multichannel and multiple approaches aimed towards inter-
vention and regulation. It is hoped that this study will stim-
ulate additional research concerning new targets and new
pathways within the herbal medicine field, as well as further
exploration of the mechanistic actions of various herbal
medicines in respect of the observed synergistic effect,
thereby providing innovation and facilitating the develop-
ment of TCM. In the present work, the molecular mecha-
nisms of a natural herbal medicine were investigated, and
its complex mechanism was revealed at the molecular level,
thus providing a theoretical basis for specific research and
the development of natural and antiviral Chinese herbal
medicines for clinical application. Furthermore, our findings
confirm that the clinical application of TCM is recom-
mended as the main entry point for prevention, to benefit
from the proven advantages of both Chinese herbal medi-

cine and Western medicine, and as a strategy for multidisci-
plinary combination therapy towards the prevention and
control of NCP.
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corresponding authors, according to the requirements of the
journal. The data supporting the relevant research conclu-
sions are openly available. Provided URLs or supplier details
for all key software packages are as follows: TCMSP: A tradi-
tional Chinese medicine systems pharmacology database
and analysis platform, available at http://www.tcmspw
.com/tcmsp.php. ETCM: An encyclopedia of traditional
Chinese medicine, available at http://www.nrc.ac.cn:9090/
ETCM. TCMIP: A traditional Chinese medicine (including
prescriptions) data-mining platform, available at http://
www.tcmip.cn. UniProt platform: A database of protein
sequence and functional information, available at https://
www.uniprot.org. DisGeNET: A database of gene–disease
associations, available at https://www.disgenet.org. Gene-
Cards: A database of human genes that provides concise
genomic-related information on all known and predicted
human genes, available at https://www.genecards.org. Omic-
Share online tool: See https://www.omicshare.com/tools.
STRING: STRING (Search Tool for the Retrieval of Interact-
ing Genes/Proteins) is a biological database and web
resource of known and predicted protein–protein interac-
tions, available at https://string-db.org. Cytoscape software:
See http://www.cytoscape.org/. GOEAST: GOEAST (Gene
Ontology Enrichment Analysis Software Toolkit), available

Table 6: Hydrogen bond interaction parameters for target with
kaempferol.

Atom Residues
Bond distance/

(Å)
Bond angle/

(°)
Proportion/

(%)

O5 GLU-166 2.96 140.32 13.25

O3 ASP-187 2.86 148.25 1.20

O2 MET-49 2.85 154.14 1.38

O3 LEU-167 2.74 142.45 0.97

O2 THR-190 2.71 147.21 3.11

O6 CYS-44 2.63 143.52 1.15

O5 LEU-141 2.59 156.47 2.23

O6 TYR-54 2.48 150.59 35.43

O5 GLN-189 2.48 152.43 1.93

O4 GLN-192 2.37 139.78 35.22

Table 7: Hydrogen bond interaction parameters for target with
quercetin.

Atom Residues
Bond distance/

(Å)
Bond angle/

(°)
Proportion/

(%)

O6 CYS-44 3.00 156.71 3.13

O7 GLN-189 2.86 153.58 2.78

O2 THR-190 2.84 147.11 3.25

O3 LEU-167 2.81 150.19 1.02

O2 MET-49 2.74 147.25 0.75

O7 LEU-141 2.74 160.24 1.09

O4 GLN-192 2.73 148.29 36.43

O7 ASP-187 2.71 140.32 0.87

O3 TYR-54 2.62 152.65 27.34

O5 GLU-166 2.59 154.21 15.76
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at http://omicslab.genetics.ac.cn/GOEAST. KEGG: KEGG
(Kyoto Encyclopedia of Genes and Genomes) is a database
resource for understanding high-level functions and utilities
of the biological system, such as the cell, the organism, and
the ecosystem, from molecular-level information, especially
large-scale molecular data sets generated by genome sequenc-
ing and other high-throughput experimental technologies, see
https://www.kegg.jp. DAVID: DAVID (Database for Annota-
tion, Visualization, and Integrated Discovery) bioinformatic
microarray analysis, available at https://david.ncifcrf.gov.
PubChem: See https://pubchem.ncbi.nlm.nih.gov. MGL Tool
software: Software developed at the Molecular Graphics Labo-
ratory (MGL) of the Scripps Research Institute for visualiza-
tion and analysis of molecular structures, available at http://
mgltools.scripps.edu. PDB: RCSB (Research Collaboratory
for Structural Bioinformatics) Protein Data Bank, available at
https://www.rcsb.org. AutoDock software: A molecular dock-
ing and virtual screening program, available at http://vina
.scripps.edu. Pymol software: A molecular visualization sys-
tem, available at https://pymol.org.
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Background. Trichinellosis is a foodborne zoonotic disease caused by Trichinella spp., including Trichinella spiralis. This parasitic
disease ranks as seven of the most infectious in the world. In this context, it is important to develop a vaccine that can combat
Trichinellosis, especially for humans and pigs. This would be an important step in preventing transmission. In this study, we
focus on homology modelling, binding site prediction, molecular modelling, and simulation techniques used to explore the
association between Trichinella spiralis membrane-associated progesterone receptor component 2 (Ts-MAPRC2) and the
human PGRMC1 protein. It was found that the progesterone receptor component 2 of T. spiralis has 44.54% sequence identity
with human PGRMC1 (PDB ID: 4X8Y). Binding sites predicted for human PGRMC1 are GLU 7, PHE 8, PHE 10, PHE 18,
LEU 27, ASP 36, and VAL 104. Molecular docking has six clusters based on Z scores. They range from -1.5 to 1.8. It was
found that the progesterone receptor component 2 of T. spiralis has 44.54% sequence identity with human PGRMC1. During
simulation, the average RMSD was 2:44 ± 0:20Å, which indicated the overall stability of the protein. Based on docking studies
and computational simulations, we hypothesized that the interaction of the proteins Trichinella spiralis membrane-associated
progesterone receptor component 2 and human PGRMC1 formed stable complexes. The discovery of Ts-MAPRC2 may pave
the way for the development of drugs and vaccines to treat Trichinellosis.

1. Introduction

The zoonotic disease Trichinellosis is caused by a nematode
parasite named Trichinella spiralis (T. spiralis). Among the
most contagious parasitic diseases in the world, it ranks sev-
enth [1]. The most common source of T. spiralis infection in

humans is pork, commonly eaten raw, undercooked, or as a
byproduct of pork processing [2–4]. Due to the prevalence
of naturalized animal reserves in China, their high morbidity
from this disease is becoming an increasingly serious prob-
lem due to the consumption of pork and pork products
[5–7]. A major feature in the survival of T. spiralis
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nematodes is only through direct host-to-host transmission.
It adapts to normal cellular functions and the immune sys-
tem during all stages of infection [8, 9]. In spite of the wide

use of antihelminthic agents against Trichinellosis, excessive
use causes drug residues in meat, resistance to parasites, and
other problems in the environment. In this light, the
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Figure 2: Predicted binding sites of human PGRMC1 shown in magenta sticks.

Table 1: HADDOCK clusters of target protein and human PGRMC1 protein.

Clusters
Haddock
score

Size RMSD
Van der Waals

energy
Electrostatic

energy
Desolvation

energy
Restraint’s violation

energy
Buried surface

area
Z

score

4 −49:8 ± 12:3 11 1:1 ± 0:9 −66:6 ± 3:0 −492:9 ± 57:0 −4:0 ± 1:6 1194:0 ± 81:8 2592:6 ± 165:3 -2.2

2 −19:1 ± 8:6 16 9:3 ± 0:1 −60:6 ± 6:6 −386:4 ± 20:9 2:5 ± 4:6 1162:5 ± 47:2 2317:2 ± 132:8 -0.7

9 −16:4 ± 18:1 6 13:4 ± 0:1 −65:6 ± 5:5 −224:1 ± 16:8 −21:5 ± 3:7 1155:6 ± 122:8 2005:8 ± 95:4 -0.6

15 −14:1 ± 19:3 4 11:8 ± 0:2 −54:5 ± 10:1 −348:1 ± 18:6 −14:0 ± 1:7 1240:1 ± 179:0 2317:9 ± 285:9 -0.5

1 −5:6 ± 10:0 26 14:9 ± 0:0 −62:2 ± 1:8 −180:4 ± 31:1 −18:3 ± 1:2 1109:5 ± 118:6 1866:2 ± 19:6 -0.1

8 0:6 ± 9:4 7 11:5 ± 0:1 −56:2 ± 5:1 −209:2 ± 34:9 −14:0 ± 2:7 1125:9 ± 101:5 1919:1 ± 41:5 0.2
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development of an effective vaccine to combat Trichinellosis,
in particular for humans and pigs, would be an important
step in preventing the transmission [7, 10]. As a vaccine
applicant, a series of proteins have recently been discovered
that inhibit host invasion and parasite viability and, thus,
produce resistance against parasite infection. In addition,
their ability to defend against T. spiralis larvae inoculation
has been investigated in model animals [11–14]. Most of

these vaccines have shown moderate success against T. spir-
alis infection; however, no comparable vaccine for T. spiralis
infection is currently available [1]. Membrane-associated
progesterone receptor (MAPR) proteins and progesterone
receptor membrane component 1 (PGRMC1) and two
(PGRMC2) are members of the same family. Porcine
smooth muscle PGRMC1 protein of 28 kDa was the first to
be collected [15–18]. Additionally, several studies have
found that small androgen receptor-interacting proteins
are found in cysts such as S. japonicum and that PGRMC
receptors and progestin-induced proteins are found in hel-
minths such as S. japonicum [19, 20]. The previous study
focused on the cloning and characterization of the T. spiralis
membrane-associated progesterone receptor component-2
gene (Ts-MAPRC2). A series of experiments throughout
the process were performed, including expression, purifica-
tion, immunoblot assay, binding ability against progesterone
antibody, and immunofluorescence assay (IFA). Addition-
ally, we assessed the direct effect of progesterone (P4) and
mifepristone (RU486) on Ts-MAPRC2 gene expression
using in vitro cell culture tests that showed different levels
of expression during all stages of development (muscle larvae,
female adult worm, male adult worm, and newborn larvae).
Afterward, mifepristone’s in vivo phenotypic and relative
mRNA effects on the F-AL stage were evaluated [21]. The
current study focuses on the T. spiralis membrane-
associated progesterone receptor component 2, and its inter-
actions with human PGRMC1 have been docked and simu-
lated in silico. Based on molecular docking and dynamic
simulations, the study is now exploring the binding affinity
of the membrane-associated progesterone receptor compo-
nent 2 of T. spiralis and its interactions with human
PGRMC1 to determine whether the compound has antipara-
sitic properties against T. spiralis.

2. Materials and Methods

2.1. Homology Modelling of T. spiralis Membrane-Associated
Progesterone Receptor Component 2 (Ts-MAPRC2). The
amino acid sequence of Trichinella spiralis membrane-
associated progesterone receptor component 2 (target pro-
tein) (NCBI accession no. XP_003375934.1) was submitted
to the NCBI Blastp server https://blast.ncbi.nlm.nih.gov/
Blast.cgi) to find the template protein in Protein Data Bank.
The SWISS-MODEL server [22] with default parameters was
used to model the three-dimensional structure of Trichinella
spiralis membrane-associated progesterone receptor compo-
nent 2. Two parameters were used to estimate the quality of
the model: GMQE and QMEAN scoring. Additionally, the
quality of the model was verified by the SAVES Server
(https://saves.mbi.ucla.edu/). This server contains different
algorithms to verify a model such as PROCHECK [23]
which calculates the stereochemical quality of the model,
ERRAT [24] which checks the interactions of noncovalently
bonded amino acids, and VERIFY 3D which assesses com-
patibility of protein structure.

2.2. Retrieval of Human PGRMC1 Protein and Binding Site
Prediction. The crystal structure of human PGRMC1 protein

Figure 3: Target protein and human PGRMC1 protein cluster 4.
The blue surface shows the human PGRMC1 protein while the
red surface shows the target protein.

Table 2: Protein-protein interactions based on KFC.

Chain Residue Number KFC configuration value

A PHE 8 HS (0.90 and 0.29)

A PRO 24 HS (0.47)

A ARG 25 HS (0.27)

A ILE 26 HS (0.84 and 0.29)

A ASP 36 HS (0.52)

A THR 38 HS (1.18)

A LYS 39 HS (1.20 and 0.28)

A ARG 41 HS (1.38 and 0.28)

A LYS 42 HS (0.24)

A THR 98 HS (0.14)

A HIS 102 HS (1.68 and 0.19)

A VAL 104 HS (0.31)

B ASN 125 HS (0.65)

B ASP 127 HS (0.54)

B LEU 173 HS (1.21 and 0.24)

B ALA 174 HS (0.05)

B LEU 176 HS (0.49 and 0.14)

B ILE 181 HS (1.17 and 0.17)

B LEU 184 HS (0.96 and 0.25)

B ARG 185 HS (1.60 and 0.35)

B MET 189 HS (1.23 and 0.21)

B LYS 205 HS (1.64 and 0.37)

B LEU 206 HS (0.47 and 0.23)

B ASP 211 HS (0.19)
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was retrieved from the Protein Data Bank (PDB ID: 4X8Y)
and prepared in the PyMOL tool by removing the protopor-
phyrin and water molecules. After preparation of the
PGRMC1 structure, the protein actives sites were predicted
by using the CASTp server [25]. Similarly, the binding site
residues of the model were predicted by the same method.

2.3. Molecular Docking. The molecular docking between the
human PGRMC1 protein and Trichinella spiralis membrane-
associated progesterone receptor component 2 was analyzed
by the HADDOCK web server [26]. The resulting clusters
were analyzed based on the Z score. The cluster with the best
Z score was then selected to test the stability of the complex by
using MD simulations. The protein-protein interactions were
predicted by the KFC (knowledge-based FADE and contacts)
web tool [26].

2.4. MD Simulation. The MD simulation of the selected clus-
ter was conducted at 50 ns using the VMD [27] and NAMD
[28]. The input files were prepared using AMBER21 tools
[29]. The LeaP program was used to add missing hydrogen
to protein [30]. The solvation of the protein-protein com-
plex was done in a periodic box of 10Å by using the TIP3P
water model [31]. The system was neutralized by adding Na+

and Cl- counter ions prior to the minimization step. The
ff14SB force field was used for both proteins. To avoid
energy clashes, the systems were relaxed by minimization
at 10000 steps. After removing the clashes of systems, the
solvation system was equilibrated at 310K. Three additional
equilibrations were run by increasing the temperature from
200K to 250K and 300K to maintain the stability of the sys-
tems. Then systems were subjected to 50 ns simulation in a
production run. The MD trajectories were stored every 2 ps
during the production run. The trajectory analysis was car-
ried out by VMD and BIO3D packages of R [32].

3. Results

3.1. Homology Modelling and Validation. The membrane-
associated progesterone receptor component 2 of T. spiralis
showed a 44.54% sequence identity with the PGRMC1 of
human (PDB ID: 4X8Y). The homology model had GMQE
and QMEAN values of 0.36 and 0.64, respectively. To evaluate
the modelling result, the GMQE combines properties from
both the target-template alignment and the template search
approach. Its value ranged from 0 to 1, with a greater number
suggesting higher reliability of the predicted homology model.
The QMEAN around zero suggested that the model structure
and experimental structures of similar size were in good agree-
ment, whilst scores of -4.0 or below indicated that the models
were of poor quality. The PROCHECK software was used to
assess the quality of the three-dimensional (3D) model by
the Ramachandran plot (Figure 1(a)). It was observed that
93 amino residues (92.1%) were located in the most favorable
region, 7 amino acids (6.9%) were located in the allowed
region, and no amino acid was in a disallowed region which
indicated the good quality of the model with 93.33 ERRAT
quality factor (Figure 1(b)).

3.2. Binding Site Prediction. The binding sites of both pro-
teins, i.e., human PGRMC1 and target protein, were pre-
dicted by the CASTp server. The predicted binding sites of
human PGRMC1 were GLU 7, PHE 8, PHE 10, PHE 18,
ARG 25, LEU 27, ASP 36, and VAL 104 (Figure 2) while
all the residues of the target protein were predicted as bind-
ing site residues in during the prediction of the binding site.
These predicted binding sites were used in the docking
studies.

3.3. Molecular Docking. The molecular docking of a target
protein and human PGRMC1 protein was performed by

Rg
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Figure 4: Protein-protein complex stability analysis by MD simulation. (a) RMSD plots. (b) RMSF plots. (c) Rg plots.
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the HADDOCK 2.4 web server. The docking results are
shown in (Table 1). There were a total of six clusters based
on the Z scores. The Z scores range from -1.5 to 1.8. The
cluster with a minimum Z score was selected for further
studies. This cluster is shown in (Figure 3). The protein-
protein interactions predicted by the KFC server are shown
in (Table 2).

3.4. MD Simulation. Cluster 4 was selected to check the
binding stability in the complex form by a 50ns simulation.
For this purpose, different analyses, i.e., RMSD, RMSF,
radius of gyration (Rg), dynamic cross-correlation, and prin-
cipal component analysis (PCA), were performed.
Figure 4(a) shows the RMSD plots of the human PGRMC1
protein (green) and Trichinella spiralis (red). The RMSD
plot of the human PGRMC1 protein showed that the RMSD
of initial confirmation was ~2Å at the start of the simula-
tion. The RMSD remained in the range of ~2 to 2.5Å till
~30 ns, and a slight increase was observed in value where it
reached ~3Å. The RMSD value attained stability after
30 ns and remained stable till the end of the simulation.
The average RMSD value of this protein was 2:32 ± 0:20Å
which showed the overall stability of protein during simula-
tion. Similarly, the RMSD plot of T. spiralis protein showed
that the initial conformation of protein had an RMSD value
of ~2Å that increased to ~3Å near ~12 ns. The RMSD value
remained in the range of ~2.5 to 3Å during 12 to 20 ns. After
20 ns, the RMSD value remained stable in the range of 2.5 to
3Å till the end of the simulation. The average RMSD value
of this protein was 2:44 ± 0:20Å which showed protein sta-
bility. Similarly, the amino acid fluctuations were calculated
by RMSF analysis. Figure 4(b) shows the RMSF plots of the
human PGRMC1 protein (green) and T. spiralis (red).

The green plot shows that the residues ~20-25 had the
highest RMSF value which indicated that these residues
showed maximum flexibility during the simulation. The
remaining residues showed a lower RMSF value than these
residues which showed that those were rigid during simula-
tion except for the residues from ~90-108 as these are at the
C-terminal. Similarly, the red plot showed the same behav-
ior, and the residues from ~20-30 showed the flexibility
which indicated the loop region in protein while the remain-
ing residues with lower RMSF values showed the rigid part
of the protein. The compactness of proteins was calculated
by Rg. Rg calculates the protein unfolding events observed
during the simulation. Figure 4(c) shows the Rg plots of
the human PGRMC1 protein (green) and T. spiralis (red).
The Rg plots of both proteins showed the same trend
throughout the simulation. The Rg value at the start was
~19.5Å, increased to ~20.2Å at 10ns, and then dropped to
~20Å after 12 ns. From 10 to 35 ns, the Rg value remained
in the range of ~19.75 to 20Å. After 35 ns, the Rg value
increased to ~20.5Å and remained in this range till 40 ns.
The Rg value dropped to ~20Å at 40 ns and then remained
in this range till the end of the simulation. The Rg plots of
both proteins showed that there were no unfolding events
were observed during the simulation.

The pairwise correlated motions among the residues of
human PGRMC1 protein and T. spiralis were obtained from

the trajectory. The cross-correlation maps of both proteins
are shown in Figures 5(a) and 5(b), respectively. The cyan
color showed the motions of correlated residues while the
magenta color represented the anticorrelated residues. The
solid diagonal cyan line showed the positively correlated res-
idues of the protein during simulation. The dynamic
motions of the residues were further investigated by the
principal component analysis. In the graphs of both pro-
teins, the eigenvalues of the protein had been plotted against
the corresponding eigenvector index for the first twenty
modes of motion (Figures 5(c) and 5(d)). The eigenvalues
showed eigenvector fluctuations in hyperspace.

The overall movement of the proteins was controlled by
eigenvectors with higher eigenvalues. The largest motion of
the residues of human PGRMC1 protein was observed in
PC1 (22.74%). The second most important direction was
PC2 which accounted for a total of 15.15% variance in the
protein residues. PC2 was orthogonal to PC1. Similarly,
PC3 recorded a 6.99% variance. The total protein variance
in the first three PC components was 44.88%. The overall
variance in the T. spiralis protein was 45.57%. The highest
motions recorded in PC1 were 26.75%, while the variations
in PC2 and PC3 were 12.93% and 5.89%, respectively.

4. Discussion

PGRMC1 and PGRMC2 are membrane-associated proges-
terone receptor (MAPR) proteins that belong to the same
family [16, 17]. In this study, we find the association of Tri-
chinella spiralis membrane-associated progesterone receptor
component 2 with human PGRMC1 protein by applying
molecular modelling and simulation techniques. For this
purpose, the homology model of the Trichinella spiralis
membrane-associated progesterone receptor component 2
was built by SWISS-MODEL, and the accuracy of the model
was validated by the Ramachandran plot and ERRAT quality
score [33, 34]. The Ramachandran plot (Figure 1(a)) illus-
trated that the amino acid residues of the model were in
the allowed region and not a single residue was in the disal-
lowed or unfavorable region which explains the better qual-
ity of the model. To find the interactions of this protein with
human PGRMC1 protein, the binding sites of both proteins
were predicted by CASTp web server [35]. As a result, we
find that the binding site residues of human PGRMC1 pro-
tein were GLU 7, PHE 8, PHE 10, PHE 18, ARG 25, LEU
27, ASP 36, and VAL 104 (Figure 2), while the target protein
showed the whole sequence as the binding pocket. Both pro-
teins were docked through the HADDOCK web server [36].
We prioritized the docked clusters based on the HADDOCK
analysis and Z scores. We also discovered that the interac-
tions between Trichinella spiralis membrane-associated pro-
gesterone receptor component 2 and human PGRMC1
protein had a KFC > 1, indicating that the best protein-
protein interactions actually occurred in the conserved
region [37]. The docking results showed that the closest dis-
tances between these two proteins were located in cluster 4,
indicating that interactions are possible.

We further analyzed the details of proteins and their sta-
bility in the complex form through molecular dynamics
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simulation. Several analyses have been performed to check
the stability of both proteins involved; root means square
deviations, root means square fluctuations, the radius of
gyration studies, dynamic cross-correlation maps, and prin-
cipal component analysis. The RMSD analysis confirmed the
steady confirmation with an average RMSD of 2:32 ± 0:20
and 2:44 ± 0:20 for human PGRMC1 and Trichinella spiralis
membrane-associated progesterone receptor component 2
proteins, respectively. The residual flexibilities of both pro-
teins were lower which showed that the hydrogen bonds of
the systems maintained the integrity of protein structures
during the simulation. Additionally, the steady radius of
gyration plots of both proteins illustrated that the protein
structures remained compact during the simulation. To fur-
ther validate the complex stability, two additional analyses
have been performed that explained the dynamic behavior
of proteins throughout the simulation period. The cross-
correlation maps of both proteins (Figures 5(a) and 5(b))
described the dynamic motions of proteins; a solid cyan
diagonal line explained the positive correlation of residues
while the magenta patches showed the negative correlations.
The amino acid residues of both proteins were positively
correlated throughout the simulation. Similarly, we per-
formed a principal component analysis to calculate the var-
iance in the residues in three hyperspace regions. The overall
variance of 44.88% and 45.57% for human PGRMC1 and
Trichinella spiralis membrane-associated progesterone
receptor component 2 proteins, respectively, explained that
the proteins were less flexible during simulation [21]. Hence,
we assumed that both proteins made stable complexes based
on the results of a simulation.

5. Conclusion

To conclude based on docking and simulation results, we
assumed that the interaction of both proteins Trichinella
Spiralismembrane-associated progesterone receptor compo-
nent 2 and human PGRMC1 formed stable complexes. The
discovery of this protein (Ts-MAPRC2) may open up new
avenues of drug and vaccine development for the treatment
of Trichinellosis in humans. Further studies are ongoing to
determine the antibody effect of this protein (Ts-MAPRC2)
in vitro and in vivo.
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Recent studies indicate existence of beige adipocytes in adults. Upon activation, beige adipocytes burn energy for thermogenesis
and contribute to regulation of energy balance. In this study, we have analyzed whether Jinlida granules (JLD) could activate beige
adipocytes. JLD suspended in 0.5% carboxymethyl cellulose (CMC) was gavage fed to db/db mice at a daily dose of 3.8 g/kg. After
10 weeks, body weight, biochemical, and histological analyses were performed. In situ hybridization, immunofluorescence, and
western blotting were conducted to test beige adipocyte activation in mice. X9 cells were induced with induction medium and
maintenance medium containing 400 μg/mL of JLD. After completion of induction, cells were analyzed by Nile red staining,
time polymerase chain reaction (PCR), western blotting, and immunofluorescence to understand the effect of JLD on the
activation of beige adipocytes. A molecular docking method was used to preliminarily identify compounds in JLD, which hold
the potential activation effect on uncoupling protein 1 (UCP1). JLD treatment significantly improved obesity in db/db mice.
Biochemical results showed that JLD reduced blood glucose (GLU), triglyceride (TG), and low-density lipoprotein cholesterol
(LDL) levels as well as liver aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels in mice. Hematoxylin
and eosin staining (H&E) showed that JLD reduced hepatocyte ballooning changes in the liver. Immunofluorescence showed
that JLD increased the expression of the thermogenic protein, UCP1, in the beige adipose tissue of mice. JLD also increased
the expression of UCP1 and inhibited the expression of miR-27a in X9 cells. Molecular docking results showed that epmedin
B, epmedin C, icariin, puerarin, and salvianolic acid B had potential activation effects on UCP1. The results suggest that JLD
may activate beige adipocytes by inhibiting miR-27a expression, thereby promoting thermogenesis in beige adipocytes. This
study provides a new pharmacological basis for the clinical use of JLD.

1. Introduction

The prevalence of obesity is increasing globally. Assuming
an annual growth rate of 2.6%, the number of obese adults
in 2025 will be 40% higher than that reported in 2012 [1].
The most striking feature of obesity is the abnormal adipo-
cyte proliferation and hypertrophy. Hypertrophic adipose
tissue secretes adipokines that stimulate various organs and

cause diseases [2] such as metabolic syndrome, coronary
heart disease, diabetes, and nonalcoholic steatohepatitis
[3–6]. However, treatment options for obesity are currently
limited.

Beige adipocytes are regarded as the third type of adipo-
cyte with an intermediate morphology between white and
brown adipocytes (BAT). Although like brown adipocytes in
the thermogenic function [7], beige adipocytes sporadically
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reside in the areas of white adipose tissue (WAT) depots
rather than in the BAT depots. In addition, current research
suggests that BAT are derived from myf5+ progenitor cells
[8], while beige adipocytes may originate from precursors of
white adipocytes [9]. In the inactive state, beige adipocytes
resemble WAT with an extremely low basal expression of
UCP1 but are stimulated by cold exposure, receptor activa-
tion, and exercise, the expression of UCP1 will be regulated,
and its function is changed as same as that of classic BAT.
Thus, to some extent, beige adipocytes are considered the
inducible BAT. Due to the thermogenic function, activated
beige adipocytes can alleviate the disorders of blood glucose
and lipid metabolism in mice [10]. Although the activation
of beige adipocytes is beneficial to energy expenditure, the
potential mechanisms for the induction of differentiation
remain unclear. Recent research demonstrates that the perox-
isome proliferator-activated receptor-gamma (PPARγ) pro-
tein can promote the activation of beige adipocyte through
activating PPAR coactivator 1-alpha (PGC-1α), by which
UCP1 expression increases in the inner mitochondrial mem-
brane of beige adipocyte to stimulate thermogenesis [11].
Therefore, the activation of the PPARγ/PGC-1α pathway
may be a potential target for obesity treatment. MicroRNAs
(miRNAs) are endogenous noncoding single-stranded RNAs
composed of 19-23 nucleotides thatmay play a critical regula-
tory role in a variety of biological processes, especially in the
posttranscriptional regulation of proteins [12]. miR-27a can
inhibit the expression of PPARγ, acting as a negative obesity
regulator [13, 14]. Therefore, we hypothesized that the anti-
obesity effect on inhibiting the expression of miR-27 might
depend on the activation of the beige adipocytes.

Jinlida granules (JLD), a traditional Chinese medicine
(TCM) prescription produced by Yiling Pharmaceutical
Co., Ltd. (Shijiazhuang, Hebei Province, China) are clinically
used for the treatment of type 2 diabetes. Previous studies
have shown that JLD can maintain glucose and lipid homeo-
stasis, increase insulin sensitivity, inhibit fat accumulation,
and promote the expression of brown adipose cell-derived
adipokine [15–20]. However, there is no study about the
antiobesity effect of JLD associated with the activation of
beige adipocytes. The aim of this study was to reveal the
antiobesity effect of JLD and explore the potential mecha-
nism by activating the beige adipocytes.

2. Materials and Methods

2.1. Oral Gavage Preparation. JLD, composed of 17 TCMs
(ginseng, sealwort, Rhizoma Atractylodis, Sophora flavescens,
Ophiopogon japonicus, dried rehmannia root, prepared
fleece flower root, dogwood, Herba Eupatorii, Coptis, Epime-
dium, poria, Anemarrhena, lychee seed, Salvia, Pueraria
montana Lobata, and Cortex Lycii), was purchased from Shi-
jiazhuang Yiling Pharmaceutical Co., Ltd. (Shijiazhuang,
China) and suspended in 0.5% carboxymethyl cellulose
(CMC) for intragastric administration to mice at a daily dose
of 3.8 g/kg for 10 weeks, as previously reported [19–22].
Rosiglitazone tablets, purchased from Chengdu Ruiheng
Pharmaceutical Co., Ltd. (Chengdu, China), were ground

into a powder and suspended in 0.5% CMC for intragastric
administration to mice at a daily dose of 4mg/kg.

2.2. Cellular Drug Preparation. JLD (3 ± 0 1 g) was dissolved
in 30 ± 1mL serum-free DMEM/F12 medium; after ultra-
sonic solubilization, the mixture was centrifuged at
4000 rpm and the supernatant was filtered through a
0.22μm filter (Millipore, USA).

Finally, JLD suspension with concentration of 100 ± 10
mg/mL was obtained, and the liquid was stored at -20°C.

2.3. Grouping and Feeding Animals. All animal studies were
approved by the Ethical Review Board of Hebei Yiling Phar-
maceutical Research Company (Shijiazhuang, China). Male
db/db mice (4 weeks old, 20 ± 2 g) were purchased from
Jiangsu Jicui Yaokang Biotechnology Co., Ltd. (Nanjing,
China) and reared at 22°C, 50% humidity, and 12-hour sim-
ulated natural light with adequate diet and water. The mice
were acclimatized for one week before being randomly
divided into three groups (n = 20). The blank group was
administered with CMC by oral gavage, while the control
group and JLD group mice were administered with rosiglit-
azone and JLD, respectively, daily for 10 weeks.

The body weight of the mice was measured weekly
from the fourth week onward. In the last week of the
study, the mice were exposed to 4°C environment to test
their ability of cold tolerance, and their anal temperatures
were recorded as body temperatures. The mice were anes-
thetized and euthanized by cervical dislocation. The weight
of subcutaneous, inguinal, epididymal adipose and liver
tissues was recorded and then stored in liquid nitrogen
or with a fixative for future analysis.

2.4. Biochemical Parameter Detection. Total triglyceride
(TG), low-density lipoprotein cholesterol (LDL-C), total
cholesterol (TC), serum aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and glucose (GLU) levels
were measured by using an automated biochemical analyzer
(Hitachi 7080, Japan) and a commercial kit (Jiuqiang, Bei-
jing, China).

2.5. Pathology and Immunohistochemistry. The fixed,
embedded, and sectioned adipose tissue and liver specimens
were stained with hematoxylin and eosin (H&E). After stain-
ing, morphological tests were performed by conventional
histological methods. The adipose tissue sections were
deparaffinized and processed using an immunohistochemis-
try kit (ZSGB-BIO, China). Target proteins were labeled
with two antibodies: UCP1 (10983, Abcam) and CD137
(EPR23218-111, Abcam), and fluorescence in situ hybridiza-
tion (FISH) was performed with an miR-27a probe (-DIG-
GCGGAACUUAGCCACUGUGAA-DIG-3′). The slides
were observed and photographed by using a fluorescence
microscope (Leica DM6000, Germany), and the fluorescence
intensity was calculated by using ImageJ (1.53).

2.6. Cell Culture and Induction. The X9 cell line, a beige adi-
pose precursor cell developed by the Harvard Medical
School [9], was purchased from the ATCC Cell Bank
(CRL-3282, USA) and cultured in DMEM/F12 medium
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(ATCC30-2006), 15% fetal bovine serum (FBS), and
2.36mM L-alanyl-L-glutamine. The appropriate JLD con-
centration was screened using the MTS method. During cell
induction, the blank group was incubated in DMEM/F12
medium containing 10% FBS, which was replaced every 2
days. In the control group, 5μM dexamethasone, 0.5μg/mL
insulin, 0.5mM isobutylmethylxanthine q5, 1μM rosiglita-
zone, and 1nM T3 in DMEM/F12 medium containing
10% FBSwere added to the cultures on the first day of induction
(day 0). This solution was replaced every other day (day 2) until
the DMEM/F12 medium containing 10% FBS, 0.5μg/mL insu-
lin, and 1nM T3 was added to the cultures (day 4). After 2 days
(day 6), cell differentiation was complete, and follow-up exper-
iments were conducted.

2.7. Nile Red Staining. X9 cells were seeded in 96-well plates
at a density of no less than 1 × 105/mL. After inducing differ-
entiation and maturation, the medium was discarded, the
cells were washed with phosphate-buffered saline, and Nile
red dye was added. The cells were observed using a fluores-
cence microscope to examine the morphology and number
of lipid droplets in the cells. The fluorescence intensity was
measured using a microplate reader (BioTek, USA).

2.8. Confocal Microscopy. The X9 cells were seeded into
35mm glass-bottom cell culture dishes with a density no less
than 1 × 105/mL and fixed after the induction of differentia-
tion and maturation. UCP1 was observed by using immuno-
fluorescence under a laser confocal microscope (ZEISS,
Germany) and images were collected, and the fluorescence
intensity was calculated by using ImageJ (1.53).

2.9. Western Blotting. Protein samples were collected,
separated on a 12% SurePAGE preformed gel (GenScript,
China), and transferred onto polyvinylidene difluoride
(PVDF) membranes (Millipore, USA). The membranes were
completely sealed with a sealing solution and incubated with
primary antibody overnight at 4°C and then incubated with
a secondary antibody for 1 h at 4°C. After incubation, an
Odyssey infrared laser imaging system (LI-COR, USA) was
used for signal detection. Protein quantification was per-
formed using image analysis software. The antibodies used
in this experiment include anti-PPARγ (ab45036, Abcam),
anti-PGC-1α (ab54481, Abcam), anti-UCP1 (ab10983,
Abcam), anti-oxphos (ab110413, Abcam), anti-β-actin
(3700, CST), and anti-GAPDH (5174, CST).

2.10. Quantitative Reverse Transcription-Polymerase Chain
Reaction (qRT-PCR). X9 cells were seeded in 6-well plates
with a density no less than 1 × 105/mL. After induced dif-
ferentiation and maturation, total RNA was extracted by
using the Eastep™ Total RNA Extraction Kit (Promega,
China). cDNA was synthesized by using the Prime Script™
synthesis kit (TaKaRa, China), detected by SYBR Green
PCR Master Mix (TaKaRa), and analyzed by using an
ABI 7900 real-time fluorescent quantitative PCR instru-
ment (ABI, USA). The miRNA was extracted from X9 cells
on days 1, 3, and 5 after induction, and cDNA was synthe-
sized by using the Mir-X miRNA First-Strand Synthesis
Kit (Takara Bio, USA). The expression level was detected
by using SYBR Green PCR Master Mix (TaKaRa) and ana-
lyzed by using the ABI 7900 real-time fluorescent quantita-
tive PCR instrument. The primer sequence is shown in
Table 1.

2.11. Molecular Docking Evaluation. In the previous study,
nine compounds were identified in the established ultraper-
formance liquid chromatography (UPLC) fingerprints of
JLD, including danshensu sodium, puerarin, salvianolic acid
B, epmedin B, epmedin C, icariin, ginsenoside Rb1, ginseno-
side Rb2, and ginsenoside Rc [23]. In order to preliminarily
identify the molecules with the potential activating effect on
UCP1, a molecular docking method was taken to evaluate
the binding affinity. AutoDock Vina 1.1.2 was used to con-
duct the docking task [24]. Through literature search, we
obtained five small molecular compounds (berberine [25],
thiazolidinedione [26], rhein [27], formononetin [28], and
fluvastatin sodium [29]), which can activate UCP1 as the
control. The compound structures were downloaded from
the PubChem database in SDF format [30]. Three-
dimensional structures of UCP1 (P25874) were obtained
from the AlphaFold database (https://alphafold.ebi.ac.uk)
[31, 32], which is an openly accessible and extensive data-
base of high-accuracy protein-structure predictions. Pro-
teinsPLUS (https://proteins.plus/) was used to predict the
active pockets. The ligands and receptors were prepared
according to the tutorial of AutoDock Vina. If the docking
score of compounds in JLD is higher than that of all control
molecules and have good binding activity in more than one
site, they are more likely to have potential activation effect
on UCP1. The conformation with the lowest affinity was
used as the best docking conformation, and PLIP was taken
to visualize the interaction mode [33].

Table 1: Primer sequences used for qRT-PCR in this study.

Primer Forward Reverse

PPARγ CCTGGACCTCTGCTGGTGAT GCTGGAGAAATCAACCGTGG

PGC-1α GGCACCTGAACAGAACGAAC CAACAGGCATCAGCAGTGTC

UCP1 ACGTCCCCTGCCATTTACTG CCCTTTGAAAAAGGCCGTCG

GAPDH CTGCGACTTCAACAGCAACT GAGTTGGGATAGGGCCTCTC

miRNA27a TGCGCTTCACAGTGGCTAAGT CCAGTGCAGGGTCCGAGGTATT

U6 CGCTTCGGCAGCACATATAC AAATATGGAACGCTTCACGA
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2.12. Statistics. All experimental data were expressed as the
mean ± standard deviation. SPSS19.0 software was used for
statistical analysis. One-way analysis of variance (ANOVA)
was used for comparison among groups, and P < 0 05 was
considered statistically significant. All graphs are done
through GraphPad Prism (V.5.01).

3. Results

3.1. JLD Reduced Adipose Content and Maintained Body
Temperature in db/db Mice. The fat accumulation in mice
can be observed intuitively through the body weight, so we
observed the body shape, adipose morphology, body weight,
and adipose weight of mice to understand the situation of fat

accumulation and metabolism in mice. In addition, the
maintenance of body temperature was also observed under
4°C environment. The results showed that JLD significantly
reduced body weight in db/db mice. The body weight
became different from the third week of taking JLD
(Figures 1(a) and 1(b)). The mice in the control group
gained weight significantly faster than the mice in the JLD-
treated group, and the same results were observed in the
blank group (Figure 1(b)). Epididymal white adipose tissue
(eWAT) was reduced in the JLD-treated group compared
with the blank group (Figures 1(c) and 1(d)). Compared
with mice in the control group, JLD-treated mice had
reduced subcutaneous white adipose tissue (SAT), eWAT,
and inguinal subcutaneous white adipose tissue (iWAT)
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Figure 1: JLD reduces fat content and maintains body temperature in db/db mice. (a) Representative pictures of the weight in mice after 10
weeks of intervention and body weight-time curve (n = 15-20). (b) Body weight-time curve (n = 15-20). (c) Representative pictures of SAT,
iWAT, and eWAT. (d) SAT, iWAT, and eWAT weights (n = 8-10). (e) Representative H&E staining of iWAT and eWAT (400x). (f) Body
temperature-time curve (n = 5-6). Data are shown as the mean ± SD. ∗P < 0 05, ∗∗P < 0 01 vs. blank group, #P < 0 05, ##P < 0 01 vs. control
group. All graphs are done through GraphPad Prism (V.5.01).
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(Figures 1(c) and 1(d)). Additionally, compared with the
control group, the morphology of fat cells in the JLD treat-
ment group was significantly different, with more complete
cell structure and smaller cell morphology (Figure 1(e)).
Interestingly, the data showed that the body temperature of
mice in the JLD-treated group was more stable at 4°C envi-
ronment and was significantly higher than that of control
mice after 4 h exposure to 4°C (Figure 1(f)). The above data
suggest that JLD could reduce the lipid accumulation in mice
and maintained the body temperature.

3.2. JLD Maintained Glucose and Lipid Homeostasis in db/db
Mice. In order to further understand the effects of JLD on
glucose and lipid metabolism, we observed the blood lipid,
blood glucose, liver function, and lipid deposition in the liver
of mice. Spontaneous obesity occurred in db/db mice, lead-
ing to disorders of glucose and lipid. JLD also plays an
important role in improving lipid metabolism disorders. In
the JLD-treated group, serum TG levels were lower than
those in the blank group, and LDL-C and TC levels were sig-
nificantly lower than those in the control group
(Figure 2(a)). Additionally, GLU levels were significantly
lower than those in the blank group (Figure 2(b)). JLD
reduced liver damage caused by high lipid levels, indicated
by significantly lower ALT and AST levels in the JLD-
treated mice than those in the control group (Figure 2(c)).
H&E staining result showed that hepatocyte ballooning in
the JLD-treated group was significantly reduced compared
to that in the other groups (Figure 2(d)). These results indi-
cated that JLD could regulate glucose and lipid metabolism
in db/db mice and improve liver injury caused by high lipid
levels.

3.3. JLD Activated Beige Adipocytes in db/db Mice. To under-
stand the change of WAT after JLD treatment, we observed
the activation of WAT by immunofluorescence, in situ
hybridization, and western blot. However, UCP1 expression
increased in WAT of db/db mice treated with JLD compared
to the control group, although no increase was observed in
beige adipocytes (Figures 3(a) and 3(b)), indicating that
JLD induces the activity of beige adipocyte. To identify beige
fat, CD137 was specifically labeled, which is a member of the
tumor necrosis factor receptor superfamily and has recently
been identified as one of the marker proteins of beige fat [9].
Western blotting results showed that UCP1 expression was
significantly increased in the JLD-treated group compared
with the control group (Figures 3(c) and 3(d), Supplemen-
tary Figure S1A). The inhibition of WAT is closely related
to the expression of miRNA27a. Therefore, we further
investigated the expression of miR-27a using fluorescence
in situ hybridization, and the results showed that JLD
inhibited miR-27a expression. The high expression of miR-
27a in the control group may be due to the gain of adipose
and weight (Figures 4(a) and 4(b)).

3.4. JLD Reduced Lipid Deposition in X9 Cells. We verified
the results of animal experiments at the cellular level to
observe whether JLD could activate beige adipocytes and
increase the expression of UCP1 in beige adipocytes. We
used the MTS assay to examine the effect of different con-
centrations of JLD on the activity of X9 cells (Figure 5(a)),
and 400μg/mL was selected as the dose. We found that
JLD could markedly reduce the lipid droplet content
(Figures 5(b) and 5(c)) and increase the expression of
UCP1 in X9 cells (Figures 5(d) and 5(e)) compared with
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Figure 2: JLD maintained glucose and lipid homeostasis in db/db mice. (a, b) Fasting serum lipid levels of TG, LDL-C, TC, and GLU
(n = 14-16). (c) Serum AST and ALT concentrations (n = 10-12). (d) Representative H&E staining of the liver (400x). Data are shown as the
mean ± SD. ∗P < 0 05, ∗∗P < 0 01 vs. blank group, ##P < 0 01 vs. control group. All graphs are done through GraphPad Prism (V.5.01).
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the control group. These data suggest that JLD can enhance
the expression of UCP1, a thermogenesis-related protein,
reducing intracellular lipid deposition.

3.5. JLD Inhibited the Expression of miR-27a to Promote the
Activation of Beige Adipocyte. To understand how JLD acti-
vates beige adipose, we used western blot, PCR, and confocal
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Figure 4: JLD inhibits the expression of miR-27a in the subcutaneous fat tissue of db/db mice. (a) Fluorescence images of miR-27a in the
subcutaneous fat tissue of db/db mice (200x). (b) Fluorescence intensity of miR-27a in the subcutaneous fat tissue of db/db mice. Data are
shown as the mean ± SD. ∗P < 0 05, ∗∗P < 0 01 vs. blank group, ##P < 0 01 vs. control group. All graphs are done through GraphPad Prism
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Figure 3: JLD activates the activity of beige adipocytes in db/db mice. (a) Fluorescence images of UCP1 and CD137 in the subcutaneous fat
tissue of db/db mice (200x). (b) Fluorescence intensity of UCP1 and CD137 in the subcutaneous fat tissue of db/db mice. (c) Western blot
analysis of thermogenic-related protein UCP1 expression in subcutaneous fat tissue of db/db mice and (d) quantitative measurement of
relative protein expression (n = 4-5). Data are shown as the mean ± SD. ∗P < 0 05, ∗∗P < 0 01 vs. blank group, ##P < 0 01 vs. control
group. The samples derive from the same experiment, and gels/blots were processed in parallel. Full-length gels/blots are presented in
Supplementary Figure S1B. All graphs are done through GraphPad Prism (V.5.01).
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microscopy methods to observe the expression of UCP1,
PPARγ, PGC-1α, and miR-27a. JLD increased mRNA
expression of thermogenic genes such as PPARγ, PGC-1α,
and UCP1 (Figure 6(a)). Simultaneously, JLD also increased
the expression of PGC-1α, UCP1, and oxidation-related pro-
teins, ATP5A and SDHB (Figures 6(b) and 6(c), Supplemen-
tary Figure S1B), and significantly inhibited the expression
of miR-27a (Figure 6(d)).

3.6. Small Molecules Potentially Activating UCP1 in JLD.
Based on the “drug score” obtained by ProteinsPLUS, we
have chosen the top three active pockets for UCP1. The dock-
ing results of 5 control molecules and 9 compounds in JLD
with three sites of UCP1 are shown in Table S1. In UCP1_
site1, epmedin C and icariin got the lowest binding affinity
(-8.8 kcal/mol). In UCP1_site2, salvianolic acid B obtained
the lowest binding affinity (-9.3 kcal/mol). Epmedin B and
epmedin C showed good binding activity at all three sites.
Secondly, salvianolic acid B, icariin, and puerarin have good
binding activities to more than one sites. The interaction
mode between five core components and three UCP1 sites
is shown in Figure 7.

4. Discussion

The study proved that JLD treatment significantly amelio-
rated HFD-induced obesity and adipose accumulation,
maintained glucose and lipid homeostasis, and improved
hepatic steatosis and inflammation.

Beige adipocytes, found in white adipose depots, are
inducible to express the UCP1 in cold or drug stimulation
[34, 35]. In contrast to white adipocytes, beige adipocytes
can increase energy metabolism and reduce adipose accu-
mulation in the activated state [36]; thus, beige adipocytes
are considered therapeutic targets for the treatment of obe-
sity and its complications, such as metabolic syndrome, dia-
betes, and nonalcoholic steatohepatitis.

In this study, we used db/db mice, a model of spontane-
ous obesity due to the leptin receptor deficiency [37], to
explore the antiobesity effect of JLD. Consistent with the pre-
vious study [20], our study also confirmed this point. We also
observed the alleviating effect of JLD on lipid deposition in
the liver. Compelling evidence suggests that adipokines
released by hypertrophic adipocytes affect multiple organs
and biological processes [38], especially in chronic system
inflammation and glucose metabolism dysfunction [39–42].
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Figure 5: JLD reduces lipid deposition in X9 cells. (a) The correlations of JLD concentration with X9 cell density. (b) Nile red staining of
blank, control, and JLD-treated X9 cells. (c) Fluorescence intensity of Nile red-stained lipid droplet. (d) Fluorescence images of UCP1 (400x)
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We found that JLD improved the glucose metabolism by
reducing GLU, consistent with previous reports [16, 20].
We considered that JLD has a great potential to improve
the disorders of glucose and lipid metabolism as well as con-
comitant inflammatory responses.

Activation of beige adipocytes is characterized by upregu-
lated expression of UCP1, which has been identified as a ther-
mogenic gene that releases energy in the form of heat in
adipose tissue [43]. To investigate whether the antiobesity
effect of JLD depended on the activation of beige adipocytes,
the cold tolerance test showed that the body temperature of
mice in the JLD-treated group was more stable than that of
mice in other groups. Using immunofluorescence, we found
a significant increase in UCP1 expression, suggesting that
the increased heat release in JLD-treated mice might be due
to the differentiation of beige adipocytes in the white adipose
depots. To explore whether JLD plays a direct role in the dif-
ferentiation of beige adipocytes, we induced the differentiation
of the beige adipocyte precursor (X9 cell line) in vitro, and
JLD intervention was given in this process [9, 44, 45].
The result showed that JLD increased the thermogenesis
of beige adipocytes. In addition, we found that JLD also
increased the expression level of ATP5A and SDHB pro-
tein, which may promote the energy metabolism through
oxidative phosphorylation. This suggests that JLD can acti-
vate beige adipocytes and increase their energy metabolism.

Previous studies have shown that miR-27a could inhibit
the expression of PPARγ, which promotes the differentiation
of beige adipocytes in the white adipose depots [13, 46, 47].
The prediction assay for the miRNAs binding to the PPARγ
mRNA also confirmed the binding site of miR-27a. There-
fore, we performed fluorescence in situ hybridization on
mouse adipose sections and found that miR-27a expression
in the JLD-treated group was lower than that in untreated
mice. In subsequent qPCR assays, we revealed that JLD
inhibited the expression level of miR-27a in the postdifferen-
tiated X9 cells. All these results indicate that the potential
mechanism of JLD-induced activation of beige adipocytes
may depend on inhibiting miR27a expression, which could
inhibit PPARγ expression, to activate beige fat.

Through molecular docking, we obtained five potential
candidate compounds in JLD with potential activation effect
on UCP1. The binding affinity between icariin and UCP1
sites 1 and 3 was -8.8 and -7.4 kcal/mol, respectively, indicat-
ing good potential activity. One study showed that icariin
can increase UCP1 expression in white adipocytes by
increasing the expression of PGC-1α [48]. The binding affin-
ity between salvianolic acid B and UCP1 sites 1 and 2 was
-8.6 and -9.3 kcal/mol, respectively. And it may be involved
in lipid metabolism and energy metabolism in mice, playing
an antiobesity role by regulated energy metabolism [49].
Puerarin can increase the expression of PPARγ in bovine
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Figure 6: JLD inhibits the expression of miR-27a to promote the activation of beige adipocytes. (a) Western blot analysis of thermogenic-
related protein UCP1 and PGC-1α oxidation-related protein ATP5A and SDHB expression in X9 cells treated with inducer or inducer and
JLD. (b) Quantitative measurement of relative protein expression. (c) qRT-PCR analysis of thermogenic and fatty acid oxidation-related
gene expression from X9 cells treated with inducer or inducer and JLD. (d) Relative expressions of miR-27a in X9 cells treated with
inducer or inducer and JLD at 1, 3, and 5 days. Data are shown as the mean ± SD. ∗P < 0 05, ∗∗P < 0 01 vs. blank group, #P < 0 05,
##P < 0 01 vs. control group. The samples derive from the same experiment, and gels/blots were processed in parallel. Full-length blots/
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preadipocytes [50]. In this study, puerarin showed good
binding activity with UCP1, with binding affinity of -7.9
and -7.8 kcal/mol to site 1 and site 2, respectively. Although
ginsenoside Rb1, ginsenoside Rb2, and ginsenoside Rc were
not screened by the strict screening criteria, they still had
certain binding activity on UCP1 sites 1 or 2. Ginsenoside
Rb1 can promote browning effect by enhancing protein
expression of PR domain containing 16 (PRDM16), PGC-
1α, and UCP1 [51]. Ginsenoside Rb2 can ameliorate obesity
and metabolic disorders by inducing gene expression of
PGC-1α and UCP1 [52]. In addition, ginsenoside Rc can
resist obesity by inhibiting the expression of PPARγ and
CCAAT/enhancer binding protein (C/EBP) [53]. Notably,
no association between epmedin B or epmedin C and obe-
sity, metabolic disorder, or UCP1 targets has been reported.
However, the results showed that epmedin B and epmedin C
had good binding affinity for all three UCP1 sites, indicating
good verifiability. In short, JLD activates the beige adipo-
cytes through its multiple active ingredients, and further
experiments are needed to confirm the activity.

5. Conclusions

Our data show that JLD has an antiobesity effect in the db/db
mouse model of spontaneous obesity, while improving main-
tained glucose and lipid homeostasis and hepatic steatosis.
This study for the first time demonstrates that JLD may
induce the activation of beige adipocytes by suppressing the
expression of miR-27a. Epmedin B, epmedin C, icariin, puer-
arin, and salvianolic acid B may be the pharmacodynamic

material basis of JLD that plays an important role in regulat-
ing UCP1. These findings suggest that JLD has great potential
in maintained glucose and lipid homeostasis, making it use-
ful for controlling the body weight and alleviating the glu-
cose and lipid homeostasis dysfunction caused by obesity.
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Schinus molle is a medicinal plant used as an anti-inflammatory and for rheumatic pain in the traditional medicine of Peru. On the
other hand, Aedes aegypti is the main vector of several tropical diseases and the transmitter of yellow fever, chikungunya, malaria,
dengue, and Zika virus. In this study, the aim was to investigate the antioxidant activity in vitro and the insecticidal activity in
silico, in the presence of the mosquito juvenile hormone-binding protein (mJHBP) from Aedes aegypti, of the essential oil from S.
molle leaves. The volatile phytochemicals were analyzed by gas chromatography-mass spectrometry (GC-MS), and the profile
antioxidants were examined by DPPH, ABTS, and FRAP assays. The evaluation in silico was carried out on mJHBP (PDB: 5V13)
with an insecticidal approach. The results revealed that EO presented as the main volatile components to alpha-phellandrene
(32.68%), D-limonene (12.59%), and beta-phellandrene (12.24%). The antioxidant activity showed values for DPPH = 11:42 ± 0:08
μmol ET/g, ABTS = 134:88 ± 4:37 μmol ET/g, and FRAP = 65:16 ± 1:46 μmol ET/g. Regarding the insecticidal approach in silico,
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alpha-muurolene and gamma-cadinene had the best biding energy on mJHBP (ΔG = −9:7 kcal/mol), followed by beta-cadinene
(ΔG = −9:5 kcal/mol). Additionally, the volatile components did not reveal antioxidant activity, and its potential insecticidal effect
would be acting on mJHBP from A. aegypti.

1. Introduction

Essential oils (EOs) are a class of natural products character-
ized by their volatile components, especially terpenes and
sesquiterpenes [1]. EOs are obtained by several methods
such as hydrodistillation, supercritical fluids, microwaves,
and ultrasound [2]. Although the yield rate is very low, a
majority are used in perfumery [3], aromatherapy [4], and
the pharmaceutical [5] and food industries [6]. Their biolog-
ical activities have been reported as insecticidal, antiviral,
antibacterial, antifungal, antimalarial, antidepressive, anti-
cancer, antimutagenic, hepatoprotective, anti-inflammatory,
antioxidant, analgesic, and antipyretic [5, 7]. Schinus molle
L., internationally commonly known as peruvian pepper,
false pepper, American pepper, or pink pepper, is a peren-
nial tree belonging to the Anacardiaceae family, which is
native to subtropical regions of South and Central America
[8]. In Peru, it is popularly known as molle (in Spanish)
and its leaves and fruits exhibit anti-inflammatory, analgesic,
antirheumatic, antibacterial, antiseptic, and repellent activity
[9]. The essential oil of S. molle (leaves and fruits) exhibits
biological activities such as antibacterial (gram-positive and
gram-negative bacteria), antifungal, insecticidal, repellent,
and cytotoxic activities [10]. Locally, the plant is used as a
rheumatic reliever, analgesic, antiseptic, purgative, stomach
cramp reliever, and diuretic. Moreover, leaves, fruits, and
latex are used for many conditions, including menstrual,
respiratory, and urinary disorders, and as an antidepressant,
digestive stimulant, and astringent [11].

Regarding insecticidal activity, several synthetized che-
micals are used as repellents, vector control, or insecticides,
but during the last year, some of them have been retired
due to their carcinogenic, genotoxic, or harmful-to-the-envi-
ronment effects by bioaccumulation [12]. The application of
natural products as insecticides might be highly effective,
less expensive, biodegradable, and safer than that of syn-
thetic insecticides [13]. The harmful effect of essential oils
or their isolated compounds against insects can be mani-
fested in various ways, including mortality, toxicity, inhibit-
ing growth, the suppression of reproductive behavior, and
reducing fertility and fecundity [14]. Hence, the use of bioin-
secticides based on natural products might be a powerful
tool to combat some insects who are responsible for several
tropical diseases (Zika, malaria, dengue, and yellow fever)
transmitted mainly by the mosquito Aedes aegypti [15].

Recently, a group of salivary D7 proteins known as mos-
quito juvenile hormone-binding protein (mJHBP) has been
identified in A. aegypti, which consist of two modified
odorant-binding protein domains with its respective ligand
in the N-terminal domain named JH-III [16]. This hormone
is found in pupae and adults; furthermore, it regulates the
larval development in the mosquito. On the other hand,
the juvenile hormone (JH) plays an essential role in adult

female promoting the ovary maturation before blood feed-
ing; additionally, it is involved with the nutritional state
and its relationship with blood meal-dependent reproductive
development [17]. In recent years, a class of insecticides
named JH analogues have been designed to disrupt this
endocrine process and affect the normal development in
mosquitoes. A synthetic JH analogue is pyriproxyfen, which
is a phenyl carbonyl derivative, and its main effect is to pro-
duce an imbalance in the mosquito hormonal system, inhi-
biting the embryogenesis, adult metamorphosis, and
development of the adult mosquito [18].

Although the insecticidal activity of S. molle EO was
evaluated in several species such as Trogoderma granarium,
Tribolium castaneum [19], Sitophilus oryzae [20], Haemato-
bia irritans [21], Ctenocephalides felis felis [22], and Gonip-
terus platensis [23], currently, there is not scientific
literature on A. aegypti. Thus, we investigated the potential
insecticidal effect in silico of the volatile components of S.
molle EO to find any responsible molecule as a JH analogue,
which might combat the presence of mosquitoes in tropical
regions and reduce the prevalence of diseases transmitted
by them. The aim in this study was (1) to determine the total
volatile component of the EO from S. molle leaves by gas
chromatography-mass spectrometry (GC-MS), (2) to evalu-
ate the antioxidant activity using the DPPH, ABTS, and
FRAP methods, and (3) to determine the insecticidal activity
using a virtual screening of the EO from S. molle leaves on
the mosquito juvenile hormone-binding protein from Aedes
aegypti.

2. Materials and Methods

2.1. Chemicals. All the solvents (dichloromethane, chloro-
form, methanol, and hydrogen peroxide), of analytical grade
(99.5%), were purchased from Merck (Darmstadt, Ger-
many). 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,4,6-
tri(2-pyridyl)-s-triazine (TPTZ), and Trolox were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Plant Material. A quantity of 4700 g of Schinus molle
(leaves) cultivated in Tinguiña, Ica Region, Peru (406m.a.s.l.)
in December 2020 was received. Leaves were cleaned and
peeled to be incorporated in a Clevenger equipment and
to obtain essential oil by hydrodistillation for 2h [24].
The essential oil was separated by decantation; then, anhy-
drous Na2SO4 was added to eliminate any water drops.
Finally, the EO was stored in a sealed amber vial until fur-
ther use.

2.3. Identification of Volatile Compounds by Gas
Chromatography-Mass Spectrometry (GC-MS). Volatile che-
micals were determined with a GC-MS system (Agilent
Technologies 7890 Gas Detector and Agilent Technologies
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5975C Mass Spectrometer Detector, Santa Clara, CA, USA).
Then, 20μL of EO was mixed with 1.0mL of dichlorometh-
ane. Next, 1.0μL of the working solution was injected into
the equipment in splitless mode (split: 20 : 1). The EO was
run on a J&W 122-1545.67659 DB-5ms column,
(60m × 250 μm× 0:25 μm) (Agilent Technologies, Santa
Clara, CA, USA). The working conditions were as follows:
the temperature program was 40°C, starting with increments
of 5°C/min up to 180°C, followed by increases of 2.5°C/min
up to 200°C for 5min, and finally 10°C/min up to 300°C,
remaining for 3min. The helium flow rate was at 1mL/
min. Volatile components’ identification was based on a
comparison of relative retention indices (RIs) and mass
spectra data with the NIST20 library data and the published
literature [25]. Each RI was calculated compared with a
homologous series of n-alkanes C9–C25 (C9, BHD purity
99%; C10–C25, Fluka purity 99%). The relative amount
(expressed as a percentage) of each compound identified in
the EO was calculated by comparing the area of the corre-
sponding peak in the chromatogram with the total area of
identified peaks.

2.4. Determination of the Antioxidant Capacity by the Free
Radical 2,2-Diphenyl-1-picrylhydrazyl (DPPH). A 150μL of
EO (10mg/mL) was mixed with 2850μL of a methanolic
solution of DPPH (20mg/L) with an absorbance adjusted
to 1:1 ± 0:02 nm. After mixing, it was incubated in the dark
for 30 minutes, and the absorbance reading was carried out
at 515 nm. The standard curve was elaborated with Trolox
at concentrations of 0 to 800μmol/mL. The Trolox equiva-
lent antioxidant capacity (TEAC) was expressed as μmol
TE/g of essential oil [26]. To calculate the half inhibitory
concentration (IC50), a linear regression method was used
based on the different concentrations of the EO.

2.5. Determination of the Antioxidant Capacity by the
Method of the Radical 2,2′-Azinobis-(3-
ethylbenzothiazoline)-6-sulfonic Acid (ABTS.+). To carry
out the antioxidant activity using the ABTS radical, a solu-
tion was prepared using the mixing of 10mL of ABTS
(4.06mg/mL) and 10mL of potassium persulfate (0.7mg/
mL), both reacted for 16 hours. Then, 150μL of the EO
(5mg/mL, diluted with methanol) was mixed with 2850μL
of ABTS radical and incubated for 7min, the same proce-
dure was used with Trolox standard ranging between 0
and 400μmol/mL. The absorbance was read to 0:7 ± 0:02
at a wavelength of 734nm. The Trolox equivalent antioxi-
dant capacity (TEAC) was expressed as μmol TE/g of essen-
tial oil [27]. To calculate the half inhibitory concentration
(IC50), a linear regression method was used based on the dif-
ferent concentrations of the EO.

2.6. Determination of Antioxidant Capacity by the Ferric
Reducing/Antioxidant Power (FRAP). In the determination
of FRAP of EO, a reagent battery was made using 25mL of
acetate buffer pH 3.6; 2.5mL of 20mM TPTZ was dissolved
in 40mM HCl and 2.5mL of 20mM ferric chloride hexahy-
drate. The mixing of this reagents constituted the FRAP
solution which reacted with the EO at different concentra-
tions as well as Trolox standard. 150μL of EO (1mg/mL)
was mixed with 2850μL of FRAP reagent and reacted for
4min at room temperature. The absorbance reading was
carried out at 593nm. A standard curve was prepared with
Trolox (50-800μM). The results were expressed as μmol
equivalents of Trolox per gram of essential oil (μmol TE/g
EO) [28]. To calculate the half inhibitory concentration
(IC50), the linear regression method was used based on the
different concentrations of the EO.
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Figure 1: Chromatographic profile of the essential oil from S. molle leaves by GC-MS.
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Table 1: Chemical composition of the volatile oil of Schinus molle leaves.

Compound name
Rt

(min)
Molecular formula/
molecular mass

%
LRI
Exp

LRI
Ref Chemical structure Chemical group

Tricyclene 13.13 C10H16 (136.23) 0.49 926 926
CH3H3C H3C

Monoterpene hydrocarbon

Alpha-pinene 13.65 C10H16 (136.23) 5.27 930 932

CH3

H3C

H3C

Monoterpene hydrocarbon

Camphene 14.58 C10H16 (136.23) 2.50 938 946 H3C

H3C

H2C

Monoterpene hydrocarbon

Sabinene 15.72 C10H16 (136.23) 0.40 973 974

CH3

CH2

H3C

Monoterpene hydrocarbon

Beta-pinene 16.10 C10H16 (136.23) 1.11 976 975

CH2

H3C

H3C Monoterpene hydrocarbon

Beta-myrcene 16.51 C10H16 (136.23) 5.94 988 988

CH2

CH2

CH3

H3C

Monoterpene hydrocarbon

Alpha-
phellandrene

17.80 C10H16 (136.23) 32.68 1006 1006

CH3

CH3H3C

Monoterpene hydrocarbon

Alpha-terpinene 18.31 C10H16 (136.23) 0.26 1019 1020

CH3

CH3H3C

Monoterpene hydrocarbon

o-Cymene 18.82 C10H14 (136.22) 5.58 1022 1022

CH3 CH3

H3C
Aromatic monoterpene

hydrocarbon
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Table 1: Continued.

Compound name
Rt

(min)
Molecular formula/
molecular mass

%
LRI
Exp

LRI
Ref Chemical structure Chemical group

D-Limonene 19.16 C10H16 (136.23) 12.59 1027 1024

CH3

CH2
H3C

Monoterpene hydrocarbon

Beta-phellandrene 19.32 C10H16 (136.23) 12.24 1029 1025

CH3

CH3H3C

Monoterpene hydrocarbon

Terpinolene 22.65 C10H16 (136.23) 0.21 1082 1086

CH3

CH3H3C

Monoterpene hydrocarbon

Bornyl acetate 36.12 C12H20O2 (196.29) 0.20 1277 1284

CH3

H3C

H3C
H3C

O

O Oxygenated monoterpene

Gamma-elemene 39.20 C15H24 (204.35) 0.68 1650 1651

CH3

CH2

CH3

H3C

H3C

H2C

Sesquiterpene hydrocarbon

Beta-elemene 42.71 C15H24 (204.35) 0.72 1382 1389

CH3

CH2

CH3

H3C

H2C

H2C

Sesquiterpene hydrocarbon
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Table 1: Continued.

Compound name
Rt

(min)
Molecular formula/
molecular mass

%
LRI
Exp

LRI
Ref Chemical structure Chemical group

Beta-gurjunene 43.83 C15H24 (204.35) 0.30 1402 1409
CH3

CH3
CH2

H3C

Sesquiterpene hydrocarbon

Beta-
caryophyllene

44.60 C15H24 (204.35) 0.30 1416 1417

CH3H3C

H3C

H2C

Sesquiterpene hydrocarbon

Elixene 44.99 C15H24 (204.35) 0.26 1441 1445

CH3

CH2

CH3

H3C

H3C

H2C

Sesquiterpene hydrocarbon

Humulene 46.62 C15H24 (204.35) 0.39 1450 1452

CH3

H3C
H3C

H3C

Sesquiterpene hydrocarbon

Gamma-
muurolene

47.58 C15H24 (204.35) 0.21 1452 1451

CH2

CH3H3C

H3C

Sesquiterpene hydrocarbon

Germacrene D 47.99 C15H24 (204.35) 0.38 1471 1480 H3C

H3C

H3C

H2C Sesquiterpene hydrocarbon

Bicyclogermacrene 48.77 C15H24 (204.35) 1.30 1492 1500 H3C

H3C

CH3

CH3

Sesquiterpene hydrocarbon
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Table 1: Continued.

Compound name
Rt

(min)
Molecular formula/
molecular mass

%
LRI
Exp

LRI
Ref Chemical structure Chemical group

Alpha-muurolene 48.83 C15H24 (204.35) 0.60 1509 1510

CH3

CH3

CH3

H3C

Sesquiterpene hydrocarbon

γ-Cadinene 49.66 C15H24 (204.35) 0.62 1514 1513

CH2

CH3H3C

H3C

Sesquiterpene hydrocarbon

Beta-cadinene 49.87 C15H24 (204.35) 2.95 1515 1522

CH3

CH3

H3C

H3C

Sesquiterpene hydrocarbon

Shyobunol 50.03 C15H26O (222.37) 1.11 1541 1542

CH3

CH2

CH3

H3C

H3C

H2C

OH

Oxygenated sesquiterpene

Unknown I 50.27 C15H26O (222.37) 0.67 1600 n.d. Oxygenated sesquiterpene

Elemol 51.48 C15H26O (222.37) 4.53 1610 1610

CH3

CH2

CH3

H3C

H3C

H2C

OH

Oxygenated sesquiterpene

Unknown II 52.97 C15H26O (222.37) 1.13 1623 n.d. Oxygenated sesquiterpene
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2.7. Molecular Docking Studies. The molecules isolated from
phytochemicals of essential oil were docked against the mos-
quito juvenile hormone-binding protein (PDB id: 5V13). In
order to validate the docking, the crystal structures were

docked with the native ligand pyriproxifen and JH3 bound
to X-ray structures of mosquito juvenile hormone-binding
protein. In addition to the former for comparison, better val-
idation of docking at the binding cavity of mosquito juvenile

Table 1: Continued.

Compound name
Rt

(min)
Molecular formula/
molecular mass

%
LRI
Exp

LRI
Ref Chemical structure Chemical group

Viridiflorol 53.91 C15H26O (222.37) 0.31 1625 1627

CH3

OH

H3C

H3C
H3C

Oxygenated sesquiterpene

Gamma-eudesmol 55.59 C15H26O (222.37) 1.22 1636 1630

HO

CH3

CH3

CH3

CH3

Oxygenated sesquiterpene

τ-Cadinol 55.93 C15H26O (222.37) 0.61 1648 1652

CH3

CH3

H3C

H3C

HO

Oxygenated sesquiterpene

τ-Muurolol 55.99 C15H26O (222.37) 1.71 1641 1643

CH3

CH3

H3C

H3C

HO

Oxygenated sesquiterpene

Delta-cadinol 56.08 C15H26O (222.37) 0.23 1655 1656

CH3

CH3

H3C

H3C

HO

Oxygenated sesquiterpene

Aromatic monoterpene hydrocarbons 5.58%

Monoterpene hydrocarbons 73.69%

Oxygenated monoterpenes 0.20%

Sesquiterpene hydrocarbons 8.71%

Oxygenated sesquiterpenes 11.52%

Total identified 99.7%

Rt: retention time; n.d.: not determined; LRI Ref: linear retention index obtained from the literature [25]; LRI Exp: linear retention index calculated against n-
alkanes C9–C24. aMean of three determinations.
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hormone-binding protein was determined surrounding the
3Å distance from the bound ligand JH3 using the DoGSiteS-
corer server. The binding cavity residues comprised mainly
TYR33, LEU37, TRP50, AL51, TRP53, TYR64, SER69,
TYR129, TYR133, ILE140, PHE269, TRP278, and ALA281.
Protein and ligand preparations were performed using
AutoDock Tools (v. 1.5.6) (Forli et al., 2016). Gasteiger
charges were added to the ligand molecules prior to convert-
ing to PDBQT format. The online server DoGSiteScorer and
the information about the binding site residues of the native
ligand were used to construct the grid box. The grid box of
dimensions 25 × 25 × 14Å for the mosquito juvenile
hormone-binding protein with 0.375Å grid spacing was
constructed using AutoGrid 4.2. Semiflexible docking was
performed keeping the receptor molecule rigid and ligands
flexible. AutoDock 4.2 using the Lamarckian genetic algo-
rithm (LGA) scoring function with number of GA runs =
100, population size = 500, and maximum number of
evaluations = 25,000,000 was used to develop the molecular
docking of all volatile components of EO. Then, the RMSD
clustering maps were obtained by a reclustering command
with a clustering tolerance of 0.25Å, 0.5Å, and 1Å, respec-
tively, in order to obtain the best cluster having the lowest
energy score with a high number of populations [18].

2.8. Molecular Dynamics Simulation (MD). This evaluation
was carried on the dock complexes for α-phellandrene
(the most abundant in GC-MS analysis) and α-muurolene
(the most active in molecular docking analysis) with the
mosquito juvenile hormone-binding protein (mJHBP)
using the Desmond 2020.1 from Schrödinger, LLC. The
reproducibility was completed using three replicates for
each MD run. The OPLS-2005 force field and explicit sol-
vent model with the SPC water molecules were used in
this system. To neutralize and simulate the physiological
conditions, the charge Na+ ions and 0.15M NaCl were
added, respectively. The system was equilibrated using
constant-temperature and constant-volume ensemble
(NVT) for 100 ps. This was followed by a short run equil-
ibration and minimization using constant-temperature and
constant-pressure ensemble (NPT) for 12 ps and was set
up using the Nose-Hoover chain coupling scheme with
temperature 27°C, the relaxation time of 1.0 ps, pressure
1 bar, and a time of 2 fs. The Martyna-Tuckerman-Klein
chain coupling scheme barostat method was used for pres-
sure control using a relaxation time of 2 ps. The particle
mesh Ewald method was used for calculating long-range
electrostatic interactions with a radius of 9Å for the cou-
lomb interactions. Bonded forces were calculated using a
RESPA integrator with a time step of 2 fs for each trajec-
tory. The root mean square deviation (RMSD), radius of
gyration (Rg), root mean square fluctuation (RMSF), and
solvent accessible surface area (SAS area) were calculated
to monitor the stability of the MD simulation.

2.9. Statistical Analysis. In the analysis of the antioxidant
profile of essential oil from S. molle, the IC50 values were
estimated by linear regression statistics. A Spearman’s
Rho coefficient was calculated to establish a correlation

Table 3: Ligand interaction energies and inhibitory concentrations
with mosquito juvenile hormone-binding protein in the molecular
docking study.

Ligand
Binding free energy (ΔG,

kcal/mol)
Ki

(μM)

Alpha-phellandrene -7 14.6

Alpha-terpinene -6.5 58.46

Beta-caryophyllene -8.3 1.22

Beta-myrcene -6.5 58.46

Beta-elemene -8.3 1.22

Bicyclogermacrene -7.6 7.46

Camphene -7.2 13.06

D-Limonene -7.3 12.57

Elixene -9 0.398

Germacrene D -9.5 0.226

Alpha-muurolene -9.7 0.134

Alpha-pinene -7.5 8.19

Beta-cadinene -9.6 0.176

Beta-gurjunene -8.2 1.67

Beta-phellandrene -7.5 8.19

Beta-pinene -7.5 8.19

Elemol -7.7 6.15

γ-Cadinene -9.7 0.134

Gamma-muurolene -9.5 0.226

Bornyl acetate -7.8 5.56

Humulene -9.2 0.319

o-Cymene -7 14.6

Sabinene -7.3 12.57

t-Cadinol -7.8 5.56

Terpinolene -7.5 8.19

Tricyclene -7 14.6

Gamma-Elemene -7.6 7.46

Shyobunol -9.1 0.332

Gamma-eudesmol -8.9 0.913

Delta-cadinol -7.8 5.56

τ-Muurolol -8.4 1.01

Viridiflorol -7.7 6.15

Pyriproxyfen (synthetic
insecticide)

-9.9 0.099

Juvenile hormone III (JH3) -9.2 0.319

Table 2: Antioxidant profile of the essential oil of S. molle.

Method Mean ± SD
TEAC DPPH (μmol TE/g) 11:42 ± 0:08

IC50 DPPH (mg/mL) 41:84 ± 0:31

TEAC ABTS (μmol TE/g) 134:88 ± 4:37

IC50 ABTS (mg/mL) 2:05 ± 0:07

TEAC FRAP (μmol TE/g) 65:16 ± 1:46

IC50 FRAP (mg/mL) 1:50 ± 0:02
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Interactions

Interactions

Interactions

Figure 2: Molecular studies of the interaction of volatile constituents of S. molle essential oil (alpha-muurolene, alpha-phellandrene) and
synthetic insecticide (pyriproxyfen) with mosquito juvenile hormone-binding protein (PDB ID: 5V13): surface view (right) and 2D (left)
interactions.
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Figure 3: Continued.
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Figure 3: Analysis of MD simulation trajectories for 100 ns. RMSD plots displaying the molecular vibrations of Cα backbone of (a) mJHBP+α-
phellandrene and (f) mJHBP+α-muurolene. RMSF plots showing the fluctuations of respective amino acids throughout the simulation time
100ns for (b) mJHBP+α-phellandrene and (g) mJHBP+α-muurolene. Radius of gyration plots for the deduction of compactness of protein
(c) mJHBP+α-phellandrene and (h) mJHBP+α-muurolene. Solvent accessible surface area (SAS area) displaying the ligand-bound and
ligand-unbound area at the binding pocket (d) mJHBP+α-phellandrene and (i) mJHBP+α-muurolene. Interaction fractions displaying the
predominant hydrophobic interactions of the binding cavity residues of mJHBP with (e) α-phellandrene and (j) α-muurolene.
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between the evaluated concentrations and the antioxidant
response. P values less than 0.01 were considered statisti-
cally significant. GraphPad Prism program version 6.0
(La Jolla, CA, USA) was used to carry out the statistical
analysis.

3. Results and Discussion

3.1. Chemical Profile of the Essential Oil of S. molle. The
obtained EO of fresh leaves showed a light-yellow color, a den-
sity of 0:873 ± 0:02 g/mL at 20°C, and an extraction yield of
0.73% during 2 hours of distillation. The profiles of volatile con-
stituents of S. molle essential oil were analyzed by GC-MS and
are presented in Figure 1 and Table 1. Regarding the chemical
profile, the EO showed 34 compounds (Figure 1), two of which
are of unknown structures (compounds 27 and 29), which
accounted for 99.7% of the total composition. Those unknown
chemical structures were classified as oxygenated sesquiter-
penes with the following formula C15H26O and a molecular
weight of 222.37g/mol. The analysis identified alpha-
phellandrene as the main volatile chemical with 32.68%,
followed by D-limonene (12.59%) and beta-phellandrene
(12.24%). According to Figure 1, the retention time at
17.80min corresponded to the major component in the EO
(compound 7).

In the phytochemical analysis, our results differed from
those of other investigations and could be explained by different
types of factor such as type of extraction, temperature condi-
tions, storage conditions, edaphic conditions, plant part
extracted, ecosystem, environmental, harvesting time, and the
presence of environmental pollution [29]. In this study, the
most representative molecule was alpha-phellandrene with
32.68%. However, in recent studies, as reported by Morales-
Rabanales et al., β-phellandrene (15.7%) and α-phellandrene
(12.1%) were the main components of the EO from S. molle
leaves cultivated in Tepetitla de Lardizábal, Mexico [30]. In an
analysis of S. molle EO obtained of dried leaves from Seropé-
dica, Rio de Janeiro, Brazil, epi-α-cadinol (22.85%) was the
major component [31]. Additionally, in S. molle from Caxias
do Sul, Brazil, alpha-pinene (60:04 ± 0:07%) was the most
abundant constituent [32]. In Naviraí-MS, Brazil, the major
component was epi-α-cadinol with 21:0 ± 1:1%, followed by
myrcene (16:7 ± 1:1) and sabinene (14:5 ± 0:8) [33]. S. molle
from North Cyprus showed values of alpha-phellandrene, lim-
onene, and beta-phellandrene equivalent to 31.5%, 10.1%, and
9.9%, respectively [34]. On the other hand, S. molle from
Sonora, Mexico, revealed 60.8% of D-limonene (17.8%), o-
cymene (16.4%), β-phellandrene (12.6%), δ-cadinene (7.5%),
and caryophyllene (6.5%) [35]. However, in Jordan and Turkey,
alpha-phellandrene was the most abundant constituent with
48.2% and 29.0%, respectively.

3.2. Antioxidant Profile of S. molle Essential Oil. S. molle EO
exhibited a low antioxidant activity, as is shown in Table 2.
On the other hand, there was a significant difference
between the different methods used in the antioxidant activ-
ity (P = 0:0004). Other reports have shown different values;
according to Eryigit et al., EO showed a TEAC ðABTSÞ =
4:7 ± 1:2mM Trolox of S. molle grown in Turkey [36]. EO

from Portugal reported an inhibition value of 4.8% at 16mg/
mL and was obtained by hydrodistillation. Although alpha-
phellandrene, myrcene, limonene, and beta-phellandrene
were the main components in this EO, its low antioxidant
activity could be associated with the low ability of monoter-
pene hydrocarbons for DPPH scavenging activity. However,
in other methods, such as beta-carotene bleaching, the antiox-
idant activity was high and might be justified by the presence
of the monoterpenes α and β-phellandrene, α-pinene, sabi-
nene, limonene, β-myrcene, and others [10]. In this study,
the IC50 against DPPH was 41.84μg/mL, which was higher
compared to the findings of the EO from southeast Portugal
[10]. In another study, S. molle from Egypt showed an IC50
at DPPH of 172.45μg/mL and a high percentage of oxygen-
ated sesquiterpene (17.73%) [37]. According to Table 2, the
best effect was found in the FRAP assay, followed by ABTS
and DPPH. It is known that DPPH and ABTS methods are
based on electron and H atom transfer reaction, while the
FRAP method is based on electron transfer reaction. Thus,
the volatile phytochemicals from S. molle EO could be acted
by electron transfer to reduce the free radicals.

3.3. Molecular Docking of the Essential Oil from S. molle in
the Presence of the Mosquito Juvenile Hormone-Binding
Protein (mJHBP) from Aedes aegypti. The virtual screening
of the 32 chemical components, additionally JH3 and the
pyriproxyfen (synthetic insecticide), was carried out in order
to understand the interaction profile of various volatile com-
pounds present in S. molle EO leaves with mJHBP from A.
aegypti. Out of 32 specific compounds found abundantly in
chromatography, gamma-cadinene and alpha-muurolene
displayed a lower binding energy (ΔG) of -9.7 kcal/mol and
predicted inhibitory concentration (Ki) of 0.134μM
(Table 3). Although the major component (alpha-phellan-
drene) had a high binding free energy (ΔG = −7 kcal/mol),
compared to alpha-muurolene, the total components might
be synergizing the insecticidal effect.

The principal residues of mJHBP, TYR133, TRP53,
TYR33, and PHE144 were involved in Pi-Sigma bond forma-
tion with alpha-muurolene (Figure 2). We observed that
TYR133 was the main residue of mJHBP in which the mole-
cules of the EO established a Pi-sigma, Van der Walls, and
Pi-alkyl bonds (Supplementary Materials S1–S32). Interest-
ingly, elixene, germacrene D, beta-cadinene, gamma-muuro-
lene, germacrene-D, humulene, and gamma-eludesmol
exhibited activity and binding energies close to those of the
known insecticide pyriproxyfen and the cocrystallized ligand
JH3. Alpha-phellandrene, beta-caryophyllene, beta-elemene,
alpha-pinene, beta-phellandrene, beta-pinene, elemol, etc.
have exhibited significant binding and inhibition of the mos-
quito juvenile hormone-binding protein. Therefore, from the
docking study, it can be predicted that the molecules from this
essential oil have great potential as inhibitors of the mosquito
juvenile hormone-binding protein. The interactions of JH3 in
this study are according to the results of Ramos et al., which
the epoxy group forms a conventional hydrogen bond with
the phenolic hydroxyl of Tyr-129, and other interactions
showed on the isoprenoid chain were Val65,Val68, Pro55,
Phe144, Tyr64, Tyr33, Ala281, Trp53, and Phe269 [18].
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Furthermore, the low binding free energy (ΔG > −9 kcal/mol)
of some volatile components was evidenced in those interac-
tions with the Tyr133, Trp53, Tyr33, and Phe144 residues as
shown in Supplementary Materials Figures S1–S32. These
could infer that the insecticidal activity is related to these
residues mentioned above.

3.4. Molecular Dynamics of the Phytoconstituents of the
Essential Oil from S. molle. Molecular dynamics and simula-
tion (MD) studies were carried out in order to determine the
stability and convergence of mJHBP+α-phellandrene and
mJHBP+α-muurolene complexes. Each simulation of
100ns displayed stable conformation comparing the root
mean square deviation (RMSD) values. The Cα backbone
of mJHBP bound to α-phellandrene exhibited a deviation
of 0.5Å (Figure 3(a)), while mJHBP bound to α-muurolene
exhibited a deviation of 1.0Å (Figure 3(f)). RMSD plots are
within the acceptable range signifying the stability of mJHBP
in the ligand-bound state before and after simulation, and
it can also be suggested that ligand α-phellandrene and α-
muurolene-bound mJHBP are quite stable in complex due
to the higher affinity of the ligand. The plots for root
mean square fluctuations (mMSF) displayed a significant
spike in fluctuation (3.5Å) at amino acid residue 220 in
mJHBP, while the rest of the residues fluctuated less dur-
ing the entire 100 ns simulation (Figures 3(b) and 3(g))
indicating the stable amino acid conformations during
the simulation time. Therefore, from the RMSF plots, it
can be suggested that the structures of mJHBP were stable
during simulation in α-phellandrene- and α-muurolene-
bound conformations. The radius of gyration is the mea-
sure of compactness of the protein. In this study, the
mJHBP Cα backbone displayed a lowering of the radius
of gyration (Rg) from 19.6Å to 19.4Å, and the lowering
of the Rg indicates the compactness of the complex
(Figure 3(c)). On the other hand, the lowering of Rg was
observed for the mJHBP+α-muurolene complex till 35 ns,
and a later increment of the peak was observed. This indi-
cates the less stable conformation of mJHBP+α-muurolene
as compared to mJHBP+α-phellandrene. However, the sta-
ble Rg peak confirmed the significant compactness of the
protein in the α-muurolene-bound state (Figure 3(h)).
The overall quality analysis from RMSD and Rg suggests
that α-phellandrene and α-muurolene bound to the pro-
tein targets posthumously in the binding cavities and
played a significant role in stability of the proteins. Solvent
accessible surface area provides the information about the
compactness of protein complex with the ligand. The low-
ering of SASA in the case of α-phellandrene and α-muur-
olene bound to mJHBP as compared to the unbound state
signifies the achievement of stable converged structures
due to the high compactness of both the systems
(Figures 3(d) and 3(i)). The interaction plots of both α-
phellandrene and α-muurolene bound to mJHBP displayed
no involvement of conventional hydrogen bonds, while
hydrophobic interactions played a major role in ligand sta-
bilization at the binding cavity of mJHBP (Figures 3(e)
and 3(j)).

4. Conclusions

The essential oil of S. molle leaves presented 34 volatile
constituents determined by gas chromatography-mass
spectrometry (GC-MS). Alpha-phellandrene was the major
component, which represented 32.68% of the total compo-
sition; furthermore, beta-phellandrene and D-limonene
were the following more abundant metabolites with
12.24% and 12.59%, respectively. Additionally, the antiox-
idant activity was evaluated in order to determine the anti-
oxidant profile of EO using the three methods of DPPH,
ABTS, and FRAP. According to the results, the EO
showed better affinity and a good effect on FRAP assay
and IC50 equivalent to 1:50 ± 0:02mg/mL. However, this
study revealed that S. molle EO is not a good antioxidant.
Regarding the insecticidal activity in silico based on a vir-
tual screening on mosquito juvenile hormone-binding pro-
tein, several volatile compounds were active against this
target such as alpha-muurolene and gamma-cadinene,
being similar to pyriproxyfen, which is a synthetic insecti-
cide analogue of JH. The molecular dynamics carried out
for alpha muurolene (the best result in molecular docking)
and alpha-phellandrene (the most abundant molecule)
were very stable during 100 ns of evaluation. In the future,
S. molle EO might be used as bioinsecticide on A aegypti,
but an in vitro and in vivo assay has to be evaluated to
validate our findings.
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Lupus nephritis (LN) is the most common and significant complication of systemic lupus erythematosus (SLE) due to its poor
prognosis and mortality rates in SLE patients. There is a critical need for new drugs as the pathogenesis of LN remains to be
elucidated and immunosuppressive therapy comes with many deficiencies. In this study, 23 hub genes (IFI6, PLSCR1, XAF1,
IFI16, IFI44, MX1, IFI44L, IFIT3, IFIT2, IFI27, DDX58, EIF2AK2, IFITM1, RTP4, IFITM3, TRIM22, PARP12, IFIH1, OAS1,
HERC6, RSAD2, DDX60, and MX2) were identified through bioinformatics and network analysis and are closely related to
interferon production and function. Interestingly, immune cell infiltration analysis and correlation analysis demonstrate a
positive correlation between the expression of 23 hub genes and monocyte infiltration in glomeruli and M2 macrophage
infiltration in the tubulointerstitium of LN patients. Additionally, the CTD database, DsigDB database, and DREIMT database
were used to explore the bridging role of genes in chemicals and LN as well as the potential influence of these chemicals on
immune cells. After comparison and discussion, six small molecules (Acetohexamide, Suloctidil, Terfenadine, Prochlorperazine,
Mefloquine, and Triprolidine) were selected for their potential ability in treating lupus nephritis.

1. Introduction

The pathogenesis of systemic lupus erythematosus (SLE)
and lupus nephritis (LN) is generally caused by multiple fac-
tors including genetics, immune abnormalities, ultraviolet
radiation, drugs, estrogen [1, 2], and viral infections [3, 4].
LN is characterized by glomeruli and tubulointerstitium
inflammation [5], which are mediated by a variety of
immune cells and cytokines [6]. This leads to a series of clin-

ical presentations including hematuria, proteinuria, and
impaired glomerular filtration rate [7].

At present, immunosuppressants, glucocorticoids (GC),
and biological agents are mainly available for the treatment of
LN worldwide. Various drug regimens have also been proposed
based on the stage of the disease [8]. Since 1980, GC, mycophe-
nolate (MPA), mofetil (MMF), calcineurin inhibitors (CNI),
hydroxychloroquine (HCQ), rituximab (RTX), and others have
been gradually explored in clinical practice and achieved
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Figure 1: Identification of DEGs of kidney tissues from LN and control samples in GSE32591 and GSE112943. (a) The volcano map of all
DEGs of the 46 glomeruli samples in GSE32591. (b) The volcano map of all DEGs of the 47 tubulointerstitium samples in GSE32591. (c) The
volcano map of all DEGs of the 21 kidney samples in GSE112943. (d) The Venn diagram of GSE32591 and GSE112943.
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Figure 2: Continued.
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promising results [9]. However, emerging studies are identify-
ing their high side effect profile and toxicity. Some of them even
fail to prevent disease recurrence in more than half of the
patients [10]. Therefore, the discovery of new drugs for LN is
of great urgency and importance to reduce mortality rates.

Currently, drug selection is primarily based on three
principles: immunosuppression, immunomodulation, and
symptomatic treatment [11]. Meanwhile, more studies are
identifying genes that are implicated in the development
and progression of LN [12], and researchers have sequenced
kidney tissue from LN and documented them in the GEO
database. Drug-gene relationships are continuously being
enriched by further research and exploration.

In the present study, we focus on existing small mole-
cules. First, we identify the core pathogenic genes of LN

and then detect the association between chemicals, genes
and LN through various reliable databases to screen poten-
tial small molecules for the treatment of LN. Finally, the
potential mechanism of these small molecules was evaluated
according to the immune signatures.

2. Materials and Methods

2.1. Microarray Data and Identification of Differently
Expressed Genes (DEGs). The screening criteria of datasets
are as follows: First, the datasets must include cases and con-
trols. Second, the organization used for sequencing should
be the kidney of human. Third, the number of samples in
each group should not be less than 10. Thus, GSE32591
[13] and GSE112943 [14] were downloaded from the GEO

Top 30 of enrichment P-value
0.2

0.15

0.05

0.1

ListHit
1
3
6

Influenza A

Measles

Herpes simplex infection

Hepatitis C

Epstein-Barr virus infection

RIG-I-like receptor signaling pathway

Hepatitis B

NOD-like receptor signaling pathway

Human papillomavirus infection

Cytosolic DNA-sensing pathway

B cell receptor signaling pathway

NF-kappa B signaling pathway

Necroptosis

Protein processing in endoplasmic reticulum

Kaposi sarcoma-associated herpesvirus infection

Viral carcinogeneis

0 9 18

Enrichment_score

27 36 45

(d)

Figure 2: Protein–protein interaction (PPI) network and identification of hub genes. (a) Protein–protein interaction (PPI) network of 48
common genes in GSE32591 and GSE112943. Nodes in pink represent coupregulated genes while nodes in blue represent
codownregulation of genes. The analyzed network holds 43 nodes and 296 edges. (b) Protein–protein interaction (PPI) network of 23
hub genes identified by MCODE in Cytoscape. The analyzed network holds 23 nodes and 240 edges. (c) Top 30 GO functional
enrichment of the 23 hub genes. (c) 16 KEGG signaling pathway enrichment of the 23 hub genes.
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database [15]. Quality control was made to ensure our anal-
ysis accuracy. 46 glomeruli samples (32 disease samples and
14 control samples) and 47 tubulointerstitium samples (32
disease samples and 15 control samples) were obtained in
the GSE32591 dataset. 21 kidney samples (14 disease sam-
ples and 7 control samples) were obtained in the
GSE112943 dataset. We removed and/or averaged the probe
sets which did not match the gene symbols or genes with
multiple probe sets. Probes were transformed into the corre-
sponding gene symbols under platform annotation
information.

Differentially expressed genes between the LN and con-
trol groups in the GSE32591 and GSE112943 datasets were
identified using the Limma R package [16]. Adjusted
“-
P < 0:05 and Log ðfold changeÞ > 1 or Log ðFold ChangeÞ < −
1” were defined as the thresholds for screening of the differ-
ential expression of mRNAs. The results of the two datasets
are able to be combined into a more accurate target.

2.2. PPI Network and Identification of Hub Genes. The pro-
tein–protein interaction (PPI) network is an important
means to identify protein functions and to understand sys-
tem biology [17]. Search Tool for the Retrieval of Interacting
Genes (STRING) (https://string-db.org/) was utilized to gen-
erate the PPI network of the common genes [18]. Analysis of
functional interactions between proteins was performed to
discover the mechanism of the occurrence and development

of LN. Cytoscape (3.8.1) was developed for the visualization
of molecular interaction networks [19] and better visualiza-
tion of PPI network and identification of hub genes. Further-
more, we used the plug-in MCODE to perform PPIs
network of hub genes and our selection criteria were as fol-
lows: MCODE scores > 5, node score cut‐off = 0:2, degree
cut‐off = 2, k‐score = 2, and max depth = 100.

2.3. Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes Analysis. Visualization and Integrated Discovery
(DAVID, http://david.ncifcrf.gov) [20] was employed to
conduct Gene Ontology (GO), Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis to gain further
insights into the biological pathways of the hub genes.

2.4. TF-miRNA Coregulatory Network. TF-miRNA coregula-
tory network analysis was performed to discover the poten-
tial expression mechanism of hub genes. Transcription
factors (TFs) could act as both activators and repressors of
gene expression at the transcriptional level, while miRNAs
usually downregulated the expression of genes at the post-
transcriptional level. TFs and miRNAs could regulate each
other and coregulate a common target gene to form a for-
ward loop (FFL) [21]. FFLs participated in many important
cellular processes by regulating the expression of genes [22].

We used NetworkAnalyst (https://www.networkanalyst
.ca/), a visual analytics platform for comprehensive gene
expression profiling and meta-analysis [23], to identify TF-

Figure 3: The network of TF-miRNA coregulatory. Nodes in red color represent the hub genes, nodes in blue color represent the TF-genes,
and nodes in yellow color represent the miRNAs. The analyzed network holds 113 nodes and 127 edges. 55 miRNAs and 50 TF-genes have
interacted with the 18 hub genes
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Figure 4: Continued.
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miRNA coregulatory interactions with identified hub genes.
Interactions for TF-miRNA coregulation were collected
from the RegNetwork repository, which is an integrated
database of transcriptional and posttranscriptional regula-
tory networks in humans and mice [24]. Afterwards, TF-
miRNA coregulatory network was visualized using
Cytoscape.

2.5. Correlation Analysis between Hub Genes and Infiltrating
Immune Cells. To further explore the correlation between
hub genes and inflammation of the kidneys in LN patients,
we uploaded the gene expression matrix data of GSE32591
to CIBERSORT. Immune cell infiltration analysis was per-
formed on 46 glomeruli and 47 tubulointerstitium samples
from the GSE32591 dataset and selected only samples with
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Figure 4: The landscape of immune infiltration in LN. (a) Bar charts of 22 immune cell proportions in LN and normal glomeruli tissues. (b)
Bar charts of 22 immune cell proportions in LN and normal tubulointerstitium tissues. (c) Differential expression of different types of
immune cells between LN and normal glomeruli tissues. (d) Differential expression of different types of immune cells between LN and
normal tubulointerstitium tissues.

IFIT2 0.00002442
P value

0.00005056
0.00007019
0.0001107
0.000128
0.0001526
0.000365
0.0004468
0.0007769
0.001161
0.001538
0.001558
0.002657
0.003308
0.003693
0.005036
0.006159
0.006976
0.00769
0.009487
0.009778
0.01654
0.06307

IFIT3
RSAD2
DDX60

IFI44

IFIH1
PARP12
HERC6

G
en

e s
ym

bo
l

MX1
XAF1

IFI6
DDX58

RTP4
IFITM1

IFI44L
IFI16

EIF2AK2
IFITM3

0.0 0.2 0.4
Correlation coefficient

0.6

TRIM22

IFI27
OAS1

MX2
PLSCR1

(a)

P value
0.00001862
0.0000448
0.0001258
0.0001689
0.000647
0.0007347
0.0007715
0.0008921
0.0008982
0.0009551
0.00105
0.001079
0.00113
0.001216
0.001257
0.001499
0.001558
0.002325
0.002906
0.005092
0.006816
0.006998
0.03163

0.0 0.2 0.4
Correlation coefficient

0.6

PARP12

IFITM3
XAF1
OAS1

DDX60

EIF2AK2
IFITM1
PLSCR1

Sy
m

bo
l

IFI44L
IFI6

IFIH1
TRIM22

IFIT3
RTP4

IFI16
RSAD2

IFI27
MX2

IFIT2

MX1
IFI44

DDX58
HERC6

(b)

Figure 5: Correlation analysis between hub genes and infiltrating immune cells in glomeruli tissues (a) and tubulointerstitium tissues (b) of
GSE32591.
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P < 0:05. R package “ggplot2” was used to draw the bar
charts of 22 types of infiltrating immune cells and to visual-
ize the differences in immune cell infiltration. Moreover,
Spearman’s correlation analysis on hub genes and infiltrat-
ing immune cells were performed using the OECloud tools
at https://cloud.oebiotech.cn, and dot-chart was used to
visualize the results.

2.6. Chemical-Gene-Disease Interactions. Understanding
chemical-gene interactions could provide insight into the
mechanisms of disease susceptibility of chemical actions
and therapeutic drug interactions [25]. We obtained the
interaction data between common chemicals, 23 hub genes,
and LN from the Comparative Toxicogenomics Database
(CTD, http://ctd.mdibl.org). CTD is a curated database that
offers chemical-gene interactions, chemical-disease relation-
ships, and gene-disease relationships from the literature for
studying the effects of environmental chemicals on human
health [26]. It is worth mentioning that chemicals in the
CTD database include large and small molecules, as well as
drugs and harmful substances. The figure was created with
BioRender (https://biorender.com) [27] to help us visually
understand and evaluate which common compounds may
affect LN through identified hub genes. In addition, we used
Cytoscape to create the network of small molecules and
genes and calculate the degree of each gene and obtained
the functions of 23 core genes from STRING.

2.7. Identification of Potential Small Molecules for LN. Iden-
tifying potential small molecules for LN is the ultimate target

of our hub-gene screening. Drug Signatures database
(DSigDB) which contains 22527 gene sets [28] was used to
generate the small molecules which could downregulate the
expression of hub genes. The access to the DSigDB database
is acquired through Enrichr (https://amp.pharm.mssm.edu/
Enrichr/) platform, an interactive and collaborative HTML5
gene list enrichment analysis tool [29].

Furthermore, DREIMT (http://www.dreimt.org.) is a
bioinformatics tool for hypothesis generation and prioritiza-
tion of drugs capable of modulating immune cell activity
from transcriptomics data [30]. We used it to understand
the immunological mechanisms by which the small mole-
cules we predicted can affect LN patients. Meanwhile, we
collected the immune signatures of seven drugs that have
been shown to be effective in LN. Immune signatures can
be widely used to better identify which small molecules are
more reliable. BioRender was used to create the figure of
immune signatures of potential small molecules.

3. Results

3.1. Identification of DEGs. Since three types of kidney tis-
sues (Supplementary Table 1&2) are included in GSE32591
(glomeruli and tubulointerstitium) and GSE112943
(formalin-fixed paraffin-embedded kidney), we performed
the DEGs of the three types of samples, respectively; 351
DEGs were identified in the glomeruli samples of
GSE32591, with 250 upregulated genes and 101
downregulated genes (Figure 1(a)). Similarly, 129 DEGs
were identified in the tubulointerstitial samples of
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Figure 6: Chemical-gene-disease interactions. Nine common chemicals were identified through the CTD database that could affect LN by
regulating the expression of 23 hub genes. The red arrows represent upregulated gene expression while the green arrows represent
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GSE32591 (Figure 1(b)) of which 104 were upregulated and
25 were downregulated genes. Furthermore, a total of 7759
DEGs consisting of 6143 upregulated and 1616
downregulated genes were identified as significantly
different in expression between the disease and control
samples of GSE112943 (Figure 1(c)). Additionally, a total

of 48 DEGs which comprises 45 common upregulated
genes and 3 common downregulated genes were identified
from the three types of samples (Figure 1(d)).

3.2. PPI Network and Identification of Hub Genes. The PPI
network of common DEGs and most densely connected

DDX58
IFIH1 IFI44

IFI6

RTP4

IFITM1

DDX60

PLSCR1

PARP12

MX2

XAF1

IFIT2

IFITM3RSAD2
TRIM22

IFI27

EIF2AK2

MX1

IFI16

HERC6

IFI44L

OAS1

IFIT3

Figure 7: The network between chemicals and genes. Blue for chemicals; red for genes; the color depth of genes represents the level of
degree.

Table 1: Suggested top 10 small molecules for the Lupus nephritis.

Small molecules Odds ratio P value Category

Acetohexamide 2595.71 9:91E − 35 K-ATP inhibitors [31]

Suloctidil 1737.4875 3:40E − 44 Calcium channel blockers [32]

Prenylamine 1626.684783 3:01E − 37 Calcium channel blockers [33]

Terfenadine 673.9951691 7:41E − 31 H1 receptor blockers [34]

Chlorophyllin 293.4264706 6:63E − 13 Antioxidant [35]

Prochlorperazine 261.4460641 5:99E − 18 Dopamine receptor antagonists [36]

Propofol 231.084058 7:80E − 16 GABA receptor enhancer [37]

Benfluorex 230.9375 1:47E − 10 RNA polymerase II activator [38]

Mefloquine 168.0168421 3:10E − 08 Antimalarial [39]

Triprolidine 157.5631579 2:02E − 06 H1 receptor blockers [40]
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regions (43 nodes, 296 edges) were obtained from Cytoscape
(Figure 2(a)). 23 genes (IFI6, PLSCR1, XAF1, IFI16, IFI44,
MX1, IFI44L, IFIT3, IFIT2, IFI27, DDX58, EIF2AK2,
IFITM1, RTP4, IFITM3, TRIM22, PARP12, IFIH1, OAS1,
HERC6, RSAD2, DDX60, and MX2) were identified as hub
genes using the plug-in MCODE in Cytoscape
(Figure 2(b)). Since the products of genes were at the core
of the PPI network, these hub genes were considered poten-
tial therapeutic targets.

3.3. Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes Analysis. To analyze the biological classification
of DEGs, we performed a functional enrichment analysis
of 23 hub genes. Functional enrichment analysis identified
101 GO terms in the biological process (BP) category and
33 GO terms in the cellular component (CC) category.
Regarding BP, the hub genes were involved in viral defense
response, type I interferon(IFN) signaling pathway, inter-
feron-α (IFN-ɑ) response and positive regulation of tumor

Table 2: Immune signatures of 9 potential small molecules and 7 common effective drugs.

Small molecules Inhibited cells

Acetohexamide Bn, DC, macrophage, monocyte, PBMC, Pre-B2 cell, Th, Tn

Suloctidil Bm, Bn, DC, PBMC, Th1, Tm, Tn, Treg

Prenylamine DC, macrophage, CTL, PBMC, Th1, Tm, Treg

Potential small
molecules

Terfenadine Bn, DC, Th1, Th2, Tm, Treg

Prochlorperazine B1 cell, Bm, Bn, DC, macrophage, PBMC, Th1, Th2, Tm, Treg

Propofol Bn, DC, monocyte, PBMC, Tm

Benfluorex Macrophage, PBMC, Tn, Tm

Mefloquine Bm, Bn, DC, PBMC, Th1, Treg

Triprolidine B1 cell, Bn, DC, macrophage, PBMC, Pre-B1 cell, CTL, Th1, Th17, Tm, Treg

Methylprednisolone B cell, Pre-B2 cell, DC, macrophage, monocyte, neutrophil, NK cell, Tm, Tn, Treg

Cyclophosphamide Bm, DC, macrophage, monocyte, NK cell, PBMC, Th1, Th17, Tm, Tn

Common
Drugs

Mycophenolate-
mofetil

B cell, DC, neutrophil, NK cell, PBMC, Treg, Th1, Th2, Tm

Azathioprine B cell, DC, macrophage, monocyte, neutrophil, PBMC, Th1, Th2, Tm, Treg

Hydroxychloroquine
Plasma cell, CD21B cell, Bms, Bn, macrophage, monocyte, neutrophil, NK cell, PBMC, CTL,

Th, Tm, Tn

Tacrolimus Bm, Pre-B1 cell, Pre-B2 cell, DC, macrophage, monocyte, PBMC, CTL, Th1, Th2, Tm, Treg

Cyclosporin-a Bm, B1 cell, Pre-B2cell, DC, macrophage, monocyte, neutrophil, PBMC, CTL, Th1, Th2

Bn: naive B cell; Bm: memory B cell; Pre-B cell: precursor B cell; Tn: naive T cell: Th: helper T cell; Tm: memory T cell; Treg: regulatory T cell; CTL: cytotoxic
T lymphocyte; DC: dendritic cell; PBMC: peripheral blood mononuclear cell; NK cell: natural killer cell.
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Figure 8: Immune signatures of potential small molecules. Nine small molecules may impact LN by altering immune cell infiltration
including monocytes, macrophages, B cells, T cells, dendritic cells, and PBMC.
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necrosis factor (TNF) secretion, and IFN-α production. In
terms of MF, the DEGs were mainly associated with
double-stranded RNA binding, single-stranded RNA bind-
ing, double-stranded DNA binding, and helicase activity.
The cellular components of the DEGs were cytoplasm, mito-
chondrial membrane, cytosol, mitochondria, and mitochon-
drial outer membrane. The top 30 of GO enrichment were
shown in Figure 2(c). Moreover, 16 KEGG pathway analysis
indicates hub genes were mainly enriched in viral infections
(Figure 2(d)).

3.4. TF-miRNA Coregulatory Network. A TF-miRNA core-
gulatory network was generated using NetworkAnalyst,
and better visualization was seen through Cytoscape. The
analysis of the TF-miRNA coregulatory network showed
miRNA-TF interaction with the hub genes. The network
created for TF-miRNA coregulatory network was performed
in Figure 3, which contains 113 nodes and 127 edges. 45
miRNAs and 50 TF-genes have interacted with 18 hub
genes. This network could provide us with reasonable regu-
latory mechanisms for the expression of the DEGs.

3.5. Correlation Analysis between Hub Genes and Infiltrating
Immune Cells. Thirty-six glomeruli samples (30 disease sam-
ples and 6 control samples) and 36 tubulointerstitium sam-
ples (28 disease samples and 8 control samples) were
maintained with P value < 0. 05. Figures 4(a) and 4(b) show
the proportions of 22 immune cells in 36 glomeruli tissues
and 36 tubulointerstitium tissues. Monocyte infiltration
was predominant in the glomeruli (Figure 4(c)) with a statis-
tically significant difference (P = 0:0065). Although the most
infiltrated cell in tubulointerstitium was plasma cells, there
was no statistically significant difference. Moreover, there
was an abundant infiltration of M2 macrophages cells in
the tubulointerstitium (P = 0:0042) (Figure 4(d)). Correla-
tion analysis demonstrated a positive correlation between
23 hub genes and monocyte infiltration in the glomeruli
and M2 macrophage infiltration in the tubulointerstitium
(Figures 5(a) and 5(b)). The gene expression of LN was con-
verted to infiltrating immune cells through CIBERSORT and
after verification; the expression of 23 hub genes screened
was positively correlated with the proportion of the most
typical infiltrated immune cells in the glomeruli and tubu-
lointerstitium of LN. This indicates that the 23 hub genes
not only are representatives of the characteristic genetic
effect but also signify the immune characteristics of LN.

3.6. Chemical-Gene-Disease Interactions. Nine chemicals
that affect LN by regulating the expression of 23 hub genes
were identified through the CTD database (Supplementary
Table 3), and their interactions are shown in Figure 6.
Azathioprine, Lipopolysaccharides, Dexamethasone,
Methylprednisolone, Cyclophosphamide, Prednisolone,
Propylthiouracil, Diethylstilbestrol, and Protein Kinase
Inhibitors were associated with LN by affecting the
expression of hub genes. Among them, Azathioprine,
Dexamethasone, Methylprednisolone, Cyclophosphamide,
and Prednisolone could relieve LN by downregulating hub
gene expression. It is noteworthy that the effects of

Propylthiouracil on hub gene expression might be as
complex as their duality. The data recorded in this
database are mainly derived from experiments, and many
of them consist of classical and common chemicals; many
of the potential relationships are still being explored.
Therefore, some chemicals closely related to LN may be
unavailable, but we should not ignore their influence on
the expression of hub genes. In addition, the network
between chemicals and genes is shown in Figure 7. The
color depth of genes represents the level of degree and
their degree and function are available in Supplementary
Table 4.

3.7. Identification of Potential Small Molecules. Enrichr plat-
form is used to identify potential molecules for 23 hub
DEGs. The small molecules which could downregulate the
expression of hub genes were collected from the DSigDB
database (Supplementary Table 5). The results from the
potential small molecules were generated based on the
odds ratio, which is automatically generated by the
DSigDB database and represents the closeness between the
small molecules and genes. Table 1 points out the top 10
potential small molecules from the DSigDB database for
hub genes.

The DREIMT database provided an abundance of data
between the relationship of potential small molecules and
various immune cells (Supplementary Table 6). Nine of ten
potential small molecules and 7 common effective drugs
were found in the DREIMT database, and they mainly
affect monocytes, macrophages, T cells, B cells, dendritic
cells, and PBMC, which may be involved in the potential
mechanism for the treatment of LN (Figure 8). The
inhibition of immune cells by 9 potential and 7 common
effective drugs is shown in Table 2.

4. Discussion

Approximately 70% of SLE patients have clinical manifesta-
tions of renal damage while 100% were found to have renal
involvement when immunofluorescence and electron
microscopy were performed on renal biopsy [41]. LN repre-
sents the most common complication of SLE, and renal
involvement is significant in the prognosis of LN patients
[42]. Accordingly, effective prevention and treatment of LN
are of great importance and urgency.

23 common differential genes in tissue samples were
identified in both datasets, making our results significant.
The pathways of GO enrichment mainly involve the IFN sig-
naling pathway, IFN-ɑ cellular response, innate immune
response, and positive regulation of TNF and IFN-ɑ produc-
tion. IFN is a primary pathogenic factor of LN [43] while
TNF is a major player in the development of LN by inducing
renal IgG deposition [44]. In addition, KEGG enrichment
analysis showed that hub genes are enriched in viral infec-
tions such as influenza A, Epstein-Barr virus, and hepatitis
B. These results suggest that the immune response to LN is
similar to the human response towards viral infections.
The results of the enrichment analysis demonstrated that
drug prediction using 23 hub genes is reliable.
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There are 50 TF-genes and 45 miRNAs in the TF-
miRNA coregulatory network. Among the most interacted
TFs, USF1, MAX, HNF4A, and CTCF have 4 edges. USF1
is associated with macrophage inflammation [45], and
HNF4A is a major regulator of the renal proximal tubule
[46]. Additionally, hsa-mir-34b, with 3 edges, is the most
frequently reported epigenetically abnormal miRNAs in
SLE [47]. Furthermore, researches have shown that FFL
could affect the development of certain diseases, including
cancer [48], by altering biological processes such as cell dif-
ferentiation and cytokine production [49]. FFLs may affect
the activity of IFN-related pathways in SLE through altered
the expression of hub genes, which revealed the possibility
of FFLs as novel biomarkers and therapeutic targets in LN.

The immune infiltration results suggest that the glomeruli
of LN patients are dominated bymonocyte infiltration in addi-
tion to a large amount of macrophage M2 cell infiltration in
the tubulointerstitium, which was positively correlated with
the expression of 23 hub genes. Monocytes are major players
in both innate and adaptive immunities [50]. Their role in
the inflammatory response is closely associated with glomeru-
lopathy of LN [51] while macrophage M2 cells could promote
kidney fibrosis [52]. It is worth noting that infections may
increase monocytes [53] and that the widespread use of
immunosuppression and steroid therapy in LNmakes patients
more susceptible to infections [11]. In addition, recent discov-
eries have demonstrated the importance of tubulointerstitial
inflammation in LN. Both M1 and M2 macrophages are
involved in the inflammation of tubulointerstitium. M1 mac-
rophages are increased in LN compared to controls, and their
histotoxicity leads to tubulointerstitial damage. Also, podo-
cytes, mesangial cells, tubular epithelial cells, kidney resident
macrophages, and stromal cells cause the produce cytokines
and chemokines together which lead to their injury and dam-
age of the kidney.

It is worth mentioning that the 23 hub genes obtained
from three types of kidney tissue samples represent not only
the genetic effect but also the emblematic immune signature
of LN. The above results demonstrate they may be biomarkers
and novel drug targets for the diagnosis and treatment of LN.

The result of chemical-gene-disease interactions demon-
strated that nine chemicals could affect LN by regulating the
expression of hub genes. Azathioprine, Cyclophosphamide,
Dexamethasone, Methylprednisolone, and Prednisolone down-
regulate hub gene expression to treat LN. They are widely used
in clinical therapy for LN and are proven safe and efficacious
[54]. Moreover, Protein Kinase Inhibitors downregulate the
expression of several hub genes, which could play an important
anti-inflammatory role in autoimmune diseases [55].

In addition, natural diethylstilbestrol is a key player that
not only affects the reproductive system but also markedly
influences the immune system [56]. Estrogen is implicated
in the pathogenic pathways in LN [57], and diethylstilbestrol
may cause or worsen LN through the upregulation of hub
genes, necessitating attention to the adverse effects of dieth-
ylstilbestrol. There has also been a report of LN occurring
after treatment with Propylthiouracil suggesting that atten-
tion should be paid to Propylthiouracil in the clinical treat-
ment of LN patients with hyperthyroidism.

Microbial studies have shown that many autoimmune
diseases are infectious and lipopolysaccharides play a key
role in host-pathogen interactions with the natural immune
system [58]. Altered immune function induced by lipopoly-
saccharide could lead to enhanced immune responses in the
kidney leading to renal insufficiency [59].
Lipopolysaccharide-gene-LN interactions may provide new
mechanisms for the prevention and treatment of LN. Many
chemicals are closely associated with LN, such as tacrolimus
and hydroxychloroquine [60], and a few have been docu-
mented in the CTD database. It is important to note and
explore their influence on the expression of hub genes in LN.

The mechanism of chemicals in the occurrence and
development of diseases has long been a mystery, but genes
may be a bridge between them. The function of 23 hub genes
is closely related to the synthesis, secretion, and biological
function of IFN. The presence of IFN-α in the serum of
SLE patients can induce differentiation of normal monocytes
into dendritic cells (DCS). This can capture apoptotic cells
and nucleosomes and perform antigen presentation ulti-
mately leading to the destruction of immune tolerance in
LN. The occurrence of autoimmunity and a feedback loop
of interaction centered around antigen-presenting cell-IFN-
nuclear antigen plays an important link in the pathogenesis
of SLE [43]. Chemicals may affect this pathway by regulating
the expression of hub genes and ultimately contribute to LN.
Azathioprine, Cyclophosphamide, Dexamethasone, Methyl-
prednisolone, and Prednisolone are expected to downregu-
late the expression of hub genes to improve the abnormal
immune state mediated by IFN. Other chemicals such as
LPS may adversely affect LN by upregulating the expression
of hub genes. Genes may be the language of conversation
between chemicals and disease, and we should use them to
predict potentially therapeutic small molecules for LN.

Small molecules which could downregulate the expres-
sion of 23 hub genes were found from the DSigDB database.
Among all candidate small molecules, the current study
highlights the top 10 key players: Acetohexamide, Suloctidil,
Prenylamine, Terfenadine, Chlorophyllin, Prochlorperazine,
Propofol, Benfluorex, Mefloquine, and Triprolidine.

Abnormal activation of immune cells is the most important
feature of LN. Continuous activation of antigen-presenting cells
(APC), imbalances of regulatory and effector CD4+T cells, and
high proliferation and activity of B cells which secrete a lot of
antibodies combined with autoantigen ultimately lead to auto-
immunity of LN [61]. The immune signature of seven drugs
commonly used to treat LN is due to their inhibition of B cell
activation as well as helper T cells (Ths), regulatory T cells
(Tregs), memory T cells (Tms), and APCs. Among them,
hydroxychloroquine has inhibitory effects on plasma cells,
memory B cells (Bms), naive B cells (Bns), NK cells, cytotoxic
T cells (CTLs), Ths, Tms, naive T cells (Tns), APCs, and
PBMCs, which may contribute to its central role in treating
LN. A series of interactions between immune cells culminates
in an increase in antibody secretion by B cells. Therefore, B cells
play an indispensable role in LN, corresponding to the inhibi-
tion of B cells by common drugs. The nine small molecules
we identified also show inhibitory effects on the relevant
immune cells. Nevertheless, Prenylamine and Benfluorex are
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less effective due to their inability to inhibit B cell activity. Tri-
prolidine displays an immune signature similar to that of
HCQ which can inhibit T cell proliferation [62] demonstrating
essential roles in the pathogenesis of LN. Other small molecules
also show inhibition of relevant immune cells which signifies
potential evidence for treating LN.

SLE is a systemic disease and the involvement of the ner-
vous and circulatory systems may also change when LN occurs.
Meanwhile, the occurrence of LN is accompanied by changes in
blood glucose, lipids, and other physiological indicators [63].
Nevertheless, the current drugs for LN are mainly immunosup-
pressants, which can achieve straightforward effects, but can
also cause many complications such as bone myelosuppression
and liver damage. Therefore, there is a need to identify small
molecules which may improve other symptoms of LN with
fewer adverse effects. Acetohexamide could be effective in treat-
ing LN patients with diabetes on account of its hypoglycemic
effects [31, 38]. Additionally, suloctidil may play a significant
role in improving circulation and blood vessel function to ben-
efit LN.Moreover, Propofol and Prochlorperazine may demon-
strate unique effects in patients with Neurolupus, but Propofol
is unlikely to be used, for it is a type of anesthetic. Also, the supe-
rior antioxidant and anti-mutational effects of chlorophyllin
[35] may protect against kidney damage in LN. It is worthmen-
tioning that mefloquine may have great therapeutic potential
for LN as its analogue hydroxychloroquine plays an important
role in the treatment of LN.

In conclusion, six small molecules (Acetohexamide,
Suloctidil, Terfenadine, Prochlorperazine, Mefloquine, and
Triprolidine) were considered meaningful to be validated
in future trials as our current results have shown their rich
potential in treating LN.

The GEO database provides little clinical information on
the types of pathogenesis and disease activity of LN which is
a limitation of our study. Further detailed information could
make our conclusions more precise.

5. Conclusions

We identified six small molecules (Acetohexamide, Sulocti-
dil, Terfenadine, Prochlorperazine, Mefloquine, and Tripro-
lidine) that might have potential therapeutic effects for LN
through the exploration of hub genes and immune charac-
teristics of LN. The six small molecules can affect the
immune signatures of LN by downregulating hub genes
because 23 hub genes (IFI6, PLSCR1, XAF1, IFI16, IFI44,
MX1, IFI44L, IFIT3, IFIT2, IFI27, DDX58, EIF2AK2,
IFITM1, RTP4, IFITM3, TRIM22, PARP12, IFIH1, OAS1,
HERC6, RSAD2, DDX60, and MX2) could emerge as the
biomarkers and novel drug targets for the diagnosis and
treatment of LN.
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Background and Objective. Trigonella foenum-graecum Linn., also called fenugreek, is a popular medicinal plant cultivated all over
the globe. Fenugreek seeds are known for their many medicinal properties. We present our findings on the effect of a 70% aqueous
methanolic fenugreek seed extract (Tfg.Cr) on isolated GI smooth muscles (rabbit jejunum and rat ileum) and the effect of extract
and its constituent diosgenin on acetylcholinesterase (AChE) enzyme. Results. When tested on the baseline of isolated tissues,
Tfg.Cr was devoid of any activity (stimulant or relaxant) till 10mg/ml. This is an interesting finding, keeping in mind that the
fenugreek seeds are used to alleviate constipation and diarrhoea. When Tfg.Cr was tried for any potential AChE inhibitory
activity, it did show an inhibitory effect in increasing concentrations (47-380μg/ml). This inhibitory effect was comparable to
the effect produced by a standard AChE inhibitor physostigmine. One of the known fenugreek constituents, diosgenin, was
also tested, and it also showed an AChE inhibitory effect in a concentration-dependent manner (11-190μg/ml). Interaction
between diosgenin and AChE was further investigated by molecular docking and molecular dynamics simulations for 100 ns,
which showed that diosgenin interacted with the active-site gorge of AChE through hydrophobic, pi-pi stacking, and hydrogen
bonds with various amino acids of the AChE enzyme. Conclusion. The results show that the fenugreek extract does not possess
any GI stimulant or relaxant activity even though it is used traditionally in GI motility disorders. The extract and diosgenin
could inhibit the AChE enzyme pointing towards their benefit to enhance the memory.

1. Introduction

Trigonella foenum-graecum Linn. (family: Fabaceae or
Leguminosae), or “fenugreek” as commonly known in
English, is a widely used medicinal plant. In Urdu or Hindi,
it is called “methi.” An annual herb [1, 2], fenugreek is orig-

inally from southeast Europe (the Mediterranean region)
and West Asia [3, 4], but today, it is cultivated in many areas
of the globe, including South Asia [2], Northern Africa, and
even in North America [3]. It is a known and often con-
sumed condiment all over the world [3]. In terms of its tra-
ditional use, the whole plant, leaves, and seeds are employed
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for medicinal benefits [1, 2]. The active medicinal com-
pounds and the most potent activity are concentrated in
the oblong, yellow to yellowish brown seeds [3, 4].

For centuries, fenugreek has popularly been used by
herbalists and traditional healers of China and South Asia
in several medical conditions, specifically for gastrointesti-
nal (GI) and neurological issues. The seeds are consumed
as is or processed (boiled or roasted) for their benefit in
dyspepsia, colic, flatulence, diarrhoea, dysentery, anorexia
[1, 2, 4], gastritis, constipation [4], chronic cough, and
bronchitis [2, 3]. It is also used as a stimulant and tonic
of the central nervous system (CNS) [1] and is known
to enhance memory [5]. There are also claims for its
activity in the treatment of all kinds of skin infections
and inflammatory conditions (leg ulcers, wounds, abscess,
cellulitis, boils, and carbuncles), myalgia, arthritis, kidney,
and liver problems [1–4] and as a galactagogue [1, 6].
Despite the popularity of fenugreek, most of these above-
mentioned claims await verification and scientific proof
[4]. Some of the studies done on fenugreek report that it
has galactagogue [7, 8], anti-inflammatory [9, 10], antidia-
betic [10], anticholesterolemic [11, 12], antihypertensive,
kidney and liver protective [13], androgenic/anabolic
[14], antibacterial, and anticancer [15] properties. All these
medicinal uses and properties show how popular and ben-
eficial this herb is in such a broad spectrum of disease
conditions.

Many of the benefits of this plant are linked to the che-
micals that have been isolated from it. Fenugreek is known
to contain steroidal saponins like diosgenin, tigogenin, trigo-
genin, and fenugreekine; alkaloids like choline and trigonel-
line; amino acids like histidine, arginine, tryptophan, and
lysine; and vitamins like nicotinic acid [1, 2, 4, 16]. The ste-
roidal saponins are responsible for most of the medicinal
benefits of fenugreek [3].

As noted above, several experimental and clinical stud-
ies on fenugreek scientifically elucidate its traditional uses.
But still, a lot more work needs to be done to discover the
many hidden benefits of this herb. This was the idea
behind undertaking this endeavour. A 70% aqueous meth-
anolic crude extract was prepared. This extract was tested
pharmacologically on gastrointestinal (GI) smooth muscle
preparations from rabbits and rats to see if there is any
smooth muscle tone modulatory activity in the GI system,
a potential acetylcholine- (ACh-) like effect that would
lead us to believe in its memory-enhancing effects too. A
substance acting like ACh can potentially have both GI
stimulant and memory-enhancing effects due to an action
similar to ACh on the cholinergic receptors in the GI tract
and CNS. The extract was also tested for activity against
the acetylcholinesterase (AChE) enzyme in vitro. This is
because fenugreek is used to enhance the memory.
Although the extract did not exhibit any effect on GI
smooth muscle preparations, it did show an inhibitory
effect on the AChE enzyme. The AChE inhibitory activity
was traced back to its known chemical ingredient, dios-
genin (Figure 1). Interaction between diosgenin and AChE
was further investigated by molecular docking and molec-
ular dynamics simulations for 100ns.

2. Methodology

2.1. Animals. Care was taken to avoid any suffering to the
animals used in this study. Experiments were performed eth-
ically in strict accordance with lab animal handling specifica-
tions of European Community guidelines, EEC Directive 86/
609/EEC. Local rabbits (either sex, around 1 kg) and
Sprague-Dawley rats (either sex, 170-200 g) were used in this
project. These were kept in the animal quarter at the Aga
Khan University. The air was pathogen-free, and the tem-
perature was controlled at around 23°C. The rabbits and rats
had free access to water, although the food was withheld a
day before the experiments. Food given to the animals was
made of the following: fiber, table salt, white flour, sweet-
ener, Nutri-vet L, potassium metabisulfite, grease, seafood,
and powdered milk.

2.2. Chemicals. Standard chemicals and reagents were
obtained from Sigma Company, USA. These included ace-
tylcholine (ACh), acetylthiocholine (ATCh), 5,5-dithiobis
(2-nitro), benzoic acid (DTNB), diosgenin, electric eel AChE
(type VI-S), histamine, nicotine, and physostigmine. The
solutions and dilutions of these were made on the day of
the experiment. To make Tyrode’s physiological salt solu-
tion, chemicals were purchased from Sigma, USA, and
Merck, Germany. Tyrode’s was constituted as follows
(mM): 2.68 KCl, 136.90 NaCl, 1.05 MgCl2, 11.90 NaHCO3,
0.42 NaH2PO4, 1.80 CaCl2, and 5.55 glucose.

2.3. Fenugreek Seeds and the Process of Extract Making.
Fenugreek seeds (around a kg) were acquired from a sup-
plier in Karachi, Pakistan. This was botanically identified
by Mr. S. Ahmad. A specimen was kept in the herbarium
of Natural Products Research Unit, Aga Khan University,
for identification and cataloguing (# TF-SE-05-04-59). For
making the crude extract, methodology described previously
[17] was used (Figure 2). Briefly, seeds were washed with
water and then lightly mashed. The seeds were then kept
dipped for 3 days in a couple of litres of 70% aqueous meth-
anol at 23°C. After the 3 days, the seeds and methanol were
passed through a fabric filter. Later, the plant material was
immersed again in a new batch of aqueous methanol for
72 hours, twice. Finally, filtrates were filtered using
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Figure 1: The chemical structure of fenugreek active constituent, a
steroidal sapogenin, diosgenin (European Pharmacopoeia (EP)
Reference Standard, structure taken from website of source of the
chemical: https://www.sigmaaldrich.com).
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Whatman-qualitative grade-1 filters. A rotary evaporator
(Rotavapor, BUCHI Labortechnik AG, Switzerland) was
used to obtain a crude extract, labelled as Tfg.Cr. We kept
this extract stored at -4°C until use.

2.4. Experiments on Isolated Smooth Muscle
Tissue Preparations

2.4.1. Isolated Rabbit Jejunum. We have described and
worked with isolated intestinal smooth muscles before.
Detailed descriptions can be found in our previous commu-
nication [17]. Portions of the jejunum (around 2 cm long)
were obtained from rabbits. These were hung in tissue baths
with a thread. The tissue baths were filled with the physio-
logic salt solution, aerated with a mixture of 95% O2 and
5% CO2 at physiologic temperature. All changes in contrac-
tility were noted isotonically using Harvard equipment
(oscillographs and force transducers). The tissues were left
to stabilize for half an hour. The advantage of using rabbit
jejunum is its ability to contract spontaneously
(Figure 3(a)). This permits to test the spasmolytic and spas-
mogenic potential of a drug being investigated. The spasmo-
lytic effect is calculated as the % change in contractility of the
tissue, while the spasmogenic effect is quantified while com-
paring with the action of a standard spasmogenic agent like
ACh 10μM and nicotine 10μM (Figure 3(a)).

2.4.2. Isolated Rat Ileum. We have previously described the
use of isolated smooth muscle preparations [17]. Small intes-
tinal sections of the ileum (about 2 cm long) were obtained
from rats. These pieces of the tissue were hung in baths as
described above. Changes in contractility of the tissue were
captured isotonically using Harvard equipment. The tension
kept on the tissue was 1 g. Unlike rabbit jejunum, rat ileum
does not exhibit baseline contractions; instead, it has a flat
baseline (Figure 3(b)). The tissue was left to normalize for
half an hour, following which repeated contractions were
obtained from standard drugs like ACh 10μM and hista-
mine 10μM (Figure 3(b)). Drugs were permitted to stay in
contact with tissue for around 20 s while a gap of 3min
was given between concentrations of ligands.

2.5. Enzyme Assay for AChE Inhibition. AChE inhibitory
activity of the extract and diosgenin was determined via
the standard spectrophotometric method [18]. Certain mod-
ifications to the process were introduced, as described before
[17]. Electric eel AChE (type VI-S) was utilized as an
enzyme source, while ATCh iodide worked as the substrate.
Ellman’s reagent (DTNB) behaved as the chromogenic
marker for determining enzyme inhibitory activity. For the
working enzyme solution, sodium phosphate buffer
(1mM) was used. Enzyme concentrates were made and kept
at -70°C; the substances under study were diluted on the test
day.

The enzyme inhibitory tests were done in 96-well micro-
titer plates. Briefly, sodium phosphate buffer (140μl and
0.1mM at pH8.0), Tfg.Cr extract (20μl and diluted in 5%
ethanol), and AChE (20μl) were dissolved and kept for
15min at 25°C. Then, DTNB (10μl) was added. The interac-
tion of chemicals initiated with the addition of 10μl of
ATCh (0.71mM). Breakdown of ATCh was quantified by
determining synthesis of 5-thio-2-nitrobenzoate anion (yel-
low in color, formed due to interaction of DTNB and thio-
choline) using SpectraMax microplate spectrophotometer
(Molecular Devices, USA). The test for the substances under
study was performed at least thrice. The preliminary differ-
ence was calculated as the difference in optical density/min
and used in the following determination. The test reaction
contained test samples, while the control lacked test sub-
stance. For comparison, the standard AChE inhibitor was
physostigmine.

2.6. Molecular Docking and Dynamics Simulation

2.6.1. Molecular Docking Protocol. The ligand diosgenin, a
phytosteroid sapogenin (Figure 1), was considered with flex-
ibility of a defined ligand-specific torsion tree. Torpedo cali-
fornica acetylcholinesterase (TcAChE) structure retrieved
from Protein data bank accession I.D. 7B2W was down-
loaded, protonated, and minimized prior to docking. Auto-
Dock docking setup for TcAChE was asserted as rigid, and
the grid spacing was applied onto the whole 3-dimensional
protein structure to explore the putative binding sites.

Fenugreek seeds

Seeds lightly crushed
in mortar and pestle 

Crushed seeds then
soaked in 70%

aqueous methanol
and then filtered 

Filtrate then
concentrated via a
rotary evaporator

A thick dark
colored crude

extract (Tfg.Cr)
obtained in

the end 

Figure 2: Schematic representation of the plant material (fenugreek seeds) and the crude extract preparation. All pictures in the scheme
were taken from 3D models, Online Sources, Microsoft PowerPoint 2019.
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Auto-Dock algorithm having precalculated maps of each
atom of the ligand with the pre-defined electrostatic poten-
tial was utilized. The autogrid algorithm implemented in
Auto-Dock predicts the binding energy via the ligand con-
formation and contribution of each atom of a specified ele-
ment with the specified grid point in the vicinity of the
receptor. The grid box is generated around the active site
of the TcAChE enzyme, allowing the docking software to
look for all possible interactions between the ligands and
the receptor. Other configurational settings were set as the
default. Auto-Dock examined the intact 3D structure of
AChE and ligand diosgenin in the prescribed grid spacing
to search the space for docking. 2D and 3D molecular inter-
actions of the protein-ligand complex was visualized to
interpret the binding mode.

2.6.2. Molecular Dynamics Simulation Setup. The investi-
gated docked AChE-diosgenin complex was further expe-
dited to spurt molecular dynamics (MD) production run
via the Desmond simulation package. MD simulations of
the AChE-diosgenin docked complex were accomplished
to reveal the capability of the diosgenin inhibition in the ace-
tylcholinesterase. Receptor topology was generated, and the
SPC water model with the specified periodic boundary con-
ditions at a distance of 1.0 nm was set to create an aqueous
environment. Furthermore, the solvated receptor charges
were neutralized by the addition of required Na+ or Cl- ions.
Subsequently, the default value of pressure and temperature
was maintained as per the Parrinello-Rahman algorithm and
Nose-Hoover temperature coupling method. The NPT
ensemble was used for minimization and relaxation. The
100ns production MD simulation run was executed with
the interval record of 100 ps. Furthermore, simulated trajec-
tories were analyzed and visualized via simulation interac-
tion diagram (SID) module implemented in Desmond
Schrödinger package to record the protein deviation, fluctu-
ation, compactness, and hydrogen bond contacts with their
occupancies, while ligand root means square deviation
(RMSD), the radius of gyration (rGyr), torsional angle,
molecular surface area (MolSA), solvent accessible surface
area (SASA), and polar surface area (PSA) were also calcu-
lated during the production run of MD simulated time.

2.7. Result Representation. Data are shown as mean ±
standard error of the mean (SEM; “n” is observations) and
the effective concentration producing 50% inhibition

(EC50) with 95% confidence intervals (CI). The graphs were
constructed and analyzed utilizing the GraphPad program
(GraphPad, USA). Statistical comparisons were made via
two-way analysis of variance (ANOVA), and unpaired Stu-
dent’s t-test (p < 0:05) was taken as statistically different
(GraphPad program).

3. Results and Discussion

This project was aimed at looking into some of the pharma-
cological activities of fenugreek seed extract. Fenugreek
seeds are traditionally used in multiple GI conditions [1, 2,
4] while also regarded as useful as a CNS tonic to enhance
memory [1, 5].

3.1. Effect of Tfg.Cr on Isolated Smooth Muscle Tissue
Preparations. The 70% aqueous methanolic extract was
investigated on the isolated rabbit and rat GI smooth muscle
tissue preparations. The reason for selecting these tissue
preparations was that rabbit jejunum, once isolated in a tis-
sue bath under controlled conditions, elicits spontaneous
contractions, and it is ideal for testing for potential GI
spasmolytic agents [19, 20]. However, spasmogenic effects
can also be investigated on rabbit jejunum. Tfg.Cr (0.1-
10mg/ml) did not exhibit a response when evaluated on
spontaneous contractions of rabbit jejunum tissue prepara-
tions (n = 3; Figure 3(a)). There was neither a stimulant
nor a relaxant effect seen with the extract (Figure 3(a)). This
could be due to a number of reasons. The simplest reason
could be that the plant extract just does not have any GI-
active components which is why it did not exhibit any activ-
ity in this preparation. Other reasons are discussed below. In
comparison to the extract, standard GI stimulants like ACh
(10μM) and nicotine (10μM) both elicited an immediate
stimulant effect on the resting spontaneous contractions
(Figure 3(a)). The rat ileum, on the contrary, maintains a flat
baseline and is ideal for screening spasmogenic activity [21].
When tried on this tissue, Tfg.Cr (0.1-10mg/ml), similar to
how it acted in rabbit jejunum, did not exhibit any effect
(n = 3; Figure 3(b)). There was neither a stimulant nor a
relaxant effect seen from Tfg.Cr (Figure 3(b)). On the con-
trary, standard gut spasmogenics like ACh (10μM) and his-
tamine (10μM) both exhibited a sharp spasmogenic
response on the baseline of rat ileum tissues (Figure 3(b)).
These results are worth mentioning, keeping in mind that
fenugreek seeds are used traditionally in constipation

10 μM
Nic

10 μM
ACh Tfg.Cr (mg/ml)

1.0 5.0 10.0

1 min

3.0

(a)

Tfg.Cr (mg/ml)
10 μM
Hist

10 μM
ACh

1.0 5.0 10.0

1 min

3.0

(b)

Figure 3: Tracings showing the effect of fenugreek crude extract (Tfg.Cr) on isolated intestinal tissue preparations. (a) Activity of Tfg.Cr on
resting spontaneous contractions of rabbit jejunum tissues in comparison to standard drugs like acetylcholine (ACh) and nicotine (Nic). (b)
Activity of Tfg.Cr on resting baseline of isolated rat ileum tissues in comparison to standard drugs like acetylcholine (ACh) and histamine
(Hist).
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(spasmogenics help in constipation to increase the muscular
tone) and diarrhoea (spasmolytics help to relax muscular
tone in diarrhoea). The traditional use was an indication that
the seed extract should have either spasmolytic or spasmo-
genic or even both activities, as we have shown so often from
our studies [17]. The seeds are also known to contain choline,
a quaternary ammonium compound that forms ACh in the
body [22]. ACh is a major neurotransmitter in the biological
systems as a modulator of GI motility and memory [22]. As
to why we did not see any muscular tone modulatory effect
of the extract in the isolated preparations, it could be that
multiple chemical components in the seed extract balanced
out a final effect due to their presence or maybe the GI-
active component did not concentrate out in the 70% aque-
ous methanolic solvent that we used. There could even be a
species-specific effect. We have shown, in the past, that plant
extracts exhibit different effects in tissues from different spe-
cies [21, 23, 24]. Whatever the reason may be, although neg-
ative, these findings help rule out several different variables
for any future studies other researchers might decide to per-
form to further investigate the GI effects of this very popu-
larly used herb.

3.2. Effect of Tfg.Cr and Diosgenin on Enzyme Assay for
AChE Inhibition. Another reason for using the isolated tis-
sue preparations was to see if the extract can show an
ACh-like spasmogenic effect. This is because ACh is a GI
stimulant and a major neurotransmitter implicated in the
pathophysiology of Alzheimer’s disease [25]. Chemicals with
an ACh-like effect can help patients with memory disorders
like Alzheimer’s [22]. We have reported several ACh-like GI
stimulant extracts with additional AChE inhibitory pharma-
cology [20, 26]. But as discussed, the extract did not exhibit
any effect on the isolated tissues. Although when tested
against the in vitro AChE enzyme assay, Tfg.Cr, in increas-
ing concentrations (47-380μg/ml), inhibited the ACh-
degrading enzyme AChE (Figure 4). The EC50 for this effect
was 196.0μg/ml (152.6-251.9, n = 4). Tfg.Cr showed a max-
imum of 48:8 ± 1:3% (n = 4) inhibition of the enzyme
(Figure 4). This inhibitory effect was like the effect exhibited
by physostigmine, a standard AChE inhibitor, that showed
its inhibitory effect with EC50 of 0.04μg/ml (0.04-0.04, 3
observations; data not shown). This action of fenugreek
aligns with its folkloric consumption to enhance memory
[1, 5]. AChE inhibitors are the mainstay of therapy for Alz-
heimer’s disease, and currently, three out of the four clini-
cally used Alzheimer’s medications are AChE inhibitors
[27]. One study in the literature [28] reports the AChE
inhibitory effect of fenugreek but that study used an ethano-
lic standardized extract compared to our methanolic crude
extract. This shows the widespread presence of AChE inhib-
itory constituents in fenugreek seeds. Recently, a couple of
in vivo studies reported the positive effect of fenugreek on
memory [29] and cognition [30].

To determine the responsible compound for this AChE
inhibitory action, we tested diosgenin (Figure 1), a steroidal
sapogenin reported in fenugreek [1, 2, 4]. Diosgenin, in
increasing concentrations (11-190μg/ml), inhibited the
AChE enzyme (Figure 4). This activity of diosgenin was sig-

nificantly more potent than that of the extract (p < 0:001,
two-way ANOVA). The EC50 of the suppressive action of
diosgenin was 27.9μg/ml (24.9-31.1, n = 4). Diosgenin
showed a maximum of 53:0 ± 0:4% (n = 4) inhibition of
the AChE enzyme (Figure 4). The maximum inhibition of
the AChE enzyme by diosgenin was significantly different
from that of the crude extract (p < 0:01, unpaired t-test).
We have earlier reported this AChE inhibitory effect of dios-
genin [31], so in that sense, this finding regarding diosgenin
is not novel. However, this shows that diosgenin is likely
behind the AChE inhibitory effect observed with Tfg.Cr.

3.3. Molecular Docking Interpretation of Diosgenin
Interactions with TcAChE. A molecular modelling study
was executed to interpret the binding mode analysis of dios-
genin into the possible binding cavity of the TcAChE recep-
tor 7B2W. The docking output with putative interaction site
with the highest ΔG binding energy threshold of −10.7 kcal/
mol was observed among all the ranked poses based on the
estimated interaction energy. The top ranked conformation
of diosgenin according to the highest ΔG binding energy
was elected for molecular investigation. Auto-Dock Vina
top most ranked pose output revealed that diosgenin estab-
lished hydrogen-mediated, hydrophobic, and pi-pi stacking
contacts with the aromatic amino acid residues of TcAChE
of the peripheral anionic site (Tyr70, Tyr121, Trp279,
and Tyr334), an anionic subsite (Phe330), catalytic site
(Phe331), and acyl pocket residues (Phe288 and Phe290) as
illustrated in Figure 5. PAS anionic site and anionic subsite
residues have been previously reported for the CNS activity.
These amino acids Tyr70, Tyr121, Trp279, Phe288, Phe290,
Phe331, and Tyr334 which directly involve in mediating
hydrophobic interactions were discovered in case of dios-
genin which were reported for CNS activity in literature.
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3.4. MD Analysis. Molecular dynamic simulation data anal-
ysis is the basic quantitative evaluation parameter to analyze
the stability, instability, deviations, fluctuations, compact-
ness, and molecular interaction contact analysis of the pro-
tein and ligand via conformational geometries and
dynamic vibrations and motions.

3.4.1. AChE-Diosgenin Complex Deviation and Fluctuation.
RMSD was used to record the dislocation of the atoms pres-
ent within the protein and ligand during MD simulated time
with the initially generated frame of the pre-MD production
run. RMSD plot analyzed for the protein backbone carbon-
alpha atoms and the heavy atoms of the ligand during
100ns of MD executed production runs. RMSD plot of
TcAChE receptor 7B2W-diosgenin complex as depicted in
Figure 6(a) demonstrated that AChE receptor deviations
were noted within the range of 1.2Å to 1.75Å during the
100ns of the trajectories record. In contrast, more deviations
were observed between 65ns and 75ns with the deviation of
±2Å. In the case of ligand fitting, RMSD with the heavy
atoms of diosgenin in the 7B2W receptor showed more dis-
tortions in the initial 5 to 25 ns of the production run within
the range of 1.6Å to 6.4Å. In comparison, the stability was
almost attained after 25 ns to 100ns near to ±4Å. A slight
or minor deviation was noted at 65ns as the same noted in
the protein RMSD. Lig fit Prot plot revealed that ligand
had been slightly diffused away from its binding pocket.
Root mean square fluctuation of the protein-ligand complex
of 537 amino acid residues was also analyzed during 100 ns
of MD run. The influence of residue fluctuations was also
noted for this 7B2W-diosgenin complex with Tyr70,
Trp84, Trp279, and Phe288-Tyr334. Significant fluctuation
at Tyr70 amino acid residue within the PAS region was

observed. Minor fluctuations were observed with the other
interacting PAS and an anionic subsite residue. The low
deviation via RMSD and less fluctuation via RMSF results
suggested that TcAChE, when complexed with the dios-
genin, showed stability with the respective protein and its
binding cavity.

3.4.2. Protein-Ligand Interaction Contact Analyses. The sta-
bility of the TcAChE-diosgenin was estimated via a
protein-ligand contact histogram plot to check the overall
protein-ligand contacts with the active-site residues in terms
of interaction fraction pattern. These protein-ligand contacts
were also inspected on the simulated trajectories of 100 ns of
the production run. The interaction patterns follow H-
bonds, hydrophobic, ionic, and water bridging-mediated
interactions. H-bonding interactions play a crucial role in
drug designing, but in this contrast, hydrogen bonding
occurred as 0.74% with Asp72 and <0.1% with the Tyr121
and Tyr334. Hydrophobic contacts were established with
Tyr70, Phe75, Trp279, Phe331, and Tyr334 while 0.55%
hydrophobic contact with Trp279 and 0.3% and 0.35% frac-
tion contact with Phe331 and Tyr334 were noted. Trp84,
Tyr121, and Tyr334 possessed weak hydrogen bonding
interactions. Asp72 showed maximum H-bond occupancy
throughout the simulation, but in the last 25 ns, MD run.
Its contact with diosgenin was diminished and converge into
the water-mediated bridging interactions. At the same time,
other residues which are mediating interactions with negligi-
ble hydrogen bond occupancies were observed negligible as
implemented in Figure 7. 2D protein-ligand interaction pat-
tern was also checked for further explanation as depicted in
Figure 8. It is also evident by the 2D protein-ligand contact
diagram, which was also showing that hydroxyl moiety of
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Figure 5: Postdocking analysis of Torpedo californica acetylcholinesterase with diosgenin. The green color represents ligand, while brown
represents protein atoms.
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the diosgenin-mediated H-bond with Asp72 persists to 74%
during simulation while the water-bridge interaction with
the Tyr121 persisted 44%.

A timeline representation of the above-mentioned
receptor-ligand histogram was further analyzed to check
the total number of interaction or molecular contacts in each
trajectory record frame of all amino acid residues of the
TcAChE, further clarified by the timeline exhibit of active-
site residues of the TcAChE-diosgenin complex. The top
panel of the timeline representation, as depicted in
Figure 9(a), demonstrated the total number of exhibited

molecular contacts in each trajectory record frame.
Throughout the 100ns of the production run, almost 05
intermolecular contacts persisted while the increase in
molecular contacts was noted at 30 and 80ns. During this
phase of the MD run, it showed variation in establishing
any molecular interactions that raised from 5 to 9. Further-
more, we noted which amino acid residues mediated inter-
molecular contacts in each trajectory throughout the
simulation, as mentioned in Figure 9(b). Asp72, Tyr121,
Trp279, Phe331, and Phe334, the peripheral active-site gorge
residues, interacted throughout the simulation, while Tyr70,
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Phe75, Gly80, Ser81, Trp84, Leu282, Asp285, Ser286 inter-
acted very few or showed inconsistent molecular interaction
as indicated by light orange color, which means a single con-
tact obtained during simulation. Subsequently, Asp72
showed a dark band of orange color, showing that it inter-
acted in high occupancy with more molecular contacts
throughout the simulation, which validates that the crucial
active-site amino acid residues have more interactions with
diosgenin. It verified that approximately all probable posi-
tional geometries were achieved during this highly occupied
H-bonds as described in the aforementioned histogram plot.
Despite Asp72, Tyr121, Trp279, Phe331, and Phe334
showed variation sometimes single or more contacts
throughout the simulation, these molecular contacts showed
inconsistency during 100 ns of MD production run each
frame trajectory record.

3.4.3. Detailed Analyses of the Diosgenin Properties
throughout the Simulation. The ligand properties were stud-
ied carefully to understand the conformational repositions
utilizing the reference of pre-MD production data. For this
purpose, all atoms of the diosgenin used for the detailed
analysis such as RMSD, compactness or extendedness,

MolSA determination via 1.4Å probe radius, SASA, the
PSA were estimated as shown in Figure 10, and the torsional
angle profile of the rotatable bonds present in the diosgenin
was also critically analyzed as explained in Figure 11.

The RMSD of the ligand showed stability throughout the
simulation, while minor fluctuations were seen at 50-55 ns
after reaching the equilibrium position after 5 ns. The ligand
RMSD lay around 0.25Å to 0.8Å, while RMSD attained
around 0.6Å during the whole simulation shown in
Figure 10(a). The rGyr was also measured by which the
compactness of the ligand was analyzed. The rGyr of the
diosgenin slightly fluctuated to 40ns simulation, later slowly
attained equilibrium. The ligand showed an rGyr range of
about 4.6Å to 4.8Å, and the equilibria attained around ±
4.7Å (Figure 10(b)). Another property MolSA was also
determined with a 1.4Å probe radius. MolSA of ligand
seemed stable during simulation, although there was a little
less variation in 45ns and 85ns trajectory records. The range
of MolSA is around 380Å2 to 388Å2, and the equilibrium
achieved around 385Å2 is visualized in Figure 10(c). The
SASA by H2O solvent was also noted. The SASA denoted
that the raised value from 80 to 320Å2 until 20 ns simulation
and then afterward became persistent until the end of the
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simulation with the range of 200Å2 (Figure 10(d)). The PSA
was also estimated for diosgenin molecules influenced by the
polar O2 and N atoms. The PSA was in the range of 50Å2-
60Å2 throughout the simulation, but there were visible fluc-
tuations occurred at 46 ns to 65 ns simulation period, while
the equilibrium attained around 56Å2 inspected in
Figure 10(e). The above-mentioned studied ligand proper-
ties show that there were some fluctuations in the initial or
intermediate recorded trajectory frames, which gradually
achieved equilibrium till the completion of the simulation,
which demonstrated the stability of diosgenin in the active
site of the gorge region TcAChE.

Dial plot illustrated that the torsion angle variations per-
sisted throughout the whole MD production runs. The bar
plot emphasized the dial plots by indicating the probable
density of the torsions via utilizing each rotatable bond pres-
ent in the ligand, as depicted in Figure 11. It showed that the
torsional angle of the rotatable bond lay between 160 to 180
degrees of angular rotation, while the occupancy showed at
170 degrees of angular rotation. Histogram and torsion
interactions may reflect conformational strain that ligand
faces to sustain a protein-bound conformation.

3.5. Pre- and Post-MD Binding Mode Analysis of TcAChE-
Diosgenin Complex. Molecular docking and post-MD results
revealed that diosgenin penetrated in the active-site gorge
region of TcAChE and showed almost similar molecular
interactions in the static and dynamic mode. The peripheral
anionic site aromatic residues Trp279 and Tyr334 showed
hydrophobic or pi-pi stacking contacts with diosgenin in
both pre- and post-MD stages. Subsequently, new molecular
interactions were also observed and mediated hydrogen
bond during 100ns MD run with the hydroxyl moiety of
diosgenin via Asp72 with the distances of 1.68Å and
2.84Å and Ser81 with the distances of 2.93Å. The OH group
interacted with Asp72- and Ser81-mediated H-bonding
interactions could be the reason for enhancing the binding
affinity of diosgenin in TcAChE.

4. Conclusion

These results show that although fenugreek is so popularly
used traditionally in GI disorders, it exhibited neither a stim-
ulant nor a relaxant effect on the GI smooth muscles. This is
an important finding as it rules out several variables and
gives valid information to other researchers to try either a
different solvent system for the extraction or different ani-

mal species to investigate any potential GI effects of this
herb. Isolated smooth muscle preparations not only help to
elucidate GI effects but also help look for ACh-like effects,
which are also relevant in Alzheimer’s disease pharmacol-
ogy. Although it did not affect the isolated tissues, the extract
did exhibit an inhibitory effect on the AChE enzyme assay,
providing a rationale for its traditional consumption in
memory loss. Diosgenin, a known chemical component of
fenugreek, also showed a much more potent inhibitory effect
on the AChE enzyme assay, indicating that it must be the
responsible compound in fenugreek for this effect. After
applying in silico approaches, we concluded that diosgenin
permeated the active-site gorge of TcAChE and displayed
substantially identical molecular interactions in the static
and dynamic states obtained from molecular docking and
post-MD findings.
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Long-term arsenic (As) exposure can cause liver injury, hepatic cirrhosis, and cancer. Meanwhile, Dictyophora polysaccharides
(DIP) have excellent antioxidation, anti-inflammation, and immune protection effects. There are currently few reports on the
protection effects of DIP on As-induced hepatotoxicity and its pharmacological value. Therefore, this study was aimed at
elucidating the protection of DIP on As-induced hepatotoxicity and exploring its preventive role in antifibrosis. In our study,
the SD rat As poisoning model was established by the feeding method to explore the influence of As exposure on liver fibrosis.
Then, DIP treatment was applied to the rats with As-induced liver fibrosis, and the changes of serum biochemical indexes and
liver tissue pathology were observed. And the expression of fibrosis-related proteins TGF-β1, CTGF, and α-SMA levels was
then determined to explore the DIP intervention function. The results demonstrated that through reduced pathological
changes of hepatic and increased serum AST, ALT, TP, ALB, and A/G levels, DIP ameliorated liver fibrosis induced by As as
reflected. And the administration of DIP decreased the concentration of HA, LN, PCIII, CIV, TBIL, and DBIL. In addition, the
synthesis of TGF-β1 inhibited by DIP might regulate the expression of CTGF and decrease the proliferation of fibrinogen and
fibroblasts, which reduced the synthesis of fibroblasts to transform into myofibroblasts. And a decrease of myofibroblasts
downregulated the expression of α-SMA, which affected the synthesis and precipitation of ECM and alleviated the liver fibrosis
caused by exposure to As. In conclusion, based on the pathological changes of liver tissue, serum biochemical indexes, and
related protein expression, DIP can improve the As-induced liver fibrosis in rats and has strong medicinal value.

1. Introduction

Arsenic (As) is a metallic element widely found in the nat-
ural environment, including the earth’s crust, soil, ground-
water, ambient air, and living organisms [1]. The different
forms of As can migrate and accumulate in the atmo-
sphere, soil, and water. Generally, As has different physical
and chemical factors that result in various degrees of envi-
ronmental toxicity [2]. The primary sources of As include
natural sources and artificial sources (industrial and agricul-
tural release). With the rapid development of modern agri-
culture and industry, arsenide compounds are widely used
in nonferrous metals, pigments, fuels, glass, and pesticides.

However, they cause various environmental pollutions,
including air, soil, groundwater, and food [3]. As is a serious
threat to human health; therefore, studies have increasingly
focused on how to treat and prevent As poisoning.

Long-term exposure to As or arsenide compounds and
consumption of As-exposed food cause severe harm to
humans and animals, including diabetes, neurological dis-
eases, various forms of cancer, cardiovascular diseases, and
peripheral vascular diseases [4, 5]. Previous epidemiological
investigations and animal experiments have confirmed that
As is correlated with liver damage. Research has shown that
the occurrence and development of liver diseases caused by
acute and chronic As poisoning are associated with the
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synthesis and metabolism of cytokine regulatory networks
composed of many proinflammatory and anti-inflammatory
cytokines [6]. Meanwhile, As and its metabolites are toxic
to hepatocytes, cause DNA damage, and produce several free
radicals. The free radicals subsequently induce lipid peroxi-
dation, which can cause cell dysfunction or directly attack
the cells, triggering their damage [7]. Hepatocytes are
repeatedly damaged and repaired, resulting in hepatic fibro-
sis [8]. Some studies also found that liver fibrosis is a revers-
ible pathological process, and it is necessary that hepatic
stellate cells reverse to their static state during liver fibrosis
[9]. At present, research on As and arsenide compounds poi-
soning is limited.

Recently, numerous studies have confirmed that chronic
As poisoning could induce liver injury. The effect of “As
expulsion therapy” in managing chronic As poisoning is
effective but has certain limitations. Research has established
that the pectic polysaccharides of Momordica charantia
could inhibit the oxidative stress of liver cells induced by
sodium arsenite [10]. Besides, numerous studies have dem-
onstrated that polysaccharides regulate immunity and pro-
tect the liver [11, 12]. Hence, our study explored effective
and side effect-free hepatoprotective regimens from natural
active products to manage chronic As poisoning.

Dictyophora is a cryptophytic root-parasitic fungus on
withered bamboo. In Guizhou Province, five different types
of Dictyophora are edible and medicinal. Dictyophora is rich
in nutrition and fragrance and has a delicious taste. Gener-
ally, it is known as “flower of fungi” or “queen of fungi”
[13]. In addition, some research has shown that Dictyophora
is rich in amino acids, vitamins, polysaccharides, and inor-
ganic salts. The dried Dictyophora contains protein, fat, total
carbohydrate, bacterial sugar, crude fiber, and ash at concen-
trations of 19.4%, 2.6%, 60.4%, 4.2%, 8.4%, and 9.3%, respec-
tively [14]. Among them, polysaccharide is a polyhydroxy
aldehyde ketone polymer formed by ten or more monosac-
charides through glycosidic bonds. It widely exists in higher
plants, animal cell membranes, and microbial cell walls [15].
Furthermore, polysaccharides have many biological activi-
ties such as antioxidation, enhancing immunity, antitumor,
neuroprotection, and antiaging [16]. In particular, studies
have discovered that DIP have positive effects on liver dam-
age [17]. The results of animal experiment in vivo showed
that treatment with DIP could improve the excessive level
of lipid profiles in liver injury caused by hyperlipidemia, as
well as strengthen antioxidant status [18]. Meanwhile, DIP
administration could improve obesity-associated hepatic
metabolic impairment and ameliorate oxidative stress of
liver by downregulating serum enzyme activities [19]. At
present, many scientists have turned their attention to fun-
gus polysaccharides, because they are natural and free of
harmful side effects and have highly effective antioxidant
properties. Moreover, their extraction process is relatively
simple with minimal toxicity and side effects.

This study used rats whose metabolism mimics that of
humans to comprehensively evaluate the relative efficacy
function of DIP on As-induced liver injury. It has used the
feeding method to establish an As poisoning model, which
explores the influence of As on liver damage and evaluates

the degree of liver fibrosis. Subsequently, after the interven-
tion of DIP, we observed changes in serum biochemical
indexes and pathological liver tissues. Taken together, our
research has established that DIP have functional protective
effects on As-induced liver injury in rats, and this function
may regulate the expression of fibrosis-related proteins. Fur-
thermore, this is the first study to explore the efficacy of dif-
ferent DIP levels on As-induced liver injury, providing new
natural drug treatment insights for chronic As poisoning.
Lastly, it gives a theoretical basis to advance the medicinal
value of DIP.

2. Materials and Methods

2.1. Ethics Statement. This study was approved by the
Guizhou Medical University experimental animal opera-
tion regulations and welfare management committee. All
methods used herein were performed in accordance with
the relevant guidelines.

2.2. Animal Grouping and Treatment. The study rats were
randomly allocated into four groups and exposed to sodium
arsenite (Sigma, USA, serial number: C1386-50G, purity:
98.9%) by feeding for three months at doses of 0, 25, 50,
and 100mg/kg. Subsequently, forty SD rats in the medium
As group were randomly divided into four groups (n = 10
in each group, half male and half female) and exposed to
DIP. Water extraction and alcohol precipitation methods
were applied to extract DIP from Dictyophora, and the
extraction rate was 13.016%. The detailed extraction steps
and structure of DIP were reported in previous research by
our research group [20]. DIP administration was by gavage
once a day for 30 d, at a dose of 0, 2.5, 5, and 10mg/ml
(20ml/kg BW). All rats were fed with a normal diet and free
water.

2.3. Organization of Sample Collection. The experiment end-
point was fasting rats for 12 h, after which the weight of each
group was measured. Cardiac blood was collected by an
EDTA tube, centrifuged at 3000 rpm for 10min, and stored
at -80°C. After the rats were killed, the livers were separated,
and the livers in each group were weighed. The liver weight
of each group was calculated as liver weight/rat weight, using
the unit grams per 100 g BW.

2.4. Analysis of Total As Content. The As content in the sam-
ple was determined by incomplete digestion flame atomic
absorption spectrometry (AF-630A, Beijing Rayleigh Ana-
lytical Instrument Co, Ltd, China). Firstly, the 200mg liver
tissue was put in a clean 2ml EP tube and ground with an
electronic homogenizer. Then, a 7ml nitric acid solution
was added, and the tissue was fully digested in a microwave
digester for 3 h. The samples were then stored for further
determination.

2.5. Serum Biochemistry. The blood samples were collected
from the cardiac apex, and plasma samples were obtained
by centrifugation at 3000 rpm for 10min, then used to obtain
serum samples. The serum was used for measurement of ala-
nine aminotransferase (ALT), aspartate aminotransferase
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(AST), total protein (TP), albumin (ALB), total bilirubin
(TBIL), and direct bilirubin (DBIL) by an automatic bio-
chemical analyzer (AU400, Olympus Co, Ltd, Japan). Subse-
quently, four indexes of serum liver fibrosis, including
hyaluronic acid (HA), laminin (LN), type III collagen (PC),
and type IV collagen (CIV), were detected by ELISA Kits
(Wuhan bode Bioengineering Co, Ltd, China).

2.6. H&E and Masson Staining. For each experimental
group, a small piece of liver tissue was sampled from the left
liver lobe and fixed in 4% formalin. After 24h, the tissues
were dehydrated in 70%, 80%, 90%, 95%, and 100% ethanol
series and embedded in paraffin; then, 5-micron serial sec-
tions were sliced on a microtome. The sections were in turn
dehydrated by graded ethanol (95%, 75%, 45%, and 25%),
vitrificated by dimethylbenzene and wax immersion, and
subjected to routine HE staining. After dehydration in ethyl
alcohol, the sections were stained with a nuclear dye solution
for 2min, followed by cytoplasmic dye for 1min. Afterward,
the sections were stained with color separation solution and
redyeing solution for 5min at room temperature. The sec-
tions were then observed under a light microscope (BX51,
Olympus, Japan, 400x). Histopathological scores were calcu-
lated with reference to Additional Table 1 and Additional
Table 2.

2.7. Immunohistochemistry Analyses of TGF-β1, CTGF, and
α-SMA. Immunohistochemistry staining was performed
using the previously prepared paraffin sections. The stained
sections were observed under the light microscope (BX51,
Olympus, Japan, 400x). The integrated optical density
(IOD) and area of all the collected images were measured
by an Image-Pro Plus 6.0 image analysis system.

2.8. Statistical Analysis. The data are presented as the mean ±
SEM. The comparisons among several groups were
performed by one-way ANOVA using SPSS 17.0. Pairwise
comparison and analysis of homogeneous variance were
conducted using LSD, while uneven variance was analyzed
by the Games-Howell method. P < 0:05 was considered sta-
tistically significant.

3. Results

3.1. Basic Information of Rats. All 80 SD rats survived. Com-
pared with the control group, the low and medium As
groups demonstrated slower weight gain, had medium body
shape, and slightly sparse hair. Meanwhile, the high As
group had very slow growth, extremely dim and sparse hair,
and obvious depilation on the back and buttocks. The high
As group rats demonstrated poor spirit, normal walking,
and reduced activity. With time increment, the food intake
of the control group increased significantly (P < 0:05). How-
ever, the food intake of rats in the high As group showed a
significant (P < 0:05) downward trend with the increase of
exposure dose and time (Figures 1(a) and 1(b)). Weekly
evaluation of the rodent weights in the As poisoning group
showed a slow increase with the increase of dose and time
(Figures 1(c)).

3.2. DIP Ameliorates Liver Coefficient and As Content by As-
Induced Liver Injury in Rats. This study evaluated the liver
coefficient and As contents to assess the protective effects
of DIP against As-induced injury in rats. As shown in
Figure 2(a), the liver coefficient increased significantly with
an increase in the As exposure dose (P < 0:05). Furthermore,
the As content in the liver also increased significantly with
an increase of exposure dose, relative to the control group
(P < 0:05) (Figure 2(b)). Intervention with DIP resulted in
a significant decrease (P < 0:05) of the liver coefficient of
the treatment group (Figure 2(c)); the change was more sub-
stantial with increase in the polysaccharide dose. Mean-
while, the As content decreased with increase in the DIP
concentration; there were significant differences between
the As high-dose group and its control group (P < 0:05)
(Figure 2(d)).

3.3. DIP Ameliorates As-Induced Liver Injury in Rats. In
order to investigate the protective effect of DIP in As-
induced liver injury, we assessed the liver histopathological
changes; the serum ALT, AST, TP, A/G, and ALB; and bili-
rubin metabolism levels of TBIL and DBIL. Histological
analysis by H&E staining in the low As group showed an
increase in the volume of hepatocytes; the cytoplasm stained
lightly and loosely than the control group (Figures 3(a)–
3(d)). Meanwhile, hepatic edema and vacuolar degeneration
could be observed. The results of the medium As group
suggested that the volume of hepatocytes expanded further
due to hepatocyte hydrodenaturation. Also, the hepatocytes
showed varying degrees of edema and vacuolar degeneration
and inflammatory cell infiltration in the stroma; hepatocyte
liquefaction and necrosis were apparent. The results showed
that hemangiectasis was more obvious in the high As group
than in the medium-dose group. Besides, cell swelling,
inflammatory cell infiltration, fiber hyperplasia, and other
unique cell trauma characteristics were more apparent in
the high As group. The As groups demonstrated a dose-
dependent remarkable increase in the levels of serum ALT
and AST (P < 0:05) (Figure 4(a)) and the bilirubin metabo-
lism of TBIL and DBIL (P > 0:05) (Figures 4(c)); however,
the TP, A/G, and ALB levels of As groups decreased to vary-
ing degrees, relative to the control (P < 0:05) (Figure 4(e)).
Administering DIP significantly diminished the levels of
ALT, AST, TBIL, and DBIL and increased the levels of TP,
A/G, and ALB in the serum (P < 0:05) (Figures 4(b), 4(d),
and 4(f)). Increasing the DIP dose decreased the collagen
fibers around the hepatic lobule and the portal area, and
inflammatory cell infiltration also decreased (Figures 3(e)–
3(g)). These results suggest that DIP plays a protective role
in mitigating As-induced liver injury in rats.

3.4. DIP Ameliorates As-Induced Liver Fibrosis in Rats. We
detected four markers of liver fibrosis in serum to further
evaluate the degree of liver fibrosis in rats. The results
showed that the concentrations of LN, HA, PCIII, and CIV
had a significant increasing trend relative to the control
group (P < 0:05) (Figure 5(a)). We also performed Masson
staining to precisely confirm the results of liver fibrosis. In
turn, we observed a few blue-stained collagen fibers around
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the hepatic lobule and portal area, and the collagen fibers
around the hepatic lobule were slightly proliferated in the
low As group (Figure 6(b)). The results of the medium As
group revealed significant inflammatory cell infiltration in
the interstitium, with moderate hyperplasia of collagen fibers
around liver lobules (Figure 6(c)). Moreover, a large number
of fibrous septa formed in the peripheral area of the lobules,
and there was obvious inflammatory cell infiltration in the
interstitium of the high As group. Meanwhile, the collagen

fibers around the hepatic lobules were moderately and
severely proliferated (Figure 6(d)). According to the image
analysis system, the area of proliferative fiber in the liver of
rats increased with increasing exposure dose. There were sta-
tistically significant differences in the area of collagen fiber
deposition in the low, medium, and high As groups, com-
pared with the control group (P < 0:05) (Figure 6(h)). In
brief, degeneration and liver fibrosis demonstrated an inevi-
table surge with increasing concentration of sodium arsenite.
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Figure 2: Organ coefficient and As content in liver of rats: (a, b) changes of the rat liver coefficient and the As content in the liver in the
model group; (c, d) changes of the rat liver coefficient and the As content in the liver in the DIP group. Values were mean ± standard
deviation, and n = 10. ∗P < 0:05.
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Figure 1: General situation of rats by sodium arsenic: (a) As group rats of changes in food intake; (b) As group rats of average daily taken As
content; (c) As group rats of weight trend chart. Values are mean ± standard deviation, and n = 10. ∗P < 0:05.
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DIP treatment reversed the levels of LN, HA, PCIII, and CIV
caused by chronic As exposure (Figures 5(b)). Subsequently,
fibrous tissue hyperplasia of hepatocytes in the treatment
group was significantly less than that in the As poisoning
group (Figures 6(e)–6(g)). Meanwhile, the area of prolifera-
tive fiber in the liver of rats decreased after the administra-
tion of DIP; there were statistically significant differences
among the low-, medium-, and high-dose polysaccharide
groups relative to the As poisoning control group (P < 0:05)
(Figure 6(i)).

3.5. DIP Inhibits the Expression of Fibrosis-Related Protein
TGF-β1, CTGF, and α-SMA Levels. To further determine
the antifibrosis function of DIP-triggered inhibition of
TGF-β1, CTGF, and α-SMA expression, we evaluated the
expression levels of these proteins in rat livers. TGF-β1
was only slightly expressed in the portal area and the wall
of the central lobular vein in the control group; however,
its expression increased with an increase in the As dose.
The TGF-β1-positive cells were mostly concentrated in the
portal area and proliferative collagen fibers, with a clear con-
tour (Figures 7(a)–7(d)). The optical densities of TGF-β1
proteins from the livers of As-treated rats were significantly
higher than those from control livers (P < 0:05) (Table 1). In
addition, CTGF was expressed in liver parenchymal cells
and stromal cells of the portal area, as demonstrated by a
brownish-yellow coloration in positive regions. The expres-
sion of CTGF increased with increase in the exposure dose,
and the positive cells were mostly concentrated in the
interstitial cells of the portal area, with a clear contour
(Figures 8(a)–8(d)). We also found that the optical density
of CTGF protein expression increased significantly
(P < 0:05) with increase in exposure dose (Table 1). α-SMA

was expressed in the cell membrane or cytoplasm, and its
positive products were yellow and brown. In the medium
and high As groups, α-SMA had high expression in the cell
membrane and cytoplasm. The expression of α-SMA
showed an increased response in a dose-dependent manner
according to the As concentration (Figures 9(a)–9(d)). The
optical density of the α-SMA protein was also significantly
higher than that of the control group (P < 0:05) (Table 1).
However, DIP posttreatment decreased the expression of
TGF-β1, CTGF, and α-SMA proteins in the liver of rats,
and the optical densities showed statistically significant
decrease with increase in the DIP dose (P < 0:05)
(Figures 7–9(e)–9(g), Table 2). These data indicate that
DIP intervention could inhibit the expression of TGF-β1,
CTGF, and α-SMA proteins, combined with the results of
four indicators of fibrosis LN, HA, PCIII, and CIV con-
centration; DIP has the function of antifibrosis and liver
protection.

4. Discussion

The liver is one of the main detoxification organs in the
human body. In long-term chronic As poisoning, substantial
amounts of organic As can be oxidized (III)As to (V)As by
metabolizing the liver and reduced (V)As to (III)As or As
methylation [21, 22]. Dictyophora contains a variety of trace
elements and nutrients. And its polysaccharide is a high bio-
activity macromolecule with high curative effects in lowering
blood pressure, blood sugar, antitumor, and immune stimu-
lation [23]. Our previous studies have shown that DIP inter-
vention on As-induced L-02 cells alleviates the changes in
cell viability, apoptosis, and oxidation stress [24]. Mean-
while, DIP could reduce arsenic content in the liver, increase

(a) (b) (c) (d)

(e) (f) (g)

Figure 3: HE staining of the liver: (a) the control group; (b) the low As group; (c) the medium As group; (d) the high As group; (e) the low
DIP group; (f) the medium DIP group; (g) the high DIP group (HE ×100).
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As in blood and urine, and inhibit liver tissue damage caused
by sodium arsenite [25, 26], suggesting that DIP could
inhibit As toxicity at cellular and whole-organism levels
and protect liver function. Therefore, on the basis of the pre-
vious, we explored the DIP that had a substantial protective
effect on the occurrence and development of As-induced
liver fibrosis in the present study.

We established a rat model of As poisoning by the feed-
ing method, the research results showed that As contents
and organ coefficient of the liver increase in each As-

exposed group of rats, and the trend of weight gained slowly.
The serum hepatic enzyme indexes of ALT and AST and
metabolic levels of TBIL and DBIL in bilirubin increased,
while the TP, A/G, and ALB levels decreased at varying
degrees. These results indicated that the rats in each expo-
sure group had different degrees of liver damage. (III)As
exposure significantly increased the levels of serum bio-
chemical indexes, which is consistent with previous study
findings [27]. The DIP was entered intervention treatment
after three months. Compared with the As poisoning control
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Figure 4: Serum-related indexes of liver injury in rats: (a) changes of the rat liver damage index of serum enzymology in the model group;
(b) changes of the rat liver damage index of serum enzymology in the DIP group; (c) changes of bilirubin metabolism in the model group;
(d) changes of bilirubin metabolism in the DIP group; (e) changes of protein synthesis function in the model group; (f) changes of protein
synthesis function in the DIP group. Values are mean ± standard deviation, and n = 10. ∗P < 0:05.
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Figure 6: Masson staining of the liver: (a) the control group; (b) the low As group; (c) the medium As group; (d) the high As group; (e) the
low DIP group; (f) the medium DIP group; (g) the high DIP group (Masson ×100); (h) the rat liver hyperplasia of fibrous tissue area
measurement in the model group; (i) the rat liver hyperplasia of fibrous tissue area measurement in the DIP intervention group. Values
are mean ± standard deviation, and n = 10. ∗P < 0:05.
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Figure 5: Changes of four indexes of liver fibrosis in rats. (a) Changes of four indexes of liver fibrosis in the model group. (b) Changes of
four indexes of liver fibrosis in the DIP group. Values are mean ± standard deviation, and n = 10. ∗P < 0:05.
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group, the protective effect on the liver injury was more
obvious with increasing dose of DIP, suggesting that DIP
has antagonistic effects on As-induced liver injury in rats.

Liver fibrosis refers to the pathological process of inflam-
mation and necrosis of hepatocytes caused by various fac-
tors, which lead to the deposition of extracellular matrix
(ECM), cytokine imbalance, and generation of liver fibro-
blasts [28]. Hence, liver fibrosis induced by sodium arsenite
is a slow disease process in which many cellular and inflam-
matory factors participate, including hepatocyte hydrode-
generation, hepatocyte ballooning, hepatocyte necrosis
(inflammatory infiltration), hepatocyte regeneration, fibrous
tissue proliferation, and liver fibrosis [29]. There are four
serum indicators for liver fibrosis, LN, HA, PCIII, and
CIV. HA is a matrix component synthesized by stromal
cells; it can accurately and sensitively reflect the amount of
fiber produced in the liver and the damage extent of liver
cells, which is a sensitive index of liver fibrosis and cirrhosis
[30]. CIV is the standard of collagen synthesis and the pri-
mary component of basement membrane reticular structure.

In the initial stage of liver fibrosis, CIV proliferates and
transforms rapidly and finally forms an extensive basement
membrane with the precipitation of LN [31]. In this study,
the concentrations of LN, HA, PCIII, and CIV in As-
exposed groups increased with increase in the exposure dose;
there was a positive correlation. This finding suggests that
long-term As exposure can induce hepatic fibrosis. These
findings are consistent with Tao et al.’s results that long-
term exposure to sodium arsenite can induce hepatic stellate
cell (HSC) activation and hepatic fibrosis in SD rats [32].
Combined HE and Masson staining can accurately deter-
mine the level of tissue fibrosis. The current study showed
that liver fibrosis aggravates the degeneration and necrosis
of liver cells and inflammatory cell infiltration with pro-
longed As exposure time. A large number of fibrous septa
and moderately to severely proliferated collagen fibers
formed around the hepatic lobules. Meanwhile, the struc-
ture of liver lobules was abnormal, and the cell lines had
a disordered arrangement. It is obvious that inflammatory
cells infiltrate the interstitial tissues, accompanied by a

(a) (b) (c) (d)

(e) (f) (g)

Figure 7: Immunohistochemical staining of TGF-β1: (a) the control group; (b) the low As group; (c) the medium As group; (d) the high As
group; (e) the low DIP group; (f) the medium DIP group; (g) the high DIP group (×400).

Table 1: TGF-β1-, CTGF-, and α-SMA-positive color intensity and density value in the As model group (n = 10, �x ± s).

Group
TGF-β1 CTGF α-SMA

Immune intensity Density value Immune intensity Density value Immune intensity Density value

Control + 150:45 ± 3:14 + 118:48 ± 9:52 + 123:63 ± 7:42
The low AS group +~++ 157:23 ± 2:29a +~++ 135:23 ± 10:13a + 130:56 ± 9:15
The medium AS group +~++ 160:67 ± 1:24a ++~+++ 156:47 ± 11:24a +~++ 155:85 ± 8:84a

The high AS group ++~+++ 166:76 ± 3:34a ++~+++ 164:25 ± 9:34a +~+++ 168:25 ± 11:34a

Note: acompared with the normal group, P < 0:05. bCompared with the As control group, P < 0:05.
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progressive increase of fibrous tissue proliferation. This result
suggested that As exposure could cause liver injury in rats,
and the degree of liver fibrosis was aggravated with increase
in dose and time. Intervention with DIP decreased the con-

centrations of LN, HA, PCIII, and CIV with increasing poly-
saccharide doses. Following intervention, the collagen fibers
in the peripheral and portal areas of the liver lobule and
inflammatory cells decreased, and the area of hyperplastic

(a) (b) (c) (d)

(e) (f) (g)

Figure 8: Immunohistochemical staining of CTGF: (a) the control group; (b) the low As group; (c) the medium As group; (d) the high As
group; (e) the low DIP group; (f) the medium DIP group; (g) the high DIP group (×400).

(a) (b) (c) (d)

(e) (f) (g)

Figure 9: Immunohistochemical staining of α-SMA: (a) the control group; (b) the low As group; (c) the medium As group; (d) the high As
group; (e) the low DIP group; (f) the medium DIP group; (g) the high DIP group (×400).
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fiber demonstrated a reducing trend, suggesting that DIP has
antagonistic effects on the progression of liver fibrosis.

When the damage of inflammatory cells and damage
factors (alcohol, virus, drugs, poisons, parasites, etc.) to the
liver exceeds the compensatory capacity of the body, it
releases various inflammatory factors, activating HSC to
transform into myofibroblast cells, further leading to sub-
stantial precipitation of ECM and proliferation of fibrous
connective tissue. And the reconstructed hepatic lobules
and formed pseudolobules or nodules develop into liver
fibrosis, cirrhosis, and liver cancer, eventually leading to liver
failure and death. However, synthesis and degradation of
ECM are mainly controlled by TGF-β1. When liver injury
occurs, activation of hepatocyte leads to the increase of
TGF-β1 synthesis, with aggravating degree of fibrosis; CTGF
was found to be overproduced in liver tissue. CTGF is an
important downstream factor that mediates the profibrotic
effect of TGF-β1 and regulates the growth of fibroblasts
and the secretion of ECM. Both TGF-β1 and CTGF can
stimulate the synthesis of fibroblasts to transform into myo-
fibroblasts, thus upregulating the expression of α-SMA and
increasing the synthesis of ECM [33, 34] (Figure 10). As an
important fibrosis cytokine, TGF-β1 is an initiating factor
of liver fibrosis [35]. The protein expression was located in

the cell cytoplasm, and the positive products were brown-
yellow. Since TGF-β1 plasma concentrations can be signifi-
cantly increased and are closely related to ALT and AST
levels in severe liver injury, the protein TGF-β1 is a marker
of liver inflammation and necrosis [36]. Our results showed
that the expression of TGF-β1 increased with increasing
exposure dose in the liver tissue of rats. The TGF-β1-posi-
tive cells were mostly concentrated in the portal area and
proliferative collagen fibers with a clear outline. CTGF is a
strong, sensitive index for expression, mainly expressed in
the liver parenchymal cells and interstitial cells in the portal
area. The CTGF-positive product is brown-yellow, while
strongly positive is brown. We found high expression in
the portal area and cytoplasm in the moderate and high
As-exposed group, and the positive cells were mainly con-
centrated in the interstitial cells. The expression of α-SMA
was located in the cell membrane or cytoplasm; its positive
products are yellow and brown. We found high α-SMA
expression in the membrane and cytoplasm of medium
and high As-exposed groups. The expression level of α-
SMA in the liver of rats increased with increasing exposure
dose. DIP intervention decreased the expression of TGF-
β1, CTGF, and α-SMA protein in rat liver. The combined
results of the four serum liver fibrosis indexes, LN, HA,

Table 2: TGF-β1-, CTGF-, and α-SMA-positive color intensity and density value in the DIP group (n = 10, �x ± s).

Group
TGF-β1 CTGF α-SMA

Immune intensity Density value Immune intensity Density value Immune intensity Density value

Control + 149:34 ± 2:42 + 110:07 ± 11:02 — 131:19 ± 10:57
AS control group +~+++ 161:49 ± 1:13a ++~+++ 149:34 ± 10:13a ++ 159:36 ± 11:13a

The low DIP group +~+++ 158:67 ± 1:07 +~+++ 141:22 ± 13:82 +~++ 155:03 ± 9:88
The medium DIP group +~++ 154:44 ± 2:24b +~++ 132:29 ± 10:24b +~++ 137:55 ± 10:24b

The high DIP group +~++ 151:82 ± 2:82b +~++ 128:01 ± 11:34b + 127:25 ± 12:18b

Note: acompared with the normal group, P < 0:05. bCompared with the As control group, P < 0:05.

Healthy liver

Inflammation factor

HSC Fibrob last

Liver fibrosis

ECM

𝛼-SMA

TGF-𝛼

TGF-𝛽1
CTGF

EGF
HGF

Figure 10: Schematic diagram of hepatic fibrosis-related proteins. The inflammatory cells and damage factors can activate HSC in liver
tissue and increase the synthesis of TGF-β1, which led to proliferation of fibrous connective tissue and upregulated the expression of
CTGF. And the synthesis and transformation of fibroblasts into myofibroblasts, thereby regulating the expression of α-SMA, were
increased the synthesis of ECM and caused liver fibrosis finally.
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PCIII, and CIV, suggested the synthesis of TGF-β1 inhibited
by DIP might regulate the expression of CTGF and decrease
the proliferation of fibrinogen and fibroblasts, which
reduced the synthesis of fibroblasts to transform into myofi-
broblasts. And a decrease of myofibroblasts downregulated
the expression of α-SMA, which affected the synthesis and
precipitation of ECM and alleviated the liver fibrosis caused
by exposure to As. The activation of cytokines may relate to
the regulation of relevant pathways, which needs further
study.

Taken together, long-term exposure of SD rats to
sodium arsenite by the feeding method can cause liver dam-
age, and the degree of harmful effects is positively correlated
with the concentration of As. The current study results dem-
onstrated that DIP mitigated the serum AST, ALT, TP, ALB,
A/G, TBIL, and DBIL levels and the concentrations of HA,
LN, PCIII, and CIV. Thus, DIP alleviates the liver histopa-
thological changes caused by exposure to As. Further study
indicated that DIP significantly inhibited As-induced liver
fibrosis by decreasing the expressions of fibrosis-related pro-
teins TGF-β1, CTGF, and α-SMA. This finding suggests that
DIP could regulate the synthesis and degradation of ECM
and inhibit fibroblast proliferation, which alleviated the liver
fibrosis caused by exposure to As. Combined with the results
of our previous research, the current study findings suggest
that DIP has excellent prospects for application in protecting
the liver.

Data Availability

The data presented in this study are available on request
from the corresponding author.

Ethical Approval

The protocol of this study was approved by the Guizhou
Medical University experimental animal operation regula-
tions and welfare management committee. Animal handling
and care were carried out throughout the experiment
according to Chinese National Guidelines for Experimental
Animal Welfare.

Conflicts of Interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Authors’ Contributions

Guoze Wang and Peipei Zuo contributed equally to this
work.

Acknowledgments

The authors would like to thank the Guizhou Medical Uni-
versity for assistance with this work. This study was sup-
ported by the National Natural Science Foundation of
China (81860560, 81660835, and 81160336), the Guizhou
Science Combined Support [2021]134, the Foundation of

Guizhou Educational Committee (No. KY[2021]008), the
Guizhou Science Foundation (ZK[2021]169), and the State
Key Laboratory of Functions and Applications of Medici-
nal Plants, Guizhou Medical University (Grant number
FAMP2020009K).

Supplementary Materials

Supplementary 1. Supplementary Table 1: the histopatholo-
gical scoring system in the As model group. Supplementary
2. Supplementary Table 2: the histopathological scoring sys-
tem in DIP intervention. (Supplementary Materials)

References

[1] Y. Z. Shao, H. J. Zhao, Y. Wang et al., “The apoptosis in
arsenic-induced oxidative stress is associated with autophagy
in the testis tissues of chicken,” Poultry science, vol. 97, no. 9,
pp. 3248–3257, 2018.

[2] M. E. Schreiber and I. M. Cozzarelli, “Arsenic release to the
environment from hydrocarbon production, storage, trans-
portation, use and waste management,” Journal of Hazardous
Materials, vol. 411, p. 125013, 2021.

[3] I. D. Rae, “Arsenic: its chemistry, its occurrence in the earth
and its release into industry and the environment,” Chem-
Texts, vol. 6, no. 4, 2020.

[4] C. Li, S. Zhang, L. Li, Q. Hu, and S. Ji, “Ursodeoxycholic acid
protects against arsenic induced hepatotoxicity by the Nrf2
signaling pathway,” Frontiers in Pharmacology, vol. 11, article
594496, 2020.

[5] U. Okereafor, M. Makhatha, L. Mekuto, N. Uche-Okereafor,
T. Sebola, and V. Mavumengwana, “Toxic metal implications
on agricultural soils, plants, animals, aquatic life and human
health,” International journal of environmental research and
public health, vol. 17, no. 7, p. 2204, 2020.

[6] J. Liu, H. Zhao, Y. Wang, Y. Shao, J. Li, and M. Xing, “Alter-
ations of antioxidant indexes and inflammatory cytokine
expression aggravated hepatocellular apoptosis through mito-
chondrial and death receptor-dependent pathways in Gallus
gallus exposed to arsenic and copper,” Environmental Science
and Pollution Research, vol. 25, no. 16, pp. 15462–15473, 2018.

[7] D. Ezhilarasan, “Oxidative stress is bane in chronic liver dis-
eases: clinical and experimental perspective,” Arab Journal of
Gastroenterology, vol. 19, no. 2, pp. 56–64, 2018.

[8] S. J. Flora, “Arsenic-induced oxidative stress and its reversibil-
ity,” Free Radical Biology and Medicine, vol. 51, no. 2, pp. 257–
281, 2011.

[9] F. Alegre, P. Pelegrin, and A. E. Feldstein, “Inflammasomes in
liver fibrosis,” Seminars in Liver Disease, vol. 37, no. 2,
pp. 119–127, 2017.

[10] H. Perveen, M. Dash, S. Khatun, M. Maity, S. S. Islam, and
S. Chattopadhyay, “Electrozymographic evaluation of the
attenuation of arsenic induced degradation of hepatic SOD,
catalase in an in vitro assay system by pectic polysaccharides
of _Momordica charantia_ in combination with curcumin,”
BB Reports, vol. 11, pp. 64–71, 2017.

[11] Z. E. Rashed, E. Grasselli, H. Khalifeh, L. Canesi, and
I. Demori, “Brown-algae polysaccharides as active constituents
against nonalcoholic fatty liver disease,” Planta Medica,
vol. 88, pp. 9–19, 2022.

11BioMed Research International

https://downloads.hindawi.com/journals/bmri/2022/7509620.f1.docx


Research Article
In Silico and In Vitro Screening of Natural Compounds as
Broad-Spectrum β-Lactamase Inhibitors against Acinetobacter
baumannii New Delhi Metallo-β-lactamase-1 (NDM-1)

Aparna Vasudevan ,1,2 Dinesh Kumar Kesavan ,1,2 Liang Wu ,2 Zhaoliang Su ,1,2

Shengjun Wang ,2 Mohan Kumar Ramasamy ,3 Waheeta Hopper ,4 and Huaxi Xu 1,2

1International Genomics Research Center (IGRC), Jiangsu University, Zhenjiang 212013, China
2Department of Immunology, School of Medicine, Jiangsu University, Zhenjiang 212013, China
3Interdisciplinary Institute of Indian System of Medicine, SRM Institute of Science and Technology, Tamil Nadu, India
4Department of Biotechnology, School of Bioengineering, Faculty of Engineering & Technology, Kattankulathur Campus,
SRM Institute of Science & Technology, India

Correspondence should be addressed to Huaxi Xu; xuhx@ujs.edu.cn

Received 29 December 2021; Revised 10 February 2022; Accepted 17 February 2022; Published 10 March 2022

Academic Editor: Chunpeng Wan

Copyright © 2022 Aparna Vasudevan et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Antibiotic resistance is one of the significant problems globally; there is an increase in resistance with introducing every new class
of antibiotics. Further, this has become one of the reasons for arising of new resistance mechanisms in Acinetobacter baumannii.
In this study, we have screened natural compounds as a possible inhibitor against the NDM-1 β-lactamase enzyme from A.
baumannii using a combination of in silico methods and in vitro evaluation. The database of natural compounds was screened
against NDM-1 protein, using Glide docking, followed by QM-polarised ligand docking (QPLD). When the screened hits were
validated in vitro, withaferin A and mangiferin had good IC50 values in reducing the activity of NDM-1 enzymes, and their
fractional inhibitory concentration index (FICI) was ascertained in combination with imipenem. The withaferin A and
mangiferin-NDM-1 docking complexes were analyzed for structural stability by molecular dynamic simulation analysis using
GROMACS for 100 ns. The molecular properties of the natural compounds were then calculated using density functional
theory (DFT). Withaferin A and mangiferin showed promising inhibitory activity and can be a natural compound candidate
inhibitor synergistically used along with carbapenems against NDM-1 producing A. baumannii.

1. Introduction

The worldwide increase in carbapenem resistance among
Gram-negative bacteria has become a significant clinical
concern. Acinetobacter is one such species that showed high
resistance after just four years of its identification in 1971
and as early as the 1990s. They were resistant to imipenem,
the trusted drug of choice [1] [2]. Resistance to carbapenems
in A. baumannii (carbapenem-resistant A. baumannii
(CRAB)) can itself make them highly resistant. Apart from
the intrinsic resistance determinants, oxacillinases (Ambler
Class D) and Metallo β-lactamases (Ambler Class B) are
major contributors to resistance against carbapenems [3].

There are three subclasses under the Metallo β-lacta-
mases, B1, B2, and B3; the New Delhi Metallo-β-lactamase
1 (NDM-1) belongs to B1. NDM-1 is an emerging concern
among the heterogeneous group of carbapenemases, first
described from Klebsiella pneumoniae, Escherichia coli, Pseu-
domonas aeruginosa, A. baumannii, and, more recently,
Enterobacteriaceae [4] [5] [6].

NDM-1-positive strains have been rapidly and widely
spreading in many countries among A. baumannii strains
[7]. NDM-1-positive strains are resistant to fluoroquino-
lones, aminoglycosides, and β-lactams (especially carbapen-
ems) while being susceptible to colistin and sometimes to
tigecycline. NDM-1 resistance dissemination occurs by
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transferring resistance plasmids with the blaNDM-1 gene,
making them a severe clinical and public health concern [7].

The crystal structure of NDM-1 reveals two zinc ions,
which are essential for cleaving the C-N bond in the β-lac-
tam ring of the antibiotic, thereby inactivating them.
NDM-1 structure comprises lysine-rich residues that help
protonate lactam nitrogen in β-lactam antibiotics [8]. MBLs
are resistant to commercially available β-lactamase inhibi-
tors, such as clavulanic acid, sulbactam, tazobactam, and
avibactam, and there are no commercially available MBL
inhibitors meant for clinical use [9]. Increased resistance to
carbapenem in A. baumannii is often seen with a high
mortality rate. The current management of infections and
outbreaks due to MDR A. baumannii requires a combina-
tion of medical interventions, antibiotic stewardship, envi-
ronmental, and prevention of resistance dissemination.
There is an urgent need for newer ways to combat the infec-
tions; one is to synergistically enhance the bioactivity of the
available drugs with inhibitors of resistance determinants
[10]. The purpose of this research is to search for natural
compounds that can inhibit acquired β-lactamases, which
contribute to carbapenem resistance in A. baumannii,
specifically NDM-1 Metallo-lactamase. The workflow for
the study is given as in Figure 1. A preliminary computa-
tional method was used to identify a subset of compounds
from a database of natural compounds by predicting their
binding mode against the target proteins from in silico
molecular docking experiments and density functional the-
ory (DFT). The top hits were validated by molecular
dynamic simulation studies and in vitro enzyme inhibition
assay, and fractional inhibitory concentration and in silico
ADME properties were predicted.

2. Materials and Methods

2.1. Protein and Ligand Preparation. The protein sequence
information of NDM-1 from A. baumannii was retrieved
from NCBI (accession number: ALD19783). The 3D struc-
ture of NDM-1 protein was modeled using Swiss Prot 3D
modeling server [11]. Homology modeling commonly
results in unfavourable bond lengths, bond angles, torsion
angles, and contacts in protein models. As a result, it was
critical to minimize energy to standardize local bond and
angle geometry and relax near contacts in the geometric
chain. The 3D model of NDM-1 was validated after optimi-
zation using PROCHECK [12], ERRAT [13], and VERI-
FY3D [14] programs from the Structural Analysis and
Verification Server (SAVES). PROCHECK was used to
assess the stereochemical consistency of the protein struc-
ture, and the VERIFY3D program was used to evaluate the
3D protein structure by analyzing the compatibility of an
atomic model (3D) with its amino acid sequence (1D).

All analyses were performed using Schrödinger LLC-
Maestro version 10.2. The modeled 3D protein and PDB
structures were minimized with OPLS-2005 force field using
protein preparation wizard in Maestro. Using OPLS-3e force
field in Prime program, missing hydrogens atoms, missing
side chain atoms, and missing loops were inserted.
Restrained minimization was used to minimize hydrogen

atoms and heavy atoms, and a receptor grid generation mod-
ule was used to generate a grid using the binding site residues
of modeled NDM-1. The natural compounds collected with
known antibacterial bioactivity from plants were obtained
from literature and Dr. Duke’s Phytochemical and Ethnobo-
tanical Database [15]. The structures of the compounds were
retrieved from the PubChem database and subjected to
ligand preparation. LigPrep module assigns proper bond
orders and corrects the protonation and ionization states of
the compounds; after that, each ligand’s tautomeric and
ionization states were formed. Default values were used for
pre- and postprocess minimization; a maximum of 100
conformers were generated per structure. Each minimized
conformer was filtered through an 11.4 kcal/mol (50 kJ/mol)
relative energy window with a maximum atom deviation of
2.00Å.

2.2. Glide XP Docking. XP Glide module was used to per-
form molecular docking studies with the natural compound
database against NDM-1. The XP docking score was
enhanced by several factors such as the addition of large des-
olvation penalties to both ligand and receptor; a specific
structural motif that contributes to binding affinity; and
sample and an algorithm for scoring functions. The XP
docking scoring functions include Ecoul (Coulomb energy),
EvdW (van de Waals energy), Ebind (components favouring
binding), and Epenalty (components impeding binding)
[16]. The top-ranking poses were chosen based on the Glide
ratings for further analysis. Finally, the top eight compounds
were selected for further investigation.

2.3. QPLD Docking. QM-polarised ligand docking (QPLD)
method was used to dock all ligand molecules with modeled
NDM-1 protein. QPLD docking method is used to improve
docking scores by calculating quantum mechanics and
molecular mechanics (QM/MM) approach using QSITE
program coupled with Jaguar for QM region and the
IMPACT molecular modeling code for MM region [17].
The QM/MM energy is calculated as the complex’s Cou-
lomb–van der Waals force, calculated from the ligand’s elec-
trostatic potential energy. This is derived from a single-point
calculation for the QM region using density functional the-
ory using the 6-31G∗/LACVP∗ basis set, B3LYP density
functional, and “Ultrafine” SCF accuracy level (iacc = 1 and
iacscf = 2) [18]. Briefly, three steps were included in the pro-
tocol: first, generating the best pose for ligand docking using
standard precision (SP) scoring mode followed by XP refine-
ment; second, initial partial charges on ligand atoms were
removed, and QM-ESP charges were calculated from the
electrostatic potential energy surface of the ligand, generated
from a single-point calculation using B3LYP/6-31G∗ level
within the protein environment and density function for
the QM region; and third, the ligands were redocked in the
most energetically favourable pose using Glide standard
docking for QPLD refinement, and then, the level of quan-
tum–mechanical treatment was set at Fast mode [19].

2.4. DFT Calculations. The density functional theory (DFT)
analysis was performed for the natural compounds. The
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minimized ligands obtained from LigPrep were used for
DFT calculations using the Jaguar panel of Maestro Schrö-
dinger. Recognized conformers were studied by DFT using
the Jaguar module in Maestro. DFT calculations were per-
formed to determine the electronic molecular properties,
such as electron density, molecular electrostatic map, and
frontier molecular orbital density fields, revealing biologi-
cal activity and molecular characteristics (lowest and high-
est occupied molecular orbital). These compounds were
measured using DFT using a Jaguar module depending
on the solvation condition. Using the 491 6-31G∗∗ basis
set standard, the conformers were analyzed using the Lee-
Yang–Parr correlation functional (B3LYP) and Becke’s
three-parameter exchange potential [20]. With single-point
calculations, the implicit redemption model of the Poisson–
Boltzmann Finite (PBF) was calculated. Dipole moment,
highest occupied molecular orbital (HOMO), lowest unoccu-
pied molecular orbital (LUMO) energy, and lowest unoccu-
pied molecular orbital (MESP) were used to calculate the
molecular electrostatic properties. The electrostatic poten-
tials were calculated using the molecule’s van der Waals
(vdW) contact surface region. The colour-coded surface
values showed the positive electrostatic potentials and total
molecular size. The most positive electrostatic potential
regions are indicated by the darkest blue colour, whereas
the most negative electrostatic potential regions are indicated
by the deepest red colour [19, 21].

2.5. ADME Analysis. Absorption, distribution, metabolism,
and excretion (ADME) properties of natural compounds
were calculated using the QikProp module in Maestro. Qik-
Prop module predicts the several pharmaceutically relevant
properties and other physically significant ADME property
descriptors for the ligand. The essential properties for
drug-likeness, like log P, human oral absorption, and Lipins-
ki’s rule of 5, were calculated in the QikProp module [22].

2.6. Molecular Simulation. The docked protein-ligand com-
plex of apoproteins and ligand complexed NDM-1 were sim-
ulated to study the stability using molecular dynamic
simulation analysis software GROMACS 5.16 [23]. Apo pro-
teins and protein-ligand complexes were simulated for a
100ns time scale to get an insight into the conformational
changes of atoms in protein-ligand complexes in the dynamic
environment. Using the PRODRG server and GROMACS
tools, the topologies were generated for all the ligands in the
complexes. The structure of protein complexes was relaxed
and hydrated using simple point charge (SPC) water with peri-
odic boundary conditions. Genion tool in GROMACS was
used to add Na+ and Cl− to the system to neutralize the sys-
tem. The Verlet cut-off scheme was used to perform an energy
minimization iteration. The Ewald method was used to calcu-
late the long-range electrostatic and van der Waals interac-
tions with a cut-off of 1.0 and 1.2 nm. The simulation was
performed after equilibrating the system to the room temper-
ature, pressure, and constant number of particles (NPT), and a
simulation of 100ns was performed [24]. The trajectories were
used for various dynamic analyses, such as root mean square
deviation (RMSD), root mean square fluctuation (RMSF),
and the radius of gyration (Rg); a number of hydrogen bonds
and SASA by different inbuilt scripts of GROMACS after the
100ns MD simulation were completed. MM-PBSA binding
free energy of receptor-ligand complexes was calculated using
the molecular mechanics/Poisson–Boltzmann surface area
(MM/PBSA) process, which uses MD simulation trajectories
and is one of the most widely used methods in this field [25].

2.7. Molecular Docking of Natural Compounds with Other
Types of β-Lactamases. The natural compounds were taken
for Glide docking analysis against other different types of
β-lactamases from various organisms. The study was done
to analyze the binding efficiency of these compounds against
non-NDM-1 β-lactamases. The β-lactamase, ADC-7 (PDB

Natural compounds with antibacterial activity were selected from Dr. dukes
database and literature were downloaded from Pubchem

Glide docking of natural compounds against NDM-1

Structurally diverse compounds with good docking score
were selected and QPLD docking was performed

Invitro NDM-1 enzyme inhibition was performed for top 8
compounds with best docking score in QPLD docking

Determination of fractional inhibitory concentration (FIC) was performed for best
two compounds against A. baumannii

Best two compounds were selection for molecular simulation studies, MM-PBSA
analysis and DFT analysis

Figure 1: Flow chart of virtual screening, filtering, and experimental screening strategy for identifying NDM-1 inhibitors.
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ID: 6PWL, A. baumannii), AmpC (PDB ID: 1KDW, E. coli),
CTX-M-15 (PDB ID: 4HBT, E. coli), KPC-2 (PDB ID:
3RXX, K. pneumoniae), SHV-1 (PDB ID: 3MXR, K. pneu-
moniae), TEM-1 (PDB ID: 1TEM, E. coli), OXA-24/40
(PDB ID: 6MPQ, A. baumannii), and VIM-2 (PDB ID:
2YZ3, Pseudomonas putida) were selected for the Glide
docking studies. The previously used protein preparation
and Glide protocol in Sections 2.1 and 2.7 were followed
for β-lactamase protein and the four natural compounds.

2.8. In Vitro NDM-1 Enzyme Inhibition Assay. The NDM-1
enzyme inhibition assay was carried out spectrophotometri-
cally using nitrocefin as a chromogenic substrate as
described previously [26] [27]. Briefly, the known inhibitors
(EDTA (Aladdin, China, E299201) and substrate (nitrocefin
(Aladdin, China, N163020)) and natural compounds were
dissolved in DMSO. Recombinant NDM-1 enzyme (RayBio-
tech Life ID: 230-00554-500, Georgia) at a concentration of
1 nM was supplemented with 10μM ZnSO4, incubated with
various concentrations (10-100μM) of shortlisted com-
pounds from computational screening (10μL of DMSO as
negative control) for 10min at 30°C temperature. Nitrocefin
was then added at a final concentration of 60μm, and the
absorbance was measured at 490nm at 30°C temperature
using a multimode reader (BioTek Synergy, United States).
The IC50 values were determined thrice by fitting the con-
centration dependence of residual enzyme activity to the
nonlinear regression using GraphPad Prism 5.03.

2.8.1. Determination of Fractional Inhibitory Concentration
(FIC). The combined effect of the natural compounds and
imipenem (Zhejiang Hisun Pharmaceutical, China) was
done using the checkerboard synergy titration assay in a
96-well microtitre plate [28]. Imipenem was tested at con-
centrations of eight dilutions lower than their MIC and
two dilutions higher than the MIC. MIC concentration of
imipenem (4x) was added in all wells under column 1 of
the 96-well checkerboard panel for each concentration of
natural compounds (one each row). The compounds were
serially diluted at different subinhibitory concentrations,
and each concentration was added to the corresponding
rows. The bacterial strain (PAN resistance A. baumannii
clinical isolate (strain number: P-29) was adjusted to 0.5
McFarland’s standard and added to each well. The plates
were incubated at 35°C and read at 600 nm using a BioTek
microplate reader. The compound’s fractional inhibitory
concentration (FIC) index was calculated as given by the
formula ðMIC of A in combinationwith B/MIC of A aloneÞ +
ðMICof B in combinationwithA/MIC of B aloneÞ.

A FIC = 0:5 for a compound was taken as synergistic,
FIC > 0:5 − 4 was additive/indifferent, and FIC > 4 was taken
as antagonistic.

3. Results and Discussion

3.1. Homology Modeling of NDM-1. The Ramachandran
plot was used to evaluate the reliability of the NDM-1 3D
model using PROCHECK software (Suppl. Figure 1). The
predicted 3D model’s Ramachandran plot showed that

89.7% of residues were in the most favourable region, while
9.8% were in the allowed region, suggesting that the
predicted model is of good quality. The “overall quality
factor” for nonbonded atomic interactions is given by
ERRAT scoring; the higher the scores, the better the quality.
The commonly accepted range for a high-quality model is
>50. The overall quality factor predicted by the ERRAT
server for the current 3D model was 84.40, and the
VERIFY3D server predicted that 96.68% of the residues in
NDM-1 had an average 3D-1D score > 0:2, indicating that
the model was valid.

The active site of NDM-1 includes residues ILE35,
MET67, VAL73, TRP93, HIS120, GLN123, HIS122,
ASP124, ASN220, GLY219, LYS211, LEU218, HIS189, and
HIS250, as shown in (Figure 2) [5]. Crucial for bioactivity
of Class B β-lactamases are zinc ions; there are two zinc ions
surrounded by HIS120, HIS 122, ASP124, HIS189, CYS208,
and HIS250 in the NDM-1 protein. The β-lactam ring inter-
acts with two zinc ions, LYS211, a conserved residue ASN
220, ASP123, and ASP124, contributing to binding and ori-
entation [6].

3.2. Molecular Docking Analysis. The literature and Dr.
Dukes database selected the natural compounds with only
antibacterial activity, and a database was created for this
study. A total of 168 phytochemicals were shortlisted using
Glide docking against NDM-1 protein. The natural com-
pounds with the maximum docking score and binding mode
in the active sites of the proteins were prioritized, and the
top eight compounds interacting with active site residues
of NDM-1 were chosen for further analysis (Table 1).

The results of molecular docking and molecular interac-
tions provide additional insights into selective interactions of
natural compounds with NDM-1, as shown in Figure 3 and
Suppl. Figure 2. The natural compound database was docked
into the active site of NDM-1 based on the docking score
priorities; compounds were selected for further studies.
Based on the hydrogen-bonding interactions and docking
score, the top 8 compounds with structural diversities and
binding mode were chosen. Figure 3 shows the protein-
ligand complexes and their hydrogen bond interactions.

The enzyme inhibition assay with β-lactamase and
NDM-1 enzyme was performed with 8 compounds, men-
tioned in Table 1. Of the eight, only two compounds (with-
aferin and mangiferin) showed the highest activity, and two
compounds showed moderate activity (rutin and mangos-
tin) (explained in Section 3.5). The four compounds were
further analyzed for docking interaction with NDM-1. Four
compounds, rutin, mangiferin, withaferin A, and mangostin,
were found to have good Glide score for NDM-1 (-9.44,
-9.12, -5.12, and -6.54 kcal/mol, respectively) and the Glide
score for the known inhibitor D-captopril (-5.52), respec-
tively. Molecular docking analysis showed that all four
selected compounds interacted with NDM-1 catalytic amino
acid residues through hydrogen bonding and hydrophobic
interactions.

Withaferin A, a terpenoid containing four cycloalkane
ring structures, three cyclohexane rings, and one cyclopen-
tane ring, is isolated from Acnistus arborescens and
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Withania somnifera [29]. Recent research has shown that
withaferin A has anticancer, adaptogenic, antistress, anti-
convulsant, immunomodulatory, and neurological effects.
It is a natural proteasome inhibitor, an apoptosis inducer
by inhibiting the topoisomerase-I DNA complex, and a
mitotic poison with antiangiogenic properties [30]. Witha-
ferin A showed a Glide score of -5.12 and -6.21 kcal/mol
and Glide energy of -36.50.15 and -43.02 kcal/mol from
QPLD, respectively, and binding affinity with NDM-1. In
both XP and QPLD docking analyses, withaferin inter-
acted strongly with ASP124 (1.8Å) and Zn+ and formed
hydrophobic interactions with ILE35, VAL73, MET67,
and TRP93 (Figure 3 and Suppl. Figure 2). A pharmacophore
of withaferin A involves the 4-hydroxy-5,6-epoxy-22-en-1-
one moiety, and its unsaturated lactone has been identified
as essential for cytotoxic activity by structure-activity rela-
tionship studies [31]. In this study, we found that (6S)-6-
ethyl-3-(hydroxymethyl)-4-methyl-5,6-dihydropyran-2-one
region of withaferin A formed hydrogen bond with active site

amino acids in NDM-1. This showed that (6S)-6-ethyl-3-
(hydroxymethyl)-4-methyl-5,6-dihydropyran-2-one region
might be important in the biological activity of the withaferin
A against β-lactamase (Figure 4).

Mangiferin is a xanthone found in higher plants and
various parts of the mango crop, including the peel, stalks,
leaves, barks, kernel, and stone. It is a promising antioxi-
dant with a long list of health benefits, including antiviral,
anticancer, antidiabetic, antioxidative, antiaging, immuno-
modulatory, hepatoprotective, and analgesic properties [32].

Mangiferin docked with NDM-1 protein gave a Glide
score of -9.12 and -10.62 kcal/mol, and Glide energy of
-57.25 and -52.76 kcal/mol was observed by XP and QPLD
analysis. Mangiferin formed hydrogen bond between 9H-
xanthen-9-one and D-glucitol region and active site amino
acids ASP223 (2.0Å), GLU152 (2.4Å), ASP124 (2.5Å),
and Zn+ in XP docking and GLU152 (1.9Å), GLN123
(1.9Å), and ASN220 (2.0Å) in QPLD docking (Figure 3

(a) (b)

Figure 2: The active site region of NDM-1 protein. Panel (a) gives the cartoon model representation of NMD-1, and panel (b) shows the
active site amino acid residues in the cavity of NDM-1 receptor. The active site amino acids are shown as green carbon atom stick and
surface representation and Zn ions shown as red color sphere, whereas the protein is depicted in grey color surface.

Table 1: Molecular docking results of natural compounds with NDM-1 protein.

XP Glide docking QPLD docking

S. no Compounds
Molecular
formula

Glide
score

Glide
energy

Amino acid
interaction

Glide
score

Glide
energy

Amino acid interaction

1 Rutin C27H30O16 -9.44 -59.59 GLU152, Zn -9.31 -88.67
HIS250 (PI-PI), LYN211, ASP124,

GLU152, ASP223, and Zn

2 Mangiferin C19H18O11 -9.12 -57.25
ASP223, GLU152,
ASP124, and Zn

-10.62 -52.76 GLU152, GLN123, ASN220

3 Phytic acid C6H18O24P6 -7.64 -45.94 Zn, ASP223 -9.24 -59.19 ASN220, ASP124, and Zn

4
Chlorogenic acid
methyl ester

C17H20O9 -8.22 -46.44 ASP212, ASN220 -11.01 -58.38
ASP212, LYN211, LYS216, SER217,

and ASN220

5 Naringin C27H32O14 -6.97 -55.64
GLU152, ASP223,

and GLN123
-10.87 -68.81

GLN123, TRP93 (PI-PI), LYN211,
SER217, and HIS250

6 Quercetrin C21H20O11 -7.74 -51.90 GLU152 -8.72 -49.49 LYN211

7 Withaferin A C28H38O6 -5.12 -36.50 ASP124, Zn -6.21 -43.02 ASP124, Zn

8 Mangostin C24H26O6 -6.54 -40.17 GLU152, Zn -7.76 -44.45
ASN220, HIE122 (PI-PI), GLU152,

and Zn

9 D-captopril C9H15NO3S -5.52 -31.72 Zn, ASN220 -6.28 -42.22
LYS211 (SALT BI), ASP124,

ASN220, and Zn

10 Meropenem C17H25N3O5S -8.77 -41.51
GLU152, ASP223,

and Zn
-11.11 -53.66 GLU152, ASP223, and Zn
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and Suppl. Figure 2). The 1,5-anhydroglucitol region of
mangiferin formed hydrogen bonds with active site amino
acids of NDM-1, indicating the possible biological activity
of mangiferin (Figure 4).

Mangostin is a significant xanthone found in the Garci-
nia mangostana Linn (mangosteen tree’s) fruit pericarps,
bark, and dried sap. Mangostin has a wide range of pharma-
cological effects, including antioxidant, anticancer, and anti-

Compounds XP Glide Docking QPLD Docking

Rutin

Mangiferin

Withaferin A

Mangostin

D-Captopril

Figure 3: Docking interactions of natural compounds with active site residues of NDM-1 protein. Residues lining in the active site are
shown as grey colour capped sticks. Ligands are green-coloured. Zn atoms are represented in red colour spheres. Hydrogen bonds are
represented by black dashed lines.
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inflammatory effects [33]. From docking analysis with
NDM-1, Glide scores of -6.54 and -7.76 kcal/mol and Glide
energy of -40.17 and -44.45 kcal/mol were observed in the
XP and QPLD. The hydrogen bonds were formed between
9H-xanthene region of mangostin and active site amino
acids GLU152 (2.2Å) in XP docking and ASN220 (2.1Å)
and GLU152 (1.7Å) in QPLD docking (Figure 3). In QPLD
docking, 9H-xanthene region of mangostin formed PI–PI
cation interaction with HIE122 and a strong interaction
between Zn+ in the active site (Figure 3 and Suppl. Figure 2).

A flavonol glycoside, rutin (quercetin-3-rutinoside), is
between quercetin and α-l-rhamnopyranosyl-(16)—d-gluco-
pyranose [34]. Rutin contains flavonolic aglycone quercetin
and disaccharide rutinose [35], the hydroxy (-OH) groups
in the sugar moiety aid in the formation of H-bond interac-
tions between amino acid residues. Docking results of
NDM-1 and rutin are shown in Table 1 and (Figure 3 and
Suppl. Figure 2). Rutin with NDM-1 showed a Glide score
of -9.44 and -9.31 kcal/mol and Glide energy of -59.59 and
-88.67 kcal/mol in XP docking and QPLD docking
methods. In XP docking, rutin interacted with GLU152
(1.6Å), ASP124 (2.4Å), GLU152 (2.4Å), ASP223 (2.0Å),
and Zn+ ions in QPLD. In both docking methods, rutin
strongly binds to the two Zn+ ions. And it also formed PI–
PI interaction between its quercetin region and HIS250
residue in the active site.

The Structural Interaction Fingerprints (SIFt) algorithm
helps find the types of interactions in a binding site by locat-
ing amino acids around bound ligands and residue types.
SIFt was analyzed using residue features such as backbone,
side chain, hydrophobic, aromatic, acceptor, donor, polar,
and charged groups in the neighbourhood of the ligand’s
binding site. Withaferin A interacts with most of the side
chains in the active site except GLY219 (Table 2). Two
hydrophobic interactions were found in the ILE35 and
TRP93. It also forms polar interactions with HIS122,
ASP124, HIS189, SER217, ASN220, and HIS250. Withaferin
A forms aromatic (TRP93), acceptor (ASP124), and charged
(ASP124) interaction with NDM-1 binding site. GLY219
and HIS250 form backbone interaction with withaferin A.
In SIFt analysis, mangiferin shows side chain and polar
interaction with most of the amino acids in the binding site
in the NDM-1 (Table 3). It forms hydrophobic interaction
with ILE35 and forms acceptor and charged interaction with

ASP124, GLU152, and ASP223. The backbone amino acid
interaction between mangiferin is found in the HIS122,
GLN123, and GLY219, respectively.

3.3. Validation of XP Docking Protocol. The validity of the
docking protocol was performed by redocking the X-ray
crystal structure ligand (i.e., D-captopril) at the active site
of NDM-1. RMSDs and amino acid interactions between
the docked pose and the crystal structure pose of D-
captopril are as shown in the suppl. Figure 3. We found
that D-captopril redocked into the active site of NDM-1,
which is similar to the crystal structure.

3.4. Binding Free Energy Calculation. The MM-GBSA was
used to determine the effect of solvent and free energy on
the interaction between natural compounds and NDM-1
proteins. From Glide XP and QPLD docking, ligand-bound
complexes were obtained, and MM-GBSA calculation was
performed using surface area energy, solvation energy, and
energy minimization of the protein-ligand complexes. The
MM-GBSA of 4 natural compounds and known inhibitors
are shown in Table 4. And for NDM-1 docked poses, Prime
MM/GBSA (DGBind) ranges from -32.20 and -33.49 kcal -
mol (withaferin A), -23.92 and -21.05 kcalmol (mangiferin),
-15.74 and -13.92 kcalmol (mangostin), -24.32 and
-27.18 kcalmol (rutin), and -11.93 and -18.57 kcalmol (sul-
bactam) in XP and QPLD docking. The results showed that
nonsolvation terms (Glipo), van der Waals (GvdW), and
covalent energy (Gcovalent) are more promising contribu-
tors for ligand binding. The binding free energies of these
known inhibitors do not change significantly.

3.5. Determination of the Inhibitory Activity of Candidate
Natural Compounds against NDM-1. The IC50 values were
calculated for natural compounds and known inhibitors
under controlled experimental conditions. The percent
inhibitory curves for the candidate natural compounds with
efficacy for NDM-1 and β-lactamase enzyme are given in
Figures 5(a) and 5(b). The natural compounds were incu-
bated with NDM-1 enzyme, and the substrate, nitrocefin,
and hydrolysis of the substrate were monitored at 490nm
OD.

3.5.1. NDM-1 Enzyme Inhibitory Activity Assay. Of the
eight natural compounds (at concentrations 10-100μM)

Withaferin A Mangiferin

O

O

O

O

O

O

O

OH
OH

OH

OH

OH

OH

HO

HO

HO
HO CH3

CH3

CH3

CH3

Figure 4: Structure representing the bioactive moiety of withaferin A and mangiferin against β-lactamase.
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tested for the NDM-1 enzyme inhibitory activity assay,
only four compounds showed 50% maximum inhibitory
activity suggesting they could be potential inhibitors. The
addition of withaferin A, mangiferin, rutin, and mangostin
to the enzyme assay reduced the NDM-1 enzyme activity
(reduction in the hydrolysis of nitrocefin) significantly
with IC50 of 24:03 ± 2:92μM for withaferin A, mangiferin
30:6 ± 4:41μM, and rutin 48:94 ± 3:74μM and minimal
reduction with mangostin 97:48 ± 5:59μM. The IC50
values of other compounds were more than 100μM, indi-
cating that these compounds can have minimal or no
inhibitory effect on NDM-1 and the IC50 of the known
NDM-1 enzyme inhibitor EDTA was 2:081 ± 0:296μM.

3.5.2. β-Lactamase Enzyme Inhibitory Activity Assay. The
eight candidate natural compounds identified by in silico
analysis against NDM-1 were also tested for β-lactamase
inhibition assay. Of the eight, the addition of compounds
withaferin A, mangiferin, rutin, and mangostin in the assay
decreased β-lactamase activity significantly with IC50 of
32:83 ± 2:59μM for withaferin A and mangiferin 58:02 ±
2:08μM. A very minimal inhibition of the enzyme activity
was observed in the presence of rutin 127:4 ± 15:9μM and
mangostin 136:1 ± 37:1μM, while that of the known β-lacta-
mase inhibitor sulbactam was 7:244 ± 0:392μM.

3.5.3. Augmentation of Antimicrobial Effect of Imipenem by
the Withaferin A and Mangiferin. Every new development
in drug discovery is the challenge of resistance that competes
equally. Making a comeback for the already available drugs
differently is a more approachable method to combat the
resistance development. Combination therapy is not a new
avenue; combination drugs have been routinely used to treat
life-threatening illnesses. Plant natural compounds are weak
antimicrobials; however, as seen in in vitro studies, the
synergizing effect has proven effective when used together.

The compounds, withaferin A and mangiferin, showed
good enzyme inhibition activity against NDM-1 and were
checked for their mechanism of action (potential augmenta-
tion effect) with imipenem against the carbapenem-resistant
A. baumannii strain. The subinhibitory concentrations of
the natural compounds were used to test the synergy along
with imipenem, and the results were given as fractional
inhibitory concentration values.

The checkerboard method was used to design the dilu-
tion panel, with twofold concentrations above the MIC of
the antibiotics and MIC concentration and fivefold below
the MIC. The 96-well microtitre plate was used for the above
study, and the effects of the compounds on the MIC of imi-
penem are classified as synergistic, indifferent, or additive
based on the FIC index as given in Table 5. Four natural

Table 2: SIFt analysis of NDM-1 binding site amino acid interaction with withaferin A.

Amino acid Side chain Hydrophobic Aromatic Polar Acceptor Charged Backbone

ILE35 1 1 0 0 0 0 0

TRP93 1 1 1 0 0 0 0

HIS122 1 0 0 1 0 0 0

ASP124 1 0 0 1 1 1 0

HIS189 1 0 0 1 0 0 0

SER217 1 0 0 1 0 0 0

GLY219 0 0 0 0 0 0 1

ASN220 1 0 0 1 0 0 1

HIS250 1 0 0 1 0 0 0

Table 3: SIFt analysis of NDM-1 binding site amino acids interaction with mangiferin.

Amino acids Side chain Hydrophobic Polar Acceptor Charged Backbone

ILE35 1 1 0 0 0 0

HIS122 1 0 1 0 0 1

GLN123 1 0 1 0 0 1

ASP124 1 0 1 1 1 0

GLU152 1 0 1 1 1 0

HIS189 1 0 1 0 0 0

LYN211 1 0 1 0 0 0

GLY219 0 0 0 0 0 1

ASN220 1 0 1 0 0 0

ASP223 1 0 1 1 1 0

HIS250 1 0 1 0 0 0
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compounds shortlisted from the enzyme inhibition assay
were tested for synergy effect with imipenem, of which with-
aferin A and mangiferin had a potentiating effect on
imipenem.

Withaferin A (128mg/L) exhibited highly significant
synergistic/potentiating effect with imipenem tested against
carbapenem-resistant A. baumannii clinical strain (FIC
index of 0.3125) followed by mangiferin, (128mg/L) with
an FIC index of 0.625. It is not surprising to see the synergis-
tic potential of withaferin A, which has proven potentiating
effect with anticancer drugs [36]. Withania somnifera, the
source plant, has numerous therapeutic benefits. A previous
structure-activity study by Moujir et al. has explored the
antimicrobial properties and the functional groups involved
in their potency [37]. Kannan and Kulandaivelu reported the
antibacterial activity of Withaferin A activity towards both
Gram-negative and Gram-positive bacteria, including Bacil-
lus subtilis, E. coli, and Staphylococcus aureus [38]. Anemar-
rhena asphodeloides, a plant used in traditional Chinese
medicine and whose main active component is mangiferin,
has been found to have antiviral and antibacterial activities
[39]. Mangiferin has many properties and is traditionally
used in many countries; in Cuba, they are available with
the brand name Vimang® and in Sri Lanka as Salaretin®
[40]. Mangiferin has also been previously reported to be a
good potentiator, along with many antibiotics proving to
be effective for therapy [41]; this coincides with the findings
from our current view of mangiferin in aiding the efficacy of
available antibiotics. Mangiferin has been shown to have
antibacterial activity against two S. aureus and Salmonella

typhi [42] [41]. Mangiferin and its derivatives showed anti-
bacterial and antifungal action against Bacillus pumilus,
Bacillus cereus, Salmonella virchow, and two fungal species,
Thermoascus aurantiacus and Aspergillus flavus [43].

3.6. ADME. In silico predicted ADME (absorption, distribu-
tion, metabolism, and excretion) properties of four natural
compounds were done using the QikProp (Table 6). Drug
kinetics and tissue exposure, which are essentially deter-
mined by their ADME properties, affect a drug’s pharmaco-
logical activity and efficacy. Natural compounds were
predicted and analyzed for approximately 13 physically
important descriptors and pharmacologically active proper-
ties. The analysis of predicted ADME properties shows
QPlog QPlogPo/w QPpolrz, QPlogS, QPlogPw, QPlogPoct,
QPlogKp, QPlogPC16, and Khsa in the allowed range. The
physiochemical properties of the natural compounds were
within the allowed ADME range. Molecular weights of these
natural compounds range between 380 and 610 g/mol, and
each comprises 1–6 H-bond donor groups, 2-10 H-bond
acceptor groups, and 5-15 rotatable bonds. The identified
compounds’ total polar surface area (PSA) was within the
92-273Å2 range. And drug-like properties like QPpolrz,
aqueous solubility (QPlogS), hexadecane/gas (QPlogPC16),
octanol/gas (QPlogPoct), water/gas (QPlogPw), octanol/
water (QPlogPo/w), skin permeability (QPlogKp), and Khsa
serum protein binding (QPlogKhs) were shown to be in the
allowed region. All the values for natural compounds come
under the desirable range making it a suitable drug
candidate.

Table 5: Fractional inhibitory concentration (FIC) and FIC indices (FICIs) of combination of withaferin A and mangiferin with imipenem
against A. baumannii MDR strain.

A. baumannii MDR strain FIC FIC index Interpretation

Imipenem with withaferin 0.0625
0.3125 Synergy

Withaferin with imipenem 0.25

Imipenem with mangiferin 0.125
0.625 Synergy

Mangiferin with imipenem 0.5
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Figure 5: Effect of natural compounds and known inhibitors on (a) NDM-1 and (b) β-lactamase inhibition activity.
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Figure 6: Continued.
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3.7. Molecular Dynamic Simulation Results

3.7.1. RMSD. After the QPLD docking study, molecular sim-
ulations of all the protein-ligand complexes and apoproteins
were carried out for a period of 100ns. The stability and
conformational distribution of the ligands in the receptor
protein were calculated using generated RMSD trajectories.
For NDM-1, at the initial simulation phase, the backbone
of all complexes was increased between 0 and 3ns. In the
apo NDM-1 protein, an increased fluctuation was observed
at 43ns, RMSD of 0.27 nm; after this, a stable deviation
was observed throughout the simulation time, with an over-
all RMSD of 0.25 nm (Figure 6(a)). NDM-1 bound witha-

ferin and D-captopril had a maximum deviation at around
40ns with RMSD of 0.2 nm and 0.25nm, respectively,
whereas mangiferin RMSD reached a maximum of 0.3 nm
before 20 ns simulation. RMSD trajectories of NDM-1, when
analyzed together with known inhibitors and natural com-
pounds, showed that after an initial fluctuation, a successful
steady confirmation with minimal deviation was maintained
throughout the simulation.

3.7.2. RMSF. The conformation and stability of Apo and
protein-ligand complexes were determined by their amino
acid residues. It was perceived from the RMSF plot that
NDM-1 and ligand complex attained the overall low RMSF
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Figure 6: RMSD, RMSF, RG, SASA, and H-BOND of the backbone atom of the NDM-1 protein simulated over a time period of 100 ns.

Table 7: Binding free energy and interaction energy of NDM-1–ligand complexes calculated using the MM-PBSA approach.

Target ID
Binding energy

(kJ/mol)
Van der Waal energy

(kJ/mol)
Electrostatic energy

(kJ/mol)
Polar solvation energy

(kJ/mol)
SASA energy
(kJ/mol)

NDM-1

Withaferin A −96:597 ± 56:626 −112:747 ± 67:710 −12:105 ± 12:260 39:594 ± 38:035 −11:339 ± 6:804
Mangiferin −168:570 ± 48:904 −97:906 ± 44:098 −114:624 ± 77:901 62:730 ± 31:574 −10:878 ± 5:269
D-captopril −132:842 ± 35:026 −60:775 ± 19:936 −99:864 ± 55:580 101:701 ± 66:646 −7:948 ± 2:811
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than apoprotein. The plot suggested the stable binding of all
three ligands and residues interacting with all three ligands
having low flexibility compared with apoprotein fluctuation
data. The resultant RMSF profile of NDM-1 apo and ligand
complex showed fluctuations in the range of 0.1 to 0.25 and
0.1 to 0.52 nm at the protein’s catalytic site and noncatalytic
sites. We have calculated the B-factor for Apo protein and
compared it with RMSF of a protein-ligand complex.

In NDM-1, high fluctuation (0.3 to 0.52 nm) was
observed in the loop region of GLU30, ILE31, MET39,
ASP66, MET67, PRO68, GLY69, PHE70, and ARG270 in
apo and ligand-bounded complexes of NDM-1. These
regions belong to the loop region in the NDM-1 and had

fluctuations in both apo and ligand-bound complexes. In
D-captopril–NDM-1 complex, high fluctuation was
observed in the N-terminus loop region of GLU30,
THR34, GLN37, and THR41 with RMSF around 0.25 to
0.46 nm. In ligand-bounded NDM-1 complex, slight fluctua-
tions were observed in the loop region of ASN220, LEU221,
GLY222, ASP223, ALA224, and ARG270 RMSF of 0.2 to
0.38 nm (Figure 6(b)). In this study, NDM-1 ligand-
bounded complexes had no significant fluctuations at the
ligand-binding site in the protein-ligand complexes com-
pared with the Apo protein (Figure 6(b)). B-factor RMSF
from the crystal structure and the simulated RMSF of
NDM-1 were highly correlated throughout 100ns.

Table 8: HOMO, LUMO, HELG, ESP, and solvation energy parameter of the withaferin A, mangiferin, and D-captopril.

S. no Compound IDs HOMO (eV) LUMO (eV) HLG (eV)
QM dipole
(debye)

Solvation energy
(kcal/mol)

ESP min
kcal/mol

ESP max
kcal/mol

1 Withaferin A -0.25442 -0.06792 0.1865 8.9441 -23.82 -62.87 63.53

2 Mangiferin -0.21798 -0.06246 0.1555 7.6612 -15.80 -74.91 79.73

3 D-captopril -0.2394 -0.0058 0.2394 11.2215 -71.45 -79.28 76.73

HOMO

0.1865eV

LUMO

HOMO

0.1555eV

LUMO

Withaferin A

HOMO

0.2394eV

LUMO

Mangiferin

D-Captopril

Figure 7: The highest occupied molecular orbital and the lowest unoccupied molecular orbital are plotted on a natural compound.
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3.7.3. The Radius of Gyration (Rg). The radius of gyration
(Rg) indicates the size and compactness of the protein. The
Rg values of NDM-1 complexes were 1.7 nm at the initial
state. The fluctuation of Rg of apo and ligand-bounded
NDM-1 was observed initially, and it was stabilized after five
ns. For apoprotein, Rg fluctuation was observed in 27 and
38ns, and for withaferin A–NDM-1 complex, a slight
increase in fluctuations was there at 43 and 48ns, and the
system was stable after that, still 100 ns. For D-captopril–
NDM-1 complex, there was high fluctuation initially, and
it was stabilized after 20 ns till 100 ns. For mangiferin–
NDM-1 complex, overall, there was no fluctuation observed,
and the system was stable till 100 ns (Figure 6(c)).

3.7.4. SASA. To better understand the impact of inhibitors
on protein accessible surface area for solvent, we calculated
solvent accessible surface area (SASA). The average SASA
value of the NDM-1 ligand complex was calculated as 105-
119nm throughout 100 ns. The average SASA values of
118 ± 5nm for withaferin A, 121 ± 10nm for mangiferin,
and 120 ± 9nm for D-captopril were observed in 100 ns
(Figure 6(d)). All the protein-ligand complexes and apopro-
teins showed minimum fluctuations during 100 ns. The
SASA results showed that active site residues were well
exposed to the solvent and readily accessible.

3.7.5. Hydrogen Bond. The number of hydrogen bonds was
calculated during simulations for ligand-bound complexes
of NDM-1. For NDM-1, an average of 2-3 hydrogen bonds
in the NDM-1 ligand-bound complex were observed during
100ns of simulations. For D-captopril–NDM-1 complex, 3-
4 hydrogen bonds were observed in 90-95 ns. Overall,
hydrogen bonds between the three ligands had stable inter-
action with the active site residues of NDM-1 (Figure 6(e)).

3.8. MMPBSA Analysis. The binding free energies were calcu-
lated using polar and nonpolar energy terms. During the
100ns MD simulations, the energies associated with the bind-
ing of withaferin A, mangiferin, and D-captopril with NDM-1
were calculated. The following energies have been calculated:
vdW interaction energy, electrostatic energy, polar solvation
energy, SASA energy, and average binding energy (Table 7).
NDM-1/ligand complexes and withaferin A/NDM-1 complex
showed the lowest binding energy of -96.597kcal/mol
followed by mangiferin/NDM-1 and D-captopril/NDM-1
complexes -168.570kcal/mol and -132.842kcal/mol, respec-
tively. The polar and nonpolar energies were distinct in each
complex. The lowest polar solvation energy was observed in
withaferin A–ligand complexes (39.594kJ/mol), and the max-
imum energy was observed in the mangiferin–NDM-1 com-
plex (62.730kJ/mol). The withaferin A and mangiferin had
good binding energies with NDM-1.

3.9. Density Functional Theory (DFT) Calculations

3.9.1. HOMO and LUMO Analysis. The properties of the
molecular structure were explained using DFT calculations.
DFT calculations at the level of B3LYP/6-31G∗∗ were opti-
mized to produce these four molecules. In chemical reactiv-
ity, the molecules are sparkly, and the HOMO–LUMO
distance increases charge transfer. The molecular orbital
interactions with the other species and their energy differ-
ence (gap) assist in quantifying the chemical reactivity of
the structure that participates in the chemical reactions. Nat-
urally, the electron density is indicated by the intensity of the
colour that would reflect the molecule’s characteristic fea-
ture. The chemical reactivity of HOMO, LUMO, and MESP
has been used to analyze molecule parameters. The LUMO
is commonly used as an electron acceptor, while the HOMO
is used as an electron donor. The stability of the structure

Withaferin A Mangiferin

D-Captopril

Figure 8: Electrostatic potential map generated for withaferin A and mangiferin, using the density functional theory (DFT) B3LYP/6-
31G∗∗ method.
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was used to analyze the HOMO and LUMO energy gaps.
Energy gap levels in the HOMO and LUMO elucidate the
fragile essence of reactivity since electrons can be transferred
quickly between the energy levels. In HOMO and LUMO,
energy gaps of the natural compounds and known inhibitors
are 0.1865 eV (withaferin A), 0.1530 eV (mangiferin), and
0.2394 eV (D-captopril), respectively (Table 8). The lesser
the energy gap, the more energetically favourable the com-
pound is for chemical reaction. As a result, the values indi-
cate that the molecules have good chemical reactivity. The
stability of the compounds was influenced by total energy,
dipole moment, HOMO, LUMO, and energy distance. The
natural compounds were plotted in the HOMO and LUMO
energy gaps (Figure 7). The colour-coding area was red,
which indicated the most negative potential region, and blue,
which indicated the most positive potential region in the
natural compounds.

In Figure 7, the frontier molecular orbital diagrams, the
electrons are localized on 4-hydroxy-5,6-epoxy-22-en-1-
one moiety in withaferin A and 2-hydroxymethyl-6methlox-
ane-3,4,5-triol in mangiferin in the HOMO structures. The
hydroxy groups in withaferin A and mangiferin are readily
available to donate electrons to the interaction groups of
amino acids at the binding site of NDM-1, based on the
HOMO and LUMO structures. The DFT results agree well
with the docking results, indicating that withaferin A and
mangiferin are the study’s best inhibitors. Both withaferin
A and mangiferin have the smallest HOMO-LUMO gap
among the ligands studied, indicating that the inhibitor’s
HOMO can transfer electrons to lower-energy LUMO of
amino acid residues in the enzyme’s active site.

3.9.2. Electrostatic Potential and Dipole Moment. Further-
more, the molecule’s electrostatic potential and dipole
moment have been proposed to determine the various inter-

molecular interaction properties and the most suitable
regions between ligand and receptor [44]. Based on the
electron density distribution on the respective molecular
surface, the electrostatic map for withaferin A, mangiferin,
and D-captopril is shown in Figure 8. The blue colour
region on the electrostatic map indicates the strong elec-
trophilic region of electrons in hydrogen atoms. This was
observed for four natural compounds in this analysis. Sim-
ilarly, the higher nucleophilic regions contributed by
electron-rich molecules, such as hydroxy and carbonyl
groups in the respective bioactive compounds, were coloured
red on electrostatic maps. The measured electrostatic poten-
tial map for designated bioactive compounds indicated that
highly electronegative atoms, such as oxygen, and highly
electropositive atoms, such as carbon atoms bonded to oxy-
gen in cyclic chains and hydrogen atoms, can introduce
intermolecular interactions with the active residues of pro-
teins in their vicinity during docking simulations [45]. The
highly positive points were located at the hydroxy groups of
oxygen atoms, and the highly negative points were located
at the hydroxy group of hydrogen for the natural compounds
(Figure 8). The natural compounds’ high electropositive and
electronegative atoms interacted with active site amino acids
of NDM-1. The electrostatic potential maximum and mini-
mum ranges for natural compounds and known inhibitors
are shown in Table 8, respectively.

3.10. Molecular Docking Studies of Other Types of β-
Lactamase with the Four Natural Compounds. The natural
compounds withaferin A and mangiferin were also docked
with other types of β-lactamases from different organisms
to find their broad-spectrum β-lactamase activity. The β-lac-
tamases, ADC-7 (PDB ID: 6PWL, A. baumannii), AmpC
(PDB ID: 1KDW, E. coli), CTX-M-15 (PDB ID: 4HBT, E.
coli), KPC-2 (PDB ID: 3RXX, K. pneumoniae), OXA-24/40

Table 9: The binding interactions of natural compounds in the active site residues of other β-lactamase enzymes.

Compounds Beta-lactamase
Glide
score

Glide
energy

Glide
EvdW

Glide
Ecoul

Glide
emodel

Amino acid interactions

Withaferin A

AMPC -4.606 -38.022 -23.74 -14.282 -50.842 ARG204, GLN120, ASN289, and ASN346

TEM-1 -2.791 -31.98 -17.237 -14.743 -34.431 GLU110, SER106, and VAL216

VIM-2 -3.848 -35.208 -25.42 -9.788 -39.222 ASP97, ASN190

SHV-1 -4.145 -31.208 -23.642 -7.566 -36.326 MET129

KPC-2 -3.665 -32.831 -28.41 -4.422 -42.998 CYS238

OXA 24/40 -5.68 -38.15 -35.609 -2.543 -37.991 SER128, SER81

CTX-M-15 -4.1 -34.691 -25.794 -8.896 -41.456 GLY238

ADC-7 -3.562 -30.258 -23.526 -6.732 -35.533 ASN204, GLN120, and PHE121

Mangiferin

AMPC -7.848 -49.667 -30.064 -19.603 -62.404 ASN343, VAL121, and ASP123

TEM-1 -4.079 -29.904 -20.442 -9.462 -40.812 ALA237, GLU104

VIM-2 -6.117 -46.288 -20.793 -25.494 -56.383 TRP67, GLU126, and ASP43

SHV-1 -7.653 -43.892 -28.665 -15.228 -57.531 TYR105, SER130, ASN276, and VAL216

OXA 24/40 -10.05 -50.28 -34.581 -15.707 -69.695 ARG261, LEU127, and ALA126

KPC-2 -6.293 -36.214 -25.905 -10.309 -47.456 TYR129, CYS238

CTX-M-15 -6.117 -55.386 -26.468 -28.918 -84.69 ASN132

ADC-7 -4.738 -33.168 -15.139 -18.029 -40.601 GLU289, ASN287, ASN343, and GLU344
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(PDB ID: 6MPQ, A. baumannii), SHV-1 (PDB ID: 3MXR,
K. pneumoniae), TEM-1 (PDB ID: 1TEM, E. coli), and
VIM-2 (PDB ID: 2YZ3 P. putida), were selected for the
Glide docking studies. The previously used protein prepara-
tion and Glide protocol in Sections 2.1 and 2.7 were followed
for this β-lactamase and four natural compounds.

Using XP Glide docking, the natural compounds were
docked into their active site region of VIM-2, ADC-7,
AmpC, CTX-M-15, KPC-2, SHV-1, and TEM-1 β-lacta-
mase. The XP Glide score, Glide energy, and amino acid
interactions are shown in Table 9. All four natural com-
pounds had a good docking score and formed hydrogen
bonds in the active site amino acids of all seven β-lactamases
similar to NDM-1. These results indicate that withaferin A
and mangiferin have good binding activity with the other
types of β-lactamases.

4. Conclusions

Half of the global occurrence of infections due to A. bauman-
nii is attributed to resistance to antibiotics of choice, includ-
ing CRAB. A. baumannii has a solid shield of intrinsic factors
and the acquisition of resistance mechanisms, together with
working in unison against all known antibiotics of choice
for treatment. CRAB is panresistant, often referred to as
extensively drug-resistant (XDR). This study focused on
identifying potential inhibitors targeting β-lactamases with
carbapenem as substrate, using molecular docking, molecu-
lar dynamic modeling, in silico pharmacokinetics, and quan-
tum chemical analysis on a collection of over two hundred
phytochemical compounds. The in silico screening was done
with D-captopril (known inhibitors) against NDM-1 target
proteins, respectively, using a comparison of molecular dock-
ing scores and hydrogen bond interactions between the
active site amino acids of the protein and phytochemicals.
The top eight compounds were selected for in vitro NDM-1
inhibition assay; withaferin A, mangiferin, mangostin, and
rutin showed inhibitory activity against β-lactamase and
NDM-1 enzymes. Based on the IC50 values, withaferin A
and mangiferin were subjected to fractional inhibitory con-
centration assay for ascertaining their mechanistic potential
(synergy) with imipenem. The compounds had an FIC index
in the range suggestive of possible synergistic mechanism of
action potentiating the MIC of imipenem. Further refine-
ment of the results was done using the in silico molecular
dynamic simulation studies using GROMACS. The RMSD
of NDM-1 and compounds and the RMSF and binding
energy obtained from MD simulation trajectories strongly
indicated that selected molecules have a good potential as
β-lactamase inhibitors. Quantum chemical analyses revealed
that the proposed molecules contain several reaction mecha-
nisms to inhibit lactamase. According to pharmacokinetics
analyses, all molecules have a strong absorption, distribution,
metabolism, and distribution profile. As a result, it can be
concluded that withaferin A and mangiferin could be safe
natural potentiators and/or inhibitors substituting the avail-
able inhibitors against a wide spectrum β-lactamases contrib-
uting to carbapenem resistance with a possible use clinically.
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Supplementary Materials

Supplementary 1. Supplementary Figure 1: Ramachandran
plots of the NDM-1 3D models. Ramachandran plots of
the NDM-1 3D models built by homology modeling
obtained by PROCHECK. 89.7%, residues in most favoured
regions; 9.8%, residues in additional allowed regions; 0.0%,
residues in generously allowed regions; and 0.5%, residues
in disallowed regions.

Supplementary 2. Supplementary Figure 2: docking interac-
tion fingerprints of natural compounds with active site resi-
dues of NDM-1 protein.

Supplementary 3. Supplementary Figure 3: validation of
docking protocol by extracting and redocking the crystal
structure bound inhibitor (D-captopril) at the active site of
NDM-1 using XP docking. The redocked of D-captopril
shows that it was docked into a similar position and amino
acid interaction at the active site of NDM-1 in the docked
conformations, as was present in the X-ray crystal structure.
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Background. Gleditsiae Spina, widely used in traditional Chinese medicine, has a good curative effect on malignant tumors such as
ovarian cancer, but the mechanism is not clear. So, we aimed to analyze the pharmacological mechanism of Gleditsiae Spina in the
treatment of high-grade serous ovarian cancer (HGSC) based on network pharmacology and biological experiments. Methods.
The main active ingredients of Gleditsiae Spina were identified by high performance liquid chromatography (HPLC) and mass
spectrometry (MS), and the active ingredients were performed by ADME screening. The component targets of Gleditsiae Spina
were screened using the PharmMapper platform, and differentially expressed genes in normal and HGSC tissues were
identified through the GEO database. Thereafter, the network of “active ingredient-targets” was constructed by cytoscape 3.7.2
software. The protein-protein interaction network was established by the BioGenet database to mine the potential protein
function. Biological processes and pathways were analyzed through Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes analysis. The binding ability of the core components of the Gleditsiae Spina and the core target of HGSC was
verified by molecular docking and molecular dynamics simulation, and the therapeutic effect of Gleditsiae Spina was proved
in vitro through cytotoxicity experiments. The effect of Gleditsiae Spina on the core pathway is obtained by western blotting.
Results. Gleditsiae Spina had cytotoxicity on HGSC based on network pharmacology and biological experiments. Luteolin,
genistein, D-(+)-tryptophan, ursolic acid, and berberine are the identified core active ingredients of Gleditsiae Spina for
regulating HGSC, with HPSE, PI3KCA, AKT1, and CTNNB1as the ideal targets. The prediction results were verified by
molecular docking, molecular dynamic simulation, cell viability, and western blot analysis. Conclusion. Gleditsiae Spina mainly
downregulates the expression of heparanase and β-catenin to affect the composition of tumor cytoplasmic matrix and can
regulate the PI3K-AKT pathway, integrating multiple targets and multiple pathways to play a therapeutic role. It also provides
a theoretical basis for the prevention of ovarian cancer and its treatment using traditional Chinese medicine in the future.

1. Introduction

As one of the most serious diseases in women, ovarian
cancer causes 152 000 deaths per year worldwide, ranking
fourth among female tumor deaths [1–3]. The majority of
patients are diagnosed at the advanced stage of ovarian
cancer due to the lack of obvious symptoms and reliable
diagnostic tools [4]. Therefore, improving ovarian cancer
treatment, particularly highly serous ovarian cancer

(HGSC), has great clinical significance. As an aggressive
cancer, HGSC often shows aneuploidy and mutations
and is considered to be highly malignant, and their clinical
prognosis is worse than other classifications [5]. Operative
treatment includes total abdominal hysterectomy, bilateral
salpingectomy, removal of pelvic and para-aortic lymph
nodes, and omentum (such as appendectomy), combined
with the usage of platinum drugs and taxane-like chemo-
therapy [6]. Traditional treatments such as cytoreductive
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surgery and platinum-based chemotherapy, may cause 75-
80% of relapses [7], and the overall survival of HGSC
patients has not been noteworthy in the past 30 years.

Currently, traditional Chinese medicine (TCM) is being
increasingly recognized due to its effectiveness in alleviating
illnesses with minimal side effects [8]. The application of
TCM in the treatment of tumors is increasing extensively
in China and most Asian countries in the past decades.
TCM plays an important role in the prevention and treat-
ment of precancerous lesions, postoperative recurrence of
tumors, reduction of toxic side effects of western medicine,
and maintenance of advanced tumors [9]. In a previous
meta-analysis, the combination of TCM treatments and
western medicine significantly improved the KPS score,
CA125 level, and 3-year survival rate in the postoperative
adjuvant treatment of ovarian cancer [10]. The Chinese
herbal medicine “Shenlinglan Capsule” can attenuate ovar-
ian cancer migration by inhibiting the expression of glyco-
gen synthase kinase 3 (GSK-3) in vitro [11]. Studies have
shown that “Jianpi Huayu Decoction” can alleviate the pro-
gression of liver cancer by reducing the expression of reac-
tive oxygen species (ROS) in myeloid-derived suppressor
cells (MDSCs), attenuating inhibition of CD4 cell prolifera-
tion [12]. Bufalin in the TCM “Chan su” can regulate the cell
cycle and inhibit receptor phosphorylation and tumor cell
proliferation [13].

Gleditsiate Spina, as a widely used Chinese medicine,
with its extensive activities has been proved, including
detoxification, reduction of swelling and purulence, wound
healing, and bloated dystocia [14]. Meanwhile, it is an alter-
native remedy in the treatment of ovarian cancer clinically.
HPLC elucidated various flavonoids present in Gleditsiae
Spina extracts, which confers anti-inflammatory, antibacte-
rial, and antitumor effects [15]. It is reported that the ethanol
extracts of Gleditsiae Spina can maintain tumor cells prolif-
eration in G2/M phase, regulate phosphorylation of extracel-
lular signal-regulated kinases (ERK), tumor necrosis factor-
alpha (TNF-α), matrix metalloproteinase-9 (MMP-9)
expression, and to inhibit tumor cell growth [16]. However,
the main biologically active ingredients and the molecular
mechanism of antiovarian cancer are not yet be elucidated.

With the development of network technology and bioin-
formatics, network pharmacology is gradually becoming a
novel tool in elucidating molecular mechanisms and phar-
macological effects [17]. It can effectively establish a “com-
pound-protein/gene-disease” network and reveal the
mechanism of small molecules through high-throughput
methods [18]. Furthermore, networks can be constructed
between various components to analyze their mutual rela-
tionships. Careful investigation of the key nodes in the net-
work can systematically explain the material basis and
mechanisms of Chinese medicines. So, this research predicts
the mechanism of Gleditsiae Spina in the treatment of ovar-
ian cancer by network pharmacology methods. Based on the
results obtained, the experimental verification is carried out,
revealing the mechanism of traditional Chinese medicine in
the treatment of ovarian cancer.

Therefore, in this study, we hope to reveal the scientific
connotation of the treatment of ovarian cancer by Gleditsiae

Spina and provide new support for the expansion of clinical
research and the development of new drugs to improve clin-
ical efficacy.

2. Methods

2.1. Preparation of Gleditsiae Spina

2.1.1. Production of Freeze-Dried Powder. Gleditsiae Spina is
administrated as medicine with dry spines of the leguminous
Gleditsia sinensis Lam, and its Latin scientific name has been
checked with the PlantList (http://www.theplantlist.org). In
this study, Gleditsiae Spina was purchased as ready-to-use
decoction pieces from Beijing Xinglin Pharmaceutical Co.
(Beijing, China) and was identified by Professor Mao Ke-
Chen according to the Chinese Pharmacopoeia standards.

Gleditsiae Spina decoction (450mL) was prepared from
200 g Gleditsiae Spina pieces after twicely boiled in
1000mL of distilled water 1 h and filtered through 200 mesh,
and then the decoction was transferred to a vacuum freeze
dryer (Epsilon 2-4LSC; Martin Christ Gefriertrocknungsan-
lagen, Harz, Germany) to obtain 18.72 g of freeze-dried pow-
der, with a production rate of 9.36%. The powder was placed
into a closed container containing silica gel to keep it dry.
For subsequent experiments, the powder was dissolved in
deionized water (100mg/mL) and stored at −20°C.

2.1.2. Ingredient Identification Using High Performance
Liquid Chromatography and Mass Spectrometry. Gleditsiae
Spina freeze-dried powder (100mg) was dissolved in 50%
methanol and sonicated for 10min. The solution was centri-
fuged at 3,000 r/min for 5min (Beckman Coulter, Brea, CA,
USA), and the supernatant was collected and filtered
through a 0.22μm filter (Millipore, Burlington, MA, USA).
The filtered solution was subjected to mass spectrometry
analysis using a Q-Exactive Orbitrap quadrupole-
electrostatic field orbitrap mass spectrometer equipped with
a thermal spray ion source and a Vanquish ultra-high per-
formance liquid chromatography system (Thermo Fisher
Scientific, Waltham, MA, USA).

2.2. Target Prediction

2.2.1. Prediction of Active Components in Gleditsiae Spina.
Based on the mass spectrometry results, the active ingredi-
ents of Gleditsiae Spina were initially selected. The molecu-
lar structure of the active pharmaceutical ingredients and
3Dsdf was obtained on the PubChem platform, the latter
was uploaded to the SwissADME platform, and then the
pharmacokinetics and drug similarity were screened. The
compound ingredients were required to have good gastroin-
testinal absorption, and the drug similarity received more
than 3 positive evaluations. The potential targets of the
ingredients were predicted on the PharmMapper platform
[19].We required the norm fit value to be greater than 0.75.

2.2.2. Construction of the Active Ingredient-Target Network
of the Gleditsiae Spina. The “active ingredient-target” net-
work of the Gleditsiae Spina was constructed and analyzed
by Cytoscape 3.7.2 software [20]. “Node” was used to
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indicate the component or target, and “edge” was used to
indicate the relationship among them. The “Network Ana-
lyzer” analyzing tool built in Cytoscape 3.7.2 software was
used to analyze the network characteristics, including
degree, betweeness, and closeness, to study important com-
ponents and target relationships of Gleditsiae Spina.

2.2.3. Ovarian Cancer-Related Targets. The differentially
expressed genes of patients with ovarian cancer were
obtained from the GEO database (series: GSE54388 and
GSE14407, samples: normal tissue GSM1314222-
GSM1314227, GSM360039-360049, and GSM359984, and
tumor tissue GSM1314228-GSM1314243 and GSM359972-
359983). Differential genes with an adj. P value <0.05 and
|log2(fold change)|> 1 were considered to be of significantly
differential expression and ovarian cancer-related targets.

2.2.4. Construction of Protein Interaction Network and
Screening of Key Targets. The PPI were constructed by Biso-
Genet3.0 [21]. The targets were related to the active ingredi-
ents of Gleditsiae Spina, and the targets of disease were
introduced into BisoGenet, each generated a PPI network.
The intersection network of the two PPI networks was
extracted through the merge function in Cytoscape, and
CytoNCA2.1 [22] was used to analyze the nodes of the inter-
section network. The targets were mapped and visualized by
Cytoscape 3.7.2, and the protein-protein internetwork (PPI)
of the shared genes was constructed through the String APP
in Cytoscape.

2.2.5. Pathway Enrichment Analysis. The Metascape plat-
form [23] was used to perform pathway enrichment analysis
on the target. The platform integrates many authoritative
functional databases such as GO and KEGG and supports
batch genes or annotates, enriches and analyses proteins,
and builds PPI networks. The platform is updated once a
month to ensure data is reliable. Imported potential ovarian
cancer targets were inserted into the Cytoscape platform for
GO and KEGG analysis, and the results were saved and visu-
alized with R software3.6.1.

2.2.6. Molecular Docking and Molecular Dynamic Simulation.
In order to further determine the credibility of the relationship
between the ovarian cancer target and the core components of
Gleditsiae Spina, the top two compounds of traditional Chi-
nesemedicine compound target were selected as ligands genis-
tein and luteolin, and four important targets were selected to
analyze molecularly docking.

First, the crystal structure of the three proteins in pdb
format from the RCSB database was downloaded, and the
SDF was from the PubChem database. We also downloaded
the 3D chemical structure of the candidate compound and
used Open Babel 2.4 to convert to the pdb format file. Auto-
Dock Tools 1.5.6 was used to delete the water molecules in
the ligand, separate the ligand from the receptor, add nonpo-
lar hydrogen, calculate the Gasteiger charge, and save the
pdbqt format file. The selected potential core constituent
ligands were subjected to energy minimization treatment,
the ligand atom type was given, and the charge was calcu-
lated and stored in pdbqt format. Molecular docking opera-

tions were performed using Autodock Vina 1.1.2 and reflect
the matching degree and docking activity between the target
and the ligand through the docking score value, where we
believe that a docking score > 4:25 means that the ligand
and the target have binding activity, a score > 5:0 means
good matching activity, and a score > 7:0 means strong
docking activity [24].

The MD simulation of docked complexes was carried
out using Desmond version 2020. Here, OPLS3e force field
was used to initiate the MD simulation, and the system
was solvated using the TIP3 water model. The neutralization
of the system was performed by adding counter ions. Energy
minimization of the entire system was performed using
OPLS3e, as it is an all-atom type force field. The geometry
of water molecules, the bond lengths, and the bond angles
of heavy atoms was restrained using the SHAKE algorithm.
Simulation of the continuous system was executed by apply-
ing periodic boundary conditions, and long-range electro-
statics was maintained by the particle mesh Ewald method.
The equilibration of the system was done using NPT ensem-
ble with temperature at 300 k and pressure at 1.0 bar. The
coupling of temperature-pressure parameters was done
using the Berendsen coupling algorithm. On postprepara-
tion of the system, the production run was performed for
200 ns with a time step of 1.2 fs, and trajectory recording
was done for every 200 ps summing up to the recording of
10,00 frames. The calculation of the RMSD (Root mean
square deviation) was done for the backbone atoms and
was analyzed graphically to understand the nature of
protein-ligand interactions. RMSF (root mean square fluctu-
ation) for every residue was calculated to understand the
major conformational changes in the residues in comparison
between the initial state and dynamics state.

2.3. Verification In Vitro

2.3.1. Cells. Human ovarian cancer cell line A2780 pur-
chased from ATCC was cultured in RPMI-1640 (Gibco
Company, USA) with 10% foetal bovine serum (Gibco Com-
pany, USA) and 1% penicillin-streptomycin (10000 units/
mL penicillin and 10000μg/mL streptomycin, Gibco Com-
pany, USA). Human cancer cell line SKOV3 and HEY pur-
chased from ATCC were cultured in DMEM (Gibco
Company, USA) and cultured at 37°C in a humidified atmo-
sphere under 5% CO2. Human ovarian granulosa cell line
SVOG and human ovarian epithelial cell line IOSE80 pur-
chased from ATCC were cultured in RPMI-1640 (Gibco
Company, USA) with foetal bovine serum and penicillin-
streptomycin the same as the cell line A2780. Cells in the
exponential growth phase were used in all experiments.

2.3.2. Cell Proliferation. The MTT was used to evaluate cell
proliferation and viability. 2000 cells were seeded in each
of the nonedge well of 96-well plates. Freeze-dried pow-
der solution of the Gleditsiae Spina was diluted by multi-
ples, from 0.25 to 8mg/mL and added after the cells
adhered to the wall. 24 hours and 48 hours after Gledit-
siae Spina treatment, 20μL of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St.
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Louis, MO, USA) solution (5mg/mL in phosphate-buffered
saline (PBS)) was added to the culture medium in each well
at a final concentration of 5μg/mL, and the cells were incu-
bated at 37°C for 4 hours. The supernatants were replaced
with 150μL of dimethyl sulfoxide (Sigma, St. Louis, MO,
USA). Then, the 96-well plates were measured by microplate
reader at 490nm.

2.3.3. Western Blot. After exposure to the test compounds
(1.25mg/mL and 2.5mg/mL freeze-dried powder of the Gle-
ditsiae Spina) for 24 h, the A2780 cells were harvested and
lysed with RIPA lysis buffer (Beyotime Biotechnology, Bei-
jing, China) containing Protease Inhibitor Cocktail Set III
(Calbiochem, San Diego, CA, USA). After centrifuged at
12,000 rpm for 15min at 4°C, and the supernatants were col-
lected, and the protein concentration was determined using
the Pierce BCA Assay Kit (Thermo Scientific, Rockford, IL,
USA). Equal amounts (30μg/lane) of total protein were sep-
arated by 10% SDS-PAGE and transferred onto PVDF
membranes. The membranes were blocked with 5% BSA
(Amresco, Solon, OH, USA) at room temperature for 1 h
and incubated overnight at 4°C with the following primary
antibodies: anti-HPSE1 (1 : 1000, CST,USA), anti-MMP9
(1 : 1000, CST,USA), anti-β-catenin (1 : 1000, CST, USA),
anti-N-cad (1 : 1000 CST, USA), anti-E-cad (1 : 1000 CST,
USA),anti-PI3K/p-PI3K (1 : 1000, CST,USA), anti-AKT/p-
AKT (1 : 1000, CST,USA), anti-YAP/TAZ (1 : 1000, CST,USA)
and β-actin (1 : 10000, CST,USA). After washing the mem-
branes in Tris-buffered saline with 0.1% Tween-20 (TBST),

the membranes were probed with secondary antibodies
(1 : 10,000) for 1h at room temperature. The signals were
detected using an Odyssey Infrared Imaging System (Li-cor
Biosciences, Lincoln, NE, USA). The relative density of the
protein bands was measured by Odyssey version 3.0 software
(LI-COR Biosciences). Each experiment was repeated three
times. The ratios of the protein band intensities relative to that
of β-actin were calculated for each sample using Image J.

2.3.4. AKT Kinase Dependency Validation. AKT kinase
inhibitor, purchased from MedChemExpress (HY-10249,
MCE), was added to A2780 cells at the dose from 1nM to
8nM, and the expression of AKT in the cells with or without
inhibitor was tested by WB. The appropriate inhibitor con-
centration (2 nM) was selected for the efficacy experiment.
3000 cells with AKT kinase inhibitor were seeded in each
of the nonedge well of 96-well plates and after 24 hours, Gle-
ditsiae Spina was added. The MTT was used to evaluate cell
proliferation and viability and the medicinal properties of
Gleditsiae Spina.

3. Results

3.1. Mass Spectrometry Results. The extract of Gleditsiae
Spina was analyzed according to the method in Section 2.1,
and the total ion current diagram under the positive and
negative ion mode was obtained (Figure 1). The height of
the labels represents the relative content of ingredients.
According to the retention time of each chemical
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Figure 1: UHPLC-Q-Exactive Orbitrap MS identification results of the main chemical components in the extract of Gleditsiae Spina. (a)
Total ion current graph in positive ion and negative ion mode. (b) Total ion current graph in negative ion and negative ion mode.
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component, high-resolution precise molecular weight, MSn
multilevel fragment information obtained by LC-MS detec-
tion, combined with the extracted ion current map and stan-
dard product information, Mzcloud database, and related
literature, the composition was confirmed, and a total of 39
were identified. The results were shown in Table 1, and the
mass spectra of 39 identified compounds were shown in
Supplementary material 1. Among them, the number identi-
fied in the positive ion mode is 30, the number identified in

the negative ion mode is 18, and the 9 compounds are the
compounds identified by the positive and negative ions.

3.2. Network Construction and Target Prediction

3.2.1. Active Ingredients and Targets of Gleditsiae Spina.
Thirty-nine Gleditsiae Spina components were observed in
Section 3.1, screened according to the pharmacokinetics and
drug similarity in SwissADME platform, and supplemented

Table 1: UPLC-MS/MS analysis results of the main chemical components of Gleditsiae Spina.

Peak number tR/min Molecular formula Accurate Calculated Error (ppm) Identified compounds

1. 0.824 C6H12O6 180.06339 180.0629 −2.48 D-(+)-Glucose

2. 1.018 C4H6O5 134.02152 134.0211 −2.92 DL-malic acid

3. 1.229 C6H6O3 126.03169 126.0312 −4 Pyrogallol

4. 2.201 C9H17NO5 219.11067 219.1102 −2.14 Pantothenic acid

5. 3.265 C8H8O3 152.04734 152.047 −2.3 2-Anisic acid

6. 4.062 C7H6O3 138.03169 138.0313 −3.07 Salicylic acid

7. 5.626 C15H14O6 290.07904 290.0787 −1.33 Catechin

8. 5.72 C6H10O4 146.05791 146.0576 −2.4 Adipic acid

9. 5.763 C8H8O4 168.04226 168.0419 −2.36 Vanillic acid

10. 6.578 C7H6O2 122.03678 122.0365 −2.45 Benzoic acid

11. 8.569 C8H8O3 152.04734 152.047 −2.15 Vanillin

12. 9.315 C10H10O4 194.05791 194.0575 −2.29 Ferulic acid

13. 10.946 C15H12O7 304.0583 304.0576 −2.21 Dihydrorobinetin

14. 10.953 C6H6O3 126.03169 126.0309 −5.95 Phloroglucinol

15. 4.049 C11H12N2O2 204.08988 204.0894 −2.25 D-(+)-Tryptophan

16. 11.22 C21H20O10 432.10565 432.1049 −1.85 Isovitexin

17. 11.275 C21H20O12 464.09548 464.0949 −1.25 Quercetin-3-O-glucoside

18. 12.071 C9H8O2 148.05243 148.0521 −2.07 trans-Cinnamic acid

19. 12.774 C21H20O11 448.10056 448.0998 −1.67 Isoorientin

20. 12.895 C15H12O6 288.06339 288.0629 −1.64 Fustin

21. 13.052 C9H10O2 150.06808 150.0678 −2.18 Hydrocinnamic acid

22. 15.655 C8H11NO 137.08406 137.0837 −2.6 Tyramine

23. 15.736 C15H10O7 302.04265 302.042 −2.3 Robinetin

24. 15.751 C15H10O6 286.04774 286.0472 −2.06 Luteolin

25 17.106 C9H16O4 188.10486 188.1044 −2.64 Azelaic acid

26. 17.631 C15H10O5 270.05282 270.0525 −1.36 Genistein

27. 21.755 C16H30O4 286.21441 286.2139 −1.63 Hexadecanedioic acid

28. 38.385 C30H46O4 470.33961 470.3389 −1.43 18-β-Glycyrrhetinic acid

29. 40.138 C30H48O3 456.36035 456.3597 −1.36 Ursolic acid

30. 41.117 C30H48O3 456.36035 456.36 −0.83 Oleanolic acid

31. 0.753 C6H14N4O2 174.11168 174.11157 −0.58 L-(+)-Arginine

32. 1.118 C9H11NO3 181.07389 181.07368 −1.17 L-tyrosine

33. 9.58 C10H10O2 162.06808 162.0679 −1.1 Methyl cinnamate

34. 11.63 C9H7NO 145.05276 145.05256 −1.41 8-Hydroxyquinoline

35. 11.787 C21H20O10 432.10565 432.10494 −1.64 Vitexin

36. 13.668 C10H16O 152.12012 152.12 −0.75 Citral

37. 16.6 C20H17NO4 335.11576 335.11495 −2.42 Berberine

38. 17.966 C16H12O7 316.0583 316.05771 −1.89 Rhamnetin

39. 43.089 C29H48O2 428.36543 428.36437 −2.48 Stigmastane-3,6-dione
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according to previous literature reports. This resulted in 26
active components. The SDF structure of 26 selected compo-
nents were obtained from PubChem, and the PharmMapper
target prediction model was used to predict the above 26 tar-
gets of active ingredients. The 26 medicinal active ingredients
are shown by in Table 2. Relevant target prediction technology
was used to predict the active targets, eliminating duplicate
targets, and a total of 610 predicted targets were obtained, as
shown in Figure 2.

3.2.2. Construction and Analysis of “Active Ingredient-
Target” Network. Cytoscape 3.7.2 was used to draw and ana-
lyze the relationship network between the effective compo-
nents of Gleditsiae Spina and its active targets, and a total
of 635 nodes (including 609 targets and 26 active compo-
nents) and 1090 relationships were obtained. The size repre-
sented the corresponding degree value. The larger the node
area was, the larger the degree value, indicating that the
more biological functions involved, the higher its biological
importance (Figure 2).

3.2.3. Ovarian Cancer-Related Target Searching. Ovarian
cancer-related targets (1483) were identified from the Gene
Expression Omnibus (GEO) database. Figure 3 shows heat
maps and volcano maps indicating the distribution of differ-

entially expressed genes, which are represented by red dots
on the map.

3.2.4. Screening of Key Targets for Gleditsiae Spina Treatment
in Ovarian Cancer. To obtain richer node-node connection
information in PPI networks, the efficiency of node informa-
tion transmission was optimized, the targets that play an
important role in the network were identified, and the net-
work topology characteristic attributed values of the above-
mentioned intersection PPI network graph was calculated.
Through two screenings, a total of 87 key targets were
obtained. The targets were shown in Figure 4(a), and the
PPI network of the key genes was shown in Figure 4(b).

3.2.5. Pathway Enrichment Analysis and Visualization of
Gleditsiae Spina Treatment for Ovarian Cancer. Metascape
platform was used to perform gene enrichment analysis on
the above 87 key nodes, including GO-BP (biological pro-
cess), GO-CC (cellular component), GO-MF (molecular
function), and KEGG pathway. R (version 6.1) was used to
draw KEGG pathway a bubble chart (shown in Figure 5).
The bubble color changed from red to purple to indicate that
the log P value is from small to large. The smaller the log10
(P) value, the stronger the significance, and the larger the
bubble, the larger the gene count (count value) of the
pathway.

3.2.6. Molecular Docking and Molecular Dynamic Simulation
Results. The two core potential compounds luteolin and
genistein were molecularly docked with the four core targets
PIK3CA, CTNNB1, HPSE, and AKT1 to obtain the group
receptor-ligand docking results. Among the nine groups,
the highest docking score is for luteolin-HPSE (-8.97 kcal/
mol), and the lowest docking score is for genistein-HPSE
(-7.35 kcal/mol). This indicates that the selected potential
core compounds have better binding activity with the target.
The docking affinity value is shown in Table 3, and a dia-
gram depicting eight docking modes is shown in Figure 6.
It can be seen from the figure that each ligand is embedded
in the active pocket of the target and that it interacts with
multiple residues of the target through hydrophobic interac-
tions and hydrogen bond formation.

Next, genistein, luteolin, and berberine as the core com-
ponents in the network were selected to perform molecular
dynamics simulation tests with AKT1, HPSE, and PI3K.

Table 2: Candidate active components in Gleditsiae Spina.

ID Mol name

GS1 Adipic acid

GS2 Azelaic acid

GS3 Berberine

GS4 Catechin

GS5 Citral

GS6 D-(+)-Glucose

GS7 D-(+)-Tryptophan

GS8 Ferulic acid

GS9 Fustin

GS10 Genistein

GS11 Hexadecanedioic acid

GS12 Hydrocinnamic acid

GS13 Luteolin

GS14 Methyl cinnamate

GS15 Oleanolic acid

GS16 Pantothenic acid

GS17 Phloroglucinol

GS18 Rhamnetin

GS19 Robinetin

GS20 Salicylic acid

GS21 Stigmastane-3,6-dione

GS22 trans-Cinnamic acid

GS23 Tyramine

GS24 Ursolic acid

GS25 Vanillic acid

GS26 Vanillin

Figure 2: Active component-target network map of Gleditsiae
Spina. The purple labels represent the targets of the action of
active components in the figure; the red labels represent 26
Gleditsiae Spina active components.
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The binding of genistein and luteolin to the ligand quickly
stabilized and continued to work and after a short period
of fluctuation, the binding of berberine to the ligand also
forms a stable state. The results were shown in Figure 7.

3.3. Verification of Therapeutic Effects of Gleditsiae Spina on
Ovarian Cancer. Next, we conducted experiments in vitro to
verify the potential therapeutic targets of Gleditsiae Spina.
The MTT assay was performed to evaluate the viability of
A2780, SKOV3, and HEY cancer cells and normal cells
IOSE80 and SVOG as comparison treated with increasing
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Figure 5: Bubble diagram of GO and KEGG enrichment of key targets for Gleditsiae Spina for treatment of HGSC. (a) KEGG analysis. (b)
GO BP analysis. (c) GO CC analysis. (d) GO MF analysis. Pathways that had significant changes of log 10 ðPÞ < 0:05 were identified. Size of
the spot represents number of genes, and color represents log10 (P) value.

Table 3: The docking affinity value of compounds with core
targets.

Luteolin Genistein

PIK3CA -8.49 -8.59

CTNNB1 -8.47 -7.56

HSPE -8.97 -7.35

AKT1 -8.22 -8.79
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concentrations of Gleditsiae Spina solution (0.25-8mg/mL)
for 24 and 48h. Gleditsiae Spina decreased ovarian cancer
cells viability in a dose-dependent way, but not the normal
ovarian cells, and the normal cells only showed a large
amount of died when above 8mg/mL. The results showed
that the Gleditsiae Spina has a certain killing effect on tumor
cells but not on tissue cells (shown in Figures 8(a) and 8(b)).
To further explore the therapeutic mechanisms of Gleditsiae
Spina in combination with the above-described KEGG anal-
ysis data, A2780 cells were stimulated with 1.25 and 2.5mg/
mL Gleditsiae Spina solution for 24h, followed by protein
extraction and analysis by western blotting, with heparinase
as core (Figures 8(c) and 8(d)). Our results showed that the
levels of heparinase 1, MMP9, β-catenin, and N-cadherin
were significantly downregulated in ovarian cancer cells in
response to Gleditsiae Spina treatment in a dose-dependent
manner. However, the level of E-cadherin increased in the
high-dose group; although, the increase was not statistically
significant. Furthermore, treatment with Gleditsiae Spina
inhibited the expression of proteins associated with the
PI3K/AKT/mTOR pathway. However, the expression of
these molecules increased at higher doses of Gleditsiae Spina
compared to the low-dose group, though the higher doses of
Gleditsiae Spina can also reduce the expression of PI3K/
AKT kinase and their phosphorylated proteins This may

be attributed to the interaction between the complex compo-
nents of traditional Chinese medicine and the cells, which
lead to cell death. At high Gleditsiae Spina concentrations,
only a small number of cells survived for more than 48 h.
Therefore, although the autocompensation mechanism of
cells can be ruled out, the specific mechanism in vivo needs
to be further explored. Next, we explored whether the antitu-
mor effect of GS was AKT kinase-dependent. AKT kinase
inhibitor was added to the cells at a concentration of 2 nM,
and the expression of AKT kinase in ovarian cancer cells
was shown in Figure 8(e). The antitumor effect of Gleditsiae
Spina on A2780 cells after silencing AKT kinase expression
is shown in Figure 8(f). After inhibiting the expression of
AKT, the doubling time of cells increased from 26.3 hours
to 30.2 hours, but the killing effect of Gleditsiae Spina on
tumor cells also existed. The results showed that AKT is only
one of the targets of Gleditsiae Spina, and the antitumor
effect of Gleditsiae Spina partially depends on AKT kinase.

4. Discussion

Traditional Chinese medicine has a long history and has
nurtured the Chinese nation for millennia. It protects
human health through dialectical theory. Traditional Chi-
nese medicine works against diseases through a single or
compound prescription by multiple ingredients and targets.
The cause of ovarian cancer is considered to be the accumu-
lation of pathological products in TCM theory, and Gledit-
siae Spina has the potential to clear these toxic metabolites.
It is a summary of experience obtained in clinical practice
of TCM and has obvious clinical effects based on clinical
experience. The concept of network pharmacology and the
theory of TCM have similar aspects, which can explore the
unknown mechanism of action of Chinese herbal medicine
from the perspective of overall composition and function
[25]. Our experimental results also showed that Gleditsiae
Spina has a selective therapeutic effect on ovarian cancer.

Based on the mass spectrometry results, along with pre-
viously reported data, we inferred that luteolin, genistein, D-
(+)-tryptophan, ursolic acid, and berberine in the Gleditsiae
Spina play a core role in the treatment of ovarian cancer. It
was previously reported that D-(+)-tryptophan exhibits anti-
cancer activity, which can stimulate mTORC1 and enhance
the activity of T-cells within the tumor microenvironment
[26]. Luteolin is a flavonoid compound that inhibits tumor
cell proliferation, blocks cell cycle, and reverses tumor
epithelial-mesenchymal transition [27]. Luteolin downregu-
lates the expression of aromatase and consequently inhibits
estrogen synthesis in ovarian cancer [28]. Genistein can
modulate the cell cycle and regulate the ERK1/2, NF-κB,
Wnt, β-catenin, and PI3K/Akt signaling pathways to exert
its anticancer effects. Moreover, it can synergize with pacli-
taxel and other ovarian cancer drugs [29]. Ursolic acid can
downregulate the expression of YAP1 of the hippo pathway
in tumor treatment [30]. Studies have shown that berberine
can induce apoptosis in various tumor cell lines. By inhibit-
ing the transcriptional activity of β-catenin, berberine mod-
ulates the Wnt signaling pathway [31] and increases the
expression of caspase-3 and -8; thus, it promotes apoptosis
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Figure 6: Molecular docking of compounds with core targets: (a)
AKT1-genistein, (b) AKT1-luteolin, (c) CTNNB1-genistein, (d)
CTNNB1-luteolin, (e) HPSE-genistein, (f) HPSE-luteolin, (g)
PIK3CA-genistein, and (h) PIK3CA-luteolin.
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of ovarian cancer cells, when used in combination with cis-
platin [32].

The KEGG results showed that Gleditsiae Spina affects
ovarian cancer development via multiple pathways and thus
plays a therapeutic role. The expression levels of heparinase
1, MMP9, β-catenin, N-cadherin, and PI3K/AKT/mTOR, as
well as their phosphorylation levels, which are involved in
tumor progression, were reduced after treatment with Gle-
ditsiae Spina.

Proteoglycans are widely distributed on the cell surface
and in the cytoplasmic matrix; moreover, they play an
important role in tumor development. Their glycosamino-
glycan chains are modulated by heparinase, the only endo-
glycosidase in mammals; hence, heparinase plays an
important role in regulating the function of proteoglycans
[33]. Several studies have found that the expression of hepa-
rinase is positively correlated with malignancy, with hepari-
nase overexpressing tumors being associated with a worse

prognosis compared with tumors in which heparinase is
under expressed [34].The extracellular matrix is mainly
composed of keratan sulfate proteoglycans, chondroitin sul-
fate proteoglycans, and dermatan sulfate proteoglycans [35];
therefore, heparinase can accelerate the remodeling of tumor
extracellular matrix and basement membrane [36] and con-
tribute to tumor. Moreover, the cleaved heparan sulfate pro-
teoglycans can bind to growth factors and increase the
expression of VEGF by promoting p38 phosphorylation
and Src kinase activity [37], thereby promoting angiogenesis
and accelerating tumor metastasis and invasion [38]. Our
in vitro experiments showed that Gleditsiae Spina can
inhibit the tumor growth and downregulate heparinase
expression in tumor cells. By reducing the expression of
heparinase, Gleditsiae Spina can regulate signaling cascades
within the tumors [39].

MMP9 plays an important role in tumor extracellular
matrix remodeling and communication between tumor cells
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Figure 7: Molecular dynamic simulation of compounds with core targets: RMSD plot during molecular dynamic simulations of AKT1 with
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[40]. MMP9 is considered a potential biomarker for tumors,
including ovarian cancer [41]. Our western blotting results
showed that Gleditsiae Spina significantly inhibits the
expression of MMP9 to reduce tumor cell activity. E-
cadherin is a calcium ion-dependent transmembrane protein

closely related to cell adhesion. Adjacent cells interact via an
extracellular domain of E-cadherin, which is connected to β-
catenin and the cell cytoskeleton. Thus, the E-cadherin
expression is negatively correlated with the degree of tumor
invasion [42]. Numerous studies have shown that the
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conversion of E-cadherin to N-cadherin often indicates the
completion of the epithelial–mesenchymal transition pro-
cess. Herein, although the expression of E-cadherin was
low and changes in its expression could not be measured,
the expression of N-cadherin was inhibited after treatment
with Gleditsiae Spina, indicating that Gleditsiae Spina can
reverse the expression of the two proteins, thereby inhibiting
tumor development. β-Catenin is a cytoplasmic protein, and
its nuclear expression plays a role in activating transcription
factors. The abnormal expression of β-catenin is related to
the hippo and HIF1 signaling pathways, and it can also acti-
vate the Wnt signaling pathway [43]. Moreover, its abnor-
mal expression is closely related to colon cancer [44] and
cervical cancer. Our western blotting results showed that
Gleditsiae Spina inhibited the expression of β-catenin pro-
tein, which were consistent with the prediction results of
the network pharmacology.

The PI3K/AKT/mTOR signaling pathway plays key role
in cancer, as is related to cell proliferation, angiogenesis, che-
motherapy resistance, and several other pathological condi-
tions. Its downstream molecule mTOR can accelerate the
formation of tumor stem cells [45], leading to tumor pro-
gression and relapse. The overexpression of PI3K can lead
to RAS mutations and loss of PTEN and is associated with
HIF1, hippo, and MAPK signaling pathways. Moreover, it
activates the epidermal growth factor receptor, stimulates
the expression of the vascular endothelial growth factor,
and accelerates angiogenesis [46]. Approximately 70% of
ovarian cancer patients present with overexpressed PI3K/
AKT/mTOR cascade [47]; thus, using inhibitors to target
this pathway is an important strategy to treat ovarian cancer.
In our study, Gleditsiae Spina significantly inhibited the
expression of PI3K and AKT; low-dose treatment with Gle-
ditsiae Spina inhibited the phosphorylation of AKT and
mTOR, whereas the remarkably increased phosphorylation
in the high-dose-treated group suggested its own S6K1-
IRS1 negative feedback. Additional experiments are war-
ranted to elucidate the underlying mechanism of the regula-
tory effect exerted by Gleditsiae Spina. According to the WB
results, when the cancer cells were exposed at the concentra-
tion of 2.5mg/mL of Gleditsiae Spina, the levels of AKT and
P-AKT kinase expressed in cells are downregulated, and the
phosphorylated protein is not significantly decreased. The
results indicated that Gleditsiae Spina did not mainly affect
the phosphorylation of AKT pathway proteins, but its com-
plex biological effects reduced the Pi3k/AKT and its phos-
phorylation kinase in cells. Later, we want to know whether
the therapeutic effect of Gleditsiae Spina was dependent on
the AKT pathway. We inhibited the expression of AKT in
cells. In this case, Gleditsiae Spina still had an inhibitory effect,
which also proves our prediction that PI3K/AKT signaling
pathway is only one of the effects of Gleditsiae Spina. Tradi-
tional Chinese medicine has a complex mechanism in the
treatment of ovarian cancer. The characteristics of multitarget
and multipathway interaction need to be explored.

The molecular docking experiments can predict the
binding ability of the ligand and the target at the molecular
level. Using this approach, we determined that several com-
ponents of Gleditsiae Spina have high binding ability to the

ovarian cancer targets. Gleditsiae Spina can interfere with
the activities of heparinase 1, β-catenin, PI3K, and AKT at
the molecular level, thereby proving that Gleditsiae Spina
can exert significant therapeutic effects on ovarian cancer.
Molecular dynamic simulations, which can monitor time-
resolved motions of molecules [48], further showed that
the ingredients of Gleditsiae Spina stably interact with the
disease-specific molecules in ovarian cancer, which indi-
rectly provides a basis for verifying its therapeutic efficacy.

5. Conclusion

In this study, we firstly clarified the main components of
Gleditsiae Spina and then predicted potential targets
through network pharmacology and verified through molec-
ular docking, molecular dynamic simulation, and experi-
mental verification in vitro. We found that Gleditsiae Spina
can regulate PI3K/AKT pathway and the composition of
cytoplasmic matrix and proteoglycans in cancer. The regula-
tory mechanism of Gleditsiae Spina on ovarian cancer was
partially revealed in this study, laying a foundation for future
scientific research on TCM.

Abbreviation

ERK: Extracellular signal-regulated kinases
HGSC: High-grade serous ovarian cancer
HPLC: High performance liquid chromatography
MCE: MedChemExpress
MDSCs: Myeloid-derived suppressor cells
MMP9: Matrix metalloproteinase-9
MS: Mass spectrometry
MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromide
RMSD: Root mean square deviation
RMSF: Root mean square fluctuation
ROS: Reactive oxygen species
TCM: Traditional Chinese medicine
TNF-α: Tumor necrosis factor-alpha
WB: Western blot.
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Objective. Through a network pharmacology method, we screened the main active compounds of Citri Reticulatae Pericarpium
(CRP), constructed a drug-ingredient-disease-target network, explored the molecular mechanism of its treatment of myocardial
hypertrophy, and validated it by using molecular biology approach. Methods. Traditional Chinese Medicine Systems
Pharmacology (TCMSP) and GeneCards were utilised to collect the effective component in CRP and the targets of CRP and
myocardial hypertrophy. The STRING database constructed the protein interaction network. The drug-ingredient-disease-
target network was outlined by the Cytoscape 3.9.0 software. The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were conducted using the Metascape database. Real-time PCR (RT-PCR) and
Western blotting were utilised to determine the mRNA and protein level of the critical targets of CRP therapy for myocardial
hypertrophy. Results. We found that five practical components of CRP exerted therapeutic effects on myocardial hypertrophy
by modulating 41 targets. Further analysis revealed that naringenin was the essential active compound in CRP that regulated
myocardial hypertrophy. In addition, we showed that the active compounds of CRP might exert antihypertrophy effects via
regulating essential target proteins such as AKT1-, MAPK3-, PPARA-, PPARG-, and ESR1-mediated signaling pathways such
as cell proliferation, nuclear receptor activation, and oxidative stress. The molecular biology experiments demonstrated that
naringenin inhibited the mRNA level of NPPA and NPPB induced by Ang II and regulated related targets such as AKT1,
MAPK3, PPARA, PPARG, and ESR1. Conclusion. CRP could inhibit myocardial hypertrophy through multitarget and
multiapproach.

1. Introduction

Cardiovascular diseases (CVD) have become the “number
one killer” threatening human health. Studies show that
CVD is a primary cause of death in China, accounting for
more than 40% of worldwide deaths, affecting hundreds of
millions of people each year [1–3]. Myocardial hypertrophy
is an everyday pathological basis and an independent risk
factor for many CVD such as atherosclerosis, coronary
artery disease, and valvular disease, mainly manifested by

an increased surface area of cardiac myocytes, increased syn-
thesis of cardiac proteins, and abnormal activation of
embryonic genes. While early myocardial hypertrophy helps
maintain average cardiac output and cardiac function, per-
sistent pathological myocardial hypertrophy can trigger a
decline in heart function and eventually lead to heart failure
[4, 5]. The pathogenesis of myocardial hypertrophy is a
complex multifactorial process that touches on several cellu-
lar and molecular systems. Several signaling pathways,
including the CaMKII pathway, mitogen-activated protein
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kinase (MAPK), peroxisome proliferator-activated receptor
(PPAR), PI3K/AKT, and oxidative stress response pathway,
are involved in the progression of myocardial hypertrophy
[6–9]. Western drugs such as angiotensin-converting
enzyme inhibitors (ACEI), aldosterone receptor antagonists,

and β-blockers are mainly used in the clinical treatment of
cardiac failure, which has not significantly reduced the mor-
tality rate [10–12]. However, they have improved the clinical
symptoms of patients to some extent. Chinese medicine
emphasizes the treatment of both the symptoms and the
root cause of the disease and identifying evidence. More
and more studies have shown that traditional Chinese med-
icine (TCM) is widely valued for its stable efficacy and ability
to act on multiple aspects of the development of myocardial
hypertrophy [13].

Citri reticulatae pericarpium (CRP), commonly called
Chenpi in Chinese, is the dried and ripe peel of Citrus reti-
culata Blanco and its cultivated varieties, aromatic, spicy,
and bitter [14]. As one of the most commonly used TCM,
CRP is rich in bioactive substances, such as flavonoids and
volatile, volatile compounds, oils, and polysaccharides.
These active ingredients have various biological activities
and medicinal values, such as antioxidant, anti-inflamma-
tory, antibacterial, anticancer, and cardiovascular protective
functions [15]. In recent years, many components in CRP,
especially flavonoid glycosides, such as naringenin and hes-
peridin, and polymethoxyflavonoids, such as nobiletin, are
played in place of CVD which have become a hot research
topic [16]. Several lines of evidence have proven that these
flavonoids in CRP are significant in inhibiting atherosclero-
sis, regulating blood lipids, and improving myocardial
hypertrophy [17]. Also, a previous study demonstrated the
epidemiological association between the intake of foods con-
taining citrus flavonoids and a reduction in CVD occurrence
[18]. However, to date, studies on the role and mechanism of
active ingredients in myocardial hypertrophy in CRP are still
incomplete and deserve further investigation.

This present study constructs the interaction network
between the active components of CRP, drug targets, and
myocardial hypertrophy-related target genes, initially inves-
tigating the molecular mechanism of action of CRP in the
treatment of myocardial hypertrophy. Moreover, we also
investigate the effect of naringenin on myocardial hypertro-
phy and related targets predicted before. The workflow is
shown in Figure 1.
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Figure 1: The workflow of key target gene prediction and validation of CRP therapy for myocardial hypertrophy.

Table 1: Primer sequences for qRT-PCR.

Primer Sequences

NPPA
Forward:5′-GGAAGTCAACCCGTCTCA-3′
Reverse:5′-AGCCCTCAGTTTGCTTTT-3′

NPPB
Forward:5′-TTTGGGCAGAAGATAGACCG-3′
Reverse:5′-AGAAGAGCCGCAGGCAGAG-3′

PPARA
Forward:5′-TGAAAGATTCGGAAACTGC-3′
Reverse:5′-TTCCTGCGAGTATGACCC-3′

PPARG
Forward:5′-TACCACGGTTGATTTCTC-3′
Reverse:5′-TCTACTTTGATCGCACTTT-3′

ESR1
Forward: 5′ AGACTCGCTACTGTGCTGTG 3′

Reverse:5′-CCTGGCAACTCTTCCTCC-3′

GAPDH
Forward:5′-AGGAGTAAGAAACCCTGGAC-3′
Reverse:5′-CTGGGATGGAATTGTGAG-3′

Table 2: Characteristics of active ingredients in CRP.

No. Molecule ID
Molecule
name

Molecular
weight

OB
(%)

DL

1 MOL000359 Sitosterol 414.79 36.91 0.75

2 MOL004328 Naringenin 272.27 59.29 0.21

3 MOL005100 Hesperetin 302.3 47.74 0.27

4 MOL005815 Citromitin 404.45 86.9 0.51

5 MOL005828 Nobiletin 402.43 61.67 0.52
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2. Materials and Methods

2.1. Reagents. Naringenin (purity >95%) was purchased
from Aladdin Chemistry Co., Ltd. (Shanghai, China). Dul-
becco’s Modified Eagle Medium (DMEM) and fetal bovine
serum (FBS) were purchased from Gibco (Logan, UT,
USA). Real-time PCR kit was purchased from Takara Co.,
Ltd. (Dalian, China). Rabbit anti-ERK1/2 (#4695), anti-p-

ERK1/2 (#8544), anti-AKT (#4691), and anti-p-AKT
(#4060) antibodies were purchased from CST Company
(Boston, MA, USA). The chemiluminescent substrate was
purchased from Pierce (Rockford, IL, USA).

2.2. CRP Active Ingredients and Target Collection. The Tra-
ditional Chinese Medicine Systems Pharmacology Database
and Analysis Platform (TCMSP) was applied to retrieve

Table 3: 41 potential target genes of CRP therapy for myocardial hypertrophy.

No. Target Symbol Entrez ID

1 Progesterone receptor PGR 5241

2 Nuclear receptor coactivator 2 NCOA2 10499

3 Nuclear receptor subfamily 3 group C member 2 NR3C2 4306

4 Prostaglandin-endoperoxide synthase 1 PTGS1 5742

5 Estrogen receptor 1 ESR1 2099

6 Prostaglandin-endoperoxide synthase 2 PTGS2 5743

7 Heat shock protein 90 alpha family class B member 1 HSP90AB1 3326

8 Metallo-beta-lactamase domain-containing 2 MBLAC2 153364

9 Protein kinase CAMP-activated catalytic subunit alpha PRKACA 5566

10 Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma PIK3CG 5294

11 RELA proto-oncogene, NF-KB subunit RELA 5970

12 AKT serine/threonine kinase 1 AKT1 207

13 BCL2 apoptosis regulator BCL2 596

14 Mitogen-activated protein kinase 3 MAPK3 5595

15 Mitogen-activated protein kinase 1 MAPK1 5594

16 Caspase 3 CASP3 836

17 Fatty acid synthase FASN 2194

18 Low-density lipoprotein receptor LDLR 3949

19 BCL2-associated agonist of cell death BAD 572

20 Superoxide dismutase 1 SOD1 6647

21 Catalase CAT 847

22 Peroxisome proliferator-activated receptor gamma PPARG 5468

23 Apolipoprotein B APOB 338

24 3-Hydroxy-3-methylglutaryl-CoA reductase HMGCR 3156

25 Cytochrome P450 family 19 subfamily A member 1 CYP19A1 1588

26 Glutathione S-transferase pi 1 GSTP1 2950

27 UDP glucuronosyltransferase family 1 member A1 UGT1A1 54658

28 Peroxisome proliferator-activated receptor alpha PPARA 5465

29 Sterol regulatory element-binding transcription factor 1 SREBF1 6720

30 Glutathione-disulfide reductase GSR 2936

31 Adiponectin, C1Q and collagen domain containing ADIPOQ 9370

32 4-Aminobutyrate aminotransferase ABAT 18

33 Sterol O-acyltransferase 1 SOAT1 6646

34 Sodium voltage-gated Channel alpha subunit 5 SCN5A 6331

35 Potassium voltage-gated Channel subfamily H member 2 KCNH2 3757

36 Coagulation factor VII F7 2155

37 Potassium calcium-activated channel subfamily M alpha 1 KCNMA1 3778

38 Nitric oxide synthase 2 NOS2 4843

39 Androgen receptor AR 367

40 Estrogen receptor 2 ESR2 2100

41 Dipeptidyl peptidase 4 DPP4 1803
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the active ingredients of CRP with the keywords of Citri reti-
culatae pericarpium. Oral bioavailability ðOBÞ ≥ 30% and
drug-likeness ðDLÞ ≥ 0:18 were set as the screening criteria
to screen out the active components of CRP. The active
ingredients of CRP-related target genes were also obtained
from the TCMSP database.

2.3. Disease-Target Network Construction. GeneCards
(https://www.genecards.org/), an online tool, is a compre-
hensive resource of human genes, providing all known and
predicted human-related genes in proteome, genome, genet-
ics, transcription, and function. In this study, the GeneCards
database was used to search for myocardial hypertrophy-
related genes using the keyword of myocardial hypertrophy.
The gene target names were corrected using Perl’s computer
programming language (https://www.perl.org/).

2.4. Clustering of CRP- and Myocardial Hypertrophy-Related
Target Genes. Based on the Venn Diagram program running
R statistical programming language, gene mapping was car-
ried out on the online Venny 2.1.0 platform to find the inter-
section of drug targets and genes related to myocardial
hypertrophy, namely drug-disease coacting target genes.
And then, the target information of the active component

compounds of CRP and the target information of myocar-
dial hypertrophy were classified and stored, and a Venny
diagram was drawn.

2.5. Protein-Protein Interaction (PPI) Network Construction
and Analysis. The information of active ingredients of CRP
and myocardial hypertrophy targets was imported into the
network visualization software Cytoscape 3.9.0 (https://
cytoscape.org/), and an optical network topology diagram
of CRP-active ingredient-myocardial hypertrophy was con-
structed based on the Cytoscape software. The network
described the relationship between the active components
of CRP and myocardial hypertrophy. The active ingredients,
drugs, and disease genes were nodes of the web, and the line
between each node represented the relationship between the
three.

2.6. Data Processing and Analysis.With the intersection gene
of CRP-myocardial hypertrophy entered on the STRING
database (https://string-db.org/), the species selected was
human. Then, the protein interaction network relationships
were mapped, and the data were analyzed by Cytoscape 3.9.0
to filter out the core components of the protein interaction
network. Then, the intersection target genes were placed into

(c)

Figure 2: Potential target genes and PPI network map of CRP therapy for myocardial hypertrophy. (a) The Venny results of potential target
genes of CRP therapy for myocardial hypertrophy. (b) The PPI network map of 41 target genes. (c) Count and list the top 30 genes of the
PPI network map.
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the Metascape database, and species were selected as “Homo
sapiens,” and P < 0:01 were set for gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis.

2.7. Cell Culture. H9C2 cardiomyocytes were grown in
DMEM supplemented with 10% fetal bovine serum (FBS)
and maintained at 37°C in a humidified atmosphere of
95% air-5% CO2. The cells were digested by trypsin-EDTA
(0.25%, Sigma) when they reached 80%-90% fusion and then

passaged. Before treatment, the cells were treated with
DMEM medium containing 0.1% FBS for 12h to treatment
to synchronize the cells, and then, subsequent experiments
were performed.

2.8. Real-Time PCR. After H9C2 cardiomyocytes were
treated with naringenin and Ang II, the culture medium
was discarded, and the total RNA of cardiomyocytes was
extracted with TRIzol. The mRNA concentration was
detected by Bio-Rad quantitative PCR kit. PCR primers were
designed using the sequences shown in Table 1, and
GAPDH was utilised as an endogenous control. Three repli-
cate wells were set up for each group of samples to ensure
the validity of the experimental data.

2.9. Western Blotting. The extracted total cell protein was
added to 2× SDS buffer, followed by SDS-PAGE gel electro-
phoresis, membrane transfer, blocking, the addition of pri-
mary antibody (anti-AKT, anti-p-AKT, anti-ERK1/2, and
anti-p-ERK1/2), incubation at 4°C overnight, incubation at
room temperature for one h on the next day with secondary
antibody, detection of target protein expression by
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Figure 3: The CRP-myocardial hypertrophy-potential target gene network.

Table 4: The list of key active components in CRP dependent on
the centrality of a node.

No
Molecule
name

Degree
Closeness
unDir

Betweenness
unDir

1 Naringenin 30 0.013157895 534.495935

2 Citromitin 6 0.008064516 30.08565434

3 Nobiletin 4 0.0078125 14.99268293

4 Sitosterol 4 0.0078125 13.7000562

5 Hesperetin 2 0.007575758 3.497560976
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Figure 4: GO and KEGG analyses of potential target genes of CRP in myocardial hypertrophy. The GO analysis for biological process (a),
molecular function (b), and cellular components (c) of potential target genes of CRP in myocardial hypertrophy. (d) The top 9 remarkably

enriched KEGG analysis for the signaling pathway of potential target genes of CRP in myocardial hypertrophy.
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chemiluminescence, and grayscale analysis of bands by the
ImageJ software.

2.10. Statistical Analysis. We use the SPSS 13.0 software for
statistical analysis. The data of each group were presented
as mean ± SD. One-way ANOVA was used for comparison
between multiple groups. In all cases, differences were con-
sidered statistically significant with P < 0:05.

3. Results

3.1. CRP Active Ingredient Database Establishment. Based on
the TCMSP search results, 63 active ingredients of CRP were
collected. Each component’s chemical information was stan-
dardized by molecular ID, molecular name, molecular
weight, OB value, and DL value to establish the chemical
composition information database of the drug. Subse-
quently, with OB ≥ 30% and DL ≥ 0:18 as criteria, five com-
pounds with high activity were obtained by further
screening, as shown in Table 2. Based on TCMSP, the active
ingredient targets of CRP were obtained, the computer pro-
gramming language Perl was used for name correction, and
51 marks of CRP action were obtained. The GeneCards
database was used to query 5376 targets of myocardial
hypertrophy disease. Based on the Venn Diagram program
running R language, a total of 41 intersecting genes of CRP
and myocardial hypertrophy were analyzed (Table 3 and
Figure 2(a)).

OB: oral bioavailability; DL: drug-likeness.

3.2. Analysis of Protein-Protein Interaction Network. With
the intersection targets of CRP and myocardial hypertrophy
being imported into the STRING database, the free nodes
outside the network being hidden, and the self-defined con-
fidence score value > 0:4, the protein-protein interaction
network of CRP-myocardial hypertrophy was carried out
(Figure 2(b)). The whole network contained 233 edges, 40
nodes, and an average node degree value of 11.6. The nodes
in the network represent the targets, and the edges represent

the interaction between the marks. The nodes with more
edges indicate that they are more critical in the network.
The interaction between the nodes is supported by relevant
literature evidence, with black edges representing coexpres-
sion, yellow edges representing evidence from text mining,
and light blue edges representing protein homology, orange
for gene fusion, etc. The cytoHubba plug-in in Cytos-
cape3.9.0 is used to analyze the data, calculate the nodes in
the network, and draw the information histogram
(Figure 2(c)). The results showed that the node degree values
of target proteins such as AKT1, MAPK3, CASP3, PPARA,
ESR1, and PPARG were high, indicating that these targets
were in a critical position in the protein interaction network.

3.3. Construction and Analysis of the Drug-Component-
Disease-Target Network. The intersections of active ingredi-
ent targets of CRP and myocardial hypertrophy disease tar-
gets were placed into Cytoscape 3.9.0, and the network of
CRP-active ingredient-disease-intersection targets was
mapped to elucidate the connection between the four targets
(Figure 3). A total of 42 interrelationships between active
ingredients of CRP and myocardial hypertrophy targets were
obtained, and the critical components of CRP to inhibit
myocardial hypertrophy were selected according to the
parameters of Betweenness Centrality (BC), Closeness Cen-
trality (CC), and Degree Centrality (DC). The results
showed that the nodal degree value of naringenin was much
higher than that of the other four compounds and was an
important node in this network, suggesting that the narin-
genin in CRP might be a key component in the inhibition
of myocardial hypertrophy (Table 4).

3.4. Enrichment Analysis of Biological Process and KEGG
Pathway. Based on the annotated database of biological
information, Metascape, GO bioprocess enrichment analy-
sis, and KEGG pathway analysis of CRP-myocardial hyper-
trophy disease were established. The results of GO analysis
obtained 20 biological processes (P < 0:05), 15 molecular
functions (MF), and 10 cell composition (CC)
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Figure 5: Effect of naringenin on the mRNA expression of NPPA and NPPB. H9C2 cells were treated with 20μM naringenin for 1 h
followed by stimulation with Ang II for 24 h. The mRNA expressions of NPPA (a) and NPPB (b) were detected by real-time PCR. ∗P <
0:05 vs. the group without treatment, #P < 0:05 vs. the group treated with Ang II, n = 5.
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corresponding to the target of the practical components of
CRP for treating myocardial hypertrophy (Figures 4(a)–4
(c)). Hormone (target number 22), decreased oxygen con-
tent (target number 14), oxidative stress (target number
14), and nutrient level (target number 14) were significantly
enriched in the treatment of myocardial hypertrophy by
CRP, suggesting that CRP could treat myocardial hypertro-
phy by regulating multiple complex biological processes.
138 pathways were obtained through KEGG pathway
enrichment analysis (P < 0:01), and the top 9 pathways with
higher enrichment were screened (Figure 4(d)). The results

showed that the practical components of CRP could treat
myocardial hypertrophy through multiple signaling path-
ways such as tumor-related signaling pathway (target num-
ber 16), receptor activation signaling pathway (target
number 14), and nerve regeneration signaling pathway (tar-
get number 10).

3.5. Effects of Naringenin on Myocardial Hypertrophy
Induced by Ang II. To clarify the effect of naringenin on car-
diomyocyte hypertrophy, H9C2 cells were pretreated with
naringenin for 1 h and then treated with Ang II for 24 h.

1.5 #

1.0

0.5

0.0
Ang II

Naringenin

Re
la

tiv
e m

RN
A

 ex
pr

es
sio

n
(P

PA
RA

/G
A

PD
H

)

⁎

−

− −

+ +

+

(a)

1.5 #

1.0

0.5

0.0
Ang II

Naringenin

Re
la

tiv
e m

RN
A

 ex
pr

es
sio

n
(P

PA
RG

/G
A

PD
H

)

⁎

−

− −

+ +

+

(b)

1.5
ns

1.0

0.5

0.0
Ang II

Naringenin

Re
la

tiv
e m

RN
A

 ex
pr

es
sio

n
(E

SR
1/

G
A

PD
H

)

⁎

−

− −

+ +

+

(c)

Ang II

AKT

p-AKT
(S473)

ERK1/2

p-ERK1/2
(Thr202/204)

Naringenin
−

− −

+ +

+

44 kDa
42 kDa
44 kDa
42 kDa

60 kDa

60 kDa

(d)

3

#

2

1

0
Ang II

Naringenin

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

(p
-E

RK
1/

2 
/ E

RK
1/

2)

⁎

−

− −

+ +

+

(e)

2.5

#

1.5

2.0

0.5

1.0

0.0
Ang II

Naringenin

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

(p
-A

KT
/A

KT
)

⁎

−

− −

+ +

+

(f)

Figure 6: Effect of naringenin on the expression of essential target genes (AKT, PPARA, PPARG, ESR1, and ERK1/2). H9C2 cells were
treated with 20 μM naringenin for 1 h followed by stimulation with Ang II for 24 h. The mRNA expression of PPARA (a), PPARG (b),
and ESR1 (c) were detected by real-time PCR. (d–f) The protein expression of ERK and AKT were checked by Western blotting. ∗P <
0:05 vs. the group without treatment, #P < 0:05 vs. the group treated with Ang II, n = 5.
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The mRNA expressions of hypertrophy-related genes NPPA
and NPPB were detected. Ang II was able to induce
increased mRNA level of NPPA and NPPB, while narin-
genin pretreatment inhibited the mRNA expression of
NPPA and NPPB (Figures 5(a) and 5(b)), which suggested
that naringenin could inhibit Ang II-induced cardiomyocyte
hypertrophy in vitro.

3.6. Effects of Naringenin on the Critical Targets of CRP
Therapy for Myocardial Hypertrophy. To clarify the effect
of naringenin on the screened cardiac hypertrophic targets,
we gave H9C2 cardiomyocytes naringenin pretreatment for
1 h, followed by Ang II treatment for 24 h. Real-time PCR
detected the mRNA expression of PPARA, PPARG, and
ESR1. The phosphorylation levels of AKT and ERK1/2 were
detected by Western blotting. The results showed that narin-
genin pretreatment could inhibit the Ang II-induced
decrease in mRNA expression of PPARA, PPARG, and
ESR1 (Figures 6(a)–6(c)). At the same time, the administra-
tion of Ang II alone could increase the protein levels of p-
AKT and p-ERK, and naringenin could inhibit the phos-
phorylation of AKT and ERK (Figures 6(d)–6(f)).

4. Discussion

Cyberpharmacology provides new ideas for Chinese medi-
cine research by searching databases such as proteomics,
genomics, and bioinformatics to perform a systematic anal-
ysis of Chinese medicine at the molecular and holistic levels
to obtain the core chemical components and protein targets
of TCM and to clarify the mechanism of action of TCM [19,
20]. As a traditional Chinese medicine, the role and mecha-
nism of CRP and its various active ingredients in myocardial
hypertrophy have been reported more frequently. It was
found that CRP could inhibit Ang II-induced myocardial
hypertrophy in mice through upregulation of PPARG [21].
Important active constituents of CRP, such as nobiletin, hes-
peridin, and naringenin, were also able to inhibit the devel-
opment of myocardial hypertrophy. It was shown that
nobiletin ameliorated pressure overload-induced myocardial
hypertrophy by inhibiting oxidative stress-related signaling
pathways [22]. In contrast, hesperidin may exert antimyo-
cardial hypertrophy effects through anti-inflammatory and
antioxidant pathways [8]. In addition, naringenin was also
reported to inhibit diabetes-induced myocardial hypertro-
phy through modulation of PPAR-related pathways [23].
The above results suggested that CRP-related active compo-
nents are potential candidate compounds for preventing and
treating cardiovascular diseases. In this study, we collected
five potent compounds of CRP, 51 targets, and 5376 disease
targets of myocardial hypertrophy for gene mapping and
obtained 41 intersecting genes. The critical compound nar-
ingenin and five key targets: AKT1, MAPK3, PPARA,
PPARG, and ESR1, which affect myocardial hypertrophy in
CRP, were obtained by analyzing the protein-protein inter-
action network and combining the enrichment analysis
results. GO functional analysis showed that the main targets
of the active ingredients of CRP in regulating myocardial
hypertrophy were focused on hormone-related receptor

genes, nutrition-related genes, and oxidative stress-related
genes. KEGG signaling pathway enrichment analysis
revealed that the active ingredients of CRP inhibited myo-
cardial hypertrophy through tumor-related signaling path-
ways, receptor-activated signaling pathways, and
neurodegenerative signaling pathways.

Numerous extracellular and intracellular signals syner-
gistically regulate the onset and progression of myocardial
hypertrophy [24]. Myocardial hypertrophy occurs due to
an imbalance between pro and antihypertrophy factors.
Several cells’ signaling nodes are continuously activated
during myocardial hypertrophy, and PI3K/AKT and
MAPK-dependent signaling are two critical signaling path-
ways in the progression of myocardial hypertrophy [7, 9].
Studies have shown that various pathological stimuli, such
as infarction, hypertension, and neuroendocrine factors,
can activate the PI3K/AKT signaling pathway, inducing
myocardial hypertrophy development. After PI3K signal-
ing is activated, it can phosphorylate and activate Akt
[25, 26]. AKT protein further regulates the transcriptional
activity of myocardial hypertrophy-related transcription
factors through GSK-3β and mTOR to initiate the expres-
sion of myocardial hypertrophy marker genes such as
NPPA and NPPB [7, 27]. MAPK family, a group of
serine-threonine protein kinases, plays an important role
in cell proliferation, transformation, development, and
inflammation [9]. MAPK-dependent signaling pathway is
widely present in various cells and is involved in multiple
physiopathological processes such as cell growth, prolifera-
tion, oxidative stress, inflammation, drug resistance, and
autophagy [28]. The MAPK subfamily includes extracellu-
lar signal-regulated kinases (ERKs), c-Jun amino-terminal
kinase (JNK), and p38 mitogen-activated protein kinase
(p38-MAPK) [29]. In cardiomyocytes, in response to con-
tinuous mechanical or chemical stimulation, transforming
growth factor-beta activated kinase 1 and apoptosis
signal-regulating kinase 1 are activated and mediate the
downstream MAPK signaling pathways ERKs, JNK, and
p38-MAPK phosphorylation and shift from the cytoplasm
to the nucleus [30]. ASK1 activation triggers the down-
stream MAPK signaling pathways ERKs, JNK, and p38-
MAPK phosphorylation, which further regulates the devel-
opment of myocardial hypertrophy [31]. ERK1 (MAPK3)
was the first MAPK identified in mammals [32]. Previous
studies have shown that G protein-coupled receptors were
activated upon stimulation by extracellular hypertrophic
signals, which triggered the RAS-RAF-MEK-ERK1/2 cas-
cade signaling system, causing ERK1/2 to undergo phos-
phorylation translocation into the nucleus, thereby
increasing the expression of hypertrophy-associated tran-
scription factors [33]. In this present study, we predicted
that AKT1 and MAPK3 might be the key targets of the
active compound naringenin in Chenopodium during the
prescreening process to regulate myocardial hypertrophy.
Therefore, we detected the effect of naringenin on AKT
and ERK phosphorylation levels in myocardial hypertro-
phy induced by Ang II. We showed naringenin could sig-
nificantly inhibit the phosphorylation levels of AKT and
ERK.
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As one of the high energy-consuming tissues in the
body, cardiac mitochondrial energy metabolism dysfunction
is closely associated with many CVD [34]. The PPAR is
highly expressed in myocardial tissues with increased mito-
chondrial fatty acid oxidation rates, is closely related to the
homeostasis of myocardial mitochondrial energy metabo-
lism, and is involved in processes such as cardiomyocyte dif-
ferentiation and development [35]. Studies have shown that
PPARA and PPARG are closely associated with the develop-
ment of myocardial hypertrophy. The expression of PPARA
and PPARG significantly downregulated in myocardial
hypertrophy, and activation of either PPARA or PPARG
was able to inhibit the hypertrophic response [35, 36].
Through some molecular experiments, we also found that
naringenin significantly inhibited the Ang II-induced
decrease in the expression of PPARA and PPARG, which
is consistent with our predicted results.

In summary, we found that naringenin may be the criti-
cal active component in CRP that regulates myocardial
hypertrophy. Moreover, we also showed that naringenin
could exert inhibitory effects on myocardial hypertrophy
through AKT1, MAPK3, PPARA, PPARG, and other essen-
tial target proteins mediating cell proliferation, receptor acti-
vation, oxidative stress, and different signaling pathways.
Further molecular biology experiments also verified this pre-
diction. The present study provides a scientific basis for fur-
ther research on the mechanism of action of CRP against
myocardial hypertrophy.
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Background. Idiopathic pulmonary fibrosis (IPF) is a progressive disease with high mortality and poor prognosis. The prognostic
signatures related to conventional therapy response remain limited. The Wenfei Buqi Tongluo (WBT) formula, a traditional
Chinese medicine (TCM) formula, has been widely utilized to treat respiratory diseases in China, which is particularly effective
in promoting inflammatory absorption. In this study, we aim to explore the mechanism of the WBT formula in the inhibition of
inflammatory response during IPF, based on network pharmacology and in vivo experiments. Methods. Network pharmacology
was applied to predict the changes of biological processes and potential pathways for the WBT formula against IPF.
Histopathological changes, inflammatory factors (IL-6, IL-1β, and TNF-α), and the proteins of the TLR4/MyD88/NF-κB
pathway in bleomycin- (BLM-) induced mice model were examined by hematoxylin-eosin (H&E), Masson or
immunohistochemistry staining, Western blot, and enzyme-linked immunosorbent assay analysis. Results. A total of 163
possible components and 167 potential targets between the WBT formula and IPF were obtained. The enrichments of network
pharmacology showed that inflammation response, TNF, and NF-κB pathways were involved in the treatment of WBT against
IPF. The in vivo experiments indicated that the WBT formula could ameliorate inflammatory exudation and collagen deposition
at a histopathology level in the BLM-induced mice model. The levels of IL-6, IL-1β, and TNF-α were reduced after the WBT
formula treatment. Moreover, the expressions of phosphorylated-NF-κB p65, TLR4, and MyD88 were significantly
downregulated by the WBT formula, compared with the BLM-induced group. Conclusion. These results indicated that the WBT
formula can suppress BLM-induced IPF in a mouse model by inhibiting the inflammation via the TLR4/MyD88/NF-κB
pathway. This study provides a new insight into the molecular mechanisms of the WBT formula in the application at the clinic.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive
disease with a median survival time of three to five years
since diagnosis [1]. IPF, the most common interstitial lung
disease, is characterized by interstitial inflammation, fibro-
cyte proliferation of the alveolar wall, and fibrosis [2, 3].
Inflammatory and oxidative injuries, shortened telomeres,
epithelial-mesenchymal transition (EMT), and endoplasmic
reticulum stress lead to increased secretion of fibrotic factors
[4]. Repeated inflammation and lung tissue injury appear to
be an early-stage phenotype of pulmonary fibrosis (PF). The
aberrant repair of inflammatory cells subsequently leads to
the cross talk among epithelial cells, the extracellular matrix,
and nearby mesenchymal cells [1]. Chronic inflammation
triggered the secretion of transforming growth factor-β
(TGF-β) in the alveolar compartments, which was the pri-
mary mechanism driving fibroblast activation and prolifera-
tion [5]. Inflammatory response, wounding, and oxidative
stress play important roles in the prior phase of IPF [6]. It
has been proven that mice deficient for the toll-like receptor
4 (TLR4) developed worse fibrosis phenotype and downreg-
ulation of cell surface hyaluronan, which has been evidenced
in patients with IPF [7]. TLR4 activates the canonical NF-κB
pathway through MyD88 as an innate immune response,
which is related to IPF [8, 9]. Importantly, the NF-κB path-
way as a key mediator for inflammatory response modulates
the secretion of numerous cytokines and plays a key role in
the inflammatory stage of PF [10, 11]. Therefore, the sup-
pression of inflammation through the TLR4/MyD88/NF-
κB pathway in an early stage of the fibrosis process can effec-
tively improve lung fibrosis.

The Wenfei Buqi Tongluo (WBT) formula is an effective
prescription for treating IPF, based on a traditional and clas-
sical Chinese medicine formula, Buyang Huanwu decoction,
including Astragalus membranaceus (Fisch.) Bunge (Huang
qi), Angelica sinensis (Oliv.) Diels (Dang gui), Prunus persica
(L.) Batsch (Tao ren), Pheretima aspergillum (E. Perrier) (Di
long), Ligusticum striatum DC. (Chuan xiong), Carthamus
tinctorius L. (Hong hua), and Radix Paeoniae Rubra (Chi
shao), which was created by Qing-Ren Wang for hundreds
of years during the Qing Dynasty. Buyang Huanwu decoc-
tion ameliorates PF through inhibiting the PI3K/Akt signal-
ing pathway [12, 13]. The WBT formula is composed of 13
Chinese medicines, containing the five medicines in Buyang
Huanwu decoction and other eight herbs, such as Scutellaria
baicalensis Georgi (Huang qin), Salvia miltiorrhiza Bunge
(Dan shen), Polygonum cuspidatum Siebold & Zucc (Hu
zhang), Aster tataricus L.f. (Zi wan), Tussilago farfara L.
(Kuan donghua), Pinellia ternata (Thunb.) Makino (Ban
xia), Clematis chinensis Osbeck (Wei lingxian), and Sieges-
beckia orientalis L. (Xi xiancao) (Table 1). As we previously
reported, the WBT formula inhibited cell proliferation, mor-
phology, and EMT in the TGF-β1-induced A549 cell model
[14]. Multiple components in the WBT formula have been
proven that they are effective in the prevention and treat-
ment of main pathological progresses of IPF. Isorhamnetin
and kaempferol are bioactive compounds from Tussilago
farfara L. and Pinellia ternata (Thunb.) Makino, which

reduces inflammatory cytokines and oxidative stress to pro-
tect acute lung injury in mice model by regulating the NF-κB
pathway [15–17]. A bioactive compound from Ligusticum
striatum DC., ligustilide, can suppress oxidative stress and
inflammation to avoid BLM-induced PF in rat model
through the inhibition of the TLR4/MyD88/NF-κB pathway
[18]. However, the protective effects and possible mecha-
nisms of the WBT formula in the early phase of IPF, espe-
cially the inflammatory process, have not been thoroughly
explored. In this study, we first screened out IPF-related tar-
gets and potential chemical components of the WBT for-
mula by network pharmacology, according to several
common databases. Based on the prediction data, the path-
way enrichment analysis was performed to elucidate the pos-
sible mechanisms of the WBT formula against IPF.
Furthermore, the mice model after BLM induction for 7 days
was employed to validate the anti-inflammatory effects of
the WBT formula and investigate its regulatory roles on
the TLR4/MyD88/NF-κB pathway. Our study might provide
new insights into the molecular mechanism of the WBT
formula for inhibiting inflammatory response during IPF.

2. Materials and Methods

2.1. Reagents. BLM and pirfenidone (PFD) were purchased
from MedChemExpress (Monmouth Junction, NJ, USA).
Antibodies against TLR4 (95/120 kDa, sc-293072), MyD88
(33 kDa, sc-74532), p-NF-κB p65 (65 kDa, sc-166748), and
fibronectin (FN, 220 kDa, sc-8422) were purchased from
Santa Cruz Biotechnology (Rosemont, IL, USA). IκBα
(39 kDa, #4814) and NF-κB p65 (65 kDa, #8242) were
obtained from Cell Signaling Technology (Beverly, MA,
USA). Tubulin (50 kDa, 11224-1-AP) was purchased from
ProteinTech (Rosemont, IL, USA).

2.2. Network Pharmacology Analysis for the WBT Formula
and IPF. The potential gene targets of the 13 Chinese medi-
cines in the WBT formula were identified via network phar-
macology analysis. The monomer chemicals in the WBT
formula were retrieved from Traditional Chinese Medicine
databases (TCMSP, http://tcmspw.com/tcmsp.php) [19]
and Traditional Chinese Medicine Information Database
(TCMID, http://www.megabionet.org/tcmid/) [20]. In the
TCMSP database, oral bioavailability ≥30% and drug-
likeness ≥0.18 were conditioned to the absorption parame-
ters for the compound screening. To collect the potential
gene targets of these components of the WBT formula, the
following two databases, TCMSP and SwissTargetPrediction
Database (STPD, http://old.swisstargetprediction.ch/), were
used [21]. Then, the Universal Protein Resource Knowledge-
base (UniProt Knowledgebase, http://www.uniprot.org/,
entering at Jan 2021) was applied to unify the official gene
symbol, which was a collection from the candidates above.
The IPF-associated target genes were acquired from Gene-
Cards (https://www.genecards.org/) [22], the screening
parameter was “relevance score ≥ 4:56.” Protein-protein
interaction (PPI) data were obtained from STRING
(https://cn.string-db.org/) with parameter conditions filtered
by “Homo sapiens” (confidence score > 0:9) and visualized
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using Cytoscape. Finally, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
were enriched by using the Metascape (http://metascape
.org/) tool.

2.3. Preparation of the WBT Formula. The 13 Chinese
medicines present in the WBT formula were purchased from
the Hongjian Pharmacy (Changchun, China), which were
deposited in the Jilin Ginseng Academy, Changchun

Table 1: The compositions of the WBT formula.

Chinese name Latin name Family Weight (g) Part used Voucher specimen

Huang qi Astragalus membranaceus (Fisch.) Bunge Leguminosae 40 Root 201213-1

Huang qin Scutellaria baicalensis Georgi Lamiaceae 20 Root 201213-2

Dan shen Salvia miltiorrhiza Bunge Lamiaceae 20 Root 201213-3

Hu zhang Polygonum cuspidatum Siebold & Zucc Polygonaceae 15 Rhizome 201213-4

Dang gui Angelica sinensis (Oliv.) Diels Apiaceae 15 Root 201213-5

Chuan xiong Ligusticum striatum DC. Umbelliferae 15 Root 201213-6

Tao ren Prunus persica (L.) Batsch Rosaceae 10 Seed 201213-7

Di long Pheretima aspergillum (E. Perrier) Megascolecidae 10 Whole animal 201213-8

Zi wan Aster tataricus L.f. Compositae 15 Rhizome and root 201213-9

Kuan donghua Tussilago farfara L. Compositae 15 Flower bud 201213-10

Ban xia Pinellia ternata (Thunb.) Makino Araceae 9 Tuber 201213-11

Wei lingxian Clematis chinensis Osbeck Ranunculaceae 15 Root 201213-12

Xi xiancao Siegesbeckia orientalis L. Asteraceae 15 Above ground part 201213-13

Table 2: The possible components of the WBT formula were predicted by network pharmacology.

Chinese medicines Number Components

Astragalus membranaceus
(Fisch.) Bunge

20
Mairin, jaranol, hederagenin, quercetin, isorhamnetin, 3,9-di-O-methylnissolin, 5′-hydroxyiso-
muronulatol-2′,5′-di-O-glucoside, 7-O-methylisomucronulatol, 9,10-dimethoxyp-terocarpan-3-

O-β-D-glucoside, bifendate, etc.

Scutellaria baicalensis Georgi 36
Diop, panicolin, skullcapflavone II, baicalein, supraene, carthamidin, norwogonin, salvigenin, ent-

epicatechin, sitosterol, etc.

Salvia miltiorrhiza Bunge 65
Salvilenone, salviolone, sugiol, luteolin, miltipolone, miltirone, baicalin, manool, digallate, sugiol,

etc.

Polygonum cuspidatum
Siebold & Zucc

10
6,8-Dihydroxy-7-methoxyxanthoneluteolin, beta-sitosterol, physciondiglucoside, torachrysone-8-

O-beta-D-(6′-oxayl)-glucoside, quercetin, rhein, (+)-catechin, picralinal, physovenine, etc.
Angelica sinensis (Oliv.)
Diels

2 Stigmasterol, beta-sitosterol

Ligusticum striatum DC. 7 Mandenol, myricanone, perlolyrine, senkyunone, wallichilide, sitosterol, FA

Prunus persica (L.) Batsch 23
Hederagenin, beta-sitosterol, campesterol, 3-O-p-coumaroylquinic acid, sitosterol alpha1,
gibberellin 7, gibberellin 17, 2,3-didehydro GA70, gibberellin A44, populoside_qt, etc.

Pheretima aspergillum (E.
Perrier)

10
4-Guanidino-1-butanol, cholesterol, cholesteryl ferulate, guanidine, guanine(1,7-dihydro-form),

guanosine, hypoxanthine, hyrcanoside, xanthine, xanthinin, etc.

Aster tataricus L.f. 19
Rabdosinatol, shionone, galangin, isorhamnetin, beta-sitosterol, epifriedelanol acetate,

kaempferol, spinasterol, luteolin, quercetin, etc.

Tussilago farfara L. 22
Tussilagolactone, beta-sitosterol, taraxanthin, kaempferol, quercetin, senkirkine, tussilagin,

femara, methyl 3-o-caffeoylquinate, alpha-Carotene-5,6-epoxide, etc.

Pinellia ternata (Thunb.)
Makino

13
Cavidine, gondoic acid, coniferin, baicalein, beta-sitosterol, cycloartenol, baicalin, stigmasterol,

24-ethylcholest-4-en-3-one, 10,13-eicosadienoic, etc.

Clematis chinensis Osbeck 7

(4aS,6aR,6aS,6bR,8aR,10R,12aR,14bS)-10-hydroxy-2,2,6a,6b,9,9,12aheptamethyl-
1,3,4,5,6,6a,7,8,8a,10,11,12,13,14b-tetradecahydropicene-4a-carboxylic acid, (6Z,10E,14E,18E)-
2,6,10,15,19,23-hexamethyltetracosa-2,6,10,14,18,22-hexaene, beta-sitosterol, stigmasterol,

clematosideA’_qt, embinin, heptyl phthalate

Siegesbeckia orientalis L. 9
Stigmasterol, hederagenin, beta-sitosterol, 15alpha-Hydroxy-ent-kaur-16-en-19-oic acid, vernolic
acid, coronaridine, siegesesteric acid II, siegesmethyletheric acid, (1R)-1-[(2S,4aR,4bS,7R,8aS)-7-
hydroxy-2,4b,8,8-tetramethyl-4,4a,5,6,7,8a,9,10-octahydro-3H-phenanthren-2-yl]ethane-1,2-diol
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University of Chinese Medicine (Changchun, China). Raw
materials of the WBT formula were codecocted in the dis-
tilled water for 1 h twice using 10 times of the total weight
of the medicine mixture to obtain the aqueous extract. After
filtering and centrifuging at 3,500 rpm for 15min, the super-
natants of WBT were subjected to vacuum to obtain the
powder for further experiments.

2.4. Establishment of BLM-Induced Pulmonary
Inflammation and Fibrosis and Drug Treatment. All mice
(the Vital River Laboratory Animal Technology Co. Ltd, Bei-
jing, China) were housed under standard conditions at the
Experimental Animal Center, Changchun University of Chi-
nese Medicine (Changchun, China). All experiments were
approved by the Experimental Animal Administration
Committee of Changchun University of Chinese Medicine
(Approval No. 2021230). After three days of acclimatization,
a total of 60 male C57BL/6N mice with body weight about
20 ± 2 g, aged 6–8 weeks, were randomly divided into six
groups (n = 10): sham, BLM (3mg/kg), WBT (3, 6, and
12 g/kg), and PFD (200mg/kg) groups. The pulmonary
inflammation and fibrosis model was established by intratra-
cheal injection with BLM (3mg/kg) under anesthesia by
0.3% pentobarbital sodium on day 0. The sham group was

instilled with an equal volume of normal saline only. After
BLM administration, mice were intragastrically adminis-
tered with different doses of the WBT formula or PFD once
a day for 7 consecutive days. On day 8, all the mice were
sacrificed to collect serum, bronchoalveolar lavage fluid
(BALF), and lung tissues for further analysis.

2.5. Interleukin-6 (IL-6), TNF-α, and Interleukin-1β (IL-1β)
Measurement. According to the instructions, the IL-6 level
in the serum and TNF-α and IL-1β in BALF from the mice
of different groups were determined by the enzyme-linked
immunosorbent assay kit (Sinobest Bio, Shanghai, China).

2.6. Histopathological Analysis. The mouse lung tissue was
fixed using 4% formaldehyde, was embedded in paraffin,
and then was cut into the slices at 4μm thickness. The lung
sections were deparaffinized with xylene after being rehy-
drated in water by graded concentrations of ethanol solu-
tion. The sections were stained to estimate lung
inflammation and fibrotic changes using H&E and Masson’s
trichrome stainings. For immunohistochemical (IHC) stain-
ing, the slides were submerged with a citric acid solution
(pH6.0, 0.01mol/L; Servicebio, Wuhan, China) for 10min
for antigen retrieval. After incubation with 3% hydrogen

WBT target genes IPF-related target genes

185 167 1364

(a)

(b)

Figure 1: Screening of potential targets and the compound-target-disease network. (a) Venn chart of potential target genes between the
WBT formula and IPF. A total of 352 genes of the components from the WBT formula and 1,531 disease genes of IPF were predicted
and contributed to 167 shared targets, as potential targets of the WBT formula treating IPF. (b) Bioactive components of the WBT
formula-potential targets network. The left triangles represent treatment targets of the WBT formula for IPF, the right circles represent
the bioavailable components of the WBT formula.
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peroxide for 25min, the slides were incubated with primary
antibodies against TLR4, MyD88, and p-NF-κB overnight at
4°C and secondary antibody for 1 h. The positive staining
was determined with a 3,3′-diaminobenzidine substrate
and counterstained with hematoxylin. Histological images
were acquired using an M8 microscope (PreciPoint, Thürin-
gen, Germany).

2.7. Western Blot Analysis. Proteins from mouse lung tissues
were extracted, separated on 12% SDS-PAGE gels, and
transferred to the PVDF membranes (Roche, Basel, Switzer-
land). After blocking with 5% BSA or nonfat milk for 1.5 h,
the membranes were incubated with primary antibodies
against TLR4, MyD88, IκBα, NF-κB p65, p-NF-κB p65,
and Tubulin overnight at 4°C. After the incubation with
HRP-conjugated secondary antibody (ProteinTech, IL,
USA) for 1 h at room temperature, the membranes were
washed three times with Tris-buffered saline with 0.1%
Tween 20. The protein brands were visualized and detected
using the ECL Moon kit (Beyotime Biotechnology, Shang-
hai, China) by a chemiluminescence detection system (Che-
miDoc XRS, Bio-Rad, CA, USA). The quantification of the
bands was performed using the ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

2.8. Statistical Analysis. Data were analyzed on the Prism
software version 8 (GraphPad, San Diego, CA, USA). All
values are expressed as the mean ± SEM. The significant dif-
ferences among the groups were evaluated by one-way
ANOVA with Tukey’s post hoc test. The results are accepted
as the level of significance was set at P value of < 0.05.

3. Results

3.1. The Activated Compounds and Potential Targets of the
WBT Formula against IPF Are Predicted by Network
Pharmacology. Using the TCMSP and TCMID databases,

243 candidate compounds were found in the WBT formula.
Among these components, 20, 36, 65, 10, 2, 7, 23, 10, 19, 22,
13, 7, and 9 compounds were identified in Astragalus mem-
branaceus (Fisch.) Bunge, Scutellaria baicalensis Georgi,
Bunge Salvia miltiorrhiza Bunge, Polygonum cuspidatum
Siebold & Zucc, Angelica sinensis (Oliv.) Diels, Ligusticum
striatum DC., Prunus persica (L.) Batsch, Pheretima aspergil-
lum (E. Perrier), Aster tataricus L.f., Tussilago farfara L.,
Pinellia ternata (Thunb.) Makino, Clematis chinensis
Osbeck, and Siegesbeckia orientalis L., respectively
(Table 2). Among these compounds, 40 compounds with
the repeated names and 38 compounds without targets were
deleted to obtain 165 compounds for further analysis. In the
WBT formula, 352 targets of these 165 components (Supple-
mentary Table 1) were predicted at TCMID and STPD
websites. Then, we input 352 targets into the UniProt
Knowledgebase website to unify the standard
nomenclature. Meanwhile, 1,531 pathogenic genes-related
with IPF were collected from the databases mentioned
above (Supplementary Table 2). After the overlapping
analysis, 167 intersection targets, as the potential targets of
the WBT formula for treating IPF, were acquired and
shown in a Venn diagram (Figure 1(a)). Furthermore, two
compounds not for 167 targets of IPF were screened out to
obtain 163 candidate compounds. In addition, those
intersection targets were used to build the network
diagram of the components of the WBT formula and their
targets, which were composed of 330 nodes and 999 edges
(Figure 1(b) and Supplementary Table 3). Collectively, 163
candidate compounds and 167 potential targets of the
WBT formula against IPF were predicted by a network
pharmacology-based method.

3.2. Potential Pathways and Gene Functional Enrichments
for the WBT Formula against IPF. The GO annotation and
KEGG pathway enrichments for 167 overlapping targets
showed the top 20 significantly enriched terms in the
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Figure 2: The GO and KEGG pathway enrichment analysis of the key targets for the WBT formula. GO enrichment analysis showing the
top 20 biological processes (a) and KEGG pathway analysis (b) for 167 shared targets from the WBT formula and IPF-related target genes.
(c) The PPI network of targets for the WBT formula against IPF was constructed by the Cytoscape software. (d) The PPI network of an NF-
κB pathway-related gene from (c) is shown. The size and color depth of nodes are positively correlated with their degrees, respectively.
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biological process (BP), and cell component (CC) and
molecular function (MF) categories are shown in
Figure 2(a) and Supplementary Figure 1. As suggested
from the results, 167 key targets showed tight relations to
the major BP, such as inflammatory response, response to
wounding, response to oxidative stress, and regulation of
cell adhesion. The WBT formula was reported for
integrating multiple signaling pathways in the fibrosis
process, inflammatory response, and cancers. The
enrichment of target-pathway was built to delve into the
mechanisms of potential targets acting on their
corresponding signal pathways (Figure 2(b)). The PPI
network for therapeutic targets of the WBT formula
against IPF was constructed (Figure 2(c)). Furthermore, the
therapeutic effect of the WBT formula on IPF was most
likely achieved through modulating multiple pathways
such as the PI3K-Akt, TNF, and NF-κB pathways. Among
these pathways, the NF-κB pathway might be the core
potential pathway of the WBT formula for inhibiting the
inflammatory response, wounding response, and
subsequent fibrosis. The targets of the NF-κB pathway
subnetwork were built and are shown in Figure 2(d). Based
on the results of the network pharmacology enrichment
analysis, we further examined whether the protective effect
of the WBT formula against inflammation and subsequent
fibrosis were dependent on the regulation of the NF-κB-
mediated inflammatory pathways.

3.3. Anti-Inflammatory and Fibrotic Effects of the WBT
Formula on BLM-Induced Mice. To further validate the
mechanism of the WBT formula for preventing inflamma-
tory response during lung fibrosis, the protocol for animal
group, drug administration, and mechanism experiment
were designed and are visualized in Figure 3(a). As shown
in Figures 3(b) and 3(c), histopathological changes with
inflammatory and fibrotic responses due to BLM induction

showed the gathering of multiple inflammatory cells and
collagen fibrogenesis in alveolar spaces after 7 days. Alveolar
infiltration in the model group was suppressed in a dose-
dependent manner after treatment with the WBT formula
(Figure 3(b)). Masson’s trichrome staining reflected collagen
accumulation, as an indicator for lung fibrosis. The newly
formed collagen fibers were decreased by the treatment of
the WBT formula and PFD. The WBT formula at the dose
of 12 g/kg and PFD effectively inhibited the formation of col-
lagen fiber in the alveoli (Figure 3(c)), compared to the
BLM-induced group. Subsequently, we examined the con-
tent of the IL-6 level in the serum and the levels of IL-1β
and TNF-α in BALF from different groups. We found that
WBT or PFD treatment significantly inhibited serum IL-6
level, compared with the BLM-induced group
(Figure 3(d)). Importantly, the contents of IL-1β and TNF-
α in BALF induced by BLM were lower than that of WBT
or PFD treatment (Figures 3(e) and 3(f)). In addition, West-
ern blot analysis showed that the expression of FN, a key
molecule involved in fibrosis, was upregulated by BLM
induction, which was obviously suppressed by WBT or
PFD treatment (Figures 3(g) and 3(h)). Together, these data
indicated that the WBT formula can inhibit inflammatory
and fibrotic responses in the BLM-induced mouse model.

3.4. The WBT Formula Attenuates BLM-Induced
Inflammatory Response by Inhibiting the TLR4/MyD88/NF-
κB Pathway to Protect Lung Tissue from Fibrosis. To further
validate the mechanism of the WBT formula for inflamma-
tory response from the prediction, Western blot and IHC
staining methods were used to analyze the NF-κB inflamma-
tory pathway for clarifying the mechanism of the WBT for-
mula. Western blotting revealed that IκBα was reduced by
BLM, while NF-κB p-p65/p65 was upregulated in the
BLM-induced lung tissues (Figures 4(a)–4(c)). WBT treat-
ment promoted the expression of IκBα and inhibited the

0
140

280

420

560

700

###
###

### ###
TN

F-
𝛼

 in
 B

A
LF

 (p
g/

m
L)

630 12Sham

BLM (3 mg/kg)
WBT (g/kg)

PFD

(f)

50 kDa

220 kDa
Tubulin

FN

630 12Sham

BLM (3 mg/kg)
WBT (g/kg)

PFD

(g)

0.0

1.0

0.5

1.5

2.0

2.5

FN
 (t

ub
ul

in
 ra

tio
)

⁎⁎⁎

##
##

###
###

630 12Sham

BLM (3 mg/kg)
WBT (g/kg)

PFD

(h)

Figure 3: The WBT formula alleviates inflammation and fibrosis in a mouse model induced by BLM. (a) Diagram describing the protocol of
animal experiment (n = 10 mice in each group). (b) H&E staining for observing inflammatory cell infiltration of lung tissues. (c) Masson’s
trichrome staining for detecting collagen fibers. (d–f) Serum IL-6 level and IL-1β, and TNF-α in BALF in different groups was measured by
ELISA commercial kits. (g, h) The level of FN in lung tissues was measured by Western blot analysis. The bands from three independent
experiments were semiquantitatively analyzed by using the ImageJ software, normalized to Tubulin density. Sham: sham surgery with
intratracheal administration of normal saline (NS) + oral NS for 7 days; BLM (intratracheal administration of BLM (3mg/kg) + oral
NS); BLM induction and WBT/PFD treatment: BLM + WBT (3, 6, or 12 g/kg)/PFD (pirfenidone 200mg/kg) for 7 days. Scale bar = 200μ
m (upper image), 100 μm (lower image). ∗∗∗P < 0:001, compared to the sham group; #P < 0:05, ##P < 0:01, and ###P < 0:001 compared
with the BLM group. All data were analyzed using one-way ANOVA followed by Tukey’s test.
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phosphorylation of NF-κB p65, compared with the BLM
group (Figures 4(a)–4(c)). Similarly, the increased phos-
phorylation of NF-κB p65 induced by BLM in lung tissues
was inhibited by the WBT formula according to IHC stain-
ing (Figure 4(d)). Recent studies have shown that TLR4
activity is crucial for inflammation and PF [23], which is
upstream of the NF-κB pathway. MyD88 can be recruited
to mediate the release of proinflammatory cytokines when
the TLR4 pathway is activated [24, 25]. Therefore, we used
Western blot and IHC staining to further investigate the
effect of the WBT formula on the levels of TLR4 and
MyD88 in the BLM-induced lung tissues. As shown in
Figures 5(a)–5(c), Western blot analysis showed that BLM
increased the expressions of TLR4 and MyD88 in the lung
tissues, which were significantly downregulated after WBT
formula intervention. For the IHC staining shown in
Figure 5(d), similar results were found that WBT treatment
significantly suppressed the BLM-induced increases of
TLR4 and MyD88. Taken together, the WBT formula can
inhibit the TLR4/MyD88/NF-κB signaling pathway to
reduce inflammatory response in a BLM-induced mouse
model with IPF.

4. Discussion

In the early stages following inflammation, fibroblasts and
myofibroblasts provide a tissue scaffold for repairing the
injured alveolar epithelial cell [26]. The inflammatory
response is the initial pathogenesis of IPF, which stimu-
lates the secretion of profibrotic cytokines to initiate
fibroblast activation. Hence, the suppression of inflamma-
tion could slow down the IPF process [27]. The potential
targets of the WBT formula for inhibiting inflammatory
response were predicted using a network pharmacology
approach. The WBT formula is a TCM and has exten-
sively achieved efficacy in the Affiliated Hospital of
Changchun University of Chinese Medicine (Changchun,
China) for the prevention and treatment of IPF. How-
ever, its exact mechanism of anti-inflammatory action
on IPF is still unclear. This study provides experimental
evidence for the inhibitory effect of the WBT formula
against inflammatory response by inactivating the TLR4/
MyD88/NF-κB pathway, which could be a potential
mechanism of the WBT formula treatment for IPF
patients (Figure 6).
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Figure 4: The WBT formula alleviated the NF-κB signaling pathway in BLM-induced mouse model. (a) Protein levels of phosphorylated-
NF-κB p65 (p-NF-κB p65), total p65, and IκBα were measured with Western blotting. Tubulin was a loading control. (b, c) The bands of
IκBα, p-NF-κB p65, and p65 were semiquantitatively analyzed by using the ImageJ software, normalized to Tubulin density, and
calculated relative IκBα expression and the ratio of p-NF-κB p65 and p65. (d) The p-NF-κB p65 expression in lung tissues from different
groups was determined by IHC staining. Scale bar: 200 μm (upper image), 100 μm (lower image). BLM: bleomycin. Sham: sham surgery
with intratracheal administration of normal saline (NS) + oral NS for 7 days; BLM (intratracheal administration of BLM (3mg/kg) +
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Some herbs and bioactive components have been shown
to possess pharmacologic activities for the treatment of IPF.
Astragalus membranaceus (Fisch.) Bunge is a kind of the
most widely used traditional Chinese herbal medicines for
antioxidant and anti-inflammatory effects [28]. Extracts of
Scutellaria baicalensis Georgi and its major chemical constit-
uents have been reported to possess antioxidant and anti-

inflammatory functions [29], which promoted wound heal-
ing by suppressing the secretion of inflammatory cytokines
[28]. After the prediction by network pharmacology, the
degrees representing the connections of the nodes with
direct neighbors were calculated to estimate the significance
of the nodes in a network between the compounds and the
targets [30]. In the present study, some targets with higher
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Figure 5: The WBT formula decreased the protein expression of the TLR4/MyD88 pathway in mouse lung tissues induced by BLM. (a)
Protein levels of TLR4 and MyD88 were measured by Western blot analysis. (b, c) Quantification of relative expression of TLR4 or
MyD88 was performed by densitometric analysis after the normalization of Tubulin. Tubulin was a loading control. (d, e) The levels of
TLR4 and MyD88 were detected by immunohistochemical staining in lung tissues from sham (sham surgery with intratracheal
administration of normal saline (NS) + oral NS), BLM (intratracheal administration of BLM (3mg/kg) + oral NS), and WBT
(intratracheal administration of BLM (3mg/kg) + 3, 6, or 12 g/kg WBT) or PFD (intratracheal administration of BLM (3mg/kg) +
pirfenidone 200mg/kg) for 7 days, n = 10. BLM: bleomycin. Scale bar: 200 μm (upper image), 100μm (lower image). #P < 0:05 and ##P
< 0:01 compared with the BLM group.
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degree values are important for the network. The top ten
degree-ranked compounds are quercetin (MOL000098),
xanthinin, luteolin (MOL000006), kaempferol
(MOL000422), wogonin (MOL000173), tanshinone IIA
(MOL007154), baicalein (MOL002714), beta-sitosterol
(MOL000358), 7-O-methylisomucronulatol (MOL000378),
and dihydrotanshinlactone (MOL007100), indicating their
essential roles of these compounds for the target network
of the inflammatory response during IPF. Certainly, those
components in the WBT formula need to require LC-MS
methods to identify the active compounds in further
experiments.

The early stage of IPF is manifested inflammation, espe-
cially in the mouse model after BLM for 7 days. According to
recent studies and our results, the TLR4/MyD88/NF-κB p65
signaling pathway appears to have potential functions in IPF
[18, 31]. In our study, some compounds in the WBT formula
have been shown to inhibit the TLR4/MyD88/NF-κB path-
way. Researchers have found that quercetin has anti-
inflammatory effects and can reduce the inflammatory
response in a variety of diseases and inhibit inflammation-
related signaling pathways [32–34]. Luteolin can inhibit
TLR4 activation in multiple diseases [35–37]. To be of
worth, PI3K/Akt, AGE-RAGE, and other pathways were also
predicted by network pharmacology, which is important in
the multiple stages of IPF progression and requires further
experimental validation.

5. Conclusion

This research is aimed at exploring the mechanism of the
WBT formula using a network pharmacology analysis in
the early stage of IPF. After the prediction, 163 candidate
compounds and 167 key targets of the WBT formula against

IPF were identified. The inflammatory response, TNF, and
NF-κB pathways were considered the potential pathway of
the WBT formula, which was validated using a mouse model
of IPF. The results indicated that the WBT formula can sup-
press IPF progression by inhibiting the TLR4/MyD88/NF-
κB pathway-mediated inflammation. This study provides a
new insight to the molecular mechanisms of the WBT for-
mula in the application at the clinic.
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Objective. The mechanism of action of Sanhua Decoction (SHD) in the treatment of ischemic stroke (IS) was analyzed based on
the network pharmacology technology, and the pharmacodynamics and key targets were verified using the rat middle cerebral
artery occlusion (MCAO) model. Methods. The GEO database was used to collect IS-related gene set SD, and DrugBank and
TTD databases were used to obtain the therapeutic drug target set ST . IS disease gene set SI was collected from DisGeNET,
GeneCards, and OMIM databases. These three different gene sets obtained from various sources were merged, duplicates were
removed, and the resulting IS disease gene set SIS was imported into the STRING database to establish the protein-protein
interaction (PPI) network. Two methods were used to screen the key targets of IS disease based on the PPI network analysis.
The TCMSP database and PubChem were applied to retrieve the main chemical components of SHD, and the ACD/Labs
software and the SwissADME online system were utilized for ADMET screening. HitPick, SEA, and SwissTarget Prediction
online systems were used to predict the set of potential targets for SHD to treat IS. The predicted set of potential targets and
the IS disease gene set were intersected. Subsequently, the set of potential targets for SHD treatment of IS was identified, the
target information was confirmed through the UniProt database, and finally, the component-target data set for SHD treatment
of IS was obtained. clusterProfiler was used for GO function annotation and KEGG pathway enrichment analysis on the target
set of SHD active ingredients. A rat MCAO model was established to evaluate the pharmacodynamics of SHD in the treatment
of IS, and Western blot analysis assessed the level of proteins in the related pathways. Results. This study obtained 1,009 IS
disease gene sets. PPI network analysis identified 12 key targets: AGT, SAA1, KNG1, APP, GNB3, C3, CXCR4, CXCL12,
CXCL8, CXCL1, F2, and EDN1. Database analyses retrieved 40 active ingredients and 47 target genes in SHD. The network
proximity algorithm was used to optimize the six key components in SHD. KEGG enrichment showed that the signaling
pathways related to IS were endocrine resistance, estrogen, TNF signal pathway, and AGEs/RAGE. Compound-disease-target
regulatory network analysis showed that AKT1, IL-6, TNF-α, TP53, VEGFA, and APP were related to the treatment of IS with
SHD. Animal experiments demonstrated that SHD significantly reduces the neurological function of rat defect symptoms
(P < 0:05), the area of cerebral avascular necrosis, and neuronal necrosis while increasing the levels of IL-6 and APP proteins
(P < 0:05) and reducing the levels of AKT1 and VEGFA proteins (P < 0:05). Conclusion. The effective components of SHD
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may regulate multiple signaling pathways through IL-6, APP, AKT1, and VEGFA to reduce brain damage and inflammatory
damage and exert a neuroprotective role in the treatment of IS diseases. Thus, this study provides a feasible method to study
the pharmacological mechanism of traditional Chinese medicine compound prescriptions and a theoretical basis for the
development of SHD into a new drug for IS treatment.

1. Introduction

Stroke is the second leading cause of death worldwide and is
becoming a serious medical problem in developing countries
[1, 2]. In China, approximately 1.3 million people suffer
from stroke each year, and about 80% are related to ischemia
[3]. Ischemic stroke (IS) is a common type of cerebrovascu-
lar disease with high morbidity and disability [4]. It is the
first of the three major causes of death in China, accounting
for about 50–70% of cerebrovascular accident diseases. Most
surviving patients have severe disabilities, which casts a
heavy economic burden on the family and society [5]. IS
refers to the stenosis or occlusion of cerebral blood vessels,
leading to the blockage of cerebral blood flow, which in turn
causes ischemia, hypoxia, softening, and even necrosis of
brain tissue, thereby resulting in cerebrovascular dysfunc-
tion and irreversible brain damage [6, 7]. Presently, the
accepted theories about the pathogenesis of IS include
energy exhaustion, depolarization of the penumbra around
the infarct focus, excitatory amino acid (EAA) toxic effects,
nitric oxide, inflammatory cytokines, free radical damage
and cell damage, and apoptosis [8]. Therefore, adopting
active and effective methods to start the protective program
of cerebral ischemia injury in the early stage to reduce the
neurological deficit and restore and reconstruct the cerebral
neurological function is the current hotspot for research [9].
Clinically, patients with IS are treated with platelet aggrega-
tion inhibitors, statins, antihypertensive drugs, cerebrovas-
cular nutrients, and other drugs [10]. Although progress
has been made in treating IS in the clinic, the prevention
and rehabilitation of IS are still a challenge.

Traditional Chinese medicine (TCM) has a history of
thousands of years in the treatment of IS [11, 12]. SHD is
a representative TCM prescription for IS [13] that comes
from Liu Wansu’s book “Su Tong Diseases, Qi Yi Bao Ming
Ji.” It is composed of Magnolia officinalis, Citrus aurantium,
Rhubarb, and Notopterygium and is used for the treatment
of stroke [14] even today in the modern world [15]. Previous
studies have confirmed that this prescription is an optimal
treatment of IS. It reduces the blood viscosity and the risk
of thrombosis recurrence and increases the cerebral infarc-
tion area in patients [16]. Although the curative effect is def-
inite, the pharmacological mechanism underlying SHD in
the treatment of IS is unclear. Network pharmacology is a
novel discipline based on the theory of system biology to
conduct network analysis of biological systems and select
specific signal nodes for multitarget drug molecular design
[17]. The research field is aimed at revealing the synergy of
multimolecular drugs by analyzing their regulatory effect
on the disease network [18]. Network pharmacology com-
bines system biology, omics, and computational biology to
clarify the mechanism of drug action from a holistic per-
spective. It has the characteristics of completeness, synergy,

and dynamics [19]. These characteristics are similar to those
of TCM holism [20]. This method provides a new perspective
for Chinese medicine’s multicomponent and multitargeted
therapy [21]. This method provides a system-level understand-
ing of the effects of drugs and the complexity of diseases
through network mapping and analysis. The network pharma-
cology method explains the mechanism of action of Chinese
medicine in various diseases [22]. Therefore, the present study
used network pharmacology to explore the mechanism of
SHD on the effectiveness of IS treatment. A total of 40 represen-
tative compounds of SHD’s four herbal medicines were
screened. Subsequently, key targets were discovered using pub-
lic databases and mathematical modeling calculations, and a
protein-protein interaction (PPI) network was established. GO
function and KEGG pathway enrichment analyses were per-
formed. Finally, the signal pathway was verified by animal
experiments. The results showed that SHD is an effective IS
treatment, significantly reducing the symptoms of neurological
deficits in rats, the area of avascular necrosis of brain tissue, and
the amount of neuronal necrosis. Furthermore, SHD promotes
the level of IL-6 and APP proteins in rats after ischemic brain
injury and reduces the level of AKT1 and VEGFA proteins.
These results provide a new perspective and further research
direction for SHD treatment of IS. In addition, network phar-
macology strategies can help researchers simplify the complex
prescription system and provide novel avenues to elucidate
the mechanisms underlying TCM prescriptions.

2. Materials and Methods

2.1. IS Disease Gene Collection

2.1.1. IS Differential Gene Analysis Based on Gene Expression
Omnibus (GEO). In the GEO database (https://www.ncbi
.nlm.nih.gov/geo/), “Ischemic Stroke” was entered to query
and collect IS-related gene expression profiling chip to
obtain the IS-related expression profiling data GSE22255.
The data platform was GPL570 [HG-U133_Plus_2] Affyme-
trix Human Genome U133 Plus 2.0 Array, consisting of 20
normal and 20 IS samples.

The GSE22255 expression profile chip data file was
downloaded from GEO, and the original data were prepro-
cessed sequentially by standardization, correction, and gene
name annotation using the limma package (version 3.42.2)
based on the R language (version 3.6.3). Then, differentially
expressed genes (DEGs) were analyzed. The IS DEG set was
also screened according to p:value < 0:05 and jlog2FCj > 0:5,
and ultimately, the IS gene set SD was obtained based on the
GEO differential gene analysis.

2.1.2. Collection and Collation of Data on Known IS
Therapeutic Drug Targets. “Ischemic Stroke” was entered
into the DrugBank (https://www.drugbank.ca/) to search
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for existing small-molecule drugs for the treatment of IS and
obtain target information of these drugs. Similarly, “Ische-
mic Stroke” was entered into the Therapeutic Target Data-
base (TTD) (http://db.idrblab.net/ttd/) to identify IS-
related targets. All targets from the two databases were
merged, the points sorted, and the IS target set ST was que-
ried based on the database of the known therapeutic IS drug
targets.

2.1.3. Collection and Sorting of IS Disease-Related Genes.
Genes related to IS diseases were collected from DisGeNET
(http://disgenet.org/home/), GeneCards (https://www
.genecards.org/), and OMIM (https://omim.org/) databases.
The IS-related genes were entered into “Ischemic Stroke,”
respectively, and searched in DisGeNET, GeneCards, and
OMIM. Then, the intersection was obtained using the
Venny Venn diagram tool (version 2.1.0, https://bioinfogp
.cnb.csic.es/tools/venny/index.html). Subsequently, the
genes overlapping in two or more databases were considered
as IS disease candidate genes, and thus, the IS disease gene
set SI based on the query of the disease database was
obtained. Finally, the three different gene sets SD, ST , and
SI obtained from three different sources were merged, dupli-
cated removed, and the IS disease gene set SIS obtained for
further analysis.

2.2. IS Disease PPI Network Construction and Key
Target Discovery

2.2.1. Construction of PPI Disease Network. The IS disease
gene set obtained in Section 2.1 was imported into the
STRING database (version 11.0, https://string-db.org/), the
parameter organization was set to Homo sapiens, the com-
bined score threshold was set to 0.7, and the IS disease PPI
was obtained. The Gephi (version 0.9.2) software (https://
gephi.org/) was used to visualize the IS disease PPI network.

2.2.2. Key Target Discovery Based on PPI Network Analysis.
Typically, the critical targets in the PPI network play a key
role in the disease; however, several methods are used to
measure the importance of the nodes in the network. In
order to elucidate and explore the key targets in the IS dis-
ease network, two methods were used to screen the key IS
disease targets from different perspectives in this study.

(1) Method 1: Comprehensive Evaluation of Node Importance
Based on Information Entropy Method. Generally, the
parameter indicators in the PPI network, such as degree,
closeness, betweenness, eccentricity, and page rank value,
can be used to evaluate the importance of the target point
from different angles in the network.

Entropy was first introduced into information theory by
Shannon and since then has been widely used in engineering
technology, social economy, and other fields. The evaluation
method based on information entropy is that the objective
weight is determined according to the size of the variability
of the indicator. In the present study, an improved informa-
tion entropy method (IIEM) was used to comprehensively

evaluate the importance value Z of each target on the PPI
network. The computation is as follows:

(1) The network index value xij of each protein target in
the PPI network is standardized and preprocessed
using the following equation (1):

yij =
xij −min xij

� �

max xij
� �

−min xij
� � : ð1Þ

(2) The information entropy value Hj of each network
index is calculated using the following equation (2):

Hj = −
1

ln m
〠
m

i=1
bij × ln bij: ð2Þ

Among them, bij = ðyij + εÞ/ð∑m
i=1ðyij + εÞÞ, ε = 10−4:

(3) The weight value ωj of each network index is calcu-
lated using the following equation (3):

ωj =
1 −Hj + 0:1 ×∑n

j=1 1 −Hj

� �

∑n
j=1 1 −Hj + 0:1 ×∑n

j=1 1 −Hj

� �h i : ð3Þ

(4) The importance value Zi of the i protein target in the
PPI network is calculated using the following equa-
tion (4):

Zi = 〠
n

j=1
wj yij − f j
� �

" #2

, ð4Þ

where m is the number of protein targets in the network and
n is the number of network indicators at f j = 0. Herein, we
first calculated the five indicators of each protein target in
the IS disease PPI network, including degree, closeness,
betweenness, eccentricity, and page rank. Then, according
to the magnitude of the importance value Zi, the importance
of the targets in the PPI network was sorted using IIEM, and
the key IS target genes were screened out.

(2) Method 2: Screening of Key Targets Based on Network
Modules. From the perspective of network modules, the crit-
ical targets in the PPI network were analyzed and screened.
The CytoHubba tool in the Cytoscape (version 3.7.1) soft-
ware (https://cytoscape.org/) based on the Maximal Clique
Centrality (MCC) algorithm was employed, and the crucial
nodes in the network were discovered from the mining per-
spective of the largest group of network modules.
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2.3. Collection of the Main Ingredients and Screening of
ADMET in SHD. SHD is mainly composed of four TCMs,
including Rhubarb (DH), Magnolia officinalis (HP), Citrus
aurantium (ZS), and Notopterygium (QH). First, we col-
lected all the ingredients of these medicines from our
TCMID database (http://www.megabionet.org/tcmid/).
Then, according to the PubChem database (https://
pubchem.ncbi.nlm.nih.gov), the compound name, molecu-
lar formula, PubChem CID, Canonical SMILES, and other
information on each component were collected and con-
firmed to establish the SHD component database.

In this study, we used two ADMET prediction systems,
the ACD/Labs software and SwissADME online system
(http://www.swissadme.ch/), to screen the active ingredients
according to the molecular weight (MW), Lipinski, solubil-
ity, bioavailability (dose = 50mg), Ames, hERG, synthetic
accessibility, and other indicators. Among these, the evalua-
tion result of MW and Lipinski was “Good” or “Moderate,”
that of solubility removal was considered as “Highly Insolu-
ble,” the oral availability bioavailability was ≥60%, Ames and
hERG were genotoxicity and cardiotoxicity indicators,
respectively, the clear toxic components were removed dur-
ing screening, and synthetic accessibility was ≤5.

2.4. Prediction and Identification of Potential Targets of
Active Ingredients. Canonical SMILES corresponding to the
SHD active ingredients filtered by ADMET were imported
into HitPick (http://mips.helmholtz-muenchen.de/proj/
hitpick), SEA (http://sea.bkslab.org/), and SwissTargetPre-
diction (http://www.swisstargetprediction.ch/) to predict
the potential target points of all components. Among these,
the screening threshold precision predicted by HitPick was
70%, the screening threshold max Tc predicted by SEA
was 0.7, and the SwissTarget Prediction threshold probabil-
ity was 0.6.

Next, the predicted potential target set and IS disease
gene set were intersected, and the potential target set of
SHD treatment of IS was identified. The target information
was confirmed through the UniProt database (https://www
.uniprot.org/). Finally, the component-target data of the
treatment of IS by SHD was obtained. The Cytoscape soft-
ware was used to draw the effective component-target net-
work diagram of the SHD treatment of IS. This network
was termed as the SHD active component direct action tar-
get network for subsequent analysis.

2.5. GO Function of the Target and the Enrichment Analysis
of the KEGG Pathway. Cluster Profiler (version 3.14.3) was
used to perform GO function annotation and KEGG path-
way enrichment analysis of the target set of SHD active
ingredients. The gene annotation and the signaling pathway
catalogs were selected according to the P value < 0.05 and q
value < 0.05 criteria. A data file was created based on the
results of KEGG pathway enrichment analysis, and the
target-enrichment pathway network was constructed using
the Cytoscape software.

2.6. Regulation Analysis of Key Targets of SHD Intervention
Based on the Proximity of Human PPI Networks. Next, we

investigated whether the active ingredients of SHD have
direct or indirect regulatory effects on the key targets in Sec-
tion 2.2. Although some ingredients do not directly affect,
they may influence and regulate the key targets through
adjacent intervention targets. Therefore, we proposed an
in-depth analysis of the effective ingredients in SHD
based on the calculation method of the network proxim-
ity of the human PPI background network using equa-
tions (5) and (6):

SAB = dABh i − dAAh i + dBBh i
2 , ð5Þ

dABh i = 1
Ak k × Bk k 〠

a∈A,b∈B
d a, bð Þ: ð6Þ

A is the component action target set, kAk is the
number of the target set, B is the key gene set, kBk is
the number of the target in the key gene set, dða, bÞ is
the shortest path distance between two nodes in the
human PPI background network, hdAAi represents the
average distance between the target points of the compo-
nent action, hdBBi represents the average distance between
key genes, and hdABi represents the average distance
between the target set and the key target set of the com-
ponent action on the background network; the network
distance is calculated using the igraph package (version
1.2.5).

The human PPI background network used in the calcu-
lation integrated 15 commonly used databases and focused
on high-quality PPI with five types of evidence. The PPI net-
work consisted of 16,677 proteins and 243,603 interaction
correlations. This network was used as the background net-
work to evaluate the overall regulation of the effective com-
ponents of SHD decoction on the key gene set.

Typically, when SAB < 0, it means that the target set A
and the key gene set B of the component’s action are close
in the network topology, indicating that the component
can regulate the key gene set B by intervening in the target
set A. When SAB ≥ 0, the target set A and the key gene set
B of the component action are separated in the network
topology, indicating that the component has no significant
regulatory intervention related to the key gene set B. There-
fore, we can further judge the presence of certain compo-
nents in SHD by calculating the value of SAB that might
interfere with the key target set via specific target proteins
in order to improve or treat the diseases.

2.7. Experimental Verification

2.7.1. Experimental Animals. Male Sprague–Dawley (SD)
rats (8-weeks-old, bodyweight 230–250 g, clean grade) were
purchased from Beijing Huafukang Biotechnology Co.,
Ltd., license number, SCXK (Beijing) 2019-0008. All rats
were bred routinely, with free water, at a room temperature
of 22–24°C.

2.7.2. Establishment of Animal Model. The rat middle cere-
bral artery occlusion model (MCAO model) was established
using the thread plug method. Rats were anesthetized by
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intraperitoneal injection of 1% pentobarbital (35mg/kg body
weight). The limbs of the rats were fixed on the operating
table, the neck skin was prepared, the drape was routinely
disinfected, and a median neck incision was made. The right
common carotid artery (CCA) was exposed layer-by-layer
separation, and the right CCA, internal carotid artery
(ICA), and external carotid artery (ECA) were carefully sep-
arated to avoid stimulating the vagus nerve. A silk thread
was placed on CCA, ICA, and ECA, respectively. At 5mm
from the bifurcation of ICA and ECA, CCA was tied, ECA
was ligated at the root of CCA, and the preset silk thread
was pulled to block the blood flow of ICA. Then, a small
cut was made at the bifurcation of ICA and CCA, the end
of the threaded bolt was inserted along the incision, and
the lifting line was loosened and slowly advanced 18–
20mm; the advancing was stopped when it encountered
slight resistance. The ICA was ligated, and the silk thread
was left to prevent the embolus from falling off. At 90min
postoperatively, the threaded plug was withdrawn from the
ICA, and reperfusion was performed. In the sham operation
group, the tether was inserted only 10mm, such that it was
placed in the ICA without entering the middle cerebral
artery (MCA); the rest of the steps were the same as before.
After the operation, the rat MCAO model was scored
according to Zea-Longa’s standard scoring method [4], and
the animals that met the model success criteria were
included in this study.

2.7.3. Grouping and Administration. After the MCAO model
was successfully prepared, the rats were randomly divided
into the model and SHD groups (n = 6 rats in each group).
In addition, a blank control group and a sham operation
group were set up (n = 6 in each group). The blank control,
sham operation, and model groups were given purified
water, while the SHD group was given SHD water decoction
consisting of 20 g of Rhubarb (HD), 20 g of Magnolia offici-
nalis (HP), 20 g of Citrus aurantium (ZS), and 20 g of Notop-
terygium (QH). It was decocted in water at a concentration
of 0.864 g/mL of the crude drug. The dosage for rats was
converted according to the daily clinical dosage of the
patient and administered at 10 a.m. daily; each rat was
administered 7.2 g/kg for 5 consecutive days.

2.7.4. Neurological Deficit Score (NDS) to Detect the Recovery
of the Neurological Function. Zea-Longa scoring method was
used to evaluate the NDS: 0 points to without neurological
deficits and normal activity, 1 point to those who could
not fully extend the contralateral front paw, 2 points to those
who turn to the left while crawling, 3 points to those who fall
to the hemiplegic side while walking, 4 points to those who
cannot walk spontaneously and have a consciousness
disorder.

2.7.5. 2,3,5-Triphenyltetrazolium Chloride (TTC) Staining to
Detect the Cerebral Infarction Rate. At 24 h after the last
administration, the rats were anesthetized with 1% pento-
barbital (35mg/kg body weight) by intraperitoneal injection
to perform a craniotomy. The brain tissue was excised, and
the coronal sections were cut into six slices, each about

2mm thick. The sections were immersed in 2% TTC solu-
tion for staining. The Image-Pro Plus image analysis soft-
ware was used to calculate the percentage of the white part
(this is the stroke infarct part) in the cerebral hemisphere
after staining. Cerebral infarction rate = ðvolume of the
contralateral ischemic hemisphere − volume of noninfarcted
ischemic sideÞ/volume of contralateral ischemic hemisphere
× 100%.

2.7.6. Effect of SHD on the Pathomorphology of Cerebral
Ischemia-Reperfusion Rats. The brain tissue was fixed in
4% paraformaldehyde, routinely dehydrated, paraffin-
embedded, sectioned, hematoxylin-eosin (HE) stained,
mounted, and placed under a Leica optical microscope to
observe the morphological changes.

2.7.7. Western Blot Detection. An equivalent of 100mg of the
tissue was homogenized in 1mL of RIPA buffer using a tis-
sue grinder (60HZ, 90S). The supernatant was collected by
centrifugation of the lysate at 12000 rpm 4°C for 10min.
The total protein concentration was estimated using the
BCA method. An equivalent of protein was resolved on
SDS-PAGE and transferred to membrane. After blocking
in TBST, the membrane was probed with AKT1, IL-6,
TP53, TNF-α, VEGFA, and APP primary antibodies at
4°C, overnight, followed by incubation with secondary anti-
body at room temperature for 1 h. Subsequently, the immu-
noreactive bands were developed using the ECL reagent, and
the protein expression level was analyzed by the Quantity
One software.

2.7.8. Statistical Analysis. The experimental data are
expressed as mean ± standard deviation (−x ± sd) and ana-
lyzed using the SPSS 19 statistical software. One-way analy-
sis of variance (ANOVA) is used to compare the mean
values of samples in multiple groups. The measurement data
of the two groups were evaluated by t-test, and P < 0:05 indi-
cated statistical significance.

3. Results

3.1. Gene Collection of IS Disease. A total of 55 DEGs related
to IS disease were screened based on GEO differential gene
analysis. Among these, 1 upregulated gene and 54 downreg-
ulated genes comprised the IS gene set SD. Subsequently, 86
small-molecule drugs for the treatment of IS and 110 targets
of their effects were collected from DrugBank, and 15 related
targets were obtained from TTD. Thus, a total of 123 thera-
peutic drug targets for IS were obtained from the combina-
tion of the two, namely, the IS target point set ST , based
on a database of known therapeutic IS drug targets. Finally,
1159, 3350, and 182 related genes were collected from Dis-
GeNET, GeneCards, and OMIM, respectively. All genes that
overlapped in the two databases were included, and a total of
898 genes were obtained, which comprised the IS disease
gene set SI based on the disease data queries. Finally, the
three sets of genes were merged to obtain a total of 1009 IS
disease genes, i.e., the IS disease gene set SIS. The result is
shown in Figure 1.
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3.2. IS Disease PPI Network Construction and Key Target
Discovery. All 1009 genes of the IS gene set were imported
into STRING, and the PPI network of IS disease was gener-
ated using Gephi (Figure 2). Next, we calculated the impor-
tance of all nodes in the PPI network (Supplementary
materials 1) based on the IIEM method. In this study, we
stipulated that nodes with an evaluation score of Zi ≥ 0:4
were included as the key targets, and 39 IS disease targets
were obtained. We also screened and ranked the top 50 tar-
gets based on the MCC algorithm of CytoHubba. Finally, the
intersection of the two methods revealed 12 key targets
(AGT, SAA1, KNG1, APP, GNB3, C3, CXCR4, CXCL12,
CXCL8, CXCL1, F2, and EDN1) (Table 1).

3.3. Collection of SHD and ADMET Screening. A total of 328
components were collected from TCMID, of which 84 were
Rhubarb (DH), 20 were Magnolia officinalis (HP), 193 were
Notopterygium (QH), and 31wereCitrus aurantium (ZS). Fur-
thermore, the chemical information of all small molecules was
collected and confirmed from the PubChem database. In addi-
tion, for the convenience of follow-up analysis, we sequentially
numbered the components MOL001–MOL328. The ACD/
Labs software and the SwissADME were used for ADMET

screening, and 147 active ingredients meeting ADMET condi-
tions were obtained (Supplementary materials 2).

3.4. Prediction and Identification of Effective Component
Targets. HitPick, SEA, and SwissTarget prediction databases
were used to predict and filter the 147 active ingredients of
SHD based on the threshold; consequently, 72 active ingredi-
ents and 137 potential targets of their effects were intersected
with the IS disease gene set SIS, and it was found that the 40
active ingredients in SHD directly acted on the 47 IS targets.
The information of these 47 targets is listed in Table 2. Finally,
Cytoscape was used to construct the active ingredient-target
direct action network of SHD (Figure 3).

3.5. GO Functional Annotation and KEGG Pathway
Enrichment Analysis of SHD Targets. GO functional annota-
tion and KEGG pathway enrichment analyses of 47 IS dis-
ease targets affected by SHD were performed, and the
results are shown in Figures 4(a) and 4(b).

GO function annotation and KEGG pathway enrich-
ment analyses revealed that the 47 targets are involved in
683 biological process (BP) functions, such as response to
metal ion (GO: 0010038), icosanoid metabolic process

55
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Figure 1: (a) 55 differentially expressed genes obtained from the GSE22255 chip GEO differential gene analysis. 123 drug treatment targets
based on the query and combination of DrugBank and TTD databases. 898 genes based on the query and combination of DisGeNET,
GeneCards, and OMIM databases. A total of 1009 IS disease genes were obtained by three methods.
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Figure 2: Continued.
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(c)
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38 12 27

(d)

Figure 2: (a) PPI network of IS disease genes by STRING. (b) Pareto distribution diagram of the scores of important nodes in the PPI
network based on the IIEM. (c) The results of the top 40 important targets of the PPI network based on MCC. (d) 12 key genes of IS
obtained through MCC and IIEM.

Table 1: Information table of 12 key genes.

Genes Protein names UniProt ID

AGT Angiotensinogen P01019

APP Amyloid-beta precursor protein P05067

C3 Complement C3 P01024

CXCL1 Growth-regulated alpha protein P09341

CXCL12 Stromal cell-derived factor 1 P48061

CXCL8 Interleukin-8 P10145

CXCR4 C-X-C chemokine receptor type 4 P61073

EDN1 Endothelin-1 P05305

F2 Prothrombin P00734

GNB3 Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-3 P16520

KNG1 Kininogen-1 P01042

SAA1 Serum amyloid A-1 protein P0DJI8
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Table 2: Information table of SHD targets.

Targets Protein names UniProt ID

ABCB1 ATP-dependent translocase ABCB1 P08183

ABCC1 Multidrug resistance-associated protein 1 P33527

ABCG2 Broad substrate specificity ATP-binding cassette transporter ABCG2 Q9UNQ0

ALB Albumin P02768

ALDH2 Aldehyde dehydrogenase P05091

ALOX15 Polyunsaturated fatty acid lipoxygenase ALOX15 P16050

ALOX5 Polyunsaturated fatty acid 5-lipoxygenase P09917

APP Amyloid-beta precursor protein P05067

BCL2 Apoptosis regulator Bcl-2 P10415

CA1 Carbonic anhydrase 1 P00915

CA2 Carbonic anhydrase 2 P00918

CYP19A1 Aromatase P11511

CYP1A1 Cytochrome P450 1A1 P04798

CYP3A4 Cytochrome P450 3A4 P08684

DLG4 Disks large homolog 4 P78352

EPHX2 Bifunctional epoxide hydrolase 2 P34913

ESR1 Estrogen receptor P03372

ESR2 Estrogen receptor beta Q92731

F3 Tissue factor P13726

FABP4 Fatty acid-binding protein P15090

FOS Proto-oncogene c-Fos P01100

GAMT Guanidinoacetate N-methyltransferase Q14353

HMGCR 3-Hydroxy-3-methylglutaryl-coenzyme A reductase P04035

JUN Transcription factor AP-1 P05412

KCND3 Potassium voltage-gated channel subfamily D member 3 Q9UK17

KCNH2 Potassium voltage-gated channel subfamily H member 2 Q12809

LCN2 Neutrophil gelatinase-associated lipocalin P80188

MAPK14 Mitogen-activated protein kinase 14 Q16539

MAPT Microtubule-associated protein tau P10636

MMP2 Matrix metalloproteinase-2 P08253

MMP9 Matrix metalloproteinase-9 P14780

NFE2L2 Nuclear factor erythroid 2-related factor 2 Q16236

NFKB1 Nuclear factor NF-kappa-B p105 subunit P19838

NOX4 NADPH oxidase 4 Q9NPH5

OPRM1 Mu-type opioid receptor P35372

PPARA Peroxisome proliferator-activated receptor alpha Q07869

PPARD Peroxisome proliferator-activated receptor delta Q03181

PPARG Peroxisome proliferator-activated receptor gamma P37231

PRKCA Protein kinase C alpha type P17252

PTGES Prostaglandin E synthase O14684

PTGS1 Prostaglandin G/H synthase 1 P23219

PTGS2 Prostaglandin G/H synthase 2 P35354

SLC18A2 Synaptic vesicular amine transporter Q05940

TERT Telomerase reverse transcriptase O14746

TLR2 Toll-like receptor 2 O60603

TNKS Poly [ADP-ribose] polymerase tankyrase-1 O95271

TTR Transthyretin P02766
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(GO: 0006690), response to lipopolysaccharide (GO:
0032496), cellular response to metal ion (GO:0071248),
and response to molecule of bacterial origin (GO:
0002237); 67 molecular function (MF) functions, such as
fatty acid binding (GO: 0005504), oxygen binding (GO:
0019825), nuclear receptor activity (GO: 0004879), tran-
scription factor activity, direct ligand regulated sequence-
specific DNA binding (GO: 0098531), and RNA polymerase
II transcription factor binding (GO: 0001085); and 21 cellu-
lar component (CC) functions, such as secretory granule
lumen (GO: 0034774), cytoplasmic vesicle lumen (GO:
0060205), vesicle lumen (GO: 0031983), RNA polymerase
II transcription factor complex (GO: 0090575), and nuclear
transcription factor complex (GO: 0044798).

The KEGG pathway was mainly enriched in 61 signaling
pathways, such as endocrine resistance (hsa01522), AGE-
RAGE in diabetic complications (hsa04933), estrogen signal-
ing pathway (hsa04915), fluid shear stress and atherosclero-
sis (hsa05418), Hepatitis B (hsa05161), IL-17 (hsa04657),
serotonergic synapse (hsa04726), relaxin signaling pathway
(hsa04926), human immunodeficiency virus 1 infection
(hsa05170), and microRNAs (miRNAs) in cancer
(hsa05206). The pathways with the number of enrichment
targets ≥ 5 were selected, and the target-enrichment pathway
network was constructed using Cytoscape (Figure 4(c)).

3.6. Analysis of the Regulation of Key Target Genes by Small
Molecules. According to the results in Section 2.2, we identi-

fied 12 key genes in the IS disease. Among the 47 targets
directly affected by the 40 active ingredients of SHD, only
APP belonged to these 12 key genes. Therefore, we further
used the calculation method based on the network proximity
to further explore whether these 40 active ingredients have
an indirect regulatory effect on the key IS targets. The results
are shown in Figure 5.

40/72 active ingredients of SHD had a network proxim-
ity of SAB < 0 to the key target set and network proximity of
SAB < 0 to the key target set, indicating that these small
molecules regulate these 12 key targets by intervening with
specific targets. Interestingly, six components (MOL040,
MOL064, MOL239, MOL247, MOL279, and MOL298) did
not directly affect the 47 targets of IS but could directly
interfere with the 12 key targets in the PPI network, which
promoted the anti-IS disease.

3.7. Effect of SHD on Neurological Function Score and
Cerebral Infarction Rate of MCAO Rats. The neurological
function score results showed that the rats in the blank con-
trol and the sham-operated groups had no signs of neurolog-
ical damage after the operation, and the neurological deficit
score was 0. The rats in the model group showed severe
symptoms of neurological impairment (P < 0:01). Compared
to the model group, the SHD group showed significantly
reduced symptoms of neurological deficit in rats (P < 0:05).
TTC staining of nonischemic brain tissue was red, and the
ischemic area was white (Figure 6). The results of TTC

962 9047

SHD TargetsIS Genes

(a) (b)

Figure 3: (a) Venn diagram of target prediction and recognition results of SHD. (b) SHD ingredients-direct acting target network diagram,
where the yellow nodes represent the target and the V-shaped nodes represent the ingredients. The larger the node, the greater the degree
value of the node in the network.
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staining showed brain tissue infarction in the brain tissue of
the model group (P < 0:01). Compared to the model group,
the infarct area of the brain tissue in the SHD group was sig-
nificantly reduced (P < 0:05). These results indicated that
SHD reduces the neurological score of MCAO rats and the
scope of cerebral infarction. The specific results are shown
in Table 3.

3.8. Effect of IS on the Pathological Morphology of Brain
Tissue in MCAO Rats. The brain tissue of the blank and
the sham operation groups was normal, the cell structure
was complete, the cells were arranged neatly, the nucleus
was centered, the nucleolus was clear, and the cytoplasm
was not red stained. Large areas of brain tissue showed
necrosis in the ischemic area of the model group, a part of
the cortex showed a highly loose mesh structure, the cell
structure was unclear, the number of brain tissue cells was
significantly reduced, the neurons showed degeneration,
necrosis, and nuclear pyknosis, nucleoli disappeared, and
the cytoplasm stained red. Compared to the model group,
the number of necrotic foci in the SHD group was signifi-
cantly reduced, the cell arrangement was more orderly, the
brain tissue structure on the ischemic side was significantly
improved, and the inflammatory cell infiltration was lighter
(Figure 7).

3.9. Western Blot Results of Brain Tissue AKT1, IL-6, TP53,
TNF-α, VEGFA, and APP Proteins. Western blot results
showed no significant difference in the brain tissue protein
levels between the blank and the sham operation groups
(P > 0:01). Compared to the sham operation group, the pro-
tein levels of the brain tissue in the model group increased
except for AKT1, while the levels of other protein levels
decreased (P < 0:01). Compared to the model group, the
expression levels of TP53 and TNF-α proteins in the SHD
group differed significantly (P > 0:01), the expression levels
of AKT1 and VEGFA proteins decreased, and the expression
levels of IL-6 and APP proteins increased (P < 0:05). The
above results suggested that SHT drugs can promote the
levels of IL-6 and APP proteins in rats after ischemic brain
injury and reduce the levels of AKT1 and VEGFA proteins
(Table 4 and Figure 8).

4. Discussion

IS is one of the leading causes of death and disability
worldwide; however, currently, there is a lack of effective
treatment methods [23]. The rise in alternative medicine
has provided new strategies for IS treatment, especially
in developing countries, where cheap and easily available
Chinese herbal medicines are a major choice for patients
[24]. TCM represented by compound prescriptions has

(c)

Figure 4: (a) GO function annotation results for the active ingredients of SHD acting on IS targets. (b) KEGG pathway enrichment analysis
results for the active ingredients of SHD acting on IS targets. (c) Target-pathway enrichment network; dots represent protein targets, and
squares represent pathways. The greater the degree of the node, the larger the node.
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accumulated a large amount of clinical practice in the
treatment of IS and formed effective prescriptions [25].

SHD is a classic Chinese herbal medicine for the treatment
of stroke. It is mainly composed of four TCMs, including Rhu-
barb (DH), Magnolia officinalis (HP), Citrus aurantium (ZS),
and Notopterygium (QH), and has the functions of dispersing
qi, moving blood, dredging the fu-organs, and opening up
nodules, regulating qi movement and unblocking sweat pores
[26]. SHD improves the NIHSS score and Glasgow score of IS

patients [27] and reduces the cerebral infarction volume of
focal I/R rats [28], significantly reducing and improving cere-
bral edema in focal cerebral I/R rats with nervous system
defects [29]. However, the exact pharmacological mechanism
of SHD in the treatment of IS remains unclear. The present
study used network pharmacology methods to describe the
correlation between active compounds, compound targets,
and signaling pathways and in vivo experimental verification
to reveal the mechanism underlying SHD.

In this study, 40 active compounds and 47 direct-acting
target genes in SHD were identified, indicating that SHD
plays a pharmacological role in treating IS through multiple
targets. Emodin anthrone, Isoimperatorin, and Scopoletin
have been identified as critical active compounds in SHD.
Dyslipidemia plays a critical role in the pathogenesis of IS.
The elevated cholesterol and reduced HDL levels are related
to the increased risk of IS [30]. The anthraquinone derivative
Emodin has a significant cholesterol-lowering effect. When
Emodin enters the animal’s body, it reduces the body’s
absorption of exogenous cholesterol, and on the other hand,
it inhibits the synthesis of endogenous cholesterol in the
body, thereby reducing total cholesterol and triglycerides
[31]. Therefore, Emodin anthrone could be utilized to treat
IS by regulating blood lipids. Emodin inhibits the activation
of the MAPK-ERK pathway by downregulating ROS expres-
sion and reducing the expression of the nuclear transcription
factor c-Myc and the proliferation protein Ki67. These
effects inhibit the excessive proliferation of vascular smooth
muscle cells (VSMCs) in the neointima and reduce the neo-
intima membrane formation after carotid artery injury in
rats, ultimately improving carotid artery stenosis, preventing
and treating atherosclerosis and cardio-cerebrovascular dis-
eases caused by carotid artery stenosis [32]. Isoperatorin is
the active ingredient of notopterygium in SHD [33]. The
protective effect of notopterygium extract (water extract
and alcohol extract) on the brain has been verified in various
cerebral ischemia and hypoxia animal models. In the hyp-
oxia tolerance test, both extracts can improve tissue damage,
reduce oxygen consumption, and prolong the survival time
of mice [34]. The alcohol extract of notopterygium inhibits
platelet aggregation, antithrombosis, and cerebral blood
flow, which exerts a specific influence on hemorheology
indexes [35]. Scopoletin has a significant protective effect
on glutamate-induced neurotoxicity in HT22 cells [36]. In
addition, the drug has neuron protection, reduces neuronal
apoptosis, and improves neuronal autophagy, which could
be attributed to the trigger of the AMPK/mTOR signaling

0.0

–0.2

–0.4

–0.6

–0.8

–1.0

–1.2

–1.4

–1.6

–1.8

–2.0

SAB

MOL280
MOL315
MOL105
MOL298
MOL321
MOL140
MOL291
MOL043
MOL294
MOL095
MOL064
MOL141
MOL228
MOL004
MOL312

MOL279
MOL239
MOL159
MOL151
MOL154
MOL167
MOL115
MOL040
MOL086
MOL218
MOL235
MOL123
MOL246
MOL116
MOL247

Figure 5: Analysis results of SHD intervention on key targets of IS
based on network proximity.
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Figure 6: TTC brain tissue staining image.

Table 3: Effect of SHD on the neurological function score and
cerebral infarction rate in MCAO rats (−x ± sd, n = 6).

Group Group neurological score Cerebral infarction rate (%)

Control 0 0

Sham 0 0

Model 1:75 ± 0:42## 53:67 ± 0:19##

SHD 1:25 ± 0:42∗∗ 34:26 ± 0:18∗∗
##Compared to the sham operation group, P < 0:01. ∗∗Compared to the
model group, P < 0:01.
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pathway by stimulating the autophagy of the rat model
induced by spinal cord injury (SCI) and improving the func-
tional recovery of rats induced by SCI [37]. Thus, it is spec-
ulated that SHD is a multicomponent formula with
multitarget therapeutic effects, and the correlation between
these active compounds and IS should be studied in depth.

In this study, AKT1, IL-6, TNF-α, TP53, VEGFA, and
APP were identified as six key protein targets related to IS.
Isoimperatorin has pharmacological effects, such as analge-
sia, anti-inflammatory, and vasodilation [38]. Isoimperato-
rin inhibits the TNF-α-induced ROS/PI3K/Akt/NF-κB
signaling pathway and exerts an anti-inflammatory effect
[39]. Scopoletin is a natural coumarin [40] that prevents

the phosphorylation of PI3K and AKT proteins [41]. Tabana
et al. [42] found that Scopoletin exerts an antiangiogenic effect
by regulating VEGFA signaling. IL-6 is a proinflammatory
cytokine with a low level in the central nervous system under
normal conditions [43]. When brain tissue is damaged, the
level of some proinflammatory cytokine TNF-α increases,
which promotes the production of IL-6 by other inflammatory
cytokines [44]. IL-6 has various proinflammatory effects that
might increase the stimulation and development of early
inflammatory damage in the brain and its vasculature [45].
The results of the Akhter et al. [46] study showed that IL-6
levels increased after IS, which in turn elevated the rate of
cerebral infarction and worsened the clinical results.

(a) (b)

(c) (d)

(e)

Figure 7: (a) Control group; (b) sham operation group; (c) model group 1; (d) model group 2; (e) SHT group.

Table 4: Protein levels in the brain tissue samples of rats in each group (−x ± sd, n = 6).

Group AKT1 IL-6 TP53 TNF-α VEGFA APP

Control 1:68 ± 0:22## 1:96 ± 0:19## 1:85 ± 0:18 2:00 ± 0:19## 2:16 ± 0:21## 1:48 ± 0:12##

Sham 1:63 ± 0:16## 1:90 ± 0:18∗∗ 1:83 ± 0:18 2:04 ± 0:19## 2:10 ± 0:20## 1:57 ± 0:13##

Model 2:01 ± 0:19∗∗ 1:41 ± 0:12∗∗ 1:68 ± 0:16 1:57 ± 0:15∗∗ 1:54 ± 0:16∗∗ 1:16 ± 0:10∗∗

SHD 1:53 ± 0:13## 1:58 ± 0:12∗∗ ,# 1:72 ± 0:14 1:59 ± 0:13∗∗ 1:35 ± 0:13∗∗ 1:45 ± 0:10##
∗∗Compared to the blank, P < 0:01. ##Compared to the model group, P < 0:01. #Compared to the model group, P < 0:05.
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Accumulating evidence showed that the membrane protein
APP has a neuroprotective effect under metabolic stress.
When acute (stroke and cardiac arrest) or chronic (cerebro-
vascular disease) hypoxic-ischemic disease occurs, APP will
be upregulated [47]. Blumenau et al. [48] showed that APP-
Aß catabolism genes are significantly upregulated in the event
of insufficient cerebral blood supply. Previous studies on net-
work pharmacology predictions and animal model verifica-
tion confirmed that SHD could treat IS diseases by
promoting the expression of IL-6 and APP proteins. Animal
experiments have shown that SHD significantly increases the
levels of IL-6 and APP proteins and reduces the levels of
AKT1 and VEGFA proteins. Therefore, we can infer that
SHD achieves anti-inflammatory effects by inhibiting the
expression of TNF-α and then inhibits the expression of
AKT1 and VEGFA and effectuates IS treatment.

The results of GO enrichment analysis showed that SHD
is related to major biological processes (for example, the
reaction of metal ions, the metabolic process of eicosanic
acid, the reaction of lipopolysaccharide, and the reaction of
bacteria-derived molecules). KEGG pathway enrichment
analysis showed that SHD has a therapeutic effect on IS
through regulatory pathways (such as endocrine resistance
signaling pathway, estrogen signaling pathway, TNF signal-

ing pathway, AGEs/RAGE signaling pathway, and miRNAs
in cancer). Metal homeostasis disorder (BMD) in the brain
is considered a plausible cause of various neurodegenerative
diseases [49]. The excessive concentration of divalent metal
ions is a known mediator of acute IS injury [50]. Decanoic
acid is a saturated fatty acid. Usually, the saturated fatty acid
is a “bad” fatty acid. Saturated fatty acids increase the level of
serum LDL-C, leading to cholesterol deposition in the inner
arterial walls, which makes the human body susceptible to
various cardiovascular diseases [51]. Lipopolysaccharide
(LPS) is the main component of the cell wall of Gram-
negative bacteria that mediates severe inflammation [52].
Several studies have identified four bacterial metabolic path-
ways, and LPS synthesis is significantly enriched in patients
with IS [53]. After a stroke, the intestinal flora is disordered,
and the LPS metabolite of the flora increases [54]. The LPS-
mediated inflammatory response damages the intestinal bar-
rier, and the leakage of the intestinal wall causes excessive
pathogenic bacteria and LPS circulation into the blood. Sub-
sequently, pathogenic bacteria and LPS enter the brain tissue
through the damaged blood-brain barrier, aggravating brain
tissue damage [55, 56]. Estrogen has neuroprotective effects
in the central nervous system injuries, such as spinal cord
injury, traumatic brain injury, and ischemic brain injury.
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Figure 8: Comparison of protein expression levels in brain tissue of rats in each group.
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Animal experiments have also shown the potential neuro-
protective effects of estrogen, inhibiting the secretion of pro-
inflammatory cytokines by microglia and astrocytes,
reducing the neuroinflammatory response after cerebral
ischemia through the estrogen receptor signaling pathway,
and reducing neuronal death after cerebral ischemia through
PI3K-Akt-GSK3 and MAPK/ERK signaling pathways
[57].TNF-α activates microglia, promotes the adhesion and
chemokine expression, and improves the migration ability
of inflammatory-related cells, which is one of the key rea-
sons for neuronal damage after IS [58]. In addition, animal
studies demonstrated that the cerebral infarction volume
and the degree of brain damage after cerebral ischemia in
mice lacking the TNF receptor gene are significantly higher
than those in wild-type mice, suggesting the neuroprotective
role of TNF [59]. RAGE is a member of the immunoglobulin
superfamily of cell surface molecules [60] and acts as a pro-
inflammatory mediator in the inflammatory response [61].
AGEs are critical ligands of RAGE. They activate the
microglia by acting on the receptor RAGE, induce the
release of IL-1β and TNF-α, and mediate immunoinflamma-
tory response [62]. These studies have shown that IL-1β and
TNF-α play a critical role in nerve injury [63]. IS involves
various BPs, including hypoxia, neuronal necrosis, and a
strong inflammatory response [64, 65]. miRNAs, long non-
coding RNAs (lncRNAs), and circular RNAs (circRNAs)
participate in RNA-mediated networks through complex
mechanisms, and these networks are related to IS [66].

The current results confirmed the neuroprotective effect of
SHD in MCAO rats. Specifically, SHD reduces the neurologi-
cal function score of MCAO rats, the scope of cerebral infarc-
tion, and brain tissue necrosis, followed by orderly
arrangement of brain cells, improvement in the brain tissue
structure of the ischemic side, and decreased infiltration of
the inflammatory cells. Aquaporin-4 (AQP4) is an abundant
aquaporin in the brain that regulates water transport to main-
tain homeostasis. Cerebral edema caused by AQP4 overex-
pression is the main determinant of progressive neuronal
damage during cerebral ischemia [67]. SHD alleviates the neu-
rological deficit of rats with I/R injury, reduces brain water
content, and downregulates the expression of AQP4. It also
has a neuroprotective effect on focal brain I/R injury in rats
by targeting AQP4 [29], promoting IL-6 and APP protein
expression level in rats after ischemic brain injury, and reduc-
ing the level of AKT1 and VEGFA proteins. Emodin inhibits
the synthesis of inflammatory factors downstream of the
NF-κB pathway (TNF-α, IL-1, and IL-6), mediated by TLR-2
and PPARγ, thereby reducing the infiltration of inflammatory
cells and alleviating the inflammatory response [68]. Jiang
et al. [69] found that notopterygium extract reduces the secre-
tion of amyloidβ-protein-40 (Aβ-40) and Aβ-42 in APPs-
we293T cells and inhibits the phosphorylation of GSK3β/tau
in AKT/PKC N2a cells. In addition, chronic oral administra-
tion of notopterygium extract improves the cognitive ability
of APP/PS1 mice. Many coumarin compounds in notoptery-
gium have specific effects on the central nervous system [70].
These findings indicated that the mechanism of SHD on IS
is related to the pivotal targets of IL-6, APP, AKT1, and
VEGFA. Therefore, we can speculate that SHD exerts a thera-

peutic effect on IS through these active compounds, target
genes, and signaling pathways.

5. Conclusion

In this study, Emodin anthrone, Isoimperatorin, and Scopole-
tin were identified as critical active compounds, and IL-6,
APP, AKT1, and VEGFA were considered as the main targets.
SHD may treat IS through signaling pathways, including
endocrine resistance, estrogen, TNF, and AGEs/RAGE and
microRNAs in cancer. Some studies have shown that SHD
reduces the symptoms of neurological deficits in rats, the area
of cerebral avascular necrosis, and the number of neuronal
necrosis and has a therapeutic effect on IS, and the mechanism
lies in the regulation of related target proteins. This study
proves the potential pharmacological mechanism of SHD on
IS and provides a reference for the clinical application of SHD.
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Presently, the majority of breast tumors are estrogen receptor (ER) positive. Breast cancer (BC) is defined by uncontrolled cell
proliferation (CP) in breast tissue. BCs are caused by the overexpression of genes that promote CP in breast cells. The
discovery of effective inhibitors is an excellent chemopreventive method. Our in silico approach analysis offers a
pharmacoinformatics methodology for identifying lead molecules targeting cochaperone HSP90 and the epidermal growth
factor receptors (EGFR) and human epidermal growth factor receptor 2 (HER2)/neu receptor. BC has been associated with the
high expression of these targets. The use of drug-likeness filters aided in determining the therapeutic properties of possible lead
compounds. In this study, docking-based virtual screening (VS) was performed. Database of about 450 cancer marine
compounds was used. The X-ray-assisted structure of ERα with 4-OHT (PDB code: 3ERT) was chosen for 4-OHT. A docking-
based virtual screening was performed on the dataset supplied using the molecular operating environment (MOE) dock
application. The binding energy (BE) and explanation of the protein inhibitor interaction (PII) are crucial findings for future
both in terms of dry or wet lab research. The GBVI/WAS binding-free energy assessment (in kcal/mol) scores were used to
grade the compounds. Compounds with a BE of less than -9.500 kcal/mol were deemed to be the most effective inhibitors. For
further analysis, the top seven structurally diverse scaffolds were selected. Seven marine compounds exhibited the best docking
score, which validates them to be potent anti-BC compounds. These compounds’ bioactive potential and prospective drug-
likeness profile make them promising leads for further experimental research.

1. Introduction

Breast cancer (BC) is responsible for around half million
deaths and 1.2 million new cases every year. It is the primary
cause of female mortality (cancer accounts for 23 percent of

all cancer cases and 14 percent of cancer deaths) [1]. In
2012, mortality rates in women due to this cancer were
reported to be 15.5 percent in developed economies
(189,000 deaths) and 12.7 percent in emerging economies
(269,000 deaths), respectively [2]. According to the Saudi
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Cancer Registry of the King Faisal Specialist Hospital and
Research Centre (KFSH), around 930 new BC patients are
diagnosed each year in Saudi Arabia. BC was the most
frequently newly diagnosed cancer among Saudi women in
2010, contributing to 27.4 percent of all malignancies
diagnosed [3].

Estrogen levels are associated with the genesis of osteo-
porosis and, breast and uterine cancers. The estrogen recep-
tor (ER) is found in the endometrium, BC, and ovarian
stromal cells, and also the hypothalamic, and promotes cell
proliferation (CP) [4]. Tamoxifen, a selective ER modulator,
is a widely used antiestrogen adjuvant medication for ER-
positive (ER+) premenopausal women selective estrogen
receptor modulators (SERM). Tamoxifen’s active metabolite
is 4-hydroxytamoxifen (4-OHT) [5]. Tamoxifen is also com-
monly used to treat postmenopausal women with ER+
malignancies. In ER+ BC cells, it acts as an ER antagonist,
blocking the ER signalling pathway. As a result, tamoxifen
medication dramatically lowers the chance of recurrence of
BC. In addition, the tamoxifen-bound ER complex prevents
estrogen from turning on genes, hence preventing the estro-
genic actions that cause cancer cell growth [6].

Tamoxifen has a clear advantage in the treatment of BC,
but it also has significant side effects. Because of its agonistic
impact in the uterus, for instance, the threat of endometrial
cancer (EC) and hyperplasia increases 1.5- to 6.9-fold [7]
following cumulative and long-term use [8] because of its
agonistic effect in the uterus. Furthermore, the risk of EC
increased considerably in overweight postmenopausal
females. To complicate matters further, many ER+ women,
regardless of ER levels, showed intrinsic resistance to hor-
monal treatments. As a result, alternative therapies are
required.

BC is among the most perilous and often diagnosed can-
cers in women [9]. BC, with a prevalence of 21.8 percent, is a
widespread malignancy among Saudi women [10]. Accord-
ing to the most recent cancer-related mortality study, breast
cancer is the leading cause of mortality among Saudi
women. Resistance to therapeutic agents is a significant issue
in the treatment of cancer disorders, and it is thought to
impair the efficacy of selective therapies as well as the progno-
sis of cancer patients [11]. BC is a heterogeneous illness on the
molecular level, with molecular features such as activation of
human epidermal growth factor receptor 2 (HER2), activation
of hormone receptors like ER and progesterone (PR), and/or
breast cancer gene (BRCA) mutations [12].

BC, defined as uncontrolled CP, causes a hard, pain-free
lump in the breast tissue, most commonly in the milk ducts
or lobules that supply milk [13, 14]. The most popular
method for classifying BCs is based on the state of three dis-
tinct cell surface receptors: the ER, PR, and EGF (epidermal
growth factor receptor) HER2/neu receptor [15]. Many bio-
logical problems have been solved using in silico techniques
[16, 17], resulting in novel inhibitors against a wide range of
diseases [15].

Marine pharmacology is a modern area that investigates
the marine ecosystem in pursuit of possible medicinal drugs.
Marine natural products (MNPs) are untapped resources
with potential pharmacological properties. The harsh envi-

ronmental conditions and competition within the biological
systems make marine flora and fauna produce structurally
distinct metabolites. To date, a significant number of MNPs
have been identified as potential anticancer drugs. Further-
more, these MNPs play a vital role in inhibiting human
tumor cells under laboratory conditions and in cancer
clinical trials. To mention a few, glembatumumab vedotin
derived from Dolabella auricularia-associated Symploca sp.
is currently being tested for advanced or metastatic breast
cancer in a phase I/II clinical trial [18]. Keeping in this mind,
this study was aimed at exploring the potential of MNPs for
the potential anti-BC drugs. The MarinLit database was used
to extract the compounds for the study.

2. Materials and Methods

2.1. Protein Preparation. The study’s key treatment targets
for BC were ER-alpha. In addition, the 3DS of the following
BC target protein (PDB code: 3ERT) was obtained from the
protein data bank.

2.2. Dataset Preparation. The compounds were selected
based on their reported activity against BC both in in vitro
and in vivo studies. Thirteen one (31) compounds from the
MarinLit database (RSC) and 176 compounds from Natural
Product Updates (RSC) were used to analyze against the BC
targets. The Ligand.mdb database of compounds was built
from a SMILES format. Our previously disclosed methods
were applied for ligand preparation, enzyme downloading,
energy minimization, 3D protonation, and binding site
determination. The MOE Builder tool was utilized to create
the ligand structures. The compound database Ligand.mdb
was made. The compounds were then energy-reduced up
to 0.001 Gradient using the MMFF94X force field.

2.3. Docking-Based VS. Docking experiments were carried
out using the MOE 2016.08. The MOE window was opened
to view the enzyme structure. Water molecules were elimi-
nated (if present). All atoms were 3D protonated in an
implicit solubilized environment at 300 K temperature,
pH = 7, and salt concentration of 0.1. The entire structure
was energy minimized using the MMFF94X force field, and
all chemicals were docked into the binding sites of the pro-
duced enzymes. Default docking settings were defined, and
ten alternative conformations were constructed for each
chemical. MOE ligand interaction module was utilized to
evaluate low binding energy ligand enzyme complexes, while
the Discovery Studio visualizer was employed for 3D interac-
tion plots.

2.4. Drug Likeness Evaluation. To determine whether the
active compounds had the potential to be developed as med-
ication, we used Lipinski’s “Rule of Five” [19] to predict oral
bioavailability using the Molinspiration WebME editor 1.16
(http://www.molinspiration.com). The large percentage of
orally administered medications have an MW of less than
500, an average log P of less than 5, five or fewer HB dona-
tion sites, and ten or fewer HB acceptor sites. Furthermore,
bioavailability was determined using the TPSA analysis
(http://www.molinspiration.com).
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3. Results and Discussion

3.1. In Silico Docking Results. BC is a prevalent malignancy
and has become the second leading cause of cancer death
among women globally. Several medications for the treat-
ment of breast cancer have been licensed by the US Food
and Drug Administration. However, these treatments are
costly and can have a variety of side effects. Patients fre-
quently report fatigue, headaches, musculoskeletal problems,
blood clots, lymphedema, fertility problems, loss of memory,
and other side effects, which become necessary to seek alter-
native medicines from marine sources [20]. Some of these
challenges can be addressed with new anticancer agents

derived from marine sources. Several well-known marine
compounds have been discovered [18]. However, only a
few marine compounds and derivatives have been licensed
for commercial usage, while many are now undergoing pre-
clinical and clinical testing [18]. The current study is aimed
at identifying alternative compounds from natural origin
against BC target ERα. Today, the majority of breast tumors
are ERα-positive. Chemotherapy is less effective in ERα-pos-
itive BC than in ERα-negative disease [21]. The binding
energy and explanation of the PII are significant findings
for future experimental and theoretical research.

SBVS on the database of about 450 cancer marine
compounds was performed using MOE docking suite. The
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Figure 1: Structures of Top 7 structurally diverse scaffolds from SBVS experiment.

Table 1: BEs, RMSD, and key interacting amino acid residues (H binding and hydrophobic binding).

No.
Binding energy
(kcal/mol)

RMSD
(Å)

Interacting residues
HB interactions Hydrophobic interactions

1 -10.2389 0.95 Arg394, Leu87 His524 (π − π), Met343(π-S), Leu391 (π − σ)

2 -9.8315 1.33 Thr347, Glu419 Met343 (π − S)
3 -9.5103 0.79 Arg394, Cys530 Leu391 (π − σ)

4 -10.5086 1.075 Met343, Arg394, Val534 Met343 (π-S), Met421 (π-S)

5 -9.8805 1.33 Thr347, Asp351 Met343 (π-S)

6 -9.5830 0.92 Leu387, Arg394, Met421 Leu391 (π − σ)

7 -9.5440 1.146 Glu353, Arg394, Cys530 —
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X-ray-derived structure of ERα in complex with 4-OHT (PDB
code: 3ERT) was selected for VS.

3.2. Validation of Docking Protocol. Before the docking-
based VS of the dataset, we performed a comprehensive
validation of MOE docking protocol. For this purpose,
cocrystallized ligand 4-OHT was extracted and redocked
into the active site of 3ERT, and RMSD was calculated. For
a prediction of ligand-target conformations, an RMSD cut-
off value less than 2Å is considered good [22]. Starting with
the Triangle Matcher as placement stage algorithm and

London dG scoring function, and GBVI/WSAdG final scor-
ing function, we tried the alpha triangle (placement stage),
while two other scoring functions, ASE and affinity dG, were
also attempted for docking validation. Best performance in
terms of 133 computed RMSD value, conformation, posi-
tion, and pose (orientation) was obtained with Triangle
Matcher and London dG scoring function.

3.3. Structure-Based Virtual Screening. After docking proto-
col validation, SBVS of the dataset of compounds was
carried out. The compounds were ranked by the scores by
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Figure 2: 3D (a, b) and 2D (c, d) interaction plots of (a) 5-hydroxyneolamellarin B (1) and (b) 7-hydroxylamellarin A (2), into the binding
site of 3ERT.
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Figure 3: 3D (a, b) and 2D (c, d) interaction plots of (a) 8-hydroxyisovariabilin (3) and 5 and (b) 7 myrmekioside E-1 (4) into the binding
site of 3ERT.
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the GBVI/WAS binding free energy calculation (in kcal/
mol). Compounds with binding energy values less than
-9.500 kcal/mol were considered best for inhibition. Top 7
structurally diverse scaffolds were selected for further analy-
sis (Figure 1).

5-Hydroxyneolamellarin B (1) was found to demonstrate
the best docking conformation with the BE value of
-10.2389 kcal/mol followed by 7-hydroxylamellarin A (2),
8-hydroxyisovariabilin (3), myrmekioside E-1 (4), vineomy-
cin E (5), homofascaplysate A (6), and isoepitaondiol (7)
(Figure 1). Computed BE values and RMSD refine (the root
mean square deviation between the pose before refinement
and the pose after refinement) are shown in Table 1.

Next, we analyzed the binding orientation of the identi-
fied seven compounds into the binding site of 3ERT. ERα
possesses six functional domains A-F. Among them, three
main functional domains are A/B domain, C domain, E
domain, i.e., N-terminus, DNA binding domain, and LBD,
respectively. Analysis of the 3ERT revealed that the key

amino acid residues’ lining active sites are Met343, Leu346,
Thr347, Ala350, Asp351, Glu353, Trp383. Arp394, Glu419,
Gly420, Met421, Gly521, and Leu525. Tamoxifen, a mar-
keted ERα antagonist binds with Arg394 and thus inhibits
and blocks the ER function.

Three/two-dimensional (3D/2D) binding interaction
plots of the identified compounds are shown in Figures 2–
4. The important interacting amino acid residues showing
HB and hydrophobic interactions are listed in Table 1.
Structures shown in Figure 1 revealed that all the identified
compounds contain hydroxyl groups. These hydroxyl
groups establish HB interactions with important residues
Thr347, Glu353, Arg394, and Leu387. Phenyl rings form π
− π stacking interaction (His524) and π − σ (Leu391) types
of interactions. Met343 forms π-sulfur interactions.

3.4. In Silico Pharmacokinetic Prediction. Using online server
AdmetSAR, we predicted the pharmacokinetic properties of
the identified compounds. All the compounds, except
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Figure 4: 3D (a–c) and 2D (d–f) interaction plots of (a) vineomycin E (5) (b) homofascaplysate A (6) and isoepitaondiol (7) into the
binding site of 3ERT.

Table 2: In silico pharmacokinetic prediction of identified compounds.

Compounds Human intestinal absorption Blood-brain barrier Carcinogenicity (binary)

5-Hydroxyneolamellarin B 0.9804 0.9675 No

7-Hydroxylamellarin A 0.9675 0.9688 No

8-Hydroxyisovariabilin 0.9475 0.9562 No

Myrmekioside E-1 -0.9349 -0.5458 No

Vineomycin E 0.9245 -0.4254 No

Homofascaplysate A 0.6659 0.9618 No

Isoepitaondiol 0.9936 0.9189 No

5BioMed Research International



myrmekioside E-1, showed excellent human intestinal
absorption. Similarly, all compounds, except myrmekioside
E-1 and vineomycin E, showed blood-brain barrier penetra-
tion. All the identified compounds were found noncarcino-
gen. Findings of in silico pharmacokinetic properties of
identified compounds are listed in Table 2.

4. Conclusion

BC is one of the most common cancers in women world-
wide. Computational techniques have been broadly used in
drug discovery and the finding of multitargeted inhibitors
of numerous upregulated proteins in BC. This research iden-
tifies five multitargeted drugs with strong BEs against the
most prevalent target proteins involved in BC. Following
in vitro and in vivo testing, these virtual hits with excellent
PK and PD features may be considered for early therapeutic
development against BC. The seven marine compounds
exhibited the best docking score, which valid them to be
potent anti-BC compounds. These compounds’ bioactive
potential and prospective drug-likeness profile make them
promising leads for further experimental research. The
chemicals investigated show that they could be employed
as pharmaceuticals or as functional food additives with a
promising role in creating medicines and nutritional supple-
ments. Development of new functional ingredients/foods
was mechanistically proven efficacy through in vivo screen-
ing, lead optimization, and bioavailability.
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Sortase A (SrtA) is an enzyme that catalyzes the attachment of proteins to the cell wall of Gram-positive bacterial membrane,
preventing the spread of pathogenic bacterial strains. Here, one class of oxadiazole compounds was distinguished as an
efficient inhibitor of SrtA via the “S. aureus Sortase A” substrate-based virtual screening. The current study on 3D-QSAR was
done by utilizing preparation of the structure in the Schrödinger software suite and an assessment of 120 derivatives with the
crystal structure of 1,2,4-oxadiazole which was extracted from the PDB data bank. The docking operation of the best
compound in terms of pMIC (pMIC = 2:77) was done to determine the drug likeliness and binding form of 1,2,4-oxadiazole
derivatives as antibiotics in the active site. Using the kNN-MFA way, seven models of 3D-QSAR were created and amongst
them, and one model was selected as the best. The chosen model based on q2 (pred_r2) and R2 values related to the sixth
factor of PLS illustrates better and more acceptable external and internal predictions. Values of crossvalidation (pred_r2),
validation (q2), and F were observed 0.5479, 0.6319, and 179.0, respectively, for a test group including 24 molecules and the
training group including 96 molecules. The external reliability outcomes showed that the acceptable and the selective 3D-
QSAR model had a high predictive potential (R2 = 0:9235) which was confirmed by the Y-randomization test. Besides, the
model applicability domain was described successfully to validate the estimation of the model.

1. Introduction

Sortase A (SrtA) is a polypeptide containing 206 amino
acids. This enzyme speeds up two consecutive reactions:
(a) transpeptidation and (b) thioesterification. SrtA is
involved in the bacterial adhesion process and acts by
attaching proteins holding LPXTG to lipid II [1–11]. SrtA
inhibitors do not influence bacterial growth, but instead,
they prevent the emergence of the virulence of pathogenic
bacterial strains, thereby hindering infections produced by
Staphylococcus aureus (S. aureus) or other bacteria of

Gram-positive strain. To the surface membrane protein of
S. aureus, sortase is attached which links it to the cell wall
via transpeptidation [6, 10, 12], and needing a C-terminal
regulates signal through a protected LPXTG motif [13–15].
S. aureus mutations with a deficiency of the srtA gene can-
not display and bind some surface proteins which results
in a disorder/disease such as animal infection [13, 16]. S.
aureus is an important anthropological bacterial pathogen
of Gram-positive strain that leads to common infections in
society. Regarding the resistance to antibiotics, and the
report of the Centers for Disease Control and Prevention
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(CDC) about resistance to methicillin of S. aureus (MRSA)
in 2013, S. aureus was distinguished as a critical and a persis-
tent threat [17–19].

The Gram-positive bacteria S. aureus is communal to
humans and exists on the mucosa and skin of 30% of
the population [20, 21]. It is a chief reason for hospital
infections, the most common and serious of which are
endocarditis and bacteremia endocarditis in hospitalized
patients [22–25]. This organism has created resistance to
a broad range of antibiotic medicine types [26]. Principal
commercial compounds of the antimicrobial class (such
as ciprofloxacin, ampicillin, and posaconazole) have lim-
ited performance against resistance microorganisms strains
[27–30]. The erratic usage of antibiotics is known as one
of the primary reasons for the increase in resistance of
bacteria. The growth of bacterial resistance has resulted
in a significant rise in mortality rates of individuals
around the world [31]. On this path, there is a serious
necessity to discover novel molecules with more effective
antibacterial features, as well as obvious synthetic routes.
This led to widespread research such as designing hetero-
cyclic derivatives (like 1,2,4-oxadiazoles) with antimicro-
bial properties to treat S. aureus infections [32–36].
These discovered antibiotics are active and exhibit gram-
positive activity, particularly against Staphylococcus
aureus, including vancomycin-resistant, methicillin-
resistant (MRSA), and linezolid-resistant by inhibiting srtA
[24, 35, 37]. 1,2,4-Oxadiazole heterocycle was first manu-
factured in 1884. They showed remarkable action in vitro
and in vivo and are orally bioavailable. The medicinal
chemistry literatures report diverse structures for the
1,2,4-oxadiazoles (Figure 1) [38, 39]. In the present article,
we represent 3D-QSAR investigations concerning 120 mol-
ecules of 1,2,4-oxadiazoles with antibacterial healing prop-
erties. This class of compounds (oxadiazoles) targets SrtA
of the cell wall and inhibits it [40]. The advancement of
antibiotics, especially of those that target cells of bacteria
and have a desirable characteristic of toleration and safety,
has largely helped population growth and has improved
the quality of life in the last 75 years.

2. Materials and Methods

2.1. Data Set. A collection containing 120 compounds hav-
ing 1,2,4-oxadiazole as antimicrobials was taken from the
available literature [24] and was employed in the present
study. All structures were extracted from Chembl
(https://www.ebi.ac.uk/chembldb). The chosen compounds
for the set of data shared a similar evaluation method with
notable changes in their strength profiles and their struc-
tures. The compounds incorporated in the collection of
datasets have antibiotics potencies with MIC values vary-
ing from 2 to 500μg/ml which were changed to M
(molar). These were then converted to pMICs according
to the following equation [41–44].

pMIC = −log10 ½MIC�.
The ligand 3D-formula of compounds was produced

utilizing the Maestro v2015-2 and afterwards corrected
using the LigPrep. Partial charges of atoms were attrib-

uted, and potential ionization was calculated at a neutral
medium. The force field of OPLS_2005 was utilized for
minimization to the conformer creation with the low
energy of ligand. The minimization of energy was done
for every compound (ligand) to reach an RMSD cutoff
of 0.01Å. Then, the final structures were used for model-
ing investigation. Additionally, all the 120 molecules were
aligned in the method of alignment (Figure 2) relying on
Maestro through choosing a common structure minimum
as “template” and the most efficient one (compound 89)
as the “Reference Molecule” (Figure 3). Of the 120 mole-
cules recognized in this investigation, a training group,
including 96 molecules and a test group, including 24
molecules was created in Maestro [45–48].

2.2. Model Validation and Statistical Analysis. A high q2 only
indicates a good internal validation in the training group,
but it does not show a high prediction capability of the cre-
ated models; hence, an external validation was necessary.
The proved capability from generated models of 3D-QSAR
was confirmed by computing the biological activities of com-
pounds that applied as a test set and not inserted in the
training set (Suppl. Table 1). In the present investigation,
eighty percent of the molecules from the data set was
accidentally chosen as training set models based on the
atom field which were created of PLS factors (one until
seven), and the obtained models were approved after
predicting the activity of the test group ligand. The value
of the model’s prediction was assessed through the leave-
one-out (LOO). The q2 (predictive correlation coefficient)
was determined by utilizing Equation (1) [49].

q2 = 1 −
∑ Ypredicted − Yobserved
� �2
∑ Yobserved − Ymeanð Þ2 : ð1Þ

In the above equation, each of the three indices including
Ymean, Ypredicted, and Yobserved, demonstrates the mean values
predicted and observed of the pMIC feature, respectively.
The ðYpredicted − YobservedÞ2 index displays PRESS (the
predictive residual sum of squares). The r_pred2 index
related to the predictive correlation coefficient
(r pred2 > 0:6) [50] is calculated for the test group and is
characterized through Equation (2).

r2pred =
SD − PRESS

SD

� �
ð2Þ

In Equation (2), the SD index shows the squared
deviation sum for molecules amongst the test group
biological activities and training group mean activities [51].
Also, the PRESS index indicates the squared deviation
summation amongst actual and predicted activity values
for molecules individually in the test group. Based on
previous studies [52], If R2 is bigger than 0.6, and R2cv (Q2

) is bigger than 0.5, 3D-QSAR models are acceptable. The
regression model action composed was assessed using the
RMSE index. For the data group, RMSE is computed as
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Equation (3) [53].

RMSE =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Σn
i=1 yi − y∧lð Þ2

n

r
: ð3Þ

The 3D-QSAR model with the sixth component of the
PLS factor was considered as the best for 1,2,4-oxadiazole
derivatives. This model was approved for its precision in
the ligand activity estimate in the training group [51].
Scatter plots for experimental and predicted activities of
ligands showed a notable linear correlation. In Figures 4(a)
and 4(b), the average difference of values of predicted and

experimental for training and test groups is exposed,
respectively.

2.3. Applicability Domain. APD can be determined using
resemblance measures relying on the Euclidean distances
between the entire compounds test and training. A compar-
ison between the distance of the test compounds and their
nearest neighbor to a predefined threshold in the training
group is done, and the prediction is considered inaccurate
when the interval is higher than that. The determination of
APD was done based on the displayed formula, as follows.

APD = dð Þ + Zδ: ð4Þ

δ and d were calculated in a series of steps: first, the
mean of Euclidean distances among all training compound
pairs was estimated. Then, the collection of distances lower
than the median was determined. δ and d were finally mea-
sured as the standard deviation and mean of distances that
included in this set. The value equals 0.5 was selected for Z
, which was the experimental cutoff in this study. For the
applicability domain calculation, we utilized “AD using stan-
dardization approach” in DTC Lab (https://dtclab.webs
.com/software-tools) [54–56].

Y-Randomization Test
The procedure of Y-randomization guarantees the valid-

ity of a 3D-QSAR model [57]. The dependent changeable
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Figure 2: 3D-QSAR structure superposition and alignment of the
series (Strick model).
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Figure 1: Examples of diverse structure for the 1,2,4-oxadiazole compounds.
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vector is altered accidentally, and a novel 3D-QSAR model is
produced. The strategy is repeated several times and if the
recently produced 3D-QSAR models show low R2 and Q2

values, the accurateness of the original model is con-
firmed [58].

2.4. Docking Studies. One most frequent tool for drug design
is molecular docking, which employs a mode of association
between binding sites of a suitable target with small mole-
cules. Polypeptide structure, SrtA (accession number:
2KID), was acquired from the PDB data bank. Here, small-
molecule docking in its active site and its analysis was done
via Molecular Operation Environment (MOE) software
(http://www.chemcomp.com) for selecting out the most
active compound in terms of pMIC (pMIC = 2:77) with SrtA
polypeptide. Before docking, the preparation of the ligand
was done, and the 2D structure of ligand was set up by Che-
moffice 12.0 which was further changed to 3D format by
Hyper Chem7 software and was optimized employing PM3
semiempirical tool. Also, removal of crystallographic water
molecules was done followed by association with pH7 (for
suitable ionization for both alkaline and acidic amino acids)
and finally, hydrogen bonds were added. Utilizing the man-

ual recommended parameters of the MOE energy minimiza-
tion with a gradient of 0.05 and MMFF94X ff (force field),
the energy of the retrieved protein molecule was calculated.
The docking was done with force field as a filtration method
via the triangle matcher placement, and the scoring function
of the London DG algorithm in combination and the best
conformation was analyzed in more details with the LigX
module in MOE software. Docking was accomplished for
the best compound (compound 89) with the lowest MIC
(Figure 5(a)) utilizing the default setting of MOE-Dock
[12]. In the last section of the docking process, the selected
ligand conformation was further investigated for its interac-
tions of binding. The hydrophilic and hydrophobic field
map for compound 89 was also formed (Figure 6(a)). The
2D pictures of the docked conformation of compound 89
are exhibited in Figure 6(b). The compound position in the
protein active site is illustrated in Figure 6(c) [59–65].

3. Results and Discussion

3.1. 3D-QSAR Model. The 3D-QSAR model was created uti-
lizing PLS regression statistics with the grid spacing 1Å. The
seven PLS factors were requested from the program, and the
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Figure 3: (b) Structure of compound 89 with the best active. (a) Structure of compound 120 with the lowest active.
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Figure 4: Scatter plot of the observed activity versus predicted activity of (a) training group compounds (y = 0:92x + 0:34, R2 = 0:92) and (b)
test group compounds with the best fit line (y = 0:68x + 1:54, R2 = 0:65).
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best model was observed for the sixth PLS factor owing to its
high statistical importance and predictability. (Table 1) The
fractions of field and parameters of statistical measured in
QSAR-based Gaussian are organized in Table 2.

3.2. Model Validation. Validation of a common pharmaco-
phore model and its prediction relying on active compounds
were distinguished by Qcv

2 = 0:5479 (Table 1). The training
group R2 was 0.9235, which revealed the importance of this
model. The produced model stability differs from 0.994 to
0.674. The value of F was observed to be 179.0. Moreover,
a P value equal to 1.95e-047 and Pearson r equals 0.8050
showed an assurance of a higher degree in the model. The
standard deviation and the root-mean-square error were
equal to 0.2291 and 0.48, respectively, which depicts the
strength of the created model in the test for the estimation
of the unrecognized compounds. The values of measured
pMIC related to the ligands which were included in the pre-
dicted group are summarized in Suppl. Table 1. R2 values
greater than 0.5 as seen amongst the experimental and
predicted values produced in the suitable model could
show the inhibitory activity that was not included in the
progression procedure. [66, 67]. These outcomes suggest
that this method can analyze the QSAR model and the
ligand-receptor interactions and could be employed in the
design of new imidazole inhibitors. Scatter plots, given in
Figures 3(a) and 3(b), showed a moderate distinction

between the values of two groups, experimental and
predicted, and striking linear correlation.

3.3. Applicability Domain. Reports of model constraints by
the APD are critical. This shows an important aspect
because the user can not only creatively and easily design
new compounds but also they can be warned for the estima-
tion validity as to when the structure features cannot be
provided via the model. Therefore, after selecting the best
model, the ADP of the model showed that the predicted
model was valid. In the applicability domain, the compound
was completely put inside the range. Indeed, all ligands were
in the applicability domain and hence can be assumed as
acceptable.

Y-Randomization Test
Further confirmation of the model was done via Y-ran-

domization. Ten accidental changes of the Y vector were
done, and the low values of R2 and Q2 were calculated.
The range of the R2 and Q2 values were 0.34 to 0.57 and
-0.45 to -0.65, respectively. It needs to be mentioned that
every Y vector random stage was followed by the perfect
training method to improve the new QSAR model, involving
the choice of the most proper descriptors [68].

3.4. 3D-QSAR Contour Map Analysis. Contour plot interpre-
tation was done to detect the influence of spatial arrange-
ment on the structural characteristics like hydrophobic,

(a) (b)

(c) (d)

(e) (f)

Figure 5: The visualizing of the 3D-QSAR model in the field of unfavorable and favorable effects of hydrogen bond donor (HBD) in: (a)
ligand 89 and (b) ligand 120. The visualizing of the 3D-QSAR model in the field of unfavorable and favorable effects of interaction in (c)
ligand 89 and (d) ligand 120. The visualizing of the 3D-QSAR model in the field of unfavorable and favorable effects of electron-
withdrawing groups in (e) ligand 89 and (f) ligand 120 in two different dimensions, (positive coefficient color: dark blue, negative
coefficient color: red, most active compound is 89 (pMIC = 5:617), and least active compound is 120 (pMIC = 2:771)).
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ionic, electrostatic, H-bond acceptor, and H-bond donor
locations on oxadiazole inhibitory effects. The positive con-
tribution appeared in blue-colored cubes, and the negative
contribution was visible in red. Figures 5(a)–5(f) are shown
for the identification of the acceptable and unacceptable
important interactions in two different dimensions, which
resulted in the use of the QSAR model. HBD nature compar-
ison of compound 89 (the best activity, Figure 5(a)) and the

compound 120 (the least activity, Figure 5(b)) displays unac-
ceptable and acceptable regions as red and blue cubes,
respectively. Hydrogen bond donor maps showed that unfa-
vorable locations placed next to the nitrogen atom of amide
present on one side of the oxadiazole (Figure 5(a)) are an
HBD group which is in the inappropriate place, whereas
for the most active molecule, unfavorable regions lay near
the sulfur atom which is not an HBD group (Figure 5(b)).
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Figure 6: (a) The display of the image related to hydrophobic and hydrophilic fields for compound 89 into the active site (2KID). (b) The
2D pictures of the docked conformation of compound 89. (c) The positioning of the compound 89 in the protein active site.
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Also, the hydrogen of the hydroxyl group on p-hydroxyphe-
nyl, present on the other side of the oxadiazole near the
desirable region, is available for two compounds—categor-
ized as active and the least active.

Compounds such as ligand 89 with p-CF3-phenylthio
hydrophobic substituent had higher potency values than com-
pounds without substitute mentioned such as ligand 120,
because of the presence of favorable hydrophobic regions in
that position (Figures 5(c) and 5(d)), which was confirmed
by the results obtained from previous CoMFA studies [69].
For less active ligands such as compound 120, the hydrophilic
group (amid) fell into the favorable hydrophobic envelope that
is not suitable for the hydrophilic groups. Comparison
between the effects of the electron-withdrawing moieties of
the best compound 89 with an electron p-CF3-phenylthio
group and the least active compound 120 with the acetamido
group was shown in Figures 5(f) and 5(e).

3.5. Docking Studies. The MOE-Dock program was utilized
to check the stability of the models created in this study with
the sortase A polypeptide receiver (PDB code 2KID). Studies
of docking showed that interactions were commanded by
aromaticity and hydrophobicity due to the position of phe-
nol moiety (Figures 6(a)–6(c)). The best compound
(pMIC = 5:617) was connected into the binding cavity of
polypeptide SrtA with high affinity and created interactions
in association with the oxygen of phenol with the Gly192
residue in one side of the ligand, while two rings on the other
side of the oxadiazole have two interactions arene-cation
with Arg 197 residue. The scores of docking studies of the
best compound were -11.12 kcal/mol. Therefore, the com-

pound 89 had a three-point attachment with the protein
binding cavity. The interactions were present in the region
containing Gly 192 and Arg 197 residues (Figure 6(b)). In
general, oxygen is bound to hydrogen of hydroxyl in the
acidic part of Gly 192 residue that showed only one hydro-
gen bond. This subject is visible by analyzing the hydrophilic
and hydrophobic regions of compound 89 (Figure 6(a)). 3D-
QSAR contour map analysis studies confirm this and
showed that the compounds like ligand 89 are placed in a
hydrophobic envelope (Figure 6(c)).

4. Conclusions

Using model prediction by 3D-QSAR studies of 120 analogs
of 1,2,4-oxadiazoles and docking, we provided insights into
the critical features needed for the design of inhibitors of
SrtA. 3D-QSAR modeling was performed to provide a struc-
tural network for the comprehension of structure-activity
relationships of the ligands present in the study. Studies of
molecular docking were done to create desirable poses that
bind to these compounds. The gets scores in VS (virtual
screening) of compounds gave us chemically important
points for the design and improvement of novel oxadiazoles
as sortase inhibitors. The most active compound (89) of
1,2,4-oxadiazoles used in this study had four rings, named
A, B, C, and D. HBD moieties in the A ring were essential
for antibacterial activity. The aniline, phenol, and some het-
erocyclic compounds with hydrogen-bonding ability, such
as pyrazoles, were allowed. These findings are in line with
previous results. In line with previous explanations on the
3D-QSAR map analysis section, a hydrophobic substituent

Table 2: Seven factors of PLS were calculated for the QSAR model.

# factors H-bond donor Hydrophobic/nonpolar Negative ionic Positive ionic Electron-withdrawing

1 0.028420 0.709533 0.030517 0.031581 0.156872

2 0.029319 0.646792 0.039072 0.039833 0.190441

3 0.028610 0.647774 0.045189 0.045139 0.200709

4 0.029662 0.668252 0.038533 0.037152 0.195964

5 0.029213 0.666539 0.039458 0.037827 0.195301

6 0.029931 0.669972 0.037575 0.035876 0.194004

7 0.032992 0.677689 0.033050 0.032073 0.191071

Table 1: PLS statistical parameters of the model QSAR model.

PLS SD R2 F P Stability RMSE Q2 Pearson-R

1 0.4285 0.7171 238.3 1.62e-027 0.994 0.45 0.6744 0.8302

2 0.3774 0.7830 167.8 1.41e-031 0.971 0.48 0.6323 0.8012

3 0.3254 0.8403 161.4 1.57e-036 0.907 0.44 0.6900 0.8342

4 0.2808 0.8824 170.7 2.1e-041 0.835 0.43 0.7056 0.8462

5 0.2503 0.9076 176.8 5.91e-045 0.773 0.45 0.6772 0.8314

6 0.2291 0.9235 179.0 1.95e-047 0.722 0.48 0.6319 0.8050

7 0.2070 0.9382 190.9 2.31e-050 0.674 0.49 0.6134 0.7970

SD: standard deviation of regression; R2: regression coefficient; F: variance ratio (ratio of the model variance to the observed activity variance); P: significance
level of variance ratio; Q2: Crossvalidated correlation coefficient for the test group; RMSE: the RMS error in the test group predictions; Pearson-R: correlation
among the predicted and observed activity for the test group.
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was seen essential for the activity in the D ring region [24,
69]. In general, by 3D-QSAR, we attempted to study the
structural diversity in the ring D antibacterial activity in a
1,2,4-oxadiazoles region (Figure 1). Finally, our findings sug-
gest that the 1,2,4-oxadiazoles are inhibitors of sortase A and
act against S. aureus, further holding great promising poten-
tial as future therapeutics for treating hospital infections.
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Q2: Crossvalidation correlation coefficient
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Objective. Nephrotic syndrome (NS) is a common glomerular disease caused by a variety of causes and is the second most
common kidney disease. Guizhi is the key drug of Wulingsan in the treatment of NS. However, the action mechanism remains
unclear. In this study, network pharmacology and molecular docking were used to explore the underlying molecular
mechanism of Guizhi in treating NS. Methods. The active components and targets of Guizhi were screened by the Traditional
Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP), Hitpick, SEA, and Swiss Target
Prediction database. The targets related to NS were obtained from the DisGeNET, GeneCards, and OMIM database, and the
intersected targets were obtained by Venny2.1.0. Then, active component-target network was constructed using Cytoscape
software. And the protein-protein interaction (PPI) network was drawn through the String database and Cytoscape software.
Next, Gene Ontology (GO) and pathway enrichment analyses of Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses were performed by DAVID database. And overall network was constructed through Cytoscape. Finally,
molecular docking was conducted using Autodock Vina. Results. According to the screening criteria, a total of 8 active
compounds and 317 potential targets of Guizhi were chosen. Through the online database, 2125 NS-related targets were
identified, and 93 overlapping targets were obtained. In active component-target network, beta-sitosterol, sitosterol,
cinnamaldehyde, and peroxyergosterol were the important active components. In PPI network, VEGFA, MAPK3, SRC, PTGS2,
and MAPK8 were the core targets. GO and KEGG analyses showed that the main pathways of Guizhi in treating NS involved
VEGF, Toll-like receptor, and MAPK signaling pathway. In molecular docking, the active compounds of Guizhi had good
affinity with the core targets. Conclusions. In this study, we preliminarily predicted the main active components, targets, and
signaling pathways of Guizhi to treat NS, which could provide new ideas for further research on the protective mechanism and
clinical application of Guizhi against NS.

1. Introduction

Nephrotic syndrome (NS) is a clinical syndrome defined as
massive proteinuria, hypoalbuminemia, hyperlipidemia,
and edema [1]. According to the epidemiological survey,
the incidence of NS is about 2-10/100000, and it mostly
occurs in male children [2]. NS greatly affects people’s health
and life quality with poor prognosis and high recurrence rate
[3]. At present, the etiopathogenesis of NS is incompletely

understood, but relevant reports have shown that it is related
to inflammatory response and immune suppression.

According to traditional Chinese medicine (TCM), NS
belongs to “edema,” and the pathogenesis of NS lies in the
dysfunction of the lung, spleen, and kidney [4]. TCM has
been used to treat kidney disease and its complications, for
that it can protect the kidney from dysfunction and delay
the renal failure [5]. Guizhi is a Chinese herbal medicine that
is commonly used to treat edema [6]. Currently, there are
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many reports on the pharmacological effects of Guizhi, but it
is not comprehensive and systematic in the mechanism
studies of Guizhi to treat NS.

Network pharmacology integrates diseases and drugs
into the biomolecular network, to predict the active compo-
nents and the action mechanism [7]. As a new idea approach
of TCM research, network pharmacology has been widely
applied in the research of the complex network relationship
between TCM and disease [8–10].

In the present study, network pharmacology and molec-
ular docking were used to explore the potential action mech-
anism of Guizhi to treat NS. It is hoped to provide
theoretical foundation and scientific evidence for the clinical
treatment of NS, and the workflow of our study is shown in
Figure 1.

2. Materials and Methods

2.1. Screening of Active Compounds. The active compounds
of Guizhi were searched by TCMSP database (https://
tcmspw.com/tcmsp.php). The PubChem ID, molecular for-
mula, and canonical SMILES of each component were col-
lected through PubChem database (https://pubchem.ncbi
.nlm.nih.gov/). And the main active components were
obtained by the screening criteria of oral bioavailability ðOB
Þ ≥ 30%, drug − like ðDLÞ ≥ 0:18, and cell permeability ð
Caco − 2Þ ≥ −0:4.

2.2. Predicting Drug Targets. The targets of active com-
pounds of Guizhi were predicted by Hitpick (http://mips
.helmholtz-muenchen.de/hitpick/cgi-bin/index.cgi?content=
help.html), SEA (http://sea.bkslab.org/), and Swiss Target
Prediction database (http://swisstargetprediction.ch/). The

Guizhi

8 active compounds 2125 disease targets

DisGeNET, Genecards, OMIM

Compound target
network

PPI network Bar graph GO analysis KEGG analysis Overall network Network
phannacology

Molecular
docking

Target
prediction

Molecular docking

Hitpick, SEA, Swiss Target prediction

TCMSP (OB ≥ 30%, DL ≥ 0.18, caco–2 ≥–0.4)

317 drug targets

93 overlapping targets

Nephrotic
syndrome

Figure 1: A flow diagram based on a cohesive integration strategy of network pharmacology and molecular docking.

Table 1: The main active compounds of Guizhi.

Mol ID Molecule name OB (%) DL Caco-2

MOL000073 Ent-Epicatechin 48.96 0.24 0.02

MOL000358 Beta-sitosterol 36.91 0.75 1.32

MOL000359 Sitosterol 36.91 0.75 1.32

MOL000492 (+)-catechin 54.83 0.24 -0.03

MOL000991 Cinnamaldehyde 31.99 0.02 1.35

MOL001736 (-)-taxifolin 60.51 0.27 -0.24

MOL004576 Taxifolin 57.84 0.27 -0.23

MOL011169 Peroxyergosterol 44.39 0.82 0.86
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Figure 2: The Venny plot of 93 potential targets.
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Table 2: 93 potential targets and UniProt information.

No. Gene names Protein names UniProt ID

1 ABCB1 ATP-dependent translocase ABCB1 P08183

2 ABCC2 ATP-binding cassette subfamily C member 2 Q92887

3 ABCG2 Broad substrate specificity ATP-binding cassette transporter ABCG2 Q9UNQ0

4 ACE Angiotensin-converting enzyme P12821

5 ACHE Acetylcholinesterase P22303

6 ACP1 Low molecular weight phosphotyrosine protein phosphatase P24666

7 AKR1B1 Aldo-keto reductase family 1 member B1 P15121

8 AKR1B10 Aldo-keto reductase family 1 member B10 O60218

9 ALK ALK tyrosine kinase receptor Q9UM73

10 APP Amyloid-beta precursor protein P05067

11 AR Androgen receptor P10275

12 AVPR1A Vasopressin V1a receptor P37288

13 CASR Extracellular calcium-sensing receptor P41180

14 CCR1 C-C chemokine receptor type 1 P32246

15 CD4 T-cell surface glycoprotein CD4 P01730

16 CDK4 Cyclin-dependent kinase 4 P11802

17 CTSB Cathepsin B P07858

18 CTSL Procathepsin L P07711

19 CYP11B2 Cytochrome P450 11B2 P19099

20 CYP19A1 Cytochrome P450 19A1 P11511

21 CYP1A1 Cytochrome P450 1A1 P04798

22 CYP1B1 Cytochrome P450 1B1 Q16678

23 CYP2A6 Cytochrome P450 2A6 P11509

24 CYP2C19 Cytochrome P450 2C19 P33261

25 CYP3A4 Cytochrome P450 3A4 P08684

26 DNMT1 DNA (cytosine-5)-methyltransferase 1 P26358

27 DUSP1 Dual specificity protein phosphatase 1 P28562

28 ELANE Neutrophil elastase P08246

29 ELAVL1 ELAV-like protein 1 Q15717

30 ESR1 Estrogen receptor P03372

31 ESR2 Estrogen receptor beta Q92731

32 F10 Coagulation factor X P00742

33 F2 Coagulation factor II P00734

34 F2R Coagulation factor II receptor P25116

35 F3 Coagulation factor III P13726

36 FABP1 Fatty acid-binding protein 1 P07148

37 G6PD Glucose-6-phosphate 1-dehydrogenase P11413

38 GC Group-specific component P02774

39 GLO1 Glyoxalase I Q04760

40 HDAC2 Histone deacetylase 2 Q92769

41 HIF1A Hypoxia-inducible factor 1-alpha Q16665

42 HMGCR 3-Hydroxy-3-methylglutaryl-coenzyme A reductase P04035

43 HSD11B1 Corticosteroid 11-beta-dehydrogenase isozyme 1 P28845

44 HSD11B2 Corticosteroid 11-beta-dehydrogenase isozyme 2 P80365

45 HTR2B 5-Hydroxytryptamine receptor 2B P41595

46 ICAM1 Intercellular adhesion molecule 1 P05362

47 IGF1R Insulin-like growth factor 1 receptor P08069

48 ITGAL Integrin alpha-L P20701
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Table 2: Continued.

No. Gene names Protein names UniProt ID

49 ITGB2 Integrin beta-2 P05107

50 KAT2B Histone acetyltransferase KAT2B Q92831

51 KCNH2 Potassium voltage-gated channel subfamily H member 2 Q12809

52 KDR Kinase insert domain receptor P35968

53 MAP2K1 Dual specificity mitogen-activated protein kinase kinase 1 Q02750

54 MAPK14 Mitogen-activated protein kinase 14 Q16539

55 MAPK3 Mitogen-activated protein kinase 3 P27361

56 MAPK8 Mitogen-activated protein kinase 8 P45983

57 MAPT Microtubule-associated protein tau P10636

58 MCL1 Induced myeloid leukemia cell differentiation protein Mcl-1 Q07820

59 MDM2 E3 ubiquitin-protein ligase Mdm2 Q00987

60 MET Hepatocyte growth factor receptor P08581

61 MMP12 Matrix metalloproteinase-12 P39900

62 MPO Myeloperoxidase P05164

63 NFE2L2 Nuclear factor erythroid 2-related factor 2 Q16236

64 NOS1 Peptidyl-cysteine S-nitrosylase NOS1 P29475

65 NOS2 Peptidyl-cysteine S-nitrosylase NOS2 P35228

66 NOS3 NOS type III P29474

67 NR1I2 Nuclear receptor subfamily 1 group I member 2 O75469

68 NR3C1 Nuclear receptor subfamily 3 group C member 1 P04150

69 PARP1 Poly [ADP-ribose] polymerase 1 P09874

70 PLA2G1B Phosphatidylcholine 2-acylhydrolase 1B P04054

71 PLA2G7 Platelet-activating factor acetylhydrolase Q13093

72 PPARA Peroxisome proliferator-activated receptor alpha Q07869

73 PRKCB Protein kinase C beta type P05771

74 PRKCD Protein kinase C delta type Q05655

75 PSEN1 Presenilin-1 P49768

76 PTGS2 Prostaglandin G/H synthase 2 P35354

77 PTK2B Protein-tyrosine kinase 2-beta Q14289

78 PTPN11 Tyrosine-protein phosphatase nonreceptor type 11 Q06124

79 PTPN2 Tyrosine-protein phosphatase nonreceptor type 2 P17706

80 PTPRC Receptor-type tyrosine-protein phosphatase C P08575

81 RELA Transcription factor p65 Q04206

82 SLC6A2 Sodium-dependent noradrenaline transporter P23975

83 SNCA Alpha-synuclein P37840

84 SRC Protooncogene tyrosine-protein kinase Src P12931

85 TGM2 Protein-glutamine gamma-glutamyltransferase 2 P21980

86 TLR4 Toll-like receptor 4 O00206

87 TOP1 DNA topoisomerase 1 P11387

88 TRPA1 Transient receptor potential cation channel subfamily A member 1 O75762

89 TYMP Thymidine phosphorylase P19971

90 TYMS Thymidylate synthase P04818

91 VDR Vitamin D3 receptor P11473

92 VEGFA Vascular endothelial growth factor A P15692

93 XDH Xanthine dehydrogenase/oxidase P47989
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duplicates were deleted after the predicted targets of the 3
databases were merged.

2.3. Screening of Disease Targets. Using “Nephrotic syn-
drome” and “Adriamycin Nephropathy” as the keywords,
the NS-related targets were collected from DisGeNET, Gen-
eCards, and OMIM databases. After the removal of repeated
targets, Venny2.1.0 was used to screening the intersection of
drug targets and disease targets to obtain the potential tar-
gets of Guizhi in the treatment of NS.

2.4. Construction of Active Component-Target Network. The
potential targets were imported into Cytoscape to construct
the components-target-network.

2.5. Construction of PPI Network. The PPI network was con-
structed using the String database and Cytoscape software.
In this process, the potential targets were input into the
String database to obtain the protein interactions, and the
interactions were visualized by Cytoscape software in a form
of PPI network.

2.6. GO and KEGG Pathway Enrichment Analysis. DAVID
database was used for GO and KEGG pathway enrichment
analysis. The GO and KEGG enriched terms were collected
for biological process (BP), cell component (CC), and
molecular function (MF), at a cutoff of P < 0:05, and the cor-
responding bubble diagram were drawn.

2.7. Construction of Overall Network. The active compounds
of Guizhi, the top 30 KEGG signaling pathways, and the cor-
responding targets were used to construct the drug-com-
pound-target-pathway-disease network through Cytoscape.

2.8. Molecular Docking. The top 5 important targets with
high network connection degrees were selected for molecu-
lar docking analysis using Autodock Vina. The smaller the
binding energy (affinity) was, the more stable the interaction
between the target protein and the active ingredient was.

Figure 3: The active component-target network. The network
formed with 101 nodes and 169 edges. The dark purple circles
represented active compounds; the light purple inverted triangles
represented intersecting targets. The edges represented the
connection between active component and targets.

Table 3: Degree value of 8 main active components of Guizhi.

Mol ID Molecule name Degree

MOL000358 Beta-sitosterol 37

MOL000359 Sitosterol 37

MOL000991 Cinnamaldehyde 36

MOL011169 Peroxyergosterol 29

MOL001736 (-)-taxifolin 12

MOL004576 Taxifolin 12

MOL000492 (+)-catechin 3

MOL000073 Ent-Epicatechin 3

(a)

KDR

NOS3

MAPK14

TLR4

ESR1

MAPK8

MAPK3

PTGS2

SRC

VEGFA

30

31

32

33

36

42

43

0 10 20 30 40 50 60

49

52

58

(b)

Figure 4: The PPI network diagram (a) and the bar graph of the
top 10 intersecting targets with degree values in PPI network (b).
In PPI network, nodes represented intersecting targets, and edges
represented interactions between targets, and the size reflected the
value of degree. In the bar graph, the top 10 targets were selected
according to the degree value.
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Figure 5: Continued.
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Figure 5: Go (a) and KEGG enrichment analysis (b). The top 10 items of BP, CC, and MF and the top 30 KEGG signal pathways were
selected according to the P value to draw the GO and KEGG bubble diagram. The color of the bubbles changes from purple to red
indicating that the P value decreases from large to small. Gene ratio is the number of targets that located in the pathway. The higher the
gene ratio is, the more targets were enriched.
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3. Results

3.1. Active Compounds of Guizhi. A total of 220 compounds
were collected from the TCMSP database, with OB ≥ 30%,
DL ≥ 0:18, and Caco − 2 ≥ −0:4, and 7 active compounds
were identified. Cinnamaldehyde, OB = 31:99%, DL = 0:02,
and Caco − 2 = 1:35, was not included in the results of
TCMSP screening. However, our previous study found that
cinnamaldehyde might be an important active compound
of Guizhi [11]. Therefore, cinnamaldehyde was selected as
a candidate active component in this study, as shown in
Table 1.

3.2. Drug Target Prediction. 8 active components of Guizhi
were input into Hitpick, SEA, and Swiss Target Prediction
databases. After combining the predicted targets from the
3 databases, the duplicates were deleted, and a total of 317
potential targets were selected.

3.3. Disease Target Prediction. The keywords “Nephrotic
syndrome” and “Adriamycin Nephropathy” were searched
in DisGeNET, GeneCards, and OMIM databases. A total of
2125 targets were identified. Venny 2.1.0 was used to inter-
sect disease targets with drug targets. Finally, 93 potential
targets (Figure 2) were selected and further confirmed by
UniProt database, as shown in Table 2.

3.4. Analysis of Active Component-Target Network. The 93
potential targets were analyzed by Cytoscape to construct
the active component-target interaction network
(Figure 3). The result included 101 nodes and 169 edges.
And different components indicated different targets.
Among them, the degree values of beta-sitosterol, sitosterol,
cinnamaldehyde, and peroxyergosterol were 37, 37, 36, and
29, respectively (Table 3), which might be the important
active components in the network.

3.5. PPI Network Analysis. A total of 93 nodes and 1478
edges were involved in the PPI network (Figure 4(a)). The
bar chart of the top 10 target proteins was drawn based on
the degree value (Figure 4(b)). Among them, VEGFA,
MAPK3, SRC, PTGS2, and MAPK8 degree values were 58,
52, 49, 43, and 42, respectively, which were the core nodes
of the network, suggesting that Guizhi might play a signifi-
cance role in the protection of NS through them.

3.6. GO and KEGG Analysis. 93 potential targets were ana-
lyzed using DAVID 6.8, and the GO terms (BP, CC, and
MF) and KEGG signaling pathway were selected. Targets
in the BP were closely related to response to organic sub-
stance and positive regulation of molecular function and
response to hormone stimulus. In the CC, Guizhi had great
effect on cell surface, cell fraction, and plasma membrane
part. At the MF level, drug components of Guizhi were
mainly related to steroid binding, heme binding, and tetra-
pyrrole binding (Figure 5(a)). A total of 71 KEGG pathways
were mainly involved, including VEGF, Toll-like receptor,
and MAPK signaling pathway (Figure 5(b)).

3.7. Overall Network Analysis. To further investigate the
molecular mechanism of Guizhi against NS, overall network

was constructed based on the top 30 significant KEGG sig-
naling pathways and their corresponding targets (Figure 6).
90 nodes (1 drug, 8 compound, 50 targets, 30 pathways,
and 1disease) were contained in this network. Among these
targets, MAPK3, MAPK8, MAPK14, VEGFA, and TLR4
were identified as high-degree targets, and in these path-
ways, Toll-like receptor, VEGF, and MAPK signaling path-
ways were the most important signaling pathways.
Therefore, the network analysis suggests that the action
mechanism of Guizhi to treat NS might be related to Toll-
like receptor, VEGF, and MAPK signaling pathways.

3.8. Molecular Docking. The top 5 targets, including VEGFA,
MAPK3, SRC, PTGS2, and MAPK8 (Table 4) in the PPI net-
work were analyzed for the molecular docking with the
active compounds of Guizhi. It was found that the top 5 tar-
gets had good binding affinity with the active components of
Guizhi (Table 5; Figure 7). And the binding site of
compounds-targets are shown in Figure 8.

Figure 6: The overall network of the top 30 significant KEGG
signaling pathways with their corresponding targets. The yellow
represents Guizhi, pink represents active compounds, purple
represents core targets, green represents signaling pathways, and
dark green represents NS.

Table 4: The top 5 targets in PPI network.

No. Target name PDB ID Degree

1 VEGFA 6BFT 58

2 MAPK3 2ZOQ 52

3 SRC 6HTY 49

4 PTGS2 5IKV 43

5 MAPK8 4L7F 42
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4. Discussion

NS is a common glomerular disease caused by various etiol-
ogies and is the second most common kidney disease after
acute glomerulonephritis. At present, Western medicine
mainly focuses on glucocorticoids, cytotoxic drugs, and
immunosuppressants for NS [1], such as glucocorticoids,

cyclophosphamide, and cyclosporine, which can achieve cer-
tain efficacy. However, hormone therapy is prone to infec-
tion, hormone resistance [12], withdrawal, and relapse [3],
which eventually lead to chronic terminal renal failure [13,
14]. Therefore, to explore the pathogenesis of NS and to find
safe and effective treatment drugs are urgent problems [15].

Wulingsan is a classic prescription for NS, which has
obvious advantages in improving urinary system diseases.
Guizhi is an important component of Wulingsan, which
has the pharmacological activities of diuresis, improving
blood circulation and dilating blood vessels. Our preliminary
study found that Guizhi is indeed an important drug of
Wulingsan with the protective effect on rats with
adriamycin-induced nephropathy [11]. However, the action
mechanism remains unknown.

In order to further explore the potential mechanism of
Guizhi in treating NS and provide more evidence for clinical
treatment, the main active components and targets of
Guizhi, as well as the possible signaling pathways of Guizhi
to treat NS, were predicted through network pharmacology
and molecular docking.

In the active component-target network, the degree
values of beta-sitosterol, sitosterol, cinnamaldehyde, and
peroxyergosterol were much higher than those of other com-
ponents, which were 37, 37, 36, and 29, respectively, suggest-
ing that they were the key active components in the
treatment of NS.

Among them, beta-sitosterol and sitosterol belong to
plant sterols. Studies have found that beta-sitosterol has
antihyperlipemia, anti-inflammatory, and immunomodula-
tory effects and can treat cholesterol, proteinuria, and edema
[16]. Cinnamaldehyde is an organic compound of olefine
aldehyde, and it is the main component of Guizhi that plays
a diuretic role. Pharmacological studies have shown that cin-
namaldehyde has a variety of pharmacological activity of
anti-inflammatory [17], antitumor [18], hypotensive [19],
lipid-lowering [20], hypoglycemic [21], and vascular endo-
thelial protection [22], that is playing a protective role on
kidney in various aspects. Our previous study also found
that cinnamaldehyde had a protective effect on renal func-
tion in adriamycin nephropathy rat [11]. Peroxyergosterol
is a kind of relatively rare sterol, with antioxidant [23],

Peroxyergosterol

Beta-sitosterol

Sitosterol

Ent-epicatechin

(–)–taxifolin

Taxifolin

(+)-catechin

Cinnamaldehyde

VEGFA

MAPK3
SR

C
PTGS2

MAPK8

–3.7

–9.8

Figure 7: The binding energy of the main active components of
Guizhi and core targets.

Table 5: Molecular docking results of targets and active
components.

Target name PDB ID Molecule name Affinity (kcal/Mol)

VEGFA 6BFT

Peroxyergosterol -6.8

Beta-sitosterol -6.4

Sitosterol -6.3

Ent-Epicatechin -5.9

(-)-taxifolin -5.7

Taxifolin -5.6

(+)-catechin -5.4

Cinnamaldehyde -4.9

MAPK3 2ZOQ

(-)-taxifolin -9.0

Beta-sitosterol -8.7

Taxifolin -8.5

(+)-catechin -8.4

Peroxyergosterol -8.1

Ent-Epicatechin -7.9

Sitosterol -7.3

Cinnamaldehyde -5.4

SRC 6HTY

Peroxyergosterol -8.7

Beta-sitosterol -8.5

Sitosterol -8.4

(+)-catechin -8.1

Taxifolin -8.1

(-)-taxifolin -7.9

Ent-Epicatechin -7.8

Cinnamaldehyde -6.6

PTGS2 5IKV

(+)-catechin -7.6

Ent-Epicatechin -7.5

(-)-taxifolin -7.3

Taxifolin -6.8

Cinnamaldehyde -6.1

Peroxyergosterol -3.8

Beta-sitosterol -3.7

Sitosterol -3.7

MAPK8 4L7F

Beta-sitosterol -9.8

Sitosterol -9.8

(-)-taxifolin -9.3

(+)-catechin -9.1

Taxifolin -8.7

Ent-Epicatechin -8.5

Peroxyergosterol -8.5

Cinnamaldehyde -6.0
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Figure 8: Continued.
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antibacterial [24], immunosuppressive [25], antitumor [26],
and other activities and can repair damaged kidney cells
through antioxidant action. In conclusion, beta-sitosterol,
sitosterol, cinnamaldehyde, and peroxyergosterol might be
the main pharmacodynamic basis of Guizhi against NS.

In the PPI network, VEGFA, MAPK3, SRC, PTGS2, and
MAPK8 had higher degrees than others, indicating that
Guizhi might achieve the protective effect on the kidney
through the above targets.

VEGFA is a receptor in vascular endothelial cells that
can induce endothelial cell differentiation and proliferation
[27]. It is an important molecule that maintains the function
of the glomerular filtration barrier and plays an important
role in renal microangiogenesis. The study has shown that
the upregulation of VEGF expression is closely related to
the occurrence of proteinuria [28]. Its signal conduction
runs through the whole life process of podocytes and glo-
merular vascular endothelial cells. MAPK3 and MAPK8
are both mitogen-activated protein kinases that can mediate
the progress of differentiation, proliferation, and apoptosis
[29, 30]. SRC is a nonreceptor protein with tyrosine protein
kinase activity and plays an important role in mitosis and
proliferation in normal cell [31, 32]. SRC can participate in
the process of cell differentiation, proliferation, and apopto-
sis through the MAPK signaling pathway and plays a crucial

role in the inflammation and autoimmune diseases. PTGS2
is significant in inhibiting the development of excessive
fibrosis and inflammatory response. When cells are stimu-
lated, the expression of PTGS2 is rapidly upregulated, which
catalyzes arachidonic acid to produce a variety of prosta-
glandins and produces anti-inflammatory and antifibrotic
effects, thus achieving the protective effect on the kidney
[33]. Therefore, the targets of VEGFA, MAPK3, SRC,
PTGS2, and MAPK8 might play an essential role in the pro-
tective effect of Guizhi against NS.

In KEGG and overall network analysis, the key targets
were mainly involved in VEGF, Toll-like receptor, and
MAPK signaling pathway, which were highly correlated with
renal disease, suggesting that the action mechanism of
Guizhi to treat NS might be related to VEGF, Toll-like
receptor, and MAPK signaling pathways.

VEGF signaling pathway plays an irreplaceable role in
the whole process of angiogenesis and is directly related to
the occurrence of hypertension. When the endothelial func-
tion of patients with hypertensive is impaired, blood pres-
sure will significantly increase, and proteinuria is
aggravated. Studies have found that the inhibition of VEGF
signaling pathway can lead to large amounts of proteinuria
accompanied by irreversible renal impairment [34]. In
recent years, the role of the innate immune Toll-like receptor

(i) (j)

(k) (l)

Figure 8: The molecular docking of active compounds and core targets: (a) cinnamaldehyde-PTGS2, (b) (-)-taxifolin-PTGS2, (c)
(+)-catechin-PTGS2, (d) (-)-taxifolin-VEGFA, (e) (+)-catechin-SRC, (f) (+)-catechin-VEGFA, (g) ent-Epicatechin-PTGS2, (h) ent-
Epicatechin-SRC, (i) peroxyergosterol-PTGS2, (j) taxifolin-PTGS2, (k) taxifolin-VEGFA, and (l) taxifolin-SRC.
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(TLR) in kidney disease has attracted more and more atten-
tion [35] and is involved in the innate immune and inflam-
matory response [36]. Studies have shown that TLR can be
expressed in a small amount in renal mesangial cells, renal
tubular epithelial cells, and podocytes [37]. The increase of
TLR expression can cause the pathophysiological changes
such as the upregulation of inflammatory factors and cell
apoptosis [38]. MAPK signaling pathway is a stress pathway
of cellular functional activities, plays a vital role in acute and
chronic inflammation, and participates in physiological pro-
cesses such as cell growth, development, differentiation, and
apoptosis [39]. Activation of MAPK signaling pathway can
not only trigger renal inflammation [40] but also lead to
podocyte injury [41]. Studies have shown that MAPK signal-
ing pathway can cause proteinuria and glomerulosclerosis
through oxidative stress, triggering inflammatory factors
and activating inflammatory pathways [42]. Munkonda
et al. found that MAPK can also promote proximal tubule
fibrosis, thus mediating the development of renal dis-
ease [43].

Based on the network pharmacology results, molecular
docking was performed to verify the interactions between
the 8 active components of Guizhi and the key targets. The
docking results showed that all the compounds had good
binding activities with the targets, indicating that they may
play an important role in Guizhi to treat NS.

5. Conclusion

In conclusion, the potential mechanism of Guizhi to treat
NS was predicted based on the network pharmacology and
molecular docking. The results indicated that the underlying
mechanism of Guizhi in treating NS may be related to
VEGF, Toll-like receptor, and MAPK signaling pathway.
However, the transmission of each signal pathway is compli-
cated, and the final mechanism needs to be further verified
by subsequent experiments.
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Studies on green biosynthesis of newly engineered nanoparticles for their prominent medicinal applications are being the torch-bearing
concerns of the state-of-the-art research strategies. In this concern, we have engineered the biosynthesized Luffa acutangula silver
nanoparticles of flavonoid O-glycosides in the anisotropic form isolated from aqueous leave extracts of Luffa acutangula, a popular
traditional and ayurvedic plant in south-east Asian countries. These were structurally confirmed by Ultraviolet-visible (UV-Vis),
Fourier transform infrared spectroscopy accessed with attenuated total reflection (FTIR-ATR) spectral analyses followed by the
scanning electron microscopic (SEM) and the X-ray diffraction (XRD) crystallographic studies and found them with the face-centered
cubic (fcc) structure. Medicinally, we have explored their significant antioxidant (DPPH and ABTS assays), antibacterial (disc diffusion
assay on E. coli, S. aureus, B. subtilis, S. fecilis, and S. boydii), and anticancer (MTT assay on MCF-7, MDA-MB-231, U87, and
DBTRG cell lines) potentialities which augmented the present investigation. The molecular docking analysis of title compounds
against 3NM8 (DPPH) and 1DNU (ABTS) proteins for antioxidant activity; 5FGK (Gram-Positive Bacteria) and 1AB4 (Gram-
Negative Bacteria) proteins for antibacterial activity; and 4GBD (MCF-7), 5FI2 (MDA-MB-231), 1D5R (U87), and 5TIJ (DBTRG)
proteins for anticancer activity has affirmed the promising ligand-protein binding interactions among the hydroxy groups of the title
compounds and aspartic acid of the concerned enzymatic proteins. The binding energy varying from -9.1645 to -7.7955 for
Cosmosioside (1, Apigenin-7-glucoside) and from -9.2690 to -7.8306 for Cynaroside (2, Luteolin-7-glucoside) implies the isolated
compounds as potential bioactive compounds. In addition, the performed studies like QSAR, ADMET, bioactivity properties, drug
scores, and toxicity risks confirmed them as potential drug candidates and aspartic acid receptor antagonists. This research auxiliary
augmented the existing array of phytological nanomedicines with new drug candidates that are credible with multiple bioactivities.

Hindawi
BioMed Research International
Volume 2021, Article ID 5125681, 28 pages
https://doi.org/10.1155/2021/5125681

https://orcid.org/0000-0003-2673-5614
https://orcid.org/0000-0002-7636-544X
https://orcid.org/0000-0002-8736-5840
https://orcid.org/0000-0002-8214-9532
https://orcid.org/0000-0003-3943-3842
https://orcid.org/0000-0002-5253-7606
https://orcid.org/0000-0002-9804-9683
https://orcid.org/0000-0002-9679-6917
https://orcid.org/0000-0002-4454-3408
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5125681


1. Introduction

Phytological origin is the main source for many flavonoids
and corresponding flavonoid O-glycosides (FOGs) [1]; these
FOGs are proven antioxidant [2], antimicrobial [3], antican-
cer [4], antiobesity [5], and medicinal agents [6]. The collec-
tive advances of FOGs concerning nanotechnology have
emerged as a new arena that captivating medicinal
researchers to pursue research in it [7, 8]. As acclaimed
in vivo oxidation being identified as a vital process that
spawns the ample energy for the proper execution of biolog-
ical processes in all organisms, often, it causes the overpro-
duction of free radicals in turn for the cell damage and in
turn for the metabolic diseases like diabetes, cardiovascular
diseases, cancers, and neurological disorders [9, 10]. In its
counter administration, antioxidants inhibit the reactive free
radicals by neutralizing and arrest the structural disruption
of biomolecules in cells [11].

During so, the distinguished biosynthesized phytological
nanoparticles (NPs) are identified more remarkable than
their plant extracts in exhibiting potential activity [12]. This
has fascinated nanotechnology in embodiment with scien-
tific results that abridged the gap between with atomic/mole-
cular structures and bulk materials and accelerated the
chemotherapeutic potency in treating various diseases [13,
14]. Structurally, the surface-to-volume ratio of NPs is con-
trarily proportional to their sizes, [15] more precisely the
inherent potential of silver nanoparticles (AgNPs) grows
reciprocally with an escalation in the specific surface area
owing to high surface energy and catalytic reactivity 16.
The preference and advancement of green chemistry over
conventional are due to eco-friendliness, cost-effectiveness,
and feasibility for large-scale synthesis [16, 17]. The exten-
sive array of AgNPs with medicinal efficacies like anticancer,
[18, 19], antioxidants [20], and antimicrobial [21] abilities is
derived from various plant origins like Rhinacanthus nasu-
tus [22], Trigonella foenum-graecum [23], Ocimum bacilli-
cum [24], Vitex negundo L [25], Hypnea musciformis
(Wulfen) JV lamouroux [26], Terminalia chebula [27],
Raphanus sativus var. aegyptiacus [28], Citrus sinensis [29],
Cassia roxburghii [30], Eurocyma longifolia [31], Annona
muricata [32], and Eriobotrya japonica [33].

It is profound that excessive usage of antibiotics results
in dissemination and emergence of multidrug-resistant
strains of several types of microorganisms [31, 34]. In this
scenario, the needs and demands to discover new medicinal
agents are increasing, and nanotechnology paves ways to
synthesize NPs to substitute current antibiotics and other
synthetic agents. In such, Luffa acutangula (LA), a tradi-
tional perennial flowering climber plant, ordinarily stated
as ridge gourd regards to Cucurbitaceae family and is
enriched with medicinal properties [35] like antioxidant,
antidiabetic, antiproliferative, antiangiogenic, anticataleptic,
analgesic, antiulcer, and antimicrobial activities [36, 37].

As LA plant parts are enriched with a large number of
pharmacologically active phytochemicals like flavonoids,
proteins, saponin triterpene, anthraquinones, fatty acids,
and other phytoconstituents, it is ethnopharmacologically
used to treat hemorrhoids, leprosy, splenitis, and ringworm

infections by topical administration of pulverized leaves of
LA [38]. Hence, we synthesised LAAgNPs from the leaf
extract of LA and succeeded in synthesising AgNPs. The fla-
vonoids present in leaves viz., Cosmosioside (1, Apigenin-7-
glucoside), Cynaroside (2, Luteolin-7-glucoside) with poten-
tial antioxidant, antibacterial, and anticancer activities are
FOGs originated from O-glycosidic linkage of (2ξ)-β-D-ara-
bino-Hexopyranose with 7-OH group of Apigenin and O-
glycosidic linkage of β-D-glucopyranose with 7-OH group
of Luteolin (Figure 1).

2. Materials and Methods

2.1. Chemistry. Silver nitrate (AgNO3) and 2, 2-diphenyl-1-
picrylhydrazyl (DPPH) were procured from Sigma (St.
Louis, Missouri MO, United States). All the other chemicals
were of analytical grade. Human glioma cells (DBTRG and
U87) and human breast adenocarcinoma cells (MCF-7 and
MDA-MB-231) were procured from the American Type Cell
Culture (ATCC). The media, serum, and antibiotics were
procured from Gibco™ (Melbourne, Australia).

2.2. Collection of Plant Materials. Fresh leaves of LA were
collected from the botanical garden, Department of Botany,
Universiti Malaysia Kelantan, Campus Jeli, Malaysia. The
collected plant material was rinsed under running tap water
to remove all attached materials. The plants and its compo-
nents have been collected according to the guidelines.

2.3. Preparation of Plant Extract and Synthesis of LAAgNPs.
The leaves were shade dried and powdered. Three different
concentrations of leaf extracts were prepared (1.0, 2.5, and
5.0%). The mixture was boiled in water bath continuously
for 30min at 100°C and filtered through Whatman No. 1 fil-
ter paper, and the same filtrate was used as reducing agent
during the nanoparticle synthesis. A stock solution of
1mM AgNO3 was prepared. LA leaf extracts (25mL) were
added to 25mL of AgNO3 solution in 1 : 1 ratio in the dark
conditions. The colour changes and was observed from light
colour to dark colour, and the synthesis of nanoparticle was
confirmed by using UV-Vis spectroscopy. The solution was
centrifuged at 8000 rpm for 10min. The pellets of formed
silver nanoparticles were dried and powdered for further
use.

2.4. Characterization of LAAgNPs. The solution that con-
tained colloidal silver nanoparticles was diluted 10 fold using
into distilled water. The reduction of pure silver ions was
monitored in the range of 200-700 nm in the visible region
by measuring the UV-Vis spectrum of the colloidal solution
obtained at different functional time. The crystallization
nature of the silver nanoparticles was analysed by using
XRD crystallography. The functional groups associated with
silver nanoparticles analysis were done by FTIR-ATR spec-
troscopy. The FTIR spectrum was measured at the adsorp-
tion range of 500-4000 cm-1. The particle size was
determined by using scanning electron microscope (SEM).
The thin layer of synthesised silver nanoparticles was
mounted on a copper grid coated with carbon. The extra
solution was removed by using blotting paper. Lastly, the
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thin film on the SEM grid was placed under mercury lamp
for 5min for complete drying purpose.

2.5. Antioxidant Activity

2.5.1. DPPH Antioxidant Assay. Different concentrations
(50, 100, 150, 200, 250, and 300μg/mL) of LAAgNPs and
plant extracts were prepared from the stock solution through
serial dilution (1mg/mL). The mixture was incubated for
30min at rt. The decrease in absorbance reading was mea-
sured at 517nm using spectrophotometer. Ascorbic acid
(3), which is known as an antioxidant was used as reference
standard. The assay was performed in triplicate. The free
radical scavenging activity was calculated as the percentage
inhibition.

Free radical scavenging activity% =
AControl –ASample
� �� �

AControlð Þ × 100:

ð1Þ

2.5.2. ABTS Antioxidant Assay. The final reaction mixture
(1mL) of standard and extracts comprised of 950μL of
ABTS solution and 50μL of the sample. This reaction solu-
tion was vortexed for 10 sec. The UV-Vis readings were
taken at 734nm to measure absorbance, the result was com-
pared with control ABTS solution, ascorbic acid (3) was used
as reference standard, and the percentage inhibition was cal-
culated (Equation (1)).

2.6. Antibacterial Activity. In vitro antibacterial activity of
synthesised nanoparticles and leaf extracts was analysed by

Kirby-Bauer technique. Here, three Gram-positive bacteria
(Bacillus subtilis, Staphylococcus aureus, and Streptococcus)
and two Gram-negative bacteria (Escherichia coli and Shi-
gella boydii) were used for antibacterial assay. Initially,
20μL of both plant extracts and silver nanoparticles was
pipetted into 6mm of sterile antibacterial discs. The impreg-
nated discs were left to dry at 30°C for 30min. Prepared bac-
terial suspension solution was spread on NA agar by using
sterile cotton swab, then dried the infused sterile discs with
plant extracts; and silver nanoparticles were placed on NA
agar. The plates were left to incubate at rt for 24 h, and ampi-
cillin (4) was used as standard.

2.7. Anticancer Activity

2.7.1. Cell Culture Condition. Dulbecco’s modified Eagle’s
medium (DMEM) was used to propagate the cells which is
supplemented with 10% fetal bovine serum and 1 unit/mL
antibiotic penicillin/streptomycin. LAAgNP extract-
mediated silver nanoparticles stock (10mg/mL) was pre-
pared in dimethyl sulfoxide (DMSO). Different types of con-
centrations were prepared which are of 10, 25, 50, 75, and
100μg/mL in culture medium for experimental purposes.

2.7.2. Determination of Cell Viability by MTT Assay. Human
glioma cells (DBTRG and U87) and human breast adenocar-
cinoma cells (MCF-7 and MDA-MB-231) with 0:5 − 1:0 ×
104 concentration were cultured with LAAgNPs for 24 h
and were maintained at 37°C in 5%CO2 humidified atmo-
sphere. The number of viable cells in both the samples was
determined by MTT assay. The absorbance was recorded
at 570nm wavelength and the cell viability percentage

Formation of
silver nanoparticles

L.acutangula
leaf extract

(5%)
AgNO3 Ag NPs

Figure 2: Formation of silver nanoparticles using 5% of LA leaf extract.
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Figure 1: Potential natural FOGs (1 and 2) identified in Luffa acutangula (LA) leaves.
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against LAAgNPs concentrations were determined in the
form of IC50, tamoxifen (5) was used as reference standard
for activity against DBTRG and U87cell lines, and gefitinib
(6) was used as reference standard for activity against
MCF-7 and MDA-MB-231 cell lines.

2.8. Molecular Docking Studies. The potential bioactivity of
the two FOG ligands (Cosmosioside and Cynaroside) has
been mechanistically investigated from the molecular dock-
ing studies by predicting effective interactions against
selected proteins. In execution, the protein crystal structures
are obtained in PDB form from protein data bank repository
and removed the unnecessary bound ligands, cofactors, and
water molecules from their vicinity. The .mol2 and .pdb files
of the corresponding FOG ligands were generated from
ChemBioOffice 14.0 (Chem3D Pro) software and performed
docking on SwissDock software [39]. The best outfit interac-
tions optimized with energy minima at a gradient of 0.100 of

root mean standard deviation were captured on UCSF
Chimera by envisaging the best binding modes [40]. The
binding energies of two FOG ligands interacted with the
corresponding target protein receptors in chain A of
3NM8 (oxidoreductase, tyrosinase complex) for DPPH
antioxidant activity, chain A of 1DNU (oxidoreductase,
myeloperoxidase-thiocyanate complex) for ABTS antioxi-
dant activity, chain A of 5FGK (transferase, cyclin-
dependent kinase 8 associated with cyclin C) for gram
positive bacteria (B. subtilis, S. aureus, and S. felicis in
the current study), chain A of 1AB4 (topoisomerase, the
N-terminal 59 kDa fragment of Gyrase A) from gram neg-
ative bacteria (E. coli and S. boydii in the current study),
chain A of 4GBD (lyase, adenosine deaminase complex)
for MCF-7 anticancer activity, chain C of 5FI2 (hydrolase,
kidney glutaminase isoform C complex of UPGL 00009
inhibitor) for MDA-MB-231 anticancer activity, chain A
of 1D5R (hydrolase, PTEN tumor suppressor) for U87
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anticancer activity; and chain B of 5TIJ (lyase, human
enolase 2 complex) for DBTRG anticancer activity have
predicted in the macromolecular environment and also
compared with their reference standards viz., ascorbic acid,
ampicillin, tamoxifen, and gefetinib.

2.9. ADMET Properties. [41] The ADMET properties of 1
and 2 have been predicted from preADMET online server
[42] to comprehend their biocapabilities like in vitro Caco-
2 cell permeability, in vivo blood-brain barrier (BBB) pene-
tration, in vitro Maden Darby Canine Kidney (MDCK) cell
permeability, human intestinal absorption (%HIA), and
in vitro plasma protein binding (PPB) properties. In exten-
sion mutagenic, tumarogenic, reproductive, and irritant
effects have also been predicted to establish the detailed tox-
icity analysis for Cosmosioside and Cynaroside. The BBB

deals with the intensely bound endothelial cells which oblige
a compound’s proficiency to be passed into the bloodstream
through the administered route. The analysis of BBB pene-
tration rate (BBB = ½Brain�/½Blood�) helps to examine the
capability of a compound to penetrate over blood-brain bar-
rier, which is vital in allocating central nervous system
(CNS) activity to the biological properties of a compound.
The compounds with BBB penetration rate > 0:40 are pass-
able through the BBB and are denoted as CNS active; on
contrary, the compounds with BBB penetration rate < 0:40
are unable to pass through the BBB and are denoted as
CNS inactive. Likewise, human colon adenocarcinoma-
based Caco-2 cells that are associated with intestinal epithe-
lium system in multiple drug transportation pathways like
transcellular, paracellular, and active efflux transports are
assessed by in vitro Caco-2 permeability value as the value
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is <4 is poor permeable, value in the range of 4-70 is moder-
ately permeable, and value >70 is extremely permeable and
is certainly transported to cellular cite in the biochemical
processes. Furthermore, the degree of plasma protein bind-
ing (PPB) influences the level of distribution of compound
unbound in body tissues and infers about unbound quantity
of the compound that has been distributed in the active cel-
lular sites and then stimulated further to metabolize and
then excreted from the system. The in vitro PPB
percentage > 90% classifies the compounds under study as
strongly bound and in vitro PPB percentage < 90% classifies
the compounds under study as weakly bound and eventually
replicates its action as well as proficiency. In addition, the
MDCK cell system is considered as a sensible tool to predict
the prompt permeable compounds and determine their
capability as greater the life span of Caco-2 cells than the cel-
lular life span consequences for its high correspondence.

Here, the compounds with in vitro MDCK permeability
value < 25 are poor permeable, and compounds with
in vitro MDCK permeability value in the range of 25-500
are good permeable. In addition, the percentage of HIA is
considered as the percentage of an orally administered com-
pound with significant bioavailability into the hepatic portal
vein by absorption in relation to total content that excreted
through bile, urine, and feces. Compounds with the percent-
age of HIA in the range of 0-20 are of identified with poor
absorbance, 20-70 are of identified with moderate absor-
bance, and 70-100 are of identified with good absorbance.
The consideration of toxicology properties of a compound
with its structure greatly helps to design them with bioactiv-
ity. The negative toxicology value of a compound affords it
as a safer drug works against mutagenicity, carcinogenicity,
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and human ether-a-go-go-related gene (HERG) channel
inhibition.

2.10. QSAR Studies. Many drug candidates suffer to clear
the clinical trials stage due to their inadequate absorption,
distribution, metabolism, excretion, and toxic potentiali-
ties, where the worthy oral bioavailability made them as
potential with right poise of partitioning and solubility.
Computationally, Lipinski’s rule of five [43] helps to
screen newer molecules to affirm their potentiality based
on the parameters like (i) molecular weight ≤ 500da, (ii)
number of hydrogen bond donors ≤ 5, (iii) number of
hydrogen bond acceptors ≤ 10, (iv) logP ðoctanol/water
partition coefficientÞ ≤ 5, and (v) molar refractivity from
40 to 130. Likely the Lipinski parameters, Molinspiration
[44] helps to predict Veber parameters (number of rotat-
able bonds and total polar surface area in addition to
Lipinski parameters) and other parameters like Van der
Waals volume, number of hydrophobic atoms, solubility,

density, percentage of absorption, and octanol to water
partition coefficient, which help to testify the structural
sensitivity of the compound under study.

2.11. Bioactivity and Toxicity Risk Studies. The bioactivity and
toxicity risk studies of compounds under study have been
assessed on molinspiration online server [44] where physico-
chemical properties were explored on molinspiration v2018.10
engine, and biochemical properties were explored on molin-
spiration v2018.03 engine. This exploration revealed bioactivity
properties like G protein-coupled receptor (GPCR) ligand
property, kinase inhibition (KI) property, ion channel modula-
tor (ICM) capability, nuclear receptor ligand (NRL) interac-
tions, enzyme inhibitor (EI) properties, and protease inhibitor
(PI) properties. Similarly explored the drug-likeness and drug
scores along with the toxicity risks like tumorigenic, mutagenic,
reproductive and irritant effects and proved that the compound
1 and 2 (Cosmosioside (1, Apigenin-7-glucoside) Cynaroside
(2, Luteolin-7-glucoside) as safer drugs as predicted the results
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with Osiris online property explorer toolkit [45]. These predic-
tions helped to understand physicochemical interactions of the
compounds under study against their targets and ultimately
helped to defining their drug properties.

2.12. Statistical Analysis. The results were expressed as the
mean ± standard deviation of triplicates. Statistical analysis
was performed using one-way analysis of variance
(ANOVA) followed by Tukey’s test. P < 0:05 was considered
statistically significant.

3. Results and Discussion

3.1. Chemistry

3.1.1. Observation of Colour Changes of Silver Nanoparticles.
The colour of LA leaf extract was changed from light colour
to brown colour (Figure 2), indicating the synthesis of silver
nanoparticles. The noticeable colour change in LA leaf
extract was mainly due to the reduction of Ag+ ions to Ag0

atoms (Equation (2)). Bounteous biomolecules present in
the leaf extracts act as natural reducing agents and the
reduction reaction can be summarised as follows.

Plant Extract + AgNO3⟶Agnanoparticles: ð2Þ

In this connection, previous studies showed similar col-
our changes to form dark brown colour [21, 46, 47]. It was
confirmed that concentrations of plant extracts are one of
the significant aspects that influence the rate of synthesis of
silver nanoparticles. Higher intensity of colour was spotted
as the concentrations increased from 1.0, 2.5, and 5.0%. This
could be a result of higher content of the biomolecules that
reacted as reducing agents in silver reduction process. Uni-
form results had also been noticed in the leaves of Luffa acu-
tangula in synthesising silver nanoparticles [22].

3.1.2. UV-Vis Spectral Studies of LA Silver Nanoparticles.
Time interval to measure the absorption peak was 30-

Table 1: Potential ligand-protein molecular docking bindings of Cosmosioside (1) with identified proteins.

Cosmosioside (1, Apigenin-7-glucoside,
C21H20O10)

3NM8 (chain A)-oxidoreductase-tyrosinase
1DNU (chain A)-oxidoreductase-

myeloperoxidase-thiocyanate complex

5FGK (chain A)-A Transferase Enzymatic Protein-
CDK8-associated CycC

1AB4 (chain A)-A Topoisomerase Enzymatic
Protein-59 KDA fragment of gyrase A

4GBD (chain A)–Lyase-adenosine
deaminase

5FI2 (chain C)-Hydrolase Inhibitor Enzymatic
Protein -GAC in complex UPGL 00009 inhibitor

1D5R (chain A)-A Hydrolase Enzymatic
Protein-PTEN tumor suppressor

5TIJ (chain B)-A Lyase Enzymatic
Protein-human enolase 2

8 BioMed Research International
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150 sec. At 150 sec, the highest peak was observed for all the
different concentrations, and all the high adsorption peaks
were in the range of standard adsorption of silver nanoparti-
cles. The spectral peaks were recorded at 417, 432, and
448nm for different concentrations of biologically synthesised
nanoparticles at 1.0, 2.5, and 5.0%, respectively (Figure 3).

There are no qualms that silver nanoparticles achieved
the highest peak as cause of Surface Plasmon Resonance
(SPR) adsorption band. Free electrons of biologically synthe-
sised silver nanoparticles promote the generation of SPR
band through coalescing the vibrations of electrons in reso-
nance with the light wave [48]. The aspects like size and
shape of the nanoparticles, type of biomolecules existing in
the plant extracts, silver nitrate concentration, and amount
of extracts have influenced the SPR banding patterns.

3.1.3. XRD Analysis. X-ray diffraction analysis is an
advanced method to figure out the crystalline nature of
metallic nanoparticles. As shown in Figure 4, the peaks at
2θ values of 38°, 44°, 64°, and 77° are reflecting (111),

(200), (220), and (311) lattice plans for silver, respectively.
The present result clearly illustrates that the biologically syn-
thesised silver nanoparticles are in crystalline nature and
face-centered cubic (fcc) shape. The studies on carob and
olive leaf extract confirmed the shape of the synthesised
nanoparticles as fcc [49, 50]. Debye Scherrer’s equation
(Equation (3)) was used to calculate the average particular
size of the silver nanoparticles synthesised by present biolog-
ical method, where β is the full width at half maximum of
the diffraction peak, t is the mean crystalline size, θ is the
centre angle of the peak, and λ is the wavelength of X-ray
source. The recognized crystalline size of LAAgNPs is
44 nm. This clearly illustrates that LAAgNPs is nanocrystal-
line shape. Similar results have been reported on the biolog-
ically synthesised AgNPs using Pulicaria glutinosa plant
extract showed average crystalline size of 42 nm [13].

t = 0:89λ
βcosθ

ð3Þ

Table 3: Potential ligand-protein molecular docking bindings of Cynaroside (2) with identified proteins.

Cynaroside (2, luteolin-7-glucoside), C21H20O11)
3NM8 (chain A) - oxidoreductase -

tyrosinase
1DNU (chain A) - oxidoreductase -
myeloperoxiase-thiocyanate complex

5FGK (chain A) - A Transferase Enzymatic
Protein - CDK8 associated CycC

1AB4 (chain A) - A Topoisomerase
Enzymatic Protein -59KDA fragment of

gyrase A

4GBD (chain A) – lyase - adenosine
deaminase

5FI2 (chain C) - Hydrolase Inhibitor Enzymatic
Protein - GAC in complex UPGL 00009 inhibitor

1D5R (chain A) - A Hydrolase Enzymatic
Protein - PTEN tumor suppressor

5TIJ (chain B) - A Lyase Enzymatic
Protein -human enolase 2
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3.1.4. FTIR-ATR Analysis. The interaction between biologi-
cally synthesised nanoparticles and biological molecules of
aqueous leaf extracts of LA can be understood from the
FTIR-ATR spectrum. In Figure 5, the absorption peaks at
3030.73 and 2970.97 cm-1 represent the O-H groups in alco-
hols, phenols, and C-H stretching of alkenes amide I or pro-
teins [26]. Band appearing at 2383.51 and 2349.20 cm-1

denotes C-O groups. Further, the adsorption peaks at
2298.3 and 1508.31 cm-1 reflect the functional groups of –
C=C- group and C=C of amide II groups, respectively 12.
Specific IR bands at 1366.08, 1152.67, 1229.28, and
1217.29 cm-1 attribute to C-H alkenes and C-N stretching
vibration of aliphatic amines, respectively [26]. Absorption
peaks at 1016.18 and 672.32 cm-1 assign the presence of
ether linkage and aromatic hydrocarbon [51, 52]. A similar
result was reported for phenols, flavonoids, alkaloids, and
proteins in plant extracts lead to stabilization and synthesis
of AgNPs [50]. In the present study, the stretching vibra-
tions of silver nanoparticles of LA indicated different pro-
teins and terpenoids in aqueous extracts and enhanced the
bioreduction of Ag ions. A previous study reported that LA
leaves possess numerous molecules such as alkaloids, flavo-
noids, saponins, and glycosides [53]. These functional
groups in aqueous leaf extracts of LA facilitate capping and
reduction process of Ag ions. In the present study, the
stretching vibrations of green mediated synthesised silver
nanoparticles using LA indicated different proteins and ter-
penoids in aqueous extracts and enhanced the bioreduction
of Ag ions. A previous study reported that LA leaves possess
numerous molecules such as alkaloids, flavonoids, saponins,
and glycosides [53]. These functional groups in aqueous leaf
extracts of LA facilitate capping and reduction process of Ag
ions.

3.1.5. SEM Analysis. The biosynthesised LAAgNPs were
morphologically visualized on scanning electron microscopy
(SEM) and identified as uniform and spherical in shape with
10μm size under 7000× magnification (Figure 6). However,
the structure of all the AgNPs could be observed more
clearly at higher magnification. Further, the overall SEM
image is attributed due to electrostatic interaction between
bioorganic capping molecules attached on the AgNPs sur-
face. Several factors such as aggregation of the smaller ones

and SEM measurements could influence the formation of
larger AgNPs [11].

3.2. Antioxidant Activity

3.2.1. DPPH Antioxidant Assay. DPPH (1,1-diphenyl-2-
picrylhydrazyl) free radical scavenging activity [54] was
studied on leaf extracts and AgNPs from LA in this study.
AA was chosen as positive control for comparison purposes.
The LA leaf extract revealed free radical scavenging action by
37.1% to 79.1% at 50μg/mL to 300μg/mL concentrations,
respectively. Further, biologically synthesised LAAgNPs
demonstrated free radical scavenging activity from 39.9%
to 83.2% at 50μg/mL to 300μg/mL concentrations
(Figure 7). A similar result was reported for the biosynthe-
sised AgNPs from Syzygium cumini (L.) seed extract exhib-
ited high DPPH free radical scavenging activity [11]
compared to Argemone mexicana and Turnera ulmifolia
seed extracts [55].

The present data is in accordance with the result
reported for the biosynthesised AgNPs from aqueous leaf
extracts of Terminalia mellueri, Terminalia catappa, Termi-
nalia bellerica, and Terminalia bentazoe showed high DPPH
free radical scavenging activity (more than 80%) compared
to leaf extracts in the range of 60%-70% [56]. The values rep-
resented are the mean ± S:D of triplicate sample significant
level at (P < 0:05). The IC50 values of LA and LAAgNPs were
126.29μg/mL and 96.89μg/mL. The lower IC50 values indi-
cate the greater tendency for antioxidant activity of the
extracts. Similar activity was reported for the lower IC50
value of Psidium guajava extract and AgNPs from Psidium
guajava was 110μg/mL and 80μg/mL, respectively [57].

3.2.2. ABTS Antioxidant Assay. In the present study, ABTS
free scavenging test was analysed on AgNPs and leaf extract
of LA. ABTS+· is considered as protonated radical which
could readily accept electron from antioxidant compound
and transfer its colour from blue to pink which was detected
at 734nm [58]. The leaf extract of LA showed the potential
to scavenge the free radicals was found to be 43.8-82.9% at
concentrations from 50-300μg/mL, respectively, whereas
biologically synthesised AgNPs showed the activity as 47.9-
85.2% at different concentrations from 50-300μg/mL,
respectively (Figure 8). The values represented are the

Table 5: Potential ligand-protein molecular docking bindings of ascorbic acid (3) with identified proteins.

Ascorbic acid (3, hex-1-enofuranos-3-
ulose, C6H8O6)

3NM8 (chain A) - oxidoreductase -
tyrosinase

1DNU (chain A) - oxidoreductase - myeloperoxidase-
thiocyanate complex
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mean ± S:D of triplicate sample significant level at (P < 0:05
). The IC50 value of standard AA is 31.42μg/mL which has
proven that AA had higher scavenging activity with the low-
est IC50 (μg/mL). The IC50 values of LA and LAAgNPs were
found as 100.96 and 76.0μg/mL, respectively. Similar activ-
ity was reported for the IC50 value of Psidium guajava
extract (105μg/mL) and found higher than AgNPs from Psi-
dium guajava (70μg/mL), respectively [57]. Similar ABTS
radical scavenging action of biologically synthesised AgNPs
was found in previous studies [59, 60].

3.3. Antibacterial Activity. There are no qualms that silver
and silver-based compounds are the potential antibacterial
or antimicrobial agents [61]. It has become compulsory to
produce the safer substitutes for the currently available anti-
microbial agents and also the antibiotics due to the high
multidrug resistance problems [62]. The synthesis of metal-
lic nanoparticles from the biological sources with potential
antibacterial or antimicrobial properties has opened up a
new avenue against multidrug resistance bacteria.

In the current study, human pathogenic microorganisms
such as B. subtilis, S. aureus, S. faecilis, E. coli, and S. boydii
were chosen to study the antibacterial efficacy of biologically
synthesised silver nanoparticles. LA leaf aqueous extracts
expressed potential antibacterial effect against both Gram-
positive and Gram-negative bacterium. LA leaf extract
expressed the highest inhibition which was seen in S. faecilis
with 7.9mm diameter, followed by S. boydii (7.6mm), S.
aureus (7.6mm), E. coli (7.4mm), and B. subtilis (7.2mm).
Moreover, biologically synthesised AgNPs revealed that the
antibacterial efficacy of LA leaf extract was enhanced by
inducing a higher zone of inhibition against the tested
microorganisms. The silver nanoparticles from LA showed
the highest inhibition against E. coli, Gram-negative bacte-
ria. The zone of inhibition was recorded as 11.5mm. Simi-
larly, LA leaf-mediated silver nanoparticles did express
high anticidal property by suppressing the growth of other
microorganisms, B. subtilis (10.9mm), S. aurus (10.8mm),
S. boydii (10.7mm), and S. faecilis (10.5mm) (Figure 9).
Ampicillin was chosen as standard and positive control in
this study. Ampicillin performed the highest inhibitory effect
against all tested microorganisms compared to LA leaf
extract and synthesised AgNPs.

The present study proved that gram-negative bacteria, E.
coli, were more sensitive to the action of biologically synthe-
sised silver nanoparticles compared to gram-positive bacte-
ria. This is in accordance with the result stated by Kim and
the coworkers [63]. Literature denoted the inhibitory effects
of silver nanoparticles could be associated with characteris-
tics of specific bacterial species. Naturally, gram-positive
and gram-positive grouped bacteria have dissimilar mem-
brane structure, especially the difference in thickness of pep-
tidoglycan layer. The mild antibacterial features of
synthesised silver nanoparticles in contradiction of gram-
positive bacteria could be due to membrane structure [63].
The antibacterial mechanism of action of metallic nanopar-
ticles is still not exactly explained and being unverified.
However, several theories and possible mechanism(s) of
actions of biologically and chemically synthesised silver
nanoparticles have been reported with basic information
[64]. The graphic representation (Figure 10) depicts the pen-
etration of silver nanoparticles (AgNPs) into the cell and
their different mode of antibacterial mechanisms. The reac-
tivity begins with synthesis of silver nanoparticles using sil-
ver nitrate and selected plant extracts.

3.4. Anticancer Activity. Plants contain several types of bio-
active compounds that are ideally favorable for the drug
development in anticancer therapy. Nowadays, researchers
found that the plant-based medicines or drugs are safer
and cost-effective when compared to the synthetic drugs
[65]. LA is one of the herbal plants which belongs to a family
of Cucurbitaceae and widely cultivated in Asia, India, Brazil,
and USA [66]. Previously, itself isolated five major compo-
nents of LA, a bioactive component among them named
1,8 dihydroxy-4-methylanthracene 9,10-dione (DHMA)
was reported as potential antiproliferative agent against non-
small cell lung cancer cells (NCI-H460). DHMA showed
promising anticancer activities through inhibition of cell
growth, generation of reactive oxygen species (ROS), and
induction of p53-mediated apoptotic pathway against
human nonsmall cell lung cancer cell line (NCI-H460) [67,
68]. Another study reported on the potential anticancer
effect of LA on human colon cancer cell line HT29 cells
[69]. LA seeds consist of ribosome inactivating proteins
which were reported, and the study revealed the potential

Table 7: Potential ligand-protein molecular docking bindings of ampicillin (4) with identified proteins.

Ampicillin (4,
aminobenzylpenicillin,
C16H19N3O4S)

5FGK (chain A) - A Transferase Enzymatic
Protein - CDK8 associated CycC

1AB4 (chain A) - A Topoisomerase Enzymatic Protein
-59KDA fragment of gyrase A
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anticancer activity of luffaculin 1 and luffaculinin in human
leukemia K562 cells [70]. Anticancer effects of AgNPs have
been demonstrated in various cell models. It observed a
dose-dependent cytotoxic effect of biosynthesized AgNPs
from Piper longum extract in MCF-7 breast cancer cells
[71]. Cytotoxic effects of AgNPs from other plant extracts
such as Iresine herbstii and Vitex negundo Linn were demon-
strated in HeLa (cervical) and HCT15 (colorectal) cancer
cells, respectively [9, 25]. In the present study, LAAgNPs
were tested against four human cancer cell lines, MCF-7,
MDA-MB-231, DBTRG, and U87. The synthesised silver
nanoparticles by LA leaf extract triggered a dose-dependent
reduction in the cell proliferation with IC50 values ranging
from 35-42μg/ml (Figure 11). There are several anticancer
mechanisms that have been suggested based on previous
studies. AgNPs tend to generate reactive oxidative species
(ROS) intracellularly that results excess oxidative stress
[72]. High oxidative stress inhibits chromosome inhibition
and eventually damage cell cycle of tumor cells [73, 74]. Size
independent property of AgNPs enhances cytotoxic effect
against drug-resistant cancer cells [75]. In addition, cyto-
toxic effect can be as the result of poor angiogenesis and pro-
grammed cell death by AgNPs [76]. Further studies are
needed to interpret the anticancer mechanism(s) of the bio-
synthesized AgNPs.

3.5. Molecular Docking Studies. The obtained in vitro antiox-
idant, antibacterial, and anticancer activity of FOGs have
been additionally supported by investigating of ligand-
protein binding interactions against the selected enzymatic
proteins viz., 3NM8-Chain A (DPPH radical scavenging
activity), 1DNU-Chain A (ABTS radical scavenging activ-
ity), 5FGK-Chain A (gram-positive bacterial activity),
1AB4-Chain A (gram-negative bacterial activity), 4GBD-
Chain A (MCF-7 anticancer activity), 5FI2-Chain C
(MDA-MB-231 anticancer activity), 1D5R-Chain A (U87
anticancer activity), and 5TIJ-Chain B (DBTRG anticancer
activity); and docking postures and binding interactions
were bestowed in Tables 1–12.

In view of antioxidant activity, the hydroxy groups
(-OH) of FOGs bound with carbonyl groups (O=C) of
aspartic acid and amino groups (-NH) of arginine in
3NM8 (Chain A) are responsible for DPPH radical scav-

enging activity; and binding of -OH of FOGs bound with
O=C of aspartic acid and alanine, -NH of arginine, and
-OH of tyrosine in 1DNU (Chain A) is responsible for
ABTS radical scavenging activity. Concerning the antibac-
terial activity, the -OH of FOGs bound with C=O of
aspartic acid, valine and glutamic acid, and -NH of aspar-
tic acid and lysine in 5FGK (Chain A) is responsible for
gram-positive bacterial activity; and binding of -OH in
FOGs with C=O of aspartic acid, glutamine, histidine
and phenyl alanine, and -NH of glutamine and lysine in
1AB4 (Chain A) is responsible for gram-negative bacterial
activity. In relation to MCF-7 anticancer inhibition, the
-OH of FOGs bound with C=O of aspartic acid and lysine,
and -NH of arginine and isoleucine in 4GBD (Chain A)
were identified as responsible. Coming to MDA-MB-231
anticancer inhibition, the -OH of FOGs bound with C=O
of aspartic acid, cysteine and serine, -OH of tyrosine and
glutamic acid, and -NH of asparagine in 5FI2 (Chain C)
was identified as responsible.

Concerning the U87 anticancer inhibition, the -OH of
FOGs bound with C=O of aspartic acid, and -NH of lysine,
and tyrosine and arginine in 1D5R (chain A was identified
as responsible). In aspects of DBTRG anticancer inhibition,
the -OH of FOGs bound with C=O of aspartic acid and glu-
tamic acid, -OH of glutamic acid and serine, and -NH of
aspartic acid and serine in 5TIJ (chain B) was identified as
responsible. The binding specificity studies have affirmed
the promising ligand-protein binding interactions in
between the hydroxy groups of the FOGs and aspartic acid
of the concerned enzymatic proteins with a binding energy
in the range of -9.2690 to -7.7955KCal/mol.

3.6. ADMET Properties. The study of ADMET properties of
the interested analytes under investigation helps to realize
their physicochemical interactions [77]. The potentiality of
a drug depends on its degree of absorption and in turn on
its inherent bioavailability properties. Once a potential drug
be absorbed and self-distributed in to muscles and organs by
circulation through extracellular sites and hence lowers its
plasma concentration individually, therefore, metabolizes
in vivo, then, such metabolites will be distributed by the
action of reduction and oxidation reactions by the enzymatic
action and work potentially on cellular systems, and

Table 9: Potential ligand-protein molecular docking bindings of tamoxifen (5) with identified proteins.

Tamoxifen (5, 1-p-β-dimethylaminoethoxyphenyl-
trans-1,2-diphenylbut-1-ene, C26H29NO)

4GBD (chain A) – lyase -
adenosine deaminase

5FI2 (chain C) - Hydrolase Inhibitor Enzymatic
Protein -GAC in complex UPGL 00009 inhibitor
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ultimately the inert metabolites will be automatically
excreted from kidneys. Such analysis of ADMET properties
(Table 13) inferred us that the two FOGs are with 0.0373
and 0.0336 of BBB penetration potentiality confirms their
CNS significance and esteems their superior permeability
and their in vivo distribution. Further, it is supported on
the ground of the in vitro Caco-2 cell permeability held with
7.2167 and 4.8722 nm/sec, respectively, which enables their
robust permeability to bind to plasma proteins and to pene-
trate in to the BBB system. The in vitro PPB efficiency with
73.43 and 73.27 respective percentages approves their robust
binding capability to plasma proteins. The in vitro MDCK
cell permeability with 0.6424 and 0.7567 nm/sec empowers
their strong permeability. The %HIA with 47.1059 and
25.1651 supports their interactions with targeted domains
of the cells. The negative magnitudes of the toxicity calcula-
tions that designate FOGs are nontoxic and with safer drug
properties. In ultimate, ADMET analysis of the two FOGs
has greatly manifested their potential physicochemical inter-
actions and drug-likeness.

3.7. QSAR Studies. QSAR results (Table 14) indicate that
FOGs under study with molecular weights 432.38 and
448.38 (less than 500 Daltons) have confirmed their greater
permeability via cell membranes with log P values of 0.68
and 0.19 (less than 5). Correspondingly, the numbers of
hydrogen bond acceptors and donors have also obeyed the
limitations. The molecular refractivity values with 107.46
and 109.27 cm3/mol have aligned in the standard range
(40-130 cm3/mol) and confirmed that the two FOGs are
obeying the Lipinski rule of five and are designated as signif-
icant oral active drugs. On the other hand, the total polar
surface area bankrolled by the addition of polar surface area
of the atoms like oxygen, nitrogen, and hydrogen [78], for
the two FOGs are with 170.05 and 190.28A°2 obeying the
limitations; and the number of total rotatable bonds in FOGs
are 4 in number and obeying its potential boundaries; in
complementary to obeying of the Lipinski rule, these two
accounts for the validation of the Veber’s rule pertaining to
the two FOGs of the study. Henceforth, these FOGs are
admired to be absorbed, diffused, and transported certainly

and ascertained as oral administrable drugs. The TPSA is
greatly correlated with the hydrogen bonding of a molecule
and is complemented with transport properties of a drug
through the membranes, and hence, also accounts for the
BBB penetrability [79]. Furthermore, density with 1.642 and
1.713 gm/cc, solubility with -2.74 and -2.45, and Van der
Waals volume with 356.17 and 364.19Å3, respectively, ascer-
tain the safer and potential drug-likeness of the FOGs. In ulti-
mate, this study greatly helped in accepting the
physicochemical interactions of FOGs with the anticipated
targets; and in defining their drug properties by complement-
ing with bioactivity and toxicity risks studies, where the ligand
interactions and enzyme inhibition properties along with the
like drug-likeness and drug scores will be evaluated.

3.8. Bioactivity and Toxicity Risk Studies. The bioactivity and
toxicity risk exploration studies of the FOGs have shown
their bioactivity properties viz., GPCR ligand property, ion
channel modulator, kinase inhibitor, nuclear receptor ligand
interactions, protease inhibitor, and enzyme inhibitor inter-
actions; and the drug properties like drug-likeness and drug
score and established as potential nontoxic drugs (Table 15).
This molinspiration exploration comprehensively assists us
to explore the cheminformatics of the molecules under
investigation by correlating with the in vitro and in vivo
results database of the recognized drugs basing on the func-
tional group similarities in mutual. The drug property explo-
ration of the two FOGs has evidenced for their safer drug
properties as they are with no risks of tumorigenicity, irri-
tant effects, mutagenicity, and shown no effect on reproduc-
tive system. The positive magnitude of the drug-likeness
value represents that the scrutinized molecule comprises
the significant fragments that are present in the established
commercial drugs [45]. Drug-likeness is an significant factor
which helps in understanding the kinesis of a molecule from
the site of administration to the bloodstream, hence, its good
solubility accounts for good absorption and assures the
drug-likeness [80]. Similarly, drug score is also a comple-
mentary parameter of the drug-likeness and helps to assure
to decide molecule’s drug potentiality. Hence, the present
investigation reveals that all the properties of the bioactivity

Table 11: Potential ligand-protein molecular docking bindings of gefitinib (6) with identified proteins.

Gefitinib (6, N-(3-chloro-4-fluorophenyl)-7-methoxy-6-(3-
morpholinopropoxy) quinazolin-4-amine, C22H24ClFN4O3)

1D5R (chain A) - A Hydrolase
Enzymatic Protein - PTEN tumor

suppressor

5TIJ (chain B) - A Lyase
Enzymatic Protein - human

enolase 2
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and toxicity risk studies are up to the potential limits of the
safe drugs and ascertains the FOGs as the drug-like
compounds.

4. Conclusions

Luffa acutangula is one of the regularly used plants with var-
ious secondary metabolites such as polyphenols and flavo-
noids, which possesses biological and pharmacological
activities. Here in this study, the aim is to test the biogeni-
cally synthesised nanoparticles for their biological activities
including antibacterial, antioxidant, and anticancer activi-
ties. The results revealed that the silver nanoparticles of
Luffa acutangula leaf extract enriched with its inherent fla-
vonoid O-glycosides (FOGs, viz., Cosmosioside (1, Api-
genin-7-glucoside) and from -9.2690 to -7.8306 for
Cynaroside (2, Luteolin-7-glucoside)) prepared by green
biosynthetic approach. The biogenically synthesised silver
nanoparticles found to be significant against bacteria and
cancer cell lines which clearly show antibacterial and anti-
cancer activities. Antioxidants play an important in reducing
the oxidative stress and diminishing the growth of the can-
cerous cell. The results showed that AgNPs showed potential
antioxidant activity. The profound studies performed based
on the molecular docking analysis have revealed that the
FOGs are identified as antagonists of aspartic acid receptor
of enzymatic proteins referenced based on the microorgan-
isms, cell lines, and oxidizing agents considered for the
in vitro studies. Furthermore, QSAR, ADMET properties
showed them as prospective drugs. The results validated that
AgNPs could be potential agents to treat various types of
cancers and boosting the immune system functions. Never-

theless, future studies with in vivo toxicological studies with
clear mechanism of action and the pharmacodynamics stud-
ies of LAAgNPs would shed the light more thoroughly to
show the possible mechanisms for anticancer activities.
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